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Abstract-Resume- AHHOTai\Hli-Resumen 

THE SEPARATION NOZZLE PROCESS FOR ENRICHMENT OF URANIUM-235. 

The separation nozzle process is based on pressure diffusion in a UF6/He or UF
6
/H
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jet flowing along a 

curved wall. At Karlsruhe (Federal Republic of Germany), a ten-stage pilot plant has been working success

fully since November 1967. A full-scale separating stage with a capacity of 1700 kg SWU/year was built and 
is in permanent use for testing different types of element separation. The construction of this stage is 
described. 

Calculations based on preliminary tenders from industry indicate that the specific investment costs of 
separation nozzle plants will be considerably less than those of diffusion plants of equal capacity. In the 

present state of development, the specific energy consumption is still higher by a factor of approximately 
1. 6 as compared with the diffusion process. However, current theoretical and experimental studies of the 

separation nozzle effect show that a considerable reduction of the specific energy consumption is within the 
realm of possibility. The general scope of these investigations is presented. 

In March 1970, the Gesellschaft fiir Kernforschung, Karlsruhe, and STEAG, Essen, signed a contract on 
co-operation in the separation nozzle process. The purpose of this co-operation is to provide further develop

ment, industrialization and practical application of the process. All prerequisites for starting the 
construction of a plant that would work economically with a net output of 500 000 - 1 000 000 SWU/year are 
expected to be fulfilled in 1974 at the latest. The main features of such a plant are discussed. 

LE PROCEDE DE SEPARATION PAR TUYERES POUR L'ENRICH!SSEMENT DE L'URANIUM-235. 

Le procecte de separation par tuyeres utilise !a diffusion dans le gradient de pression d 'un jet d'UF ,jHe ou d'UF ,jH2 

obtenu par detente du melange gazeux le long d'une paroi courbe, Depuis le mois d'octobre 1967 une 
installation pilate il. 10 etages fonctionne de maniere satisfaisante il. Karlsruhe (Republique federale d'Allemagne). 
Un etage de separation avec une capacite de 1700 kg de travail de separation par an a ete construit et mis 
en service. Cet etage est utilise actuellement pour essayer dif(erents types d'elements de separation, La 
construction de cet etage est decrite. 

Les calculs bases sur les offres preliminaires de l'industrie montrent que les coD.ts d'investissement des 

installations utilisant le precede de separation par tuyeres seront nettement inferieurs aux coOts d'investissement 
des installations de diffusion gazeuse de meme capacite. Au stade actuel du cteveloppement la consommation 
specifique d'energie ctepasse encore d'un facteur d'environ 1, 6 celle du precede de diffusion gazeuse. 
Cependant, les etudes theoriques et experimentales en cours sur l'effet de separation par tuyeres permettent 
d'envisager une reduction considerable de la consommation specifique d'(;nergie. Les principaux resultats 
de ces etudes sont communiques. 

En mars 1970 la Gesellschaft ftir Kernforschung, Karlsruhe, et Ia STEAG, Essen, ant conclu un contra! 
de cooperation dans le domaine du procecte de separation par tuyeres. Cette cooperation a pour but le 
cteveloppement futur, !'industrialisation et !'application industrielle de ce precedE:. 11 est prevu que 
!'ensemble des conditions necessaires pour la construction d'une installation d'une capacite de 500 000 a 
1000 000 kg de travail de separation par an devrait etre etabli en 1974 au plus tard. Le memoire decrit les 
principales caracteristiques d'une installation de ce genre. 
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4 BECKER eta!. 

OEOrAmEHI1E YPAHA-235 C TIOMOJilb!O rA30BOrO COTIJJA. 
npouecc pa3J];eneHHH H30Tonos c noMOIItbiO ra3osoro canna OCHOBLIBaeTC.H Ha npHHUHne 

nbe30JlloltlJtlJY31HI s cTpyeUFs/He lollll< UFs/H2, npoxon~!!1eH snonb BhirHyroH CTeHKiol. C Ho~6p~ 
1967 rona B Kapncpy3 (<l>enepaTio!BHa~ Pecny6m<Ka repMaHiollol) ycne!llHO pa6oraeT neC>!Tio!Kac
Ka)l,HaR OObiTHaH ycraHOBKa. nocTpOeH B HaTypallhHYIO B8JIHYHHY pa3,1l8JIHT8JibHbiA KaCJ<a,ll npo
H3BO,!J;HT8JibHOCTbiO 1700 J<r 8JlHHHU pa3,ll8JIHT81lbHOH: pa60Thi B rO.ll, KOTOphiii: nOCTOSIHHO HCOOJib-

3yeTCH ,nnR HCOLITaHHH pa3JIH'-IHLIX Mero.nos pa3.ueneHH51 3JieMeHTOB. OnHchlsaercsr npouecc 

co3,n;aHH5J 3Toro KacKa.n.a. 
PaCl.I8Tbi 1 OCHOBaHHI.I8 Ha npe.n;sapHT8JlbHbiX 3aSIBKaX, nocrynHBWHX OT npe.llCTaBHTeJieA 

npoMLIWJieHHOCTH, noKa3biBalOT, \iTO y.lleJibHLie KanHTanosJIO.)f(eHIHI B connosLie pa3.ll8liHTeJILHLie 

ycTaHOBKH 6y.llyT ropa3)];0 HHIK€ 1 1..18M Te )f(€ BJI0)1(8HHH B ,ll;H<fJ!fly3HOHHbie fCTBHOBKH pBBHOR MOW:

HOCTH. Ha cospeMeHHOil cra.nHH pa3pa6oTKH y.nenbHOe norpe6neHHe 3HeprHH ace eme BbiWe, 
npHMepHo s 1 ,6 no cpasHeHHIO c npoueccoM JlH¢¢Y31Ht:. O.o;HaKo TeKyW:He reopeTHtteCKHe H 3KC

nepHMeHTaJibHbie Hccne.uosaHHH npoH3BO.ZlHTenbHOCTH npH pa3.z(eneHHH MeTO.llOM ra3osoA crpyH 

DOKa3biBaiOT, Y:TO 3HBY:HTeJibH08 COKpame HH8 y .Zl8llbHOrO paCXOJJ.a 3HeprHH BnOJIHe B03MQ)f(H0. 
B o61llHX t.~eprax H3JIO)f(eH xapaKTep 3TH X Hccne.o;osaHHA. 

B Mapre 1970 ro.ua 06mecrso no H.nepHhiM Hccne.o;osaHHHM, Kapncpy3, H "CTEAr", 3cceH, 

no.o;nHcaJIH KOHTpaKT o conMeCTHOH pa6ore no pa3.neneHHIO c noMOI.IlbD ra3osoro conna. UenblO 
3Toro corpy.o;HHt.Iecrsa HB.'IHeTCH o6ecnet.~eHHe .o;aJibHeAweA pa3pa6oTKH, sHe.a.peHHe s npoH3so.ncr

so H npaKTHt.~ecKoe npHMeHeHHe npouecca. Bee npe.nsapHTeJlbHbie pa60Tbi .llllR Hattana coopy)f(e

HHfl ycTaHOBKH, KOTopaH pa60TaJia 6bJ 3KOHOMH4HO C t.IHCTOif npOH3BO.n;HT8llbHOCTbD 500 000 -
1 000 000 8.li,HHHU: pa3.li,8JJHT8JibHOA pa60Tbl B ro.o;, KaK O)f(H,ltBIOT, 3BKOHt.~aTCR CBMOe n03.llHee B 

1974 ro)ly. 06cyll<)la!OTC>I OCHOBHb!e xapaKTeplo!CTio!Kiol TaKOH ycTaHOBKiol. 

PROCESO DE SEPARACION POR TOBERA PARA EL ENRlQUECIMIENTO DEL URANI0-235. 
El proceso de separaci6n por tobera se basa en la difusi6n a presion de un chorro de UF 6 /He o UF 6 /H2 a 

lo largo de una pared curva. En Karlsruhe (Republica Federal de Alemania) este proceso se viene desarrollando 
con exito desde noviembre de 1967 en una planta piloto de diez etapas. Se prepar6 una etapa de separaci6n 
a escala industrial con una capacidad de 1700 kg SWU/ ano, que esta en uso permanente para ensayar diferentes 
tipos de separaci6n de elementos. La construcci6n de esta etapa se describe en Ia memoria. 

Los calculos basados en ofertas preliminares de la industria indican que los costas de inversion espedficos 
de las plantas de separaci6n par toberas seran considerablemente menores que los costas de las plantas de difusi6n 
de igual cap acid ad. En el estado actual de desarrollo, el consume especifico de energia es todavia 1, 6 veces 
mayor aproximadamente que en el proceso de difusion. No obstante, los actuates estudios te6ricos y 
experimentales del efecto de separaci6n par tobera demuestran que entra en lo posible una reducci6n considera
ble del consume de energfa especffica. Se indica el alcance general de estas investigaciones. 

En marzo de 1970, la Gesellschaft fur Kernforschung de Karlsruhe y Ia STEAG de Essen firmaron un 
contrato de cooperaci6n para la separaci6n por toberas. Esta cooperaci6n persigue un mayor desarrollo, una 
mejor industrializaci6n y mas posibilidades prilcticas del proceso. Se espera que en 1974 a mas tardar se den 
todas las condiciones previas para iniciar la construcci6n de una planta que funcione econ6mica'mente con una 
producci6n neta de 500 000 a 1000 000 SWU/ano. Se examinan las caractedsticas principales de dicha planta. 

1. PHYSICAL BASIS 

At the Karlsruhe Nuclear Research Centre, the separation nozzle 
process for uranium enrichment was developed on a semi-industrial 
scale [ 1 - 5]. Figure 1 shows the cross -section of the typical slit- shaped 
nozzle system for the process. 

A mixture of about 5 mol.-"i'o UF6 and 95 mol.-"i'o helium or hydrogen 
is forced to flow along a curved wall. Subsequently, a knife edge is 
employed to divide the gas stream into two fractions which are pumped 
off separately. The deflection of the jet by the curved wall results in a 
partial spatial separation of the components, the gas moving close to the 
deflecting wall becoming enriched in the heavy isotope, while the light iso
isotope is deflected away from the wall. 
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fiG. 1. Cross-section of the slit-shaped separation nozzle system with a schematic representation of the 
stream-lines. 
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fiG. 2. The upper curve indicates the experimentally determined relationship between the elementary 
effect 'A of the separation of uranium isotopes and the Uf 6-cut lltJf (mixture of Uf JH2 with 1. 6 mol.-"/o 
Uf6 ; expansion ratio 8). The lower curve gives the upper limit for 'equilibrium separation calculated for 
centrifugal flow with an infinite velocity. 

Figure 2 shows the experimentally determined relationship between 
the elementary effect EA of the separation of uranium isotopes and the 
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UF6 cut, Duf
6

• For these experiments, a mixture consisting of 1.6 mol.-o/o 
UF6 and 98.4 mol.-o/o H2 was used at an expansion ratio of 8. With the 
lowest cut investigated, the elementary effect is 4 .2o/o, i.e. about ten times 
larger than for the diffusion process. Under conditions of practical ap
plication, this factor is reduced to 3 or 4. 
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FIG. 3. Tubular separation element with 10 separating slits. 

The mass-dependent centrifugal force generated in the curved flow 
may be regarded as a main cause of separation. The main effect of the 
added light gas was expected to be the increased flow velocity reached by 
a gas of lower average molecular weight. Figure 2, however, indicates 
that the experimentally determined separation effects are considerably in 
excess of those calculated for equilibrium separation for centrifugal flow 
with an infinite velocity. In accordance with present calculations, the 
additional separation effect can be explained mainly by the added gas 
causing a delay in establishing the hypsometric density distribution of the 
UF6 as a whole. This delay results in a transistory reduction of the 
mixing diffusion of the uranium isotopes. 

2. SEPARATION ELEMENT 

In the separation nozzle process, the optimum pressure of the feed 
gas is inversely proportional to the characteristic dimensions of the 
slit-shaped separation nozzle systems [1]. Since, for economic reasons, 
high inlet pressures are desirable, separation nozzle systems with 
particularly small characteristic dimensions should be used. Figure 3 
shows how these nozzles are arranged as tubular separation elements. 
Ten slit-shaped separation nozzle systems are arranged on the surface 
of an aluminium tube with an outside diameter of about 10 em. The in
side of the tube is divided into ten channels by means of partitions. Five 
of these channels are used as inlets for the feed gas and five for removing 
the heavy fraction. The light fraction flows radially outward into a tank 
encasing the separation elements. 

Several methods for inexpensive mass production of separation nozzle 
systems with optimum pressures between 400 and 600 mm Hg have been 
developed in co-operation with industry. 

In the separation element shown in Fig.3, the separation nozzle 
systems are made of aluminium strips pressed into dovetails within the 
tube.l The separation tubes supplied by industry produce, within the 

Manufactured by Messerschmitt-B"6lkow-Blohm GmbH, Munich. 
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FIG. 4. Metal foil with separation nozzle structures applied by means of photo-etching. 
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as a function of inlet 

pressurep 0 measured with the stack of foils shown in Fig.4. (5 mol. -o/o UF 6 , 95 mol. -o/o He, expansion 

ratio 4). 
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limits of error, the separation effects generated oy laboratory-scale 
elements. The price of a mass -produced element, as determined by the 
supplier on the basis of two years of experience with this type of element, 
indicates that a specific investment for the separation elements of less 
than US $16/kg of separative work per annum can be expected. 

In addition to mechanical means, various methods developed in the 
field of micro-electronics may be employed for the fabrication of separa
tion elements. Figure 4 shows a metal foil with separation nozzle struc
tures produced by means of photo-etching 2 • Stacking such foils will 
produce separation nozzle systems of an extremely high separative 
capacity per unit volume. Figure 5 gives the measurements, in such a 

2 Manufactured by Siemens AG. 
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stack of foils, of the elementary effect of uranium isotope separation and 
the uranium cut as a function of inlet pres sure. In this case also, the 
results agree within the limits of error with those obtained on laboratory
scale elements. The output to be expected from stacks of foils applied to 
tubular separation elements is between 20 and 40 kg of separative work 
per annum and metre of tube length. 

3. SEPARATION STAGE 

In the technical application of the process, a large number of separa
tion element tubes are installed in a common separation element tank. 
This tank, together with a compressor and a cooler, constitutes the 
separation stage. At Karlsruhe, an industrial scale separation nozzle 
stage has been set up in collaboration with industry. It will have a separa
tion capacity of about 2000 kg of seperative work per annum at full power, 
i.e. roughly one third of the separation capacity of the largest American 
diffusion stages. 

Figure 6 shows the cross-section of the stage designed to hold 81 
tubular separation elements. The stage comprises the tank for the 
separation elements, a crosspiece for gas distribution, a combination of 
intermediate and final gas coolers, a two-stage radial compressor, and a 
motor rigidly coupled to the compressor. The overall height of the unit 
is about 7 m. 

As the stage has a very high throughput, it can be tested in short
circuit operation only. This means that the gas sucked in by the com
pressor from the tank passes through a loop and is fed into the crosspiece 
at the point where this stage would accept its feed gas from another stage 
when working within a separation cascade. The feed gas is transferred 
via the crosspiece to the separation tubes, where it is divided into the 
light and heavy fractions. The light fraction is collected within the tank, 
while the heavy fraction arrives at the cover. In the cascade system, the 
heavy fraction would be transferred to another stage via the tube located 
in an eccentric position in the cover, while the central tube would allow 
the inflow of the respective fraction from another stage. In short-circuit 
operation, the heavy fraction is recycled to the stage via the upper loop. 
The light and the heavy fractions are combined in the mixing diffuser 
installed between the supporting plates of the separation elements. This 
means that feed gas is again available in the suction pipe of the compressor. 

The lower loop is equipped with a Venturi tube for gas flow measure
ments, a throttle valve, and the connection for the vacuum system. To it 
is connected the separation element test loop used for testing separation 
elements individually. In the upper loop, an additional throttle valve 
is installed, which allows adjustment of the UF6 cut of the stage. 

The two-stage radial compressor with a capacity of 100 000 m3fh at 
a compression rate of 4 was developed and built by Hispano-Suiza (France). 
A suitable 300-cycle motor producing 150 rev.fs was provided by Siemens. 

The process gas heated at the first and second stages of the radial 
compressor is cooled to a suction temperature of 40°C in the intermediate 
and final coolers. These consist of finned tube bundles arranged con
centrically around the suction pipe and housed in a common cylindrical 
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FIG. 6. Cross-section of the separation nozzle stage with a rated separative work capacity of about 2000 kg 
per annum. 

casing of the separation stage. Two different coolers, provided by SNECMA 
and GEA, are at hand. The casing and piping of this stage were delivered 
by Leybold-Heraeus. 

Figure 7 shows the upper part of the separation stage, including the 
tank for the separation elements, the separation element test loop and the 
two short-circuit loops for the feed gas and the heavy fraction, respectively. 
Figure 8 shows the lower part during assembly of the compressor. The 
two-stage cooler can be recognized in the upper part of the picture. 

In July 1970, the lower part of the stage, i.e. the combination of the 
compressor and the cooler, started operation with a UF6 -He mixture. 
It passed a four-week endurance test without significant failures. At 
present, the stage is continuously used for testing individual separation 
element tubes delivered by industry. Starting in mid-1972, the stage is 
to be operated continuously with a complete separation element charge. 
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FIG. 7. Upper part of the separation nozzle stage, including the tank for the separation elements, the 
separation element test loop and the two short-circuit loops for the feed gas and the heavy fraction, 
respectively. 

4. FURTHER DEVELOPMENT 

In March 1970, the Gesellschaft fUr Kernforschung, Karlsruhe, and 
STEAG, Essen, signed a contract to co-operate in the separation nozzle 
process. It is the purpose of this co-operation to provide for the further 
development and practical application of the process. To evaluate the 
economics of the separation nozzle method, it is planned to submit the 
design documents for a separation nozzle demonstration plant with a separa
tion capacity of 500 1JOO - 1 000 000 kg of separative work per annum in 
1974 at the latest. 

The block diagram used for the conceptual design study is shown in 
Fig.9. The base sections of the enrichment and stripping parts of the 
plant are made up of a total of 270 separation stages of the type described 
above (Figs 6- 8). The head sections contain a total of 182 stages with a 
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FIG. 8. Lower part of the stage during assembly of the compressor; the two-stage cooler can be recognized 

in the upper part of the picture. 

throughput three times as small. Special separation nozzle stages, com
bined with a low temperature precipitation, will be used for the separa
tion of UF 6 from the light added gas at the head and the shoulder of the 
enrichment section. 

At 100o/o operating time and a waste concentration of 0.26o/o, the plant 
should produce 160 000 kg of uranium per year with 3o/o 235U content. This 
corresponds to an output of about 610 000 kg of separative work per 
annum, which would be sufficient to fuel some 6000 MW(e) of light-water 
reactors continuously. In these figures it has been assumed that the 
performance data derived from laboratory scale tests as outlined in 
Table I can be employed. 

With the present state of the art, the plant will have an electricity 
requirement of about 400 MW and cost about US $100 000 000. Its pro
duction capacity, and hence its power consumption, could be regulated 
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Feed 

980·103kg 

natural U/a 

BECKER et al. 

Product 
160•103 kg U(J'/. u235 )ja 

138 
stages 

270 stages 

Waste 
820·103 kg U (0.26'/. U 235) fa 

FIG. 9. Block diagram used for the conceptual design study of a separation nozzle demonstration plant. 

TABLE I. OPERATING CONDITIONS AND PERFORMANCE DATA 
ASSUMED FOR THE CONCEPTUAL DESIGN OF THE DEMONSTRATION 
PLANT 

UF 6 /H2 mixture with 5 mol. -"To UF 6 

Initial nozzle pressure P0 

Suction pressure of com pressor 

Suction and final temperatures of compressor/ coolers 

UF6 cut, 1JuF, 

Elementary separation effect of the uranium isotopes 'A 

600 mm Hg 

150 mm Hg 

4o•c 

1/3 

0,015 

within a range of roughly + 20 and - 30o/o through changes of pressure and 
temperature without major economic disadvantages. This and the ex
tremely short adjustment time make the plant particularly suitable as an 
electricity buffer in a large interconnected electrical grid. 

On the basis of the financing terms proposed by the Euratom Com
mission for uranium enrichment plants, the separative work costs would 
be 30 - 40% above the present United States standard. When judging these 
results, one should bear in mind that the demonstration plant considered 
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is smaller by a factor of ten as compared with an American diffusion 
plant. In addition, current basic investigations indicate the possibility 
of major improvements of the separation effect. Hence, the separation 
nozzle method should be regarded as a true alternative to the other 
processes of uranium isotope separation. 
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Abstract-Resume-AHHOTaf.llll!-Resumen 

FRENCH EXPERIENCE WITH ISOTOPE SEPARATION TECHNIQUES. 

French experience in the field of isotope separation covers a wide range. The first laboratory investigations 
date back to 1954, while the first experience with gaseous diffusion was acquired on prototype plants in 1961. 
True industrial experience was first gained with the 'low-enrichment' plant in 1964 and with the whole complex 
working at design output in spring 1967. Since that time the excellent performance of the Pierrelatte plant 
has contributed still further to French know-how in this field. Moreover, intensive research on the equipment 
necessary for a gaseous diffusion plant of multinational scale is beginning to give a solid base to what was 
merely hypothesis just a few years ago. Other means of enrichment have also been investigated, in particular 
ultra-centrifugation: the mechanical problems of this technique have been resolved and those associated 
with the operation of centrifuges in a large plant have been tackled. 

During a period of more than 15 years, France has accumulated a considerable amount of experience 

widely applicable to the various enrichment processes utilizing UF6 (the handling of fluorine and its aggressive 
derivatives, and problems relating to surface treatment, passivation, corrosion, sealing; special devices for 

input and delivery, extraction and drawing-off, storage and purification; chemical and isotopic methods of 
analysis) or involving duplicated units (problems of design, assembly and interchangeability; collection and 

real time processing of data necessary for the control and optimum utilization of the cascades together with 
the sophisticated mathematical methods required). To this may be added experience specific to gaseous 
diffusion, covering barriers, the choice and maintenance of their performance and their mass production at 
minimum cost; compressors of diverse types (piston, centrifugal or axial, operating at widely differing 
pressure levels); long-lived compressor sealing gaskets with a very low rate of leakage; electrical power supply, 
provision for partial or total load -shedding, and restarting times. 

All this places France in a leading position, enabling her to propose precise construction estimates and 
enrichment cost schedules for a gaseous diffusion plant producing from 6 to 10 million SWU/yr of slightly

enriched uranium. 

ACQUIS FRAN<;::AIS EN MATIERE DE SEPARATION ISOTOPIQUE. 
L'acquis franc;.ais en matif:re de separation isotopique couvre de multiples aspects. Les premieres etudes 

de laboratoire remontent a 1954, alors qu'une experience en diffusion gazeuse ctebutait sur les materiels 
prototypes des usines en 1961. L'experience vraie en usine basse a ete obtenue des 1964, et au printemps 
1967 pour !'ensemble des usines a leur regime nominal de production. Depuis, l'excellent fonctionnement 
de Pierrelatte a fortement contribue a l'accroissement des connaissances. En outre, les etudes poursuivies 
activement sur les materiels necessaires dans une usine de diffusion gaze use de taille multi -nationale 
commencent a asseoir serieusement ce qui n'etait qu'hypothese il y a seulement quelques annees. D'autres 
voies d'enrichissement sont egalement examinees, en particulier !'ultra-centrifugation, oU les problf:mes 
mecaniques ont ete resolus et ceux associes a la mise en reuvre de centrifugeuses dans une usine de grosse 

capacite abordes. 

CEA, Paris. 
~:~:( Centre d'etudes nucleaires de Saclay. 

t Centre de Pierre1atte. 
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En fait, Ia France a accumule depuis plus de 15 ans une experience considerable, applicable dans une 
large mesure aux divers precedes d'enrichissement utilisant l'UF 6 (manipulation du fluor et de ses derives 
aggressifs, et problemes de traitement de surface, de passivation, de corrosion, d'etanchhte: dispositifs 
particuliers d'introduction et d'alimentation, d'extraction et de soutirage, de stockage, de purification: 
methodes d'analyse chimique et isotopique) ou mettant en oeuvre des installations repetitives (prob!emes de 
construction, de montage, d'interchangeabilite: collecte et traitement en temps reel des informations 
necessaires a Ia regulation et a !'exploitation optimale des cascades avec Ia methodologie mathematique 
sophistiquee que cela requiert), A ceci s'ajoute !'acquis specifique a Ia diffusion gazeuse, II porte sur: Jes 
barrieres, Je choix et Je maintien de leurs performances, leur fabrication en serie au moindre coat: des 
compresseurs !res divers (a piston, centrifuge, axial, fonctionnant a des niveaux de pression !res differents): 
!'endurance tres importante du joint d'etancheite des compresseurs malgre une fuite tres faible: !'alimentation 
en energie electrique, Jes possibilites de delestage partie! ou total et Jes temps de redemarrage. 

Tout ce savoir donne a Ia France une position preponderante et lui permet d'avancer un devis de 
construction et un coat d'enrichissement precis pour une usine de diffusion gazeuse produisant de 6 a 10 millions 
d'UTS par an d'uranium faiblement ennchi. 

OTihlT 4>PAHUI111 B OEJJACTI1 PA3JlEJJEHI15! 1130TOTIOB. 
On biT ~paHUIHI B o6naCTH pa3,lleJieHHSI H30TOOOB HMeeT MHOrO\lHCJieHHbie acneKTbl. Tiepehie 

Jia6opaTOpHbie HCCJie)IOBaHHH OTHOCHTCH K !954 rO.JIY, TOr)la KaK MeTOJI ra30BOi! JIH¢¢Y3HH 6b!JI 
anepabie npHMeHeH Ha npoTOTHnax 3aBOJICKHX ycTaHOBOK B 1961 ro11y. B 1964 ro11y 6hiJI nony-
4eH npaKTIP-IeCKHH OObiT 3KCnnyaTaUHH 3aeo,na, pa6oTaemerO Ha HeOOJIHOA MOillHOCTH, a eeCHOii: 

!967 r011a- rpyllllbl 3aBO)IOB, pa6oTaBIDHX Ha npoeKTHOi! MOIIIHOCTH. TipeBOCXO)IHaH pa60Ta 3a
BO,lla a TibepnaTe s nocne.n;yiOmee speMH a 3HaYHTeJibHOR cTeneHH cnoco6cTeoeana HaKonneHHIO 
3HaHHH a .ztaHHOR o6nacTH. KpoMe Taro, aKTHBHO nposo.ztHsmHecH pa3pa6oTKH o6opy.nosaHIHr, He
o6xo.rtHMoro ,llJIH MHOrOHai.UiOHanbHOrO ra30.llH4>4>Y3HOHHOrO 3aBO,l{a, HatiHHaBlT flO,llBO.ztHTb COJIH,ll

HylO OCHOBY OO,ll TO, 4TO ezne HeCKO.'lbKO JieT TOMY Ha3a.ZJ. 6biJIO JIHWb npOCTOA rHOOTe30A. J.fay

'laiOTCH H 11pyrHe cnoco6bi o6ora111eHHH ypaHa, s 'laCTHOCTH, npouecc ynhTpaueHTpH¢yrHposa
HHR, .ZJ.JISI KOTOpOrO 6&IJIH pemeHbi TeXHW-IeCKHe npo6JieMbl H peWalOTCR npo6JieMhl, CBR3aHH&Ie C 

nyCKOM B )lei!CTBHe ueHTpH4Jyr Ha 3aBO)Ie 60JibiDOil MOIIIHOCTH. 
Eonee "'eM 3a 15 neT <l>paHUHR HaKonHna 3Ha"'HTeJI&HhiA on&IT, snonHe npHMeHHMhiA K pa3-

JIH'IHbiM npoueccaM o6ora111eHHH c HcnoJib3DBaHHeM UF6 (o6pa111eHHe c ¢TopoM H ero arpeccHB
HLIMH npOH3BO.ZJ.HbiMH, a TaKJKe np06JleMbl 06pa60TKH nosepXHOCTH, naCCHBaUHH, KOpp03HH H 

repMeTHl-lHOCTH; OT.lleJI&HLie ycTpOA:CTBa .ZJ.JIH BBO.ll.a H no.nat-IH, 3KCTpaKUHH H pa3,ll.eJieHHR, xpaHe

HHH H O"'HCTKH; MeTO.ZJ.bi XHMHt-IeCKOrO H H30TOflHOrO aHaJIH3a HJIH, C BBO.llOM B .neACTBHe pene

THTHBHbiX ycTaHOBOK, np06JieMbl KOHCTpyHpOBaHHH, MOHTa~a, B3aHM03aMeHReMOCTH; C60p H 

o6pa60TKa B HylKHOe BpeMH HH4JOpMaUHH, He06XO)IHMOi! )IJIH peryJIHpOBaHHH H OllTHMaJibHOi! 3KC
nnyaTaUHH KaCKa,llOB C flOMOinbiO Tpe6yeMOJ:i .ZJ.JIH 3TOrO CJIO}I(HOA MaTeMaTH'-leCKOJ:i MeTO,ZJ.OJIOrHH}. 

Cl!e.JIYeT li06asHTb K 3TOMY H 3HaHHH, npHo6peTeHHbie B o6nacTH ra3oaoil JIH¢¢Y3HH. 0HH Ka
caJOTCH: pa3JIHl-1HbiX neperopO.ZJ.OK, Bbi6opa H COXpaHeHH.sl HX XapaKTepHCTHK, HX cepHHHOrO H3-

rOTOBJieHJ.Hl C HaHMeHbWHMH 3aTpaTaMH; pa3H006pa3HbiX KOMnpeccopOB (nopmHeBbiX, UeHTp0-

6eJKHblX, OCeBbiX, pa60TaiOtnHX npH CaMbiX pa3JIHl-1HbiX ypOBHHX ,llaBJieHHSI}; ,llJIHTeJibHbiX CpOKOB 

CJiylK6bi repMeTHt-IeCKHX COe.ZJ.HHeHHH KOMnpeccopOB C HCKJIIO"'HTeJibHO ManoA yTe'-!KoA; 3Hepro

CHa6JKeHHH, B03MO)I(HOCTeH tiaCTHl-lHOA HJIH OOJIHOH Bhirpy3_~H 6anacTa H BpeMeHH flOBTOpHoro 

nycKa. 
Enaro,n:apSI 3TOMy OflhiTY ~paHUHSI 3aHHMaeT nepe.ztOBbie 003HUHH H MOJKeT COCTaBHTb CMeTy 

CTpOHTeJibCTBa ra30.ZJ.H¢4ly3HOHHOrO 3aBO.ZJ.a npOH3BO.ZJ.HTeJibHOCTbiO OT 6 .ZJ.O 10 MJIH. e,llHHHll cena

paTHBHOH pa60Thl B rO,ll ,!lJISI npOH3BO,llCTBa MaJI006orarueHHOro ypaHa H onpe.n;eJIHTb TOt-IHylO CTQH

MOCTb o6orameHHSI. 

REALIZACIONES FRANCESAS EN MATERIA DE SEPARACION ISOTOPICA. 
Las realizaciones francesas en el campo de Ia separaci6n isot6pica abarcan multiples aspectos. Los 

primeros estudios de laboratorio datan de 1954, y en 1961 se inici6 un experimento de difusi6n gaseosa con los 
materiales prototipo de las plantas. La verdadera experiencia comenz6 a adquirirse en 1964, en planta de 
bajo enriquecimiento, y en Ia primave1a de 1967, en lo que respecta a! conjunto de las plantas a su regimen 
nominal de producci6n. Desde entonces, el excelente funcionamiento de Pierrelatte ha contribuido en gran 
manera a Ia expansion de nuestros conocimientos. Ademas, los estudios desarrollados activamente sabre los 
materiales necesarios para una planta de difusiiln gaseosa de dimensiones multinacionales comienzan a dar 
una base s6lida a 1o que hasta hace solamente algunos anos no era mas que una hip6tesis. Se estudian tambH!n 
otras vias de enriquecimiento, especialmente Ia ultracentrifugaci6n, cuyos problemas mecanicos han sido 
resueltos, y abordados los inherentes a Ia puesta en servicio de centrlfugas en una planta de gran capacidad. 

As!, pues, Francia ha acumulado en mas de 15 anos una experiencia considerable, aplicable en gran 
me did a a los diversos procedimientos de enriquecimiento en que se utiliza el UF 

6 
(manipulaci6n del fluor y 
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de sus derivados qufmicamente actives, y problemas de tratamiento de superficies, de pasivaci6n, de 
corrosiOn y de estanqueidadi Jispositivos especiales de introducci6n y alimentaci6n, de extracci6n y 
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trasiego, de almacenamiento y de purificaci6n; metodos de anillisis qufmico e isot6pico) o en que intervienen 

instalaciones repetitivas (problemas de construcci6n, de montaje, de intercambiabilidad; acopio y tratamiento 
en tiempo real de las informaciones neces,_uias para 1.:1 regulaci6n y explotaci6n Optima de las cascadas con 
la refinada metodologfa matemJ.tica requerida). A esto se allaJen las realizaciones especfficas de la difusi6n 
gascosa, que se refieren a: las barreras, la elecci6n y la conserv aci6n de sus caracterlsticas de funcionamiento, 
su fabricaci6n en serie al costo mlnimo; compresores muy diversos (de pistOn, centrifuges, axiales, que 

funcionan a nivelcs de presiOn muy diferentes); la resistencia- muy importante- de la junta Je estanqueidad de 

los compresores pese a una fuga muy pequeiia; la alimentaci6n de energfa electrica, las posibilidades de 
vaciado parcial o total y el tiempo de nueva puesta en marchd, 

Toda esta experiencia pone a Francia en una posiciOn preponderante y le permite prescntar un 

presupuesto de construccibn y un coste preciso de enriquecimiento para una planta de difusi6n gaseosa capaz 

de producir de 6 a 10 millones de UTS/aii'o de uranio ligeramente enriquecido. 

L'USINE DE PIERRELATTE; 1\TATERIELS NOUVEAUX ET PROTOTYPES 

La construction d'une usine d'enrichissement de l'uranium represente 
une somme d 'etudes tres considerable. 

En France, les premieres etudes de laboratoire remontent a 1954, 
et des 1958, dans le cadre de cette meme conference de Geneve, nous 
avons fait etat des resultats notables que nous avions obtenus en un court 
laps de temps. La construction de l'usine n'etait encore qu'a l'etat 
d'avant-projet, mais la definition des materiels progressait rapidement, 
puisque l'annee 1961 voyait debuter les essais sur prototypes des composants 
fondamentaux de l'usine, d 'abord les compresseurs, puis les barrie res, 
tant dans la region parisienne que dans la zone d'experimentation de 
Pierrelatte. 

Ensuite, apres une experimentation menee rondement, les choix 
ont ete precises rapidement et la construction, sous la houlette de la 
Societe USSI, l'architecte industriel, progressait rapidement puisque 
l'usine basse, la premiere des quatre, demarrait a l'UF6 au cours du 
deuxieme trimestre de 1964 et que la totalite de l'usine etait construite 
et atteignait son regime nominal de production a une concentration de 
plus de 90% au debut du printemps 1967. Depuis cette date, l'usine, 
dont le fonctionnement est reste irreprochable - taux de disponibilite 
superieur a 98% -, a vu sa puissance de separation accrue tres sensible
men! grace a l'augmentation des niveaux depressions eta la mise en 
place de barrieres ameliorees dans l'usine basse. 

Ainsi, depuis plus de sept ans pour les etages les plus anciens et 
plus de quatre ans pour la totalite de l'usine, Pierrelatte nous apporte 
des elements indiscutables sur l'exploitation et confirme, avec une 
sD.rete toujours accrue, nos connaissances sur la duree de vie des divers 
composants. 

En plus des connaissances acquises en exploitation industrielle, nous 
avons entrepris des 19 66, a partir des travaux effectues pour Pierrelatte, des 
etudes d'installations industrielles de grande capacite a faible enrichisse
ment; pour cela ont ete maintenus en place dans les Societes d'etudes, 
en particulier chez ussr (l'architecte industriel) et chez les industriels 
interesses, les noyaux des equipes auxquelles Pierrelatte doit son 
excellent fonctionnement. 
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En se bas ant sur les connaissances acquises lors de l' exploitation, 
les nouvelles etudes poursuivies par ceux-la memes qui avaient preside 
a la conception puis a la construction ont eu pour premier objectif une 
critique positive de Pierrelatte vis ant a de gager l' essentiel afin d' arriver 
ala meilleure economie globale. Ainsi, cette meme usine pourrait etre 
construite aujourd'hui a un cout nettement inferieur sans sacrifier 
aucunement ses performances. L 'analyse de valeur sur les divers 
composants et dispositifs a ete poussee a l'extreme, afin que chacun 
soit sensibilise aux gains r€:alisables grace a la connaissance precise 
du comportement de l'usine .. des conditions d'exploitation et de la fiabilite 
des materiels et de:3 circuits. 

En parallele, et avec le souci de profiter des resultats precedents, 
a ete lancee la realisation c'appareillages prototypes qui pourraient 
etre utilises dans la. constrc.ction d'une puissante usine d'enrichissement. 
Dans une premiere periode, on s 'est interesse aux materiels nouveaux 
necessaires pour ur.e usine repondant uniquement aux besoins nationaux, 
de l' ordre d 'un million d 'G T S par an. La plupart des materiels ont 
ete effectivement construits et montes a Pierrelatte sur des circuits 
d'essais en UF6 ; ils donnent toute satisfaction, repondent aux specifications 
imposees et sont utilisables dans les etages de tete d'une installation de 
grande capacite. 

Toutefois, de tels etages, d'une puissance d'environ 800 kW, sont 
encore relativemeni. petits, et, de ce fait, ne peuvent pretendre, utilises 
seuls, ala competii.ivite economique. 

FIG. 1. Premiers aubages du compresseur axial de 800 kW. 
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Une deuxieme etape a done ete entreprise qui a conduit a la realisation 
des appareils correspondant aux plus gros etages d'une usine de 6 a 10 
millions d'UTS par an. La plupart de ces appareils, en particulier les 
compresseurs a haute performance con<;us par le GERCOS (Groupement 
d'etude et de realisation de compresseurs speciaux)' ont ete realises 
et font actuellement l'objet d'essais en UF6 (fig. 1). 

L 'ensemble de ces travaux doit permettre, d 'une part, de verifier 
que les techniques de construction mises au point pour l 'usine actuelle 
de Pierrelatte sont transposables a une usine de separation isotopique 
a vocation europeenne, d 'autre part, de donner aux etudes economiques, 
grace aux resultats d'appels d'offres veridiques, des bases saines et 
realistes permettant de s'assurer de l'exactitude de prix de revient 
avances. 

Parallelement, des etudes sont poursuivies sur l'ultracentrifugation, 
tant au niveau des composants, les centrifugeuses en particulier, qu'a 
celui de l 'usine les mettant en ceuvre. Certaines techniques propres 
aux grands ensembles de materiels repetitifs et qui ont ete mises au 
point pour la diffusion -determination de la fiabilite des composants, 
optimisation de la maintenance, qu 'elle soit preventive, circonstancielle 
ou mixte, topologie des circuits, groupement en unites d'entretien pour 
une fiabilite maxim ale de l 'ensemble - sont aisement transposables a 
ce procede. De plus, les techniques particulieres propres aux unites 
d'introduction, d'extraction, de soutirage et d'alimentation sont directe
ment utilisables. Enfin, dans le domaine de la conduite d' installations 
repetitives, les dispositifs mis en ceuvre a Pierrelatte sont certainement 
en grande partie reconductibles a tous les procedes de separation. 

EXPERIENCE D'ENSEMBLE CONCERNANT L'UF6 

Nous avons accumule une experience importante depuis 15 annees 
afin d'etre parfaitement maitres des conditions de fonctionnement de 
l'usine. Les larges domaines de conditions operatoires que nous avons 
balayes dans nos etudes nous permettent de repondre pratiquement a 
tous les problemes rencontres dans les procedes d'enrichissement mettant 
en ceuvre l 'UF6 : 

- Nous avons acquis une connaissance etendue de la technologie de 
base, tant au laboratoire qu 'a l 'echelle industrielle, de la manipulation 
des composes fluores dans un large domaine de temperatures et de 
pressions, et des contraintes imposees par ces composes sur la 
conception des circuits et des appareillages (materiaux, methodes 
complexes de traitement de surface et de passivation, joints necessaires 
a l'obtention de normes d'etancheite draconiennes: 10-2 lusecjm3 ). 

- La gamme tres etendue des dimensions des appareillages realises 
a ce jour assure aux industriels fran<;ais une maitrise complete des 
problemes de construction et de montage: si nous prenons pour exemple 
les vannes de circuits UF6 , les plus petites ont un diametre de passage 
de 4 mm (analyse) et les plus grandes realisees, 700 mm (fig. 2). Des 
vannes de 1200 mm sont en cours de fabrication pour les collecteurs 
des gros etages. 

-En outre, la presence d'un nombre important d'unites identiques, 
installees dans les memes conditions, nous a permis de resoudre, tant 



20 LEDUC et al. 

FIG. 2. Vanne Matra (diametre 700 mm) pour UF,. 

pour le montage que pour La maintenance, le probleme de l' interchan
geabilite soit des unites so it des appareils constitutifs, et les solutions 
trouvees se sont montrees tout a fait sures. Les dispositions prises 
permettraient, par exemple a Pierrelatte, de permuter n'importe quel 
ensemble de deux elements de circuit homologues au sein d 'une usine 
determinee. Pour un supplement modique de cout de fabrication, que 
le faible entretien necessaire ne justifierait pas, on realise une economie 
tres substantielle sur les frais de premier montage. 

LES ANNEXES 

Le fonctionnement d'une installation industrielle mettant en jeu un 
produit aussi particulier que l'UF6 suppose l'existence d'un certain 
nombre d'unites sp€,ciales assurant avec une grande fiabilite ce que l'on 
pourrait appeler les relations du procede d'enrichissement avec l'exterieur. 
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FIG. 3. Visualisation de la cristallisation de l'UF6 , 

Il faut en effet: 
- introduire le fluide de procede dans les unites avant leur mise en service, 
- extraire ce fluide en cas de besoin (fig. 3), 
-assurer la purification du fluide de procede, 
-assurer les fonctions d'alimentation permanente en UF6 naturel et de 

soutirage continu d'UF6 appauvri et enrichi, 
- stocker ou traiter l'UF6 appauvri non repris par les clients de l'usine. 

Les annexes de l'usine, bien que constituant une charge importante 
d'etudes du fait de leur diversite et unicite, ne representent qu'un faible 
pourcentage du devis total; mais leur conception judicieuse et leur bonne 
exploitation sont une condition essentielle du fonctionnement correct de 
l'ensemble. La connaissance des problemes correspondants est un atout 
important dans la reussite d'un projet. 

PURGE DES LEGERS 

Une usine, si etanche soit-elle, ne peut pretendre a l'etancheite 
absolue. Par ailleurs, les garnitures de compresseurs, m~me tres 
sophistiquees, qui sont en service a Pierrelatte, laissent passer un faible 
debit de gaz leger. Enfin, l'UF

6 
naturel d'alimentation peut contenir 

un faible pourcentage de HF. 
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Tous ces gaz vont s'elever dans la cascade, leur concentration 
molaire va croltre dans les usines superieures, et il est necessaire 
de les eliminer avant que leur concentration ne devienne gE!nante. 

De nombreux procedes sont envisageables et plusieurs d 'entre eux 
ont ete exploites industriellement a Pierrelatte. La bonne conservation de 
l'etancheite ala construction permet des reductions de frais de fonctionne
ment, grace a la suppression des purges intermediaires et par le choix, 
pour la tete d 'usine, du procede le plus fiable et le mains couteux. 

ANALYSES 

Les analyses physico-chimiques sont un element fondamental de 
la maitrise de tout procede de separation isotopique. Deux techniques 
essentielles sont mises en ceuvre: 1 'analyse par spectrometrie de masse 
et la chromatographie en phase gazeuse. 

Les spectrometres de masse sont des analyseurs a sources fonctionnant 
en double collection, dont les resultats sont fournis par rapport a des 
etalons connus avec une grande exactitude et elabores a Pierrelatte 
mE!me. Ils donnent des concentrations en 235U au millieme et des 
enrichissements relatifs au dix-millieme. Environ 200 000 analyses 
isotopiques ont ete realisees depuis le demarrage. 

Les chromatographes, ainsi que certains types de spectrometres 
de masse speciaux, analysent le gaz de procede, donnant en permanence 
les teneurs en impuretes (air, azote, fluorures volatils, HF). Environ 
900 000 h de scrutation ont ete realisees a ce jour. 

Partant d'equipements initialement con<;us pour le laboratoire, 
Pierrelatte a developpe de veritables capteurs industriels satisfaisant 
aux criteres suivants: precision, fiabilite, cadences de scrutation 
elevees (en ligne), points de scrutation tres nombreux, coD.ts d' exploitation 
minimaux. 

TRAITEMENT DES INFORMATIONS 

Le manque de connaissance precise du fonctionnement de l 'usine 
nous avait conduits a une conception de conduite largement manuelle, mais 
faisant appel a des automatismes simples. Toutefois, des le demarrage, 
les donnees de fonctionnement ont ete recueillies afin d' etre presentees 
so us une forme synthetique de plus en plus precise jusqu 'a prefigurer 
un dispositif complet d 'acquisition et de traitement automatique des 
informations « procede». 

L'equipement des usines etait effectue entre 1968 et 1970 a partir 
d'une connaissance excellente du comportement de l'usine qui, seule, 
a permis de degager les parametres fondamentaux. 

Dans chacune des quatre usines, un ordinateur scrute en permanence 
les informations utiles analogiques ou tout-ou-rien: au total, environ 
12 000 donnees. Les restitutions ont lieu sur des ensembles de visualisation 
electroniques au niveau de la salle de conduite d 'usine et, grace a un 
ordinateur central puissant, en salle de conduite centrale (fig. 4). 

Le systeme assure une surveillance constante des materiels en 
fonctionnement et des parametres de contr6le de procede; il informe 
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FIG, 4. Conduite cenrralisee: console de visualisation et de contrOle, 

NOMBRE 
O'ETAGES 
NORMALISES 

DEBIT O'ETAGE NORMALISE 

FIG. 5. Profils successifs de l'usine basse et comparaison avec le profil ideal. 

automatiquement les operateurs de toute anomalie. Cette surveillance 
centralisee, et a distance, est venue se superposer aux automatismes 
reflexes cables et aux regulations simples deja en place. 

Le «software», entierement mis au point par nos specialistes, 
associe en temps reel des traitements simples (comparaison de valeurs 
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a des fourchettes ou des seuils) et des traitements complexes. Il delivre 
aux operateurs une information elaboree leur permettant de prendre des 
decisions rap ides et sures. 
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La disponibilite du systeme est de l'ordre de 98o/o. 
La mise en service de ce nouvel outil de conduite apporte: 
- Une connaissance parfaite et permanente du procede. Toute 

perturbation aerodynamique susceptible d'entrainer un remelange isotopique, 
done une perte de travail de separation, est immediatement detectee et 
contree. Les temp(~ratures et pressions peuvent etre tenues respective
ment a mieux que ±l°C et ±l 5mb; les fluctuations de la masse d'uranium 
contenue dans les differents tronc;:ons de la cascade sont inferieures a 
1 o/oo. 

-La possibilite d'ajuster le profil reel de l'usine tres pres du 
profil ideal. Le profil « carre» initial a ete transforme en un profil 
approprie, ce qui permet de faire varier fictivement la « taille» de 
chaque groupe d'etage en fonction de son rang dans la cascade et ainsi 
de gagner en efficacite (fig. 5). 

- Une reduction tres importante du personnel direct de conduite. 
Financierement parlant .. ce systeme sera totalement amorti au bout 

de quatre ans d 'exploitation seulement. 

MODELES MATHEl\IATIQCES 

Grace a l'explo~tation s:1stematique des resultats accumules au fil 
des annees, les modeles mathematiques theoriques ont pu etre corriges 
et raffines et nous assurenc desormais une connaissance tres approfondie 
du procede et de ses composants. Ils necessitent de puissants moyens 
informatiques agissant, suivant les cas, en temps reel ou differe. Ils 
permettent une gestwn tres fine de la cascade, sans risque pour les 
materiels meme au voisinage de leurs performances extremes. 

Des modeles permettent, a partir d'un programme de production 
donne (soutirages et introductions simples ou multiples), d'optimiser 
la configuration et les parametres de conduite de la cascade, de maniere 
a obtenir le travail de separation voulu au meilleur cout. 

Enfin, une gest~on d'ensemble a ete mise au point, qui, tenant 
compte du programme des besoins, des esperances de vie de materiels, 
des niveaux de fonctionnement possibles, determine les parametres 
d'exploitation et la ~trategie de maintenance qui minimise le cout du 
produit. 

ACQUIS EN DIFFUSION GAZEUSE 

Cet ensemble de connaissances, non specifique ala diffusion gazeuse, 
est applicable ala plupart des procedes connus d'enrichissement de 
l'uranium. Mais il ne faut toutefois pas negliger l' acquis specifique a 
ce procede et qui porte en particulier sur: 

La barriere 

C'est l'un des elements fondamentaux dans la conception d'une 
usine de diffusion gazeuse, et ses performances, son prix, sa duree 
de vie, pesent lourdement sur l'optimisation. Toutefois, une experience 
industrielle obtenue sur plusieurs types de barrieres de natures tres 
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differentes nous amene a les considerer comme des biens d 'investisse
ment. Par ailleurs, plusieurs annees de pratique de separation isotopique 
et de genie chimique experimental nous ont amenes a conclure qu 'il faut, 
pour arriver a des investissements raisonnables, travailler a des 
pressions amont nettement superieures a l'atmosphere. Plusieurs boucles 
d'essais ont permis de verifier qu'il est possible dele faire. 

Ces conditions requierent l'usage de barrieres performantes, 
c'est-a-dire dont le rayon de pore est inferieur a 100 A. Notre experience 
nous a montre qu'il s'agissait la d'un probleme complexe qui necessite 
un effort important dans le domaine des etudes fondamentales. 

L'analyse tres poussee des pores de faible rayon nous a conduits 
a ameliorer la precision de certaines mesures et a mettre au point des 
appareillages, tels que des porosimetres pouvant travailler avec une 
grande sensibilite, des appareils d 'adsorption donnant automatiquement 
des isothermes avec une precision de l'ordre du pour-cent, etc. 

La figure 6 represente un exemple de d.§fauts observes avec le 
microscope electronique, defauts difficiles a detecter par les moyens 
classiques. 

Les essais de separation isotopique a l'UF6 sont forcement limites, 
car ils mettent en ceuvre des installations couteuses: pilotes tels que 
PC 5, spectrometres de masse de haute precision, etc. 

La separation des isotopes de l'argon nous semble un modele commode 
pour l'etude de la separation isotopique de vapeurs; la comparaison de 
ces resultats avec ceux obtenus avec l'UF6 montre une correlation 
satisfaisante. 

En outre, les problemes d'industrialisation de millions de barrieres, 
qui conditionnent fortement les prix de revient, n'ont pas ete negliges. 
L 'experience de la fabrication des barrieres de Pierrelatte a permis la 
conception d'une chaine automatisee grace a laquelle les nouvelles 
barrieres de l'usine basse ont ete fabriquees des 1968. Depuis, des 
etudes industrielles ont ete poursuivies sur divers types de barrieres 
avec les industriels competents, afin de cerner des prix de serie realistes. 

Enfin, les differents modes d' assemblages de barrieres entre elles 
a l'interieur d'un diffuseur, en vue de la conservation dans le temps de 
bonnes performances aerodynamiques, allies a un prix reduit sont etudies 
sur pilotes industriels. 

Le compresseur 

lin autre element important est le compresseur. L'ensemble des 
installations de Pierrelatte comporte une grande variete de compresseurs, 
installes tant dans les etages de diffusion eux-m~mes que dans les unites 
annexes. 

Nous mentionnerons bien entendu les machines utilisees dans les etages 
de diffusion: pour obtenir les performances tres poussees necessaires 
afin de maintenir la puissance consommee au niveau le plus bas, des 
etudes aerodynamiques ont ete menees activement par le GERCOS, qui 
regroupe les industriels qui ont construit les compresseurs de Pierrelatte, 
et l'on peut dire que le rendement de compression obtenu est tres proche 
du rendement maximal possible, malgre une conception economique de 
la machine (fig. 7). Le type centrifuge retenu pour cette premiere usine 
fait maintenant place aux techniques axiales. Diverses aerodynamiques, 
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A 

B 

c 

FIG. 6. Examen en microscopie electronique de couches diffusantes: A, sans defauts; 8, avec quelques 
defauts; C, presence de divers types de defauts. 
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FIG. 7. Couronne d'aubages, redresseur de compresseur axial (acier inoxydable et alliage Ieger). 

depuis le subsonique classique jusqu'au supersonique pousse, ont ete 
evaluees tant en performance qu 'en prix de revient, et le compresseur 
choisi resulte d'une sous -optimisation de ces parametres. Les resultats 
obtenus sur les pilotes PP 201 et PP 202 confirment entierement les 
previsions de rendement, jugees un temps optimistes, des .aerodynamiciens. 
Il etait egalement necessaire de prevoir, par exemple pour la purge du 
flux de procede (elimination des incondensables) ou des soutirages, des 
compresseurs speciaux pouvant fonctionner a des niveaux de pression 
varies, avec des gaz de compositions tres diverses: des machines 
volumetriques ont ete mises au point. Elles assurent un service sans 
defaillance. 

Un des composants importants dans une machine tournante est la 
garniture d 'etancheite. Les conceptions qui ont conduit aux excellentes 
performances obtenues a Pierrelatte, tant du point de vue des fuites 
d 'azote que de la contre-diffusion de 1 'UF6 , ont ete reconduites sur les 
compresseurs axiaux. Cet element, normalement soumis a usure, 
atteint des durees de vie depassant 40 000 h. C 'est presque un bien 
d 'investissement. 
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Les materiels 

Chacun des autres composants du circuit, bien que mains important 
que la barriere et le compresseur, est etudie dans de nombreuses 
variantes avec un so in tout particulier, qu' il s 'agisse des vannes, des 
tuyauteries, des joints et autres methodes de raccordement, des 
materiaux et de le leur revi'Hement, ou du genie civil, afin de toujours 
o1tenir les performances et la fiabilite visees au meilleur cout. 

SOURCE D 'ENERGIE 

Un element determinant du projet est l'alimentation en energie. 
Une usine de separation en est une grosse consommatrice: environ 

2000 M\V pour 6 millions d'UTS par an. La quasi-totalite de la puissance 
electrique fournie a l'usine de diffusion est utilisee pour faire tourner 
les moteurs entrainant les compresseurs. En cas d'interruption, meme 
tres breve, de l'alimentation, ces derniers ralentissent et, au retour 
de la tension, leur reacceleration provoque un appel considerable 
d'intensite. Si le ri',seau de distribution ne peut pas y repondre, l'usine 
s'arrete. Il faut done, compte tenu du moment d'inertie des machines 
tournantes et de la duree maximale previsible des microcoupures, 
etudier la stabilite electrique du systeme. 

L 'experience de Pierrelatte a perm is de controler la validite des 
hypotheses faites lors de la construction; il a ete ainsi possible 
d'extrapoler aux dimensions d'une usine de grosse capacite et de determiner 
les caracteristiques fondamentales de son alimentation. 

Par ailleurs' chacun sa it l'interet qu 'un producteur d I electricite 
porte aux possibiliti''s d'elimination volontaire d'une partie de sa clientele 
aux periodes de pointe de con:;ommation. Ces clients peuvent done 
beneficier de tarifs preferentiels. Pour une usine de diffusion gazeuse, 
un tel avantage est tres interessant, puisque le cout de l'energie entre 
pour pres de la moi1:ie dans le prix de revient du travail de separation. 

Le CEA et l'EDF ont entrepris des etudes communes visant a 
comparer le gain du a une :reduction des tarifs de fourniture d 'energie 
a la perte de prodUCtion de l 1USine COnSeCUtiVe aUX tempS d I arret et de 
remise en route de .. a cascade. 

Des gains substantiels peuvent etre envisages par rapport aux 
tarifs industriels habituels, et l'experience de Pierrelatte nous apporte 
sur l'exploitation des elements concrets indiscutables. 

CONCLUSION 

Les elements qui viennent d'etre exposes ne representent que 
quelques exemples particuliers de l'acquis de Pierrelatte, resultant 
des etudes fondamentales effectuees, de l'experience gagnee lors de 
la construction de quatre usines differentes et de leurs annexes, et des 
resultats d'exploitation. Ils assurent ala France une connaissance 
d'ensemble approfondie de la technologie applicable aux nombreux 
procedes d 'enrichissement bases sur l'UFG et tout particulierement a 
la diffusion gazeuse. 
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Dans cette technique, nous poursuivons activement un programme 
detaille d I etudeS et d 1 experiffi entation axe VerS l I ObtentiOn dU dOSSier 
complet d'une usine de grosse capacite, dans la gamme 6 a 10 millions 
d'UTS par an. Les prototypes des appareillages constitutifs des etages 
sont realises en plusieurs variantes et les performances acquises sur 
la plus petite taille, pleinement conform es aux specifications imposees, 
on t ete obtenues dans les conceptions economique:o envisagees pour 
l'usine finale. Le test des prototypes des appareillages de la grosse 
taille est en cours et nous avons bon espoir d'atteindre ici encore les 
objectifs tant techniques qu'economiques vises. Les barrieres meritent 
une mention particuliere, car elles sonl. des composants sur lesquels 
des ameliorations se font constamment, meme lors de la periode de 
construction. Les performances imposee:o ont d'ores et deja ele 
obtenues sur installation pilate et les etudes d'industrialisation en cours 
permettront leur reproduction en serie au prix le plus bas, probable
ment meme dans une version arnelioree. 

Tout ceci concourt done a l'obtention d'ici a 1973 d'un ensemble 
complet et coherent de donnees confirmees qui vont constituer le dossier 
de realisation d'une usine d'enrichissement multinationale. Les couts 
cl'investissement seront connus tres en detail, les performances des 
materiels auront ete verifiees et les frais d'exploitalion explicites en 
fonction de I 'endurance previsible des materiels. 

Le choix de la taille d'une usine et la determination des conditions 
qui seront consenties pour le loyer del 'argent et le prix de l'energie 
permettront alors de calculer avec precision le cout du travail de 
separation. Toutefois, les objectifs techniques que nous nous sommes 
fixes doivent nous permettre d' atteindre la competitivite pour une 
capacite comprise entre 6 et 10 millions d'UTS par an, tout en assurant 
une marge suffisante pour la remuneration du capital dans des conditions 
industrielles normales. 
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d'un programme E-tabli en accord avec lE·.s services d'enrichissement de l'uraniurn dcpuis SCS d€.buts, en 

janviu 1909. Il examine les nwdificatitJOS OU les COnsidE:rations de polititl_Ue g€.nerale li€.es 3. l'augmentation 
de la capacitE: de separation des isotopes en tenant compte de leur incidence sur les futures centrales d' enrichis
sernent a fa\'on. 11 donne egalement un apw;u de Ia politique suivie dans l"etablissement d"un systerne de 

contrl'Hc et d'une coopE-ratior. a l'E:chelon international, dans le domaine de l'enricbissement Je l'uranium. 

1130TOITHOF 01301\!UEIH!F YP-'.f" ,\. 

6biCTpLifi poeT MOJl.iHOCTH aTOMHhiX 3Jl€KTpOCTaHuHH C peaKTOpaMH 1 pa6oTalOUlHMH Ha I)'Ia-

6ooGoralUeHHOM ypaHOBOM TOllflHB€, 3Ha4HTeJJbHO I10Bb!CHJ1 HHTepec K npOl{eCCaM li ycraHOHK3M 

,lVI$'1 pa3neneHHH H30Tonos ypaHa. XoTH MOlllHOCTb cymecrnyiOtl.IHX Jaso.noB no o6ora~eHHIO ypa

Ha HL.nOJIL3Y€TC$'1 HC nollHOCT!cdO, 0U€HK8. 6y.rtyll{HX nOTpeGHOCTeH nOK33hinaeT, '-ITO HX MO~HOCTb 

BCKOpe npH.ll€TC$'1 yBeJIH'4HB3Tb. I3 JIOKJ13Jl€ npCJlCT3BJIE'Hbi pe3yllLT3Thi HCCJ1€.[{0B3HH'n 1 npOB€Jl€H

HOro KA3 C'lllA no nonrocpoYHOMY fl11at-wposaHHIO. 3TH HccnenonaHH51 BKJJI0'-13IOT oueHKY MOW:

HOCTH cymeCTBYlO!liHX 33B0Jl01l H 3H3JJH3 He06XOJlHMhiX H3M€H€HHH 3KCnnyaT3UHOHHhiX xapaKTe

pVlCTHK C Y'H,TOM 6y.n;yiUHX IlOTpe6Ho<:_'TeH B oGorcuUeHHOM H.[{epHOM TODllHHE'. 0HH nOK33biiJ3lOT 

BJlH>iHH€ H:JMCHPHH$'1 pa3JIV'-IHhiX tPaKTOPOH B OUCHKaX Gy.n;yi!..IHX fl0Tpe6HOC'TE>H B 51.UE'pHOM TOOJlHB€ 

H B onTHMaJlhHhiX 3KcnnyarauHoHHhiX xapaKrepHCTHKax o6orarHTE'JibHhiX 3asonos. PaccMaTpH

saKJTCH T3Kl!E' lfiaKTOphi 1 J(3K flOBTOP'---lO€ HCflOllb30H3HHE' flllYTOHHH B pe3KTOp3X H3 T0flll0BhiX Hefi

TpOHaX, l-L:lMCH€HHe OTHOlll€HHH K XBUCTOBLIM npo)lyKT3M 060r3THT€llbHhJX 33BO.IlOB, H3M€H€HHH 

CTOHMOCTH :)Jl€KTpO?HPprHH HllH CTOAMOCTH ypaHOBOH py)J.hi, a T3K)f(€ BJIHHHH€ COsepiiieHCTHOIJa

IHIH peaKTOpHOH TPXHHKH, BKJlKJ'-13$'1 peaKTOphr-p:nMHQ)f(HT€JlH. B .UOKJ13.Il€ nOCJIC.UOB3T€JlbHO H 

no.npo6Ho oGcy>K.naercH nporpaMMa H nollHTHKa CIIL\, HanpasneHHar~ Ha y.noHJieTHopeHHe npe)J.

noJJaraeMhlX norpe6HocTeH B oGorauleHHH ypaHa co cropoHhi noTpe6HT€llf'H uHyTpH CTpaHhi H 33 

py6eJKOM. Y)l0BJI€THOPf:-HHe norpe6HOCTeH see YBf!ll~1'--IHB3IOIUeHcr~ MOI!..IHOCTH aroMHhiX 3lleKrpo

craHUliH MOIKPT 6b!Tb JlOCH1:rHyTO :38 CYE'T Cll€JlYJ0lUHX W'!M€H€HHH: YRPJlH'-IPHHe B CHa6)f(PHHH 

3Jl€KTp03HeprHeH ra30,ilJ1!fl¢Jy:nfOHHb!X :J3BO)J,OH, H3M€Hei-lHe OTHOilleHHH K XHOCTORbiM npo.uyKT3M, 

ycTaHOBK3 oGopyJlOBaHYHI, llO!lbllliCUOIU€rO 3!flr!JeKTHBHOCTb HCI10Jlb3083HHH 3ll€KTp0'1Hf'prHH (B 
npe.uenax cyUlPCTBYKJIUC'rO flOTpe6neHHH 3HeprHH HllH C npeBbllll€HH€M 3THX JIHMHTOH) H, H3KOH€U 1 

CTpOH.T€JibCTBO HOBLIX 33IiO.LlOB. l!aeTC$'1 3KOHOMHY€CK3H 0U€HKa BC€X 3THX H3M€H€HHH:. 06cy)f(

Jl3f'TCH on LIT paGoTLI B CHCTeMe ofclly>KHBam1$'1 no o6orameHHIO ypaHa no corJiaiiieHHHM, Hse.neH

HoH 1l $IHI:Jctpe 1969 rona. J303MO;JKHHP H3M€H€1-1HH DOJlHTHKH HllH llOJlXO.ll,a B CHr13H C npe.llCTQH

WHMH HOBhiMH KpynHLIMH r<3tH1TCl...10lWO.lK€HHHMH U npOMLIIllll€HHOCTb no H30TODHOMY o6ora~eHHIO 

ypaHa o6cy.lK.UaiOTCH IHJ n.::-:3HMOC!3$'13~! C HOBhlMH HaJlOrOBhiMH 065t3aT€1lbCTB3MH. I) )J,OKJia,UP T3K

JK(' o6cy)f(.lJ.df'TCr! JlO}It1THKa ll 0Ttl0ll101U1H M€)f(.llyHapO.ll!IUrO KOHTp0115'f H K0011E.'p3UHH B 06JlaCTH 

WJUTOflHOro oGor31l{PHHH ypa!la. 

ENRIQUECIMILNTO DE !SOTO!'OS DE UF.ANIO. 

El rftpido incremento de la generaC'ibu de electricidad nuclear basad a en reactores que utilizan combustible 
de urania ligeramente enriquecido atrae n:tturalmente creciente atenci6n sabre los procedimientos y plantas 

para separacibn de is6topos de urania. P-.unque las plantas existentes de enriquecimiento Je urania estan 
funcionando a mucho meuos de su capacuJad total, las previsiones de necesidades futuras indican que urge 
tamar imporLtntes decisiones referentes ~, la expansioa de tal capacidad. En esta memoria se describen 
recientes estudios de planificaci6u a largo plaza realizados por la USAEC. Esos estudios se inician con la 
capacidaJ de L-ts plantas acttales y analizan las futuras posibilidades de operaci6n en relaci6n con el c3.lculo 

Je las futuras necesiJaJes de combustiblL s nuclearcs enriqut'cidos. Esos estudios muestran los efectos de los 
cambios de varios factores sabre bs est1maciones de las necesidades futuras de combustibles nucleares y sabre 

el modo Optima de operaci6n de las plant.1s de enriquecimiento. Entre los factores consider ados se incluyen 

el reciclado del plutonic en los reactores tt~rmicos, los cambios en los anJ.lisis quimicos de los esteriles de 
las plantas de enriquecimien1o, los cambios en los costas de la producci6n energetica o de los miner ales de 
urania. y los cfectos de la tecnologfa de reactores avanzados, incluycndo los reactores reproductores. Los 
programas Ue los Estados Unidos y lds directrices dcstinadas para satisfacer las necesidades previstas de 
enriquecimiento de urania de los consumidores nacionales y extranjeros se tratan de manera gradual y 
extensa. Las posibilidades existentes para proporcionar combustibles nucleares para satisfaccr la creciente 

demanda de electricidaJ de origcn nuclear comprendcn un aumento de la capacidad generadora de las plantas 

de difusi6n, los cambios en los anJ.lisis de esteriles, la instalJ.ci6n de equipo para mejorar la eficiencia del 
empleo de la fuerza producida dentro o m.ls alL1 de los lfmites nominales actuales, y finalmente el 
establecimiento de nuevas plantas. Se resumen los c.1lculos dL: las consecuencias econ6micas de tales 

posibilidadcs. Se revisa la experiencia aJquirida cou el programa de acuerdos sabre servicios de enriquecimiento 
de urania, desde sus comienzos en enero de 1969. Los cambios en las directrices o las cons1deraciones 
resulta.ntes de las necesidade~ previstas en relaci6n con hs inversiones en gran escala para c1 aumento de la 

capacidad de emiquecimiento de. is6topos de uranio se consideran en sus incidencias sabre las obligaciones 
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derivadas de los nuevas acuerdos sabre tasas de enriquecimiento. Se resumen tambien en la presente 
memoria las directrices referentes a los controles y Ia cooperaci6n internacionales en el campo del 
enriquecimiento de los is6topos del urania. 

INTRODUCTION 

Nuclear power is now entering a 'rapid growth' phase as a major source 
of new electric power generating capacity in many parts of the world. Power 
reactors utilizing partially enriched uranium fuel are being built in ever 
increasing number. This directs attention toward the complex problem of 
how best to satisfy the world's expanding need for uranium isotope 
enrichment. 

The United States of America has had more than twenty-five years of 
highly successful experience in enriching uranium using the gaseous diffusion 
process. We now have three major plants representing a total investment 
of over US$2300 million with an annual capacity of more than 17 million 
units of separative work when operated at their nominal full power of about 
6100 megawatts of electricity. However, during the current year, these 
plants are being operated at only about 50o/o of their full capacity. 

There is interest apparent in many other countries in the establishment 
of alternate sources of uranium enrichment services. In addition, effort 
is being directed in numerous countries toward the development of other 
uranium enrichment processes. 

The extreme importance of having an adequate supply of enriching 
capacity available on a timely basis at reasonable cost, coupled with the 
tremendous cost of process development and enrichment plant construction, 
justifies the closest possible co-operation and communications among the 
users and suppliers of enrichment services. 

We will attempt in this paper to present our views on these matters. 

PROJECTED NUCLEAR POWER GROWTH 

Enough uranium fuel will have to be enriched to about 3o/o 235 U over the 
next several decades to meet the demands of hundreds of reactors (currently 
light-water reactors) which are now or will soon be under construction. 
US nuclear generating capacity, for example, is projected to grow from 
5000 MW(e) in 1970, to 150 000 MW(e)1 in 1980, and to 300 000 MW(e) by 
1985. It is estimated that in 1980, 29o/o of the electricity generated by 
utilities in the United States will be from nuclear power, and in the decade 
of the 1990's, that fraction may be about 50o/o. 

Foreign nuclear capacity requiring enriching services will be in the 
range of 70 000 -100 000 MW(e)2 by 1980. Taking into account the fact that 
some enriching services will be furnished by foreign sources, the USAEC 
projects the foreign and domestic nuclear capacity using United States' 
enriching services to about 225 000 MW(e) in 1980. 

1 Median value for the forecast range 130 000 to 170 000 MW(e). 
2 Excluding the United Kingdom capacity for which the United Kingdom plans to furnish enriching 

services. 



34 JOHNSON and SA PIRIE 

SEPARATIVE WORK REQUIREMENTS 

There are several uncertainties which affect the projected future demand 
for separative work. While projections of the growth rate of electric genera
ting capacity have proven to be fairly reliable in the past, there are new 
factors, and in particular those associated with the rising world-wide concern 
for the environment which could modify them in the future. Projections of 
nuclear power growth will depend not only on the growth rate of the power 
industry as a whole, but also on the incidence of delays in reactor start-up, 
the changes in projected long-term competition between nuclear and fossil 
fuels, and nuclear plant performance experience. Each of these factors will 
probably have some influence on the rate at which utilities decide to build 
nuclear plants to meet their generating requirements. 

In addition, there are at least three technological developments which can 
be projected over the next two decades, which, if successful, will tend to 
conserve enriched uranium and therefore reduce demands on enriching 
capacity. In the possible order of their occurrence, they are: 

(a) The introduction of plutonium recycle which we project will occur in the 
time period 1974- 1976. 

(b) The possible large-scale introduction of advanced 'converter' reactors 
(HTGR) in the late 1970's or early 1980's. 

(c) The large-scale introduction of the breeder reactor as a fully competitive 
power source in the middle or late 1980's. 

The recycle of plutonium could reduce the total separative work re
quirements by about 5o/o in the 1974-1980 period and 10o/o in the 1981-1985 
period. On an individual reactor basis, plutonium recycle is expected 
eventually to reduce separative work requirements by about 30o/o. Relative 
to the light-water reactors, the fuel cycle for the high-temperature gas 
reactors may lead to higher initial but lower annual reload requirements 
for separative work. The successful introduction of the breeder reactor 
will produce further changes in the requirements for separative work, 
eventually bringing about a decrease in quantities. 

Annual separative work requirements from the US enrichment plants 
are being projected with plutonium recycle starting in 1974 and the intro
duction of breeders starting in the mid 1980's. 

LONG-RANGE PLANNING 

We in the United States recognize our responsibility to plan for the 
anticipated growth in separative work demands. Because of the several 
uncertainties previously mentioned, our plans must permit considerable 
flexibility in the operation and expansion of capacity in the United States. 
The plans also must recognize that other countries have or will develop the 
capability to supply enriching services. Our projections of separative work 
to be supplied from plants in the United States include assumptions that 
increasing fractions ( 5o/o in 19 7 5 and 3 5o/o in 19 8 5) of the market which we 
might supply will, in fact, be supplied by non-US plants. 

One of the key variables in the planning process is the 235U assay of 
the tails stream of the enriching plant. If power and operating costs (which 
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FIG. 1. Separative work and natural feed to produce one unit of 2. 6"/o 235 U product versus plant tails assay • 

• With Pu Recycle 

D Without Pu Recycle 

Xw =Tails assay of diffusion plants 
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SWU =Separative Work Unit(s) 
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Nuclear Power Reactors Unimproved Plants Improved Plants 
Operating, Committed, 6100 MW 7400 MW 
&/or On Order Using 17.1 million SWU/yr 26.4 million SWU/yr 

U.S. Enriched Uranium Capabilities of USAEC Plants 

FIG. 2. MW(e) sustaining capacity of gaseous diffusion plants for light-water reactors. 

directly affect the cost of separative work) increase, the economics suggest 
reducing the amount of separative work per unit of enriched product. This 
result is obtained by increasing the amount of normal uranium feed to the 
enriching plant which has the effect of increasing the assay of the waste or 
tails stream. Conversely, if the feed costs increase, then it becomes 
desirable to use less feed and more separative work and the tails assay 
should decrease. This relationship of feed and separative work components 
as a function of 'tails assay' is shown in Fig. 1. The relative effects of the 
price trends of these two components interact to determine an optimum 
combination of separative work and feed, thus resulting in an optimum tails 
assay for a given time period. 
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As one can see, optimizing the enrichment plant operations requires 
some ability to forecast reasonably well trends in electric power and 
operating costs as well as trends in feed costs. These latter are in turn 
related to sources of supply. The cost of electric power furnished to the 
gaseous diffusion plants has been on the increase and this was the primary 
cause of the recent upward adjustment in our charge for separative work 
(from US $28. 70 to US $3 2 per unit). 

Figure 2 shows the importance of varying the enrichment plant feed rate 
and tails assay, ofutilizingplutonium recycle, and of improving existing 
plants in satisfying increasingly higher nuclear electric generating capacities. 
As this figure shows, there is considerable flexibility in how existing plants 
may be used to support growing nuclear power demands. 

PRESENT PLANT CAP ABILITIES 

For the fiscal year ending June 30, 1972, our three gaseous diffusion 
plants will use an average of about 2700 megawatts of electricity which will 
result in the production of a bout 8. 5 million units of separative work for the 
year. This represents about 44o/o of their present maximum potential power 
utilization of 6100 megawatts of electricity and about 50o/o of the present 
maximum separative work that can be produced from them. At these 
reduced operating levels we are still producing in excess of current re
quirements. Our operating plans call for continuing preproduction. The 
present preproduction inver..tory is adequate to satisfy nuclear power re
quirements for about the next two years. 

Through carefully planned and co-ordinated equipment design, fabrication, 
operation and maintenance programs, a routine on-stream operating 
efficiency of greater than 9tlo/o has been achieved in the gaseous diffusion 
plants. The Atomie Energy Commission is planning for additional power 
procurement to return the existing three -plant complex to its full utilization 
of 6100 megawatts of electricity by 1978. 

EXPANSION OF PRESENT PLANT CAPABILITIES 

In addition to restoring electric power use to the design level, which will 
double the present output of separative work, there are plans to improve the 
large separating stages to incorporate advancements in technology made over 
the past decade which will improve the efficiency of power use. The average 
power utilization index (PUI) for the existing gaseous diffusion plants when 
fully powered at 6100 megawatts is 7. 7 separative work units per megawatt 
day of electricity consumed. With advanced technology which can be in
corporated in the present plants during the next several years, the PUI can 
be increased to 9. 8 separative work units per megawatt day of electricity. 
The planned improvements will cost from US $500- 600 million and will 
provide an additional 4. 8 million units of separative work per ye9-r when the 
plants are powered at 6100 megawatts of electricity. One important benefit 
of this improvement program, which we have termed our Cascade Improve
ment Program (CIP), is that the increase in separative capacity can be 
achieved with no increase in the amount of electric power used and no 
increase in operating cost. It clearly provides increased capacity at the 
lowest possible unit cost. 
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FIG. 3. Cumulative separative work availability versus requirements. 
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Either following or during the CIP, the plant equipment can be uprated 
to increase the power input. Increasing power to the extent that it can be 
efficiently used will permit an increase in the mass flow rate of process 
gas, thereby increasing the output of the improved plant with only very slight 
reduction in the average PUI. An increase in power level of 1300 megawatts 
of electricity to a total nominal level of 7400 megawatts of electricity will 
require equipment modifications costing from US $200-300 million and will 
result in additional separative work production of 4. 5 million units per year. 
The CUP will involve additional operating costs for power purchases of about 
US $6 5 million per year. 3 While the attractiveness of this method of capacity 
expansion, which we have termed our Cascade Uprating Program (CUP), is 
sensitive to rising power costs, it continues to be economically desirable 
in comparison with the construction of new plant. 

Programmed restoration of electric power to the present plants together 
with the improvement and uprating programs for them should meet foreign 
and domestic separative work requirements for about the next decade. The 
separative work requirements and availability for this period are compared 
in Fig. 3. 

The President of the United States recently announced initiation of a 
program to increase the capacity of the three existing uranium enrichment 
plants in the United States. The President noted that: "There is currently 
no shortage of enriched uranium or enriching capacity. In fact, the Atomic 
Energy Commission has substantial stocks of enriched uranium which have 
already been produced for later use. However, plant expansions are required 
so that we can meet growing demands for nuclear fuel in the late 1970's -
both in the United States and in other nations for which this country is now 
the principal supplier. " 

3 Based upon 5. 55 mills/kWh. 
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NEW PLANT PLAJ'\KING 

The needs for separative work which the Atomic Energy Commission 
projects may be requested of the United States in the early 1980's will 
exceed the capability of the present diffusion plant complex, even after the 
planned power restoration, process improvement, and power uprating 
programs have been implemented. Current assumptions regarding nuclear 
power growth, plutonium recycle, plant operating 'tails assay', and partial 
supply of markets outside the United States suggest, for example, that 
additional capacity amounting to about 20 million units of separative work 
per year will be required by 1985. The expected rate of increase in require
ments is such that this new capacity could be added at a levellized annual 
rate of about 5 million units of separative work per year, beginning in about 
1982. The date new plant construction planning and design should start is 
sensitive to the kinds of assumptions and variables illustrated in Fig. 3. 

While the projected date of 1982 for new plant in the United States might 
appear to some to remove the urgency of the question of building new 
enriching capacity, any comfort taken will be short-lived. We believe that 
the commitment date for a new plant must, at a minimum, precede operation 
by about six years. Thus, the decision year for a new plant is not more 
than about four short years away. This time schedule is important to us in 
the United States both in terms of what we shall be doing domestically and 
how we shall look to strengthening our bonds of co-operation abroad. 

While considerable work has been done in the United States and elsewhere 
on other processes, especially gas centrifugation, we believe the gaseous 
diffusion process is the only proven process at this time suitable for the 
large-scale enrichment of uranium. Therefore, present estimation of new 
plant requirements is based on the gaseous diffusion process. 

In 1967, the Atomic Energy Commission initiated a series of scoping 
studies to define better the cost and probable characteristics of new plants. 
In addition, for a number of years, work has been in progress looking at 
advanced concepts to provide more efficient and less costly new stage 
systems. While most of the technologies developed for the CIP /CUP have 
direct application in new plants, especially barrier and compressor improve
ments, the design freedom associated with new stages offers possibilities 
for significant additional improvement. 

New stage design, development, and testing programs are being planned 
and conducted in order to have the best design available when new capacity 
is needed. In addition to continued programs in barrier and compressor 
development, alternatives and innovations in areas such as energy recovery, 
process heat removal, compressor drive schemes, stage aerodynamics, and 
the design of other plant components are being evaluated. Emphasis is 
being placed on improved energy utilization and lower capital costs, while 
maintaining the high degree of equipment reliability that we have experienced 
in the existing gaseous diffusion plants. Technology for new plants on a 
time schedule consistent with projected new plant requirements is expected 
to yield an average PUI of 10.0 or more. 

Whether by adding to existing plants or by entirely new plants, we 
believe new plant capacity in the United States can be counted on to meet 
separative work demands in the future, and at a reasonable unit charge for 

separative work, provided that needs are identified and firm commitments 
are made on a timely basis. 
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In his energy message, President Nixon noted that: "With the exception 
of uranium enrichment, the nuclear energy industry is now in private hands," 
and added, "I expect that private enterprise will eventually assume 
responsibility for uranium enrichment as well. " It was explicitly in the 
context of this long-standing Presidential policy that our Commission recently 
announced a program for affording to a limited number of private industrial 
companies in the United States access to enriching process technologies 
which the Commission has developed over the past quarter of a century. 

Our Commission stated that this program will afford American industry 
the opportunity, which has heretofore been denied it, to determine realisti
cally the role it desires to assume in the enriching phase of the nuclear fuel 
cycle. 

We are confident that the response by private industry to the Commission's 
initiative will be positive and that the private sector of our economy will 
make a major contribution to new enriching capacity on the time -scale that 
we now believe will be necessary. 

From the standpoint of our customers in other countries, we should 
also stress that their contractual interests will be fully protected should 
enrichment functions eventually be transferred to private American enter
prise. We will make certain that whoever is involved in the enrichment 
business in our country will comply with the fundamental obligations which 
have been undertaken by our Commission in this field. 

CAPITAL COSTS 

Attention has been called to the large capital investments required for 
an efficient gaseous diffusion plant and to the sensitivity of separative work 
costs to the cost of electric power for the plant. It is perhaps worthwhile 
to put the capital cost and electric power requirements of large gaseous 
diffusion plants in perspective in relation to the nuclear power plants which 
they serve. Enrichment capacity of one separative work unit per year will 
support from 8 kW 4 to nearly 15 kW5 of nuclear power capacity in current 
large water reactors. At a PUI of 10 separative work units per megawatt 
day, and assuming an average load factor of 80% for the power supply, each 
kilowatt of power capacity supplying input to the gaseous diffusion plant 
would produce about 3 separative work units per year. Therefore, for each 
kilowatt of power capacity supplying the enrichment plants, its separative 
work production will sustain 24 to 45 kilowatts of nuclear power capacity 
depending upon the modes of operation of the enrichment plants and the power 
plants. The capital cost required for enrichment capacity, including 
associated power supply, would amount to something like 5 to 1 Oo/o of the 
capital cost of the nuclear power plants being served. 

URANIUM ENRICHMENT CONTRACTS 

For many years the Atomic Energy Commission has been firmly 
committed to the principle of satisfying, within its capabilities, the long
term uranium enriching requirements of both domestic and foreign nuclear 
power plants. We have recognized from the earliest days that the growth 

4 Tails assay of 0. 2"/o 23 S U, no plutonium recycle. 
5 Tails assay of 0. 3"io 235 U, with plutonium recycle. 
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of nuclear power both at home and abroad depends on the assured long-term 
availability of 235U under relatively stable and attractive conditions. The 
Commission's program of toll enrichment, which began on January 1, 1969, 
permits contracts with customers in the United States and abroad under 
which the customer delivers feed material for enrichment in USAEC facilities. 
An appropriate charge is made for the enriching services. The quantity of 
feed to be provided :in relationship to the quantity of enriched uranium 
desired and the related amo'Jnt of separative work required are determined 
in accordance with AEC 1s standard table of enriching services. 

Two types of enriching service contracts are available. One is called 
a Firm Quantity Contract and is normally used for short-term requirements. 
The more commonly used contract is a Requirements Contract which provides 
for the furnishing of all or a specified part of the customer's requirements 
for enriching services for a designated facility or facilities during the 
contract term which can run as long as the anticipated economic life of the 
reactor subject, in the foreign cases, to the terms of the applicable govern
ment Agreement for Co-operation. Both feed material and product are in 
the form of UF6 . The customer has an option to acquire tails or depleted 
uranium resulting from the performance of the enriching services. An 
enrichment contract may be terminated by the customer without charge by 
giving a specified period of notice. Provided certain conditions are met, 
which assure the customer of continuing supply under reasonable terms, the 
Atomic Energy Commission may terminate a contract in the event commercial 
(non-government) enriching services become available in the United States. 

Our business of providing enriching services has been increasingly 
active and has reflected the rapid growth of the nuclear power industry. 
We had executed through April 1971 a total of 67 contracts including 35 with 
customers outside the United States for about 139 million units of separative 
work, 37 million of which are for distribution abroad.6 

FUTURE TRENDS 

The rapidly increasing requirements for uranium isotope enrichment 
for the growing nuclear power industry in many parts of the world naturally 
will lead to change in the pattern of availability of services. The capacity 
of the enrichment plants now existing in the United States, expanded in 
accordance with planned improvements, will be sufficient to meet projected 
requirements for about 10 years. Considering the lead time required to 
put new capacity into operation and the fact that orders for nuclear power 
plants depend upon assurance that the required enrichment capacity will be 
available when needed, it is natural that there has been mounting interest 
and activity both in the United States domestically and abroad in the isotope 
enrichment field. Since the United States has been the principal world 
supplier of enrichment services, it also is understandable that there should 
be great interest in future enrichment policies of the United States. 

The availability of substantially more capacity than that needed in recent 
years has made it possible for the United States to make uranium enrichment 
services available to the electric power industry, both at home and abroad, 

6 Based upon operating the separation plants at a 0. 2 tails assay. 
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under agreements containing great flexibility for the customer, including 
extremely favourable termination provisions. As the available capacity 
becomes fully committed, and it becomes necessary for major capital invest
ments to be made in new capacity and related power supply facilities, these 
investments will require the protection of a more adequate termination 
notice and associated payment provisions than we have used in the past. 

It is the United States Atomic Energy Commission's objective that 
adequate uranium enriching capacity be available to support the growth in 
nuclear power including needs of domestic and foreign enriching customers. 

In looking toward the future, we are also mindful of the interests of 
other countries in alternative sources for enrichment services. This 
question was addressed in President Nixon's second annual review of United 
States foreign policy. This review, issued February 25, 1971, includes the 
following statement: 

"Having carefully weighed the national security and other factors involved, 
we have undertaken consultation with the Joint Committee on i\tomic Energy 
of the Congress concerning ways in which the United States might assist our 
allies to construct a multi-nation uranium enrichment plant to help meet 
future world demands." 

We are pleased to report that following these consultations with the 
Congress that the President mentioned, we undertook to notify a number of 
nations in Europe and the Pacific that had indicated an interest in exploring 
the possibility of a multi-national uranium enrichment project of our 
willingness to enter into exploratory discussions on the matter. These 
discussions may commence this fall and would serve to determine whether 
there would be sufficient interest to move into detailed negotiations. From 
our standpoint, we would be prepared to discuss possible arrangements for 
making available, for fair compensation, our advanced gaseous diffusion 
technology and know-how for the establishment, on a mutually agreeable 
schedule, of multi-national enrichment facilities of substantial capacity 
subject to appropriate controls against the unauthorized disclosure of 
sensitive process technology outside of those participants in the project 
having a need to know and use it. We would, of course, expect that the 
product of any multi-national project would be subject to the appropriate 
safeguards arrangements to assure its use for peaceful purposes only. 

CONCLUSION 

We are moving into a new and stimulating period in the translation of 
the atom's legendary promise into real energy at the service of mankind. 
Perhaps the largest single enterprise to which we will have to direct our 
attention in the coming decade is the one of assuring together, fairly and 
equitably, that the vast enriching facilities which this burgeoning industry will 
require are available on time, that they can furnish enriching services at assured 
low costs, and that they are so organized as to reassure all customers that 
this vital link in the nuclear fuel cycle is not the monopoly of any single 
interest. 

In this new venture, the Government and industry of the United States 
will, we are certain, make their full contribution in the spirit of co
operation that has been the special character of nuclear affairs since the 
first Geneva Conference sixteen years ago. 
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FRENCH DEVELOPMENT PLANS FOR THE ISOTOPIC SEPARATION OF URANIUM. 
In the fuel cycle the importance of separating uranium isotopes is self-evident. France is pursuing a 

major program in this field, designed to select and develop the process best suited to providing for her needs 
and those of other Western countries. First and foremost, French scientists are currently engaged in studying 
prospects for constructing a gaseous diffusion plant large enough to meet a substantial part of European 
requirements by the end of the present decade. The purpose of these studies, which are described in the 
paper, is the compilation of a feasibility report relating to construction of such a plant. It will be based 
partly on experimental findings, more particularly results obtained at the full-scale pilot plants built and 
put into operation at Pierrelatte, and partly on a detailed industrial project. The latter project will provide 
precise information on the cost of building and operating a plant of this kind, and will deal in addition 
with various problems relating to the economics and operation of the plant, including the supply of power, 
together with optimization of the plant/grid system, and the gradual start-up of facilities so as to keep pace 
with demand as effectively as possible. Indications will be given as to the economic outlook for such a 
project. Work in France, however, is not restricted to gaseous diffusion studies, although it is felt that this 
process would best fit in with the commissioning of a plant within the scheduled period; work is in progress 
on ulna-centrifuge methods in view of their potential for improvement on a long-term basis, Indications 
will be given on such important aspects of the matter as trends in the cost of machinery in relation to the 
size of production runs, the overall design of a plant, and the relationship between the total cost of the plant 
and that of the basic machinery. The economic outlook for the process as com pared to other methods is 
touched on at the end of the paper, together with prospects for the next few years, as viewed within a 
European and world context. 

DEVELOPPEMENTS PREVUS PAR LA FRANCE DANS LE DOMAINE DE LA SEPARATION ISOTOPIQUE DE 
L'URANIUM. 

L'importance de !a separation des isotopes de !'uranium dans le cycle de combustible est evidente. La 
France, pour sa part, poursuit un effort important dont le but est de choisir et de mettre au point le meilleur 
procecte pour repondre au problf.me pose par son approvisionnement et par celui des autres pays occidentaux. 
La France etudie tout d'abord Ies perspectives de realisation d'une usine de diffusion gazeuse don! !a taille 
devrait repondre a une part importante des besoins europeens a !a fin de !a ctecennie. Ces etudes, dont il est 
rendu compte dans le memoire, visent ala constitution d'un dossier de construction de cette usine. Ce dossier 
sera base d'une part sur les resultats experimentaux et en particulier sur ceux des pilotes a l'echelle 1 qui sont 
realises et exploites a Pierrelatte, et d'autre part sur un pro jet industriel, ctetaille. Ce projet permettra d'avoir 
des indications trf.s precises sur le coO.t de construction et d'exploitation d'une telle usine. De surcro1t, 
diff'erents problf~mes lies a reconomie eta la mise en service d'une telle usine sont evoques: tout d'abord, le 
probleme de !'alimentation en energie avec en particulier !'optimisation de !'ensemble usi'ne-reseau, ensuite, 
les problemes de ctemarrage progressif des installations pour pouvoir suivre au mieux !'evolution de !a demande. 
Des indications sont donnees sur les perspectives economiques d'un tel projet. Mais la France ne se l-imite pas 
aux etudes de diffusion gazeuse, bien qu'elle pense que ce procede soil mieux ada~te au lancement d'une usine 
dans les ctelais envisages; elle travaille en particulier !'ultra· centrifugation du fait du potentiel d'amelioration 
que ce procecte peut eventuellement presenter a long terme. Des indications sont fournies sur certains problemes 
impottants comme !'evolution des coots des machines en fonction de !a shie, !a conception generale d'une usinc 
et le rapport entre Ie coOt total de !'usine et celui des machines el~mentaires. Le memoire aborde enfin les 
perspectives economiques de ce procecte en comparaison avec celles des autres· procectes, ainsi que Ies 
perspectives possibles au cours des prochaines annees dans leur contexte europeen et mond.ial. 
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<l>PAHUY3CKA7! l1POrPAMMA ITO PA3nEJJEHHJO H30TOITOB YPAHA. 
Ba)KHQCTb npouecca pa3)];€Jl€HHH H30TOOOB ypaHa JlliH TOnJIHBHOrO UHKJia H€ Bbl3biBaeT CQM

H€HHH. Bo <l>paHUHH OCHOBHaH U€Jlb HCCJI€)lOBaT€JlbCKOH: nporpaMMbi CB5I3aHa C Bbi60pOM H pa3-

pa60TKOH M€TOJJ;a pa3,ll€JI€HHH 1 KOTOJ:biH JIYT..IIII€ scero o6ecnel.IHT noTpe6HOCTH CTpaHbi B CHa6:>Ke

HHH ypaHoM, a TaKJKe norpe6HOCTH .npyrHx eeponeHcKHX crpaH. Bo <PpaHUHH, e nepsy10 04epe.n;b, 

HCCJI€JlYIOTCH nepcneKTHBU npoeKTHpOBaHHH H CTpOHT€JlbCTBa ra30JlH¢¢Y3HOHHOrO 3aBO,D,a 00 

pa3,ll€JI€HHIO H30TOOOB ypaHa, KOTOphiH o6na,n:aJI 611 )];OCTaTO'-IHO BbiCOKOH npOH3BO,n;HT€JibHOCTbJO 

H eM or 611 noKpbiTb ocHoeHyiO .UOJIIO :-~orpe6HocreH Eeponbl e ypaHe e 6JnoKaHIIIeM .n;ecHTHJieTHH. 

'3TH HCCJie,noeaHlHI 1 pe3yJI bTaTbi KOTOpbiX H3JiaraiOTC:>I B )];OKJia.n;e, npe.n;Ha3 Hal.JeHbi )lJlR pa3pa60TKH 

npoeKTa CTpOHT€JihCTBa TaKOrO 3aso.n;a. TipoeKT 6y.n;eT OCHOBbiBaTbCR Ha 3KCnepHM€HTaJihHhiX 

,n;aHHbiX, B OCHOBHOM Ha ,n;aHHbiX, nonyt.teHHbiX npH 3KCOJiyaTaUHH nonynpOMMiliJI€HHhiX ycTaHOBOK 1 

OOCTpO€HHhiX H 3KCnnyaTHpyeMbiX B nbepJiaTT€ 1 a TaK)f(€ Ha .n;eTaJihHbiX 3KOHOMHl.JeCKHX pact.te

TaX. 3TOT npO€KT .n;aCT TOl.JHbl€ .Jl:aHlibl€ 00 CTOHMOCTH CTpOHT€JibCTBa H 3KCnJiyaTaUHH 3aBO.ll:OB 

TaKoro THna. KpoMe roro, 6y .nyr paccMoTpeHbi pa3JIHl.JHbie npo6JieY-bi, CBSI3aHHhie c 3KOHOMH

KOH H 3KcnnyarauHeH: 3aso,n;os raKoro THna: so-nepBbiX, npo6neMa 3HeprocHa6)f(eHHH H, B oco-

6eHHOCTH, npo6JieMa OOTHMH3aUHH o6rneH: CHCT€Mbl- 3aso,n;/3HeprOCHCTeMa; H np06JieMa )laJih

HeH:wero BBOJJ;a B 3KCnJiyaTaUHIO OOCJre)J;yiOW:I1X ycTaHOBOK no pa3)];€JI€HHIO H30TOOOB ypaHa C l{e

JlblO noKphiTH:>~ noTpe6HocreH B ypaHE· HaH6onee pauHoHaJibHhiM cnoco6oM. JlaiOTCR cse.neHH:>~ 

no 3 KOHOMHl.J€CKHM acneKTaM TaKOrO npoeKTa. H ayl.JHO- HCCJie,llOBaTeJihCKHe pa60Thl 1 KOTOpbl€ 

npOBO,llRTC5l BO <f>paHUHH 1 He orpaHHl.JHBalOTCH paCCMOTpeHH€M ra30)l;HciJ<fJY3HOHHbiX 3aBO.IlOB no 

pa3,ll€JI€Hl110 H30TOOOB ypaHa, XOT:>I 3TOT MeTO.Il, no-sH,llHMOMy, HBJI:>IeTCH HaH60Jiee nepcneKTYfB

HbiM ,n;nH npoeKTHposaHH:>~ H CTpOHTeJrhCTBa 3aso.n;a B npHeMJieMbie cpOKH. Cpe.nH .n;pyrHx MeTo

.nos HCCJie.n;yeTCR, rllaBHbiM o6pa30M, MeTO.D; C npHMeHeHHeM YJibTpaueHTpH<fJyrH B CB5l3H C 60Jib

WHMH B03MO)f(HOCT51MH era ycosepllleHCTBOBaHHH. J{alOTCH CB€.Jl:€HH:>I no HeKOTOpbiM OCHOBHhiM 

np06JieMaM: HanpHMep, 3aBHCHMOCTH CTOHMOCTH 06opy.n;OBaHH:>I OT npOH3BO.D;HT€JlhHOCTH 3aBO.lla, 

o6rneH KOHCTpyKUHH 3aBO.D;a H OTHOIIIE·HHlO o6rnefi CTOHMOCTH 3aso,na K CTOHMOCTH OT.D;€JlbHbiX BH

.D;OB o6opy.uosaHHR. HaKOHeu, s .uoK,la.ue .uenaercR cpasHeHHe 3KOHOMHl.J€CKHX noKa3aTeneA: 

3TOrO M€TO)J;a pa3)J;€JI€HHSI C .n;pyrHMJ.1 M€TO.llaMH 1 a TaK)f(€ paCCMOTpeHbl nepcneKTHBbl 3THX HC

CJI€JJ;OBaHHft: Ha 6JIHJKaiiWH€ HeCKOJihKO JieT B esponeH:CKOM H MHpOBOM MaCWTa6e. 

PERSPECTIVAS FRANCESAS DE DESARROLLO EN EL CAMPO DE LA SEPARACION DE LOS ISOTOPOS DE 

URANIO. 
Es evidente la importancia de la separaci6n de los is6topos del uranio en el ciclo del combustible. 

Francia, par su parte, mantiene un esfuerzo importante cuyo fin es seleccionar y poner a punta el procedimiento 
que responda mejor al problema planteado par su aprovisionamiento y par el de los otros pa!ses occidentales. 
En primer lugar, en Francia se estudian las perspectivas de realizaci6n de una f.1brica par difusi6n gaseosa cuyo 
tamai'io permitirfa hacer frente a una parte importante de las necesidades europeas al final del decenio. Estos 
estudios. de los que se da cuenta en la memoria, van dirigidos a la preparaci6n del conjunto de especificaciones 
para su construcci6n, basado, por un lado, en los resultados experimentales y, en particular, en los ensayos 
piloto a escala 1 que se realizan y aprovechan en Pierrelatte y, par otro !ado, en un proyecto industrial 
detallado. Este proyecto permitira obtener indicaciones muy precisas sobre el coste de construcci6n y de 
explotaci6n de la fabrica. Ademas se pondrim de manifiesto diferentes problemas ligados a su economia y 
puesta en servicio; primeramente, el del suministro de energia, incluyendo, en particular. la optimizaci6n 
del conjunto f.§.brica·red; a continuaci6n, los problemas de la entrada progresiva en servicio de las instalaciones 
para poder seguir de la mejor forma posible la evoluci6n de la demanda. Se aportan datos sabre las 
perspectivas econ6micas de un proyecto de este tipo. Ahara bien, los estudios que se llevan a cabo en Francia 
no se limitan a la difusi6n gaseosa y, aunque se opina que este procedimiento es el mas adecuado para el 

lanzamiento de una fabrica er, los plazas previstos, se trabaja en particular, en la ultracentrifugaci6n debido 
a los posibles perfeccionamier.tos que este procedimiento puede llegar a ofrecer a largo plaza. Se aportan 
indicaciones sabre ciertos problemas importantes como la evoluci6n de los castes de las m.iquinas en funci6n 
del tamano de la serie, la concepcion ger:eral de una fabrica y la relaci6n entre el coste total de la misma 
y el de las maquinas elementales. Finalmente, se abordan las perspectivas econ6micas de este procedimiento 
en comparaci6n con las de otros sistemas, as:f como las perspectivas posibles en el curso de los pr6ximos aDos 
en su contexte europeo y mundial. 

La situation gew§rale dans le domaine de l'enrichissement 
isotopique de l'uranium a des fins civiles est bien connue, Nous nous con
tenterons done d' en rappeler brievement les grandes lignes dans la pre
sente introduction, 
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La courbe des besoins en uranium enrichi d1ici 1985 1 date 
a laquelle les surregenerateurs pourraient prendre place sur le marche 
de 1' energie, presente une allure rapidement croissante. Les points de 
passage de la demande occidentale exprimee en puissance de separation 
annuelle sont proches de 18M UTS en 1975, 36 M UTS en 1980, 72 a 
7 5 M UTS en 198 5, autrement dit, ils traduisent un doublement des be-
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so ins tous les cinq ans. En outre, ce marche est geographiquement dis
perse. La consommation prevue en 1985 se repartit a raison de 40 M UTS 
aux Etats-Unis, 20M UTS en Europe, 10M UTS au Japon, 5 M UTS 
dans le tiers monde, Face a cette demande 1 l' USAEC, qui est actuelle
ment le seul producteur occidental, dispose d1une capacite de separation 
de 17 M UTS qui sera eventuellement portee a 25 M UTS si l'ensemble 
du projet CIP /CUP est adopt e. QueUe que soit la decision prise, une 
insuffisance de production se dessine entre 1977 et 1979. A cette epoque, 
la croissance du marche occidental sera de l'ordre de 5 M UTS/an. 
Compte tenu d1une duree de construction d'usine de 5 ans, il appara1t 
que la decision d'entreprendre une telle operation est maintenant tres 
proche. 

Quels sont les procedes en presence ? Essentiellement deux 
pour l'instant : la diffusion gazeuse et !'ultracentrifugation. 

La diffusion gazeuse a fait ses preuves dans plusieurs pays 
et, de ce fait, ne presente guere de risques ni sur le plan technique, 
ni sur le plan economique. C 1est un procede bien adapte aux grandes 
capacites, souple, et tres endurant. 

En revanche, ce n1est pas necessairement le plus attrayant 
sur le plan economique a long terme, en raison de sa forte consomma
tion specifique d' energie qui entre pour pres de 40 % dans le coO.t de 
l'unite de travail de separation, Sous cet angle, !'ultracentrifugation, 
dont la consommation d' energie n1intervient que pour 10 % dans le 
coO.t de l'unite de travail de separation, est tres seduisante. Par contre I 
elle fait appel a un investissement plus important dont le montant depend 
etroitement de l'aptitude aux tres grandes series des fabrications choi
sies et de 1' efficacite des methodes appliquees. En outre, sa mise en 
c:euvre, qui necessite un reseau aerodynamique complexe, doit lltre prea
lablement testee a echelle industrielle et cette etape 1 nous le savons 1 ne 
doit debuter qu'en 1972. 

Il res sort, de ce rapide survol de la situation, deux considera
tions essentielles : 

1) l' imperatif de non-penurie oblige a faire appel au procede de diffusion 
gazeuse pour les usines qui devront entrer en production avant la fin 
de la presente decennie, 

2) 1 'ultracentrifugation presente des perspectives interessantes a long 
terme, et a ce titre, me rite attention et encouragements. 

Le programme des activites fran<;aises dans le domaine de 
l'enrichissement tient largement compte de cette situation. Il se place 
cependant dans une optique plus large et plus dynamique qui comprend 
les caracteristiques previsibles du marche mondial, les possibilites 
technico-economiques qui sont offertes et les avantages qui peuvent 
decouler d 1une implantation geographique et d1associations internatio
nales appropriees. Ces differents facteurs interviennent dans la pour
suite d1une politique d1ordre essentiellement commercial. 
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Il apparart en effet que face a la croissance du marche, et 
compte tenu des moyens d'enrichissement existants ou previsibles, 
une usine de diffusion gazeuse de grande capacite devra @tre lancee 
d'ici 1973. Reali see dans des conditions appropriees, cette usine ap
parart non seulement comme un premier complement de capacite indis
pensable, mais egalement comme une entreprise qui peut @tre particu
lierement competitive par rapport aux capacites existantes. 

Au-dela de cette premiere etape, la croissance du marche 
ainsi que l'uniformisation progressive du coat de 11 energie dans les 
pays developpes favoriseront les procedes a faible consommation spe
cifique d' energie tels que !'ultracentrifugation. Toutefois, il apparart 
que 11 echeance plus lointaine de cette deuxieme etape laisse place a la 
mise au point de procedes nouveaux. D1ou le 2eme volet de notre action 
qui consiste a explorer au maximum 1' eventail des nouveaux procedes 
offerts et de trouver un procede qui puisse devenir competitif a 
long terme. 

Autrement dit, en se pla<;ant deliberement dans une economie 
de marche, et en developpant au maximum les possibilites de concerta
tion internationale qui sont offertes, le programme fran<;ais se presente 
actuellement en deux points : 

1) Preparer une construction d'usine de separation isotopique par diff
sion gazeuse de 6 a 8 M UTS commen<;ant a produire en 1978 et en
tierement operationnelle en 1980. 

2) Preparer un eventail de connaissances de separation isotopique fai
sant appel aux procedes qui presentent les meilleures perspectives 
pour les annees 80. 

PREMIER OBJECTIF 

Construction d 1 une usine de diffusion gazeuse de 6 a 8 M UTS 

Il est evident qu'un tel projet repose largement sur l'acquis 
detenu par la France dans le domaine de la separation isotopique. Cet 
acquis fait 11 objet d 1 une autre communication presentee ici meme~ Nous nous 
bornerons done a insi ster sur ce que signifie PIERRELATTE sur le plan 
de la construction (arriere-plan industriel, montage industriel, ordon
nancement), sur le plan du demarrage (modeles mathematiques permet
tant de predire et d'optimiser les transitoires de concentration), sur le 
plan de 11 exploitation enfin (automatisation du contr8le analytique, con
duite assistee d' ordinateurs en temps reel, entretien previsionnel, con
trats d'interessement' etc)' et nous ajouterons que les equipes qui ont appor
te ainsi la preuve de leur competence ont ete maintenues. 

Pour en revenir au projet lui-m@me, nous allons successivement 
decrire sa progression et approfondir quelques-uns de ses aspects eco
nomiques. 

Sa progression resulte d'un faisceau d'activites convergentes: 
essentiellement des etudes de realisation et des demonstrations de pilo
tes industriels. 

1 LEDUC, C. et al., ees Actes, val. 9, memoire 605. 
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Les etudes de realisation comportent trois phases 
- le choix du pro jet, 
- la definition du proc ede' 
- 1' elaboration du pro jet industriel detaille, 

Voyons le choix du projet tout d'abord, 
Il repose sur : 

- une etude detaillee du marche dont sont extraites la capacite, la date 
du debut de production de l 1usine, et les conditions de son insertion 
progressive dans le marc he, 

- une etude approfondie du coO.t de 11 energie en se basant, d'une part 
sur les previsions les plus solidement etablies des coO.ts de produc
tion et en tenant compte, par ailleurs, de toutes les particularites 
offertes par le client de choix que represente une usine de diffusion 
gazeuse pour un fournisseur d' electricite' 

- une expression des investissements necessaires en fonction de la 
taille de l'usine, 

- une etude approfondie des possibilites de financement et des condi
tions d' amortissement, 

Cet ensemble est introduit sur un modele mathematique sou
pie, c'est-a-dire largement parametre, susceptible d'explorer de mul
tiples hypotheses et de circonscrire les solutions interessantes, 

Voyons ensuite la definition de procede, 
Elle repose essentiellement sur : 

- une premiere definition suivie d'une optimisation de la cellule de se
paration et de ses conditions de fonctionnement qui permettent d' eta_ 
blir une specification generale de chacun de ses principaux constituants, 

- une definition de 11 agencement de 11 assemblage, 
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- une definition de ses equipements annexes et des principales servitudes 
necessaires, 

Les elements de la definition de procede sont, eux aussi, en 
grande partie programmes, 

Voyons enfin 1' etablissement du projet industriel detaille, 
C' est de loin l' etape la plus longue, Elle rassemble, en effet, 

sous la forme la plus detaillee' les des sins d' etages' definitions d'anne
xes' plans d'implantation' specifications d1 equipements' plans de distri
bution d' energie, reseaux auxiliaires, dispositifs de conduite et de ges
tion, environnement utilitaire et logistique, Commencee en 1969, elle ne 
sera achevee qu'en 1972 en m~me temps que le dossier de construction 
dont elle constitue un element essentiel, 

A l'appui de ces etudes, et dans le but d1apporter la preuve 
tangible du caractere realiste et industriel des realisations correspon
dantes, nous avons construit par ailleurs un ensemble de pilotes a 
echelle 1 dont voici brievement 11historique, 

Les etudes prealables d'une usine civile nous ayant permis 
d' opter des 1968 pour une usine de capacite comprise entre 6 et 10 
M UTS et de preciser que cette usine serait uniquement constituee 
d1 etages en serie, nous avons alors degage les caracteristiques de deux 
etages types' respectivement parcourus par des flux nominaux de 40 kg/ 
s et 160 kg/ s d' UF6 . La decision etait prise peu de temps a pres d1une 
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part de passer commande a l'industrie fran<;aise de compresseurs pro
totypes, d1autre part d'entreprendre la construction de pilotes de demons
tration sur le site de PIERRELATTE, Ces pilotes, aujourd1hui acheves, 
sont designes par PP 200 et PP 300, Chacun d'entre eux comprend plu
sieurs circuits destines d'une part a essayer des compresseurs de types 
aerodynamiques differents' d1autre part a tester des montages de diffu
seurs aussi economiques que possible, Outre les appareils de base que 
constituent le compresseur et le diffuseur, chacun de ces pilotes com
porte egalement un {,chantillon complet des autres appareillages neces
saires : echangeur, vannes, joints, etc, Deux prototypes de compres
seurs de 40 kg/ s essayes en 1969 et en 1970 ont donne entiere satisfac
tion tant du point de vue aerodynamique que du point de vue mecanique, 
A present, le premier prototype de 160 kg/s vient d 1 ~tre livre et devrait 
demarrer prochainement, 

La reussite technique que represente le bon fonctionnement 
de ces pilotes est evidemment spectaculaire. Nous voudrions insister 
sur 11 importance des renseignements d 1 ordre economique qu' apporte 
une telle experience car elle oblige a passer en revue toutes les phases 
de la construction, de la realisation, et de 1' exploitation. Ajoutes a la 
connaissance generale que nous possedons des usines de diffusion gazeuse, 
ces renseignements permettent d' etablir un devis exact del' investisse
ment necessaire. De la, et en fonction des valeurs att:i:'ibuees au prix 
de l'energie eta l'inter~t de l'argent, il est possible d'etablir un con.t 
previsionnel de l'unite de travail de separation extr~mement faible, 

Apres avoir expose la methode et decrit les elements sur 
lesquels reposera le dossier de construction de l'usine de diffusion 
gazeuse, nous allons maintenant approfondir les deux elements eco
nomiques majeurs que sont le cotlt de 1' energie et les risques de pena
lisation au demarrage, 

Des etudes ont ete entreprises avec EDF ayant pour but de deter
miner le co1lt moyen du kWh consomme par une usine de diffusion gazeuse, 

Dans une premiere etape, nous avons essaye d1 evaluer les 
cotlts previsionnels du kWh delivre aux barnes des centrales, Nous 
avons pris en consideration plusieurs types de centrales ainsi que les 
parametres qui pouvaient modifier le cotlt de 1' energie delivree, Nous 
avons recoupe les chiffres obtenus avec les valeurs figurant dans les 
recents contrats de centrales nucleaires, Nous avons enfin tenu compte 
d'une part des actualisations economiques necessaires, d'autre part des 
ameliorations techniques devant accrortre l'efficacite de la production 
d1 energie, 

Dans une deuxieme etape, nous avons tenu compte des avanta
ges dont pourrait beneficier une usine de diffusion gazeuse a sa voir, le 
niveau et la regularite de la consommation d'une telle usine et l'absence 
de frais annexes dus a l'appartenance a un complexe industriel. 

A cela s 1ajoutent les avantages qu1offrent des possibilites de 
dele stage en cas de penurie temporaire d' energie, Ce point est apparu 
extr~mement important pour deux raisons : la premiere est la nature de 
1' energie ainsi rendue disponible qui s' apparente a un surcrort d' energie 
hydraulique en raison de sa grande souplesse d1utilisation, la deuxieme 
est !'implantation judicieuse de cette possibilite dans des regions depour
vues d1hydraulicite, ce qui per met une optimisation du reseau dont decou
lent des economies considerables, 
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Au total, les chiffres obtenus concernant le cotl.t de 1' €mergie 
au cours des annees 1970/75 entrent dans la fourchette comprise entre 
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3 et 4 centimes/kWh et les possibilites d'interruptibilite permettent d'ob
tenir une tarification extrllmement avantageuse, 

Une autre question importante concerne la mise en production 
d'une usine de grande capacite, Des craintes ont ete exprimees concer
nant le manque de souplesse d'un tel ensemble, En raison des penalites 
economiques qu'un demarrage laborieux pourrait faire peser sur !'ensem
ble du projet, une etude approfondie destinee a explorer les conditions de 
demarrage a ete entreprise. Plusieurs aspects ont ete examines : 
- Tout d'abord, la duree theorique minimum pour placer l'usine initiale

ment remplie en UF5 nature! au voisinage de son regime nominal de 
concentration, Cette duree est relativement courte, Elle depend bien 
entendu de la concentration maximum recherchee, mais n'excede pas 
un mois si cette concentration ne depasse pas 5 °/0 , 

- Ensuite, la souplesse offerte par diverses strategies de demarrage qui 
font alterner des periodes de production et des periodes de remplissage. 
Il est apparu que toute croissance moyenne comprise entre 1 et 3 
M UTS/an pouvait lltre satisfaite economiquement, 

- D'autres etudes ont ete faites de maniere a preciser les meilleures 
utilisations possibles de produits enrichis et appauvris soutires au 
cours du demarrage : en effet, ces produits peuvent lltre directe
ment utilisables dans certains types de reacteurs ou bien ils peuvent 
lltre reutilises dans des phases ulterieures de la mise en concentra
tion, 

De cet ensemble d' etudes, il res sort qu'une usine de diffu
sion gazeuse est un instrument tres souple susceptible de faire face a 
une grande variete de conditions qui seront a selectionner en fonction 
des conditions commerciales a 1' epoque du demarrage, 

En conclusion nous pouvons dire que le premier objectif du plan 
fran9ais est sur le point d'lltre atteint, Nous disposerons, en effet, des 
1972 d'un dossier de construction d1une usine de separation isotopique 
par diffusion gazeuse de 6 a 8 millions d'UTS reposant sur 15 annees 
d'experience en separation isotopique dont 8 annees d1exploitation sans 
cesse amelioree de PIERRELATTE, Le dossier de construction lui
ml:lme aura necessite 4 annees d1 etudes economiques et techniques y 
compris la realisation et la mise a 11 epreuve de pilotes a pleine echelle, 

L'essentiel a present est de mettre sur pied les structures 
industrielles necessaires a la concretisation d'un tel projet. 

Pour cela, nous tenons essentiellement compte des problemes 
lies au choix du site qui sont : 

- une energie a bas prix, 
- une source de refroidissement, 
- une main d1 oeuvre adaptee, tant pour la construction que 

pour 1' exploitation de l'usine, 
- un financement approprie, 
- une solide infrastructure industrielle, 

Nous etudions ces problemes dans un esprit de large ouvertu
re europeenne et mondiale, et procedons aux demarches qui permettent 
d'avancer rapidement dans cette voie, 
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Mais la France ne se limite pas aux etudes de diffusion gazeu
se bien qu1 elle pense que 6e procede soit mieux ada pte au lancement 
d 1 une usine dans les premiers delais envisages. D 1 ou son second objectif. 

SECOND OBJECTIF 

Preparation d 1un eventail de connaissances de separation isotopique 
faisant appel aux procedes qui presentent les meilleures perspectives 
pour les annees 1980 

En effet, le CEA etudie d'autres procedes et en particulier 
l'ultracentrifugation du fait du potentiel d' amelioration que ce procede 
peut eventuellement presenter a long terme. 

Outre 1' etude theorique du procede de base et les etudes expe
rimentales effectuees sur banes d 1 essai, une attention particuliere a ete 
accordee aux problemes souleves par l'application industrielle a grande 
echelle de ce procede en raison notamment de la part preponderante de 
l 1investissement initial dans le coltt de 11unite de travail de separation. 

Voici quelques reflexions a caractere general qui illustrent 
ce type d' etudes. Elles portent sur : 

- la conception des usines, 
- le facteur d' environnement, 
- les prix de grande serie. 
Il est inutile d'insister sur toutes les caracteristiques de 

l 1ultracentrifugation dont certaines differencient nettement ce procede 
de la diffusion gazeuse. Cependant deux aspects particuliers meritent 
un developpement car il est interessant d'observer comment les impe
ratifs lies a la realisation d'un grand ensemble industriel peuvent en 
modifier la premiere apparence. 

Il s'agit' tout d'abord, de l'extr@me dissemination des ele
ments de separation. Si on considere le bol comme element separateur 
de base dont la puissance de separation n'excede pas quelques UTS, la 
realisation d'une usine de plusieurs millions d 1 UTS revient a rasssem
bler, relier et organiser le fonctionnement de plusieurs centaines de 
milliers d' elements. Ceci peut @tre fort couteux en raison : 
- de la multiplication des equipements annexes de 11 element 

separateur' 
- de la ramification des liaisons (tuyauteries et dl.bles), 
- des imperatifs de controle qui depassent largement 11 echelle humaine 

et necessitent une automatisation pratiquement absolue. 
Pour rester dans une zone de competivite, il est indispensa

ble de limiter au maximum le poids de ces extensions dont un indice 
particulierement revelateur est le volume specifique, c 1est-a-dire le 
volume total de l'usine divise par sa puissance de separation. Nous 
avons entrepris une reduction systematique de ce volume specifique, 
d 1abord au niveau de la machine en incorporant plusieurs bols dans une 
meme enceinte obtenant ainsi une multimachine, ensuite en groupant 
plusieurs multimachines afin de realiser des modules de commutation 
et de conduite. Les ameliorations apportees par de telles concentra
tions ont ete mises en evidence au cours d' etudes successives qui ont 
permis de reduire lE' volume specifique dans un rapport proche de 10 
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et de ramener ce dernier a des valeurs comparables a celles obtenues 
en diffusion gazeuse. 

Un deuxieme aspect qui a considerablement evolue est la 
maniere de realiser une cascade ideale, Il peut para:f'tre seduisant 
en effet d'imaginer une usine rassemblant un grand nombre de petites 
cascades en parallele et de chercher a identifier ces cascades avec 
les modules precedemment definis, Mais ce type de decoupage prete 
a critique a me sure que l' on etudie les consequences pratiques en ma
tiere d' implantation et que l' on recherche : 
- des formes geometriques simples pour les batiments ainsi que l' oc

cupation reguliere et rationnelle des locaux, 
- des axes de liaison et de circulation sous forme de reseaux a angles 

droits, 
- un maximum de repetitivite pour les liaisons, 

Ceci nous a conduit finalement a choisir des cascades de 
quelques centaines de 103 UTS qui resultent de l' assemblage en rangees 
de groupes paralleles identiques, L'empilement de rangees en nombre 
relativement limite et de largeurs differentes conduit a un profil de 
type squared-off dont l'efficacite reste superieure a 95 %. 

Un autre sujet d1etude a ete le facteur d1environnement, 
Le facteur d 1environnement est le rapport entre le montant 

total des investissements de l'usine et le coOt des centrifugeuses, Il 
demande a etre defini avec soin. Il depend des conditions dans lesquel
les a ete estime le prix de fabrication des machines, conditions qui 
peuvent ~tre entachees d' elements conjoncturels. D' autre part, il de
pend des limites choisies entre les machines et leur environnement, 
Sous reserve de ces remarques, il semble que la valeur du facteur 
d'environnement puisse se situer entre 2 et 3, 

Enfin, nous avons etudie les prix de grandes series de mate
riels repetitifs. Il est connu que l'existence de grandes series conduit 
a une diminution sensible du prix des equipements dont une expression 
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est donnee par la loi de CAQUOT. Generalisant cette loi, nous avons pu 
situer un certain nombre de coOts de grande serie, Mais ce qui est peut
~tre plus important, c 1est que les consultations faites en vue d1une usine 
de centrifugeuses ont mis en evidence un autre aspect de la question. Il 
appara:f't que les prix de grande serie ne diminuent plus en fonction inver
se du nombre d 1exemplaires au-dela d'une limite qui correspond a la sa
turation des moyens de production necessaires a une gamme donnee (au
tillage, chafue, usine), On peut admettre que ce phenomene touche la plu
part des equipements importants d 1une usine d 1ultracentrifugation depas
sant le seuil de 1 o5uTS /an (machines, vannes, appareils de me sure). 

Cette particularite entrafue deux consequences : 
- La premiere est que la concentration dans le temps et en un site donne 

d1une capacite de separation ne s 1impose pas comme en diffusion ga
zeuse, I1 est envisageable de disseminer les installations sous forme 
d 1usines locales qui n'auront pas besoin d 1atteindre des tailles impor
tantes. 

- La seconde est que l'augmentation du nombre d 1exemplaires ne per
mettant plus de gagner sur les investissements a partir d1un certain 
seuil, le probleme se deplace alors pour se situer au niveau du com
promis prix-qualite, la qualite rejaillissant sur la fiabilite du mate
riel ou sur la bonne marche du procede, 
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Des considerations telles que celles que nous venons de citer en 
exemp1e permettent peu a peu de preciser 1es particu1arites et 1es con
tours des usines d1enrichissement de 3eme generation, 

Au terme de cet expose, nous esperons avoir donne un aper<;u 
aussi comp1et que 1e permet une telle conference des deve1oppements 
prevus par 1a France dans 1e domaine de 1a separation isotopique de 
11 uranium, et a voir convaincu de 11 etroite dependance des efforts 
ainsi consentis aux futurs besoins en energie dont il est temps d1entre
prendre 1es realisations de base. 
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Abstract-Resume-AHHOTai.IHli-Resumen 

CENTRIFUGE PLANTS IN EUROPE. 
This paper briefly reviews the history of the development of the centrifuge in the Federal Republic of 

Germany, the Netherlands and the United Kingdom leading up to the agreement for collaboration between 
the three Governments in 1970. The initial plants now under construction which will be owned and operated 
by the Tripartite Enrichment Organisation are described. The potential market for this organization is 
reviewed and possible strategies for future expansion are discussed in the light of the technical and economic 
factors which will govern the commercial exploitation of the centrifuge as a uranium enrichment process. 

USINES DE CENTRJFUGAT!ON EN EUROPE. 
Le memoire fait brievement !"historique de la mise au point de !a centrifugeuse en Republique federate 

d'Allemagne, aux Pays-Bas et au Royaume-Uni, jusqu'a !a conclusion de !'accord de collaboration entre les 
gouvernements de ces trois pays, en 1970. I! ctecrit les premieres installations actuellement en construction 
qui seront propriete de !'Organisation d'enrichissement tripartite et dont celle-ci assurera !'exploitation. 
I! presente le marche qui s'ouvrira a cette organisation et analyse les politiques eventuelles de cteveloppement 
futur, compte tenu des facteurs techniques et economiques qui regiront !'exploitation commerciale de la 
centrifugeuse en tant que mode d'enrichissement de !'uranium. 

CTPOHTEJlhCTBO OEOrATHTEJJhHblX YCTAHOBOK C UEHTPI1<1>YrAMI1 B EBPOIIE. 
B JlOKnaJte KpaTKO paccMorpeHa HcropHH pa3pa6orKH ueHTpH,PyrH B <I>Pr, HHJtepnaHJtax 

H Coe.nHHeHHOM KoponescTee, t.tTo npHseno B 1970 ro.n;y K 3aKJII0'4:eHHIO cornameHHH o coTpy.n;HH-
4'ecTee M€)t(Jly TpeMR yKa3aHHLIMH CTpaHaMH. 0nHCaHLI nepBLie CTp051JnH8CSI B HaCTOstutee spe

MR o6oraTHT€JlbHbi€ YCTaHOBKH, KOTOpLI€ 6y.n;yT C06CTB€HHOCTbKJ Tp€XCTOpOHHe:H M€)1()lyHapo,n;

HOH opraHH3aUHH no o6orameHHIO ypaHa H 6y.llyT 3KcnnyaTI-tpoeaTbCH 3To:A opraHH3aQHeH. B 
)J;OKJia)le paCCMOTpeHhi B03MQ)KHQCTb o6pa30BaHHR pbiHKa, KOTOpbiM 6y.lleT pacnoJiaraTb Tpex

CTOpOHHHH Me)K,UyHapO,UHaH opraHH3aUHH 1 B03MQ)KHbie Mepbl C UeJibiO paCWHpeHHH 3TOrO pbiHKa 

B CBeTe TeXHH4eCKHX H 3KOHOMH4eCKHX <PaKTOpOB 1 onpe,neJJRIOW:YIX npHMeHeHHe UeHTpH<PyrHpo

saHHH KaK MeTo.na o6oraJ.QeHHH ypaHa. 

INSTALACIONES DE CENTRIFUGACION EN EUROPA. 
Este trabajo revisa brevemente !a historia del desarrollo de la centrifugaci6n en !a Republica Federal 

de Alemania, los Palses Bajos y el Reino Unido que condujo a! acuerdo de colaboraci6n entre los tres 
gobiernos en 1970. Se describen las instalaciones iniciales que se estan construyendo actualmente y que 
pertenecerim y serim explotadas por !a organizaci6n tripartita de enriquecimiento. A la vista de los factores 
econ6micos y tecnicos que regirim !a explotaci6n comercial de la centrifugaci6n como metoda de enriquecer 
urania se revisa el mercado potencial de esta organizaci6n y se discute !a estrategia mas adecuada para la 
expansion futura. 

INTRODUCTION 

The concept of separating mixtures of gases of different molecular weights by means of 
gravitational or centrifugal fields was first tested experimentally by Bredig [I] as early as 1895. 
The use of the method for separating isotopes was suggested in 1919 by Lindemann and Aston 
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[2] who developed a separation theory applicable to ideal gases: this theory was subsequently 
extended by Mulliken [ 3] , Chapman [ 4] and others, One of the earliest techniques considered 
was that using the evaporative centrifuge, In this the isotopic mixture is introduced into the 
rotor in liquid form, the machine is driven up to full speed and the vapour enriched in the light 
isotope is drawn off along the axis: the separation factor is proportional to the difference in mass 
of the two isotopic species, 

The first successful separation of isotopes by centrifugation was achieved in 1937 following 
the development by Beams [ 5] of the convection-free vacuum type machine, Using the evapor
ative method, Beams and Masket [6] and Beams and Skarstrom [7] altered the concentration 
ratio of 35CJ and 37Cl in carbon tetrachloride, Humphreys [8] achieved similar success in the 
separation of 79Br and 81 Br in ethyl bromide, 

The evaporative centrifuge is essentially a batch process, however, and was soon replaced by 
the concurrent gas centrifuge in which the mixture to be separated is introduced into one end of 
a rotating tube and is collected as two separate fractions at the other end, The tubular centrifuge 
had been pioneered by Beams [ 9] in the late 1930's and was further developed during the 1940's 
[I 0] for the separation of the isotopes of uranium in UF 6 . 

The concurrent separator is of very limited application because of the severe gas handling 
problems and the low separation factor which arises only from the separation in the pseudo
gravitational field. The first attempts to multiply the simple process factor in a single centrifuge 
were made by Skarstrom eta! [II] in an evaporative centrifuge and by Harteck eta! [ 12] in an 
oscillatory machine; but the significant advance in this area was the development of the counter
current centrifuge by Beams eta! [ 13] in the U.S.A. and by Groth et a! [ 14] in Germany. In 
the countercurrent centrifuge the gas at the periphery, enriched in the heavy isotope, is swept to 
one end of the machine whilst that in the centre is swept to the other end. In this way an iso
topic concentration difference develops along the length of the machine so that the enriched and 
depleted streams can be taken off at opposite ends in the high pressure zone, namely the peri
phery: this considerably eases the gas handling problem. A second advantage is that the simple 
process factor is increased many times: the separation factor is proportional to the difference in 
mass of the isotopic species and to the length of the unit, as compared with simply the difference 
in mass for the evaporative and concurrent systems. 

The experimental and theoretical work on the countercurrent method in the U.S.A. follow·ed 
the initial suggestion of Urey [ 15]: Groth's work in Germany followed the theoretical work of 
Martin and Kuhn [ 16] and of Harteck and Jensen [ 12]. Cohen [ 17] published a generalised 
theory of isotope separation in a centrifuge in 1951. Several methods of creating the desired 
countercurrent have been investigated, including the use of two separate feeds and external pump
ing (Beams [ 10]) and the simpler method of initiating the required flow pattern by establishing 
a temperature difference along the length of the tube (Groth [ 14] ). 

The separative power of the countercurrent machine is proportional theoretically to the 
peripheral velocity to the fourth power and to the length. As a consequence of this relationship 
the obvious development aims in any countercurrent centrifuge programme are to achieve high 
operating speeds and/or machines of long length. The maximum operating speed is determined 
by the specific strength of the rotor material whereas the length depends on the problems associ
ated with critical resonances in long rotating bodies. If a shaft or tube is rotated about its axis, 
then, as is well known, flexural resonances will occur at critical rotational speeds determined by 
the ratio of its length to diameter, the specific modulus and the end masses. A centrifuge oper
ating below the first flexural resonance is termed a sub-critical machine. If the techniques are 
available for traversing the critical speeds then, for a given material system, a large increase in 
length, and hence output, can be achieved: such a machine is termed a super-critical centrifuge. 

The early research work of Groth, Beams and their co-workers confirmed the general aspects 
of the process, but the machines developed by these workers were not of a form suitable for ex
ploitation in a practical separation plant. The engineering was sophisticated, the gas handling 
systems were complex, and power consumption was high, particularly in the bearings. The same 
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was substantially true of the work carried out in the U.K. at Harwell during the years 1948-1954 
by Kronberger, and in the Netherlands in the mid-1950's by Kistemaker [ 18] . 

The really significant advance was the description by Steenbeck, Zippe, and Scheffel [ 19] 
in !958/60 of the work carried out by them in USSR during the years 1946-1954. Initially they 
were concerned with the development of a super-critical centrifuge with a length to diameter 
ratio of 50: I. This consisted of tubes connected together by flexible bellows (which eases the 
problem of traversing the critical rotational speeds) and·operating at speeds of about 200 to 
250 m/s. In 1953, work was started on a sub-critical centrifuge. Zippe and Scheffel returned to 
the West in the late 1950's and repeated the work on the short tube centrifuge at the University 
of Virginia in the U.S.A., and at Degussa in Frankfurt/Main, Fed. Rep. Germany, respectively, under 
a co-operative programme during the years 1958-1960; this work was freely published [ 19]. It 
was immediately clear that these types of centrifuge were of simple engineering construction and 
solved many of the problems of bearing power consumption and gas handling. This led to are
surgence of interest in the centrifuge process, the work in the Netherlands and the U.S.A. was 
continued and new programmes were undertaken in the U.K. and the Federal Republic of Germany. 

In 1960, at the request of the U.S. Government, the three European countries classified 
their work and consequently have worked completely independently throughout the 1960's. 
Brief summaries of their work, leading up to Trinational collaboration, follow. 

WORK IN THE UNITED KINGDOM 

Centrifuge development restarted in the U.K. in late 1958 at Capenhurst, the site of the 
U.K.A.E.A. diffusion plant. Initially, the work was concentrated on the development of experi
mental machines for the investigation of rotor dynamics and separation performance. The pro
gramme was then expanded to cover the evaluation of the properties of materials and the develop
ment of components suitable for prolonged operation at very high speeds. In addition, the 
development of bearing systems suitable for plant use received considerable attention. Resulting 
from these programmes a machine design was available in 1964/65 which appeared to be suitable 
as the basic unit in an economic centrifuge plant. The machine was of relatively simple design 
and had a high separation performance: the specific power consumption was approximately an 
order of magnitude lower than for a typical large diffusion plant stage. 

The remaining unknowns affecting its potential as an economic separator were the life and 
cost of the machine. Consequently, life test stands were built in 1965 for investigating the reli
ability and life of machines and the long term behaviour of components and materials. The first 
machines were installed in 1966 and are still operating. The results of these and many subsequent 
tests have clearly indicated that the reliability and life of the machine at design operating condi
tions is such that the replacement of centrifuges in a plant will not prove to be a decisive factor 
in the cost of separative work. During this period theoretical and practical evaluation of cascade 
performance factors was also undertaken. 

In parallel with the centrifuge work, the development was also undertaken at Capenhurst of 
a large diffusion plant stage suitable for use as the feed stage for a plant of output in the range 
2,000-5,000 tonnes of Separative Work per year (t.SW/y). The progress and potential of both 
processes were critically reviewed in !967. It was concluded that in the European situation
partly because of the high projected cost of power compared with that available to the U .S.A.E.C. 
- the centrifuge method was likely to be the more economic. A further decisive factor was the 
view that diffusion technology had been the subject of intensive development in many countries 
for twenty or more years, and it was considered that further significant improvements were not 
to be expected. The centrifuge, however, was considered to be still at an early stage of develop
ment, giving the potential of low separative work costs through the development of machines of 
high output and the likely reduction in specific capital costs arising from the study and application 
of advanced production engineering techniques. 

The scale of the project was enlarged as a result of this decision and a mass production ver
sion of the laboratory machine was designed. Machines to this design have been built in substan
tial numbers in a specially constructed workshop and have been subjected to rigorous test 
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schedules. Detailed design and costing of relatively large-scale plants was also undertaken. On the 
experimental side, work was continued at an increased scale on improving the separation per
formance of the machine, further simplifying its design and, in particular, proving plant concepts. 
An experimental cascade and a prototype plant cascade were built and operated. The results of 
this work are now to be realised in the plant under construction at Capenhurst. 

In parallel with this work, the construction and evaluation of machines and plant systems of 
advanced concept has also been undertaken; it is estimated that machine and plant designs based 
on these concepts will be available for commercial exploitation in the late 1970's. 

WORK IN THE FEDERAL REPUBLIC OF GERMANY 

In 1950, Beyerle, Groth, Martin, and their co-workers recommenced their work -which 
had been interrupted by World War II -at Aachen, Bonn, Gottingen, and Kiel. Many important 
experimental and theoretical results were achieved [ 14, 20, 21, 22, 23). The U.S./German co
operative programme already referred to was established in 1958 but was terminated due to 
classification of all centrifuge work in 1960. 

In 1964, a new Government-owned research company "Gesellschaft fUr Kernverfahrens
technik mbH" (GKT)J .founded at Jiilich, took over and continued the Germany centrifuge 
programme. GKT demonstrated the feasibility of centrifuge cascades for uranium isotope separa
tion up to a stage where industrial exploitation seemed to be possible. 

In 1967, several private German companies (DORNIER, Friedrichshafen, INTERATOM, 
Bensberg, ERNO, Bremen and MAN, Miinchen) started work in the centrifuge field. An experi
mental cascade was designed in 1968 and came into operation at the beginning of 1970. Useful 
information has been obtained on cascade behaviour and also on hex technology and handling 
systems. 

With the prospect of collaboration in mind, two private companies were formed in 1969; 
"Gesellschaft fur n ukleare Verfahrenstechnik mbH" (GnV) located at Bensberg, and "URANIT, 
Uran-Isotopentrennungs-GmbH" at Jiiiich. These companies took over all West German centri
fuge work, including the laboratories and personnel of GKT. GnV hold one-third of the shares of 
the Prime Contractor and URANIT one-third in the Enrichment Organisation (URENCO). 

WORK IN THE NETHERLANDS 

The initial fundamental research in the Netherlands was carried out by Kistemaker who, 
already aware of the experiments made by Beams in the U.S.A., proposed a programme of work 
after attending a colloquium on centrifuges organised by the "Physikalisches Institut" at Hamburg 
in 1954. This work was promoted by the Netherlands Institute for Fundamental Research of 
Matter (F.O.M.) and was 5upported financially by the Netherlands Reactor Centre (R.C.N.). 

Kistemaker's experiments had been hindered by the same obstacles which led Beams to 
abandon his research in the field but the information made available by Zippe eta! [ !9) -par
ticularly regarding the upper and lower bearing systems - was of material assistance. The research 
work continued with renewed enthusiasm and, in 1961, the centrifuge project entered a new 
technological phase. For this reason its further development was entrusted to R.C.N. and a 
special centrifuge development laboratory was installed for the purpose at Amsterdam. Particular 
attention was necessary in this phase of the work to problems of rotor dynamics: these were 
resolved quite satisfactorily. 

The status of the project in 1967 required that the laboratory scale experiments be supple
mented by further development work in two stages: 

(a) testing of a large number of centrifuges in cascade formation and study of cascade behaviour, 

(b) design of a complete pilot plant. 

The first multi-machine experimental cascade became operative in the Autumn of 1968 and 
proved to be most successful: useful practical experience on cascade behaviour was accumulated. 
Machine and plant development studies have continued in parallel with this cascade work. Also 
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in 1968, the engineering company COMPRIMO Limited was commissioned by R.C.N. to design 
a pilot plant with a capacity of up to 25 t.SW /y. A complete technical design was submitted 
together with detailed plans and a cost estimate. All the available performance and design data 
were evaluated, in consultation with interested industrial parties in the Netherlands, and resulted 
in the formation in 1969 of the Ultra-Centrifuge Nederland N.Y. (U.C.N.) in which the Nether
lands Government, Dutch State Mines, Philips, Shell, Rijn-Schelde and Yerenigde Machine 
Fabrieken are participants. The first object of this company is the construction of a semi
commercial plant with a capacity of 25 t.SW/y on a site near Almelo. 

TRIPARTITE ORGANISATIONS 

It has previously been stated that, because of the agreement on military classification, work 
in the three countries proceeded independently. In 1968, public statements, particularly by F.R. 
Germany and the Netherlands, indicated the possibility that these countries had reached a similar 
stage of development and confidence in the process as had the U.K. Hence, with a growing belief 
that international co-operation was necessary to achieve a fully competitive enrichment plant in 
Europe, approaches were made at Government level aimed at achieving a joint venture. In early 
1969 a limited technical exchange and a comparison of machine costs and plant economics pro
vided the added confidence necessary,to proceed with negotiations. These culminated in the 
signature at Almelo on 4th March 1970 of a Treaty of Collaboration between the three countries 
[24]. The Agreement provides for the formation of two companies- The Prime Contractor and 
The Enrichment Organisation. The Prime Contractor, sited in Germany, is concerned with the 
development, design and manufacture of centrifuges and plants, and with the specific object of 
achieving a common development programme within 18 months of formation. The other com
pany, now called the Uranium Enrichment Company (URENCO) will purchase plants from the 
Prime Contractor, operate these through subsidiaries and market the enriched uranium. 

The treaty has been ratified by all three countries and the two companies are now fully 
engaged in the evaluation of the technical position, with the objective of achieving a joint 
development programme and a common design of centrifuge and plant for large scale exploita
tion. The Shareholders of the Enrichment Organisation (URENCO) are : 

"The British Nuclear Fuels Limited" (B.N.F.L.) 
"Ultra-Centrifuge Nederland N.Y." (U.C.N.) and 
"URANIT, Uran-lsotopentrennungs-GmbH" 

INITIAL PLANTS 

The Agreement covers the construction of initial plants to a total capacity of approximately 
350 t.SW /y, sited at Capenhurst and at Almelo. Currently, a total capacity of approximately 
90 t.SW /y is under construction at the two sites under the control of the individual countries. 
The remaining capacity of about 250 t.SW /y will be built jointly as a pre-runner to large com
mercial plants. The plants now under construction are principally regarded as demonstration 
plants aimed at obtaining detailed information on centrifuge mass production procedures and 
gaining plant operating experience on a significant scale. 

The plant at Almelo is being constructed in two separate parts. The first is of Dutch design 
and is being built under the supervision of U.C.N. The design output is 25 t.SW/y, the product 
concentration can be varied between approximately 2·5 and 4% 235U and the waste concentration 
will be 0·2%. Plant construction started in November 1969 and is now at an advanced stage. The 
centrifuges for the plant have been produced in a separate factory, on the same site, owned and 
controlled by U.C.N. but operated by a sub-contractor. The completed plant is scheduled to 
become operational in the early months of 1972. 

The second part of the Almelo plant is of German design and will be erected by Gn Y, under 
contract to URANIT, in two stages. The first stage comprises aT-shaped supply building contain
ing the complete UF6 facilities, electrical supply and control system and a cascade hall with about 
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one-third of the centrifuges. The second stage will contain the residual two-thirds of the centri
fuges and will bring the plant up to the total design capacity of 25 t.SW /y. This division into two 
stages gives the opportunity to install different designs of centrifuges and cascade, and thus make 
use of the advancement in technology during the construction period. The plant is designed to 
have a product concentration adjustable over the range 2·2 to 3·2% 235U, and a waste concentra
tion of 0·2%. It is anticipated that it will be progressively commissioned in stages between March 
1973 and August 1974. 

Initially the plant at Capenhurst will have a separative work capacity of 15 t.SW fy at a pro
duct concentration of 2·5% 235U and a waste concentration of 0·3% 235U. It is designed for 
extension to about 50 t.SW/y and is located in an existing building on the Capenhurst site. The 
primary objective in the initial plant is to confirm the technical and economic predictions; it is 
also designed in such a way that any remaining problems can be defined and resolved quickly. The 
plant will be completely commissioned by January 1973. 

THE OBJECTIVES OF URENCO 

The main objectives of URENCO will be to produce enriched uranium at a commercially 
viable cost and to sell its enrichment services as widely as possible. The scale of URENCO's 
activities will clearly be influenced by several factors. Among these, the most important are: 

(a) the rate of technological advance resulting from the pooling of the information from the 
three countries. 

(b) the timing of implementation of the significant improvements in technology and economics 
expected to arise under item (a). 

(c) the availability of capital: this will largely be determined by the potential earning power of 
the capital investment. For a relatively modest target of, say, a final plant capacity of 
I 0,000 t.SW /y a total investment in the region of £500M is envisaged. 

With regard to the rate of capital investment, it should be pointed out that the centrifuge process 
has a major advantage over the diffusion process. It is relatively easy to match the rate of construc
tion of a centrifuge plant -- and hence the rate of capital investment ~ to the growth of the 
market. Consequently, if delays occur on the market, the rate of investment in the enrichment 
plant can readily be adjusted. For example, a plant of I 0,000 t.SW /y can be built progressively 
over a period of, say, ten years, giving an annual investment of £50M without materially affecting 
the plant efficiency and hence the cost of separative work. The position with a diffusion plant 
is radically different: the throughput for a large plant can only be economically achieved by the 
use of large individual stages and sensible plant efficiencies can only be achieved when the majority 
of the stages are available for connection in series. Hence the major part of the capital expenditure 
must be invested in anticipation of the market developing: and a fair return on that capital is 
achieved only when the market has developed. 

THE FUTURE MARKET FOR ENRICHMENT 

The projected market for enriched uranium in the period 1975/1985 has been the subject of 
many detailed and complex studies. The uncertainties involved in these projections, which are 
discussed in the following paragraphs, are such that strict mathematical treatment produces an 
extremely wide range of requirements. The range is such that it does not alone provide an ade
quately firm basis for planning. 

The position was admirably put by U.S.A.E.C. Commissioner W. E. Johnson [25] in his 
address to the 1970 Annual Conference of the Atomic Industrial Forum, when he stated "Our 
computers reach a point in this kind of exercise where human judgement is more useful in getting 
an answer than further computerised problem elaboration". 

Estimates [26] of the nuclear power capacity to be installed throughout the world, excluding 
the U.S.A. the U.S.S.R. Eastern Europe and the People's Republic of China, are of the order of 
140,000 MW(e) by 1980, rising to about 300,000 MW(e) by 1985. Well over 80% of this capacity 
will require enriched uranium. It must be stressed that the assumptions on which these figures 
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TABLE I 

SEPARATIVE WORK REQUIREMENTS 

Approximate Annual Requirements 
(t.SW /y) 

Year World 1 World 1 

excluding U.S.A. 

1975 18,000 7,000 

1980 38,000 17,000 

1982 50,000 24,000 

1985 70,000 35,000 

are based could well prove to be optimistic and the likelihood must exist that the installed capacity 
will turn out to be considerably less than the figures quoted. In converting this type of projection 
into requirements for separative work, it is necessary to make assumptions on: 

(a) the type of reactors, the rate of advancement of core design, improvement in burn-up values 
and neutron economy; 

(b) the recycling of reprocessed uranium and plutonium and, in particular, the year in which 
this is likely to become a practical possibility; 

(c) the change in reactor load factors with the increase in installation of nuclear power stations; 

(d) the timing and rate of installation of breeder reactors (it is now generally assumed that 
breeder reactors will not significantly change the requirements for separative capacity in the 
next I 0-20 years). 

As an example of the effect of these assumptions, it can be shown that for a mixed system 
of Boiling Water and Pressurised Water reactors, and using the manufacturers' and utilities' pre
dictions of improvements, the separative work requirements per megawatt of installed electrical 
capacity reduce by 40 per cent between 1970 and 1980. Further uncertainties are introduced 
by the uranium market and the enrichment process itself, for example: 

(a) an increase in the price of uranium feed will increase the separative work requirements be
cause, in this event, it will be economic to reduce the 235 U concentration in the waste flow 
("tails assay" in U.S. terminology) from the enrichment plant; 

(b) an increase in separative work costs will have the converse effect of reducing the separative 
work requirements: in this event it becomes economic to increase the 235U concentration 
in the waste flow; 

(c) the potential surplus capacity of U.S. diffusion plants arising from the possibility of the 
U.S.A.E.C. regulating their plant outputs by raising the waste concentration. 

Using assumptions similar to those of Johnson (namely, plutonium recycle starting in 1974 
and waste concentrations of 0·25 per cent) but including the U.K. market, the World 1 require
ments can be approximately represented by the values given in Table I. 

1 "World" in this report means all countries except U.S.S.R., Eastern Europe and People's 

Republic of China. 
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It is obvious that the U.S. will plan to provide its domestic requirements from internal 
sources. It is further being assumed in the U.S. that the U.S.A.E.C. or other future owners of the 
enrichment plants, will capture about 75 per cent of the non-U.S. market in !980 and 65 per cent 
in 1985 -excluding the U.K. market. Whether these assumptions prove to be valid will depend 
on the relative costs of separative work from new installations in the U.S., in Europe, and possibly 
elsewhere. It is instructive, nevertheless, to examine the market which would be available to the 
Tripartite Companies in the event that the U.S. projection were regarded as correct. The separa
tive work demand, external to the U.S. and excluding the Capenhurst diffusion plant, would be 
approximately 5,000 t.SW /yin 1980 and 13,000 t.SW/y in 1985. 

The magnitude, even of this "minimum" market, indicates that major decisions and financial 
commitments for centrifuge plants will be required in the next two or three years. 

It has frequently been suggested that the rate of production of centrifuges, even for the 
relatively small plants required to meet the demands just quoted, will be difficult to achieve. We 
do not believe this to be so. As an example, to meet an installation programme of I ,500 t.S.W. 
each year in the early 1980's would require the production of about \4 - 3/.0 million centrifuges 
(depending on type) each year, or 5,000- 15,000 machines per week. Although each machine 
contains sophisticated engineering components, the total number of such components is not 
large, and these production rates are certainly quite practicable, especially when judged against 
the fact that production facilities in all three countries will be available. 

A number of other factors will clearly influence the scale and timing of the building of large 
enrichment plants by the Tripartite Companies. The more important of these, which are largely 
outside the control of the Companies, are likely to be: 

(a) the rate of escalation of the U.S. price-scale particularly as a direct result of increases in 
power costs; 

(b) the timing and predicted costs of new additions to the U.S. enrichment plants; 

(c) the general contractual arrangements which will be found acceptable to the purchasers of 
toll enrichment and, in particular, the terms of cancellation, because this will affect the ease 
or otherwise with which capital for plant construction can be obtained; 

(d) the possible entry of the U.S.S.R., France, Japan, or South Africa into the enrichment 
market. 

The final factor is clearly the rate of advance of centrifuge technology within the next few 
years; the achievement of the full development potential would place the Companies in a strong 
position to attack the market worldwide. 
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Absrracr-Resume-AHHOTaUHH-Resumen 

OBJECTIVES AND PROGRESS IN THE CENTRIFUGE ENRICHMENT PLANT INDUSTRY. 
The international Prime Contractor company was formed in the Federal Republic of Germany in order to 

undertake on a commercial basis the development, design and construction of gas centrifuge plants for the 
enrichment of uranium. The company will initially co-ordinate and later take control of the research and 
development programs in various laboratories and other centres in the United Kingdom, the Netherlands and 
the Federal Republic of Germany. The activity leads to certain organizational problems which are briefly 
considered. The paper also examines the possible avenues of centrifuge and enrichment plant development 
and points to economic, production and business restraints on development. Some early conclusions 
including the economics of enrichment plant production are drawn and discussed. 

OBJECTIFS DES INSTALLATIONS D'ENRICHISSEMENT PAR CENTRIFUGATION ET PROGRES REALISES. 
Une socif.tf. internationale a f.te creee en Rf.publique fedf.rale d'Allemagne afin d'entreprendre, sur une 

base commerciale, !'etude et Ia construction d'installations de centrifugation gazeuse pour l'enrichissement 
de !'uranium. Cette societe assurera d'abord Ia coordination puis Ia direction des programmes d'etude et de 
realisation de dif(erents laboratoires et autres centres de Ia Republique (ederale d'Allemagne, du Royaume
Uni et des Pays-Bas. Cette activite souleve certains problemes d'organisation que le memoire expose 
brievement. II etudie aussi les possibilites offertes par Ia mise au point d'installations d'enrichissement par 
centrifugation et indique les facteurs d'ordre economique. commercial et de production qui y font obstacle. 
11 etablit et analyse des conclusions prf.liminaires notamment sur l'economie de la production de ces 
installations. 

3A2lAYI1 11 2l0CTHJKEHI151 HA nPE)ll1PI15JT1151X ITO OEOrAillEHHIO YPAHA C ITOMOillbiO 
UEHTP114>Yr. 

B ~e,llepaTHBHOH Pecny6JIHK€ repMaHHH C03JlaHa M€)i(JlyHapo.n;Ha51 KOMnaHlHI- ''rnaBHbiH: 

OO,llp5I.ll4HK 11
, npH3BaHHaR OCyiUeCTBJIHTb Ha KOMM€'p4€CKOH OCHOBe pa3pa60TKY, npOeKTHpOBaHHe 

H crpoHTeJJhCTBO 3aso.uos no o6orameHHIO ypaHa c noMOillbiO ra30BLIX ueHTpMcflyr. KoMnaHHH 

6y.n;eT nepBOHal..lallbHO KOOp,llHHHpOBaTb, a 3aTeM OCyiUeCTBJIHTb KOHTpOllb 3a BbiOOJIHeHHeM 

nporpaMM B 06JiaCTH Hayt.IHbJX HCCJJe,llOBaHHH H pa3pa60TOK B pa3JIJ..fl.fHbiX na6opaTOpH5IX J..f ,llpyrHX 

H)lepHbiX ueHTpax Coe)lHHeHHoro KoponesCTBa, HH.nepnaH,llOB J..f <Pe.n:epaTHBHOH Pecny6nHKJ..f rep

MaHHH. 3Ta Jl€HTellbHOCTb Bbi3biBaeT HeKOTOpbie opraHH3aUHOHHbie npo6neMLI, KOTOpbie KpaTKO 

paccMaTpHsaiOTCH s .noKna.n:e. B HeM paccMaTpHsaiOTCH raK;lKe B03M0)KHbie HanpasneHHH pa3sH

THH 3aBO.IlOB ra30BbiX ueHTpH<Pyr ,llJIH o6orameHHH ypaHa H yKa3biBaK>TCSI HeKOTOpbie 3 KOHOMH'-1€

CKHe, npoH3BO.IlCTBeHHbie H npaKTHt.IeCKHe <PaKTOPhi, c.nep)KHBaiOIUHe 3TO pa3BHTHe. DpHBO.llHTCR 

H o6cy)K.llaiOTCR H€KOTOpble npe.nsapHT€JibHbJe BhiBO)lbl, BKJIIOl.faR 3KOHOMH4eCKH€ acneKTbl npOH3-

BO,llCTBa o6orameHHoro ypaHa Ha 3aso.uax no ero o6orameHMIO. 

OBJETIVOS Y PROGRESOS EN LA INDUSTRIA DE INSTALACIONES DE ENRIQUECIMIENTO POR 
CENTRIFUG A CION. 

Se ha constituido en !a Republica Federal de Alemania, con caracter de contratista principal, une sociedad inter
nacional encargada de emprender, sabre una base comercial, el desarrollo, diseno y construcci6n de instalaciones 
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centrlfugas de gas para el enriquecimiento del urania. La empresa coordinara inicialmente y mas adelante 
controlara los programas de investigaci6n y desarrollo de diversos laboratories y otros centres del Reina Unido, 
los Paises Bajos y la Republica Federal de Alemania. Se consider an brevemente ciertos problemas de organizaci6n 
que se presentan en este tipo de actividades. Se analizan tambien en esta memoria las posibles vlas de 
desarrollo de las instalaciones centrlfugas de enriquecimiento, y se seiialan sus limitaciones de caracter 
econ6mico, de fabricaci6n y comercial. Se exponen y debaten algunas de las primer as conclusiones, entre las 
que se incluye la economia de las instalaeiones de enriquecimiento. 

I . INTRODUCTION 

Development carried out independently within a number of countries over 
several years has indicated the possibility that the gas centrifuge could 
provide a commercially attractive method of the production of enriched 
uranium. 

Consequently an agreement on collaboration in the development and exploita
tion of the gas centrifuge process for producing enriched uranium was 
signed at Almelo in the Netherlands on 4th March 1970, by Ministers of 
the Netherlands, German and British Governments !1 I. Essentially, the 
three Governments undertook to collaborate with a view to the enrichment 
of uranium by this process. 

The commercial exploitation of the gas centrifuge process under this 
agreement involves 

I. the pooling of all the gas centrifuge information so far generated in 
the three countries; 

2. the formulation and putting into operation of an integrated research 
and development programme; 

3. the establishment of a first joint centrifuge enrichment plant design; 

4. the construction and operation of process plants; 

5. the exploitation of the pooled industrial rights. 

The Tripartite Centrifuge Agreement represents a more farreaching 
and ambitious venture than any so far attempted in the nuclear field. This 
is no mere agreement to exchange research information or technology, nor is 
it limited to the execution of one specific development project or programme. 
By their agreement, the three Governments promoted the formation of two 
commercial companies which, under the supervision of a Joint Committee of 
Government representatives, will exercise commercial freedom and act 
according to commercial standards of profitability. The agreement made 
between the three Governments involves also three nominated shareholders 
in each of the two companies. It involves also specific commitments to 
investment, and carefully worked out provisions concerning industrial rights. 

The agreement relates to a technology which is still classified. It is 
necessary therefore to follow strict security precautions, and also to 
ensure that all operations carried out under the agreement are in full 
compliance with the Non-Proli.feration Treaty. 

After the establishment of the Joint Enterprises it may be possible to 
bring in companies from other countries with similar interests. A pre
requisite would be the conclusion of an agreement between the Governments 
concerned. 
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2. ORGANISATION 

The Agreement provides that the tasks referred to above should be under
taken by "Joint Industrial Enterprises". In fact, two such enterprises 
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have been established, an "Enrichment Organisation" and a "Prime Contractor". 
As this paper is concerned with the organisation and role of the Prime 
Contractor, it will suffice to say of the Enrichment Organisation that its 
role is to own and operate enrichment plants, to sell enrichment services, 
and to exercise responsibility for research and development on centrifuge 
plant operation. 

The Prime Contractor is a company established under German law, with its 
headquarters at Bensberg near Cologne in Germany. The capital is held in 
equal shares by British Nuclear Fuels Limited, the Gesellschaft fur 
nukleare Verfahrenstechnik m.b.H., and the Ultra-Centrifuge Nederland N.V. 

The objective of the Prime Contractor is to design, develop, and construct 
economic plants which will be owned and operated by the Enrichment Organi
sation or eventually by operators in other countries. In setting about 
this task it will be necessary to implement the co-ordinated development 
programme mentioned in the Introduction after initially assessing the work 
already undertaken in the three countries. The Agreement requires that 
the existing development and manufacturing facilities should be utilised 
as far as possible. 

In the early years therefore the majority of tasks of the P.C. will be 
sub-contracted to organisations in the three countries already working in 
this field. Whether it will at a later stage find necessary to acquire 
its own laboratories or manufacturing facilities to supplement national 
facilities will depend on the succes of the centrifuge process and on 
commercial consideration. 

3. ECONOMIC TARGET 

At the present time there is an excess capacity of uranium enrichment 
facilities in the western world, due primarily to the giant U.S. diffusion 
plant complex. This situation, however, is quickly changing with the 
rapid expansion in the installation of nuclear pm·rer stations. Approximately 
each 1,000 MWe nuclear power station using enriched uranium requires to 
be supported by a 100 t/year enrichment capacity; thus a projected 
nuclear Installation programme for western Europe of 85,000 MWe by 1980 
implies an enrichment plant requirement of 8,500 t/year. Even if only 
part of this requirement is satisfied within Europe, this implies an 
installation rate of over 1 ,000 t/year of enrichment plant in the late 
1970's. 

The world price for separative work is primarily determined by the 
published U.S. price scale using product from the American diffusion 
plant complex. At the present time the price quoted is about $ 32/kg 
f.o.b.l in the U.S., which allowing for transportation costs, would be 
equivalent to about $ 36/kg f.o.b. at a factory in Europe. The present 
U.S. plant capacity is 17,000 t/year. 

In order to meet the increasing demand of enriched uranium some enlarge
ment of the present capacity is under discussion. Such enlargement could 
be achieved by modification of present plants or building new plants. 
The cost of enrichment from U.S. diffusion plant is difficult to predict 
because it is sensitive to both scale of operation and cost of electrical 
power. Nevertheless, a realistic target for European separative work (S. \V.) 
costs from a European plant will probably be of the order of $ 34/kg. 

1 f. o, b. = free on board. 
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4. DEVELOPMENT AND DESIGN 

Work already undertaken confirms that the specific power consumption 
(power consumption per separative work output) of the centrifuge process 
is much lower than of the diffusion process. Therefore the economics of 
the centrifuge process and the corresponding costs of separative work 
depend to a large extent on the specific investment costs (costs of 
plant and centrifuges per separative work output) and the lifetime of the 
components. 

As the separative work output of a single centrifuge is of the order of 
a few kilograms large numbers of centrifuges have to be manufactured and 
assembled in order to meet the predicted future separative work demands. 
Typically this means the production of several hundred thousands of 
centrifuges per year, which allows the application of mass production 
techniques to substantially lower the unit costs. The overall separative 
work costs may be further reduced by an increased separative work 
output from each centrifuge, provided this can be achieved without 
increasing these machine costs. 

Increased output can be obtained by increasing the circumferential speed 
of the rotor and/or by increasing the separation length. The achievement 
of higher speeds presents problems because of the higher stresses in the 
rotating components. One of the properties required from the materials 
is a high specific strength (i.e. high ratio of tensile strength to 
density). 

Possible materials of interest include: 

- Aluminium alloys 

- High strength steels 

- Titanium 

- High strength fibre composites. 

Another problem associated with the selection of materials is compatibility 
in the process environment which includes uranium hexafluoride. The 
results of the programmes already in progress in the member laboratories 
where these materials problems are being studied, and other relevant 
technologies such as bearing design, will be available for the Prime 
Contractor. The design of a single, optimum machine can then be establish
ed taking into account data from these programmes together with the 
available centrifuge operating experience which will enable life predic
tions to be made. 

The centrifuge machine, although perhaps the most critical, is only one 
of the components making up the process plant. The centrifuges must 
be interconnected into cascades to give the required enrichment and out
put and special plant components, such as valves, have been developed and 
tested. Similarly, electrical drive systems have been designed and proven. 
In the three countries the design, construction, and operation of several 
experimental cascades have demonstrated the feasibility of the design 
criteria and the control and stability of cascades. Furthermore, the 
continued operation of these cascades contributes significantly to the 
life testing of machines and plant components. 

As mentioned in Section I, the Prime Contractor will initially examine 
and co-ordinate the national development programmes of the member 
organisations. This will involve a progressive rationalisation of the 
three programmes with optimisation of the effort and the use of develop
ment facilities, leading to an increased pace of development coupled 
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with cost savings in each of the member organisations. At the same time, 
the P.C. will be determining the nature and extent of a combined develop
ment programme to meet jointly agreed commercial objectives. This pro
gramme, which should be instituted within eighteen months of the setting 
up of the P.C., will be both financed and controlled by the new company. 

The selection of this joint development programme amounts to more than 
assembling the best features from the three national programmes. It in
volves initially the definition and timing of the principal commercial 
objectives and then the planning of the development programme to achieve 
these objectives, taking into account the extent to which the existing 
national programmes can be matched to the joint requirement. It is not 
only technical merit which will be important but also suitability for 
large-scale application, and the inherent potentiality for longer term 
development. The development programme could include a number of pro
mising alternatives, but since the enriched uranium market will be 
limited by the commercial introduction of fast reactors, it is important 
to concentrate on designs which offer clear promise on an appropriate 
time scale. The earlier a design can be introduced the better the 
prospects of max1m1sing the return on the design, development, and 
capital expenditure. 

5. CONSTRUCTION 

The Tripartite Agreement [1] provides the construction of 350 t S.W. 
during an initial programme phase. The construction of the first proto
type enrichment plants (90 t S.W.) has already begun at Almelo and 
Capenhurst under the responsibility of the national organisations. It 
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is planned that the Enrichment Organisation will assume responsibility for 
operation of these plants at a later date. 

5.1. Progress at Capenhurst 

A prototype enrichment plant is being built at Capenhurst by British 
Nuclear Fuels Limited. This is to have a nominal output of 40 t separa
tive work per year, with construction being handled in two distinct 
phases separated by about a year in time. The building of the first 
phase of the plant commenced earlier this year and is programmed for com
pletion in 1972. It will be situated in part of the existing building 
containing the main diffusion plant and will have its own process 
services. These, together with control facilities and electrical supplies, 
have been laid out to serve both phases of the plant. The Workshop for 
the assembly and inspection of centrifuge machines is situated in the 
same building. The construction of the Workshop is timed to supply 
machines for use in the prototype enrichment plant at a rate consistent 
with running the first cascade in 1972. 

The building of the plant and workshops by phases has the important 
advantage of advancing construction and operating experience whilst per
mitting design improvements under proving tests to be incorporated into 
the later stages of the plant design. It is also suited to a collabora
tive project in that some flexibility is available until a fairly late 
stage. 

5.2. Progress at Almelo 

A prototype 
per year is 
building of 

enrichment plant with a nominal output of 25 t separative 
being built at Almelo by Ultra-Centrifuge Nederland N.V. 
this plant started in November 1969 and is programmed for 

work 
The 
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completion in 1971. The centrifuges for this plant are presently being 
manufactured in a separate adjacent workshop, the construction of which 
was started in the second half of 1969 and was completed in May 1970. 

At the same site a German prototype plant with a nominal capacity of 25 t 
is being built by Gesellschaft fur nukleare Verfahrenstechnik m.b.H. as 
prime contractor for Uranit. The construction of the plant is divided in 
two phases. The first phase comprises construction of the process service 
building for the required capacity and the first cascades. In the second 
phase the construction of an advanced design will follow. The construction 
of the first phase starts Summer 1971 and will be completed at the end 
of 1972. 

The centrifuges for the plant are being manufactured in Germany and will 
be transported to the Almelo site, where they are assembled into modules 
and checked out for insertion into the cascades. 

6. FUTURE PROSPECTS 

The future prospect for centrifuge enrichment plants depends primarily 
on their competitiveness in relation to other sources of supply which will 
determine their share of the market for enriched uranium. It is necessary 
to consider whether, within this constraint, centrifuge plants could 
offer an adequate return on investment. 

It appears that on the basis of present technology and using available 
manufacturing capacity in the three countries the specific investment 
for a 300 t plant in operation from about 1976 would be in the order of 
$ 150-200/kg S.W. Such a plant would however be smaller than the minimum 
economic size. In the later 70's it is expected that the specific invest
ment could be reduced to about $ 120/kg S.W. with the introduction of 
mass production techniques and improved centrifuge and plant designs. 
Taking into account this low-specific investment and the known low specific 
energy consumption (approximately 300kVVh/kg S.W.) it is clear that the 
centrifuge process provides an attractive method for the enrichment of 
uranium. 

HE FERENCE 

[1] Agreement on Collaboration in the Development and Exploitation of 
the Gas Centrifuge Process for producing Enriched Uranium. 
Almelo, 4th March 1970. 



FRANCE 
A/CONF. 49/P /607 

LES ETUDES DE PROCEDES DE FABRICATION 
ET LES USINES D 1 EAU LOURDE 
SUIV ANT LE PROCEDE FRAN<;AIS 

E. ROTH, G. DIRIAN, M. ROSTAING 
CEA, Centre d' etudes nucleaires de Saclay 

R. TRAOUROUDER, R. MARTIN 
Compagnie de constructions mecaniques 
( Procedes s ulzer) , Paris 

J. VIRATELLE, G. SIMONET 
societe L 'Air liquide, 
Champigny-sur-Marne 

B. LEFRAN<;:OIS, P. BLONDEAUX, Y. BOURGEOIS 

Societe chimique des charbonnages, 
Usine de Mazingarbe, Bully-les-Mines, 

France 

Absrracr-Resume-AHHOTaJ.IHH-Resumen 

RESEARCH ON HEAVY-WATER PLANTS AND MANUFACTURING PROCESSES BASED ON THE FRENCH SYSTEM. 
Over the last seven years the research conducted by the Commissariat a I 'energie atomique on the 

production of heavy water has concerned water/hydrogen sulphide isotopic exchange, with particular emphasis 
on the ammonia/hydrogen exchange process (in conjunction with several industrial companies); there has 
also been a study of other versions of the process and ways of improving production capacity. The water/ 
hydrogen sulphide exchange process, a topic of research at an earlier stage, has recently been revived in 
the light of enlarged production capacity. At the present time the basic elements are available for a plant 
producing 400 t/yr, suitable for the needs of a heavy-water reactor system, if constructed. Ammonia 
hydrogen exchange, first applied in practice at the specially constructed plant at Mazingarbe (France) has 
been investigated in great detail both in the laboratory as well as on a semi -industrial level, and also on the 
basis of optimization studies. The information gained from the thoroughly satisfactory operation of the plant 
and pilot projects conducted in parallel have resulted in improvement in the technological and economic 
aspects of the monothermal version; data have also been made available on which to base a bithermal version 
when local conditions permit. A second monothermal plant producing 67 t/yr, in process of construction at 
Baroda in India, is superior in several respects to the Mazingarbe plant. The construction of additional plants 
is at present under discussion by the parties concerned. Other research under way, with a longer .. range 
objective in view, concerns hydrogen/amine exchange, which appears to offer attractive prospects. To 
ensure that the process is self-contained, the possibility of re-enrichment by hydrogen/water exchange 
through homogeneous catalysis and the chemical conversion of feedwater into hydrogen is under consideration. 

LES ETUDES DE PROCEDES DE FABRICATION ET LES USINES D'EAU LOURDE SUIVANT LE PROCEDE FRANt;;A!S, 
Au cours des sept dernieres annees, les etudes effectuees par le Commissariat a I'energie atomique en vue 

de Ia production d'eau lourde ont porte sur le procecte d'echange isotopique eau-hydrogene sulfure, mais surtout 
sur le procecte ammoniac-hydrogene en association avec plusieurs firmes industrielles, sur les variantes de ce 
procecte et sur les moY.ens permettant d'en accro1tre Ia capacite de production, Le procede d'echange eau
hydrogene sulfure, qui avait fait !'objet d'etudes anterieures, a ete reexamine recemment dans !'optique de 
productions plus importantes, On dispose aujourd'hui des elements d'un projet d'usine de 400 t/an, repondant 
aux besoins d'une filiere eventuelle de centrales a eau lourde. Le precede d'echange ammoniac-hydrogene, 
concretise par Ia construction d'une premiere usine a Mazingarbe (France), a fait !'objet d'etudes tres ctetaillees, 
a Ia fois au laboratoire, ii l'echelle semi-industrielle et sur le plan des calculs d'optimisation. Les informations 
tirees de !'exploitation particulierement satisfaisante de cette usine et les etudes a l'echelle pilote poursuivies 
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simultanement ont conduit a ameliorer la version monotherme sur les plans technique et economique; elles ont 
aussi fourni les donnees permettant d'envi.sager Ia formule bitherme lorsque les conditions locales s'y pretent, 
Une seconde usine monotherme de 67 t/an, en cours de construction a Baroda (Inde), presente par rapport 
a celle de Mazingarbe plusieurs ameliorations. La construction d'autres usines est en cours de negociation avec 
divers partenaires, D'autres recherches son! en cours avec un objectif plus lointain; elles portent sur le procecte 
d'(;change hydrogene-amines, qui semble ouvrir des perspectives inthessantes. Pour assurer l'autonomie du 
prod:de. on examine les possibilites du << regonflage »par echange hydrogene-eau reause par catalyse homogene, 
et de Ia conversion chimique en hydrogene de !'eau d'alimentation, 

PA3PAEOTKA HOBbJX METOllOB 1POI13B01lCTBA T5JJI(EJJOH B01lbl BO <PPAHUI111. 
Ha npoTHiK€HHH ceMH nocne.nw-tx neT KoMHccapHaT no aTOMHOH 3HeprHH 3aHHManc51 Hccne

.nosaHHeM M€TO,ll0B npOH3EO,Ll;CTBa T51 'K€JIOH: BO)l;bi 1 QCHOBaHHbiX Ha peaKUHHX XHMH4€CKOrO 06Me

Ha: so.n;a-cepoeo.n;opo.n; H, rnasHbiM o6pa3oM, BO.llopo.n;-aMMHaK. nocne.n;HHH: MeTO.ll 6biJI pa3pa-

6oraH cosMeCTHO c npOMbilliJieHHbiMH cflHpMaMH. HccJie.llOsaHbi raK)f(€ cnoco6br yseJIH4€HHH Mom

HOCTH 33BO,ll08 no OpOH3BO,llCTBY T51)1(€JIOH BO.llbl, Opouecc BO,lla-cepOBO.ll0pO,ll 1 KOTOpbiH H3y4aJI

C51 paHee, He,llaBHO 6biJI BHOBb HCC1T€Jl083H C U€1IbiO npHM€H€HH51 ero Ha ycTaHOBKaX BbiCOKOii: 

npoH3BO.llHTeJibHOCTH. B HaCTOHUlee speMST <PpaHUHH pacnonaraer .llOCTaT01.fHbiM 3anacoM Hc

XO.llHbiX npOJlyKTOB ,llJISi COOpy)f(eHHH 2aBOJlOB MOIUHOCTbiO 400 T B ro.n;, KOTOpbl€ MOryT OOTpe6o

saTbCH s cnyqae crpOHTeJibCTRa KPYilHbiX TH)f(eJIOBOJlHbiX peaKropos. 06MeHHbiH npouecc 

aMMHaK-BO,llOpO,ll 1 KOTOpbtif npHMeHHETCH Ha nepsOM cflpaHUY3CKOM 3aBO,D.e B Ma3eHrap6e, 6biJI 

,lleTaJibHO HCCJI€)J.OBaH B Jia6oparopHbiX ycJIOBHHX H Ha OOJiyOp0MbilllJI€HHbiX ycTaHOBKax; BbiOOJI

H€Hbl TaK)f(e 3KOHOMH1.feCKHe oueHKH. YcnemHaH pa6ora 3aso,n.a, a TaK)f(e o,n.HospeMeHHbre Hc

cne,llosaHHH 3Toro npouecca Ha nonynpoMbilllJI€HHbiX ycraHosKax npHsenH K ycosepmeHCTBosa

HHIO T€XHOJIOrHH H 00Bbllll€HHIO 3KOHOMH4HOCTH 3TOrO npouecca 00 cpasH€HHIO C npOCTbiM UHK-

JIOM, 3TH HCCJI€)J.OBaHHH o6ecne4HJI~ TaK)f(€ OOJIY'-I€HH€ ,n;aHHbiX, KOTOpbl€ MQ)f{HQ HCOOJib30BaTb 

,llJIH paCCMOTp€HHH npouecca C ,llBOHHbiM UHKJIOM. 

BTopoH 3aBO.ll (c OpOCTbiM UHKJIOM 1 OpOH3BO,li.HT€JlbHOCTb- 67 T B ro,ll), CTp05IIUHHC51 B 

Eapo,lla (I1H,n.H5'1), HMeer pH.ll npeHMyUleCTB, CB5'13aHHbiX c nse,n.eHHeM HeKoropbiX ycosepmeHcrso

saHHH no cpasHeHHIO c 3aso,n;oM s Ma3eHrap6e. 06cy)f(.n.aerc5'1 son poe crpoHTeJibCTsa .upyrHX 

3aso.n;os no npoH3BO,n;crsy TfDKenoH so,n;br. B HacToHmee speMH npO,llOJI)f(aJOTCH .uaJibHeHlliHe Hc

cne.uosaHHH, HM€IOIUHe U€Jlbl0 pa3pa6oTaTb nepcneKTHBHbi€ MeTO,llbi npOH3BO,llCTBa T5DK€1IOH 

BO.llbl. B nepsyiO 04epe,ll;b HCCJie,UyeTCH 06MeHHbiH npouecc BO,D;OpO,U-aMHH, KOTOpbiJ.i: npe,llCTas

JIH€TCH B€CbMa nepcneKTHBHbiM. ,IlJHI 06eC0€4€HHH aBTOHOMHH 3TOrO npOl..I€CCa HCCJie,llyeTCH 

B03MO)f(H0CTb HC00Jlb30BaHH51 MeTO,lla 11 HarHeTaHH51 ra3a 11 nyTeM 06MeHHOii peaKUHH BO,lla

BO,ll;OpO,D; C roMoreHHbiM KaTaJIH3aTOpOM H M€TO,n:a XHMH4€CKOrO npespaiQeHHH BO.ll:bl B sO,n:OpO,n:. 

ESTUDIO DE LOS METODOS DE FABRICACION Y LAS FABRICAS DE AGUA PESADA SEGUN EL 
PROCEDIMIENTO FRANCES. 

En el curso de los siete .Jltimos afi'os, los estudios de producci6n de agua pesada efectuados por la 
Comisaria de Energfa At6mica de Francia se han centrado en el metoda de intercambio isot6pico agua
sulfuro de hidr6geno, pero, sabre todo, en el procedimiento amoniaco-hidr6geno, en colaboraci6n con 
diferentes firmas industriales, en las variantes de este procedimiento y en los medias que permiten aumentar 
Ia capacidad de producci6n. El procedimiento de intercambio agua-sulfuro de hidr6geno, que habla sido 
objeto de estudios anteriores, ha sido reconsiderado liltimamente bajo la 6ptica de producciones mas 
importantes. Hoy dla se dispone de los elementos de un proyecto de fabric a de 400 t/ ana, cifra que 
responderia a las necesidades de una posible cadena de centrales de agua pesada. E1 procedimiento de 
intercambio amoniaco-hidr6geno, materializado por la construcci6n de una primera Htbrica en Mazingarbe 
(Francia), ha sido objeto de estudios muy detallados, tanto en el laboratorio, a escala semiindustrial, como 
sabre el plano de estudios de optimizaci6n. Las informaciones obtenidas de la explotaci6n particularmente 
satisfactoria de esta fabrica y los estudios a escala piloto realizados simultaneamente, han llevado a mejorar 
la versiOn monotermica sabre los planos tE:cnico y econ6miCOi ellos han suministrado, tambien, los datos 
que permiten considerar Ia formula bitermica donde las condiciones locales lo permitan. Una segunda fabrica 
monotermica de 67 t/afi'o, en construcci611 en Baroda (India), presenta, en relaci6n con lade Mazingarbe, 

muchas mejoras. La construcci6n de otras f.1bricas esta en curso de negociaci6n con diferentes socios. Hay 
otras investigaciones en curso con un obje~ivo mis lejano; se basan sobre el procedimiento de intercambio 
hidr6geno-aminas, que parece abrir perspectivas interesantes. Para asegurar Ia autonomia del procedimiento, 

se examinan las posibilidades del «relanzamiento» par intercambio hidr6geno-agua, realizado par catiili-
sis homog6nea, y de la conversiOn qulmica del agua de alimentaci6n en hidr6geno. 
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1, INTRODUCTION 

La France a mis en service a la fin de 1967 l 1usine d 1 eau lourde 
dont le schema avait ete decrit lors de la derniere Conference de Geneve [1 ]. 
Le succes de son fonctionnement, les progres realises par les etudes detail
lees de certaines de ses parties, ont conduit le gouvernement indien a confier 
la construction de deux nouvelles usines basees sur les m~mes principes, 
mais trois fois plus grosses, aux industriels ayant construit la majeure partie 
de l'usine de Mazingarbe avec la S, C, C. La construction de plusieurs ateliers 
d 1eau lourde du m~me type est encore envisagee, 

Nous allons decrire la marche de 11usine de Mazingarbe, en tirer 
les enseignements, et mentionner les ameliorations realisees sur le procede 
d 1 echange a une temperature entre 11 ammoniac et l'hydrogene, N ous resume
rons ensuite les etudes relatives a des variantes de la mise en oeuvre de cet 
echange, ou a d 1autres precedes, qui ont ete poursuivies en France pour per
mettre a l 1industrie de continuer a l'avenir a construire, en toute connaissan
ce des differentes possibilites techniques et economiques, les usines les mieux 
adaptees aux problemes poses, 

2, L'USINE D 1EAU LOURDE DE MAZINGARBE 

2. 1, Caracteristiques generales 

L'usine de Mazingarbe etait en 1964, lorsque sa construction 
fut decidee, 11unite optimale susceptible d 1assurer la production de 20 tonnes 
par an necessaire a la France, et permettait le passage a la taille industrielle 
du procede NH -H • Dans cette premiere realisation, on s 1est entoure 

3 2 
de nombreuses marges de securite, Citons seulement le choix d 1un nombre 
de systemes de contact gaz-liquide et de machines tournantes superieur au 
minimum strictement requis en fonction des performances observees lors 
des essais pilotes, la limitation de la pression du cracking et du facteur 
d 1enrichissement primaire a des valeurs modenies. 

L 1 unite (Fig. 1) est liee a un nouvel atelier de synthese d 1 ammoniac d 1 une 
capacite de 650 tonnes par jour. En realite, la production n 1est que de 
535 tonnes, les 115 tonnes supplementaires servant au reflux liquide des 
tours d 1 echange isotopique, Celles-ci fonctionnent a une pression voisine 
de la pression de synthese d 1ammoniac (400 a 450 bars). La temperature 
dans les tours d 1 echange est de -25°C et de -l0°C, L'enrichissement pri
maire est de cent fois la teneur naturelle, La dissociation de l'ammoniac 
s 1effectue a 55 - 60 bars. La temperature sur le catalyseur de dissocia
tion est voisine de 550 a 580°C, La concentration finale est obtenue par 
une distillation d 1ammoniac conduite au voisinage de la pression atmos
pherique, a une temperature de - 30°C. 

La capacite de production nominale a ete volontairement limitee a 
vingt tonnes par an, 

2. 2. Fonctionnement 

La premiere production d 1 eau lourde de qualite nucleaire (99 ,8%) 
a eu lieu en janvier 1968, c 1est-a-dire apres le temps minimum de montee 
a 11 equilibre, Nous disposons done aujourd1hui d 1une experience industrielle 
de trois annees, et un bilan peut ~tre tent e. 
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FI::;.l. Usine de Mazingarbe. 

Au premier plan, installation definition par distillation; derriere, bati des tours d' echange; a l' arriere
plan a droite, rube de synthhe de l' usine d" ammoniac. 

Des le demarrage, la conduite de l'unite s' est trouvee aisee, Ceci 
est dll. principalement au fait que le precede monotherme presente par lui
m~me une grande stabilite. Les principales causes de perturbation n'entrat
nent que de faibles variations de la production, C'est ainsi qu'une modifica
tion des temperatures des tours d'echange isotopique de ""!:: 5°C ne diminue 
la production que de deux pour cent. Il en resulte une parfaite regularite 
de marche, Signalons que le taux de disponibilite de !'installation, calcule 
sur 8760 heures, a E"~te de 92 % au cours de la derniere annee de fonctionne
ment, 

Les problemes de liaison avec 11 atelier de synthese d' ammoniac se con
cretisent principalement par la qualite du gaz de synthese. Celui- cine peut etre 
traite dans 1 1usine d 1eau lour de que si sa teneur en impureU~s oxygenees est tres 
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inferieure a une partie par million, C'est pourquoi nous avons ete contraints 
de construire un atelier ou la purification est menee en trois phases 

- une transformation de I' oxygene en eau sur catalyseur, 
- une deshydratation du gaz sur alumine sous haute pression, 
- l' elimination de 11 oxygene, de 11 eau residuelle et de 11 oxyde de carbone 

par un lavage a l'amidure de potassium. 
La consommation moyenne de potassium au cours de cette derniere 

phase a ete de l' ordre de 0' 6 kilogrammes pour 100 tonnes de gaz a traiter. 
Elle est cependant tres sensible a la teneur en oxyde de carbone du gaz de 
synthese. La technologie generale de l'usine d 1eau lourde ressemble a celle 
d'une synthese d 1ammoniac : les problemes poses par la haute pression et 
l'hydrogene sont identiques. Les temperatures froides choisies restent d'un 
niveau assez eleve (-25°C) pour ne necessiter que des aciers faiblement 
allies, 

2, 3, Problemes particuliers 

La partie la plus complexe et aussi la plus originale est constituee par 
les tours d' echange isotopique. Nous rappellerons que chaque plateau d1 echan
ge, decrit en detail par ailleurs [2],comporte une couronne d 1ejecteurs et 
deux pompes noyees dans l'amidure, destinees a vaincre la perte de charge 
creee par les ejecteurs. Un demontage complet ayant ete effectue en 196 9 
pour modifier les orifices et permettre ainsi l'augmentation du debit de gaz 
traite, nous n'avons constat€ au cours de cette visite aucune usure des paliers 
des pompes d' etage. De puis le demarrage, en 1967, celles- ci ont fonctionne 
sans interruption, 

L'atelier de dissociation d'ammoniac n 1a necessite aucune revision 
depuis la construction, Le catalyseur n'a pas ete remplace et semble avoir 
garde son activit€, C 1est dans cette partie de 11installation, qui fonctionne 
sous pression, a haute temperature, et qui traite du gaz enrichi en deute
rium, que le probleme des fuites se pose avec le plus d 1acuite, Celles-ci, 
que nous avons limitees par des ensembles soudes, sont restees inferieures 
aux limites fixees par les etudes du procede (elles correspondent a quelques 
pour cent de la production). 

Enfin, il faut remarquer que 11 amidure de potassium ne provoque aucune 
corrosion sur les aciers courants. Le comportement des garnitures, isolants, 
paliers et autres materiaux susceptibles de se trouver en presence d'amidure 
avait fait 11 objet de recherches technologiques assez poussees et n' ont cause 
aucune surprise. 

La fabrication, le transport, le rin<;:age des solutions d'amidure, qui 
doivent 1:ltre realises en l'absence d'oxygene et d'eau, ne presentent pas de 
reelles difficultes, Seules les prises d'analyses et les purges de certains 
appareils doivent faire 11 objet de consignes particulieres de securite, Il n'y 
a pas eu d'accident d'exploitation depuis le demarrage de l'unite. 

3, PERFECTIONNEMENT DU PROCEDE MONOTHERME 

Les etudes se sont poursuivies a la fois au laboratoire et dans les ins
tallations pilotes et ont abouti a des modifications de schema [ 3, 4 ]. 

3, 1, Les essais de laboratoire 

Ils ont permis de connaf'tre avec precision la cinetique de 1' etape pure
ment chimique de la reaction d' echange, apportant ainsi une partie des 
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elements necessaires a !'interpretation des resultats obtenus en installations 
pilotes sur les dispositifs de contact a Mazingarbe ou a Grenoble, 

Par ailleurs, ces essais ont permis de trouver un certain nombre 
d'adjuvants au catalyseur permettant de multiplier la vitesse de la reaction 
par un facteur de l'ordre de 2 a 3, Seul est envisageable l'emploi des adju
vants dont la stabilite chimique est suffisante ; a cet egard, les amines ter
tiaires, trim ethyl- ou triethylamine, donnent toute satisfaction. Par ailleurs, 
des mesures ont montre que la solubilite de l'amidure de potassium dans 
l'ammoniac n' eta it abaissee que faiblement par addition de trimethylamine. 
Enfin, les incidences indirectes de la presence d'adjuvants sur 1' economie 
du precede ont ete examinees : moyens d'extraire l'adjuvant du gaz envoye 
vers la synthese d'ammoniac (etudies en laboratoire, puis en pilote), sen
sibilite du catalyseur de synthese d'ammoniac aux traces d'adjuvant resi
duelles. 

3, 2, Les essais pilotes 

Ils restaient indispensables pour etudier l'influence des parametres 
de fonctionnement et de construction, que l'on n'aurait pu faire varier sur l'usine 
sans en perturber la marche, L'installation pilote de Mazingarbe, qui avait servi 
a mettre au point les elements de l'usine, poursuivit un programme d'essai dans 
un grand intervalle de pression (100 a 600 bars) et de temperature (-25°C a+ 20°C) 
et avec le gaz de synthese, 

Differents systemes de contact (ejecteurs et plateaux) ont ete etudies, 
ainsi que differents catalyseurs d' echange isotopique, avec ou sans adjuvants, 

De plus, a Grenoble, un nouveau pilote, de formule bitherme, fut cons
truit, dont la pression maximum fut limitee a 100 bars, mais qui permettait d' ex
perimenter du c<'lte basse temperature jusqu'a - 70°C en service continu, avec 
des moyens d'analyse isotopique "en ligne" ; ce pilote peut de plus fonctionner en 
hydrogene pur (Fig, 2). 

Les deux installations de Mazingarbe et de Grenoble, travaillant sui
vant un programme concerte, donnent en particulier les mesures d'efficacite de 
contacts, 

3. 3, Resultats des essais - Nouveaux projets 

L'interpretation des resultats des pilotes et du laboratoire et les etudes 
systematiques menees depuis six ans ont permis de construire une theorie gene -
rale qui rend compte parfaitement du fonctionnement des ejecteurs. Les efficaci
tes de ceux-ci peuvent ~tre, de ce fait, considerablement augmentees et les ame
liorations apportees seront profitables au fonctionnement des nouvelles usines 
indiennes, Meme avant, considerant que les syntheses d'ammoniac produisant 
1 000 tonnes par jour deviennent de plus en plus nombreuses, un pro jet detaille 
d'usine pouvant servir de base a la construction d'ateliers produisant entre 60 
et 70 tonnes d'eau lourde par an avait ete etabli, 

Dans cette etude etaient incorpores : 
- l'avantage economique du facteur taille par rapport a Mazingarbe 

(20 tonnes par an) et celui de !'augmentation du rendement d'extraction du deute
rium, pousse a 80% ou goo;' 

- l'allegement ou la simplification de certains elements par rapport a 
la premiere realisation, 

- l'adoption de valeurs plus elevees pour l'enrichissement primaire et 
la pression de cracking, qui reduisent respectivement le coOt de la finition et les 
frais de recompression du gaz, 
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FIG. 2. Installation pilote bitherme de Grenoble. 
A droite, colonnes d' echange; a gauche, hangar des machines; a 1' extreme droite, salle de contrOle. 

4, LES NOUVELLES USINES INDIENNES 

Lorsque le gouvernement indien decida de developper sa production 
d 1eau lourde, les industriels de l'Association NH

3
-H , auxquels s'associa 

etroitement la Societe Sulzer Freres, purent done fafre des propositions, qui 
furent retenues apres une comparaison technique et economique soigneuse de 
toutes les solutions competitives .. Une premiere usine indienne fonctionnant 
suivant le procede d 1 echange isotopique monotherme est en cours de construc
tion a Baroda (Inde). Elle fournira 67,2 tonnes d 1eau lourde par an a partir du 
gaz de synthese d 1une usine produisant 1 000 tonnes d 1ammoniac par jour, 
Quelques points importants dEferencient cette installation de celle de Mazingarbe 
(Fig. 3) : 

4,1, L 1ammoniac liquide indispensable pour assurer le reflux dans la tour 
d 1extraction TA est fourni par une synthese dite "supplementaire", propre 
a l'usine d 1eau lourde, puisque celle-ci sera branchee sur une usine de 
synthese existante, A Mazingarbe, la construction simultanee de l 1usine 
d 1 ammoniac et de 11 atelier d 1 eau lourde avait perm is une incorporation des 
deux syntheses, Mais leur dissociation est parfaitement possible. 

4, 2, Dans la tour d 1 extraction TA la pression a la valeur imposee par l'usine 
de Baroda, soit 650 bars, alors qu'a Mazingarbe, elle n 1etait que de 450 bars. 

4, 3, La temperature d 1echange, qui reste basse dans la tour TA (-27°C) a ete 
portee a 0°C dans la tour d 1enrichissement TE, L'adoption de cette derniere 
valeur resulte des calculs d 1optimisation, qui tiennent compte de deux facteurs 
jouant en sens inverse : une elevation de temperature entrafue, certes, une 
diminution du facteur d 1 echange a 11 equilibre, mais en revanche la cinetique 
est meilleure, done l 1efficacite du contact augmente, 
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FIG.3. Schemas comparatifs simplifies des usines d" eau lourde de Mazingarbe a) et de Baroda b). 
EF : Epuration finale e: saturation en ammoniac CR: Cracking de 1" ammoniac 
TA: Tours d' appauvrissement EC: Extraction du catalyseur 

TE: Tours d' enrichissemem LC: Lavage du catalyseur 
su: Synthese de 1" usine d" ammoniac DN: Distillation de 1' ammoniac 

SP : Synthese propre a 1" atelier d" eau lourde CN: Combustion du deuterium. 

4, 4. Pour diminuer l' energie de recompression du gaz dissocie dans le crac
king, la pression de celui-ci a ete relevee de 60 a 140 bars, Cette valeur 
etant suffisante pour assurer un fonctionnement correct de la tour d'enrichis
sement TE, le compresseur de gaz cracke a pu @tre place en a val de cette 
tour, Un compresseur lubrifie classique a pu ainsi E:ltre utilise : son refoule
ment a ete branche en amont de la station d' epuration finale qui eli mine les 
traces d'huile entraf.hees, En outre, les fuites eventuelles de ce compresseur 
n 1interessent qu'un gaz de faible teneur isotopique, 

4, 5, La teneur de coupure entre la tour d'enrichissement TE et la finition a 
ete relevee de 95 foi.s la teneur naturelle a 200 fois cette teneur. 

4, 6. L'enrichissement final est obtenu non par distillation, mais par un deu
xieme echange isotopique, du type monotherme comme le premier, fonction
nant entierement a 140 bars. 

4. 7. Le taux d I extraction gar anti, qui, pour Mazingarbe etait de 63% environ, est 
porte a Baroda a 89%. Cette augmentation tient, pour une part, comme mentionne 
plus haut, aux progres realis.~s dans la connaissance des echanges par plateaux 
a ejecteurs et pompes en plus:eurs annees d' essais sur pilote et sur la premiere 
usine elle-m@me, 
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4. 8. En plus de ces principales innovations, d 1autres ameliorations peuvent 
~tre rapidement mentionnees, en particulier : augmentation de la teneur en 
catalyseur dans les tours, d 1 oil accroissement de 1' efficacite ; simplification 
de 11unite d 1extraction du catalyseur ; d 1une fa9on generale meilleure optimi
sation gr1'ice a une connai ssance plus precise des divers parametres pris en 
consideration. 

5. LES ETUDES DE PROCEDES DIFFERENTS 

5. 1. Generalites 

Sous sa forme actuelle le procede NH3 -H 2 est mis en oeuvre en symbiose 
avec des usines d 1 ammoniac. La limitation de production unitaire des ateliers 
qui en resulte ne serait pas un obstacle a un developpement de la production 
d 1 eau lourde dans des pays comme la France, qui disposent d 1 une demi-dou
zaine d 1 usines d 1 ammoniac modernes capables de produire 1000 tonnes par 
jour, et qui pourraient done fournir comme sous-produit jusqu1 a 400 tonnes 
d 1eau lourde par an. Mais nous avons voulu examiner si la multiplication 
d 1 ateliers eta it la seule solution, et comment elle se comparait a la construc
tion d 1usines de grandes tailles. 

Ces etudes sont encore en cours. 

5. 2. Le procede H
2
S-H

2
Q_ 

Le CEA a d 1abord reexamine dans les conditions fran9aises le procede 
bien connu d 1 echange entre hydrogene sulfure et eau. Seul, puis avec la So
ciete pour 11 obtention du deuterium, il y avait consacre des efforts importants 
de 1956 a 1961 , et il en avait sui vi le developpement par 11 etude de differents 
schemas d 1 echange de chaleur et 11 examen de la transposition aux conditions 
economiques europeennes des projets de Proctor et Thayer [5]. 
Aussi en 1968, desireux de reactualiser les evaluations technico- economiques 
du procede, il confia ala Societe Technip l'etude d 1usines de 100, 200 et 400 
tonnes/an. 

Les resultats de ces travaux sont : 
- que les donnees acquises permettraient d'entreprendre la construction 

de telles usines en France, 
- que dans des conditions de financement equivalentes, les prix de re

vient fran9ais devraient ~tre competitifs avec ceux annonces outre-Atlantique, 
- que le coO.t de 11eau lourde produite diminue notablement en fonction 

de la taille de l'usine jusqu1a une capacite de 400 tonnes/an, 
- enfin que leS COlOnneS dU plUS grand diametre realisable aUjOurd I hui 

ne correspondent pas obligatoirement a 11 optimum economique. 
Mais, si 11 echange H S-H 0, sous reserve d 1un certain nombre de pre

cautions de mise en oeuvre~ off~e des avantages tres importants [ 6], les 
limites du procede' qui proviennent du facteur d 1 echange et du taux d 1 extrac
tion du deuterium qui ne peut depasser 20 o/o environ, ne semblent guere pou
voir ~tre reculees. 

5. 3. Les precedes d 1 echange amine-hydrogene 

Contrairement au cas precedent, les limites d'utilisation possible de 
ces precedes sont encore loin d 1 ~tre bien connues [ 6, 7]. 
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FIG.4. Dcsposctif pour l' etude del' echange H2 - H20 en phase liquide. 

Vue partielle. L' enceinte cylindrique calorifugee, de 40 em de diame.ue, contient 1' ensemble des 
elements sous pression (vaporisateur-surchauffeur; saturateur; reacteur d' echange). 

5. 3. 1. On sait de puis longtemps que 1' echange entre l'hydrogEme et les amines 
obeit a une cinetique encore plus favorable que celle de 1' echange entre l'hy
drogene et 1' ammoniac, avec des coefficients d' echange a l' equilibre equiva
lents. Il permet le travail a des temperatures plus basses ou les separations 
sont plus importantes; enfin, la pression de vapeur des amines etant plus 
faible que celle de 11 ammoniac, la recirculation des vapeurs serait moins 
couteuse. 

C'est pourquoi des etudes de laboratoire ont ete entreprises en vue de 
determiner la valeur des grandeurs necessaires a la mise en oeuvre du pro
cede : cinetique et mecanisme de l' etape chimique, effet d' adjuvants, solubi
lite des catalyseurs, stabilite chimique, etude des produits de decomposition 
(important surtout pour la to;J.r chaude d'un procede bitherme). Des evalua
tions preliminaires de precede ont ete faites a partir des premiers resultats. 
Elles ont montre que certaines parties importantes des usines d 1eau lourde 
pourraient en principe etre realisees de fa<;on economiquement interessante 
gr~ce a cet echange. 



A/CONF. 49/P/607 79 

Aussi des etudes plus completes sont en cours a Grenoble a l 1echelle 
pilote, en particulier pour prouver la "faisabilite" du procede, L'installa
tion de formule bitherme ayant servi a 11 etude de 11 echange NH -H a ete 
amenagee a cet effet, De plus, en vue d 1 etudier la recuperatioJ de~ amines 
saturant le gaz epuise en deuterium avant son introduction dans le tube de 
synthese, une installation d 1 essais susceptible de travailler a 250 bars a ete 
construite. 

Mais des pro jets detailles doivent ~tre realises a 11 aide de 11 ensemble 
des resultats d 1 etudes avant que des industriels ne puis sent formuler des 
offres sur ce procede, 

5. 3. 2. L I alimentation d I un echange NH3 -H2 ou amines -Hz a partir de 11 eau 
permettrait de construire des unites de taille aussi grande que voulue sur 
un seul site. On sait que d 1apres certaines etudes ces precedes seraient 
d 1ici quelques annees economiquement plus interessants que tous les precedes 
concurrents [ 8]. 

Deux precedes ont ete examines simultanement a 11 echelle du laboratoire 
pour realiser cette alimentation : 

- Le procede d 1echange H
2
-H 0 realise en phase liquide par catalyse 

homogene, pour lequel un dispositifexperimental fonctionnant jusqu 1a 300°C 
sous 150 bars a ete construit (Fig, 4) ; les premiers essais ont porte sur la 
catalyse basique ; ce procede presente 11inconvenient de fournir de l 1hydro
gene a une teneur (90 ppm) tres inferieure a la teneur naturelle, ce qui en
trame un accroissement de la taille de l'usine principale, 

- Le procede d 1 oxydation et reduction alternees d 1une masse de contact 
metallique; ce procede est prometteur par l 1avantage qu 1il presente de fournir 
de l'hydrogene a teneur naturelle ; mais il se heurte encore pour l 1instant a 
des difficultes technologiques serieuses ; une experimentation sous pression 
atmospherique a permis de faire un choix prealable parmi des masses a base 
de fer presentant a la fois une vitesse de reaction suffisante et une bonne resis
tance au frittage a haute temperature, 

6. CONCLUSION 

Les etudes de fabrication d 1 eau lour de en France ont permis a 11 industrie 
de faire face aux besoins franc;ais depuis la derniere Conference de Geneve, 
eta 11Inde de developper son programme de production d1eau lourde. Les en
seignements des realisations en cours et les nouvelles etudes devraient permet
tre aux precedes decrits dans cette communication d 1assurer la fabrication de 
quantites beaucoup plus importantes d 1 eau lourde si le besoin s 1 en fait sentir. 
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DISCUSSION ON AGENDA ITEM 2. 5 

Developments in isotope enrichment techniques and 
trends in costs for enrichment services 

DISCUSSION ON THE FOLLOWING GROUP OF PAPERS: 

P/383 FRG Presented by E.W. Becker 

P/605 France Presented by C. Leduc 

P/066 USA Presented by W.E. Johnson 

P/606 France Presented by M. Pecqueur 

M. PECQUEUR: I have a question for Mr. Johnson concerning Fig. 3 
of paper P/066, where the cumulative requirement curves are accompanied 
by the legend 'Reduced non-U.S. market: 5o/o in 1975 to 35o/o in 1985'. This 
represents a fairly considerable portion of the market and by 1985 could 
represent a volume in excess of 20 million units of separative work. How do 
you think that this market can be covered, or do you think work by plants 
outside the United States of America will be involved? I think the question 
may be of importance. In your presentation you referred to the differences 
in view concerning the time when the United States capacity will become 
saturated. I think that one of the reasons for this divergence in estimates 
may be related to the 'reduced non-U.S. market• component. 

W. E. JOHNSON: In its projections, the United States has simply 
assumed that foreign separative capacity would increase during the late 
1970 1 sand 1980 1 s to the extent that by 1985, 35o/o of the world demand out
side of the United States, the United Kingdom and the Soviet nations would be 
supplied from such capacity. We also assumed that United Kingdom 
requirements would be met by the United Kingdom. 

F. BRADY: Would Mr. Johnson care to comment, in the light of United 
States experience, on the technical and economic feasibility of an inter
ruptible (variable) type of power supply to a gaseous diffusion plant. This 
question relates not to an unreliable power supply but to one in which planned, 
and possibly short-term, interruptions are used to achieve economies in 
the operation of a power utility system. 

W.E. JOHNSON: I shall ask Mr. Sapirie, the co-author of paper P/066, 
to answer this question. 

S. R. SA PIRIE: The key to this question is the quantity of power adjust
ment and the amount of time permitted for making the adjustments, through 
reduction of process gas inventory and pressure. We have had experience 
in making seasonal adjustments in power utilization for the purpose of 
reducing load during the season of the year in which the power suppliers 
have their peak demand. We thereby obtain a reduction in the power 
demand charge. We do not consider it economically attractive to use inter
ruptible power that requires prompt reduction, without notice, in our 
existing plants. 
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G. R. H. GEOGHEGAN: In making his plant cost estimates, did 
Mr. Becker use the very good separation results obtained with a hydrogen/ 
UF 6 mixture which are reported in his paper (P /383) or his earlier results 
with heliumjUF6 mixture? 

E. W. BECKER: As pointed out in the paper, the estimates are based 
on the results achieved with hydrogenjUFs mixture. This mixture has been 
tested extensively in laboratory-scale equipment. For safety reasons, we 
have not been allowed, up to now, to use H2/UF6 mixtures within the technical 
stage now available. 

DISCUSSION ON THE FOLLOWING GROUP OF PAPERS: 

P/493 UK Presented by J. V. L. Parry 

P/382 Netherlands Presented by M. Bogaardt 

I. A. WEISBRODT: In connection with the developmental work on gas 
centrifuges in the United States of America and France, could Mr. Johnson 
and Mr. Pecqueur please indicate: the present state of this work; what it 
is expected to accomplish within the next 2-4 years; and the economic 
prospects or forecasts for enrichment by a gas centrifuge plant? 

W. E. JOHNSON: In the United States, information concerning work on 
the centrifuge is still classified as restricted data and therefore I am unable 
to give a report on its state of development. In any event, we have not yet 
reached the point of proven economic performance. 

M. PECQUEUR: In view of the potential importance of centrifuging, 
France is making a substantial effort in relation to theoretical, experimental 
and industrial studies of this process. However, it would appear that not 
all the problems in the large- scale utilization of centrifuging can be rapidly 
solved, and therefore the effort is essentially a long-term one. Once an 
experiment performed on a significant scale enables us to resolve the 
remaining problems (relating mainly, we believe, to the endurance of 
materials and the behaviour of the concentrations in the aerodynamic 
system constituted by a cascade of centrifuges), it is conceivable that the 
economic prospects of a centrifuging plant will appear in a more favourable 
light. 

C. FREJACQUES: I should like to make a comment on the comparative 
investment costs for centrifugation and gaseous diffusion. Steady improve
ments in technology have been resulting for several years in a reduction of 
approximately 4o/o per annum in the specific investment costs for gaseous 
diffusion. In France, the improvement in centrifugation technology is more 
rapid at present, but the difference in specific investment is still two to 
one and should make us very cautious in estimating the date by which the 
labour costs for separation by the two techniques will intersect. 

M. PECQUEUR: I should like to comment briefly on the respective 
start-up characteristics of gaseous diffusion plants and of centrifuging 
plants. The time required for the construction of a diffusion plant is of the 
same order of magnitude as the period separating the date of commissioning 
and the date of fuel loading in nuclear power plants. Consequently, it 
cannot be said that the start-up of a gaseous diffusion plant is subject to 
drawbacks resulting from market fluctuations. 
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I also have the following question. Mr. Bogaardt indicated in his 
presentation that, in order to cope with large-scale production, it would be 
necessary to manufacture a large number of machines every year -in other 
words, to set up a fairly elaborate system of means of production 
permitting operation on a serial basis. But is not the establishment of such 
a system indicative of a rather considerable rigidity in the programs for 
the development of centrifuging? 

M. BOGAARDT: If we embark upon a program of mass production and 
assembly of large numbers of centrifuges, we would obviously make use of 
existing facilities for the production of components, as far as possible. 
There are a lot of parts, e. g. electric motors, which we would not dream 
of building in special facilities. It can therefore be stated that the changes 
in the production rate of centrifuges would not be very dramatic. 

A second and even more important point is that since a large proportion 
of the components would be produced outside the factory, the total invest
ment in a factory for large numbers of ultracentrifuges would be, relatively, 
very small compared with the specific investment in the separation facility. 
So I think the effect of a fluctuating rate of construction of an ultracentrifuge 
separation plant would not be a very serious matter. 

T. TUOHY: At what price does France need to purchase electricity for 
the proposed French diffusion plant in order to be able to match United 
States prices for enrichment? 

M. PECQUEUR: A great deal of caution has to be exercised in trying 
to answer this question. In the first place, there must be agreement as to 
what is meant by price. Are we talking about a price expressed in terms of 
constant money or of current money? Then, in determining this price, we 
must take into account the advantages which may result from optimization 
of grid and plant as a whole, a task to which Electricite de France has been 
devoting itself for a long time. And lastly, allowance must be made for 
other factors which can be affected by optimizing the cost of separation 
operations. Against this background, all that can be said is that the rate 
schedules as now planned will enable us to set an enrichment price that is 
competitive. It can also be shown that, in view of the growing share of 
nuclear energy in power generation, there is no reason for expecting that 
ten years or more from now there will be very different rate schedules for 
electricity in areas of high industrial density, such as the United States, 
Europe or Japan. The question that has been asked relates to the field of 
technology and here we think that we are in a competitive position. 

P. DELAROUSSE: I should like to ask Mr. Parry whether the cost 
estimates presented in his paper {P / 493) take into account the numerous 
internal isotopic mixtures which will be produced in a separation plant by 
the stopping, removing and replacing of elementary machines which are 
damaged (e. g. 106 machines in service with a 5-year lifetime result in 
200 000 being removed annually)? 

J, V. L. PARRY: Yes. There are, however, two points which should 
be made. Firstly, even if one accepts Mr. Delarousse' s assumption on 
centrifuge life as correct, there is no reason to suppose that the failure 
pattern of centrifuges is unlike that of other machinery in giving a perfectly 
uniform rate of failure leading to the figure of 200 000 failures per annum 
stated in the question. The failure made is expected to follow the usual 
pattern of a small infant mortality followed by a small annual failure rate, 
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and then after many years the rate of failure will increase as the mean 
lifetime is approached. As the lifetime is known to be long, it will be 
possible to carry out preventative maintenance before the onset of a failure 
pattern signifying the approach of the mean lifetime. 

Secondly, the characteristics of a centrifuge plant are quite different 
from those of a diffusion plant. The hold-up is extremely small- kilograms 
as compared with tonnes- so that incidents causing the mixing of material 
at different isotopic concentration will not give rise to a significant cost 
penalty. Similarly, the isotopic equilibrium time is measured in hours as 
compared with weeks or even months for the diffusion process -hence 
again the cost penalty for interruption of operation of parts of the plant for 
maintenance is small. 

DISCUSSION ON THE FOLLOW1NG PAPER: 

P/607 France Presented by E. Roth 

N. AYBERS: What will be the capacity of a heavy-water plant using 
NHa and supplying power at a price competitive with that produced by the 
methods used at present in the United States of America and Canada? 

E. ROTH: In the present version of the NHa-H 2 process, the cost of 
heavy water depends on the ammonia plant with which the heavy-water 
facility is linked up, and more particularly on its production capacity. 
The most favourable price is obtained by using the ammonia syntheses 
having the largest available capacity. As regards competitiveness, sales 
by heavy-water plants this year would appear to show that for the 
customers, in the conditions obtaining at their plants, the process is 
competitive. 
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Uranium-plutonium fuel cycle for thermal and fast reactors 

Cycle du combustible uranium-plutonium pour les reacteurs 
a neutrons thermiques et a neutrons rapides 
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Absrraa-Resume- AHHOT!liiHli-Resumen 

EFFICIENT USE OF FUEL IN NUCLEAR POWER GENERATION WITH FAST REACTORS. 
Sodium -cooled fast power reactors at present occupy an important place in almost all long-term 

nuclear power development programs. This is due, as is well known, to their capacity for fuel breeding 
and to the possibility of generating electricity at minimum capital cost. The refinement of nuclear data 
in recent years and the consequent greater accuracy of the performance data for fast reactors have shown 
that, in spite of somewhat poorer performance, this type still retains its advantages over thermal reactors. 

The paper considers the various aspects of nuclear power development using fast reactors. It 

discusses the problem of reactor performance as a function of nuclear data together with the latter's effect 
on the fuel cycle parameters of the developing nuclear power industry. The natural fuel-cycle parameters 
for the period up to the year 2000 are considered in the context of using different reactor types and 
combinations. An evaluation is made of the influence of technical progress in reactor engineering and of 
the operating conditions of nuclear power stations on such parameters as the volume of natural uranium 
consumption. 

In the light of the various methods available for further improving the performance of fast power 
reactors, the paper discusses the problems of optimizing this performance together with the main problems 
and procedures associated with building economically efficient large fast reactors. It is shown that the 
ceramic -fuel fast reactors now being designed can ensure the necessary long -range rate of progress in power 
generation at minimum consumption of natural nuclear fuel. 

UTILISATION EFFICACE DU COMBUSTIBLE DANS LES REACTEURS DE PUISSANCE A NEUTRONS RAPIDES. 
A !'heure actuelle, !es reacteurs de puissance a neutrons rapides refroidis au sodium occupent une place 

de choix dans taus !es programmes a longue echeance etablis pour !e cteve!oppement de !a production d'energie 
d'origine nuc!eaire. Ce fait s'explique de toute evidence par un rapport de regeneration eleve et par !a 
possibilite de produire de l'fmergie eiectrique avec un minimum de depenses. Les precisions apportees pendant 
ces dernieres annees aux constantes nucleaires et, partant, aux caracteristiques des reacteurs a neutrons rapides, 
ont montre que ma!gre une certaine baisse des caracteristiques, ces reacteurs conservent integra!ement leurs 
avantages par rapport aux reacteurs a neutrons thermiques. 

Les auteurs examinent divers aspects du deve!oppement de !a production d'energie d'origine nuc!eaire a 
!'aide de reacteurs a neutrons rapides. lis etudient !a variation des caracteristiques des reacteurs en fonction 
des constantes nucleaires et !'influence exercee par ces constantes sur !es specifications du cycle du combustible 
d'un reseau en voie de &ve!oppement. lis examinent !es caracteristiques naturelles d'un tel cycle jusqu'a 
!'an 2000 pour diff"erentes filieres de reacteurs ou des combinaisons de ces filieres. lis eva!uent !'influence 
que le progres technique realise dans !a construction des reacteurs et Ie regime de fonctionnement des centrales 
nuc!eaires exercent sur un facteur tel que !a consommation d'uranium nature!, 

II existe diff"erentes possibilites et methodes pour ameliorer !es caracteristiques des reacteurs de puissance 
a neutrons rapides; ace propos Ics auteurs etudient Ies questions relatives a !'optimisation de ces caracteristiques 
et Ies principaux prob!emes que pose !a realisation de grands reacteurs a neutrons rapides economiquement 
viables, lis montrent que !es reacteurs a neutrons rapides utilisant du combustible ceramique, qui sont 
actuellement a !'etude, pourront assurer ·Ie cteve!oppement de !a production d 'energie a longue echeance 
au rythme vou!u et reduire au minimum !a consommation de combustible nuc!eaire nature!. 
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IJYTI1 3<P<PEKTI1BHO!O 11CITOJib30BAHI1H !OP!OlJE!O B ATOMHOH 3HEP!ET11KE C 
EbJCTPblMI1 PEAKTOPAM11. 

B HaCTOHJ..It€8 speMSI 6LICTpLie ::.--JHepreTHtteCKHe peaKTOphr c HaTpHeBbiM TennoHocHTeJieM 

3aHHMaiOT np011H08 M8CTO D04TH BO BC8X nepcneKTHBHhiX nporpaMMaX pa3BHTHSI aTOMHOH 3Hep

reTHKH. '3TO 
1 

KaK H3B8CTHO 1 o6DHCHSI8TCSI HX cnoc06HOCTbiO K ~aCWHp8HHOMy BOCnpOH3BO,li;CTBY 

ropiOY:ero H B03M0)KHQCTblO npOH3BO,nCTBa 3JI8KTp03H8prHH C Ml.dHMaJibHbiMH 3aTpaTaMH Cp8,llCTB. 

ilpOB8.Il8HH08 B DOCJI8,.llHH8 rO.ztbi yT04H8HH8 R,ll8pHbiX .n;aHHhJX H COOTB8TCTB8HHO XapaKT8pHCTHK 

6bJCTpbiX peaKTOpOB OOKa3aJI0 1 l.fT0 1 H8CM0Tp51 Ha H8KOTOpoe yxy,n;l1I8HH8 xapaKT8pHCTHK, 6biCTpbi8 

peaKTOpbl OOJIHOCTblO COXpaHHIOT CBOH npeHMYW:BCTBa no OTHOUI8HHIO K peaKTOpaM Ha T80JIOBhiX 

H8HTpOHaX. 
B .llOKJiatte paccMaTpHBaiOTCH pa3JIHYHbie acneKTbi pa3BHTHH arOMHOH 3HepreTHKH c Hc

noJib30BaHHeM 6biCTpLIX peaKTOpOB. 06Cy)K,n:aeTCH BOnpoc 0 3aBHCHMOCTH peaKTOpHLIX XapaK

TepHCTHK OT H,n:epHLIX ,n:aHHbiX H 0 BJIHHHHH nOCJI€.li:HHX Ha noKa3aTeJIH TOnJIHBHOrO LtHKJia pa3BH

BaiOI..U;efiCH H.n;epHOH 3HepreTHKH. PaccMaTpHBaiOTCH HaTypaJibHLI€ DOKa3areJIH TOnJIHBHOrO UHK

Jia aTOMHOH 3HepreTHKH Ha nepHO.ll: .li:O 2000 ro,n:a npH HCnOJib30BaHHH pa3JIHYHLIX THflOB peaKTO

pOB H HX KOM6HHaQHii. ,UaeTCH 0U€HKa BJIHHHHH T€XHHY€CKOrO nporpecca B peaKTOpOCTp0€HHH 

H pe)KHMa pa60Tbl aTOMHOfi 3JI€KTpOCTaHUHH Ha TaKOii noKa3aTeJib KaK 06DeM norpe6JieHHs:l npH

pO,liHOrO ypaH a. 
Cyi..U;ecrayiOr pa3JIHYHbte nyrH H cnoco61I .n:anbHeHmero ynyt.~llleHHs:I xapaKrepHCTHK 3Hepre

THl.leCKHX peaKTOpOB Ha 6bJCTpbiX HeifTpOHaX, B CBSI3H C 3THM o6cy)K,n:aiOTCH BOnpOCbi onTHMH3a

UHH XapaKTepHCTHK peaKTOpa H OCHOBHLI€ npo6JI€Mbl H nyTH C03,n:aHHH 3KOHOMH4€CKH 3¢tfleKTHB

HbiX 6onblliHX 6biCTpbiX peaKTOpOB. B _l\OKJia.n:e noKa3biBaercH, l.ITO 6biCTpLie peaKropbi c Kepa

MHYeCKHM TODJIHBOM, paapa6aTbiBaeMbi€ B HaCTOHUJ;€€ Bp€MH, MOryr 06ecnel.IHTb Heo6XO)lHMbi€ 

B nepcneKTHBe reMnbi pa3BHTHH 3HepreTHKH npH MHHHMaJibHOM pacxo.n;e npHpo.n;Horo sr.n;epHoro 

TODJIHBa. 

METODOS DE UTJL!ZACION EFICAZ DEL COMBUSTIBLE EN LAS CENTRALES CON REACTORES RAPIDOS. 

En Ia actualidad los reactores rapidos de potencia con sodio como refrigerante ocupan un Iugar 
destacado en casi todos los programas de gran porvenir para Ia utilizacion de Ia energia atomica. Esto, como 
se sabe, se explica por su capacidad para una reproduccion a gran escala de combustible y Ia posibilidad de 
producir energia electrica con un minima de gastos. La precision, obtenida en los ultimos afios, de los datos 
nucleares y, por tanto, de las caracteristicas de reactores rapidos, ha puesto de manifiesto que, a pesar de 
cierto empeoramiento de las caracteristicas, los reactores dtpidos mantienen plenamente sus ventajas con 
respecto a los reactores termicos. 

En Ia memoria se consideran diferer:tes aspectos del desarrollo de Ia energia atomica con utilizacion 
de reactores rapidos. Se discute el problema de Ia relacion entre las caracteristicas del reactor y sus 
parametres nucleares y de la influencia de estos Ultimos sabre los indices del ciclo de combustible en la 
industria de Ia energia nuclear que se esta desarrollando. Se consideran los indices naturales del ciclo de 
combustible en Ia industria de Ia energia nuclear durante el periodo que abarca hast" el ailo 2000, con Ia 
utilizacion de diferentes tipos de reactores y de sus combinaciones. Se evalua Ia influencia del progreso 
tecnico sabre la construcciOn de reactores, y del regimen de trabajo de las centrales nucleares sabre los indices 
tales como el volumen de utilizaciOn de urania natural. 

Existen diferentes vias y metodos para el perfeccionamiento ulterior de las caracteristicas de los reactores 
de potencia rapidos; en relaciOn con ella se discuten los problemas de optimizaciOn de las caracter1sticas del 
reactor 0 y los problemas basicos y los metodos de desarrollo de grandes reactores rapidos, economicamente 
rentables. En la memoria se demuestra que los reactores rapidos con combustible cer8.mico que se desarrollan 
actualmente, pueden asegurar los necesarios y prometedores ritmos del desarrollo de Ia energia nuclear con 
un consume minima de combustible nuclear natural. 

1 . BBE,UEHHE 

Xopomo H3BecTHo, 'ITO 3anaci>I ypaHa Ha 3eMne .LIOCTaTO'!Hbi .LIJIH o6ec

neqeHHH 3HepreTH'!eCKHX ilOTpe6HOCTei1: JIIO,Liei1: nyTeM HCilOJib30BaHI151 H,Liep

Hb!X peaKTOpOB ,LieJieHHH Ha JII060J:i 0603pHMb!H nepHO,LI BpeMeHH. 0,L1HaKO, no 

COBpeMeHHb!M npe,LICTaBJieHH51M, Jli1Illb HH'ITOlKHaH ,LIOJIH 3THX 3anaCOB MOlKeT 

6b!Tb OTHeceHa K KaTerOpHH npHrO,LIHb!X ,LIJ!H 3KOHOMI1'!eCKOrO 11CilOJ!b30BaHHH 

B H,LiepHb!X peaKTOpax Ha TenJIOBLIX Hei1:TpOHaX. PeaKTop, OXJialK,LiaeMb!H 06bi'!

HOH BO,LIOH (JIBP), CJiylKaillHH cei1:qac OCHOBOH pa3BHTH51 H,L16pHOH 3HepreTHKH 
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60JibiiiHHCTBa CTpaH, ITOTpe6mreT 0,6-0,8 Kr 235U B pac<!eTe Ha 1 MBT 3JieK

TpH<!eCKOH MOIIIHOCTH B ro.z~. IJpH COBpeMeHHbiX l..leHaX Ha ITpHpO.l(Hb!H ypaH 

C U "" 20 .l(OJIJI/Kr 3TO ITpHBO.l(HT K ypaHOBOH py.l(HOH COCTaBJiliiOIIIeH CTOHMOC

TH 1 KBT·<i 3JieKTp03HeprHH 0,04 l..leHT/KBT·<i, <iTO ITpHMepHO Ha ITOpli.l(OK HH.lKe 

3aTpaT Ha opraHH<!eCKOe rOpiO<!ee H 06yCJIOBJIHBaeT 3KOHOMH<ieCKYIO 3cpcpeK

THBHOCTb li.l(epHOH 3HepreTHKH. 

Ilepexo.z~ .lKe rro Mepe pacxo.z~osaHHli pecypcos K ypaHy rro 1..1eHe 50-100 
50-100 .l(OJIJI/Kr 03Ha<!aJI 6bi 3aMeTHOe ITOBb!llleHHe 3aTpaT Ha aTOMHYIO 3JieK

Tp03HeprHIO. 

TaKHM o6pa3oM, li.l(epHali 3HepreTHKa, rrpH3BaHHali peiiiHTb TOITJIHBHo-

3HepreTH<~ecKyiO rrpo6JieMy, caMa OKa3b!BaeTcli rrepe.z~ TaKoH: rrpo6JieMoH:. 

li3BeCTHbl .!(Be OCHOBHbie KOHI..IeiTI..IHH pellleHHli rrpo6JieMbl li.l(epHoro ro

piO<ierO. HeKoTopbie crre1..1HaJIHCTbi rrpe.z~naraiOT BKJia.l(biBaTb cpe.z~cTsa B pa3-

se.z~Ky HOBbiX MeCTOpO.lK.l(eHHH, pa3pa60TKy .l(ellleBbiX CITOC060B H3BJie<!eHHli 

ypaHa H3 6e.l(HbiX py.z~, ycosepllleHCTBOBaHHe TeriJIOBbiX peaKTopos H pa3BHTHe 

TOpHeBOro TOITJIHBHOro I..IHKJia . ,llpyrHe, B TOM <iHCJie aBTOpbl HaCTOliiiiero 

.l(OKJia.l(a, BH.l(liT Kap.l(HHaJibHOe pellleHHe TOITJIHBHOH rrpo6JieMbl B peaKTOpax

pa3MHO.lKHTeJiliX Ha 6biCTpblX HeifTpOHaX. 

IJpH .l(OCTH.lKeHHH orrpe.z~eJieHHb!X ITOKa3aTeJieH BOCITpOH3BO.l(CTBa 3TH pe

aKTOpbl CITOC06Hbl BOBJie<!b B 3HepreTHKy OrpOMHbie 3arraCbl ypaHa H TOpHli 

B 6y.z~yiiieM, HO H B 6JIH.lKaHIIIee BpeMli OHH IT03BOJiliT pa3BHTb 3HepreTHKY .!(0 

KpyrrHbiX MaCIIITa6os B paMKax H3BeCTHbiX pecypcos .z~elllesoro ypaHa. 

liccJie.l(OBaHHli H OITb!THbie pa60Tbl, BbiiTOJIHeHHbie B HeKOTOpblX CTpaHaX 

B Te<!eHHe ITOCJie.l(HHX .!IBYX .l(eCliTHJieTHH, .l(aiOT B03MO.lKHOCTb paCC<iHTbiBaTb 

Ha pellleHHe rrp06JieMbl 6b!CTpblX peaKTOpOB C HaTpHeBb!M OXJia.lK.l(eHHeM, BKJIIO

<!ali OCBOeHHe KpyrrHb!X aTOMHbiX 3JieKTpOCTaH1..1HH (A3C) C TaKHMH peaKTOpa

MH, y.lKe B 6JIH.lKaHIIIHe rO.l(bl. EbiCTpbie peaKTOpbl COCTaBJiliiOT ceifqac, OCHOBY 

rrepcrreKTHBHbiX rrporpaMM pa3BHTHli li.l(epHOH 3HepreTHKH. 

BHe.z~peHHe 6biCTpbiX peaKTopos c K03cpcpH1..1HeHTOM socrrpOH3BO.liCTBa 

KB > 1 e111e He pelllaeT rrpo6JieMbi li.llepHoro rop10<1ero. ,llJili 3Toro Heo6xo.z~n

Mo, <iT06bi KB rrpeBbiiiiaJI e.l(HHHI..IY c .z~ocTaTO<!HbiM 3arracoM, rro3BOJiliiOIIIHM 

o6ecrre<!HTb BTOpH<iHblM ropiO<iHM KaK .l(Orpy3Ky cyiiieCTBYIOIIIHX 1 TaK H BBO.ll 

HOBbiX peaKTOpOB. ,llpyrHMH CJIOBaMH, C06CTBeHHbiH TeMIT pOCTa CHCTeMbl 

6biCTpbiX peaKTOpOB Wo .l(OJI.lKeH 6b!Tb ITO KpaifHeH Mepe paBHbiM TeMrry pOCTa 

3HepreTHKH W • ,llJili TOrO l.JT06bl 6biCTpbie peaKTOpbl ycrreJIH rrpH.l(TH Ha CMe

HY TerrJIOBbiM peaKTopaM, rroKa Te He Hc<~eprraJIH 3arracoB .z~elllesoro ypaHa, 

co6cTBeHHbiH TeMrr HX pOCTa .l(OJI.lKeH 6b!Tb B .l(OCTaTO<iHOH Mepe Bblllle: 

w0 > w (1) 

Orrpe,lleJieHHIO Tpe6oBaHHH K 6biCTpblM peaKTOpaM, BbiTeKaiOIIIHX H3 3a,lla

<!H 3KOHOMHH ypaHOBb!X pecypCOB 1 H HCCJie.l(OBaHHIO HX B03MO.lKHOCTeif C 3TOH 

TO<!KH 3peHHli ITOCBliiiieH HaCTOliiiiHH .l(OKJia.l(. IJpH 3TOM orpaHH<iHMCli pac

CMOTpeHHeM 6biCTpbiX peaKTOpOB C HaTpHeBbiM OXJia.lK.l(eHHeM H KepaMH<!ec

KHM ropiO<iHM 1 ITOJiy<iaiOIIIHX HaH60Jiblllee pa3BHTHe. '-ITO KacaeTCli MeporrpH

liTHH rro ycosepllleHCTBOBaHHIO rroKa3aTeJieH: pacxo,11a rop10<1ero, TO 3,11ec1> 6y

.11YT pacCMOTpeHbl JIHIII b Te H3 HHX, KOTOpbie B HaCTOliiiiee BpeMli H3yl.JaiOTCli 

BCepbe3. 0CHOBaHHeM .!(Jill TaKoro 11 rrpaKTHI..IH3Ma 11 CJIY.lKHT T0 1 l.JTO y.lKe H 

3THX ycosepllleHCTBOBaHHH OKa3biBaeTCli .l(OCTaTO<iHO. 

01..1eHKe H OITTHMH3ai..IHH peaKTOpOB C TO<!KH 3peHHli paCXO.l(OBaHHli ripH

pO,liHOro ypaHa, B3liTOrO B HaTypaJibHOM Bbipa.lKeHHH 1 B cpaBHeHHH C H3BeCT

HblMH ero pecypcaMH HHOr,lla ripOTHBOITOCTaBJilieTCli 11 3KOHOMH<!eCKHH 11 ITO,ll-
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XO,ll. 3KOHOMH'ieCKHe KpHTepHH IT03BOJH!IOT HaH6oJiee ITOJIHO y'ieCTb pa3HO

p0,!1Hble 3aTpaTbl Ha npOH3BO,!ICTBO 3JieKTp03HeprHH H B KOHe'iHOM cqeTe onpe

,lleJI51IOT BbJ6op peaKTOpOB. 0,!1HaK0 1 6y.lly'iH paCCMOTpeHHb!MH ITpH cyll\eCTByi0-

11\HX Hb!He l..{eHaX Ha ypaH, OHH He OTpaJKaiOT B ,!IOCTaTO'iHOH Mepe He06XO,!IH

MOCTH B 3KOHOMHH ypaHOBbiX pecypcOB 1 He Y'iHTbiBaiOT O,!IHO H3 rJiaBHb!X 3KO

HOMH'ieCKHX npeHMyll\eCTB 6biCTpbiX peaKTOpOB - B03MOJKHOCTH pa3BHTH51 

3HepreTHKH 6e3 cyll\eCTBeHHOrO paCillHpeHH51 TOITJIHBHOH 6a3bl B 6JIHJKafimHe 

,lleC51THJ!eTH51. 3THM H OnpaB,llbiBaeTC51 HHTepec HapH.liY C 3KOHOMH'ieCKHMH 

H K HaTypaJibHbiM noKa3aTeJIHM pacxo.z~a ypaHa. 

TIOCKOJ!bKY npH OITTHMH3ai..{HH JKeJiaTe.'lbHO (a B CTporofi ITOCTaHOBKe He

o6XO,!IHMO) HMeTb e,!IHHbiH KpHTepHfi, ITOITbiTaeMC51 B ,llaJibHefimeM 06'be,!IHHHTb 

CO,llepJKaHHe HaTypaJibHbiX H 3KOHOMH'ieCKHX KpHTepHeB, HCXO,ll51 H3 npe,!IITOJIO

JKeHH51 o6 orpaHH'ieHHOCTH 3arracoB .z~emeBoro ypaHa. 

Pa3BHTHe H,llepHofi 3HepreTHKH MOJKHO ycnoBHO pa3,lleJIHTb Ha ,!IBa 3Tana. 

Ha nepBOM H3 HHX 51,D;epHaH 3HepreTHKa 6biCTpO pa3BHBaeTC51 1 3aHHMa51 CKpoM

HOe MeCTO B ITpOH3BO,!ICTBe 3JieKTp03HeprHH. Ha BTOpOM 3Tane 1 ,!IOCTHrHyB 

MaCmTa60B O,!IHOro H3 rJiaBHbiX ITpOH3BO,liHTeJiefi 3HeprHH 1 OHa 3aMe,D;JIHT TeM

n bi CBoero pocTa ,D;O o611\e3HepreTH'ieCKHX. PaccMoTpHM CHa qana Tpe6oBa

HH51 K 6biCTpbiM peaKTOpaM, Bbi,!IBHraeMbie 3HepreTHKOH OT,D;aJieHHOrO 6y.llyll\e

ro. 

2. TIEPCTIEKTl!Bbl ATOMHOH 3HEPrETI1KI1 

Y'iHTbiBaH MacmTa6bi 3HepreTHKH 6y.llyll\ero, Heo6xo,D;HMO noTpe6oBaTh, 

'iT06bi 6biCTpbie peaKTOpbi pa6oTaJIH B peJKHMe caMoo6ecne'ieHH51 ropiO'iHM, 

T. e. 'iT06bJ HX C06CTBeHHbiH TeMn 6biJI paBeH TeMny pOCTa 3HepreTHKH: 

w0 = w 

B 3TOM cnyqae noTpe6neHHe ypaHa H,D;epHOH 3HepreTHKOH orpaHH'iHBaeTCH 

HCITOJ!b30BaHHeM ero B Ka'ieCTBe Cblpb51 ,!IJI51 30H BOCITpOH3BO,!ICTBa 6biCTpbiX 

peaKTOpOB. B Te'ieHHe ,liJIHTeJibHOro BpeMeHH, ITOKa HCITOJ!b3yeTC51 o6orall\eH

HbiH ypaH, 3TO He ITOTpe6yeT ,liOITOJIHHTeJibHb!X 3aTpaT ypaHa, TaK KaK OTBaJia 

o6oraTHTeJibHOrO ITpOH3BO,liCTBa 6y,D;eT BITOJ!He ,liOCTaTO'iHO. Tipo6JieMa ITpH

pO,D;HOrO ypaHa (a MOJKeT 6hiTb 1 H TOpH51) KaK Cblpb51 B03HHKaeT MHOrO IT03JKe 

H BITOJ!He pa3pemHMa, TaK KaK ,D;JI51 3TOH QeJIH 3KOHOMH'ieCKH ,!IOITYCTHMO ITpH

MeH51Tb H O'ieHh ,D;Oporofi ypaH. BeJIH'iHHa w0 3aBHCHT KaK OT C06CTBeHHbiX 

xapaKTepHCTHK peaKTOpOB H TOITJIHBHOrO I..{HKJia, TaK H OT ycJIOBHH HX pa60Tbl 

B 3HepreTH'ieCKOH CHCTeMe (K03<i><i>HJ:.1HeHTa Harpy3KH cp). lJT06bi Bbi,D;eJIHTb 

3Ty 3aBHCHMOCTb 1 BBe,D;eM B Ka'ieCTBe xapaKTepHCTHKH C06CTBeHHO peaKTO

pa BpeMH Y.liBOeHHH npH cp = 0,8 (T~· 8 ). Tor,D;a 

(2) 

H Tpe6yeMoe BpeM51 Y.liBOeHH51 B 3aBHCHMOCTH OT W H cp paBHO 

T0,8 _ cp (1 + 0,8Tn/Ta)ln 2 
2 - 0,8(1 + cpTn/Ta) W 

3,D;eCb Tn - BpeM51 BHemHero TOITJIHBHOro I..{HKJia; Ta - KaMnaHH51 aKTHBHOH 

30Hbl npH cp = 1 ,0. 

(3) 
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Kor.na $1_nepHa$1 SHepreTHKa .nocTHrHeT 6onhmHx MacmTa6oB, eil: npH.neT

C$1 XOT$1 61>1 'IaCTHtiHO B3$1Tb Ha ce6$1 <f>yHKI.IHH peryJIHpOBaHH$1 MOmHOCTH B 

3HeprOCHCTeMaX. XOT$1 OTHOCHTeJibHO HH3KHe TOllJIHBHb!e H Bb!COKHe KanH

TaJibHb!e 3aTpaTbi A3C 6y.nyT CTHMynHpOBaTh MeponpH$1TH$1, npen$1TCTBYIOmHe 

CHHJKeHHIO cp, 6y.neM C'IHTaTb, 'ITO K03<f><f>HI.1HeHT Harpy3KH OKaJKeTC$1 B npe

_neJiaX 0,6-0,8. 

HHJKe npHBe.neHbl Tpe6yeMb!e BeJIH'IHHbl Tg.s B 3aBHCHMOCTH OT TeM!lOB 

poCTa 3HepreTHKH llpH cp, H3MeH$1IOII1eMC$1 B yKa3aHHOM .!{Ha!la30He: 

w , 1/ro.n T~·8 , ro.n~>r 

0,10 6-7 

0,08 7-9 

0,06 9-11 

TaKHM o6pa30M, _naJKe COBpeMeHHbie 6b!CTpb!e peaKTOpbl C OKHCHbiM ropiO'IHM, 

KOTOpb!e llpH BpeMeHH BHemHero TOllJIHBHOrO l.IHKJia Tn = 0,5 ro_na MoryT 

HMeTb BpeM$1 y.nBoeHH$1 Tg.s = 9 neT, o6ecne'IHBaiOT TeMnbi pocTa sHepreTH

KH - 6o/o B ro.n . 

Eonee BbiCOKHe TeMnbi pocTa SHepreTHKH, xapaKTepHb!e .!{JI$1 Hameil: cTpa

Hbi B HaCTO$lll1ee BpeM$1 (w "'8o/o B ro.n), llOTpe6yiOT yCOBepmeHCTBOBaHH$1 OKHC

Hb!X peaKTOpOB HJIH nepexo.na Ha HOBbie BH.!{bl rOpiO'Iero, HallpHMep MOHOKap-

6H_n, 'ITO _naeT CHHJKeHHe Tg,s .1{0 6-8 JieT. IlosTOMy He Bbl3biBaeT COMHeHHH 

B03MOJKHOCTb HCllOJlb30BaHH$1 6b!CTpb!X peaKTOpOB pa3pa6aTb!BaeMoro ceil:'IaC 

THna .!{JIH o6ecne'IeHHH nepcqeKTHB pa3BHTHH $l.!{epHOH 3HepreTHKH. 

Eonee aKTyaneH Bonpoc o 6onee BbiCOKHX TeMnax pocTa $1_nepHoil: SHep

reTHKH B 6JIHJKail:mHe _neC$1THJieTH$1 • ,UJI$1 TOrO 'IT06bi B 0603pHMb!H nepHO.!{ 

MOJKHO 6b!JIO 6b! nepeil:TH Ha CTpOHTeJibCTBO TOJibKO 6biCTpb!X 6pH.nepOB H npe

KpaTHTb COOpyJKeHHe Te!lJIOBb!X peaKTOpOB, C06CTBeHHblH TeMn pOCTa 6biC

Tpb!X 6pH_nepOB Wo .!{OJIJKeH 6b!Tb HeCKOJlbKO 6onee Bb!COKHM, 'IeM W. lf3 aHa

JIH3a pa3BHTH$1 CHCTeMbl TellJIOBb!e KOHBepTepbl - 6b!CTpb!e 6pH_nepb! CJie_nyeT, 

'ITO BpeMH Bb!XO.!{a B TaKOH pelKHM 

t"' 1 ln~ 
o rT/g6-(wo-w) wo-w 

(4) 

3_neCb rT - y_neJibHOe llpOH3BO.!{CTBO llJIYTOHH$1 B TellJIOBOM KOHBepTepe; g 6 -

y.neJibHa$1 3arpy3Ka llJiyTOHH$1 B TOllJIHBHOM l.IHKJie 6b!CTporo 6pH_nepa. 

IlpH rT "' 0,2 Kr/MBT (3JI) ro.n H g 6 "' 4 Kr/MBT (3JI) MOJKHO Bb!BeCTH $1.!{ep

HYIO 3HepreTHKY B TaKOH peJKHM (T. e. npeKpaTHTb CTpOHTeJibCTBO TellJIOBbiX 

peaKTOpOB) B 0603pHMb!H CpOK (t0 "' 30 JieT), eCJIH w0 - W"' 0,2, T.e. Wo"' 10o/o 

B ro.n, TaK 'ITO Tpe6yeMbie BpeMeHa y_nBOeHH$1 COCTaBJI$1IOT 6-7 JieT. <l>opMy

Jia .!{Jl$1 BpeMeHH y_nBOeHHH B HaH60Jiee llOJIHOM BH.!{e llOJiy'IeHa B pa60Te ( 1) : 

- ( Tn) -++g 1+cp--
T = 3.6 T3.6 ln 2 

2 cp[ y(KB - 1) - Y(l - E)] (3') 

3_neCb ga' g3 .T, g3 . 6 - Cpe.nHee KOJIH'IeCTBO llJiyTOHH$1 B aKTHBHOH 30He, B TOp

l.IOBOM 3KpaHe H B 60KOBOM 3KpaHe Ha e_nHHHI.IY MOmHOCTH.COOTBeTCTBeHHO; 
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y - KOJIHqecTBO riJiyTOHI15! 1 croparomee B ro,!\ Ha e,1(11HI1l.IY M0111HOCTI1j Y - riOJI

HOe KOJIJ1qeCTBO riJIYTOHI15!, Bl>lrpyJKaeMoe 113 peaKTOpa B ro,!\ Ha e,1(11HI1l.IY MOII1-

HOCTI1j E - K03~~111.111eHT B03BpaTa H3 npe,!\eJia 1 yqJiTl>!BaiOII1HM riOTepHj T 3 .G

cpe,!\Hee apeMR 3a,!\ep.lKKH nnyTOHHR B 6oKOBOM 3KpaHe; KB - nonHI>lii KO::~~

~Hl.IHeHT BOCrtpOH3BO,!\CTBa peaKTOpa. 

0CHOBHl>lMH riYTRMH CHHJKeHHR BeJIJiqJiHl>l T 2 RBJIRIOTCR: 

1) yMeHbllleHHe KOJIJiqeCTBa riJIYTOHHR B TOriJIHBHOM l.IHKJie 3a cqeT COK

pameHHR BpeMeHH BHell!Hero l(HKJiaj 

2) CHHJKeHHe KOJinqecTBa roproqero B QHKJie 3a cqeT yaennqeHHR y,!\eJibHOM 

MOII1HOCTH roproqero rtpH riOM0111H Bl>lpaBHHBaHHR riOJIR TertJIOBl>I,!\eJieHHRj 

3) yaennqeHHe aocnpoH3BO.l\CTBa roproqero npH nepexo,!\e K HOBMM ero 

BH,l(aM H ycoaeprneHCTBOBaHHH TB3JIOB H naKeTOBj 

4) yaennqeHHe r ny6HHI>l BI>IropaHHSl roproqero. 

Pe3yJihTaTI>I pacqeTOB noKa3I>IBaroT, qTo paccMaTpnaaeMI>Ie ycoaeprneH

CTBOBaHHR 6MCTpl>lX peaKTOpOB ri03BOJI5!IOT COXpaHHTb paCXO,l( rtpHpO.l(HOrO 

ypaHa ,l(JIR pa3BHTH5! 51,!\epHOM 3HepreTHKH Ha ypOBHe H3BeCTHl>IX pecypCOB ,l(e

rneaoro ypaHa. 

,UOrtOJIHHTeJibHaR 3KOHOMH5! ypaHa 1 eCJIH 3TO riOTpe6oBaJIOCb 61>1 1 MO.lKeT 

6l>!Tb ,!\OCTHrHyTa nyTeM ycoBepliieHCTBOBaHHR TertJIOBl>IX peaKTOpOB HJIH JKe 

BHe.l(peHH5! 1 oco6eHHO B HaqaJibHl>IM nepH0,!\ 7 6I>!CTpl>!X ypaHOBl>lX KOHBepTepOB 

BMeCTO qacTH JIBP. 

B cJie.l(yromeM pa3,1(eJie aHaJIH3HpyiOTcR cnoco6M CHH.lKeHHR pacxo.l(a ropro

qero 3a cqeT yaeJIJiqeHHR ero y.l(eJibHOM M0111HOCTH npH riOMOII1H Bl>lpaBHHBa

HHR pa,l(HaJibHOro riOJIR TertJIOBl>!,l(eJieHHR B aKTHBHOM 30He H CTa6HJIH3aQHH ero 

BO apeMeHH ,!\JIR peaKTOpOB 60JibliiOM M0111HOCTH. 

3. 3HEPrETI1'-IECKliE PEAKTOPbl HA EbiCTPbiX HEHTPOHAX EOJib

lliOH MO~HOCTli 

,UJIR A3C c R.l(epHMMH peaKTopaMH Ha 6McTpblX HeH:TpoHax xapaKTepHMM 

,l(JIR 6JIHJKai1rnero 6y.l(yll1ero RBHTCR poeT e,!\HHJiqHMX M0111HOCTei1 ,1(0 1000-
2000 MBT(3JI). 3TO QeJiecoo6pa3HO KaK B OTHOliieHHH CHH.lKeHHR y,!\eJibHl>!X 

KariHTaJibHl>IX BJIOlKeHHM 1 TaK 11 C TOqKJi 3peHH5!3KOHOMHKH TOriJIHBHOrO QHK

Jia [2) . 
OcHOBHI>Ie oco6eHHOCTH ~H3HKH 6McTpMx peaKTopoa 6onhrnoi1 MOII1HOCTH 

o6ycJIOBJieHI>I CJie.l(yiOII1HMH ~aKTOpaMH: 

1) pOCTOM BHyTpeHHero K03~~Jil.IHeHTa BOCrtpOH3BO,!\CTBa peaKTHBHOCTH 

H 6JIH30CTbiO ero K e,!\HHHQe 1 qTQ ynpomaeT npo6JieMy KOMrteHCaQHH H3MeHe

HHR peaKTHBHOCTH rtpH Bl>lropaHHH H 06ecneqnaaeT B03MO.lKHOCTb ,!\JIHTeJibHOM 

Henpepi>IBHOii pa6oTbi peaKTopa 6e3 rreperpy3oK (.l\O -1 ro,l(a H 6onee); 

2) He06XO,!\HMOCTbiO Bl>lpaBHHBaHHR rtpO~HJIR riOJIR TertJIOBl>l,!\eJieHHR B aK

TI1BHOM 30He peaKTOpa, qTO o6ecneqJiaaeT CHH.lKeHHe y.l(eJibHOrO KOJIW!eCTBa 

roproqero B QHKJie H COXpaHeHHe riOJIHOrO K03~~Hl.IHeHTa BOCrtpOH3BO,!\CTBa C 

pOCTOM MOII1HOCTH peaKTOpa. 

KaK H3BeCTH0 1 HaH60Jibliiee pacnpocTpaHeHHe B HaCT05!111ee apeMR HMeeT 

cnoco6 BI>IpaBHHBaHHR TenJIOBM.l\eJieHHR nyTeM C03.1(aHHR 30H pa3Horo o6ora

meHHR B aKTHBHOM 30He peaK1'0pa. lf3yqeHHe 3aBHCHMOCTH ~H3HqecKHX xa

paKTepHCTHK peaKTopoa oT HX MOII1HOCTH npoBO.l\HJIOCb c yqacTHeM C. T .Jiec

KHHa, A .II . HoaolKHJioaa. 
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Pe3yJII>TaTbi 3TI1X 11ccne~oBaH11if noKa3aHbi Ha pHc .1 . KaK BH~Ho 113 pH

cyHKa, yBeJiwieHI1e MO!liHOCTI1 peaKTopa conpoBoJK~aeTcli ynyqmeHHeM ero 

tPI13H"'eCKI1X xapaKTep11CTHK. 

,llJili peaKTOpa Tl1lla 13H -600 C OKI1CHb!M ropiO"'I1M C BblpaBHI1BaHHeM Ten

JIOBbi.D;eJieH11li 30HaMI1 pa3HO~O o6orameHI1li npH BpeMeHI1 BHemHero ~11KJia 0,5 

H 1 ro~ BpeMli Y~BOeHHli llOJiyqaeTCli paBHb!M 9 H 11 ro~aM COOTBeTCTBeHHO. 

fiHTepeCbl pa3BHT11li li~epHOH 3HepreTHK11 Tpe6yiOT 1 "'T06b! 3TO BpeMli COCTaB

JlliJIO 6-8 JieT. 

ll3y"'eHHe B03MOJKHOCTeif peaKTOpOB Ha 6biCTpb!X HeifTpOHaX Tpe6yeT 

y"'eTa onpe~eJieHHoro TeXHI1"!ecKoro nporpecca B peaKTopocTpoeHHH (yco

BepmeHCTBOBaHI1e KOHCTpyK~I111 TOTIJIHBHb!X KacceT 11 TB3JIOB 1 yJiyqmeHI1e Tex

HOJIOrl111 11 pa3pa60TKa HOBb!X TOTIJII1BHb!X KOMTI0311~Hif) [2] . 
C ~pyroif CTOpOHbi, HcnoJib30BaHHe Ha116onee pacnpocTpaHeHHoro cnoco-

6a BbrpaBHHBaHHli TennoBbr~eneH11H nyTeM co3~aH11H no~30H pa3Horo o6ora

meHI1li np11B0~11T K 3Ha"'I1TeJibHOH BpeMeHHOH HeCTa611JibHOCTH npo<i>HJili TIOJIH 

TeTIJIOBbi~eJieHHH npH ~JII1TeJibHOH pa6oTe peaKTOpa 60JibillOH MO!liHOCTH 6e3 

neperpy3oK (0,5 ro~a 11 6onee). B npo~ecce pa6oTbi TaKoro peaKTopa npo11c

xo~I1T OTHOCI1TeJibHb!H poeT TeTIJIOBbi~eJieH11li B ~eHTpe aKTHBHOH 30Hbl H3-3a 

TipOCTpaHCTBeHHOrO nepepacnpe~eJieHHH KOH~eHTpa~I1H ~eJili!lii1XCH 1130TOTIOB 

H HeifTpOHHOrO TIOTOKa, "'TO B KOHe"'HOM C"'eTe CTaHOBI1TCli onpe~eJiliiO!liHM 

ycJIOBI1eM npo~OJIJKI1TeJII>HOCTI1 HenpepbiBHOif pa60Tbi peaKTopa. Bonpocbr 

BpeMeHHOH HecTa6HJibHOCTI1 npo4>11Jili TIOJili TeTIJIOBbi~eJieHI1li HCCJie~OBaJIHCb 
np11 yqacTI111 C .13 .Eo6poBa, B .M .MyporoBa, A .H. HoBOJKI1JIOBa, JI .B. Toqe

HOBa, A .H .illMeJieBa, B. r. llJIIOHHHa, H . .u. PaKI1TI1Ha H ~p. [3-5] • c. M. 3a

PH~KI1M, B .M .MyporOBbiM 11 A .H .illMeJieBbiM 6biJI pa3pa6oTaH cnoco6 BbrpaB

HI1BaHI1li np04>11JIH TeTIJIOBbi~eJieHHli B peaKTOpaX Ha 6biCTpb!X HeifTpOHaX, o6ec

ne"'HBaiO!lii1H ero BpeMeHHYIO CTa6HJibHOCTb [6] 3a C"'eT C03~aHI1li ll0~30H C 

pa3JII1"1Hb!MI1 ~eJili!liHMHCli 11 BOCTip0113BO.llH!lii1MI1 H30TOTiaM11. 
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PHc. 2. 3aBHCHMOCTh pa,n;HaJihHoro KoscpcpHuHeHTa HepaBHOMepHOCTH TennoBbi,IleneHHR Kr OT 

BpeMeHH Henpep>~BHOH pa60Tbl peaKTOpa (Ha OCH a6CI.IHCC yKa3aHa rny6HHa BhiropaHHll o/o sec): 
- BbipaBHHBaHHe )lByMR o6oraiUeHHHMH, 

- Bblp8BHHB3HHe COCTaBOM, 

- peaK TOp CO CTa6HJibHbiM noneM TenJIOBbi)leJieHIUI. 

Ha OCHOBe yKa3aHHOro CIIOC06a Bb!paBHiiBaHIUI TeriJIOBbi,lleJieHiiJ'I 

E .H. rplimaHiiHbiM, B. M. MyporOBbiM, B .B. OpliOBblM li JI .B. ToqeHb!M 6b!JI 

rrpe,llJIOJKeH 6biCTpb!H 3HepreTii'leCKiiH peaKTOp CO CTa61iJibHb!M BO speMeHii 

rrpo!pliJieM IIOJill TeiiJIOBbi,lleJieHiiJ'I (ECP - 6biCTpb!H CTa61iJibHb!H peaKTOp). 

Hccne.nosaHiiH, rrpose.neHHbre rrpli yqacTiili B .r .HJIIOHiiHa, A.M .Ky3h

MiiHa, B . M. Myporosa, A. H . ill Menesa, IO. B . C!inaesa, rroKa3aJIIi, '!TO s Ta

KOM peaKTOpe ,llOCTiiraeTCll KaK HaliMeHbmee 3Ha'!eHiie K03!p!fliiUiieHTa He

paBHOMepHOCTii TeriJIOBbi,lleJieHiill, TaK 1i Heli3MeHHOCTb flO Jill TenJIOBbi,lleJieHiiJ'I 

s rrpouecce KaMrraHiili (plic. 2). B pe3yJibTaTe o6ecrre'lliBaeTcJ'I B03MOJKHOCTb 

.ZlllliTeJihHOH HerrpepbiBHOH pa6oTbi 6e3 rreperpy3oK s rrpouecce KaMrraHiili pe

aKTopa li 3Ha'lliTeJibHOe nosbimeHiie sHeproHanpHJKeHHOCTii roproqero B Ton

JIIiBHOM UliKJie. Plic. 2 liJIJIIOCTplipyeT li3MeHeHiie pa.nliaJibHoro Kos!p!fliiUiieH

Ta HepasHoMepHOCTii K T .ZlJIH pa3JIIi'!HbiX crroco6os BbrpasHiiBaHiiH s 3aBiicli

MocTii OT rny61iHbl BbiropaHiiH, ,llOCTiiraeMOH B peaKTOpe 3a speMJ'I pa60Tbl 

6e3 neperpy3Kii. CymecTBeHHbiM HBJIHeTCH OTJIIi'llie rrose.neHiiH noJIJ'I Tenno

Bbi,lleneHiiH B IIJiyTOHiieBOM peaK TOpe, Bb!pasHeHHOM o6orameHiieM, 1i B CTa-

61iJibHOM peaKTOpe. 

)lOITOJIH!iTeJibHbie rrpeliMY!I1eCTBa B peaKTOpax 60JibillOH MOI!1HOCTii liMeeT 

CITOC06 Bb!paBHiiBaHiill COCTaBOM (pa3Hb!H mar TB3JIOB lillli pa3Hb!H ,llliaMeTp 

TB3JIOB B 30HaX) . 

B pe3yJibTaTe liccne.nosaHiiH, rrpose.neHHb!X npli yqacTiili A .H. HosoJKiiJio

sa, C .E .Eo6posa, B .r .HJIIOHiiHa, A .M .Ky3bMiiHa, B. M .Myporosa, IO.B. C!i

naesa, A. H. lliMenesa, 6brJio ycTaHosJieHO, '!TO cTa61iJibHOCTb rrpo!pliJIH rroJIJ'I 

TeiTJIOBbi,lleJieHiill rrpli Bb!paBHiiBaHiili COCTaBOM 1 ,llOCTiiraeMaJ'I 3a C'!eT paBeH

CTBa 30HHb!X K03ifl!fliiUiieHTOB BOCITp01i3BO,llCTBa, o6ecne'lliBaeT ,llOCTaTO'lHO 

BblCOKiiH TeMIT BOCITp01i3BO,llCTBa li 3HeproHaiTp5IJKeHHOCTb roproqero B UliKJie 

(eM .plic. 2). Ilp!i 3TOM crroco6e BbrpaBHiiBaHiiJ'I ynpomaeTCH TaKJKe pemeHiie 

HeKOTOpb!X BOITpOCOB 6e3orraCHOCTii 1 '!TO CBH3aHO C 6011ee OTpliUaTeJibHblM 

3Ha'!eHiieM HaTplieBoro li ,llOITITJiepOBCKOrO K03ifl!fliiUiieHTOB peaKTiiBHOCTii, 

l.!To KacaeTcH crroco6a BbipaBHiiBaHiiH o6orameHiieM, TO pa6oTbi, Bbmon

HeHHbre npli yqacTiili C. E. Eo6posa li A .H. HosoJKiiJiosa, rroKa3aJIIi, qTo onTM

MaJihHOe pa3MemeHiie rrnyTOHiiesoro roprollero c pa3JIIi'!HbiM co.nepJKaHiieM 
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Bb!CmHX H30TOI10B 11JIYTOHH.s! ( 240 pu, 241 Pu H 242Pu) B 3Ha<mTeJ!bHOH Mepe 

yJ!yqmaeT BpeMeHHOe llOBe,lleHHe 110JI.s! TellJIOBb!,lleJ!eHH.s! H 110BbimaeT 3Hepro

Ha11p.s!lKeHHOCTb H TeMI1 BOC11pOH3BO,liCTBa roproqero. 

KoppeKTHoe H pa3HOCTopoHHee H3y'leHHe pa3JIH'!Hb!X cnoco6oa BbipaB

HHBaHH.s! HeB03MOlKHO 6e3 llpOBe,lleHH.s! KOMI1J!eKCHOrO pac'!eTa aKTHBHOH 30Hbl 

6biCTporo peaKTOpa (T. e. TellJIOBOrO, rH,llpaBJ!H'IeCKOrO, 11pO'IHOCTHOrO H Heif

TpOHHO<flH3H'!eCKOrO pac'!eTa B KOMI1JieKCe). ,I(JI.s! ycnemHoro pemeHH.s! 3THX 

3a.z~aq npH yqacTHH A.M. K.y3hMHHa, A.A. KamyTHHa, IO. B. CHJ!aeBa, JI. B. To

'!eHoro, B .B. XpoMoBa, B .A .Anc3 6biJ! pa3pa6oTaH KOMnJ!eKc nporpaMM .IIJI.s! 

011THMH3aQHOHHbiX HCCJ!e,liOBaHHH 6b!CTpb!X peaKTOpOB [7 -9) . 0!1THMH3aQHOH

Ha.s! nporpaMMa "POKEAP" I103BOJI.s!eT 11pOBO,liHTb yKa3aHHb!H KOMI1JieKCHbiH 

pacqeT aKTHBHOH 30Hbl 6biCTporo peaKTOpa C HaTpHeBb!M OXJ!aJK,lleHHeM C 

Onpe,lleJ!eHHeM 011THMaJ!bHbiX (110 TeM HJIH HHb!M KpHTepH.s!M) KOMI103Hl.IHH H 

napaMeTpOB peaKTOpOB: pa3MepoB aKTHBHOH 30Hbl; mara pemeTKH TB3JIOB, 

,liHaMeTpa H TOJ!mHHbl 060JIO'IKH TB3J!OB; CKOpOCTH TellJIOHOCHTeJI.s! H 06'beM

HOH ,!IOJIH CTeHOK KaCCeT; BbiCOTbl ra30BOH 110J!OCTH; o6orameHH.s! roproqero. 

flpH 3TOM BBO,ll.s!TC.s! OrpaHH'!eHH.s! Ha HeKOTOpbie napaMeTpbi, <flyHKl.IHO

HaJ!bHO 3aBHC.s!mHe oT ynpaBJ!eHHif, HanpHMep TeMnepaTypy roproqero H o6o

JIO'IKH HaH60J!ee Hallp.s!lKeHHOrO TB3Jia ( C yqeTOM <flaKTOpOB neperpeBa), Ha-

11p.s!lKeHHe B o6oJIO'!Ke TB3Jia H cTeHKax KacceT, BeJIH'IHHy cpe,liHero no,~~orpe

Ba TellJIOHOCHTeJI.s! ( C y'leTOM ,llpOCCeJ!HpOBaHH.s!). 

<PH3H'!eCKHH pacqeT B nporpaMMe "POKEAP" npoBO,liHTC.s! 3<fl<PeKTHBHbiM 

MaJ!orpy11110Bb!M MeTO,liOM ycJ!OBHOrO pa3,lleJ!eHH.s! 11pOCTpaHCTBeHHbiX H 3Hep

reTH'!eCKHX nepeMeHHbiX. IT OHCK onTHMaJ!bHoro BapHaHTa peaKTopa ocymecT

BJI.s!eTC.s! 11pH 110MOII\H HTepaQHOHHOrO MeTO,lla. Ha KalK,liOM mare HTepaQHH 

HCXO,liHa.s! 3a,lla'!a JIHHeapH3yeTC.s! (c HCI10J!b30BaHHeM TeOpHH MaJ!biX B03My

meHHH), a llOJIY'!eHHa.s! 11pH 3TOM JIHHeifHa.s! 3a,lla'!a pemaeTC.s! MeTO,liOM TIOCJ!e

,liOBaTeJ!bHOrO COKpameHH.s! HeB.s!30K [10) . 

B Ta6JI. l Ha OCHOBe pe3yJ!bTaTOB 011THMH3al.IHOHHbiX HCCJ!e,liOBaHHH 60J!b

mHX 6biCTpblX peaKTOpOB, npoBe,lleHHbiX c. E .Eo6pOBb!M, B. r. llJ!IDHHHbiM, 

A .M .Ky3hMHHbiM, B .M .MyporoBbiM, A .11 .HoBOlKHJ!OBbiM, IO .B .CHJ!aeBbiM, 

A. H. illMeJ!eBbiM, npHBe,lleHbl xapaKTepHCTHKH 6biCTpb!X peaKTopoB 6oJ!&moif 

MOmHOCTH [1500 MBT (3J!)) c pa3JIH'IHbiMH cnoco6aMH BbipaBHHBaHH.s! (c yqe

TOM OJKH,llaeMoro nporpecca peaKTOpocTpoeHHH): EOTI-2 - ycoBepmeHcTBo

BaHHbiil: OKHCHbiil: ypaHOBbiil: peaKTop, BbipaBHeHHbiil: o6orameHHeM; ECP -

ycoBepmeHCTBOBaHHbiH peaKTOp CO CTa6HJ!bHb!M llOJ!eM TeTIJIOBI>I,lleJ!eHH.s!; 

EOE-1 - ycoBepmeHCTBOBaHHI>IH OKHCHbiil: nJ!yTOHHeBb!H peaKTop, BbipaBHeH

HI>IH o6orameHHeM; EOE-2 - ycoBepmeHcTBOBaHHbiil: OKHCHI>IH nJ!yTOHHeBbiH 

peaK TOp, BbipaBHeHHb!H cocTaBoM; EKE - ycoBepmeHCTBOBaHHbiH Kap6H.I1HbiH 

TIJIYTOHHeBbiH peaK TOp, BblpaBHeHHI>IH o6orameHHeM. 

Hcxo,liHbie TeXHOJ!OrH'!ecKHe H KOHCTPYKl.IHOHHbie napaMeTpbi, noJ!oJKeH

Hbie B OCHOBY OI1THMH3a1.1HH, npe,liCTaBJ!eHbl B Ta6JI. II . 
HeKOTOpbie H3 npHH.s!TbiX 3,llecb ,!IJI.s! onTHMH3al.IHOHHOro pac'!eTa HCXo,li

HbiX ,llaHHb!X B3.s!TI>I c yqeToM onpe,lleJ!eHHoro TeXHH'!ecKoro nporpecca (3Ha

'IHTeJ!bHoe rH,llpaBJIH'!eCKOe COilpOTHBJ!eHHe llaKeTOB, TB3Jibl C Bbii1YCKOM ra-

30Bb!X OCKOJIKOB). l.!TO KacaeTC.s! rJ!y6HHbl BbiropaHHH, TO B pac'leTe HCI10J!b-

30BaHbl yMepeHHble nepcneKTHBHble OQeHKH 3TOH BeJIH'IHHbl (MaKCHMaJ!bHa.s! 

rJ!y6HHa BI>IropaHH.s! 100 000 MBT· cyTKH/T). B CB.s!3H c 3THM Ha,llo 3aMeTHTh, 

'ITO o6HapylKeHHOe B 110CJ!e,liHHe rO,llbl .s!BJ!eHHe pa,liHaQHOHHOrO pacnyXaHH.s! 

CTaJ!eif MOJKeT 110Tpe6oBaTb ,li0110JIHHTeJ!bHbiX TeXHH'!eCKHX MeponpH.s!THH ,!IJI.s! 

,liOCTHlKeHHH 11pHH.s!Tb!X rJ!y6HH BblropaHH.s!. 
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4. PACXO,ll ITPHPO,llHOrO YPAHA 

IJp11MeM 1 'ITO pa3BI1TI1e H.llepHOH 3HepreTI1KI1 OTII1Cn!BaeTCH Bn!pa)KeHI1eM 

N(t) = ~ ( ewt - 1) + N(O) (5) 

r.z~e N(t) - ypOBeHn MOIIIHOCTI1 B MOMeHT BpeMeHI1 t; A - TIOCTOHHHaH, B .z~aH

HOM CJiyqae A= 2,38; W - 3a.llaHHI\IH aCI1MTITOTI11.1eCKI1H TeMn pOCTa MOIIIHOCTI1 1 

B .z~aHHOM CJiyqae W = 0,08; N(O) - Hal.laJ!bHDIH ypoBeHb MOIIIHOCTI1 1 B .z~aHHOM 

cny1.1ae N(O) = 2. PaccMaTp11BaeMniil: oTpe3oK speMeHI1 - 30 neT. Pac1.1eTDI 

TIOTpe6JieHI1H ypaHa Bl>ITIOJIHeHnl np11 yqaCTI111 JI. C .AHy!pp11eHKO, 

Ha p11c • 3 noKa3aH .1111ana3oH 113MeHeHI1H pacxo.z~a np11po.z~Horo ypaHa 3a 

30 JieT np11 11CTIOJ!b30BaHI111 KOM611HaQI1H ypaHOBI\IX 11 TIJiyTOHI1eBn!X peaKTOpOB 

C pa3JII11.1Hl>IMI1 xapaKTep11CTI1KaMI1. 

Kp11saH 1 .z~aeT pacxo.z~ ypaHa .!IJIH ypaHOBDIX nnyTOHI1eBniX peaKTOpoB 

(EOE + EOIJ) C 11 COBpeMeHHl>IMI1 11 xapaKTep11CT11KaMI1 1 Kp11BaH 2 OTHOCI1TCH K 

6DICTpD!M peaKTOpaM CO CTa611JibHI\IM TIOJieM TeTIJIOBnl.lleJieHI1H (ECP) 11 1 Ha

KOHeq, Kpi1BaH 3 TIOKa3n!BaeT 1 KaK CI1JibHO MO)KeT CHI1311TbCH paCXO.ll ypaHa 

np11 11CTIOJ!b30BaHI111 MOHOKap611.!1HOro 6p11.11epa C nepcneKTI1BHDIM11 xapaKTe

p11CTI1KaMI1 (EKE). Bo BCex Tpex Bap11aHTaX np11HHT TIOCTOliHHDIH K03!p!pl1-

ql1eHT Harpy3KI1 cp = 0,8 11 TIOCTOliHHall KOHUeHTpaUI111 235 U B OTBaJibHOM ypaHe 

Xo = 0,25o/o; BpeMll BHemHero 1.111KJ!a TaK)Ke TIOCTOliHHO 11 paBHO 1 ro.z~y. B 

cnyqae COKpameHI1ll .!IJII1TeJibHOCTI1 BHeiiiHero TOTIJII1BHOrO Q11KJ!a .!10 0,5 ro.z~a 
('ITO npe.!ICTaBJilleTCll TeXHI11.1eCKI1 B03MO)KHI\!M) paCXO.ll ypaHa MO)KeT 6D!Tb 

CHI1)KeH eme Ha 25-35%. 
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Plic. 3. CyMMapHbiH pacxo11 nplipO.IIHOro ypaHa B 3aBHCHMOCTH oT xapaKTepHCTI'!K 6htCTpblx 
peaKTopos: 
1 - peaK TOphi EOIT + EOE; 2 - peaKTOphl ECP; 3 - peaK TOphi EOIT + EKE. 
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PHc.4. CyMMapHLIH pacxo,ll npHpO.llHOro ypaHa ,llnll pa3nH'lHLIX KOM6HHauHif peaKTopoB: 
1- peaKTOpbl JJBP-1 + JJBP-2; 2- peaKTOpLI JJBP-1 + JJBP-2 + EOE +EKE; 2a- peaK
TOphi JJBP-1 + JJBP-2 + EOE +EKE, Tn = 0,5 ro.lla; 3 - JJBP-1 + EOIT + EOIT-2 + EOE +EKE; 
3 a - JJBP-1 + EOIT + EOIT-2 + EOE +EKE, Tn = 0,5 ro,lla. 

PacCMOTpeHHbie Bblille BapHaHTbl npe.liCTaBRli!OT B OCHOBHOM TeopeTH

'!eCKHH HHTepec .liRli aHaRH3a B03MOJKHOCTeii O.!IHHX 6b!CTpbiX peaKTOpOB. B 

peanbHb!X ycnOBHSIX Sl.zlepHaSI 3HepreTHKa Ha'IHHaeT CBOe p83BHTHe C peaKTO

pOB Ha TennOBblX HeHTpOHaX, T8K KaK OHH ceii'laC HaH60nee OTpa6oTaHbl H 

COCTaBRSIIOT OCHOBY Sl.llepHOH 3HepreTHKH BO BCeX CTpaHaX. l13BeCTHO, 'ITO 

pa3BHTHe Sl.llepHOH 3HepreTHKH Ha O.!IHHX TennOBbiX peaKTopax C UHPKYRSIUHeH 

nnyTOHHSI noTpe6oaano 6bi 3Ha'IHTenbHO 6onbme npHpo.r~Horo ypaHa, '!eM .!IRS! 

aapHaHTOB pa3BHTHSI SHepreTHKH C 6b!CTpb!MH nnyTOHHeBblMH peaKTOpaMH, 

T8K K8K B TennOBblX peaKTOpax nnyTOHHH HCnOnb3yeTCSI Hes¢¢eKTHBH0. 

IJpH'IeM 3TO pa3RH'!He .!IORJKHO B03p8CT8Tb C yaenH'!eHHeM paCCMaTpHBaeMo

ro HHTepaana apeMeHH. YKa3aHHb!H s¢¢eKT npOS!BnlieTCSI yJKe .liOCTaTO'IHO 

cHnbHO B npe.r~enax 6nHJKaiimHx 30 neT. 
Ha pHc .4 npe.r~cTaaneHbi KpHBble cyMMapHoro pacxo.r~a npHpo.r~Horo ypa

Ha .!IRS! Tpex aapHaHTOB pa3BHTHSI Sl.llepHOH 3HepreTHKH B COOTBeTCTBHH C Bbi

paJKeHHeM ( 5). IJpHBe.lleHHble UH¢pb! HOCSIT 'IHCTO HRRIOCTpaTHBHb!H xapaK

Tep. 

B Ka'!ecTBe TennoabiX peaKTOpoa B3SITbi .liBa aapHaHTa nerKOBO.ziHbiX pe

aKTopoa - COBpeMeHHbiH (JIBP-1) H nepcneKTHBHblH (JIBP-2)j HX xapaKTe

pHCTHKH .llaHbl B Ta6n.Ill (OHH npHMepHO COOTBeTCTBYIOT .llaHHb!M pa60Tbl(11]). 

IJpe.z~nonaraeTcSI, 'ITO nepBbie 10 neT ace A3C pa6oTaiOT c Kos¢¢HUHeHTOM 

Harpy3KH ip = 0,8, a CRe.llyiOmHe 20 neT K03¢ <i>HUHeHT Harpy3KH paBeH 0, 7. 
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TAEJIHUA III. XAPAKTEPI1CTI1Kl1 TEIIJIOBbiX PEAKTOPOB 

ITapaMeTp 

3arpy3Ka, T npHpo~Horo 
ypaHa/MnH. K8T(3n) 

Pacxo.n Ha no.nnHTKY (<p= 0,8), 
T npHpo.nHoro ypaHa/MnH. KBT (3n)-ro.n 

ITpoH3Bo.ncTao nnyTOHH>< ('I'= 0,8), 
T .nen><meroc>< Pu/MnH. KBT (3n)-ro.n 

JIBP-1 JIBP-2 

650 400 

160 120 

0,200 0,200 

99 

ECJI.If B CHCTeMe ecTb 6biCTpbie peaKTOpbl 1 nocJie nepBbiX 10 JieT K03q>

i±>HI.I.IfeHT Harpy3K.If CHHJKaeTC51 TOJibKO .LIJI51 A3C C TenJIOBb!M.If peaKTopaMH; 

6b!CTpb!e peaKTOpb! BCe BpeM51 pa6oTaiOT C K03!l>i±>HI.I.IfeHTOM Harpy3K.If 0,8; 

npH 3TOM cp TenJIOBb!X peaKTOpOB B 3aBHCHMOCT.If OT HX l.l.lfCJia CH.IflKaeTC51 Ha

CTOJibKO, l.!TO o6nmif cpe.L\HHH K03cp!±>HI.I.IfeHT Harpy3K.If COCTaBJI51eT- 0,7. Ec

JI.If He OrOBOpeHO OC060 BpeM51 BHeiiiHero TOnJIHBHOrO l.l.lfKJia, OHO npHH51TO paB

HblM 1 ro.z:~y. 

PaccMOTpeHbi cne.r~yiOII\He BapHaHThi (eM .p.Hc. 4). 
1. JierKOBO.LIHb!e peaKTOpbl JIBP-1 nepBb!e 10 JieT nJIIOC JierKOBO.LIHb!e 

peaKTOpbl JIBP-2 CJie.LiyiOII\He 20 JieT; Bbipa6aTb!BaeMblH nnyTOHHH HCnOJib-

3yeTC51 B 3THX JKe peaKTOpax; 3q> q>eKT HCnOJib30BaHH51 nJiyTOH.If51 yl.!TeH ny

TeM yMeHbmeHHH o6mero pacxo.z:~a ypaHa Ha 20o/o. 

2. JierKOBO.LIHb!e peaK TOphi JIBP-1 nepBbie 10 JieT nJIIOC JierKOBO.LIHbie pe

aKTOpbl JIBP-2 nOCJie.LiyiOII\He 20 JieT COBMeCTHO C 6hiCTpb!M.If nnyTOHHeBb!M.If 

peaKTOpaMH; 6b!CTpb!e nnyTOH.IfeBb!e peaKTOpbl Ha OKHCHOM ropiOl.!eM (EOE) 

Hal.!HHaiOT BBO.LIHThC51 no npomecTBHH nepBb!X 10 neT, 3aTeM e111e qepe3 5 neT 
BMeCTO HHX CTp051TC51 nJiyTOH.IfeBb!e 6b!CTpb!e peaKTOpbl Ha Kap6H.LIHOM rOpiO

l.!eM (EKE). 

2a. To JKe, l.!TO H Bap.HaHT 2, HO BpeMH BHemHero TonJIHBHoro I.IHKJia 

Tn = 0,5 ro.z:~a. 

3. JierKOBO.LIHb!e peaKTOpbl JIBP-1 CTp051TC51 nepBb!e 10 JieT, 3aTeM BMec

TO HHX COBMeCTHO C 6b!CTpb!Mii peaKTOpaMH (EOE) no Mepe Ha.z:~o6HOCTH co

opylKaiOTC51 6bicTpbie ypaHOBbie peaKTopbi (EOII); qepe3 15 neT nocne Hal.! a

Jia pa3BHTH51 3HepreTHK.If BMeCTO OKHCHb!X 6p.H.LiepoB (EOE) CTp051TC51 Kap6H.LI

Hbie 6pH.Liepbi (EKE) H BMecTo peaKTopoB EOII no Mepe Heo6xo.r~HMOCTH -

ycoBepmeHcTBOBaHHbie peaK TOphi EOII -2. 

3a. To JKe, l.!TO .If BapHaHT 3, HO BpeM51 BHemHero TOnJIHBHOrO l.lliKJia 

yMeHhmeHo c 1 .r~o 0,5 ro.r~a nocne 1985 r. 

Pe3yJihTaTbi pacl.!eTOB noKa3biBaiOT, l.!TO B BapHaHTe c O.LIHHMH TennoBbi

MH peaKTOpaMH ocyll1eCTBJI51eTC51 HeCKOJibKO MeHbill.lfH CyMMapHblH paCXO.LI 

ypaHa no cpaBHeHHIO C OCTaJihHblMH BapHaHTaMH B Tel.!eH.He npHMepHO nepBI>IX 

17 JieT, O.LIHaKO K KOHI.IY BTOporo .LieC51THJieTH51 BCe KpHBI>Ie paCXO.Lia nepece

Ka!OTC51 1i paCXO.LI ypaHa B BapHaHTe C O.LIHHM.If TenJIOBI>IM.If peaKTOpaMH nocJie 

3TOrO CTaHOBHTC51 60Jibille, l.!eM B OCTaJibHb!X BapHaHTaX, li 3Ta pa3H.Ifl.la 6hiC

TpO HapacTaeT CO BpeMeHeM. 

K KOHI.IY TpeTbero .z:~ec51THJieTH51 3KOHOM.If51 B pacxo.z:~e ypaHa .LIJI51 BapHaH

TOB C 6i>ICTpb!M.If peaKTOpaMH no cpaBHeHHIO C 11 BCeTenJIOBI>IM 11 BapHaHTOM 1 

COCTaBJI51eT 33-62%. 

Ha.H6onee 3KOHOMH1.!Hb!MH no pacxo.z:~y ypaHa oKa3b!BaiOTC51 Bap.HaHTI>I, B 

KOTOpb!X no HCTel.!eH.If.lf nepBb!X 10 JieT BMeCTO TenJIOBI>IX ypaHOBb!X peaKTO-
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pOB CTpO.HTC.H no Mepe Ha,li06HOCTH B ,liOnOJIHeHHe K 6biCTpblM 6pH,llepaM 6b!CT

pb!e ypaHOBb!e peaK TOphi. 

TipH HCnOJib30BaHHH ypaHOBhlX 6biCTpb!X peaKTOpOB o6ecnetmBaeTC.H He 

TOJ!bKO HaHJIY'lllla.H 3KOHOMHH ypaHa 3a 30 JieT, HO H MHHHMaJibHhiH ero pac

XO,ll B ,llaJibHeil:llleM 3a npe.z~eJiaMH 3Toro nepHo.n;a. liMeercH B BH.n;y pacxo.n; 

ypaHa Ha no.n;nHTKy A3 C c ypaHOBh!MH peaKTopaMH, BBe.n;eHHhiMH 3a paccMaT

pHBaeMhiH 30-JieTHHH HHTepBaJI, ,liO KOH!.Ia HX CpOKa CJiyJK6hi. Pacxo.n; 3TOT 

,liJIH BapHaHTa 1 C O,liHHMH TenJIOBhlMH peaKTOpaMH 6y.n;eT HaMHOrO 60Jihllle, 

'!eM B BapHaHTaX 3 H 3a, r.n;e TenJIOBhiX peaKTOpOB MallO H, KpOMe TOrO, liMe

eTCH B03MOJKHOCTb npHMeH.HT:b ,liJIH no.n;nHTKH nocJie 2000 r. H36biTO'!HhiH 

nJiyTOHHH H3 6biCTpbiX peaKTOpOB. 

KaK yJKe OTMe'!aJIOch, .n;JIH nepcneKTHBHhiX 6nrcTphrx peaKTopoB 3.n;ech 

npHHHThl yMepeHHbie BeJIH'lHH:SI MaKCHMaJihHOH r Jiy6HHhl BhlrOpaHHH, KOTOpb!e 

.n;ocTHJKHMhi .n;JIH OKHCHoro roproqero yJKe ceil:qac. 

YBeJIH'leHHe rJiy6HHhi BhiropaHHH ocraeTcH, TaKHM o6pa3oM, B03MOJKHhiM 

pe3epBOM .n;aJihH€Hill€rO nOBhiJ!IeHHH 3~ ~eKTHBHOCTH TOnJIHBHOro l.IHKJia. 3.n;eCb 

He paccMoTpeHhi B03MOJKHOCTH .n;onoJIHHTeJihHoro YJIY'll!IeHHH xapaKTepHCTHK 

npH HCnOJib30BaHHH MeTaJIJIH'leCKOrO ropro'lero, TaK KaK noKa H€T ,liOCTaTO'l

HhlX OnhiTHb!X .n;aHHhiX 0 .n;onycTHMhiX ero xapaKTepHCTHKaX (TeMnepaTypa, 

nJIOTHOCTb, JierHpOBaHHe, r Jiy6HHa BhiropaHHH H T. ,ll,). 

l.JTO KacaeTCH BJ!HHHHH Ha npHBe.n;eHHhl€ pe3yJihTaTbl no paC'l€TY noT

pe6HOCTH B npHpO,liHOM ypaHe MaCillTa60B pa3BHTHH H,ll€pHOH 3Hepr€THKH 1 TO 

MOJKHO C'lHTaTh, 'ITO KOHe'!Hhie HTOrOBhl€ l.IH~pbl B onpe.n;eJieHHhiX npe.n;eJiaX 

npOnOpl.IHOHaJihHhl ypOBHIO MOll\HOCTH Ha KOHel.l paCCMaTpHBaeMOrO nepHo.n;a, 

CJie.n;yeT OCTaHOBHTbCH eiUe Ha BJ!HHHHH HeTO'!HOCTH H.n;epHbiX .n;aHHhiX Ha 

pe3yJihTaThl paC'!eTa xapaKTepHCTHK 6hiCTpblX peaKTOpOB H 06'I>eMOB nOTpe6-

JieHHH npHpo.n;Horo ypaHa. HacTOHIUHe pac'!eThi ~H3H'leCKHX xapaKTepHCTHK 

peaKTOpOB c.n;eJiaHhl Ha OCHOBe 26-rpynnOBOH CHCTeMbl KOHCTaHT EHAE (12), 

CKOppeKTHpOBaHHOH B 1969 r. no nocJie,liHHM 3KcnepHMeHTaJihHbiM .n;aHHhiM 

.n;JIH 239 Pu ' 23Bu H 235 u [ 13 -15] . 

B pe3yJihTaTe KoppeKLIHH ce'!eHHH npoH30illJIO He6oJihl!IOe B03pacTaHHe 

y.n;eJibHOH 3arpy3KH (~ Ha 6o/o) H CHHJKeHHe K03~~Hl.IHeHTa BOCnpOH3BO,liCTBa 

paccMaTpHBaeMbiX THnOB 6biCTpblX peaKTOpOB (Ha 0,05); xapaKTepHCTHKH 

peaKTOpoB B Ta6JI. I )\aHhi c ytJeToM 3THX H3MeHeHHil:. 

TIO Ol.leHKaM, npHBe.n;eHHhiM B pa6oTe (16), TO'lHOCTb paC'!eTa TaKHX xa

paKTepHCTHK 60JiblllO!'O 6hiCTpOrO peaKTOpa, KaK K03~~H!.1HeHT BOCnpOH3BO,li

CTBa, COCTaBJIHeT ±0,1, a KpHTH'leCKOH MaCChi- ±8o/o. 3TO 06'I>HCH.HeTCH cy

IUeCTBYIOilleH Heonpe.n;eJieHHOCThiO H.n;epHhrx .n;aHHhiX. EcJIH B3HTh 3a ocHoBy 

npH pac'!eTe peaKTOpHbiX xapaKTepHCTHK necCHMHCTH'leCKHe Ol.leHKH, T. e. 

yMeHbllleHHe K03~~HLIHeHTa BocnpoH3BO.n;CTBa Ha 0,1 H yBeJIH'leHHe 3arpy3KH 

aKTHBHOH 30Hhl Ha 8o/o, TO paCXO,ll ypaHa 3Cl 30 JieT B CHCTeMe C TenJIOBhiMH 

H 6biCTpb!MH peaKTOpaMH B03pacTeT no cpaBHeHHIO C npe.n;cTaBJieHHhiMH Ha 

pHC. 4 l.IH~paMH He 6oJiee '!eM Ha 8-15o/o. 

5. 3KOHOMHl1ECKHE KPHTEPHH 3<I><I>EKTHBHOCTH HCTIOJih30BAHH51 

5I,llEPHOrO rOPIOliErO 

KaK OTMe'!aJIOCh Bhiille, 3KOHOMH'leCKHe KpHTepHH .n;oJIJKHhi Y'lHThiBaTb 

~aKTOp OrpaHH'leHHOCTH pecypCOB .n;el!IeBOro npHpO,liHOrO ypaHa 1 npHBO,li.HillHH 

K pocTy l.leH Ha ypaH CO BpeMeHeM, TipH 3TOM XapaKTepHCTHKH peaKTOpOB 

CKa3biBaiOTCH Ha TeMnax noTpe6JieHHH ypaHa H ,liHHaMHKe ero l.leHb!, KOTOpbie 

OKa3hiBaiOT o6paTHOe BJIHHHHe Ha 3KOHOMH'leCKHe nOKa3aTeJIH peaKTOpOB, 
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IlpH onpe,l1eJieHHH ,l1HHaMHKH QeH Ha ypaH 3,11eCb He 6y,11eT y<~HThiBaTbC51 

HeH36e)!(HbiH 11 HOpMallbHhiH 11 nporpecc B TeXHOJIOrHH 1 Be,l1yll1HH K CHH)!(eHHIO 

3aTpaT 1 TaK KaK npH OTITHMH3aQHH H cpaBHeHH51X Ba)!(Hbl He a6COll!OTHble 1 a 

OTHOCHTeJibHble BeJIH<iHHhl 1 KOTOpble 6oJiee CTa6HJibHhl. 

EcJIH G(t)dt - pacxo,11 npHpO,l1Horo ypaHa 3a BpeMH dt, ~(C)- pecyp

Chi ypaHa, 3aTpaTbl Ha KOTOpblH He npeBbllllaJOT C (.l101lll/Kr), TO 3aBHCHMOCTb 

C (t) MO)!(eT 6hiTb TIOJiy<IeHa H3 Bblpa)!(eHH51 

t 

~[ C(t )] = f'G(t) dt (6) 
v 

flpH OQeHKe 3KOHOMH<IeCKOH 3~~eKTHBHOCTH 6y,11eM HCXO,l1HTb H3 cyMMapHbiX 1 

npHBe,l1eHHhiX K 
11

HaCT0511lleMy MOMeHTy 11 t = 0 3aTpaT Ha npHp0,11HbiH ypaH: 

3= Jctte-P'G(t)C(t) 

0 

r,11e p - npOQeHT ,l1HCKOHTHpOBaHH51. 

(7) 

BapbHpyH Bblpa)!(€HH51 ( 6) H (7) 1 MO)!(HO HaHTH 1 <ITO npH H3M€H€HHH pac

XO,l1a ypaHa Ha liG (t) H3M€H€HI1€ CYMMapHbiX 3aTpaT COCTaBI1T 

r,11e 

BeJII1<~11Ha 

00 
,n 

li3 = J dte-PtliG(t)C(t) 

C (t) = C (t) +jdt1e-p(t'-t) dC 
dt 

t 

C(t) = ePt 
03 

liG(t) 

(8) 

(9) 

(10) 

11 )10Jl)!(Ha 6biTb B351Ta B Ka<IeCTB€ Q€Hhl ypaHa B yCJIOBI151X orpaHH<i€HHbiX pe

cypCOB. 0Ha y<~I1ThiBaeT KaK 3aTpaTbi Ha ,l1aHHhiH KI1JiorpaMM ypaHa, TaK 11 

yBeJII1<IeHHe 3aTpaT B 6y.l1yllleM np11 113pacxo,l10BaHI111 ,l1onoJIHI1TeJihHoro KI1Jior

paMMa ypaHa B MOM€HT t . AHaJIOri1<IHO QeHa TIJIYTOHI151 

r ,11e a OTHOCI1T€1lbHa51 3 ~~eKTI1BHOCTb 239 Pu H 235 U B peaKTOpax; 

1 -~ 

(11) 

'Y = X "' 200; Xo- KOHQ€HTpaQI151 235 U B OTBallej X - KOHQ€HTpaQ1151 
0,0071 - x 0 

235U B o6oralll€HHOM rOp!O<i€M. 3)1€Cb TIO,l1 /i3 TIOHI1MaeTC51 3KOHOMI151 B 3aTpa-
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TaX Ha ypaH npH BBe.D;eHHH .D;OnOJIHHTeJibHO 1 Kr nJiyTOHHH B MOMeHT t • Be

JIH"'HHbl o3 H CPu' KOHe"'HO, 3aBHCHT OT TOro, KaKHM o6pa30M HCnOJib3yeTCH 

nnyTOHHH (HanpHMep, B TenJIOBb!X HJIH 6b!CTpb!X peaKTOpax) 1 H n03TOMY O,D;

H03Ha"!HOe HX onpe.D;eJieHHe Tpe6yeT paccMOTpeHHH KOHKpeTHOH CHCTeMbl. 

ITo.nqepKHeM JIHIDb, "'TO CPu (t) onpe.nenHeT JIHIDb o-.~Hy cocTaBJIHIOI!1yro QeHbi 

nnyTOHHH 1 CBH3aHHYIO C noTpe6JieHHeM npHpO.D;HOrO ypaHa · 

ITpH 3TOM npHBe,lleHHbre 3aTpaTbr Ha npHpO.llHbiH ypaH ,llJIH peaKTopa i-ro 

THna OKalKyTCH paBHb!MH 

o3 - J -3 = eP1 oNi =I' [qiC(t) + qi dt•e-p(t'-t) c (t') 
(12) 

- rijdt'e-p(t'-t)CPu(t')l 

r,lle gi(Kr/MBT); gi (Kr/MBT·ro.ll); ri (Kr/MBT·ro,ll) - y,lleJibHbie paCXO,llbi 

roproqero ( 235U HJIH 239Pu) Ha 3arpy3KY 1 no,D;nHTKy peaKTOpa H npOH3BO,l{CTBO 

H36b!TO"!HOrO nnyTOHHH COOTBeTCTBeHHo; oNi- npHpOCT MOI!1HOCTH. ITpH 

OrpaHH"!eHHb!X pecypcax CTOHMOCTb npOH3BO,llCTBa 3JieKTp03HeprHH 6y.D;eT 

pacTH co apeMeHeM O.l{HoapeMeHHO c QeHoii ypaHa. AHanorH"'HbiH aHaJIH3 no

Ka3biBaeT, "'TO ypaHOBaH COCTaBJIHIOI!1aH CTOHMOCTH 1 KBT·"' HMeeT BH,l{ 

(13) 

"'TO npH HHTerpHpOBaHHH CBO,liHTCH K cyMMapHb!M npHBe,lleHHb!M 3aTpaTaM 

[(eM .BblpaJKeHHe (12)]. 

Bbi"'HCJieHHbie TaKHM o6pa30M 3aTpaTbi Y"'HTbiBaroT H3MeHeHHe QeHbi ypa

Ha BCJie,l{CTBHe orpaHH"!eHHOCTH pecypCOB H B 3TOM CMb!CJie 06'be,l{HHHIOT CO

,lleplKaHHe 3KOHOMH"!eCKHX H HaTypanbHbiX KpHTepHea. YqeT pocTa ueHbi npH

BO,llHT K yaeJIHqeHHIO a6COJI!OTHb!X BeJIHl{lfH 3aTpaT H K OTHOCHTeJibHOMY yMeHb

meHHIO pOJIH Ha"!aJibHbiX BJIOJKeHHH. 

'ITO KacaeTCH TeTIJIOBbiX peaKTOpOB 1 TO nony"!eHHbie <PopMyJibl yKa3bi

BaiOT Ha nOBbiiDeHHe HX 3KOHOMH"'HOCTH C BBO,llOM B ,lleHCTBHe 6biCTpb!X peaK

TOpOB H3-3a TIOBbiiDeHHH QeHbl nJiyTOHHH, a TaKJKe Ha QeJieC006pa3HOCTb C,llBH

ra OTITHMaJibHOH HX KOHCTpyKQHH H pelKHMOB pa60Tbl B CTOpOHy yBeJIH"'eHHH 

npOH3BO,llCTBa nnyTOHHH. 

C,lleJiaeM rpy6yro KOJIH"!eCTBeHHYIO OQeHKY H3MeHeHHH 3KOHOMHqecKHX 

noKa3aTeJieH peaKTOpOB, CBH3aHHb!X C yqeTOM <PaKTOpa orpaHH"!eHHOCTH ypa

HOBbiX pecypcOB. 

B BapHaHTe pa3BHTHH H,llepHOH 3HepreTHKH l TOJibKO Ha JierKOBO,l{HbiX 

peaKTopax 3aTpaTbi Ha npHpO.llHbiH ypaH pacTyT 3a 30 neT c C = 20 .llO 

C = 60 ,llOJIJI/Kr 1 TaK "'TO B cpe,D;HeM dC/dt "' 1 13 ,l{OJIJI/Kr·rO,ll. 

ITpH COBpeMeHHbiX QeHaX npHBe,lleHHbie 3aTpaTbl Ha ypaH ,llJIH JIBP COCTaB

JIHIOT "-'30 .l{OJIJI/KBT npH p = 6%B ro,D;, a no <PopMynaM (7), (4) -80 ,D;OJIJI/KBT. 

B cnyqae pa3BHTHH sHepreTHKH Ha JIBP H 6brcTpbiX peaKTopax npH p = 10% 

B rO,l{ 3TH QH<Ppb! paBHbl 20 H 40 ,l{OJIJI/KBT 1 COOTBeTCTBeHHO. 

3aTpaTbl Ha roproqee ,l{JIH 6biCTpb!X peaKTOpOB OKa3biBaiOTCll MeHblliHMH 

no BeJIH"'HHe (B npe,lleJiaX ± 10 ,llOJIJI/KBT) H CJia6ee 3aBHCHT OT QeHbl ypaHa. 

B MHpOBhiX MacmTa6ax. 
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3aTpaTbi, Bbl'HICJieHHbie no cpopMyJiaM (9), (12}, (13), BMeCTe C 3aTpaTaMH 

Ha o6ora1!1eHHe, 113rOTOBJieHHe, XHMJ.I'IeCKYIO nepepa60TKY TB3JIOB 11 T. n. MO

ryT CJIYlKHTb KpHTepHeM 3KOHOMJ.I'IeCKOH 3cpcpeKTI1BHOCTI1 np11 OllTI1MI13aU1111 

peaKTOpOB B YCJIOBHHX orpaHH'leHHb!X pecypcOB ypaHa . 
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Absrract-Resume-AHHOTa!IMli-Resumen 

PLUTONIUM UTILIZATION IN THERMAL AND FAST REACTORS. 
Large quantities of plutonium are made available in thermal reactor operation, thus constituting a 

major alternative source of fissile material. The advantages of using plutonium as an alternative to 
enriched uranium and of improving exploitation of the source material are incentives to recycle plutonium 
in thermal reactors. This assumes greater importance in the long term in connection with the advent of 
commercial fast reactors. In Italy, the Government Agency for Power Production, ENEL, and that for 
Nuclear Research, CNEN, tackled the problems associated with plutonium utilization by means of pro
grams that can be considered complementary. In 1966, EN a. in co-operation with EURATOM, launched 
an extensive research program to establish the feasibility of recycling plutonium in thermal reactors by 
means of U02 - Pu02 fuel assemblies. These assemblies were manufactured to standard fabrication tech
niques and were loaded in one of the ENEL reactors to verify their performance under actual operating 
conditions. The behaviour of these assemblies in normal operation, combined with the results of 
criticality experiments and gamma scanning. confirmed the validity of this approach. In the same year, 
CNEN launched the Plutonium Program and the Fast Reactor Program. The former aimed at acquiring 
know-how in the manufacture of ceramic-grade plutonium fuel in a specially built laboratory. As part of 
the development work, an extensive series of irradiation experiments on plutonium fuel was performed 
in prototype reactors. The Fast Reactor Program included research and development activities concerning 
fuel for fast reactors with a view to obtaining the necessary know-how to fabricate fuel assemblies capable 
of operating reliably at high specific power and high burn-ups. 

UTILISATION DU PLUTONIUM DANS LES REACTEURS THERMIQUES ET DANS LES REACTEURS RAPIDES. 
De grandes quantites de plutonium son! produites par !'exploitation des reacteurs thermiques, qui 

representent ainsi une source importante de matieres fissiles, Les avantages qui decoulent a la fois de 
!'utilisation du plutonium a Ia place de !'uranium enrichi et d'une meilleure exploitation de !'uranium lui
m~me encouragent .1. recycler le plutonium dans les reacteurs thermiques. A long terme, le probleme acquiert 
une importance majeure, compte tenu de la venue des reacteurs rapides sur le marche, En Italie, l'ENEL 
et le CNEN se son! attaches a resoudre les problemes lies a !'utilisation du plutonium dans des programmes 
que l'on peut consicterer complementaires. En 1966, l'ENEL, en collaboration avec EURATOM, a entrepris 
un vaste programme de recherche afin de determiner la possibilite technique de recycler le plutonium dans 
les reacteurs thermiques SOliS forme ct'elements combustibles en oxyde mixte UOz-PuOz. Ces erements, 
fabriques selon les techniques habituelles, ant ete charges dans un des reacteurs de l'ENEL, pour en verifier 
la tenue en conditions reelles d'utilisation. Le comportement de ces elements en exploitation normale, ainsi 
que Ies resultats des experiences de criticite et d'analyse gamma ont confirme la validite de ces recherches, 
La meme annee, le CNEN a entrepris le programme plutonium et le programme reacteurs rapides. Le premier 
visait a acquerir !'experience en matiere de fabrication de combustible ceramique au plutonium, dans un 
laboratoire specialement construit a cet effet. Dans la phase preparatoire, une longue serie d'experiences 
d'irradiation sur le combustible au plutonium a ete executee dans des reacteurs prototypes. Le programme 
de reacteurs rapides comprend des etudes et des recherches sur le combustible destine aux reacteurs rapides, 
a fin d' acquerir les connaissances necessaires a la fabrication d'elements combustibles offrant une grande 
securite d'exploitation a une puissance specifique et des taux de combustion f:leves. 

l1C!10Jlb30BAH!1E !1JJYTOH!15! B TEITJJOBbJX l1 obJCTPbJX PEAK TOP AX. 
DpH pa6oTe peaKTopoB Ha TenJIOBbiX HeHTpoHax HaKannHBaiOTCSI 6oJiblliHe KOJIHt.JeCTBa nny

TOHHSI, KOTOpbie MOryT CJIYJKHTb OCHOBHhiM aJibTepHaTHBHbiM HCT04HHKOM Jl€1lSIIUerOCSI MaTepHa

Jia, DpeHMyllteCTBa, CBH3aHHbie C npHM€H€HH€M nJiyTOHHSI BM€CTO 06orameHHOrO ypaHa H ynyt.~-
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WeHHeM HCOOJib30BaHHR npHpO.ztHLJX pecypCOB, no6y~.IlaiOT HCOOJib30BaTb B peaKTOpax Ha Tenno
BhiX HeATpOHaX nJiyTOHH€BLIH TOOJIHBHhiif UHKJI. '3ro npHo6peraeT 60JibWOe 3Ha1.feHHe B CBR3H CO 

cTpOHTeJibCTBOM s 6y .nym;eM npoMhlWJieHHhiX peaxropoa Ha 6LICTphiX HeHrpoHax. B HraJIHH 
HauHoHanbHOe 3HepreTHt.Jecxoe ynpasneHHe H HauHoHaJILHLIH KOMHTeT no SI,nepHoi:t 3HeprHM pe
manH npo6JieMbl HCOOJib30BaHIHI OJiyTOHKSI 00 nporpaMMaM, KOTOpbie MO)I(HQ paCCMaTpHBaTb KaK 

.nonoJIH.RJOm;He .npyr .ztpyra. B 1966 ro.ny HauHoHaJibHOe 3HepreTH4ecxoe ynpasneHHe cosMeCTHO 
C EspaTOMOM Hal.laJIO ocyw:ecTBJHITb 06WHpHyiO nporpaMMy HCCJie)l.OBaHI-IH C ll€llbl0 BLHICH€HH51 

B03M0)1(HQCTH HC00Jib30BaHHR OJiyTOHHeBOrO U:HKJia B peaKTopaX Ha T€0liOBhiX HeA:TpOHaX C npH

MeHeHHeM c6opoK, ronJJHBOM a KOTopLIX cny]l(aT U02 - Pu02. '3TH c6opKH 6hiJJH H3roTosneHLI 

no CTaH)lapTHOH 3aBO)lCKOR TeXHOJJOfHH H nOCTaBJJeHLI B O,llHH H3 peaKTOpOB HaUHOHaJJbHOrO 

3HepreTH1-teCKOrO ynpaaneHHH ,ll,JJ.R npoaepKH HX XapaKTepHCTHK B peaJJbHbJX pa60\.IHX ycJJOBHHX. 

Pe3yJJ&TaTLI HCOLITaHHA 3THX c6opOK B HOpMaJJbHhiX ycJJOBHstX, a TaKJ~te pe3yJJ&TaTLI KpHTH\.IeC

KHX 3KCnepHMeHTOB H raMMa-cKaHHpOBaHHH nO.ztTBepJJ.HJJH npaBHJJbHOCTb TaKOro nOJJ.XO.zta. B 
3TOM J~te ro,ll,y Hau;HoHaJJbHhiH KOMHTeT no st.ztepHOA 3HeprHH Ha\.laJJ HCCJJe,llOBaHHR no nporpaMMe 

H3y\leHHSI OJJYTOHHeaoro UHKJJa H no nporpaMMe pa3pa60TKH peaKTOpOB Ha 6biCTpbiX HeHTpOHaX. 

llepaasr KacaeTCH noJJy\.leHHSI CBe,ll,eHHA OTHOCHTeJJbHO KepaMH\leCKOrO nJiyTOHHeBOrO TOOJJHBa B 

cneu;HaJJbHO nocrpoeHHOA na6oparopm-t. B Kat.tecrae t.taCTH Hccne.n;osareJJbCKOH pa6oThi 6blna 

BbiOOJlHeHa 06WHpHaH CepH.R 3KCnepHMeHTOB nO 06Jly\leHHIO nnyTOHHeaoro TOnllHBa B npOTOTHn

HLIX peaKTOpaX. TiporpaMMa nO peaKTOpaM Ha 6biCTpLIX HeATpOHaX BKJll04aJla HCCJJe,noBaHHSl H 

pa3pa60TKH, KacaiOntHeCH TOOJlHBa .rtJHI peaKTOpOB Ha 6LICTpLIX HeATpOHaX, C u;eJlbiO OOJiylleHHH 

He06XOJlHMOH HHcl>OpMaUHH flO H3rOTOBJieHHJ) TeOJlOBLIJleJIRJOIJ.tHX 3JleMeHTOB, cnoco6HLIX pa6o
TaTb npH BblCOKOll y.rtenbHOl! MOUIHOCTH H 6onbll!HX rny6HHaX BbtropaHH~. 

UTILIZACION DEL PLUTONIO EN REACTORES TERMICOS Y RAP!DOS, 
En el funcionamiento de los reactores termicos se producen grandes cantidades de plutonic, constituyendo 

as1 una fuente adicional importante de material fisionable. Las ventajas de usar plutonic como alternativa del 
uranio enriquecido y de explotar mas eficientemente el material de fuente son incentives para reciclar el 
plutonic que se produce en los reactores termicos. Esta cuestion reviste, a largo plazo, la maxima importancia 
a cuenta del advenimiento de los reactores rapidos comerc!ales. En ltalia, la Agencia Estatal de Produccion de 
Energia, ENEL y lade lnvestigacion Nuclear, CNEN, atacaron los problemas referentes ala utilizacion del 
plutonic mediante programas que pueden considerarse.complementarios el uno del otro. En 1966, el ENEL, 
en cooperacion con la EURATOM, puso en marcha un extenso programa de investigacion para establecer las 
posibilidades del reciclado del plutonic en los reactores termicos a base de elementos combustibles de U02 -Pu02 , 

Estos elementos se fabricaron con tecnicas clasicas y fueron cargados en uno de los reactores del ENEL para 
comprobar su actuacion en condiciones de funcionamiento real, El comportamiento de estos elementos en 
operacion normal, junto con los experimentos de criticidad y la exploracion gamma confirmaron la validez de 
este procedimiento. En el mismo allo, ei CNEN lanzo el Programa del Plutonic y el Programa de Reactores 
Rapidos. El primero pretendia adquirir e~periencia en la manufactura de elementos combustibles de plutonic 
en forma ceramica; con este fin, se construyo un laboratorio especial. Como parte del trabajo de desarrollo 
se llevo a cabo una extensa serie de experimentos de irradiacion sobre elementos combustibles de plutonic en 
reactores prototipo. El Programa de Reactores Rapidos incluia la investigacion y desarrollo del combustible 
para reactores rapidos con la intencion de obtener la experiencia necesaria para fabricar elementos combustibles 
dignos de confianza, en funcionamiento a alto grado de quemado y elevada potencia especifica. 

1. INCENTIVES TO UTILIZE PLUTONIUM IN POWER REACTORS 

The large quantities of plutonium currently available from reactors in 
operation, and which will grow significantly in future as the nuclear in
stalled capacity increases, are a major alternative source of fissile material 
[ 1- 3]. One possible short-term utilization of plutonium is in thermal 
reactors, which, among other things, would avoid heavy financial outlay 
pending the advent of fast reactors. In fact, for a fissile plutonium value 
of, say, US $7/g, the credit on fuel cost for a 1000-MW(e) enriched-
uranium reactor would be over a million dollars a year. 

Apart from economic considerations, the incentive to recycle pluto
nium in thermal reactors lies in the possibility of using this material as 
an alternative to enriched uranium, which, on the one hand, would afford 
a certain independence in the procurement of fissile material and, on the 
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TABLE I. CHARACTERISTIC PARAMETERS OF SOME NUCLEAR 
REACTORS 
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Initial specific Initial specific 
Fissile material Natural uranium Natural uranium inventory of inventory of 

Reactor consumption a consumption a fissile material natural uranium consumption 

(kg/MW(e)) (kg/MW(e)) 
(kg/MW(e)-yr) (kg/MW( e) -yr) (kg/MW( e) -yr) 

Garigliano 
5.8 1020 o. 60 170 125 (BWR) 

Latina 
(Magnox) 

9. 0 1260 0.45 350 190 

Trino V. 
5. 0 915 

(PWR) o. 64 180 130 

Present 
generation: 

BWR 3. 0 530 0.52 140 105 

PWR 2.5 445 o. 58 155 120 

AGR 2.7 450 0. 59 145 120 

CANDU 1. 0 150 0.33 130 60 

Future 
generation: 

FBR 1. 6-2.5 40-60 -(0.25-0.35) 1. 5-3 

a Inclusive of the energy potential of the recovered fissile plutonium 

other, improve exploitation of the source material. Of course, in a 
mixed system of thermal and fast reactors, these advantages would be 
greatest if the plutonium were used in fast reactors only. 

With regard to exploitation of source material, Table I gives some 
of the characteristic parameters [ 4] of the three ENEL reactors now in 
operation and of other reactors of the present and future generations. From 
columns 4 and 5 it can be seen that: 

(a) in a given reactor -type, the consumption of natural uranium per unit 
of electricity generated decreases as fuel burn-up increases, owing to 
the larger amount of plutonium burnt in situ; 
(b) in proven reactor types, the fraction of potential energy of natural 
uranium actually _utilized is about lo/o; 
(c) since the exploitation of source material in the reactors of the present 
generation is relatively small, the various efforts aimed at recycling 
plutonium in thermal reactors and, to an even greater extent, at developing 
advanced converte~· reactors as well as fast reactors are amply justified. 

2. ITALIAN PROGRl'I.::VIS FOR PLUTONIUM UTILIZATION 

The problems associated with plutonium utilization were tackled in 
Italy by both CNEN and ENEL, and the related research programs may 
be considered complementary. ENEL carefully investigated the feasibility 
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of plutonium recycling by loading U02 -Pu02 assemblies manufactured with 
standard fabrication techniq'.les ( sintered pellets) in one of its thermal 
reactors and directly verifying their performance. Simultaneously, CNEN 
devoted its efforts to subsidiary aspects of U02 -Pu02 fuel technology, such 
as physics, thermohydraulic and mechanical design, and fabrication methods. 
The latter included advanced, as well as standard, technologies, such as 
those for preparation and vibrocompaction of dense powders in fuels for 
thermal and fast reactors. At present, CNEN is carrying out irradiation 
experiments in prototype reactors. 

2. 1. CNEN programs 

The CNEN activities concerning plutonium fuel are linked with the 
Plutonium Program, the Fast Reactor Program, the Eurex Fuel Reprocess
ing Program, the Industrial Chemistry Laboratory, the Reactor Physics 
Laboratory, and the Health Physics Service and the Medical Service 
of the Nuclear Research Centre at Casaccia, near Rome. 

The Plutonium Program is aimed mainly at acquiring know-how and 
developing the equipment necessary to manufacture ceramic-grade pluto
nium fuel within the shortest possible time. 

The Fast Reactor Program sponsors, among other activities, long- and 
short-term research and development of fuel for future fast reactors to 
obtain the know-how to fabricate fuel assemblies capable of operating 
reliably at high specific power and high burn-up. For this purpose, the 
PEC (Prova Elementi di Combustibile, i.e. Fuel Assembly Testing) 
Reactor will be built for development of a fast reactor fuel. Much of the 
work, especially that concerning experimental tests, is at present devoted 
to fuel assemblies for the first PEC cores, the fuel of which will initially 
be enriched uranium and subsequently U02 -Pu02 • 

The Eurex Program inc·.udes a pilot plant built at Saluggia, which is 
now being operated for experimental reprocessing of irradiated fuel and 
recovery of both uranium and plutonium. The plant is equipped with a 
number of lead cells and gloveboxes, and is capable of receiving spent 
fuel, extracting the plutonium content, and converting it from nitric solu
tion into oxide, i.e. ready for fuel preparation. 

The Industrial Chemistry Laboratory of the Casaccia Centre is en
gaged mainly in physical chemistry work on aqueous plutonium solutions, 
besides performing supporting work in the analytical chemistry of plutonium 
compounds. 

The Reactor Physics Laboratory of the Casaccia Centre performed 
the neutronic design of U02 -Pu02 fuel in co-operation with the Battelle 
Northwest Laboratory, within the framework of the USA-Italy bilateral 
agreement. The co-operative program included the following three phases: 

(a) Follow-up at Argonne of the performance of the EBWR plutonium core 
followed by post-irradiation measurements at Hanford. This permitted 
a systematic check of the computer codes describing the operational 
behaviour of plutonium fuel as a function of burn-up. 
(b) A series of criticality, power distribution and control rod worth 
measurements in the PRCF reactor at Hanford, in which General Electric 
personnel also participated, particularly for the study of hafnium control 
rods. 
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(c) A series of power distribution, spectral index and reactivity measure
ments with and without water gap and with Gd-poisoned fuel cladding tubes, 
shrouds and control rods in the RITl'viO reactor at Casaccia, on UOz-PuOz 
fuel rods supplied by the USAEC (since the Casaccia plutonium laboratory 
was under construction at the time). ::viost of the above results proved 
useful in planning the experiments in the Garigliano reactor, in which 
CNEN also participated. 

The Health Physics Service at the Casaccia Centre performs 
routine surveillance on plutonium-exposed personnel, while the '\1edical 
Service of the same Centre is responsible for first aid and for the bio
chemical determination, treatment and removal of plutonium. 

LIIIIti~t== =y_J\, 
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FIG. 1. Elevation plan and section of the Plutonium Laboratory, showing the three containment systems. 
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2. 1. 1. Laboratory for the development of plutonium fuel technology [ 5] 

The Plutonium Laboratory covers an area of approximately 2400 m2 , 

of which about 1400 m 2 comprise the alpha laboratories for work on ceramic 
materials containing plutonium (Fig. 1). 

While the design and construction of the plutonium laboratory at 
Casaccia were under way, an alpha laboratory was rented in Belgium to 
start the plutonium research work, to train personnel and to ascertain the 
possibility of adopting the sol-gel method, based on the CNEN process, 
and the soluble-salt hydrolysis method, based on the SNAM process, for 
the preparation of mixed oxides. 

CNEN's plutonium activities at Mol ended in the middle of 1968, when 
the new laboratory was ready at the Casaccia Centre. At that time, all 
development activities were transferred to Italy. The first plutonium 
batch was introduced into the gloveboxes in November 1968. 

This laboratory is used at present to try out various techniques for 
the fabrication of nuclear plutonium fuel, and in particular to carry out: 

(a) technological research into various methods of plutonium fuel pre
paration for both thermal and fast reactors; 
(b) analyses necessary for examination of the intermediate fabrication 
products as well as the final products; 
(c) subsidiary research on plutonium-bearing materials (studies on 
various compounds, sintered ceramics, etc.). 

The total expenditure incurred for the Plutonium Laboratory was about 
two million US dollars for special equipment and tools, and about half 
a million for civil engineering and conventional facilities. Although the 
plant is not intended to meet the requirements for industrial production, 
its capacity varies between 10 and 80 kg of ceramic material per day 
(in one shift), which is typical of large pilot plants, and it will provide 
useful information for the construction of any future production plants 
that might become necessary. 

2. 1. 2. Irradiation experiments 

The irradiation experiments on plutonium fuel produced by conventional 
pelletizing techniques and by the sol-gel method were aimed at deter
mining its behaviour with regard to the particular design characteristics 
required for use in both thermal and fast reactors. Table II shows the 
irradiation experiments performed or in progress. 

In the development of fast reactor fuel, the irradiation tests included 
experiments to investigate the release of gaseous fission products to the 
primary circuit (VENCA series), experiments to compare the behaviour 
of UOz and UOz-PuOz fuel assemblies fabricated with different techniques 
(GIANO series), and sub-assembly experiments in a fast neutron flux 
(DFR series). 

In the development of thermal reactor fuel, short-term experiments 
were carried out on small samples in the Swedish R-2 reactor at Studsvik. 
Additional long-term experiments on fuel rods are being carried out at 
Halden and Saluggia. Two test sections, loaded with sol-gel material, 
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TABLE II. SUMMARY TABLE OF IRRADIATION TESTS IN PROGRESS 
ON MIXED-OXIDE FUEL 

Test Code Reactor Burn-up as of April 1971 No. of Fuel 
name (Location) (Target), MWd/tonne pins gramsi form 

Venca G-2 RS1 6200 1 32 g Pu; vibrocompacted 
(Saluggia) 

Venca 6, 7, 8 snoe about 2000 1 each 19 g Pu; vibrocompacted 
(Grenoble) 

Giano-1 RS1 15 000 2 7 g '"U + 6 g Pu; vibrocompacted 
(Saluggia) 

Giano 2, 3, 4 RS1 Up to 496 max. 6 4 g "'u + 14 g Pu; vibrocompacted 
(Saluggia) 

lFA-124 HWBR 400 2 23 g Pu; vibrocompacted 
(Halden) 

!FA-170 HWBR 10000 8 81 g Pu; vibrocompacted 
(Halden) 

A. P. -1 HWBR 5000 16 1440 g <lii5U + 800 g Pu; pelletized 
(Agesta) ( 15 000) 

K. P. -1 BWR Just started 36 About 1630 g Pu; pelletized 
(Kahl) 25 000 

s. T. -43 to 54 R-2 Negligible 12 Pelletized 
(Studsvik) 

S. T. -55 to 66 R-2 Negligible 12 Vibrocompacted 
(Studsvik) 

Cyrsum PPCR Siloe 6500 1 6 g Pu; pelletized 
(Grenoble) (50 000) 

Cyrsum PPTC snoe 6500 1 6 g Pu; pelletized 
(Grenoble) 

DFR-2 DFR 53 631 1 71g mu + 13 g Pu; vibrocompacted 
(Dounreay). 

were irradiated in the Norwegian HWBR at Halden (Fig. 2). The non
instrumented section was removed after two months (at 500 MWd/tonne) 
because of a suspected failure which was not subsequently confirmed by 
post-irradiation examinations; the other fully instrumented section is 
still being irradiated. 

To integrate these experiments based on short samples or a few rods, 
a program was launched to experiment on fuel prototypes. A normal 
6 X 6 fuel assembly was fabricated (1600 mm long) for insertion in the 
boiling water reactor at Kahl, Federal Republic of Germany. A similar 
irradiation experiment is under way on a 4 X 4 fuel assembly (with four 
plutonium rods and twelve uranium rods) in the Swedish BWR at Agesta. 
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2. 2. ENEL program 

2. 2. 1. Plutonium recycle demonstration program in the Garigliano reactor 

In 1966, after an exhaustive investigation on the utilization of the 
plutonium produced in its stations, ENEL launched an extensive program 
on plutonium recycling in thermal reactors in co-operation with EURATOM. 
The program was implemented through a number of phases, for each 
of which several choices had to be made from various solutions, all of 
which were often technically valid. These alternatives, and the related 
choices, are briefly described below: 

(a) Of the two reactors available- a BWR (Garigliano) and a PWR (Trino) -
ENEL chose the former for several reasons, the main one being that at 
that time the Garigliano reactor had greater unutilized design margins [ 6]. 
(b) The number of mixed U02 -Pu02 prototype fuel assemblies (about 600 
rods) was chosen to ensure statistical representation of the metallurgical 
behaviour in the reactor and to enable experiments on neutronics to be 
performed. 
(c) Preference was given to pellet-type fuel, although other forms, such 
as vibrocompacted powder, were also used in small amounts. 
(d) The fuel assemblies were of both the standard type (Fig. 3(a)), contain
ing only plutonium rods, and the mixed type (Fig. 3(b)) containing plutonium 
rods at the centre and 235U -enriched rods at the periphery. 
(e) Rather than optimize the nuclear design of the prototype plutonium 
assembly, it was considered preferable to maintain the same lattice, the 
same reactivity lifetime and a local power peak within the same limits as 
the uranium assemblies. 
(f) As regards the experiments to be conducted on the fresh plutonium 
assemblies, the choice fell on reactivity measurements through the replace
ment technique and on local power distribution measurements by means of 
rod gamma-scanning. 
(g) A checkerboard loading pattern was selected in which the plutonium 
assemblies were scattered instead of being concentrated in one core region. 
(h) The experiments on the plutonium assemblies at the end of the first 
cycle at a burn-up of about 7000 MWd/tonne were chiefly macroscopic 
power distribution measurements by means of assembly gamma-scanning 
and local power distribution measurements by means of rod gamma-scanning. 

In the summer of 1968, open-vessel minimum critical experiments 
(item (f)) were performed on ensembles formed of enriched-uranium 
assemblies and prototype plutonium assemblies. The purpose of these 
experiments was to ascertain the reliability of the calculation methods 
used in the nuclear design of plutonium assemblies; in addition, since 
they were performed on real assemblies, they supplemented the data 
obtained from other experiments on critical facilities. It was thus possible 
to verify the reliability of the calculations for the determination o"f criticality 
conditions and power distribution in mixed lattices and for the evaluation 
of the influence of water gaps and contiguity of plutonium and enriched
uranium assemblies (power sharing). 

For this purpose, a sufficiently large number of assemblies was 
discharged from the reactor to clear a core quadrant in which to form the 
critical ensemble with a gap over 60 em wide to segregate the ensemble 
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[] FRESH FUEL ASSEMBLY 

II IRRADIATED FUEL ASSEMBLY 

D UNLOADED POSITION 

~ AL DUMMY 

[Q] SS DUMMY 

[QJ INSTRUMENTATION 

FIG. 4. Location of the assemblies of the critical configuration in the vessel. 

from the rest of the core (Fig. 4). To obtain meaningful information, the 
experiments were started with a critical ensemble of all fresh enriched
uranium (2.3% 235U) assemblies; subsequently, a uranium assembly was 
replaced with a plutonium assembly and the replacement was repeated for 
all the positions in the ensemble, one at a time, so as to obtain different 
configurations. In this manner, the reactivity variations associated with 
the different types and positions of the substituting elements could be 
assessed fairly accurately. 

For the power distribution measurements, a 3 X 3 ensemble was 
formed with four enriched-uranium and four mixed-type assemblies and 
one standard plutonium assembly at the centre. The configuration presented 
an octant symmetry, so that it was possible to measure the power distri
bution by removing only three assemblies, one of each type. The three 
assemblies, which had been irradiated at 109 nv for an hour, were trans
ferred to the fresh fuel pool for disassembly, and gamma scanning was 
then performed on each rod. 

The values predicted for criticality were within 0. 5% of the measured 
value; the standard deviation between theoretical and experimental values 
of the power distribution was less than 2%. 

In the meanwhile, ENEL had made arrangements with the Laboratories 
of the Common Research Centre at Karlsruhe for the chemical and isotopic 
analyses of a few rods of a uranium assembly that had been irradiated to 
9500 MWd/tonne in the Garigliano reactor; here again, the purpose was 
to verify the calculation methods in relation to burn-up. 
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The purpose of the gamma scans mentioned in item (h) above was to 
verify the validity and degree of precision of the simplified three-dimension 
codes normally used by ENE L to calculate the power distribution in the 
Garigliano reactor. In order to have meaningful results, fifty-two 
assemblies- one fourth of the core -were all subjected to gamma scanning 
on the four corners at eight equally spaced points along the assembly 
length. Eight of these fifty-two were plutonium assemblies so that their 
radial and axial power distributions in a mixed core could be established. 
The standard deviation between the calculated and experimental power 
distribution values was 2.5%, which proved the validity of the FLARE code, 
as adapted by ENEL, as a tool for the design and operational follow-up, 
even in the case of mixed cores. 

To check the local power distribution in the plutonium assemblies, 
one assembly was taken apart, and the power distribution was measured 
on each rod at two different elevations. The experimental results were 
quite close to the values obtained with the code in the x, y geometry used 
by ENEL for the nuclear design of the plutonium assemblies in respect of 
the variation in local power shape with irradiation. 

At the end of the next cycles, in addition to gamma scanning for the 
determination of the power distributions, long-term reactivity measure
ments and thorough inspections will be performed to determine the mechani
cal performance of the proto:ype assemblies. Consideration is being given 
to the desirability of performing isotopic and metallurgical analyses on 
partially irradiated rods of the prototype assemblies. 

2. 2. 2. Program for industr:.al utilization of plutonium 

Because of the quantities of plutonium that are becoming available, 
ENEL is giving serious consideration to plutonium recycling in its water 
reactors, subject, on the one hand, to the economic convenience of such 
recycling - which is mainly conditioned by fuel fabrication costs - and, 
on the other, to the plutonium requirements of any fast reactor prototypes 
that Italy may be interested in. 

At any rate, if plutonium recycling in one or more thermal reactors 
in an integrated system of nuclear stations results in an industrial value 
of plutonium that justifies this form of utilization, there will be a number 
of alternatives to choose from, such as: 

(a) open cycle or closed cycle; 
(b) partial load or total reload of plutonium, with or without burnable 

poisons; 
(c) fuel forms in relation to the fabrication costs; 
(d) all-plutonium or mixed-oxide assemblies; 
(e) nuclear design either optimized for plutonium or not; 
(f) use of natural uranium or recycle uranium (depleted or slightly en

riched). 

3. ECONOMICS OF PLUTONIUM UTILIZATION IN POWER REACTORS 

The advantage of recycling plutonium in thermal reactors pending 
commercial operation of fast reactors depends on many factors. One 
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way to assess this advantage is provided by the so-called "indifference 
method". In an economy of thermal reactors only, in which other appli
cations of plutonium are not contemplated it becomes economically ad
vantageous to recycle plutonium in a given reactor when this will result 
in a lower kWh cost than is obtainable with only uranium fuel and no 
credit for plutonium. In this case, it is "indifferent" whichever fissile 
material is used. 

The insertion of fast reactors in a system of thermal reactors 
- apart from any direct or indirect advantages associated with the better 
exploitation of the source material- is only economically profitable when 
it will lower the kWh cost of the whole system. In this case it is "in
different" whether a uranium-fuelled thermal reactor or a plutonium-
fuelled fast reactor is used, but the value of plutonium is higher than in 
a system of thermal reactors. Because of the higher value of plutonium 
in a mixed system of thermal and fast reactors and of the stocks required 
for the initial loads of fast reactors, it will be necessary to interrupt 
plutonium recycle far enough in advance unless, of course, excess plutonium 
is available [ 3]. 
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Abstract-Resume-AHHOTai.IMli-Resumen 

THE TECHNICAL PROBLEMS AND ECONOMIC PROSPECTS ARISING FROM THE ALTERNATIVE METHODS 
OF USING PLUTONIUM IN THERMAL AND FAST BREEDER REACTOR PROGRAMS. 

The methods available for calculating fuel requirements for recycling plutonium in thermal reactors 
are first described, comments are given on their likely accuracy and results presented from calculations 
on plutonium flows and isotopic concentration effects for a range of gas-cooled and water-cooled thermal 
reactors. The general conclusions are discussed and related to other practical aspects of the use of 
plutonium in thermal reactors, including fuel fabrication and reprocessing r"quirements, reactor design, 
operational and fuel management problems. Simil.ar information is then presented on the use of plutonium 
in sodium cooled fast reactors for metal oxide and carbide fuels. The case is considered for initiating 
fast reactors with 235 U. conclusions are drawn about the effects of plutonium isotopic compositions on 
the initial core and feed requirements for different reactor systems and the re-use of rejected material. 
The logistic and economic consequences of recycling plutonium and its value in thermal or fast reactors 
are assessed, taking the UK program as a particular example, and the important factors affecting alter
native strategies are identified. The general conclusion is drawn that the policy of the early introduction 
of fast reactors being followed in the United Kingdom provides the most economic utilization of plutonium. 
Recycling of plutonium in thermal reactors is likely to be attractive only in countries where the introduction 
of fast reactors is likely to occur much later. 

PROBLEMES TECHNIQUES ET PREVISIONS ECONOMIQUES QUE SOULEVE LE CHOIX DES METHODES 
D'UT!LISA T!ON DU PLUTONIUM DANS LES PROGRAMMES DE REACTEURS THERMIQUES ET DE REACTEURS 
A NEU1RONS RAP!DES. 

Les methodes don! on dispose pour calculer les quantites et les qualites de combustible necessaires au 
recyclage uu plutonium dans les reacteurs thermiques sont decrites, avec des observations sur la probabilite de 
leur exactitude, et les auteurs presentent les resultats des calculs concernant les flux de plutonium et les effets 
de la concentration isotopique pour une serie de reacteurs thermiques refroidis a l'eau ou par un gaz. Les 
conclusions generales sont analysees etrapporteesad'autres aspects pratiques de !'utilisation du plutonium dans 
les reacteurs thermiques, comme la fabrication du combustible et son retraitement, les concepts de reacteurs 
et les problemes d'exploitation et d'utilisation du combustible. On presente ensuite des renseignements 
analogues sur !'utilisation du plutonium sous forme d'oxyde ou de carbure dans les reacteurs a neutrons rapides 
refroidis au sodium. On considae Ia pcssibtlite de ctemarrer des reacteurs rapides avec une charge de 235 U, 
On tire des conclusicns qu>.nt aux e!fcts de la composition isotopique du plutonium sur le coeur initial et sur 
les conditions necessaires a !'alimentation de Jiff'erentes nueres de reacteurs ainsi que du reemploi des matieres 
rejetees. Les auteurs ctetermincnt lcs consequences logistiques et economiques du recyclage du plutonium et 
son importance dans les reactetm thermiques ou rapides en prenant le programme britannique comme exemple 
particulier. lis ctegagent les facteurs importants atfectant l'un ou !'autre des procectes et tirent Ia conclusion 
generale que la construction acceleree de reacteurs a neutrons rapides procurerait le mode d'utilisation le plus 
economique du plutonium au Royaume-Uni. Le recyciage du plutonium dans les reacteurs thermiques 
interessera vraisemblablement les pays oU !'introduction des reacteurs a neutrons rapides sera plus tardive. 
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TEXHH'1ECKHE 11 3 KOHOMH'1ECKHE ITPOEJJEMhl, B03HHKAIOIUHE ITPH AJJ hTEPHATHB
HhJX CITOCOEAX 11Cl10Jlh30BAHI15! ITJJYTOHI15! B ITPO!PAMMAX PA3PAEOTKH TEITJJO
BhlX 11 EbJCTPhlX PEAKTOPOB-EPHJIEPOB. 

BnepBbl€ OTIHCbiBaiOTCH M€J:'O.lli>I pacY:eTa OOTp€6HOCTeH: 8 TOOJIHB€ npH TIOBTOpHOM HCOOllb-

30BaHHH TIJIYTOHHH B T€0JIOBbiX peaKTOpax, npHBO,ll51TC51 H€KOTOpbT€ 3aMeYaHM51 0 HX B03MOJKHOH 

TOY:HOCTH, a TaK)I(€ pe3yJIE>TaTbi paC'-I€TOB paCXO.Ua nJiyTOHlHI H: 'f!¢JeKTOB H30TOOHOH: KOHU€HTpa

UHH )l.JHI pH.ua TenJIOBbiX peaKTOpOB C ra3006pa3HbiM H BO,ll.5IHbiM T€nJIOHOCHT€11€M. 06cy)l(,lla10T

C5I 06lll,H€ BhiBO.llbl, KaCaiOlllH€C51 .IlpyrHX acneKTOB HCTIOJib30BaHH5I OJiyTOHH5I B T€0110BbiX peaKTO

pax, BKJIIOt.fa5I Tpe6osaHH5i K H3rOT0811€HHIO H nepepa60TK€ TOOJHIBa, KOHCTpyKUHlO peaKTOpa, 

np06JI€Mbl 3KCnnyaTaWiH H neperpy3KH TOTIJIHBa. ,llaeTCH aHaJIODiLJHaH HH¢0pMaUH5I nO HCTIOJib-

30BaHHIO nJiyTOHH5I 8 6biCTphiX )KH,llKOMeTaJIJlHYeCKHX peaKTOpaX C TOOJIHBOM H3 OKHCH MeTaJIJia 

H Kap6H,n;a, PaccMaTpHsaeTCR CJiyqaj:f HCOOJlb30BaHH5I 6hiCTphiX peaKTOpOB C TOOJIHBOM H3 

ypaHa-235 Ha paHHefi CTa,n:HH. IlpHB·J,nHTC5I ,naHHhie nO BJIH5IHH10 H30TOOHOrO COCTasa OIIYTOHH5I 

Ha Tpe6osaHH5I K nepBOHaYaJibHOi1: H riOCJie,nyiOIJ..IHM 3arpy3KaM aKTHBHOH 30Hhl ,llliR pa3JIHYHhiX 

peaKTOpHhiX CHCT€M H Ha OOBTOpHOe HCOOJib30BaHHe OTpa6oTaHHOrO MaTepHaJia. IlpHBO.llHTCR 

KaYeCTB€HHaR H KOJIHY€CTBeHHa5I 0U€HKa JIOrHY€CKHX H 3KOHOMHY€CKHX OOCJie,llCTBHH OOBTOpHOrO 

UHKJia nnyTOHH.\1 s Tennoshlx H 6LICTJ:hiX peaKTOpax Ha npHMepe nporpaMMhi Coe.n;HHeHHOro Kopo
nescTsa. Onpe,lleJIHIOTCH OCHOBHbi€ :paKTOphi 1 BJIHHIOJ..IJ;H€ Ha Bbi60p aJibTepHaTHBHblX CTpaTen-t

YeCKHX HanpasneHHH. B 3aKJIIOYeHHH .n;enaeTc51 BhiBO.ll, YTO nposo.nHMas:~ s Coe,ll;HHeHHOM Kopo

nescTse llOJIHTHKa CTpOHT€JibCTBa 6biCTpbiX peaKTOpOB Ha paHHeH CTa,ll;HH o6ecneYHBaeT H3H60-

Jiee 3KOHOMHYHOe HCllOJib30BaHHe llJl)'TOHHH. flOBTOpHOe HCOOJib30BaHHe nnyTOHHSI B T€01IOBbiX 

peaKTOpax, no-sH.D:HMOMy, npHsJieKa:~eJibHO TOJlbKO B CTpaHaX, r)le CTpOHT€llbCTBO 6bJCTpbiX 

peaKTopos HaYHeTcH Ha 6o.~1ee n03.UH eft: CTa.UHH. 

PROBLEMAS TECNJCOS Y PERSPECTIVAS ECONOM!CAS RESULTANTES DE LOS METODOS ALTERNATJVOS 
DEL EMPLEO DEL PLU TONJO EN PROGRAMAS DE REACTORES TERMJCOS Y REPRODUCTORES RAPIDOS. 

Se describen primero los metodos disponibles para calcular las necesidades de combustible para la 
recirculaciOn de plutonic en reactores termicos y a continuaciOn se hacen comentarios sabre su posible exactitud, 
presentimdose a continuacion resultados de los d!lculos sobre el flujo de plutonic y los efectos de la concentracion 
isotopica en un surtido de reactores termicos refrigerados por gas y por agua. Se discuten las conclusiones 
generales, relacionandolas con otros aspectos practices del usa del plutonio en reactores termicos, incluyendo 
la fabricacion de combustible, la regeneracion, diseno de reactores y problemas operatives y sobre distribucion 
de combustible. Se presenta a continuacion informacion analoga sobre el empleo del plutonic en reactores 
rapidos refrigerados con sodio para combu;tibles de oxido metalico y carburo. Se considera tambien la 
propuesta para la iniciacion de reactores rapidos con 23"u. Se llega a ciertas conclusiones sobre los efectos de 
las composiciones isotOpicas del plutonic y las necesidades del nUcleo inicial en la alimentaciOn para diferentes 

sistemas de reactores, asf como el nuevo JSO del material rechazado. Se evalllan tambien las consecuencias 
loglsticas y econ6micas de la recirculaci6n del plutonic y su valor en reactores t€rm1cos o r.ipidos, tomando 
como ejemplo particular el programa en el Reino Unido. Se identifican ademas los factores importantes 
que afecran las posibilidades alternativas. Se saca la conclusion general de que la norma de la pronta 
introducci6n de reactores r.ipidos que se sigue actualmente en el Reina Unido, proporciona el empleo mas 
econ6mico del plutonic. La recirculaci6n del plutonic en reactores rermicos podrla ser atrayente solamente 
en palses donde la introducci6n de reactores r.ipidos sOlo podrla ocurrir mucho mas tarde. 

This paper describes United Kingdom progress with technical and economic assessments 
of uses for plutonium from uranium fuelled reactors arising from improvements in theoretical 
techniques and experimental data. 

Fuel cycle studies are reported with Pu replacing U235 for the Mark II Gas Cooled 
Reactor (AGR), the Mark III Gas Cooled Reactor (HTR), the Steam Generating Heavy Water 
Reactor (SGHWR) and the Pressurised Water Reactor (PWR); the associated operational and 
fuel plant problems are discussed. Use of Pu in each thermal reactor (possibly temporarily prior 
to use in fast reactors) is considered and equivalent information presented for using Pu entirely 
in fast reactors (in some cases with supplementary U235 initiation). 

Reactor system analyses require consideration in the light of specific national programme, 
fuel logistic and economic factors. For illustration the consequences of alternative Pu applications 
in typical UK programmes are presented. 
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THERMAL REACTORS 

Methods and data 

UK fuel cycle studies use the classical separation of lattice cell and overall reactor events. 
For thermal reactors the WIMS code is used including common nuclear data, geometric options 
for different types of fuel and self-shielding effects. The WIMS method has flexibility for the 
pilot studies required to establish group structure. Treatment of the growth of fission product 
poisons must recognise changes in fission yield with fissile isotope composition and the 
americium isotopes, 241 and 243, with a fissile contribution from Am 242, must not be neglected; 
studies with a substantial content of higher isotopes show an end of life reactivity Joss exceeding 
3% llk/k due to americium. 

The WIMS output can be combined with a reactor fuel management scheme using two or 
three-dimension diffusion theory calculations to follow the changes in power distribution, 
typically the ODYSSEUS code for GCRs, CALEB for SGHWRs, and JOSHUA for LWRs. 

Basis for comparison 

The thermal reactor results refer to utilisation of selected plutonium mixtures on a 
'once-through' basis with typical U235-cycle fuel management schemes (Table I) replaced by Pu 
schemes which achieve the same irradiation. Loadings containing both U235 and Pu, and 
adjustment of irradiations and fuel management to optimise reactor performance, may show 
benefits not considered here. 

On-toad fuelling in gas cooled reactors (and 60 hour refuelling shutdowns each 120 
full-power days for SGHWRs) enables power flattening by use of two zone enrichments. Annual 
refuelling, with a radial fuel move into a chequerboard inner zone, was assumed for the PWR. 
The Mark III GCR allows adjustment of the fuel to moderator ratio to permit Pu burning. Four 
plutonium stockpile isotopic compositions have been chosen, the first representing Magnox 
plutonium. 

Plutonium utilisation- thermal reactors 

The Pu fed and rejected has been computed (Table II), together with net fissile plutonium 
consumption and equivalence between initial plutonium and U235 atoms required to give the 
same reactivity lifetime. 

The Mark II GCR is a satisfactory user of Pu, having low fissile consumption and 
favourable Pu/U235 equivalence, even with higher Pu240 content, suggesting adequacy for 
once-through or continuous Pu recycle. The SGHWR has a slightly higher fissile consumption 
and higher Pu/U235 equivalence; nevertheless it should still be satisfactory for Pu recycle. 

TABLE I. TYPICAL U235 FEED THERMAL REACTOR DESIGNS 

Mean Feed Discharge Thermal 
Reactor Type Refuelling Scheme Enrichment Irradiation- Efficiency 

U235 Wt% MWd/tU % 

Mk II GCR On Load 2.36 18,000 42.5 

Mk III GCR On Load 5.10 60,000 42.5 

SGHWR 9-batch Off Load 2.09 21,000 32.0 

PWR 3-batch Off Load 3.28 33,000 33.0 
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For the PWR, however, even higher values of these parameters make it less satisfactory for 
recycle, though it is likely to be satisfactory for once-through applications. The fissile 
equivalence of the Mark III GCR is similar to that of the other thermal reactors, but it uses about 
two thirds of the Pu fed to it whereas the other designs use only one third; it is therefore more 
suitable for using Pu when fast reactors are not requiring it. 

Operational implications 

Fission and absorption cross sections for Pu are higher than for U and will increase new 
channel power peaking. For a Mark II GCR, fuel management changes and a temporary down
rating of the reactor might be required, but the equilibrium new channel age factor would be only 
a few% higher than for the U235 case. For an SGHWR, channel to channel peaking factors 
appear to be improved with Pu-fuelling at equilibrium and the void coefficient becomes slightly 
more negative; differential enrichment of a fuel bundle could usefully restrict the power peaking 
factor. In a PWR, pin power peaking may give difficulty where a Pu fuel assembly meets a U235 
one but the channel to channel macroscopic effect is reduced, compensating the loss in the 
departure from nucleate boiling (DNB) ratio; differential enrichments may again help. 

A safety review is needed for all Pu fuelled reactors as reactivity coefficients change and 
shut down rod worths are reduced. For water cooled systems the larger negative coolant density 
coefficient increases the required shutdown margin. For reactors where excess reactivity is held 
in control rods (in contrast to chemical shim) it may be necessary to compensate the loss in rod 
worth with a burnable poison. 

Fuel implications 

Plutonium fuel irradiated for the fast reactor programme in the Windscale AGR and the 
Winfrith SGHWR has indicated no special endurance problems. 

Two aspects of fuel design influence costs of meeting the same specification as for 
uranium fuel. The specification must allow for extra Pu manufacturing difficulties e.g. toler
ances in fuel density, pellet dimensions and inhomogeneity. The costs are far greater due to 
the high first cost of the plant and subsequent costs for plant cleaning, inspection, analysis and 
recycle of plutonium oxide, in all of which special operator protection is needed. 

A balance is needed between the extra cost of fabricating several enrichments and the 
saving from a better core form factor. By restricting plutonium to one enrichment and a specific 
number of pins, and varying the enrichment level in the uranium pins, a form factor no worse 
than for uranium fuel might be achieved; if a poorer local form factor is acceptable, concentration 
of the same plutonium in fewer pins might be economic. 

When Pu is recycled in thermal reactors the ratio of U to Pu fuel fabrication, largely 
because of the effect of scale of production,is about 4: I; the fabrication surcharge for the Pu 
fuel could be I 00% of the uranium fuel fabrication cost. The surcharge could be substantially 
higher in the early years due to limited requirements or eventually due to the advent of fast 
reactors terminating Pu recycle. 

The existing reprocessing plants at Windscale can, with some modification to operating 
procedures, reprocess plutonium enriched thermal reactor fuel. The problems are relatively 
small compared with those of plutonium fuel fabrication. 

FAST REACTORS 

Methods and data 

Important new differential cross-section measurements have emerged from the 
UK experimental programme. The zero power integral measurement programme has used two 
types of assembly; one simulating aspects of the Prototype Fast Reactor (PFR) (e.g. Zebra 7 
series) and the other for basic physics experiments,(e.g. Zebra 5 Doppler experiments, performed 
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in a heated loop with PFR type pins). In the Dounreay Fast Reactor (DFR) emphasis has been 
on determining alpha for Pu 239 and also for samples of U23S, U238, Pu240, Pu241 and Pu242. 
In 1967 measurements of the Pu239 alpha at energies in the range 0.1 to I 0 keY were reported 
double those previously assumed, and confir'l!ed later at Harwell, in the USA and in Russia. 
An increase has therefore been made in the alpha value for Pu239 in the latest 3S group cross 
section set FD4, which raises the spectrum averaged value by about 30%. A second important 
change is the increase in capture cross section for U238 by about 30% over the range I to 20 
keY, followed by a reduction of about 20% over the range 7S to 200 keY. The overall result 
has been an increase in plutonium feed concentration of about 6.S% and a reduction in breeding 
gain of about 0.08. 

Comparison of oxide and carbide fuels 

Table II gives Pu fuel cycles for 1200 MW(e) sodium cooled fast reactors with solid oxide 
and solid carbide pin fuels. A once-through continuous charge/discharge fuel cycle has been used 
to represent practical batch refuelling. Mean burnup was S.6% (7.S% maximum) for oxide fuel 
and 4.2% (S.S% maximum) for carbide, giving the same fissions/cm 3 ; these are not the ultimate 
burnup for these fuels. The radial breeder was carbide. 

The quality of Pu fed to fast reactors has little effect on their breeding gain and so Pu 
from any source can be used as input with similar effectiveness. The breeding gains imply 
linear doubling times of 20 to 2S years and I 0 to IS years for the oxide and carbide designs 
respectively. An economic comparison also depends on other factors, including fuel burnup 
and fabrication costs. In determining the fraction of the installation that can be fast reactors in 
the earlier years, the inventory is important; in this respect the two fuels are similar when out-of
pile requirements are allowed for. In later years the exponential doubling time is of greater 
significance and values of about IS and 8 years, which are achievable for oxide and carbide 
respectively, have to be compared with the long term electricity demand growth. 

Start up with uranium fuel 

In a sodium cooled fast reactor about 20% more neutrons are produced per absorption 
in Pu239 than in U23S, so Puis the preferred fuel for breeding. However when insufficient 
plutonium is available to provide initial inventories for fast reactors in the numbers required, 
the choice will be between more thermal reactors or starting up some fast reactors with U23S; 
plutonium produced in the latter can be used to convert them progressively to the preferred 
plutonium fuel. 

Table III gives fuelling data for 1200 MW(e) reactors with Pu and U23S alternative 
enrichments. Maximum core fuel burnup of 7.S% heavy atoms has again been assumed and 
the breeder is carbide. Uranium and plutonium have been taken to be a uniform mixture within 
both core zones. 

Excess plutonium produced with the U23S fuelled reactor is more than five times that 
from the Pu design but the breeding gain is much reduced and U23S must be continuously fed 
to the core. To provide the extra 7SO kg of Pu in the U23S reactor there is an additional 
consumption of about 9SO kg p.a. of U23S but more fast reactors become feasible; depending 
on the Pu/U23S starting mixture and the operating arrangements sufficient plutonium will have 
been produced in less than six years to allow conversion from U23S to entirely Pu fuelling. 

Fuel requirements 

Plutonium fuel fabrication cost data relies on manufacturing experience with PFR core 
fuel at Windscale and breeder fuel at Springfields; the latter operations are similar to those for 
the thermal reactor fuel. There is sufficient capacity to manufacture fuel for the 2SO MW(e) 
prototype and at least 1300 MW(e) of further requirements. Development work is in hand to 
explore improved flow sheets to give greater flexibility for alternative fuel designs and 
better economy in larger fabrication plants achieving the economies of scale. 

J fie neavy atQffi lfifUUg.IliJUl 4UUI.t::U ptVYlUC;) a .... vuapa.ll...,Vll VJ uu.nJ'-'u.uvu u..u._. .. ..,1-' • ..,..,...,.,..,. .. uo 

expenditure. For the Mk II GCR on a uranium feed in support of fast reactors specific costs 
are about £40,000/t U but the larger number required to support an all thermal programme leads 
to a lower figure of £30,000/t U. Plutonium feed involves a surcharge of some £30,000/t U. 
For the fast reactor typical figures are £140,000/tU + Pu in the core and £40,000/tU in the radial 
blanket. For the conservative burnup assumed, on this basis, the penalty to the fast reactor is 
about £7 /kW(e). 

The fast reactor is debited with an off-load refuelling penalty as the short-fall in 
electricity generation from the nuclear sector is made good by the lower merit fossil plant. 
With a fuel price of 1.8p/therm (SOc/MBtu) for the most economic fossil fuelled station the 
penalty would be about £3/kW(e). 
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PFR fuel is to be reprocessed in the existing Dounreay plant and the first UK 
commercial fast reactor fuel will probably be processed through existing head end plants at 
Windscale. Further development is aimed at new reprocessing facilities in the 1980s, for 
which no particular problems have been identified. 

Attention is being given to achieving short plutonium turn round time and minimum 
losses, a balance being sought between shorter cooling time and increased fuel handling, 
reprocessing and transport costs. Analysis has shown that reducing the turn round time of say 
nine months by one month could give a benefit of £1 to £2/kW. 

Operational implications 

The importance of fuel process costs in fast reactor fuel cycle economics make it 
desirable to phase the introduction of new fuel types with the construction of fuel process 
plants rather than reactors. Accordingly the problems of changing from one type of fuel to 
another in a fast reactor merit consideration. 

The transition from oxide to carbide fuel is an early prospect. This should be 
relatively straightforward as the time between fuel changing operations is only a few months 
and the fuel sub-assembly wrappers can be used equally well to accommodate either type of fuel. 
The main alternatives are to use bulk or progressive fuel changeover. 

In the bulk changeover plan, at the start of the last full irradiation period of the oxide 
fuel before changeover, sub-assemblies that have less than half of their irradiation life in hand are 
replaced by new ones which are then left in the core to proceed to their full irradiation. The 
fuel removed is stored, without reprocessing, and used as replacement for fully irradiated fuel 
until the bulk changeover to the carbide fuel, by which time the whole oxide fuel core should 
have reached a higher terminal burnup and minimum wastage of the fabrication cost will have 
occurred. 

A progressive fuel substitution method would require more careful organisation but 
need not incur large economic penalties. The main difficulties are those of neutron flux, and 
consequently sub-assembly power, to which coolant flow requires matching. 

COMPARISON OF ALTERNATIVE PLUTONIUM FUEL CYCLE STRATEGIES 
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surcharge of £20,000/t U for plutonium feed. The penalty to the fast reactor due to fuel 
fabrication and reprocessing is thus about £8/kW(e). After allowing penalties for off-load 
refuelling, assuming no difference in station construction cost between the SGHWR and the 
fast reactor, the net saving due to the introduction of fast reactors is about £8/kW(e); rather 
less than for the case in which the thermal reactor is the Mark II GCR. This saving is reduced 
by about £5/kW(e) for a 5 year delay in introducing fast reactors. 

For the case in which the advanced thermal reactor is the Mark III GCR the first 3 
stations are assumed to be introduced in 1976, 1978 and 1979 respectively, whilst the 
remaining stations are commissioned from 1981 onwards. As in the case of the SGHWR, the 
balance of thermal reactor requirements is supplied by the Mark II GCR and, on the all-thermal 
programme, plutonium feed stations are introduced in 1982 with installation limited to 
I 0 GW( e) up to 1986. In the all-thermal programme, the proportion of reactors on a plutonium 
feed is the highest of all 3 strategies by 1990, but thereafter becomes the lowest as the higher 
plutonium production rates of the Mark I and Mark II GCR stations are replaced by the lower 
rate from the Mark III GCRs on a uranium feed. For similar reasons, in the fast reactor programme 
the proportion of fast reactors is the lowest of the 3 strategies considered. 

When supported by the Mark III GCR the fast reactor shows a saving of about £7/kW(e) 
on uranium ore imports and about £6/kW(e) in respect of separative work requirements. For 
the Mark III GCR the fabrication and reprocessing cost is about £200,000/tU on a uranium feed, 
with a surcharge of about £70,000/tU on a plutonium feed. In this case therefore the fast 
reactor shows a saving on fabrication and reprocessing amounting to about £5/kW(e). 
Allowing a penalty for off-load refuelling and assuming no difference in station construction 
cost, the fast reactor achieves a net saving over the Mark III GCR with plutonium recycle of 
about £15/kW(e), more than 50% greater than the savings for the cases in which the thermal 
reactor is the Mark II GCR or SGHWR. This saving is reduced by about £6/kW(e) for a 5 year 
delay in introducing fast reactors. 

It appears that the fast reactor is able to show an economic advantage even in the event of 
adverse differences in station construction cost and with the low burnup assumed. An increase of 
I% in burn up increases the benefit from fast reactors by about £5/kW(e). Furthermore, although 
this advantage to the fast reactor can be materially reduced by delay in its introduction, there is 
the possibility during the delay of feeding plutonium to thermal reactors for a limited period. 
In this way it appears possible to reduce the penalty of delaying fast reactors by some 20-25%. 

Values have been obtained for the minimum selling price of 3 tonne of Magnox plutonium 
at the date at which a plutonium shortage first occurs. This is 1987-88 in the case of the all
thermal reactor programmes and 1986 in the case of the fast reactor programmes.. For the all
thermal programmes, the minimum selling price works out at about £2.5/g. In the case of the 
fast reactor programmes, however, the price is upwards of £5/g, falling to zero when plutonium 
becomes surplus to the requirements of the system in about 40 years. At times before the first 
occurrence of Pu shortage the price falls by the appropriate discounting factor. 

CONCLUSIONS 

Good progress has been made in improving experimental data and theoretical techniques 
required for assessing the use of plutonium in thermal reactors. It has been demonstrated that 
attention needs to be paid to a number of detailed topics such as self-shielding effects in 
plutonium resonances and the presence of the americium isotopes for reliable results to be 
obtained. 

From a logistic point of view the Mark II GCR, SGHWR and the LWR are suitable for 
operation with plutonium discharged from U235 fuelled reactors. The first two seem suitable 
for continued recycling of plutonium, but this creates increasing difficulty for the particular 
LWR studied and further investigation is required before a definite conclusion on this fuel cycle 
could be made. 
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The helium cooled Mark Ill GCR with coated particle fuel operates satisfactorily with a 
plutonium feed if the fuel-to-moderator ratio is adjusted to be lower than in the U235 fuel cycle. 
Its consumption of plutonium is higher than for the other thermal reactors studied. 

While there will be additional operational problems in converting thermal reactors to 
plutonium fuelling, which require detailed study for specific designs, these are unlikely to have 
a major impact on the economics of the reactor. The major problem will be in establishing fuel 
fabrication costs that will be competitive with U235 fuelling. The fabrication cost surcharge 
with plutonium will depend strongly on the scale and utilisation of the plant in matching reactor 
programmes and on the fuel specification, but is unlikely to be less than I 00% above the U235 
fuel costs in practical situations. On this basis the value of Pu is of the order of £2.5/g 
during the late 1970s. 

Improved fuel cycle calculations for sodium cooled fast reactors confirm that their 
breeding characteristics are unaffected by a wide range uf input plutonium isotopic compositions 
and thus that no problems will arise in using thermal reactor by-product plutonium or in 
continuous recycling. They can achieve total inventory exponential doubling-times of IS years 
with oxide fuel and less than I 0 years with carbide fuel - the preferred fuel will be determined 
by achievable burn up and fabrication costs. Thus the introduction of fast reactors should reduce 
the need for thermal reactors on logistic g~ounds. For initiating a fast breeder reactor programme 
the value of plutonium in the UK in the late 1970s is assessed to be upwards of twice the thermal 
burning value. 

Sodium cooled fast reactors can be initiated with U235 and their breeding characteristics 
would permit conversion to complete plutonium fuelling within 6 years should overall 
economics justify this course. 

Strategies which involve the use of plutonium depend on a number of specific factors 
in addition to basic reactor characteristics. From a study based on a typical UK programme 
it appears that it is preferable to store plutonium for use in fast reactors. The savings of 
uranium ore and separative work compared with the use of plutonium in thermal reactors more 
than offsets slightly higher capital and fuel fabrication cost differences even at very modest fast 
reactor fuel burn up providing the incentive for early large scale exploitation of fast reactors. 

In the event of delay in installing fast reactors, economies result from using plutonium 
in thermal reactors and the penalty incurred can thereby be appreciably reduced. 
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PLUTONIUM UTILIZATION IN LIGHT-WATER REACTORS. 
By 1974 a rapidly rising surplus of plutonium for commercial use will be available from US light

water reactors. It is not expected that the commercial LMFBR wi!I be introduced early enough and in 
sufficient quantities to warrant storage of the plutonium. This paper describes programs conducted in 
the United States which will provide the technological basis for safe and economic recycle of the plutonium 
in light-water reactors. In recent years the USAEC plutonium program has emphasized reactor neutronics. 
fuel cycle analysis and fuel behaviour in light-water reactors. A large number of experiments have been 
conducted in critical facilities, PRTR, EBWR and other test reactors. Analysis of these experiments, 
conelation with theory and application to commercial power plants indicate substantial neutronic differences 
between uranium and plutonium fuels, but no significant design limitations are seen. Also, irradiations 
of significant quantities of U02 - Pu02 fuels show performance equal to that of U02 fuels. Industry has 
initiated studies on the technical and economic parameters influencing the commercial utilization of 
plutonium which include fuel fabrication development, physics methods development, fuel cycle analyses, 
nuclear design and irradiation experiments. The Westinghouse/USAEC Saxton plutonium experiment will 
produce peak fuel exposures of 50 000 MWd/MTM by early 1972. The Edison Electric Institute has pro
grams with General Electric and Westinghouse to demonstrate plutonium recycle in a large BWR and PWR. 
As part of these programs, General Elecrric and Westinghouse have inserted U02- Pu02 fuels in Big Rock 
Point BWR and San Onofre PWR, respectively. In a co-operative program between United Nuclear 
Corporation and Commonwealth Edison, eleven prototype plutonium assemblies have been loaded in the 
Dresden-1 BWR. As part of each of the above demonstration programs, selected rods are removed at 
various stages of exposures for careful examination and evaluation. Results to date of the United States 
programs indicate that UO; Pu02 fuel can be designed to function interchangeably with uranium reload 
fuel, with flexibility to accommodate varying amounts of plutonium. 

UTILISATION DU PLUTONIUM DANS LES REACTEURS A EAU LEGERE. 
Un excedent rapidement croissant de plutonium, provenant des reacteurs a eau Iegere, sera disponible 

sur le marche americain en 1974. On ne croll pas que les reacteurs surgenerateurs rapides refroidis aux metaux 
liquides seront mis en service assez tOt et en nornbre suffisant, a des fins commerciales, pour justifier le 
stockage du plutonium. Le memoire deer!! done les programmes en cours aux Etats-Unis portant sur !'etude 
de Ia technologie du recyclage du plutonium pour les reacteurs a eau Iegere, dans de bonnes conditions 
d'economie et de securite. Pendant ces dernieres annees, le programme de l'USAEC consacre au plutonium 
a porte principalement sur Ia neutronique des reacteurs, !'analyse du cycle du combustible et le comportement 
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du plutonium comme combustible dans les rf.acteurs a eau l€.gere. On a fait un grand nombre d'experiences 
avec des assemblages critiques, le PRTR (reacteur experimental pour le recyclage du plutonium), le EBWR 

(r€.acteur experimental .1 eau bouillante) et autres reacteurs exp€.rimentaux. L'analyse de ces experiences, 
leur confrontation avec la theorie et leur a.r,plication aux centrales commerciales indiquent qu 'il y a de gran des 

differences en ce qui concerne les neutrons entre les combustibles a l'uranium et les combustibles au plutonium, 
mais que celles-ci n'impliquent pas de limitations importantes quant aux plans des reacteurs, Les essais 

d'irradiation de grandes quantites de combustibles a U02 -Pu02 ont egalement indique que leur tenue est 

comparable a celle des combustibles a U02 • L'industrie a commence !'etude des parametres techniques et 

economiques qui influent sur !'utilisation commerciale du plutonium, en particulier le developpement de Ia 

fabrication de combustibles, Ia mise au point des methodes physiques, !'analyse du cycle du combustible, 

!'etude technologique et les experiences d'irradiation. Le reacteur experimental au plutonium Saxton construit 
en commun par Ia Compagnie Westinghouse et l'USAEC fournira des expositions maxirnales de 50 000 MWj/t 

vers le debut de 1972. L'Edison Electric ln;titute travaille en collaboration avec General Electric et 

Westinghouse sur des programmes visant a cemontrer les possibilites de recyclage du plutonium dans des 

r€.acteurs de grande taille cl eau bouillante et .3. eau sous pression. Dans le cadre de ces programmes, General 

Electric et Westinghouse ont introduit des combustibles a U02-Pu02 dans le reacteur a eau bouillante de Big 
Rock Point et le reacteur a eau sous pression de San Onofre, respectivement. Le rk.acteur a eau bouillante 

Dresden-1 a ete charge de 11 assemblages :orototypes au plutonium, suivant le programme de cooperation 
entre United Nuclear Corporation et Commonwealth Edison. Dans le cadre de chacun de ces programmes 

de demonstration, on enleve des barres deterrninees une fois atteints les differents niveaux d'irradiation 

desires et on les soumet a un examen approfondi. Les resultats des programmes americains obtenus jusqu'a 
present indiquent qu'il est possible de donner aux combustibles a uo,-ruo, des caracteristiques telles qu'ils 

soient interchangeables avec le combustible a !'uranium aux fins de rechargement, avec une souplesse de 

fonctionnement qui permet d'utiliser des quantites variables de plutonium. 

l1CT10Jib30BAHHE TlJIYTOHl17! B PEAK TOP AX, OXJIAJK)lAEMbiX OEbi'-IHOH BO.llOH. 
K 1974 ro.rty B CiliA 6y.rteT Ha6JIIO,llaTbCH 6hiCTphiH poeT H36hiTKa nnyToHHH, npoH3BO.rtHMo

ro B peaKTOpax Ha 06hi4HOfi BO,ll€ H npHrO,llHOro ,llJIH KOMM€p4€CKOrO HCOOJib3083HHSI. He Q)KH

,ll3€TCH, 4TO KOMM€p4€CKH€ peaKTOpbi -pa3MHOJKHT€JIH Ha 6biCTpbiX HefiTpOH3X C )I(H,D;KOM€TaJIJIH-

4€CKHM T€nJIOHOCHT€11€M 6y,D;yT BB€,ll€Hbl .llOCTaT04HO paHO H 4TO onpaB,llaHO XpaHeHH€ 3Ha4H

T€JibHblX KOJIH4€CTB nnyTOHHH. B ,llaHHOM ,llOKJia,D;e ODHCbiBalOTC51 nporpaMMbi HCCJI€,1J;OB3HHti, 

ocyw;ecTsnHeMbiX B ClliA, KOTOpbie o6ecnet.~aT TexHonorHt.~ecKyiO ocHosy .llJIH 6e3onacHoro H 

3 KOHOMH4HOrO HC00Jib30B3HHH OJiyTOHJHf B peaK TO paX Ha 06hi4HOii BO.ll€. 3a OOCJI€)l:HH€ rO,llbl 

nporpaMMa Hccne,lloBaHHH nnyTOHHH KA3 ClliA npe.aycMaTpHsana, s OCHOBHOM, Hccne.n:osaHHH 

B o6naCTH HefiTpOHHOH tflH3HKH peaKTOpa, aHaJIH3 TOOJIHBHOrO UHKJia H H3Y4€HH€ OOB€,ll€HHSI TQO

JIHBa B peaKTOpaX Ha 06bi4HOJi BO,ll€. flpOBO)l:HJIOCb 60JiblliO€ 4HCJIO 3KCnepHM€HTOB C HCflOJib30-

B3HH€M KpHTH4€CKHX C6opoK, peaKTOpa JlJIH HCObiTaHHH OJiyTOHH€BOrO LtHKJia,. 3KCnepHM€HTaJib

HOrO KHOHW:ero BO,llRHOro peaKTOpa H n;pyrHX OObiTHbiX peaKTOpOB. AHaJIH3 pe3yJI&TaTOB 3THX 

3KCnepHM€HTOB H KOppeJIHU)-!SI T€OpHH npHM€HHT€JibHO K KOMM€p4€CKHM 3HepreTH'-J€CKHM peaK

TOpaM OOKa3aJIH CyW:eCTB€HH0€ pa3JIH4H€ ¢H3HKH HeHTpOHOB ,llJIH ypaHOBOrO H nnyTOHH€BOro 

TODJIHBa, O)l:H3KO 3TO pa3JIH'-JH€ He npH BO,llHT K cyw:eCTB€HHbiM npO€KTHbiM orpaHH4€HHHM. 06-

nyYeHH€ 60JiblliOrO KOJIH4€CTB3 TOnJIHBa H3 JlByOKHCeH: nnyTOHHH H ypaHa noKa3aJIO, 4TO xapaK

T€pHCTHKH 3TOrO TOOJIHBa aHaJIOrH'-JHH xapaKT€pHCTHK3M TOOJIHBa H3 ;:J;ByOKHCH ypaHa. flpOMbilli

JI€HHQCTb Ha4aJia HCCJI€.1J;OBaHHR T€XHH4€CKHX H 3KOHOMH'-J€CKHX xapaKT€pHCTHK, BJIJ.1HlOW:HX Ha 

KOMM€p'-I€CKOe HCTIOJib30B3HH€ nJiyTOHHSI, BKJJlOl.faH H3rOTOBll€HHe TODJIHBa 1 4JH3H4€CKH€ MeTO,llbi, 

aHaJIH3 TonnHBHoro LtHKJJa,. KOHCTPYKUHH y3noa H,llepHbiX ycTaHosoK H 3KcnepHMeHThi no o6nyt.~e

HHIO. K Hat.~any 1972 ro,lla MaKCHMaJI&Hoe BhiropaHHe TOnJIHsa Ha CaKCTOHCKOM nnyroHHesoM 

3KcnepHMeHTaJibHOM peaKTope cflHpMbl ''BecTHHray3
11 

H KA3 CIIJA .llOCTHrHeT 50 000 MET· 
CyTKH/T. YfHCTHTYT lj)HpMbi 

11
3,llHCOH 3JJ€KTpHK

11 
COBM€CTHO C cfJHpMaMH "Jl)l(eHepaJI 3JI€KTpHK

11 

H "BeCTHHray3' 1 pa3pa6oTaJI nporpaMMy .LlllH .ll€MOHCTpaUHH nnyTOHH€BOro UHKJia C HCTI0Jib30Ba

HH€M KHOHW:ero BO)l:HHOrO peaKTOpa H peaKTOpa C BO,llOii: TIO.ll ,llaBll€HH€M. B COOTB€TCTBHH C 

3TOfi nporpaMMOH <fJHpMLI ''Jl)KeHepan 3JI€KTpHK 11 H "BeCTHHray3" 06Jiyt.~alOT TOOJIHBO H3 .llBYOKH

ceH ypaHa H nnyTOHH.H B KHTI.HW:€M BO,ll,SJHOM peaKTope Ha_EHr-PoK-flOAHTCKOA aTOMHOA 3JI€KTpO

CTaHI..tHM M peaKrope c so.n:oH no,ll .n:aBJieHHeM Ha aTOMHoH 3JieKTpocraHI..tHH B CaH-0Ho¢pe. 

B cooTBeTCTBHH c cosMeCTHOH: nporpaMMOH ¢HpMbi "lOHaHTe.ll HbiOKneap'' H '' KoMMOHY3JIC 

'3,llHCOH" a Jl.pe3.ll€HCKHH KHTISJW:HH peaKTop N~ 1 3arpy3HJIH 11 npoTOTHTIHhiX c6opoK c 3Jie-

MeHT3MH H3 TIJIYTOHHH. B COOTB€TCTBHH C BhlllieyKa3aHHhlMH nporpaMM3MH OT06paHHhl€ 

3JieM€HThl BhlHHM3JIHCb H3 peaKTOpa nocne ,llOCTHJK€HHH onpe,lleJieHHOii rny6HHbi BblrO

paHHH H 3aTeM rmaTeJI&HO nposepHJIHCb H oueHHBaJIHCb. Pe3yJibTaThi, nonyYeHHhie B paMKax 

nporpaMM CIDA, noKa3bisaiOT, 4TO TonnHso H3 .llBYOKHceH ypaHa H nnyTOHHH MO)K€T 6biTb 3aMe

HeHo npH DOBTOpHOH: 3arpy3K€ ypaHOHbiM TOOJIHBOM, CO,ll€p)f(31.1..(HM pa3JIH4Hbl€ KOJIH4€CTBa nny

TOHHH. 
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UTILJZACION DEL PLUTONIO EN LOS REACTORES DE AGUA LIGERA. 
En 1974 se disponctra de un excedente dtpidarnente creciente de plutonic para uso comercial, procedente 

de los reactores de agua ligera de los Estados Unidos, No es de esperar que los reactores reproductores rapidos 
de metal 11quido comerciales se introduzcan en fecha suficientemente temprana ni en nUmero bastante para 
justificar el almacenamiento del plutonio. Esta memoria describe los programas llevados a cabo en los Estados 
l1 nidos que proporcionaran las bases tecnolOgicas para el seguro y econOmico recirculado c.lel plutonic en los 

reactores de agua ligera. En alios recientes el programa de produccion de plutonio de Ia USAEC ha subrayado 
la importancia de la f1sica neutrOnica con relaciOn a los reactores, el anaJi:::is del ciclo del combustible, y el 
comportamiento del combustible en los reactores de agua ligera. Se han realizado gran nUmero de experimentos 
en instalaciones criticas, el reactor de pruebas de recircu!ado de plutonio (Plutonium Recycle Test Reactor), 
el reactor de agua hirviente experimental (Experimental Boiling Water Reactor) y otros reactores de ensayo. 
Los analisis de esos experimentos, su correlaciOn con la teoria, y la aplicaciOn a las plantas generadoras 
comerciales indican diferencias neutrOnicas sustanciales entre los combustibles de urania y plutonic pero no 
se han observado significativas limitaciones de disefio. Del mismo modo, las irradiaciones de cantidades 
significativas de combustible de U02 -Pu02 muestran igual comportamiento que los combustibles de UO,. 
La industria ha iniciado estudios sabre los parametres tecnicos y econOmicos que influyen en la utilizaciOn 
comercial del plutonio y que incluyen el desarrollo de Ia fabricacion de combustible, el desarrollo de metodos 
fisicos, el analisis del cic!o del combustible, el diseiio nuclear y los experimentos de irradiacion. El 
experimento sabre el plutonio Westinghouse-USAEC Saxton producira maximos de irradiacion de combustible 
de 50 000 MWd/t min para principios de 1972. El Edison Electric Institute desarrolla programas conjuntos con 
General Electric y Westinghouse para comprobar el recirculado del plutonio en un gran reactor de agua hirviente 

yen un reactor de agua presurizada, Como parte de esos programas, Ia General Electric y Westinghouse han 
introducido combustibles de U02 -Pu02 en el reactor de agua hirviente de Big Rock Point y en el reactor de agua 
presurizada de San Onofre, respectivamente. De acuerdo con un programa cooperative entre United Nuclear 
Corporation y Commonwealth Edison, se han cargado once conjuntos prototipo de plutonio en el reactor de agua 
hirviente Dresden-!. Como parte de cada uno de los anteriores programas de comprobacion, se han extraido 
en diversas fases de las irradiaciones barr as seleccionadas para su cuidadoso exam en y evaluaciOn. Hasta la fecha, 
los resultados de los programas de los Estados Unidos indican que el combustible U02 -Pu02 puede utilizarse para 

funcionar intercambiablemente con el combustible de urania recargado, sin llmites estrictos respecto ala 
cantidad de plutonio. 

1 .0 INTRODUCTION 

By 1974 a rapidly rising surplus of plutonium for commercial use will 
be available from U.S. light water reactors. Although plutonium is pro
jected to have a higher value in fast reactors than water reactors, com
mercial LMFBR's will not be introduced early enough and in sufficient 
quantities to warrant or require storage of the plutonium. The USAEC dis
continued its plutonium buyback practice as of December, 1970. Because 
plutonium credit represents a substantial part of the fuel costs, of the 
order of 0.25 mill/kWh, it is imperative that the U.S. nuclear industry 
have in a timely manner the necessary demonstrated capability to utilize 
the projected available plutonium in order to obtain the plutonium credit. 

The USAEC has recognized the need for developing the technology for 
safe and economic recycle of plutonium in thermal reactors and has con
ducted a major program in this area at its Pacific Northwest Laboratory 
since 1956 and has provided partial support to Westinghouse for conducting 
the plutonium experiment in the Saxton reactor. Significant irradiation 
demonstration programs have been initiated in the Big Rock Point and San 
Onofre reactors by Edison Electric Institute (EEl) in conjunction with 
General Electric Company and Westinghouse Electric Corporation and in 
Dresden Unit 1 as a cooperative effort between Commonwealth Edison 
Company and United Nuclear Corporation. This paper is based on the results 
of these programs. 
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FIG. I. Plutonium available for thermal recyle each year. 

2.0 PLUTONIUM AVAILABILITY AND UTILIZATION STRATEGIES 

At the end of 1970, the U.S. electric power industry had in operation 
or planned nuclear power plants totaling more than 95,000 MWe. The USAEC 
has projected that the i nsta 11 ed capacity wi 11 be 150,000 t4We by 1980. [1] 
Assuming an 80% load factor and equilibrium cycle conditions, these reactors 
will discharge of the order of 180 kg of fissile plutonium per year for 
each 1000 MWe of installed capacity. Figure 1 shows the estimated fissile 
plutonium annual availability versus time for recycle purposes. Annual 
allocations for fast reactors have been subtracted from the total plutonium 
discharged. 

Because the first commercial fast breeder reactors will not likely be 
in operation until the mid-1980's, plutonium inventories aimed at this use 
will not become a significant factor in the plutonium market before the 
early 1990's. Some short term storage may be required for LMFBR inventories, 
depending on the rapidity of their introduction. However, analysis of 
storage and inventory costs indicatesthat it is uneconomic and in fact not 
required over much of the period before the LMFBR is introduced, even if 
Pu value in fast reactors is as high as $15/gram. Therefore, plutonium 
recycle in LWR's is an economic necessity in the U.S. 

Utilities are considering two approaches to plutonium recycle: 
(1) recycling the Pu back into the reactor from which it came, called 
"self-generation"; and {2) selling the plutonium on the ooen market. In 
the "self-generation" case the plutonium recycle fuel in a given core 
will be no more than one-third of the total fuel. Under these conditions, 
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it is likely that the fuel subassembly mechanical design will be identical 
to the uranium assemblies. In the "open market" case, the possibility 
exists where recycle plutonium could make up the entire core. With an 
all plutonium core, the incentives would be greater for modifying the 
assembly lattice design for plutonium so that the plutonium value would 
be optimized. Whether the cost associated with this optimization can be 
justified will depend on the Pu value enhancement and the timing of fast 
reactor introduction. 

3.0 PLUTONIUM RECYCLE TECHNOLOGY 

3.1 Nuclear Characteristics 

The problems encountered in calculating the nuclear performance of 
p 1 utoni urn fue 1 ed l i ght~ater cores have been described in papers presented 
at other conferences[2,3,4]. Inherently, the problems stem from the com
plex behavior of the cross sections from zero to 3 eV for the plutonium and 
transplutonium isotopes, in the transmutation chain, and the degree of 
nonhomogeneity of the plutonium fuel (i.e., particles of Pu0 2 in U0 2 ). 
Rather than develop new methods for handling the complexities, calculational 
methods which were developed for uranium systems have been adopted and 
modifications made to these methods to make them applicable to plutonium 
systems. While different sets of calculational methods are used by 
different organizations, they are similar. The methods used by Battelle
Northwest and which are the bases of the following theory-experiment 
correlation consist of the Hanford Revised Gam (HRG)[5] for slowing down 
calculations, the Battelle-Revised Thermos (BRT)[6] for cell spectra 
calculations, and HFN[7] for calculating the system multiplication factor, 
keff' 

TABLE I. SUMMARY OF MEAN VALUES OF CALCULATED keff FOR 
URANIUM AND PLUTONIUM CRITICALS 

Fuel 

2. 73 wt"/o U02-H20 lattices 

Varying set of slightly enriched 
U02-H20 lattices 

Uranyl nitrate solution in spheres 

1. 8 wt"/o Pu-AI-H20 lattices 

2. 0 wt"/o Pu-AI-H20 lattices 

5. 0 wt"/o Pu-AI-H20 lattices 

Plutonium nitrate solution in spheres 

1. 5 wt"/o Pu02-U02-H20 lattices 

2. 0 wt"/o PuO,-U02-H20 lattices 

(8"/o 240Pu) 
( 16"/o 240Pu) 

(24"/o 240Pu) 

4. 0 wt"/o Pu02-U02-H20 lattices 

6. 6.wt"/o Pu02-U02-H20 lattices 

Number of 

experiments 

5 

2 

5 

Mean value of keff 

1. 000 ± 0. 003 

o. 998 ± o. 007 

o. 995 ± o. 001 

1. 008 ± 0. 002 

1. 023 ± o. 003 

1. 009 ± o. 004 

I. 013 ± 0. 001 

1, 000 ± o. 002 

o. 999 ± 0, 005 

I. 003 ± 0, 004 

1. 002 ± o. 003 

o. 997 ± o. 006 

1. 008 ± o. 007 
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TABLE II. COMPARISON OF MEASlJRED AND CALCULATED kerr's 
AND POWER DISTR!BlJTIONS 

Fuel 

2. 35 wr'/o U02 

U02 -2 wr'/o Pu02 

( fi'/o '"Pu) 

a u =J~(o -6·)2/(N-1) 
J 1 

Array 

Uniform 

H20 Hole 

H20 Slot 

H20 Cross 

7 x 7 Bundle 

9X 9 Bundle 

Uniform 

H20 Hole 

H20 Slot 

H20 Cross 

7 x 7 Bundle 

9X 9 Bundle 

where N is the number of rods measured, 

Peale.· Pmeas. 
oi - for the ith rod, 

Prneas. 

and 

keff Power distributions 

Me as. Calc. 
Std. deviation. o a 

1. 0032 1. 0051 1. 18 

1. 0025 1. 0046 o. 98 

1. 0018 1. 0044 1. 48 

1, 0010 1. 0039 1. 37 

1. 0010 1. 0044 1.72 

l. 0027 1, 0010 2, 67 

l. 0006 l. 0080 l. 86 

1. 0020 1. 0096 1, 78 

l. 0068 l. 0182 1, 38 

l. 0054 l. 0231 1, 40 

1. 0038 l. 0220 1. 69 

1. 0078 l, 0245 l. 90 

The most reliable and extensive data available for testing the methods 
are from "clean" lattice experiments.[8] Some reactivity-burnup data are 
available from the PRTR,[9] E8WR[l0] and Saxton[ll] reactor experiments. 
In Table I, the mean of the calculated values of keff are shown for each 
series of "clean" critical experiments studied[l2]. The results show that 
with the exception of the 2 wt% Pu-Al and plutonium nitrate series, the 
agreement between calculation and experiment is within ± 1%. For the U0 2 
and U0 2 -Pu0 2 fueled lattices, the agreement is within ± 0.5%. The 
reasonably good results shown here may be somewhat fortuitous since other 
detailed studies show significant discrepancies in various aspects of the 
calculation such as the thermal disadvantage factor, neutron leakage, core
reflector spectrum, etc. 

Table II presents a comparison of calculated and measured multiplica
tion values and power distributions of experiments designed to mockup 
various aspects of fuel subassemblies and control rods.[l3] In these 
cases, the calculated keff's are somewhat higher than the experimentally 
determined values. Also shown is the standard deviation of power distri
butions. 

Limited reactor data exist for evaluating burnup calculations. Based 
on a partially completed batch core experiment in PRTR using U0 2 - 2 wt% Pu0 2 
fuel, the calculated exposure life of the core using methods described 
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FIG. 2. Saxton core II: A comparison of the calculated and measured critical boron concentration as a 
function of burn up. 
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above was 17,400 MWd/MTM 1compared with the extrapolated measured lifetime 
of 14,100 MWd/MTM[l4]. Today, methods normalization is required in order 
to obtain desired burnup predictions. Westinghouse, using their code 
system appropriately modified for plutonium fuels and modifying the cross 
sections to improve correlation with lattice experiments and the Saxton 
burnup data, has obtained good agreement between calculation and experi
ment throughout the life of Core II and during the first year of Core III 
of the Saxton plutonium experiment.[ll] An example of this is shown in 
Figure 2. 

Because of the variation with energy of the capture and fission cross 
sections in the thermal and near thermal region and the large 24 0Pu 
capture resonance at 1 eV, the moderator temperature, void and dopp 1 er 
reactivity coefficients are generally more negative for plutonium than 
for uranium fueled reactors. These coefficients all represent reactivity 
feedback in a transient and affect the design shutdown margin. A qualitative 
summary of the basic differences between nuclear design characteristics 
of large (1000 MWe) plutonium fueled reactors and uranium fueled ones is 
shown in Table III. The most significant difference is the increased 
number of required control rods for the plutonium fueled core which is 
brought about because of the larger doppler and moderator coefficients 
and the reduced control rod worth. However, by using reload strate-
gies, plutonium loading in control rod positions can be avoided, thus 
minimizing the reduction in control rod worth. Also, limiting the plu
tonium in the core to the self-generated case greatly reduces the various 
reactivity differences. 

3.2 Fuel Characteristics 

Pellet fuels, because of the large amount of satisfactory U0 2 experi
ence, is the reference design for plutonium utilization in LWR's. Packed 
particle fuel (Vipac) is considered to be the most promising alternate 
form. Under the operating conditions presently employed or projected for 

1 MTM = metric tonnes metal. 
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TABLE III. CAPSULE COMPARISON OF URANIUM AND PLUTONIUM 
NUCLEAR DESIGN CHARACTERISTICS 

Parameter Plutonium core Reason for difference 

Moderator temperature More negative Increased resonance absorption 

coefficient and spectrum shift 

Void coefficient More negative Increased resonance absorption 
and spectrum shift 

Doppler coefficient More negative 240Pu resonances 

Cold -to-hot reactivity Increased Larger moderator temperature 
swing coefficient 

Installed reactivity Reduced Reduced depletion rate-
reacti vi ry s atur ares 

Control rod requirement Increased Larger moderator and 
Doppler coefficients 

Control rod worth Reduced Thermal flux reduced 

Boron worth Reduced Thermal flux reduced 

Xenon worth Reduced Thermal flux reduced 

Fission product poisons Increased Increased yields - increased 
resonance absorptions 

Local power peaking Increased Increased water worth 

Delayed neutron Reduced Bpu < Bu 
fraction 

Qualifications: 1. Effects can be modified by changes in design H/F. 
2. Successive recycles influence the parameters. 

Consequence 

Improved stability and 
transient characteristics 
except for steam break 

Improved stability and 
transient characteristics 

except for steam break 

Improved transient 
characteristics 

Increased boron ( PWR) or 
control rod (BWR) require
ments 

None 

Possible increase in number 

of rods 

Poisible increase in number 

of rods 

None 

Improved stability 

Reactivity penalty 

Fuel management action 
required 

Rod ejection accident 

commercial LWR's, neither fuel type appears to exhibit inherent performance 
limitations. The satisfactory irradiation performance of mixed-oxide 
fuels in thermal reactors has been demonstrated through the success of 
numerous experimental and demonstration programs (Table IV). 

Experimental evidence indicates that small Pu0 2 additions to U0 2 for 
the LWR fuel enrichment do not significantly affect fuel thermal conductiv
ity[l5], fission product migration[l6], fission gas release[l7][ll], and 
fuel clad interactions in either pellet or Vipac fuels. 

Although the small Pu0 2 additions to U0 2 for thermal reactor fuel 
has an insignificant effect on most performance characteristics, there are 
considerations related to performance that are unique with plutonium 
enriched fuels. Mixed-oxide fuel prepared by coprecipitation is essen
tially uniform (U, Pu)0 2 solid solution[l8]. However, the more commonly 
used preparation method of mechanical mixing U0 2 and Pu0 2 powders prior to 
pressing and sintering results in the formation of localized regions of 
high Pu0 2 concentration[l9]. Uniform solid solution forms rapidly in 
regions of mechanically mixed mixed-oxide fuel operating above columnar 
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TABLE IV. SIGNIFICANT MIXED-OXIDE IRRADIATIONS 

No. of 
Peak 

Reactor Fuel type a burnup 
rods 

(MWd/MTM)b 

PRTR -1860 Swage 17,000 

PRTR ..J/00 Vipac 18,500 

PRTR (high -1730 Pellet (cold-press- 13, 000 
power density) sinter & hot press) 

Vlpac, Swage 

EBWR 1296 Vipac 3, 000 

Saxton -Core II 638 Pellet-Vip•c 29,000 

Saxton -Core III --250 Pellet 44,000 

Dresden-! 4 Hot-press pellet 13,000 

Dresden-! 99 Pellet 14,800 

San Onofre 720 Pellet 8,500 

Big Rock Point 32 Pellet -solid 19,500 
dished & annular 

Big Rock Point 204 Pellet- annular 14,600 

Garigliano 96 Vlpac(12), hot- 13,800 
press pellet(24) 
Cold -press -sinter 
Pellet (60) 

Vermont-Yankee 48 Pellet -solid & 

annular 

a Pellets are cold pressed and sintered unless otherwise noted. 
b Projected -September, 1971 

Peak rod 

power 
(kW /ft) 

17 

16 

21. 5 

16 

19 

10 

14.9 

13 

14 

16 

15 

17.3 
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Peak 

heat flux 
(Btu/h-fr) 

390,000 

370,000 

500,000 

200,000 

530,000 

630,000 

230, 000 

345,000 

460,000 

325,000 

370,000 

333,000 

403, 000 

grain growth temperatures (~1700°C) by a vaporization-condensation process; 
whereas, homogenization occurs more slowly in the equiaxed grain growth 
regions (1400-1700°C) by solid state diffusion. Essentially no further 
homogenization occurs during irradiation at fuel temperatures below 1400°C. 
Therefore, localized regions of high plutonium concentration persist in a 
significant volume of the fuel in a rod operating under normal conditions. 
The high fission density associated with localized regions of high plu
tonium concentration due to either migration or large particles could 
affect fuel swelling or fission gas release although there is no defini
tive supportive evidence of this for fuel operating under power reactor 
conditions. In any event, Pu0 2 particles in mechanically mixed fuel can 
be controlled to acceptable levels. 

A significant change in radial plutonium concentration can occur 
rapidly in mixed-oxide fuel rods during irradiation[l6]. For mixed
oxide fuel operating above columnar grain growth temperatures, radial 
plutonium redistribution is coincident with the fuel restructuring 
phenomena and occurs a·s a result of the preferentia 1 evaporation of gross 
amounts of uranium oxide from the central hot region of the fuel to the 
cooler peripheral regions near the cladding. Thermal diffusion can 
also cause plutonium enrichment in the high temperature region of the 
fue 1 [20]. 
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The behavior of oxide fuels when subjected to accidental high energy, 
short duration, power excursions is an important safety consideration in 
both thermal and fast reactors. The results of comparative transient 
experiments performed with unirradiated pellet and particle fuel pins 
show that:[21 ,22] 

(i) The cladding failure threshold energy of approximately 270 cal/g 
fuel is essentially the same for both pellet and particle fuels. 

(ii) Both pellet and particle fuels fail by clad melting, however, 
because of higher fuel temperatures in particle fuels at compara
ble energy depositions, more fuel is expelled from the pin. 

(iii) The extent of Zircaloy-water reaction is comparable for both 
pellet and particle fuels and increases with increasing total 
energy deposition. 

The results of transient tests conducted to investigate the possible 
effect of large (550 ~m dia.) Pu0 2 particles, which could be present in 
fabricated mixed-oxide fuel, show that the cladding failure threshold 
energy was reduced slightly from the range of 225 to 274 cal/g fuel to the 
range of 200 to 213 cal/g fuel[23]. There were no indications of the 
effects of prompt fuel dispersal caused by the expulsion of the Pu0 2 
particles into the surrounding water when tested at these energy levels. 
Based upon the results of these experiments, U0 2-Pu0 2 product specifica
tions which limit the maximum Pu0 2 particle size below 550 ~m diameter do 
not appear to be warranted from the standpoint of transient fuel perfor
mance considerations. 

Tests on purposely defected Zircaloy-clad mixed-oxide fuel rods 
indicated that the defect performance of both pellet and Vipac fuels is 
excellent under normal operating conditions.[24] From these tests, defect 
behavior was observed to be most sensitive to fuel type, fuel temperature, 
and power history, with activity release greater for Vipac fuel under 
comparable heat ratings than for pellet fuel[25,26] 

3.3 Fuel Fabrication 

Mixed-oxide pellet fuels can be prepared by sintering either 
coprecipitated (U, Pu)0 2 powder or a mechanical mixture of U0 2 and Pu0 2 . 
Compacting and hot-pressing the blended powder has also been investigated. 
Variations in the basic pellet fuel design such as controlled density, 
controlled diametral gap, dishing and coring are utilized to satisfy 
various performance criteria. Packed particle fuel is an alternate to 
pellet fuels and may be of the vibrationally compacted or swage-compacted 
concepts, utilizing various feed materials such as sintered and crushed, 
fused, electrodeposited, pneumatically impacted, or Sol-Gel[21]. Cost 
studies indicate approximately equal fabrication costs for pellet and 
Vipac mixed-oxide fuels.[27] 

Fuel fabrication costs are very sensitive to plant throughput.[27] 
When comparing fabrication plants of equal size ranging from 1/4 to 
1 ton/day throughput, plutonium fuel fabrication costs are approximately 
18% to 25% higher than for U0 2 . However, the more likely situation in 
the early years of plutonium recycle is that the throughput for 
plutonium plants will be 1/4 ton/day or less and that of uranium through
put will be one ton/day or more. When compared on this basis, the plutonium 
fuel fabrication penalty will be at least 70% to 80%. Such a penalty would 
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reduce the plutonium value by approximately two dollars per gram, depending 
on enrichment and actual fabrication cost differences. 

In addition to the usual safeguards related to criticality and alpha 
contamination, attention must be given to the significant gamma and 
neutron radiation in fabricating and handling plutonium.[28,29,30] The 
dose rate from the plutonium is a function of the reactor type, fuel 
exposure, and time since processing. 

Initially, the gamma dose rate from unshielded high exposure plutonium 
is due mostly to 238Pu. With successive increases in shielding thickness, 
radiation from 241 Pu and then 23 9Pu become dominant. Activity associated 
with the daughter products of 236 Pu and 241 Pu causes a substantial increase 
of dose rate with time since reprocessing. With successive increases in 
shieldinq the dominant isotopes in aged plutonium are 23Bpu, 241Am, 23 7U, 
241 Pu, 2~9Pu, 241Am(again) and zosTl (a daughter of 236U). 

Neutron dose measurements from plutonium are not well characterized. 
The isotopic composition of plutonium has a significant effect on dose rate 
due to spontaneous fission and (a, n) reaction with oxygen and possible 
impurities. Because of its relative high concentration, 240 Pu usually 
contributes the largest percent of neutrons emanating from high exposure 
plutonium. 

Surface dose rates from high exposure plutonium may be of the order of 
several rem/hr. But because much of the radiation consists of low energy 
gammas, plutonium fuels can be fabricated successfully in glove box 
facilities with only small amounts of shielding. Studies have shown that 
the incremental fuel fabrication cost factor for high exposure U0 2-Pu0 2 
(239Pu <80%) fuels is about 4% higher than for fuel containing low exposure 
plutonium (~93% Z39pu).[27] 

4.0 UTILIZATION IN BOILING WATER REACTORS (BWR) [31] 

4.1 General Characteristics of the Mixed Oxide Fuel Design 

The BWR core consists of modules of 4 fuel bundles surrounding a 
cruciform control rod (see Figure 3). The control rod water gap causes 
a non-uniform neutron flux distribution across the fuel bundles. To 
achieve minimum power peaking within the bundles, enrichment is varied 
among individual rods. Generally, the central rods contain higher enrich
ment than the peripheral rods. Another important feature of the BWR fuel 
is the use of several rods of gadolinium oxide (Gd 203) in U0 2 as a 
supplementary burnable poison. 

Plutonium fuel is accommodated in the same mechanical design by 
substituting mixed oxide rods for a portion of the uranium rods. 
Figure 3 also shows a typical configuration where ten U0 2-Pu0 2 rods 
replace the central region of highest uranium enrichment, yielding the 
highest Pu value. This configuration will accommodate approximately 
1.1 to 1.3 times the self-generated plutonium. The mixed oxide island 
is displaced away from the control blade corner to minimize the effect 
of the large Pu absorption on the movable control rod worth. Gadolinia
urania rods are located within the plutonium island to provide supple
mentary control. 

This type of bundle can be designed to function interchangeably 
with uranium fuel and due to the control flexibility provided by the 
Gd 203-U0 2 can accommodate a variable number of mixed oxide rods. Although 
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TABLE V. NUCLEAR CHARACTERISTICS OF COMPARABLE 
URANIUM AND PLUTONIUM RECYCLE BWR RELOAD FUEL 

Plutonium Uranium 

Exposure. MWd/MTM a 28, 100 27,500 

koo, No xenon, 0 exposure 1. 23 1. 24 

Exposure slope, o/a6koo/1000 MWd/MTM 1. 11 1. 12 

Fissile atom depletion per o. 00045 o. 00045 
1000 MWd/MTM 

Fissile fuel/total fuel 0, 0278 0.027 

Number Gd20 3 -U02 rods 5 - 6 5 

Lkoo /koc cold control 0. 12 0. 14 

Lkoo cold shutdown - hot operating 0. 171 o. 160 

PI A local power 1,20 ], 23 

Void response, 6kx,/koo/L void -. 10 -. 09 

8effat 17,500 MWd/MTM o. 0051 o. 0054 

a For equivalent energy per bundle. 
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bundle designs with larger number of mixed oxide rods are feasible, the 
design complexity is increased and the economic value of Pu is somewhat 
reduced relative to the 10-rod bundle. Because of the virtual inter
changeability of bundle designs, a reload batch may be made up of any 
combination of mixed oxide island bundles and uranium rod bundles. 

4.2 Detailed Characteristics of 10 Rod Mixed Oxide Fuel Design 

143 

The following sections describe the characteristics of a typical 
10 rod mixed-oxide fuel assembly designed to be interchangeable with 
uranium fuel for an equilibrium core exposure capability of 27,500 MWd/MTM 
(Refer to Table V.) 

These characteristics are based upon use of annular mixed-oxide 
pellets which increase the H to Pu ratio in the Pu island and produce more 
favorable nuclear characteristics. 

Power Peaking 

In this design the peak uranium rod has a relative power of 1.20 
times bundle average and the peak mixed-oxide rod is 1.18. The peak 
mixed-oxide rod remains consistently below the peak uranium rod during 
burn up. 

Reactivity 

The initial reactivity of the mixed-oxide bundle is slightly lower 
but it has a lower slope with fuel exposure yielding slightly higher 
reactivity at high exposure. 

Transient Characteristics 

The delayed neutron fraction (S ) of the mixed-oxide fuel is 5-10% 
lower and the doppler reactivity coe¥tfcient is 5-10% more negative. These 
differences are sufficiently small to produce only minor effects on 
over-all reactor operational and transient characteristics and safeguards 
requirements. 

4.3 Development Programs 

4.3.1 EEl-General Electric Plutonium Recycle Demonstration Program[32,33] 

The principal experimental activities of this program are: 

l. Thirty-two (32) removable U0 2-Pu0 2 rods of various pellet fuel 
designs in 16 bundles of uranium reload fuel and 3 fuel bundles 
of U0 2-Pu0 2 rods in the Big Rock Point Reactor of Consumer Power 
of Michigan. The removable rods have successfully completed 
2 cycles and the bundles l cycle. Several specimen rods have 
been thoroughly examined in the radioactive materials laboratory 
with favorable results. 

2. Four (4) bundles in the initial core of the Vermont Yankee 
reactor. These bundles include a 12 rod island of U0 2-Pu0 2 
and are directly interchangeable with initial core fuel. These 
bundles are being fabricated and will be installed in the initial 
core. Two bundles contain solid pellets and 2 contain annular 
pellets of U0 2-Pu0 2 . 
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4.3.2 Commonwealth Edison - United Nuclear Demonstration Program[34] 

A cooperative demonstration program has been initiated by Commonwealth 
Edison and United Nuclear Corporation to develop the information needed for 
supplying a full plutonium recycle reload batch. In this program, eleven 
prototype plutonium assemblies have been designed and fabricated. These 
assemblies will operate in the Dresden-1 reactor for four cycles with 
periodic inspections at each refueling period. As of September l, 1971, 
the average exposure for all plutonium recycle assemblies is expected to 
be 8,300 MWd/MTM with the highest power assembly having an average exposure 
of 9,000 MWd/MTM. The highest power Pu0 2-U0 2 rod will have obtained an 
average exposure of 10,800 MWd/MTM and the highest power pellet an 
irradiation of 14,800 MWd/MTM. 

5.0 UTILIZATION IN PRESSURIZED WATER REACTORS (PWR) 

5. l Fuel Reload Strategies and Design Considerations 

The results and conclusions presented in this section are based 
on several programs on plutonium recycle in pressurized water reactors 
conducted by Westinghouse Electric Corporation. Results to date from 
these programs indicate that commercial plutonium recycle fuel for 
pressurized water reactors will have the following characteristics: 

(i) The reload fuel will have the same mechanical design for 
both the plutonium recycle and enriched uranium assemblies. 

(ii) The plutonium recycle assemblies will consist entirely of mixed
oxide fuel rods. 

(iii) There will be a minimum of three different plutonium enrichments 
in each plutonium recycle assembly. 

Core power distribution studies show that recycle can be accomplished 
using these characteristics without incurring a penalty on either core 
lifetime or power capability. This is not always the case when both 
mixed-oxide and uranium oxide fuel rods are installed in the same fuel 
assembly. Different plutonium enrichments are required in each assembly 
to control local power peaking at the uranium-plutonium interfaces and 
at the control rod thimbles (water holes). This is illustrated in 
Figure 4 for the assemblies which are currently operating in the San 
Onofre reactor. 

Another advantage of the assembly design containing all mixed-oxide 
rods is that it minimizes the number of Pu recycle assemblies in the core. 
This, in turn, minimizes the reduction of control rod worth that occurs 
when plutonium is installed in the core by being able to avoid control 
rod positions. No significant licensing or safety problems are anticipated 
for PWR plutonium recycle. For example, plutonium particle sizes can be 
controlled to avoid undesirable steady-state or transient performance 
characteristics. 

5.2 Demonstration Programs 

5.2.1 Saxton Plutonium Program 

The first demonstration of plutonium loading in PWR's was the 
Westinghouse conducted Saxton Plutonium Program. It has been a joint 
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FIG. 4. Enrichment pattern for the EEl -Westinghouse demonstration assemblies. 
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effort with the AEC and the Saxton Nuclear Experimental Corporation. The 
program has these objectives. 

(a) Demonstrate performance of mixed-oxide fuel at linear power 
and burnup levels consistent with modern PWR technology; and 

(b) Obtain design information on depletion and transuranic 
isotope generation characteristics of plutonium fuel at 
higher burnup. 

The Core II post-irradiation program was completed in early 1970. 
The peak burnup evaluated was 29,000 megawatt days per tonne (M~Jd/MTM) on 
pellet and Vipac mixed-oxide fuel. Seven open-lattice assemblies consisting 
of approximately 250 rods from Core II have continued to operate satis
factory in Core III since December, 1969. Since then, a significant 
number of plutonium rods have operated at 19 kW/ft. Peak burnup for the 
mixed-oxide fuel is about 44,000 MWd/MTM. By early 1972, the Saxton 
plutonium fuel should achieve 50,000 MWd/MTM peak burnup and will have 
demonstrated the peak power and burnup levels required for modern P\1R's. 

5.2.2 EEl-Westinghouse Plutonium Recycle Demonstration Program[35] 

In early 1968 the EEl-Westinghouse Plutonium Utilization Program was 
completed. This program was primarily an analytical feasibility study and 
constituted the necessary preliminary step toward actual i rradi ati on of 
plutonium in a commercial PWR. The remaining step is to demonstrate the 
concept in a large pressurized water reactor of today's design. To 
accomplish this, the EEI-\1estinghouse Plutonium Recycle Demonstration 
Program has been undertaken. The purpose of this program is to license, 
operate and evaluate a representative number of plutonium fuel rods in the 
San Onofre reactor. This demonstration experience under actual utility 
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operating conditions will complement the material and design recycle 
information being generated in the Saxton test reactor. In order to 
achieve a meaningful demonstration, Westinghouse first determined the 
characteristics of future commercial recycle fuel, and then selected a 
prototypic recycle configuration for the demonstration fuel. As a result, 
each of the four demonstration assemblies in San Onofre consist entirely 
of mixed-oxide fuel rods and have three different plutonium enrichments~ 

In early 1970 fabrication was completed on the 720 plutonium-bearing, 
Zircaloy-clad fuel rods required for the EEI Demonstration Assemblies. The 
four San Onofre Demonstration Assemblies contain 45 kiloqrams of plutonium, 
five times the current Saxton loading. These assemblies-were loaded in the 
San Onofre reactor during its first refueling shutdown and achieved full 
power operation in early November 1970. They will be operated during three 
reactor cycles. Periodic measurements and tests will be made as a check on 
analytical predictions. At the end of each cycle selected plutonium fuel rods 
will be removed, examined and returned to the core. Some of the 104 remov
able rods will be replaced and then shipped for post-irradiation examinations. 
By September, 1971, the Demonstration Assemblies will have achieved about 
5,000 MWd/MTM burnup, and the next San Onofre refueling is scheduled for 
January 1972. 
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The Belgian plutonium recycling program, started in 1958, was gradually increased to cover most 
aspects of plutonium utilization in LWRs. Prospective studies dealt with the prerequisite plutonium 
availability. manufacturing costs and cost of interim storage to benefit from large-scale facilities. The 
incentives to use plutonium in first generation PWRs (stainless-steel cladding, cruciform rods, flexibility 
for progressive conversion to plutonium fuelling) and in BWRs (separate fuel element channels, multiple 
enrichment elements), and the simultaneous recycling in both reactor types of the enriched uranium 
recovered from reprocessed fuel were examined in detail. The nuclear PANTHER code chain was tested 
on results of about 130 critical experiments in the VENUS facility, from simple lattices to mock-ups of 
recycle configurations, in which almost 3000 pelleted or vibrated oxide fuel rods were used. The 
thermohydraulic codes were calibrated for special situations encountered in plutonium fuel environments. 
COMETHE and CRASH, fuel rod design codes, were checked against many irradiation experiments. The 
fuel development program included the irradiation of over 80 specimens in BR2 and DIORIT, covering 
heat ratings up to 1300 W /em, cladding temperatures up to 600°C and burn-ups up to 50 000 MWd/t. 
Both pelletizing and vibrocompaction manufacturing techniques were developed from the laboratory to the 
pilot stage; a large plant is now under construction. These activities were complemented by a diversified 
assessment and demonstration program. BWR plutonium recycle assemblies were designed for Kahl and 
Dodewaard, fuel was fabricated for Garigliano and Dodewaard and there was close collaboration with 
ENEL' s experimental program in Garigliano. For PWRs, various recycle schemes, covering four 
reactor cycles, were studied for SENA and TRINO type plants; shutdown margins and control-rod worrhs 
were investigated. Plutonium fuel was gradually introduced in the BR3 from 1963 on; at the end of 
1970, a peak burn-up of 40000 MWd/t was reached in a U02 - Pu02 assembly. 

RECYCLAGE DU PLUTONIUM DANS LES REACTEURS A EAU LEGERE. 
Depuis 1958, le programme belge d'etude du recyclage du plutonium s'est graduellement etendu ala 

plupart des aspects de !'utilisation de cet element dans les reacteurs a eau Iegere. Les etudes prospectives ont 
porte sur les quantites necessaires de plutonium, les coats de fabrication et de stockage temporaire permettant 
de profiter des installations de grande capacite. Les auteurs etudient les avantages de l'emploi du plutonium 
dans les reacteurs a eau sous pression (gainage en acier inoxydable, barres cruciformes, facilite de conversion 
progressive au plutonium) et les reacteurs a eau bouillante (canaux d'elements combustibles separes, elements 
a enrichissement multiple), ainsi que l'interi\t de recycler simultanement, dans les deux filieres, !'uranium 
enrichi provenant du combustible retraite. La cha1ne de code nucleaire PANTHER a ete eprouvee sur la base 
d'environ 130 experiences critiques reausees dans !'installation VENUS, allant des simples reseaux aux 
maquettes de configuration de recyclage; environ 3000 barres de combustible d'oxyde vibro-compacte ou 
pastille ont ete utilisees a cette fin. Les codes thermohydrauliques ont ete etalonnes pour des situations 
typiques de recyclage. COMETHE et CRASH, codes de calcul des barres combustibles, ont ete verifies a 
!'aide de nombreuses experiences d'irradiation, Le programme d'etude du combustible a porte sur plus de 
80 echantillons irradies dans BR2 et DlORIT a des puissances linbques atteignant 1300 W/cm. des temperatures 
de gaine atteignant 600°C et des taux de combustion jusqu'a 50 000 MWj/t. Des techniques de fabrication par 
vibro-compactage ou pastillage ont ete mises au point. depuis les etudes en laboratoire jusqu'au stade pilate; 
une grande usine est en construction. Ces activites ont ete completees par un programme diversifie de 
demonstration et d'evaluation: pour les reacteurs a eau bouillante, on a etudie des assemblages de Pu 
recycle pour KAHL et DODEWAARD, fabrique du combustible pour GARlGLIANO et DODEWAARD, collabore au 
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programme experimental ENEL sur GARIGLIANO; pour les reacteurs a eau sous pression on a etudie divers 
schemas de recyc!age, couvrant quatre cycles de reacteurs, pour les filieres SENA et TRINO, y compris les 
calculs des marges d'arret et !'antireactivite des barres de commande. Depuis 1963, du combustible au 
plutonium a ete graduellement introduit dJns BR3: a Ia fin de 1970, un taux de combustion atteignant 
40 000 MWj/t y avail ete obtenu dans un assemblage de U02 -Pu02 • 

TIOBTOPHOE 11CTI0Jlb30BAHI1E TIJlYTOHI151 13 PEAKTOPAX, OXJJAJK.UAEMbJX 06bJYHOH 

BO.UOH. 
EeJibrHHCKas:t nporpaMMa HCCJI€,llOBaHHH nOBTOpHoro HCOOJib30BaHJHI nJiyTOHYBI 1 KOTOpylO 

HaLJ:aJIH OCYI.J.t€CTBJI51Tb B 1958 ro,ny, nOCTeneHHO paClllHpHJiaCb H OXBaTbiBaeT B HaCTOHI..LI;€€ Bp€MH 

60JiblllHHCTBO BOnpOCOB, KaCaJOIUHXCR HCnOJib30BaHJHI OJiyTOHHR B peaKTOpax, OXJia}l(,lla€MhiX 06bil.I

HOH so.n;oA. B nepcneKTHBHLIX Hccne;losaHHHX paccMaTpHsaJIHCb Heo6XO.llHMaH, KaK ycnosHe, ,llo
cTynHoCTb nnyTOHHSi 1 CTOHMOCTb H3rOTOBJI€HIHI T€nJIOBbl,ll€JI5IIOI.LtHX 3JI€M€HTOB H CTOHMOCTb spe

M€HHOrO xpaH€HH51 nJiyTOHHH 1 KOTopoe 3 KOHOMHt.I€CKH BhirO,llHO )]Jlff KpynHLIX 3aBO,ll;OB, EDin~ )le

TalJbHO H3YY€H:bl MOTliBDI )l.'IH ~COOJlb30BaHH51 nJiyTOHHH B nepsLIX 3HepreTHY€CKHX peaKTOpax C 

so.n.oH no.n. .n.asneHHeM (o6oJI04KH H3 Hep)f(aseiOI.J..teH cranH, crep)f(H~ Kpecroo6pa3HOro npo4lHJJH, 

B03MOJKHOCTb OOCTeneHHOrO nepexo.n.a K nJiyTOHHeBOH TOOJIHBHOH 3arpy3Ke) H B KHOHI.J..tHX peaK

TOpax (OT,ll€llbHLI€ TOOJIHBH:bl€ KaHaJJLJ, 3JJ€M€HTbl C MHOrOKpaTHDIM o6oraUl€HH€M), a TaK)I(€ 803-

MO)f(HQCTb O.llHOBp€M€HHOrO HCOOJib3083H~51 8 peaKTopax o60HX THOOB o6orai.J..teHHOrO ypaHa, BOC

CTaHOBJI€HHOrO nocne H3Bl1eYeH~H H3 nepepa6oraHHoro ronnHsa. Ko.nonas:~ l{enOYKa PANTHER, 
pa3pa60TaHHaH )lll.Si H,llepHLIX paCYeTOB, npoaepRJiaCb 00 pe3yJibTaTaM npHMepHO 130 KpHTH'-I€C

KHX 3KcnepMMeHTOB a ycraHOBKe VEl\:us, BKJJIOYaiOI.J..tHX KaK npocrbre pellleTKH, raK H MaKeTLI 

peaKropa, socnpoH3BO.llHIUHe nosropHyiO ronJJHBHYIO KOH<fmrypal{J.iiO. B 3TH X 3KcnepHM€HTax 

HCOOJib30BaJIOCb ,llO 3000 T€0JIOBbi,ll€liHIOI.J..tHX 3JI€M€HTOB CO cneYeHHbiM HJIH BH6poynJIOTH€HHbiM 

OKHCHLIM TOOJJHBOM, TepMOrH,llpaBJJ~4eCKHe paC4€Tbl HCOOJJb30BaJJHCb ,llJIH CO€l{HaJibHbiX CHTya

UHH, BCTpe4aiOIJ1HXCH s peaKTOpax c nnyTOHHeBbiM TonnHBOM. TiporpaMMhi COMETHE 11 CHASH, 
KaCaiOI.J..tH€CH npoeKTHpOBaHHR TOOJ1HBHLIX CT€p)f(Heii, nposepHJJHCb no pe3yJibTaTaM MHOrHX 3KC

nepHM€HTOB no o6JiyYeHHIO. nporpaMMa pa3pa60TOK TOOJIHBHbiX MarepHaJIOB BKJII04aJJa 06JJyt.~e

HHe 6onee 80 o6pa3UOH B peaKTopax BH-2 11 DIOHIT npH nHHeliHoli MOU1HOCTH ,110 1300 BT/cM, 
npH TeMnepaTypax o6ono4eK ,110 600'C H l'!IY6HHax BhiropaHHH 110 50000 MBT·cyTKH/T. Pa3pa-
6oraHLJ M€TO.llbl npoH3BO,llCTBa B na6opaTOpHOM H OOJiynpOM:billlJI€HHOM MaClllTa6ax Ta6JI€TH3HpO

BaHHOro H sH6poynnoTH€HHoro ronnHsa. B Hacros:~w;ee speMR coopy)l(aercsr KpynHLrH 3aso.n.. B 
XO,lle pa3pa60TOK .z:teJJaJIHCb pa3JJHYHbl€ 0U€HKH H npOBO,llHJIHCb HCObiTaHHH. .Il.JJR peaKTOpOB B 

Kane H .llo.llesaap.n.e 6binH cnpoeKTHposaHLI c6opKH, npe.nHa3Hal.leHHble .llJJH W3y4eHHH nosTopHoro 

HCOOJib30BaHIHI nnyTOHHH H KHOHutHX peaKTOpax; H3rOTOBJieHO TOOJIHBO ,llJIH raplillbHHCKOH H 

)lo.a.eaaap.n.cKoH aTOMHLIX3JieKTpocTaHuHH; o6ecneYeHo recHoe COTPY..IJ.HHl.lecreo c 4>HpMoA 

ENEL no BbiOOJIHBHHIO 3·KcnepHMeHT3.JlhHOA nporpaMMbl Ha rapHlihHHCKOA aTOMHOA 3JJ€KTpo

CTaHijHH. ,llJISI peaKTOpOB C BO.llOft no,ll .QasJieHHeM H3yY:aJIHCb pa3JIHY:Hbl€ CX€Mbi TOnJIHBHOro UHK

Jia, oxsaTbisaiOutHe t.~eTbtpe nosropHbiX UHKJia .llllH ycraHOBOK <flHpMbi SENA H aTOMHoH 3JieKTpo

CTaHl{HH B TpHHo-BepY.€lle3e; HCCJie~OBaJIHCb rpaHHUDI BbiKJJI04€HHH peaKTOpOB H Bee perynH

pylOW:HX crep)f(HeH. C 1963 ro.na nnyToHHesoe TOOJ1HBO nocreneHHO sao.nHno-cb a peaKTOP BR-3; 
K KOHUf 1970 ro.zxa MaKCHMaJibHaH rJiy6HHa BDiropaHHH B C60pKe C TOOJJHBOM U02 -Pu02 ,llOCTHr

na 40 000 MBT· cyTKH/T. 

RECICLADO DE PLUTONIO EN LOS REACTORES DE AGUA LIGERA. 
El programa helga para el estudio del reciclado d<!l plutonic, iniciado ya en 1958, ha cubierto de forma 

progresiva Ia mayor parte de los aspectos de Ia utilizacion del plutonio en los reactores de agua ligera. 
Los estudios economicos se refieren a Ia disponibi!idad de plutonio, a los castes de fabricacion y a los 
debidos a! almacenamiento temporal, necesario para beneficiarse con el emp!eo de grandes insta!aciones de 
fabricacion. Se examinan detalladamente las ventajas de usar plutonic en los reactores PWR de Ia primera 
generacion (vaina de acero inoxidable, b.arras cruciformes, flexibi!idad para una posible conversion en 
combustible de plutonio) y en los reactores BWR (canales independientes para los elementos combustibles, 
elementos con enriquecimiento multiple). Asimismo se estudia, para ambos tipos de reactor, el reciclado 
del urania enriquecido obtenido.por reela'Joracion del combustible. La serie de programas de dilculos nucleares 
PANTHER se ha comprobado sobre los resultados de unos 130 experimentos crlticos realizados en Ia instalacion 
VENUS, emp!dmdose mas de 3000 barras de combustible, pastillado o compactado por vibracion, fabricadas 
para este objetivo. Los programas de calculo termohidraulicos se han ca!ibrado para las condiciones especiales 
cercanas en Ia region proxima a los elementos combustibles de plutonic. Los programas de calculo COMETHE 
y CRASH, para el proyecto de elementos combustibles, se han comprobado con un numero elevado de 
experimentos de irradiacion. E! program> de desarrollo del combustible ha comprendido mas de 80 probetas 
irradiadas en los reactores BR2 y D!ORIT, empleandose potencias lineales que a!canzaron los 1300 W/cm, 
temperaturas de vaina de hasta 600°C y grados de quemado de 50 000 MWd/t. Ambas tecnicas de fabricacion, 
pastillado y compactacion vibratoria, se han desarrollado desde Ia escalade !aboratorio a Ia de p!anta piloto. 



A/CONF .4~/P /277 151 

Esta en construccion una gran f'abrica. Estas actividades se han complementado con un am plio programa de 
evaluacion y demostracion. En el tipo BWR, se han disei'!ado conjuntos para el reciclado del plutonio, para 
los reactores de KAHL y DODEWAARD, se ha fabricado combustible para GARIGL!ANO y DODEWAARD y hay 
una intima colaboracion con el programa experimental de ENEL en GARIGL!ANO. En el PWR, se han estudiado 
diversos esquemas de reciclado. que han cubierto cuatro tipos de ciclo para los reactores SENA y 1RINO. En 
estos programas esta comprendido el calculo de los margenes de apagado y valores para las barras de control. 
Gradualmente, desde 1963 hasta fin de 1970, se ha ido introduciendo combustible de plutonio en el reactor BR3, 
alcanzandose un maximo en el grado de quemado de 40 000 MWd/t, en el conjunto combustible UO,-Pu02 • 

1. THE BELGIAN PROGRAM 

Since 1959, Belgonucleaire and SCK/CEN have been associated in a 
1000 man-year program on all aspects of plutonium recycling in light-water 
reactors (Fig. 1). The initial phase was partially sponsored by EURATOM. 

2. PROSPECTS 

Plutonium availability and incentives to recycle have recently been dis
cussed at length [ 1, 2]. Figure 2 presents revised prospective data on avail
ability, manufacturing cost and market prices. The penalty of direct uti
lization of plutonium can be calculated on purely economic grounds. Figure 3 
results from the assumptions indicated by heavy lines in Fig. 2; recycling is 
advisable if plutonium sale is not guaranteed within two years in 1973, within 
one year in 1976 and immediately in the eighties. The decision to recycle 
or to stockpile until manufacturing costs decrease will also be influenced 
by the tendency of utilities and fuel manufacturers to minimize risks through 
realization of prototypes at progressively increasing scales. 

3. RECYCLESCHEMES 

The compatibility of fresh plutonium fuel with partially burnt uranium 
fuel remaining in the reactor is the prime requirement, leading either to 
an economic penalty or to the adoption of transition cycles. 

In equilibrium recycle cores, the water /fuel ratio should be increased 
to achieve better plutonium utilization and to compensate for control-rod 
worth decrease; this increase is limited by the associated decrease in 
temperature coefficients. In existing reactors, the cooling limitations 
practically impose the coolant cross- section and the fuel rod outer diameter, 
but the fuel density can be decreased. This improves the technological be
haviour of fuel to higher burn-ups. The economic incentive is to increase 
exposure beyond the enriched uranium optimum, due to the effect of the 
higher fabrication costs and the constant price of fissile material whatever 
the plutonium content. 

The first generation PWR plants are attractive for plutonium recycle. 
Their cruciform control rod gaps tend to isolate the new assemblies from 
their neighbours, allowing a progressive shift from a uranium burner to 
a plutonium burner or vice-versa (if justified by a plutonium price increase). 
The so-called 'plutonium island' fuel assembly type (plutonium zone amid 
enriched uranium surroundings) is recommended, since the shutdown 
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margins remain practically unaffected; in the SENA case (see section 5. 1. 2.), 
the control rod worth is decreased by less than 2o/o relative [3]. Moreover, 
the relatively high enrichment of stainless steel clad PWRs favours pluto
nium recycle in these reactors (Fig. 4 ). 

Plutonium utilization in BWRs appears economically less attractive than 
in PWRs (Fig. 4), but several BWR characteristics favour progressive con
version into plutonium burners: 

relatively independent behaviour of the fuel assemblies inside individual 
shrouds separated by large water gaps (flexibility to adapt the moderation 
ratio); 
practice of power distribution flattening by control rod movements; 
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FIG. 3. Economic penalty of plutonium recycle versus plutonium stockpiling. 
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INCREMENTAL FABRICATION COST 

FIG.4. Effect of the fabrication cost on the plutonium value for various power plants. 

routine utilization of multiple enrichments within the fuel assemblies, which 
means a lower relative penalty for plutonium fuels. 

Finally, the interest of using uranium recovered from reprocessed 
first generation PWH fuel has to be stressed for PWH.s such as SENA [3]. 
For BWRs, the peripheral rods of the assemblies can consist of reprocessed 
uranium from PWRs; for the central rods, it is of interest to blend the 
plutonium with uranium from gas-cooled reactors or PWRs, if the plutonium 
price is, respectively, below $12 or $8/ g Pu f. 
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4. TECHNICAL BACKGROUND 

4. 1. Core design 

4. 1. 1. Neutronics 

The cell calculation is performed by PANTHER, a proprietary code 
based on CADILHAC's thermal model, with relatively short computation 
times [ 4]. The cross-sections are introduced in one- (PANOPLIE, PENDULE, 
SQUIRREL, ... ), two- (SQUID, SQUID-EREBUS, CONDOR 3, ... ) or 
three-dimensional (TRITON, ... ) codes to calculate U02 -Pu0 2 lattices with 
the same precision as for UO 2 reactors: 0. 5 to 1 o/o on kerr, ± 4 to 5o/o on 
power distribution, ± 10o/o on control rod reactivity worth. These values 
have been reached by introducing some modifications in the original cal
culation procedures. However, for very complicated recycle assemblies, 
a check on a mock-up case is to be recommended (see section 5. 1.1.). 

This confidence is based not only on numerous checks on published data 
and on the BR 3 power -reactor experience, but mainly on a large program 
of neutronic experiments set up at Mol to ensure a systematic design code 
calibration. The VENUS critical facility, previously utilized as a BR 3/ 
VULCAIN mock-up, was transformed for this purpose. Almost 3000 fuel 
rods were fabricated, of which more than 1000 contain mixed oxide fuel 
(Table I); tight fabrication tolerances were imposed to obtain accurate 
physics data. 

The experimental program is summarized in Table I. In a first phase, 
criticality and substitution tests, as well as boundary and perturbation 
studies, were carried out in different types of configurations with an un
poisoned H 20 moderator; both integral and fine-structure measurements 
were included. A second phase was devoted to configurations with a H2 0 
moderator, poisoned at various boron concentrations. For the high con
centrations, a sub-critical technique was used, based on appropriate 
measurement principles [5] and data analysis methods [6]. The third phase 
of the program consists of mock-ups of proposed plutonium recycle assem
blies for various LWRs (Fig. 5). 

4. 1. 2. Thermohydraulics 

De-sign problems (e. g. burn-out margins) are treated with formalisms 
appropriate to PWRs and BWRs. The codes were checked on experimental 
results, including channels with a non-uniform cross-sectional power distri
bution, typical for an interface between uranium and plutonium fuel. 

4. 2. Fuel design 

4. 2. 1. Mechanical design 

For evaluation of the fuel behaviour and calculation of temperatures, 
stresses and strains in the various assembly components, two codes were 
developed: COMETHE for the mechanical and thermal behaviour of fuel 
under irradiation [ 7] and CRASH for the calculation of stresses and strains 
in the cladding [8]. They were checked on many irradiation results, re
presentative of PWRs, BWRs and fast reactors [9]. 
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TABLE I. CRITICAL EXPERIMENTS IN VENUS 

Available fuel 

'"u ~- Pu isotopic composition 
Rods available 

Type 
enrichm. uo, +Pu02 239/240/241/242 

Stand. Dismount 

4/0 4"/o 0 - 1760 36 

3/1 3"/o 1. 08"/o 92. OR/7. 29/0.6/0. 03 430 27 

2/2.7 2"/o 2. 7"/o 79.37/17.14/3.05/0.44 470 40 

o. 7/5 Nat. u 5. 04"/o 79.37/17.14/3.05/0.44 60 5 

0.7/4 Nat. u 4.37o/o 95.65/4.10/0.24/0.001 4 23 

A. Basic experimental program 

Type of 
Configurations 

Characteristics 
study investigated 

Square and/or circular geometry Critical mass 

Criticality 
1 and/or 2 zones 

tests 3 pitches 
Axial buckling 

4/0, 3/1, 2/2.7 fuels Radial buckling 

Su bsti tu ti on Different Pu fuels in centre of 4/0 (pitch 13 mm) 

tests Different fuels in centre of 3/1 ( 3 pitches) 
Reactivity effects 

4/0 slab next to 3/1 and 2/2. 7 slabs Power distribution 

Boundary 
Power sharing 

study 2/2.7, 0. 7/5 and 0. 7/4 central square 239 Puf/ 235 Uf and 
zones in 4/0 non- fissile de teet or 

spectrum indices 

Local B4 C. AI, H20 perturbations in 4/0, 3/1. 2/2.7 Reactivity effects 
perturbation 
study ID. at 4/0-3/1 boundary Power distribution 

4/0 square gecmetries 

From 0 to 766 ppm B Critical mass; B2 

H3B0 3 462 ppm B: without perturbation Power distribution 
poisoned 
moderator 

with perturbations 
with central Pu zone Reactivity effects 

From 766 to 2025 ppm B keff(subcrit. meas.) 

B. Mock-up configuration experiments: Fig. 5 
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FIG. 5. Plutonium assembly mock-up configurations. 
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FIG.6. Plutonium spacer capturing rod. 

4. 2. 2. Particular fuel rods 

Some fuel designs developed for enriched uranium fuel were adapted 
whenever the plutonium manufacturing problems did not allow the use of 
standard solutions. For BWRs, for example, the spacer capturing rod 
for positioning the spacer grids has been redesigned to permit its fabrica
tion outside the glove box before filling it with plutonium fuel. A vibro
compacted version is represented in Fig. 6 together with the temperature 
distribution around the connector plug under unfavourable conditions. 

4. 2. 3. Irradiation experiments 

The fuel design has been assessed experimentally through a large-scale 
irradiation program, mainly performed in the BR 2 testing reactor at Mol. 
Table II summarizes these experiments, partially reported elsewhere. 

The fission cross-section being higher for plutonium than for uranium, 
the peak ratings are shifted towards the beginning of life, so that the initial 
thermal fuel behaviour under high ratings is an important characteristic. 
It has been checked in hydraulic rabbit irradiations (HR) to screen the in
fluence of the fuel specifications and the power history [ 10, 11]. 
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Burn-up behaviour at normal cladding temperatures is being investigated 
in boiling water capsules (CEB), which enables the irradiation history to 
be traced [12, 13]. This is supplemented by basket irradiations (P), with 
dimensional and visual checks at regular burn-up intervals. Gas release 
under irradiation has been measured by EIR in the DIORIT reactor, utilizing 
capsules with continuous pressure monitors. 

All these experiments have covered a burn-up range up to 40 000 MWd/t; 
the program is being pursued for both Zircaloy and stainless-steel claddings 
up to 60 000 MWdjt. 

4. 3. Fuel technology 

Pellet and vibrocompaction fuel manufacturing techniques are discussed 
in detail in a companion paper in these Proceedings [ 14]. 

The investigation on the sinterability of mixed oxides with low plutonium 
content was started at the beginning of the program and was concluded in 
1963. The work on pellets was resumed in 1967 with the commissioning of 
a pilot fabrication facility to fulfil the demands for pelleted fuels on a routine 
basis. A fabrication plant is being constructed to cover industrial scale 
fabrications from 1973 onwards. 

For vibrocompacted fuel, the problem is the manufacturing of high densi
ty U0 2 -Pu02 granular material. A special melting technique was developed 
and applied in an experimental facility over the last five years, proving its 
ability to reach high yields of powders in correct sieve size ranges. The 
irradiation of these fuels at high ratings has shown their superiority to pelleted 
fuel, with regard to fission gas release, swelling and ridging of the cladding 
[ 14]. A special vibrocompaction technique, consisting of the introduction of 
the plutonium in the fine sieve size only (or in the medium and fine sieve 
sizes), leads to a preferential concentration of the plutonium at the rod 
periphery and hence to a substantial reduction of the central temperature for 
a given heat rating. Tuis technique is attractive but requires extensive 
testing. 

5. ASSESSMENT AND DEMONSTRATION PROGRAM 

In parallel with the R and D work, gradually expanding design and 
fabrication activity has been devoted to prototype plutonium assemblies for 
both PWRs and BWRs. 

5. 1. PWRs 

5. 1. 1. BR 3 

After its successful operation as a PWR (core 1) and a VULCAIN proto
type (core 2) [15], the 11. 5-MW(e) Belgian BR 3 plant has been turned into 
a tool for testing new fuel designs and fabrications in power reactor condi
tions, mainly for the plutonium program (Table III). 

The plutonium fuel in core 1 was the first in the world to be loaded into 
a LWR power plant [16]; this was a purely technological demonstration, cal
culated with large safety margins. 
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c::rCalculaled (!5'1.) 

FUEL 

FUEL MOD 

MOD 

FUEL 

"'Pu FUEL REGION 

POWER SHARING. 0. 77 

FIG. 7. Power distritution in the plutonium assembly at start BR 3/2. 

~Calculated (!5'1.) 
~Burnup (~tJ·I.) 

(by 0 -scanning) 

POWER SHARING 1.15 

FIG. 8. Power distribution in the 2 new plutonium assemblies in BR 3/2 bis. 
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The VULCAIN plutonium assembly was also designed with a technological 
aim, namely, testing the plutonium rod behaviour under high power gradients 
(Fig. 7 ), typical of initial recycle situations. The comprehensive thermal 
and nuclear designs were backed by a full size nuclear simulation in the 
VENUS facility [ 17]. Dry-sipping and visual examination indicated good 
fuel behaviour after a power cycling campaign at the end of core 2 [ 15], 
and after core 2 bis, with peak burn-ups typical of the SENA reloads. 

The two assemblies introduced into core 2 bis simulate the "plutonium 
island" concept. Figure 8 compares the burn-up distribution after core 2 
bis, measured by gamma-scanning on 95Zr-95Nb, and the calculated power 
distribution, averaged between start (800 ppm B) and end of life (60 ppm B); 
it indicates the reliability of the nuclear design codes, even for complicated 
configurations. 

Core 3 will be loaded with fresh hexagonal plutonium assemblies and with 
new assemblies incorporating 20 large diameter plutonium rods on a square 
lattice; this complex situation was mocked-up in the VENUS facility (Fig. 5 ). 
The core, scheduled to operate by early 1972, will then be about one third 
composed of plutonium assemblies. 

5. 1. 2. SENA-type reactors 

Detailed recycle studies were performed for fist generation PWRs of 
the SENA and TRINO types, adopting basic assumptions about the plutonium 
source (the reactor itself), the equilibrium cycle duration (to remain unaf
fected), the form factors (in respect of DNB margins), and the U0 2 fuel 
rod enrichment (identical to standard reload fuel) [ 3 ]. These studies were 
made for four cycles (5 to 8), two cladding materials (stainless steel and 
Zircaloy) and two different reloading schemes: with natural uranium in the 
mixed oxide rods or slightly enriched uranium reprocessed from unloaded 
fuel. 

With the selection of a "plutonium island" design, it is possible to have 
adequate form factors with only one plutonium enrichment per reload batch. 
Figure 9 illustrates, for one of the cases considered (stainless steel cladding, 

RELATIVE POWER DISTRIBUTION 

1.30 
1.05 

1.10 

1.07 
1.0 

0 uo2 ROD 
0.90 

I ) .I U02 - Pu0 2 ROD 

u 
Pu 

k= versus BURNUP 

~U02 -Pu0 2 Ass. 

·:::-... 10 3MWd/tM 

10 20~ 30 

FIG. 9. Power distribution in the SENA reactor during cycle 6. 
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POWER PER ROD IN ASSEMBLY E1 AT START 

FIG.lC. Dodewaard plutonium assembly. 

reloading of reprocessed uo2 of the reactor itself), the power distribution 
in the core as well as inside the hottest plutonium assembly at the start of 
the sixth cycle. 

Confidence in the calcu:,ation tools was acquired by studying a mock
up of a SENA recycle assembly in VENUS (Fig. 5): the power distribution 
in the case of the two H 20 L- shaped perturbations was calculated within 
±4, 5o/o and the reactivity effect calculation of the insertion of B4 C rods 
showed a satisfactory agreement with the measurement. 

5, 1. 3. RCC reactors 

In RCC reactors, the "plutonium island" assembly type loses most of 
its advantages. The reshuffling schemes must be adapted to minimize burn
up penalties and form factors, during the running-in cycles as a plutonium 
burner, at the expense of the plutonium value compared with cruciform 
control rod reactors. 

5. 2. BWRs 

5. 2. 1. Kahl and Dodewaard 

On the basis of the Kah'_ reactor characteristics, a high performance 
BWR fuel assembly was designed according to the "plutonium island" 
principle. The same recyc~e scheme has been adopted for two assemblies 
loaded in the Dodewaard reactor in April 1971 (Table III). Figure 10 re
presents the initial relative power distribution and the reactivity evolution 
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of an assembly with 15 plutonium pelleted rods and a uranium spacer cap
turing rod. The second assembly incorporates vibrocompacted rods to 
reduce the power peaks. To check the design, a mock-up configuration 
was studied in VENUS (Fig. 5), and cold criticals with the assemblies them
selves were performed in the Dodewaard core. 

5. 2. 2. Garigliano 

The Joint ALKEM-Belgonucleaire Association manufactured 252 U02 -

Pu02 fuel rods, assembled in four Garigliano bundles; irradiation started 
in September 1970 (Table III). 

Two Belgonucleaire-SCK/CEN representatives participated in ENEL's 
plutonium demonstration program in Garigliano on core performance assess
ments, critical experiments and intermediate examination of irradiated 
assemblies. Some design activity is under way in Belgium (Fig. 5). 

6. ECONOMIC CONSIDERATIONS 

The data summarized in sections 4 and 5 show that, technologically, 
everything is ready for starting the recycle of plutonium when it becomes 
available in large quantities. 

Economically, the present trend towards a large decrease of the plu
tonium price [ 18] alone is insufficient to justify recycle, as the incremental 
fabrication costs are still much too high due to the small plant outputs. How
ever, recycle is strongly favoured by the plutonium storing cost and invested 
capital charges and by the increase of enriched uranium prices; therefore, 
the forthcoming availability of relatively large capacity manufacturing plants 
will finally result in an economic advantage for plutonium recycle. 

In the meantime, the construction of increasingly large-scale prototypes 
of both types of light water reactor seems highly advisable in preparing 
for the commercial plutonium recycle era; this will minimize the penalty 
associated with transition cycles and the risks inherent in a complete change 
to new fuel. 
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Abstraa -Resume- AHHOTa!IMli-Resumen 

FUEL lv!ANAGEMENT STUDIES FOR PRISMATIC-TYPE HIGH-TEMPERATURE REACTORS. 
The basis of these studies is a realistic prismatic core design proposed by the OECD High Temperature 

Reactor DRAGON Project for a station of 640 MW(e) with helium cooling and a secondary steam cycle. 
The core is made up of 264 fuel element columns each consisting of 5 hexagonal fuel blocks. Each block 

contains compacted coated particle fuel in inside and outside cooled fuel pins. The fuel columns are 
replaced on-load. The fuel manag~ment for the approach to equilibrium and for the equilibrium itself 
is investigated in this paper. The use of zero-. one- and two- dimensional studies is discussed and the 

conclusion drawn to which degree of costly core representation one has to go to achieve satisfactory 
predictions. Typical utility requirements. e. g. electricity demand curves, were the basis of the xenon 
override capacities and safe shut-down margins incorporated in these studies. The investigations con
centrate on low enriched fuel cycles because these are the ones which are considered for the first prismatic 
HTR power station in Europe. They include fuel cycle cost estimates which assist in deciding which of 
the investigated running-in approaches should be chosen for real operation. The paper reports the 
particular points and restrictions which have to be heeded in working out fuel management schemes for 

HTRs. These include limiting features like fast neutron dose for structural graphite and graphite conso-
lidated fuel compacts, burn-up of coated particle fuel and local power peaks. 

ETUDES DE GESTION DU COMBUSTIBLE POUR LES REACTEURS A HAUTE TEMPERATURE DU TYPE 
PRISMA TIQUE. 

Les etudes sont basees sur une conception realiste d'un cceur de reacteur proposee par l'equipe du projet 
DRAGON (reacteur a haute temperature) de l'OCDE, pour une centrale de 640 MW(e) refroidie par helium avec 
circuit secondaire de vapeur. Le cceur est fait de 264 colonnes d'elements combustibles, chacune consistant 
en un empilement de 5 blocs hexagonaux de combustible. Chaque bloc contient des aiguilles de combustible 
formees de particules compactees et enrobees, refroidies interieurement et exterieurement. Le chargement 
des colonnes de combustible a lieu en marche. Le m€:moire etudie !'organisation du cycle du combustible 
pour la progression vers l'equilibre et l'€:quilibre lui-m~me. Des €:tudes .1 z€:ro, une et deux dimensions sont 
analys€:es et on €:value le budget a consacrer a la representation du cceur pour obtenir une pr€:vision satisfaisante. 
Le surempoisonnement xenon et les marges sOres d'antir€:activit€: .1 !'arret, faisant partie de ces etudes, ont ete 
fonctes sur les conditions typiques d'exploitation, telles que les courbes de consommation d'electricite. Les 
recherches ont ete axees sur les cycles des combustibles a faible enrichissement, dont on envisage !'utilisation 
pour Ia premiere centrale de Ia filiere prismatique a haute temperature a construire en Europe. Ces etudes 
comprennent diff'erentes estimations du coat du cycle du combustible qui doiventaider a decider quelle est, parmi 
les formules de rodage etudiees, celle qu'il faudrait choisir pour !'exploitation reelle. Le memoire fait 
etat des points particuliers et des restrictions dont il faudra tenir compte pour elaborer les diverses methodes 
de gestion du combustible des reacteurs a haute temperature. On envisage notamment des facteurs limitatifs 
tels que !'incidence de Ia dose de neutrons rapides sur le graphite de structure et le combustible compacte au 
graphite, le taux de combustion des particules de combustible enrobees et les cr~tes locales de puissance. 

HCCJJE.UOBAHIUI TIO OEPA!llEHHIO C TOTIJJHBOM .UJlll BbJCOKOTEMTIEPATYPHbJX PEAK
TOPOB TIPH3MATI1'-IECKOrO THTIA. 

0CHOBOfl 3THX HCCJie,llOBaHHH s::rs.ns::reTCR pea.nbHas::r npH3MaTHY:€CKaSI KOHCTpyKUHs:l aKTHBHOfl 

30Hhi, npe.llJIO)f(eHHaR B npoeKTe 03CP no BhiCOKOTeMnepaTypHOMY peaKTopy 
11 DRAGON', .n;.ns::r 

CTaHUHH MOW:HOCTbiO 640 MBT(3.n) C remi€BhiM T€nJIOHOCHT€JI€M H BTOpHY:HbiM napOBhiM UHKJIOM. 

}:~ At AEE, Winfrith, Dorchester, Dorset, United Kingdom. 
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AKTHBHaH 30Ha COCTOHT H3 264 KaHa.I'JOB TOOJHIBHhiX 3JI€M€HTOB, Ka)K,llbiH: 113 KOTOpbiX COCTaBJJH

€TC51 H3 5 lll€CTHyrOJihHbiX TODJIHBHbiX: 6JIOKOB. KaiK.ll;biH: 6JIOK CO,ll€p)KHT OXJia>K.naeMbie H3HYTPH 

H CHapyiKH TODJIHBHble CT€p1KHH H3 noKpbiThiX H ynJIOTH€HHbiX YaCT¥1'-1€K TOOni,iBa, TonJIHBHhi€ 

KaHaJILI neperpyJKaiOTcs:r 6e3 ocTaHOBKH peaKTopa. B .UOKJiaJJ,e paccMaTpHsaiOTCH sonpocLI o6pa
meHHH c TODJIHBOM .n;nH .llOCTI-DKeHHR pasHoseCHR H caMopasHosecHH. CpasHHBaiOTCH 0, 1- H 2 -x 

MepHbl€ HCCJl€)lOBaHHH 1 DOKa3biBaiOll.{J.1€, KaKHM .z:tOJI}KHO 6biTb B t...-TOHMOCTHOM OTHOI1I€HHH npe,llCTas

JI8HH8 aKTl1BHOH 30Hbi, l.IT06bi .llOCTHrHyTb OOp€,ll€JieHHOH: CT€0€HH TOt.IHOCTH. 3TH HCCJI€JlOBaHHSl 

BKJIIOY:aiOT TaK)I(€ onpe,D;eJieHH€ THOHLJ:HbiX D0Tpe6HOCT€H: B 3HeprHH, HanpHMep 1 B COOTB8TCTBHH C 

KpHBhiMH Cnpoca 1 B03M0)1(H0CTH npeHe6pel.lb o6pa30BaHH8M KC8HOHa 1 Ha,Ll;8)1(HQCTH OCTaHOBKH peaK-

TOpa. Hccne..o;oaaHHH cocpe.norat.rYIBaJOTCH Ha LlHKnax c MaJioo6ora~neHHhiM ronJIHBOM 1 KOTOpbre 

npe.uycMaTpHBaJOTCH .nnH nepaoii 3nexrpocraHUHH B Eapone c BhiCOKOTE!:MneparypHbiM npH3MaTH

l.l8CKHM peaKTOpOM. 0HH BKJIJO'-IalOT CTOHMOCTHbl8 OU8HKH TOOJIHBHOrO UHKJia 1 HCOOJih3Y8Mbi8 npH 

peweHHH aonpoca o era Bbi6ope B nepHO.ll nepexo..o;a K HOpManoHoii 3KcnnyaTal{HH. B JJ.OKJiaJJ.e 

OO,LI.l.l8pKHBalOTCH OT)l81IbHbi8 MOM8HT..bi H orpaHHY8HHH 1 Ha KOTOpbie ,D;OJI)I(HQ 6b1Tb 06pai.I..t8HO BHH

MaHHe npH pa3pa60TK€ CX8M 06patneHHH C TOOJIHBOM ,Ll;JI51 BbiCOKOTeMnepaTypHbiX peaKTOPOB. 

CJO,D,a OTHOCHTCH H orpaHHl.IHT8JlbHhi8 OC06eHHOCTH 1 TaKH€ 1 KaK ,ll03a 6biCTpbiX HeH:TpOHOB ,LI.JIH 

KOHCTPYKLlHOHHoro rpa4JHTa H TonJIHHHbiX npeccoaoK Ha rpacfJHTe 1 BbrropaHHe ronJIHBa B BH.Ue 

l.laCTHl.l8K C OOKpbiTH8M H M€CTHbi€ 3HepreTHY8CKH8 OHKH. 

ESTUDIOS DE GESTJON DEL COMBUSTIBLE PARA LOS REACTORES DE ALTA TEMPERATURA Y TIPO 
PRISM A TJCO, 

Estos estudios se basan en una concepcion tealista de un nucleo, formado por bloques prismaticos, 
propuesta dentro del marco del proyecto ciel reactor de alta temperatura DRAGON, de Ia OCDE, para el 
reactor de una central de 600 MW(e), refrigerado pot helio y un circuito secundario de vapor, El nucleo esta 
constituido por 264 columnas de elementos combustibles, cada una de las cuales esta formada por cinco 
bloques de combustible hexagonales. A su vez, cada bloque contiene particulas compactadas de combustible, 
revestidas formando varillas, tefrigeradas por dentro y pot fuera, La recarga de las columnas de combustible 
se efectua con el reactor en funcionamier:to. En esta memoria se estudia Ia organizacion del ciclo de combustible 
para alcanzat el equilibria y el propio equilibria. Se comparan estudios en cero, una y dos dimensiones y se 
pone de manifiesto el coste que supone Ia representacion del nucleo si se pretende alcanzar un cierto grado de 
precision, De los estudios fotma parte un examen de los requisites tipicos de los explotadores, por ejemplo, el 
seguimiento de Ia demanda, la capacidac de compensacion del xenon y el margen de segutidad despues de Ia 
caida de barras. Las investigaciones se concentran sabre los ciclos de combustible de bajo enriquecimiento, 
puesto que estos son los del tipo considerado para Ia primera central HTR con elementos prismaticos en Europa. 
En dichos estudios se presentan diferentes estimaciones del coste del ciclo de combustible, que se utilizan para 
deducir cua.1 de los perlodos iniciales, basta la operaciOn normal, examinados debe elegirse para la operaciOn 
real. Esta memoria subraya los puntas particulares y las restricciones que hay que tener en cuenta para llevar 
a cabo la gestiOn del combustible en el caso de los H1R. Entre estas figuran las limitaciones relativas, por 
ejemplo, a Ia dosis de neutrones rapidos en las estructuras de grafito y en el combustible compactado a base de 
grafito, el grado de quemado de las particulas de combustible revestidas y los maximos locales de potencia. 

1. INTRODUCTION 

Fuel management in prismatic-type High-Temperature Reactors (HTR' s) 
presents special features, which in the presented design are ::onnected to 
the on-load refuelling of a core where graphite serves both as moderator 
and structural material. 

The design chosen after optimisation studies ( 1] is laid out for a 
power station of 640 MW(e) with downward helium cooling flow and a 
secondary steam cycle. The fuel cycles aim at an average burnup of 
60 GWd/t and foresee 235u enrichments between 4% and ~~-

2. LAYOUT OF FUEL ELEMENT AND CORE DESIGN 

The layout of the core is given in Fig. 1. Between the core and the 
radial fixed graphite reflector structure is a region of removable radial 
reflector blocks which can be replaced through the outer standpipes. 
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CONTROL ROD 

100c"' 
A0.25c"' AVERAGE REFLECTOR 

THIO<NESS 

FIG. 1, Core layout, 

The main fuel and fuel element design data as well as the reactor 
data are given in Table I. The fuel consists of coated particles embedded 
in a graphite matrix compacted into pencil-like fuel sticks. These fuel 
compacts are inserted into the holes of teledial fuel pins shown in Fig. 2. 
Each hexagonal fuel block contains, centred around a central handling hole, 
17 or 15 fuel channels in which the teledial pins are situated. The pins 
are internally and externally cooled. Five fuel blocks stacked one on top 
of the other make a fuel column. Above each fuel column is a top and 
below a bottom reflector block, the latter resting on the core support 
grid. The fuel blocks are refuelled by a charge machine which enters the 
upper plenum chamber through standpipes above the core. Each of the 
inner standpipes carries a set of three control rods, one black, one grey, 
and one representing the secondary shut-down system. All control rods 
are inserted in between the fuel columns. 

The fuel blocks for the initial charge contain burnable poison sticks 
which are inserted in holes near the block edges as shown in Fig. 2. 

3. MATERIAL AND ENGINEERING CHARACTERISTICS FOR DRAGON TYPE HTR's 

The material limits in Table II refer to the present state of 
knowledge. Since extensive fuel production programmes and material 
testing programmes are under way, it can be expected that future results 
will bring a relaxation in the given limits. 

Characteristic for prismatic HTR designs is their gagging of the 
cooling flow through the various fuel columns to smooth the temperature 
distribution across the core. In the present design a fixed gagging is 
installed in the bottom reflector blocks to account for the radial power 
form factor while variable gagging in the top reflector takes care of 
the changes of power with burnup. 
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TABLE I. DESIGN DATA 

Total core power 

Plant efficiency 

Net electrical output 

Core inlet temperature 

Core outlet temperature 

Mixed reactor outlet temperature 

Pressure in primary circuit 

Core pressure drop 

Steam temperature at HP turbine inlet 

Pressure at HP turbine inlet 

Core height 

Representative core diameter 

Average core power density 

Number of fuel columns per core 

Number of fuel blocks per column 

Number of standpipes 

Length of fuel block 

Fuelled length of fuel block 

Across flat dimension of hexagonal 

Fuel channel diameter 

Coated particle/kernel diameter 

Kernel material/density 

Burnable poison material 

block 

Standard heavy metal density in fuel sticks 

Average carbon to uranium ratio in core 

Amount of heavy metal in the core 

1535 MW 

41. 7"/o 

640 MW 

305°C 

785°C 

750°C 

56 atm 

z 0. 28 kgf /an
2 

535°C 

174 atm 

5.00 m 

6.83 m 

8.29 MW/m
3 

264 

5 

54 

100 an 

94 an 

400 mm 

75.8 mm 

1180 1-1m/800 11m 
3 

U0/8. 77 g/an 

Gd
2
0/Al

2
o3 

0.8 g/an3 

272 

16.9 t 

4. ASSUMPTIONS FOR THE FUEL MANAGEMENT INVESTIGATIONS 

A catalogue of assumptions is given in Table II. The assumed load 
factor and xenon override correspond to demand curves of medium or large 
sized utilities in Europe. The table also contains some cost assumptions 
which reflect latest estimates. 

It is assumed that all fuel blocks of a fuel column are replaced at 
the same reload and are not reshuffled. The replacement of the initial 
charge should not start before half a year and later than one year after 
start-up. The initial reactivity is controlled by a burnable poison. 

In all the investigations a 2-zone core layout was chosen to limit 
local power peaks. 
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5. INVESTIGATION OF EQUILIBRIUM FUEL MANAGEMENT 

5.1. Comparison of zero-, one- and two-dimensional calculations on a 
selected case 

171 

In short, 0-D calculations gave a mean feed enrichment which was 1% 
too high compared with the result from 1-D calculations. For this reason 
and because of the importance of the radial power distribution in the 
calculation of the hot channel factor which will be discussed in the next 
chapter one could obviously conclude that 0-D calculations of equilibrium 
cores at this stage of investigation are unsatisfactory. 

Comparing the highest local power peaks in a lattice of fuel elements 
of various burnup calculated as product of 1-D radial power distributions 
times the age factors (the ratio of maximum/irradiation average macroscopic 
fission cross section) with the results from 2-D hexagonal calculations of 
the whole core, Fig. 3, we found that the power peaks had been under
estimated by factors of up to 1.2. The application of correction factors 
deduced from such comparative calculations, make it possible, however, to 
return to 1-D calculations and investigate certain features in a rather 
cheap way. 

5.2. Radial power distributions 

The equilibrium cores were laid out for equal power bump in 
inner and outer core regions. Taking this power bump as the product of 
radial power peak, age factor and correction factor defined above, we 
studied means of radial power flattening by 1-D methods. 

The result of this investigation was the recommendation of an 

equilibrium cycle with a feed enrichment of 5% and 6% 
235u in the inner 

and outer core zones, respectively, and a constant heavy metal loading 
of 0.8 g/em3 in all fuel sticks throughout the core. The average burnup 
in both zones was 60 GWd/t. This fuel cycle scheme is referred to as 
Reference Case 1 and was the target of all approach to equilibrium 
studies reported in this paper. 

Since the core is undermoderated high power peaks and power gradients 
occur at the core/reflector interface. For the above reference case, 
temperature calculations accounting for random uncertainties in a 2~ 
mode showed that the peak fuel temperatures at the core edge would 
exceed 1400°C. The power gradients would also be rather high (8% over 
the outer 5 em of the outermost fuel blocks). 

Further studies led to a new reference equilibrium cycle for 
60 GWd/t, Reference Case 27 with the same heavy metal loading of 

0.8 g/cm3 in the inner but only 0.64 g/cm3 in the outer zone and a 
constant feed enrichment of 5.3~~ over the core (Fig.3). In this way 
the edge power peak was reduced by an increase in the moderating ratio 
of the outer core zone. The hottest channel runs at a power of 1.52 times 
the average channel (hot channel factor ~ 1.52) corresponding to a 
satisfactory peak fuel temperature of less than 1350°C. The power gradient 
was reduced to 5% over the outer 5 em of the edge fuel blocks. 

5.3. Axial power distributions 

The investigations of axial power distributions have first of all 
shown that it is very important to take the temperature dependence of the 
cross sections properly into account. For the case with all control rods 
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TABLE II. ASSUMPTIONS 

Materials 

Long-term limit on fuel temperature 

Long-term limit on cooling channel surface 
temperature 

173 

Burnup limit 

Limit on fast neutron dose in fuel 

80 GWd/t (:::8.4% FIMA)a 

4 x 10 21 EDNb 

Limit on fast neutron dose in reflector blocks 

Fuel Management 

Average burnup of fuel under equilibrium 
conditions 

Xenon override capacity 

Extra reactivity requirement for fuel 
management 

Safe shutdown margin 

Costs 

Uranium ore cost 

Enrichment service 

Fuel element fabrication cost 

Reprocessing cost 

Pu credit 

Amortisation time 

Interest rate 

Load factor 

a FIMA Fissions per Initial heavy Metal Atom. 

6 x 10 21 EDN b 

60 GWd/t 

100%-20% load 

1% 

5% llk/k 

8 $/lb u
2
o

8 
32 S/kg HMC 

commercial 

130 $/kg HMC 

10 S/g fissile Pu 

25 years 

10% p.a. 

0.7 

b EDN Effective DIDO Nickel Dose (n/ cm2 
). conventional unit referring to DIDO reactor spectrum. 

c HM Heavy Metal. 

withdrawn this will result in a power peaking in the cold upper part of 
the core. With control rods partly inserted the axial power shape will 
take on a more symmetric appearance. 

Fig. 4 shows axial nominal temperature profiles in a central fuel 
column for half of the grey control rods half inserted. In cases with 
equal enrichment and heavy metal density in all blocks of a fuel column 
the limiting fuel temperature peak occurs near the bottom reflector. 

Two methods have been studied for lowering this temperature peak: 
decreasing the heavy metal density and degrading the enrichment in the 
lower blocks of the core. The adjustments, Table III, were made to equal 
height of axial temperature peaks (see the curves for 2 enrichments in 
Fig. 4). 
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flG. 4. Axial power and temperature distributions for a fresh central fuel column in the 
equilibrium core. 
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The results suggest that the degrading of the enrichment in the lowest 
block is the most favourable solution, since it brings the nominal peak 
temperature down by 45°C and at the same time in=eases the axial peak/ 
average burnup by only 3%. 

5.4. Control considerations 

Means of controlling the power distribution under normal operation 
were investigated. It was found that the reactivity step and the local 
increase in power due to a fuel column change could be amply controlled 
by one grey control rod in the neighbourhood of the refuelled column 
(see also Fig. 3). 

Calculations on the cold reference cores without xenon showed that 
the design is safe. 
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TABLE III. VARIOUS METHODS FOR REDUCING THE PEAK NOMINAL 
TEMPERATURE (T) AND THEIR EFFECT ON THE AXIAL PEAK/ 
AVERAGE BURNUP RATIO (Bu) IN A FUEL COLUMN 

Case T (oC) 

All blocks of equal feed composition 1115 

HM-density de=eased by 15% in lowest block 1105 

Enrichment de=eased by 0.7% in lowest block 1070 

Enrichment de= eased by 1.1% in 2 lowest 1065 
blocks 

Enrichment decreased by 1.8% in 3 lowest 1060 
blocks 

6. APPROACH TO EQUILIBRIUM FUEL MANAGEMENT 

6.1. Discussion of methods 

Due to the importance of radial and axial effects it was found 
necessary to use a 2-D fuel nanagement model in R-Z geometry. 

Bu 

1.09 

1.08 

1.12 

1.15 

1.27 

The actual refuelling procedure foresees that each of 264 fuel 
columns is replaced one at a time. In the fuel management model the 
simplifying assumption was made that in the central part of the core 
four columns and in the outer part eight columns at a time were replaced. 
The fuelling sequence of various core regions was chosen to achieve an 
evenly spread loading pattern throughout the core. The control rods 
were represented by homogeneously distributed control poison. In a 
separate investigation a burnable poison stick was laid out to fit the 
reactivity requirements of the initial charge. It was found that the 
control poison simulating the control rods also represents the spectrum 
effect of the burnable poison. 

In these studies axially graded enrichment was not taken into account. 
The xenon override capacity was continuously evaluated during the 

reactor operation as the reqturements are very different in the initial 
core and the eqtdlibrium. 

6.2. Layout of the initial core 

Economic constraints demand the use of the lowest possible number of 
different fuel elements. Three initial fuel enrichments and two feed 
enrichments were regarded as a Inlmmum. 

General considerations are to obtain sufficient excess reactivity 
during the initial, non-refuelling period and to achieve an overall power 
flattening by matching the er~ichments in two radial zones. The fuel 
columns belonging to one standpipe were made up of blocks with 2-3 different 
enrichments, the spread of w~ich was chosen according to discharge sequence 
to give approximately the same utilisation of the fissile material in all 
elements. Limits were the irutial hot channel factor and the maximum 
burnup. 
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TABLE IV. FUEL 1\IANAGEME~T DATA FOR DIFFERENT APPROACHES 
TO EQUILIBRIUI\1 

Case 1A Case 1B Case 1C 

Initial Charge: 

Enridunents inner core zone (%) 3/4/4.5 3/4/4.5 1. 5/3/4 

Enrichments outer core zone (%) 4/4/4.5 4/4/4.5 3/3/4 

Relative costs of initial (Mo ll) 0 0 -2.0 
charge a 

Length of non-refuelling (d) 305 308 196 
period 

Replacement of First + of Initial Charge: 

Feed enrichment inner/ (%) 5/6 4. 5/5 4/5 
outer core zone 

Reloading frequence (columns/week) va.riable 3.2 4 

All Following ReElacements: 

Feed enrichment inner/ (%) 5/6 5/6 5/6 
outer core zone 

Reloading frequence (columns/week) variable 2 2 

Relative fuel cycle costs 3 (mills/kWh) 0 0.011 0.034 

a 
The costs are quoted as differences relative to Case 1 A. 

I '22<D 

IOBl 
IO<D 

104 

102 --------

CASE lA 

I·OOL_ ___ .L_ ___ _,_ ___ _!_ ___ _L ___ _L ___ _.l ___ ---:'-----' 

Q 200 400 <DOC BOO 1000 1200 1400 1«.00 
CJ-i~Ot-JOLOOICAL- DAYS 

FIG. 5. keff curves for different approaches to equilibrium. 
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Burnable poison sticks containing 0.7 g/cm 3 gadolinium with a diameter 
of 7 mm were found to control the initial excess reactivity of cases with 
an average initial enrichment of 4%. 

6.3. Approaches to equilibrium 

The characteristic data and results for some of the cases investigated 
are given in Table IV and Fig. 5. The simplest fuel management scheme is 
1A where equilibrium feed fuel is already used in the first replacements 
at the end of the non-refuelling period. The fuelling intervals are 
automatically adjusted to suit the part-load requirements. Cases 1B and 
1C are refuelled at constant intervals using lower than equilibrium 
enriched intermediate fuel in replacing the first third of the initial 
charge. 

Intermediate fuel lowers the local age factors and leads to a somewhat 
longer running-in period. Present high fabrication costs outbalance the 
lower enrichment expenses so that intermediate feed fuel becomes more 
expensive due to the larger number of blocks needed. 

The scheme with the lower initial enrichment, Case 1C, gives higher 
local age factors during the first refuellings. Furthermore, the softer 
spectrum and the higher thermal flux require a larger xenon override 
capacity. Savings due to lower capital investments in the initial charge 
are wiped out by the increased costs of the necessarily higher replacement 
frequence in the intermediate period. 

Scheme 1A was chosen as a reference case. Some typical characteristics 
of the approach to equilibrium are shown in Figs. 6(a) and 6(b). The 
refuelling starts after an initial period of 305 chronological days. 
During the following 825 days the initial core is replaced by equilibrium 
feed fuel. This is then followed by a period of 940 days during which 
the first feed core is replaced by the second one. 

The equilibrium phase is reached after the complete discharge of 
the first core with equilibrium feed fuel. This is an important 
general outcome of all our investigations. Dependent upon the residence 
time of the fuel elements the running-in phase will take i to t of the 
total reactor lifetime. 

The local age factors are higher during the approach than in 
equilibrium. The radial form factors for the first refuelling intervals, 
however, are lower due to burnup-flattening during the non-refuelling 
period. As a combined effect, the hot channel factors during the approach 
are not higher than in equilibrium. The discharge burnup and the fast 
neutron dose vary according to the irradiation period and the position of 
the element in the core. Fig. 6(b) gives the average values for the fuel 
columns. The peak values are approximately 20% higher. The elements 
exposed to the limit of their endurance are the ones last discharged from 
the initial charge. The removable radial reflector blocks have to be 
replaced every 12 years. 

For economic reasons one is tempted to raise the average burnup of 
the first charge, which in the reference case amounted to 44 GWd/t only. 
This would require a longer non-refuelling period, a shorter discharge 
period for the initial core, and, consequently, an intermediate fuel with 
lower fissile content that can be loaded at a higher frequence without a 
severe rise in reactivity. Though the initial gain in burnup will tend 
to be absorbed by the higher fabrication costs per kWh, we regard this as 
a line for further investigations. 

By doing a proper running-in study one arrives at fuel cycle costs 
which are less than 0.1 mills/kWh higher than if equilibrium was assumed 
over the whole reactor amortisation period. 
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7. SUMMARY AND CONCLUSIONS 

7.1. It was found that multi-dimensional calculations are essential for 
proper fuel management studies for HTR's. 

7.2. Characteristic power peaks occur at the core/reflector interfaces 
due to undermoderation. TheEe can be satisfactorily reduced by 
decreasing the heavy metal density in the fuel columns adjacent to the 
radial reflector and lowering the feed enrichment in the fuel blocks 
near the hot axial reflector. 

7.3. Burnable poisons are required in the fuel blocks of the initial 
charge. None, however, are required in the feed fuel. 

:. 4. It is possible to find a proper fuel !Tanage;:,ent :::cheme where the 
technological problems during the approach are not greater than in 
equilibrium. 

7. s. Equilibrium is reached when the first feed core of equilibrium 
feed fuel composition is completely discharged. 

7.6. Evaluating in dE,tail the costs for all refuelling intervals during 
the approach to equilibrium ,,e found that for a well chosen fuel 
management scheme the fuel cycle costs are less than 0.1 mills/kWh 
higher than ones worked out under equilibrium condition. This justifies 
optimisation studies based on simple fuel cycle assumptions. 

R E F E R E N C E 

[ 1 J GUTMANN, H., et al., "Parametric Survey on Fuel Cycles and Total 
Generating Costs for HTR's with Hollow Rod, Teledial, and Tubular 
Interacting Fuel Elements", Proceedings of the· Gas-Cooled Reactor 
Information Meeting at ORNL, April 1970, USAEC-CONF-700401, p.726. 
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THEORETICAL METHODS FOR DETERMINATION OF CORE PARAMETERS IN URANIUM-PLUTONIUM 

LATTICES. 

The prediction of plutonium production in power reactors depends essentially on how the change of 
neutron energy spectra in a reactor cell during burn-up is determined. In the epithermal region, where 
the build-up of plutonium occurs, the slowing down effects are particularly important, whereas, on the 
other hand, the thermal neutron spectrum is strongly influenced by the low-lying plutonium resonances. 
For accurate analysis, multi-group numerical methods are required, which, applied to burn-up prediction, 
are extremely laborious and time consuming even for large computers. This paper contains a compre
hensive review of the methods of core parameter determination in the uranium-plutonium lattices developed 
in Yugoslavia during the last few years. Faced with the problem of using small computers, the authors 
had to find new approaches combining physical evidence and mathematical elegance. The main feature 
of these approaches is the tendency to proceed with analytical treatment as far as possible and then to 
include suitable numerical improvements. With this philosophy, which is generally overlooked when 
using large computers, fast and reasonably accurate methods were developed. The methods include 
original means for adequate treatment of neutron spectra and cell geometry effects, especially suitable 
for U- Pu systems. In particular, procedures based on the energy dependent boundary conditions, the 
discrete energy representation, the improved collision probabilities and the Green function slowing down 
solutions were developed and applied. Results obtained with these methods are presented and compared 
with those of the experiments and those obtained with other methods. 

METHODES THEORIQUES DE DETERMINATION DES PARAMETRES DE CCEUR DE RESEAUX URANIUM

PLUTONIUM, 

La prevision theorique de la production de plutonium dans un reacteur de puissance est essentiellement 
fonction de la fa~on doni on determine la variation du spectre de neutrons dans la cellule de reacteur au cours 
de !'irradiation du combustible. Dans la region des neutrons epithermiques, oil le plutonium est produit, les 
effets de ralentissement sent particulierement importants, landis que les resonances basses du plutonium influent 
fortement sur le spectre des neutrons thermiques. Pour une analyse precise, on doit faire appel aux methodes 
numeriques multi-groupes qui deviennent extr~mement laborieuses et prennent beau coup de temps lorsqu'on 
calcule le taux d'irradiation, meme i l'aide de grands ordinateurs. Le memoire etudie de maniere approfondie 
les mf.thodes f.laborf.es en Yougoslavie au cours de ces dernieres annf.es pour le calcul des parametres de cceur 
d'un rE:seau uranium-plutonium. Ne disposant que de petits ordinateurs, les auteurs ant cherchE: .3. trouver 
de nouvelles methodes combinant les donnees physiques disponibles et des moyens mathematiques appropries. 
La caracteristique principale de ces methodes est de pousser le traitement analytique le plus loin possible et 
d'y inclure des ameliorations numeriques pertinentes. Gr§ce a cette tactique, generalement negligee par les 
utilisateurs des grands ordinateurs, des methodes rapides et suffisamment precises ant pu <!Ire elaborees, 
Celles-ci, particulierement adaptees aux systemes U -Pu, contiennent des techniques originales pour le 
traitement de !'influence du spectre de neutrons et de la geometrie des cellules. Les methodes elaborees 
portent notamment sur les conditions aux limites variant avec l'E:nergie, la representation discontinue de 
l'energie, les probabilites de choc ameliorees et le calcul du ralentissement a !'aide des fonctions de Green. 
Les rE:sultats obtenus par ces methodes sont presentes et compares avec l'expE:rience et avec les rE:sultats 
ObteDUS a 11 aide d I aUtf€5 methodeS, 

TEOPET!1CJECK!1E METOnhJ OITPEnEJJEH!151 ITAPAMETPOB AKTHBHOH 30Hbl, COCT05!
IIJEHI13 YPAH-ITJJYTOHl1EBbJX PEIIJETOK. 

PacYeT npoH3BO,IJ;CTBa nnyTOHHH s 3HepreTHt.tecKHX peaKTopax cymf'CTBeHHO 3aBHCHT OT 

TOre, KaK H3MeH51eTCH 3HepreTH4eCKHti: cneKTp Heti:TpOHOB B H4etfKe peaKTOpa B npouecce Bbiro-
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paHH51, HaKOnJieHH€ nnyTOHHH H.ll€T, B OCHOBHOM, B 3m-tTenJIOBOH o6naCTH 3HeprHH:, r,ne Oco6eH

HO BaiKHbl 34J<fleKThl 3aM€.llll€HHH, TOr.na KaK, C .UpyroH CTOpOHbi, p€30HaHCbi nnyTOHHH B 06JiaCTH 

HH3KHX 3Hepndi OKa3biBaJOT 3aMeTHOe BJIHHHHe Ha T€0110BOH CnE'KTp. ,llJJH TOt.iHOrO aHaJIH3a Tpe-

6yeTC51 HCOOllb30BaTb MHOrorpynnOBbl€ 1.{HCJI€HHbi€ M€TO.Ubl paCl..leTOB, KOTOpbi€ B npHM€H€HHH K 

pacLJ:eTaM BLiropaHHH OC06eHHO Tpy.Il::>€MKH H 3aHHMalOT MHOrO Bp€M€HH .llaJIKe npH pa6oTe Ha 

KpynHbiX 3JieKTpOHHO-Bhi"-IHCJIHT€JlbHMX MallHfHaX. ,lloKJia,U CO.ll€P)KHT BCe06'IleMJJIOI.U;Hti 063op Me

TO.UOB onpe,neJieHHH napaMeTpOB aKTHBHOH 30HLI, COCTO.SHlJ;eH H3 ypaH-nllyTOHH€BhiX pelll€TOK. 

YKa3aHHble MeTO.llhl 6biJHt pa3pa6oTaHLI B IOrocnaBHH 3a nocne)lHHe HeCKOllbKD neT. 0Ka3as

UIHCb nepe.n; !flaKTOM HCOOllb30BaHVIH He60JiblliHX Bbi4HCJIHT€JlhHhiX MalliHH, aBTOpbi .LJ;Oll>KHhl 6biJIH 

HCKaTb HOBbie nyTVI pellleHHSI, Cot.teTaiOIUHe <j}H3H'-I€CKYIO HarJIH,li;HOCTb H .MaTeMaTl14eCKOe H35'JIIle

CTBO. 0CHOBHa5'1 OC06eHHOCTb 3TH X peiiieHHH - aHaJIVITVI'-IeCKaH 06pa60TKa pe3yllbTaTOB C HCOOJib-

30BaHHeM cooTseTCTsyiOIIlHX ycosepmeHcTBOBaHHH t.~HcJieHHhiX MeTOJlOB pac1..1eTa. B pe3yJIDTaTe 

6biJIH pa3pa6oTaHhi cpaBHHT€llbHO HerpyllO€MKHe M€TO,llhi, o6ecne4HBaiOW:H€ pa3yMHyiO TO'-IHOCTb 

pac1..1eTa. Pa3pa6oTaHhi opHrHHan&Hbie MeTOJI:bi o6pa6oTKH HeHrpoHHbiX cneKTPOB H 3<f>4JeKTOB 

reoMeTpHH SI'-I€HKH, B OCHOBHOM npHM€HHT€llbHO K ypaH-nnyTOHH€BbiM CHCTeMaM, B 4aCTHOCTH, 

6biJlH pa3pa60TaHbi H OpHM€H€Hbi M€TOJI:HKH C HC001lb30BaHH€M 3HepreTHt.I€CKOH 3aBHCHMOCTH 

rpaHH4HhiX YCJIOBHfij JI:HCKp€THOrO 3·-tepreTH4€CKOrO npe,n:crasJieHHSI, peiiieHH~ !flyHKUHH rpHHa 

llliH npOU€CCa 3aM€.ll1l€HHH. flpHBO.LJ;HTCH pe3yllbTaTI:.I, nonyt.~eHHbi€ C HCOOllb30BaHH€M pa3pa6o

TaHHhiX M€TO,li;OB. 3TH pe3y1lbTaTbl cpasHHBaiOTCH C 3KCnepHM€HTaJibHhiMH .n;aHHbiMH H pe3y.nh

TaTaMH .llpyrHx MeTo.n:os. 

METODOS TEOR!COS PARA LA DETERMI~ACION DE LOS PARAMETROS DEL NUCLEO EN RETICULOS DE 
URANIO-PLUTONIO. 

La prediccion de Ia produccion de plutonio en los reactores de potencia depende esencialmente de como 
se determine Ia variacion del espectro enc:rgetico en una celda del mismo durante Ia irradiacion del combustible. 
En Ia region epitermica en Ia que tiene Iugar Ia acumulacion del plutonio, son particu!armente importantes los 
efectos de la mod era ciOn, mientras que por otra parte el espectro neutrOnico termico se ve considerablemente 
influido por las resonancias bajas del plutonio. Para un an3.lisis preciso se necesitan metodos numericos en 
multigrupos, los cuales, cuando se aplican a Ia prediccion del grado de quemado, son extremadamente 
laboriosos y consumen mucho tiempo incluso para maquinas calcu!adoras grandes. Esta memoria contiene una 
amplia resefta de los metodos desarrollados en Yugoslavia durante los recientes Ultimos aftos para la determina
cion de parametres del nuc!eo en reticules de uranio-p!utonio. Enfrentados con el problema que supone contar 
Unicamente con maquinas calculadoras pc queftas. fue preciso que los autores encontraran nuevas metodos en los 
que la evidencia f1sica se combina con la elegancia matem3.tica. La caracterlstica principal de estos mf.todos 
es la tendencia a seguir un procedimiento anal1tico hasta donde sea posible para introducir entonces adecuados 
recursos numericos. Siguiendo esta l1nea de pensamiento, que generalmente se pasa por alto cuando se 
utilizan maquinas calculadoras grandes, se desarrollaron m€:todos rapidos y de precisiOn razonable. Los 
metodos utilizados comprenden tecnicas criginales para tratar convenientemente los espectros neutrOnicos y 
efectos de Ia geometria de Ia ce!da, y son especial mente idoneos para sistemas U -Pu. En particular fueron 
desarrollados y aplicados procedimientos basados en las condiciones de contorno dependientes de Ia energia, Ia 
representaciOn discreta de la energ1a, las probabilidades de colisiOn mejoradas y el d1lculo de la moderaciOn 
mediante funciones de Green. Se presentan los resultados obtenidos con estes metodos y se comparan con los 
de la experimentaciOn y con los que resui·.:an de aplicar otros metodos. 

1. INTRODUCTION 

The prediction of plutonium production in power reactors depends 
essentially on how the change of neutron energy spectra in a reactor cell 
during burn-up is determined. In the epithermal region, where the build-up 
of plutonium occurs, the slowing down effects are particularly important, 
while, on the other hand, the thermal-neutron spectrum is strongly 
influenced by the low-lying plutonium resonances. For accurate analysis, 
multi-group numerical methods are required, which, applied to burn-up 
prediction, are extremely laborious and time-consuming even for large 
computers. 
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There are several plutonium recycling modes, and the decision on which 
is best for the specific reactor in which plutonium is to be used depends 
primarily on the detailed nuclear design studies. However, it is usually the 
case that calculational schemes, used successfully for core parameter 
determination in U02 or metallic uranium lattices, result in systematic 
discrepancies, when extended and applied to U- Pu lattices, so that semi
empirical nuclear data adjustments are necessary. These discrepancies 
are especially sensitive to the changes in :.'4Clpu concentration and the lattice 
pitch, i.e. to thermalization and transport effects. 

As is known, plutonium cores, compared with uranium cores, are 
expected to show improved stability and transient characteristics, because 
they have more negative Doppler and moderator temperature coefficients 
due to plutonium resonances, increased resonance absorption and spectrum 
shift. On the other hand, the control-rod efficiency is reduced as a result 
of thermal flux reduction, which necessitates an increased number of 
control rods. Moreover, there is a reactivity penalty caused by intensified 
resonance effects and yield of fission product poisons. Because of all these 
effects, more elaborate methods are required for U- Pu lattice calculation, 
especially for prediction of adequate reactivity and power distribution control. 

This paper contains a comprehensive review of the methods for core 
parameter determination in U- Pu lattices developed in Yugoslavia during 
the last few years. Faced with the problem of using small computers, the 
authors had to look for new approaches combining physical evidence and 
mathematical elegance. The main feature of these approaches is the 
tendency to proceed with analytical treatment as far as possible and then to 
include suitable numerical improvements. With this philosophy, which is 
often overlooked when using large computers, fast and reasonably accurate 
methods have been obtained. They contain original developments for 
adequate treatment of neutron spectra, cell geometry and core composition 
effects, especially suitable for U-Pu systems. 

2. LATTICE CELLS 

2. 1. Thermal-neutron region 

Thermal-neutron spectra in plutonium-containing reactor lattice cells 
are strongly influenced by the 0. 297-eV resonance of 23~Pu and the 1. 055-eV 
resonance of 240pu. To treat adequately both thermalization and resonance 
effects, detailed multi-group calculation is usually required. In the course 
of Swedish- Yugoslav co-operation, a new idea was developed [ 1] to replace 
the standard multi-group method by discrete representation of the neutron 
spectra according to the Gaussian quadrature scheme. The accuracy of the 
plutonium reaction rate integration was improved by introducing different 
integration variables in different parts of the thermal-energy region and 
clustering the integration points around the plutonium resonance [ 2] . 
Furthermore, the convergence of the method, as regards the number of 
integration points, was improved by splitting the flux under the energy 
transfer integral into a Maxwellian part and a hardening part with an energy 
dependent amplitude [ 3] . When the preliminary guess of the hardening 
function is good, this approach can be fairly efficient, since only the inter
polation in the hardening function amplitude is to be performed. 
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A system of multi-point equations, formally identical to multi-group 
equations, was derived [ 4] . The applicability of the energy point method 
for heterogeneous systems was examined by combining it with the collision 
probability technique. The routines PIN and SOMAT [ 5] were written for 
calculating thermal neutron spectra and reaction rates in a two-zone 
Wigner-Seitz cell. Both multi-point and multi-group calculations were 
performed for a number of different cases, the typical examples being 
illustrated by Figs 1 and 2. The number of energy points needed to achieve 
the pre-assigned accuracy of reaction rate integration was shown to be 
considerably lower than the corresponding number of energy groups. 

To study the thermalization effects in a reactor lattice cell, the P3 
approximation of the spherical harmonics method was extensively used and 
a method was suggested for efficient solution of multi-group or multi-point 
P3 equations [ 6]. A computer program, MULTI, was developed [ 7] to 
calculate the space and energy distribution of thermal neutrons in a multi
zone cylindrical lattice cell, using either the multi-group data calculated by 
program SIGMA or the multi.- point data computed by program CAMP [ 8]. 
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In the program CAMP, a procedure was developed for the point 
scattering matrix construction based on the Lagrange interpolation scheme. 
Instead of splitting the neutron flux under the energy transfer integral into 
the Maxwellian part and hardening part, it was approximated by a third 
degree polynomial with coefficients depending on the flux values at the four 
neighbouring integration points. The total balance condition is satisfied 
through the iterative procedure of solving the system of multi-point P3 
equations, which makes this approach much simpler and more straight
forward than that suggested in Ref. [ 1] . 

Another improvement of the point method was obtained by more exact 
integration of neutron absorption. Instead of using the Maxwellian amplitude 
[ 1] or the iterative procedure applied in Ref. [ 8], the neutron balance 
condition was obtained by a more convenient distribution of energy points. 
The slightly increased thermal energy interval was divided into four sub
intervals according to the physical properties of U and Pu isotopes and a 
suitable integration procedure was proposed for each interval. The same 
integration functions were used for determination of scattering matrices. 
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The Doppler broadening of Pu resonances was also taken into account. In 
this procedure, a thermalization program PLUTON was developed and 
some of the results obtained are presented in Figs 3 and 4. 

To take into account the space variation of the thermal flux inside the 
cell, an investigation was carried out on connecting the collision probability 
treatment with the energy point method. Starting from a collision probability 
study for concentric cylindrical zones [ 9] , a corresponding space point 
method (based on the combination of analytical and numerical approaches) 
was developed [ 10]. For every chosen space point, the integral transport 
equation was written and the flux between the points was interpolated by a 
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series in even powers of the radius. The system of linear algebraic equations 
obtained gives the flux at the desired points. In Fig. 5 some of the results 
obtained by the method described are compared with the standard collision 
probability treatment. The application of the method to multi-group 
calculations is straightforward, as shown in Ref. [ 11] . The method is also 
adapted to cluster-type fuel elements [ 12]. 

Another rapid and reasonably accurate procedure suitable for Pu 
lattice calculation is the program ANTER, based on the analytical method 
for calculating neutron thermalization [ 13, 14]. In this method, use is 
made of the energy-dependent boundary conditions combined with the 
collision probability technique in the fuel and the Laguerre polynominal 
expansion in the moderator [ 15]. In many burn-up programs, for instance 
in the Swedish BOP and the Yugoslav TER [ 16], the one-velocity ABH 
procedure [ 1 7] is used for disadvantage factor calculation. The accuracy 
of such programs may be improved by the substitution of ABH by ANTER, 
since the latter has been shown to give considerably better results [ 18] . 
Some comparisons of both methods with the THERMOS procedure and 
experiments can be seen in Fig. 6. 

2. 2. Resonance neutron region 

In treating the resonance effects in a reactor cell, the usual assumptions 
are: a spatially flat flux in every cell zone and an asymptotic 1 /E spectrum 
between the resonances. As a result, a number of semi-empirical correc
tions are necessary. In addition, an adequate connection with the usually 
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detailed treatment of the thermal neutron region is impossible. Moreover, 
more rigorous treatment of the resonance region is particularly important 
for adequate Pu build-up prediction. 

To overcome these shortcomings, a new procedure was developed to 
solve the space-, lethargy- and angle-dependent transport equation for 
resonance neutrons. In the resonance region, the neutron scattering is 
isotropic, but, since the values of cross-sections in different zones of a 
reactor cell are widely different, the neutron flux near the zone boundaries 
becomes very anisotropic. For this reason, the P3 approximation of the 
spherical harmonics method was applied, resulting in a system of integra
differential equations with a difference kernel depending on lethargy and 
space. Combining the analytical and numerical procedures, the expressions 
are obtained for the space and energy distributions of resonance neutrons 
in a multi-zone reactor cell [ 19]. The accuracy is limited practically 
only by input cross-section data, and the computing time is relatively short, 
so that it is convenient for incorporation in burn-up programs. Some 
results for resonance -neutron flux distributions in the centre of a fuel 
element and at its surface are shown in Figs 7 and 8. To investigate in 
detail the effects of 238 u resonances (where the build-up of plutonium 
occurs) the flux distributions near a giant 6. 7-eV resonance and the 
corresponding space and lethargy distribution in a cell are calculated and 
presented in Figs 9 and 10, respectively. 
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FIG.12. Space distribution of the fast-neutron flux in the moderator of a natural uranium - D
2 

0 cell, taking 
into account anisotropic elastic scattering: rod diameter, 1. 626 em; lattice pnch, 17.7 em. 

2. 3. Fast-neutron region 

The fast region is relevant to the problem of Pu build-up, mostly through 
supplying adequate sources for resonance neutrons. Here the problem of 
fast-neutron transport and slowing down becomes important. An exact 
analytical method for solving the problem of the slowing down of fast 
neutrons was developed recently [ 20]. The solution of the slowing down 
equation was obtained indirectly, by detailed consideration of the neutron 
slowing-down process. By representing the collision density by a sum of 
collisions with different prior histories and substituting Green functions by 
Dirac delta functions, the problem was reduced to determination of neutron 
scattering functions. These functions were determined by factorization in 
lethargies (in treating the inelastic scattering) as well as by expansions in 
cosine of the scattering angle (in treating the elastic scattering). The 
expression obtained for collision density is valid for arbitrary dependence 
of cross-sections on energy and angle. 
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With the Green function technique, the method was applied to a reactor 
lattice cell [ 21] . The space energy distribution of fast neutrons in a 
reactor cell was also determined by the multi-group P3 procedure with the 
modified MULTI program [ 22], as well as by the multi-group collision 
probability procedure [ 11] . Some of the results obtained by these methods 
are displayed in Figs 11 and 12. 

3. REACTOR CORE 

3. 1. Material buckling 

U- Pu lattices represent a typical example of the so- called mixed 
lattices, which contain different types of fuel. In the equilibrium state, by 
continuous fuel exchange, fuel elements of different uranium and plutonium 
compositions are uniformly arranged in the reactor lattice. In some cases, 
e. g. in a reactor with steam superheating, fuel elements of different 
geometries and compositions are uniformly arranged in the lattice from the 
very beginning of the operation. To solve the criticality problem, elaborate 
methods are required, such as the heterogeneous method or the numerical 
three-dimensional calculation of the reactor core. 

When treating the long-term fuel composition changes to determine the 
maximum fuel burn-up, it is necessary to solve the criticality problem 
many times, so that application of the above -mentioned methods is 
laborious and time consuming, even for large-capacity computers. Since 
fuel elements of different nuclear compositions are uniformly arranged over 
the whole reactor lattice, it is possible to define the material buckling for a 
uniformly mixed lattice and to reduce a criticality problem to a problem of 
finding the roots of the two-group critical equation. 

With two types of fuel element, the validity of the definition of the 
material buckling for the mixed reactor core was experimentally investigated 
on the Yugoslav heavy-water zero-power reactor RB [ 23]. Some of the 
results are presented in Fig. 13. The validity of the adopted simple 
definition of the material buckling for mixed reactor core, as linearly 
dependent on the configuration factor, was confirmed. 

3. 2. Criticality 

To be able to establish the best national fuel management policy, special 
efforts were devoted to the development of fast and reasonably accurate 
methods for overall reactor core calculation. In addition to the already 
mentioned burn-up program TER, a criticality program, REDIR, was 
developed [ 24] . Galan in's method of effective boundary conditions was used 
with a two-group calculated effective reflector thickness. The program 
calculates radial and axial macroparameters and fuel-element burn-up. 
To calculate U-Pu lattices, suitable averaging procedures have been in
cluded. The validity of the assumptions involved in the program was 
checked by the Feinberg-Galanin heterogeneous method applied in the 
criticality program HETERO [ 25], as well as by the experiments described 
in Section 3. 1. 
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FlG. 13. Material buckling for reactor lattices composed of two types of uniformly arranged fuel elements 
as function of fraction factor k. 

The criticality programs developed were used to study the different 
refuelling schemes with or without plutonium recycling. Some results of 
these investigations, including the recommendations for countries with 
rather small nuclear power programs, are presented in Refs [ 26] and [ 27]. 

3. 3. Optimization of core configuration 

In designing nuclear reactors and in operating them, a series of 
problems of variational nature is encountered. The extreme of a physical 
magnitude is always sought, e. g. minimum critical mass, minimum critical 
dimensions, maximum reactor power, maximum neutron flux, minimum 
poisoning after reactor shutdown, minimum time of reactor shutdown, and 
the like. The function that is varied depends on the nature of the problem 
investigated. This may be the space distribution of fuel or absorber con
centration, the neutron flux, the reactor power, etc. For constructional, 
thermic, or other reasons, this function is always limited, making these 
kinds of variational problem non-classical, so that Pontryagin 1 s maximum 
principle or Bellman 1 s dynamic programming have to be applied. 

In the case of U- Pu lattices, the particularly relevant problems are 
based on the possibility of varying the space distribution of fuel concen
tration. The shortcoming of all existing solutions is that this distribution 
is assumed in advance. Here, a direct approach to this problem is 
defined: to determine the space distribution of fuel concentration in the 
reactor core directly from the extreme of a desired physical magnitude, 
satisfying the thermic restrictions. 



194 

d • ~ -
f 

0 

POP- JORDANOV et a!. 

~ 
! 

u ltl=O 
ulti=DI~= 11,lhzl u(t): Uma< (d, =Ill) 

I U ma' ;;;ItT"" 
I 
I 
I 
I 

l -I dz - dJ d,-i-dt _J 
f-h, 

t 

hz---
hl 

t, 

F!G.14. Optimal core configurarion for high-flux reactor. 

The mathematical formulation of the above problem is given in Ref. 
[ 28] and some applications to the optimization of reactor core configuration 
are presented in Ref. [ 29]. For example, the optimal fuel configuration of 
the reactor core, obtained in the case of a high-flux reactor, consists of a 
reflector in its centre, a zone of constant (permissible) power density, a 
zone of constant (maximum) fuel concentration, and a peripheral reflector 
of infinite thickness (Fig. H). 

The choice of an adequo.te model of the process in the optimization 
procedure developed plays <:LD important role. The model presented here is 
based on the two-group diffusion theory of neutrons, and is given for 
arbitrary core geometry. However, the same optimization procedure is 
also applicable with the multi-group diffusion model. 

In a similar way, with a corresponding model of the process, numerous 
problems in reactor kinetics and the control of U- Pu cores can be solved. 
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Abstract-Resume- AHHOTaQHli-Resumen 

NEUTRON STUDY ON PLUTONIUM AND ON FUEL BURN-UP IN THERMAL REACTORS. 
Since 1958, the Commissariat a l'energie atomique has carried out an extensive series of studies in 

order to obtain a better knowledge of the properties of plutonium -containing fuels, in particular those of 
fuels irradiated in thermal power reactors. These studies have included integral measurements in heavy
water and graphite-moderated lattices on uranium -plutonium alloy fuels (progressive replacement and 
oscillations), chemical and isotopic analyses, and integral measurements (oscillations) on samples of fuels 
irradiated in power reactors. Theoretical models have been developed in order to analyse the experiments 
as a whole and take proper account of spectrum effects, cross-section variations as a function of temperature 
(experiments up to 400'C), and changes in the isotopic composition of plutonium during burn-up. A 
consistent set of cross-sections has been defined. In comparison with the U.K. A, E. A. 1967 library values 
normalized to the last recommended values at 2200 m/sec (Westcott, 1970), plutonium-240 absorption and 
the ratio of~ of plutonium -239 tory of uranium-235 have been decreased, and the resonance amplitude of the 
absorption and fission cross-sections of plutonium-239 have been modified. The main parameters of the 
changes in the fuel during irradiation, such as the resonance integral of uranium -238 and the capture cross
sections of plutonium isotopes, are adjusted on the basis of the results of irradiated fuel analysis. With a 
knowledge of the plutonium data, the total capture of fission products can be inferred from the oscillations 
of the irradiated fuels. These methods and results are applied to the study of fuel burn-up in French power 
reactors and to evaluation of the plutonium produced and its isotopic composition. A direct application 
can also be made in the case of plutonium recycle studies. 

ETUDE NEUTRONIQUE DU PLUTONIUM ET DE L'EVOLUT!ON DES COMBUSTIBLES DANS LES REACTEURS 
A NEUTRONS THERMIQUES, 

Depuis 1958, le Commissariat .1 l'energie atomique a realise un ensemble important d'etudes visant .1 
conna1tre les proprietes des combustibles contenant du plutonium et notamrnent celles des combustibles 
irradies dans les reacteurs de puissance a neutrons thermiques. Ces etudes ant consiste d'une part en des 
mesures integrales dans des reseaux moderes a l'eau lourde et au graphite sur des combustibles d'alliages 
uranium-plutonium (remplacement progressif et oscillations), d'autre part en des analyses chimiques et 
isotopiques et des mesures integrales (oscillations) sur des echantillons de combustibles irradies dans les 
reacteurs de puissance. Des mocteles theoriques ant ete elabores pour interpreter !'ensemble de ces 
experiences, tenir compte correctement des effets de spectre, de Ia variation des sections efficaces effectives 
avec Ia temperature (experiences jusqu'a 400'C) et de !'evolution de Ia composition isotopique du plutonium 
au cours de !'evolution, Un ensemble coherent de sections efficaces a ete mis au point: par rapport aux 
valeurs de Ia bibliotheque UKAEA 1967 normalisees aux dernieres valeurs recomrnanctees a 2200 m/s 
(Westcott, 1970), on est amene a dirninuer !'absorption du plutoniurn-240 et Ia valeur du rapport des 
facteurs n du plutonium-239 et de l'uranium-235, et a modifier !'amplitude des resonances des 
sections d'absorption et de fission du plutoniurn-239, Les analyses de combustibles irradies permettent 

* Cette etude a ere realisee avec Ia participation de plusieurs equipes et de nombreuses personnes, 
en particulier MM. M. Livolant etA. Hoffmann pour les methodes de calcul, M. Y. Bouedo pour I' inter
pretation des experiences, M. R. Bir et ses collaborateurs pour les analyses de combustibles, et les equipes 
des reacteurs AQUILON, MINERVE et CESAR. 

*" Electricite de France (SEPT EN), Clamart, France. 
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1' ajustement des principaux parametres de !'evolution du combustible, integrale de resonance de 
l'urarlium-:2:38 et sections de capture des isotopes du plutonium. Les oscillations dt combustibles irracties 

donnent, ii partir des connaissances relatives au plutonium, la capture totale des produits de fission. Ces 

methodes et CeS resultats SOn\ applil!U'" il !'etude de !'evolution du combustible des reacteurs de puissance 
franfYais et.] !'evaluation du plutonium FfOUuit et de sa composition isotopique; cet ensemble trouve egalement 
une application directe dans les etudes dJ recyc!age du plutonium, 

HEKTPOHIIOE 11CCJIE110BAIII1E fiJIYTOHJ15J 11 BbliOPAHI15J TOfiJII1B/\ B PEAKTOP/\X 
H.\ TEfiJJOBblX IIEKTPOHAX. 

C 1 g5B ro.D;a KoMHccapHaT no aToMHOH 3HeprHH npoBeJI KpynHLie cepHH Hccne.noBaHHA .llJIR 

.nyYwero rl03H3HHH CUOfiCTB TOrlJIHBa, CO.JJ;€p)f(rtW:ero n.nyTOHHtf H, B Y3CTHOCTH, CDOHCTB3 TOrlJIH

Ba, 06Jiyt.teHJWrO H TeflJIOBhlX 3HepreTH4€CKHX peaKTOp3X. 3TH HCCJI€,llOB3HJ.Hf OpOBO.llHJlHCb 00 

HHTerpallbHbiM Yl3MepeHHF.M B T~DK€JIOBO.llHbiX rpacf:lHTOBbiX pelll€TKaX Ha ypaHO-nnyTOHH€BbiX 

COJiaBaX C OOMOUlbiO M€TO.ll0B perpecCHBHOrO 3aM€UlCHYI51 Yl OC~HJ1Jl51UHH, Yl nO XHMHY€CKHM H H3Q

T00HbiM aHallH3aM 1 a TaK)f(€ HHTf'rpallbHbiM H3M€p€HHHM (oc~HJJJ15Jl1HH} Ha o6pa3UaX 06llyYeHHOrO 

s 3HeprerHY€CKHX peaKTopax ronnHBa. EbillH pa3pa6oraHbi TeopeTHYeCKHe MO..::tellH .nnH aHaJIH3a 

cepHH 3KCO€pHM€HTOB, npaBHJlbHOrO yyeya 3cJ><fleKTOB CO€KTpa, sapHaUm1 3<f>cf:leKTHBHbiX C€Y€HHH 

KaK <fJyHKUHH TeMnepaTyphi (3KCOepHME'HThl .llO 400°C) H H3M€H€HHH B H30TOOHOM COCTase nny

TOHH5J BO BpE'MH BhiropaHHR. Onpe,[leJleH COHMPCTHMbiH PR.ll C€Y€HHH. no cpaBH€~1HIO CO 3Ha

Y€HH5lMH 1967 ro,n;a 6H6llHOTeKH Ynp.lnneHH5J no aroMHoH 3Hepri.fH Coe.nHHeHHoro Koponescrsa, 

npHB€.ll€HHbiMH K 00Cll€.lli!UM peKOM€1-I.llO!:laHHbiM 3tlaY€HHSiM 2200 M/CeK (\\'estcott. 1970), nO

rllOUl€HH€ 240 J>u H OTHOllJeHHe n 239J.ll K n 
235U 6biJ1H JM€Hblli€Hh1 1 H3M€HSiiOTCR TaK)f(C aMOJlHTy.lla 

p€30HaHca OOrllOUl€1H·Ht 239Pu H C€Y€HH5l Jl€li€HH5J. 0CHOBHhH? napaM€Tpbi H3M€H€HlHI B TOOJIHBe 

BO Bp€MR o6nyyeHJ.H1, TaKli€, KaK pe:IOHaHCHbitf HHTerpall Z38U H C€Y€HHH 3aXBaTa H30TOOOB nny

TOHHH perynHpylOTC5J no pe3yllbTaTa\.1 aHaJlH30D o6Jiyl.feHHOro TOOJJHBa. OcuHJJJlH~HH o6nyl.feH

HOro TOOJIHBa .rtalOT o6IU:ef; OOrllOUl€HH€ npo.rtyKTOU .ll€ll€HI-l5J Ha OCHOB€ 3HaHHSi 3Ha'-l€t1HH nnyTo

HHH. 00JIY'-I€HHbi€ TaKHM o6pa30M M€TOJlbl H pe3yJlbTaTbl npHM€HHIOTCH K HCCll€JlOHaHHIO Bhiro

paHI·HI TOOJlHBa DO cf:lpaHUy3CKHX 3HepreTH'-I€CKHX peaKropax H K OU€HK€ npOH3BO.llCTAa nJJyTOHHH 

H ero H30TOnHoro cocrasa. 0HH rar<)f(e MoryT Henocpe.ncrseHHO npHMeH5JTbC5I B Hccne.n:onaHH5IX 

noeropHoro nnyroHHeuoro ~HKJla. 

ESTU DIO NEU TRONICO DEL PLUTONIO Y DE LA EVOLUCION DEL COMBUSTIBLE EN LOS REACTORES DE 

NEUTRONES TERMICOS. 
Desde 1958, la Comisar1a de Energ1a Atomica de Francia ha realizado una serie importante de estudios 

destinados a conocer las propiedades de !Js combustibles que contienen plutonic y principalmente las de los 

combustibles irradiados en los reactores de potencia de neutrones termicos. Estos estudios han consistido, par 
una parte, en medidas integrales sobre reticules de combustibles de aleaciones uranio-plutonio moderados por 
agua pesac.la y por grafito (sustituciOn pro5resiva y oscilaciones), y, por otra parte, en analisis quimicos e 
isotopicos y en medidas integrales (oscilaciones) sobre probetas de combustibles irradiados, en los reactores de 

potencia. Se han elaborado modelos teO.:icos para interpretar el conjunto de estos experimentos, teniendo en 
cuenta correctamente los efectos de espec:tro, la variaciOn de las secciones eficaces efectivas con la temperatura 
(experimentos hasta 400°C) y la evoluciCn de la composiciOn isotOpica del plutonic durante la irradiaciOn. 
Se ha puesto a punta una serie coherente de secciones eficaces; con relaciOn a los valores de la biblioteca 
de la UKAEA 1907 normalizados a los ultimos valores recomendados para 2200 m/s (Westcott 1970), sc l1a 

disminuido la absorcion del plutonic y del urania 235, y se ha modificado la amplitud de las resonancias de 

las secciones de absorcion y de fision del plutonic 239. Los analisis de combustibles irradiados permiten el 
ajuste de los principales parametres de la evolucion del combustible, integral de resonancia del uranio 238 y 
secciones de captura de los isotopos del plutonio. Las oscilaciones del combustible irradiado dan, a partir de 

!OS conocimientos relativos a; plutonic, la captura total de los productos de fision. Estos metodos y 
resultados se aplican al estudio de la evo:.ucion del combustible de los reactores de potencia franceses y a la 

evaluacion del plutonic producido y de su composicion isotopica; tambien encuentran una aplicacion directa 

en los estudios del reciclado del plutonic. 

INTRODUCTION 

Un programme important a ete realise au Commissariat a 11 energie 
atomique, depuis une dizaine d 1 annees, sur 11 etude des proprietes 
neutroniques du plutonium et 11 evolution du combustible dans les reacteurs 
a neutrons thermiques a uranium naturel. Ces travaux ont ete realises 
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en partie dans le cadre de deux contrats EURATOM sur le « Recyclage 
du plutonium» [1, 2] et en cooperation avec Electricite de France. 
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Le programme experimental a porte a la fois sur des alliages 
uranium-plutonium et sur des combustibles irradies dans des reacteurs 
de puissance [3]. Dans le premier cas, on a fait des experiences critiques 
et des mesures par oscillations; on a fait varier largement les spectres 
en agissant, soit sur le rapport de moderation (ainsi que sur la nature 
du moderateur: graphite ou eau lourde), soit sur la temperature. Dans 
le second cas, on a fait des analyses chimiques et isotopiques des teneurs 
en noyaux lourds a divers stades d 1 evolution, ainsi que des mesures de 
reactivite par oscillation. 

Ce programme a comporte egalement des etudes theoriques, qui 
ont porte principalement sur la mise au point de methodes de calcul pre
cises des spectres de neutrons dans le domaine de la thermalisation. 
On a pu rendre ainsi toutes les mesures coherentes et remonter aux 
donnees nucleaires de base. Dans ce qui suit, avant de decrire les 
programmes experiementaux et leurs resultats, on donne quelques indi
cations, d 1 une part sur les etudes theoriques, d 1 autre part sur les 
methodes d 1 analyse chimique et isotopique dont la precision est essentielle. 

1. METHODES DE CALCUL [4] 

Au debut des annees 60' les etudes theoriques ont porte sur l I elabora
tion de methodes de calcul des spectres qui soient a la fois precises et 
rapides; elles ont abouti notamment a la mise au point d 1 un modele 
synthetique de l 1 operateur de thermalisation (modele de Cadilhac, ou 
modele« secondaire» [5]). 

Dans la peri ode recente, l I accent a ete mis sur l I application des 
theories precedemment elaborees; on notera trois directions principales: 

constitution d 1 une bibliotheque de sections efficaces et surtout de 
sections de transfert en energie des moderateurs, 
developpement de methodes de calcul de cellules et realisation des 
codes correspondants, 
traitement des produits de fission. 

1. 1. Bibliotheques 

Les donnees physiques necessaires au calcul et a l I utilisation des 
spectres thermiques sont les sections efficaces, dans le domaine 
thermique, des elements entrant dans la composition des combustibles 
et les sections de transfert en energie et de diffusion des principaux 
moderateurs. 

De plus, pour 11 utilisation du modele de Cadilhac, il est necessaire 
de determiner les fonctions G et H caracteristiques de ce modele et, 
pour une prise en compte correcte des fuites macroscopiques, le 
COefficient de diffUSiOn en fOnCtiOn de l I energie. 

La plus grande partie des sections efficaces d 1 absorption et de 
fission utilisees provient de la bibliotheque UKAEA. Les autres sections 
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ont ete extraites de la bibliotheque ENDF I B. En particulier' pour les 
isotopes les plus utilises, les references sont les suivantes: 

Bibliotheque UAKEA 
DFN 

Bibliotheque ENDF/B: 
MAT 

235U 

30 

239pu 

329 

149sm 241Am 

1027 1056 

240pu 

201 

243Am 

1057 

241Pu 

40 

237Np 

1048 

135Xe 

4 

242pu 

1055 

On a etabli un formalisme qui permet d I effectuer le calcul numerique 
des sections de transfert a partir d 1 une donnee physique fondamentale: 
le spectre des frequences propres de vibration du noyau, compte tenu de 
toutes les liaisons auxquelles il est soumis. Les modeles physiques 
utilises pour 11 obtention des spectres de frequences pour les differents 
moderateurs sont indiques en [4]. 

L I ajustement des fonctions G et H est realise sur les flux: ces 
fonctions sont donnees en [4] pour les differents moderateurs. Le 
coefficient de diffusion est calcule a partir du spectre de frequences du 
moderateur. 

1. 2. Methodes de calcul de cellule 

Pour les calculs de cellule, on a utilise, soit le code THERMOS, 
base sur la resoluti.on directe des equations de transport-thermalisation 
exactes, soit des codes fondes sur 11 emploi simultane d 1 un traitement 
simplifie de l' espace (methode des zones- source) et du modele de 
Cadilhac. Un certain nombre d 1 ameliorations ont ete apportees au code 
THERMOS initial: augmentation des possibilites du programme (50 points 
d 1 espace, 60 groupes d 1 energie, 7 milieux), calcul plus correct des 
probabilites de collision, calcul de la source de ralentissement en 
utilisant les sections de transfert exactes des isotopes, calcul de sec
tions multigroupes paraboliques, procede d' iteration plus sur et plus 
rapide. 

Les codes dits « secondaires » associent au modele de thermalisa
tion un traitement de 11 espace simplifie, en exploitant les caracteres 
specifiques des problemes traites: pour une cellule usuelle a eau lourde 
ou au graphite, le procede de calcul spatial est une extension de la 
methode ABH; pour les cellules moderees a 11 eau ordinaire, on calcule 
les probabilites de premiere collision dans une geometrie cylindrisee, 
ou dans une geometrie reelle sans decoupage du moderateur. Le code 
DEP 035 [6] est le plus couramment utilise, en particulier pour 11 inter
pretation des experiences sur les combustibles au plutonium. 

Le principal avantage des codes secondaires est, pour des cellules 
de grandes dimensions reclamant de nombreux points d 1 espace, la 
rapidite de calcul (facteur 10 a 100 avec THERMOS). Actuellement, la 
comparaison des differentes methodes de calcul montre que ll incertitude 
liee aux donnees nucleaires fondamentales est nettement superieure a 
11 incertitude liee aux differences entre methodes de calcul. 
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1. 3. Traitement des produits de fission et calculs d 1 evolution 

Les codes d 1 evolution [6] sont, pour le calcul des spectres, des 
codes secondaires. Ils traitent 32 produits de fission, la capture tot ale 
des produits de fission etant completee au moyen d 1 un pseudo-produit. 
On a egalement mis au point une methode plus elaboree, qui permet de 
calculer 1 I eVOlUtiOn d I Un nombre quelconque de prOdUitS de fiSSiOn 
(actuellement 188). Les sections efficaces effectives d 1 absorption sont 
calculees dans le formalisme de Westcott, en tenant compte des effets 
d 1 ombre et d 1 auto-protection des resonances. Les donnees nucleaires 
sont issues des ouvrages de Walker [7] et d 1 England [8]. 

2. ANALYSE DES ALLIAGES URANIUM-PLUTONIUM ET DES 
COMBUSTIBLES IRRADIES: METHODES ET RESULTATS [2] 

La plus grande difficulte rencontree dans ce type dl analyse est 
d 1 obtenir des solutions a doser representatives des echantillons a etudier. 
Le choix des prelevements sur les barreaux U- Pu ou sur les elements 
combustibles irradies, puis leur mise en solution, constituent des 
operations tres delicates, a cause des risques de pollutions aux differents 
stades des manipulations et de l 1 heterogeneite des teneurs en plutonium. 
Les analyses physico-chimiques etant destructives, il est indispensable 
de S I aSSUrer, par des methodes physiques, que le prelevement analyse 
est bien representatif de la moyenne du barreau a etudier ou de mesurer 
sa difference avec une precision suffisante. 

Pour les combustibles irradies, 11 examen de la repartition des taux de 
fission est effectue par spectrometrie 'Y. 

Pour les alliages U- Pu, les comparaisons sont effectuees, pour les 
prelevements, par spectrometrie a et, pour les barreaux, par comptage 
des neutrons emis par la fission spontanee du 240 Pu. 

Les analyses sont toutes effectuees par spectrometrie de masse et 
elles concernent essentiellement la mesure de la teneur isotopique du 
plutonium et la determination du rapport Pu/ U par la methode de la 
double dilution isotopique [1]. 

Pour les combustibles irradies, on mesure en plus 11 appauvrisse
ment en 235 U et la teneur en 236U, a l 1 aide d 1 un spectrometre de masse 
a UF 6, dont 11 avantage reside essentiellement dans 11 excellente pre
cision que 11 on peut atteindre, en particulier pour les faibles irradiations. 
Le principe de 11 appareil est de determiner directement la difference 
des teneurs entre deux echantillons voisins, 11 un etant le combustible 
irradie appauvri en 235u, 11 autre le combustible initial ou un etalon 
d 1 enrichissement voisin de celui a mesurer. On exprime la difference, 
par rapport a leurs teneurs d 1 origine, des teneurs N 5 en 235U et N8 
en 238U par 11 expression: 

1 - a 1 
_ N5/Ns 

(No/Ns)o 

et la precision relative atteinte sur le terme (1 -a) est de 0, 7%. 
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Les analyses isotopiques du plutonium sont effectuees avec un 
Spectrometre de maSSe eqUi::le d I Une SOUrCe a ionisation de SUrface, 
dont le signal de sortie est, apres digitalisation, transfere sur bande 
perforee, puis traitE; sur orclinateur. 

Le traitement des donnees, tres elabore, permet d 1 atteindre les 
precisions suivantes (Ni et Ni etant les concentrations respectives des 
deux isotopes du plutonium): 

Pour R = Ni/Ni > 10% 

Pour 1 o/o < Ni /Ni < 10% 

Pour Ni /Ni < 1% 

6.R = ± 0, 1 o/o 

6.R ± 1 o/o X R 

6.R ± 0, 01o/o 

La determination de la teneur en plutonium, c 1 est-a-dire du rapport 
239 Pu/ 238 U, est effectuee par la technique de la dilution isotopique avec 
traceur double. En melange ant ce traceur, constitue de 233U et de 242 Pu, 
avec la solution a analyser' la dilution isotopique a lieu simultanement 
pour 11 uranium et le plutonium. Les compositions isotopiques de ces 
deux elements sont modifiees par le melange, mais de telle fa<;on que 
la relation existant entre le rapport des masses des elements dans 
11 echantillon et la composition isotopique de ces elements dans le melange 
sera independante des masses melangees, ce qui permet d 1 eviter la 
me SUre precise deS quantiteS de traceur et d I echantillon que 11 On Utilise. 
Toutefois, afin d 1 operer dans les meilleures conditions, on optimise le 
melange solution-traceur pour que le rapport des pies a mesurer soit 
le plus voisin possible de l 1 unite. 

Une etude approfondie, portant sur plus de 200 determinations, 
montre que la precision rel<:.tive sur le rapport U / Pu est tres voisine de 
1 o/o, qu 1 elle est remarquablement independante du temps et de la teneur en 
en plutonium, tout au moins dans la gam me couverte par cette etude. 

3. ETUDE EXPERIMENTALE DE COMBUSTIBLES URANIUM-PLUTONIUM 

On a fabrique des combustibles d I alliages metalliques d I uranium 
et de plutonium, dont les compositions couvrent globalement les variations 
en cours d 1 evolution des teneurs en noyaux lourds des combustibles des 
reacteurs de puissance a uranium naturel ou faiblement enrichi. Les 
experiences effectuE,es cons;:ituent un ensemble coherent de mesures 
portant sur un type de combustible, dans deux moderateurs (eau lourde 
et graphite), a plusieurs pas de reseau et plusieurs temperatures. 
Deux methodes expt'rimentales ont t'tt' utilist'es: le remplacement 
progressif et les oscillations. 

Les experiences d 1 oscillation a differentes temperatures, qui 
portent sur un grand nombre de combustibles de differentes teneurs, 
permettent d 1 obtenir un jeu coherent de sections efficaces du plutonium 
et de l'uranium-235. Ce jeu de sections« evalue» est applique ensuite 
aux autres types d 1 experiences. 
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TABLEAU I. ECHANTILLONS D 1 OSCILL,\TION 

0,15 0,20 0,20 0' 30 0, 35 

3 

8 
0, 45 

20 

35 

0, 22 
3 

20 

0,35 35 

Nota. Les croix correspondent aux echantillons. Les €:chantillons a 20°/,, et 3fP/., de 240 Pu contiennent 

respectivement 2o/o et 6rJ/0 de 241 Pu. Les pr€:cisions sur les teneurs sont donnees au paragraphe 2 
(la pr€:cision sur la teneur en bore des €:chantillons d '€:talonnage est Ue ± 1°/.J). 

3.1. Experiences d 1 oscillations dans CESAR en temperature 

La methode d 1 oscillation [2) consiste a remplacer dans un reacteur 
experimental critique 11 element combustible standard, place au centre 
du reacteur (ou element de reference), par 11 echantillon U-Pu a mesurer; 
ce remplacement est effectue en imprimant un mouvement periodique a 
11 ensemble du canal de combustible ainsi constitue. On me sure deux 
quantites: le signal« Global», image de la reactivite de 11 echantillon, 
et le signal « Local», image de la variation de la densite neutronique au 
voisinage de l' echantillon. 

L I interpretation de ces experiences est faite par la methode de 
11 echantillon equivalent [9). En utilisant le double etalonnage du reacteur 
par des echantillons d 1 uranium enrichi ou appauvri et d 1 uranium naturel 
bore, On Obtient de fa <yOn independante leS taUX de reactiOn d I abSOrptiOn 
et de production du plutonium dans chaque echantillon, done les sections 
effectives taP et v tfP, en fonction de celles de l 1uranium-235. 

Les experiences effectuees dans CESAR portent sur 14 echantillons 
(9 a 400 °C). Les echantillons sont des cylindres pleins de 29,2 mm de 
diametre et 292,5 mm de longueur. Les teneurs enuranium-235 et en 
plutonium sont donnees au tableau I. 

La zone centrale de CESAR est constituee par un reseau de cellules 
hexagonales (pas 225, 16 mm, canal 70 mm); 11 ensemble du reacteur 
est chauffe par circulation de COz; les experiences ont ete effectuees 
a 20°C, 200°C, 400°C (precision sur les temperatures:± 1 °C). 
La comparaison entre calcul et experience porte sur les quantites taP 
et vErp. Les calculs des spectres et des sections effectives ont ete 
effectues par les codes DEP 035 et THERMOS. Les donnees nucleaires 
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TABLEAU II. SECTIONS EFFICACES DE REFERENCE A 2200 m/s 

'"u 239Pu 24Ipu 24oPu 242Pu 241Am 

v 2, 4229 2, 3799 2, 934 

of (b) 580,2 741, 3 1007' 3 

o a (b) 678' 5 1012, 3 137 5, 5 297 30 587 

fondamentales sont celles du paragraphe 1 en ce qui concerne les courbes 
des sections efficaces, norr:1alisees aux valeurs a 2200 m/ s qui figurent 
au tableau II. 

Pour les noyaux fissiles, ce sont les dernieres valeurs publiees par 
11 AIEA [10]. 

Les experiences en temperature offrent 11 interet de pouvoir separer 
les effets dus a la forme des sections de ce qui est du a la valeur a 
2200 m/ s consideree comme une valeur de normalisation: dans le cas 
des isotopes du plutonium, cela revient a comparer 11 importance de la 
premiere resonance a cene de la partie en 11 v. 

Result at: jeu « evalue » de donnees nucleaires de base 

Ces mesures permettent ainsi d 1 obtenir un jeu evalue coherent de 
sections efficaces caracterise par rapport aux donnees initiales par les 
modifications suivantes: 

a) Augmentation de 7"/o ± 2% et 5% ± 2% des hauteurs des pies des 
resonances d 1 absorption et de fission de 239pu. 

b) Sections a 2200 m/s: 
240Pu· a 0 280 ± 10 b 

· ao 
241Pu: a~1 1030 ± 20 b 

239Pu: a~9 1015 ± 5 b 

239pu et 23i>u: o~9 741,6 bet a~5 = 584 ± 3 b (version 1) 

ou o~9 737 b ± 4 bet a~5 = 580,2 b (version 2) 

Dans les deux cas 11~/11~ = 1, 009 ± 0, 007 
Les deux versions du jeu evalue sont equivalentes pour 11 interpreta

tion de nos mesures puisque ce sont des mesures relatives ou on com
pare le plutonium a l 1 uranium-235. 

Le tableau III illustre la comparaison entre le jeu de reference et 
le jeu evalue propose. 

3. 2. Experiences de rem placement progressif [11] 

Les elements combustibles d I un reseau de reference sont rem place 
de far;on progressive par les elements U-Pu a etudier. A chaque etape 
de cette substitution, on meaure la variation de reactivite de la pile, 
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ou de sa taille critique, et on en deduit, par extrapolation, le laplacien 
matiere du reseau substitue compare a celui du reseau de reference. 
Cette methode n I utilise quI une fraction du volume critique; cependant, 
dans la mesure ou on cherche a s 1 affranchir des effets d 1 interaction 
entre zones, elle necessite une quantite importante de combustible (de 
11 Ordre de 1 tonne), 0n S I est done limite a l' etude de trOiS jeUX de 
teneurs differentes: 

Jeu 1: uranium naturel + 0, 05o/o de plutonium a 6o/o de 240Pu. 

Jeu 2· uranium appauvri a 0, 22o/o de 235U + 0, 30o/o de plutonium a 
8o/o de 240Pu. 

Jeu 3: uranium naturel + 0, 05o/o de plutonium a 25o/o de 240Pu. 

On a etalonne les variations de reactivite par des jeux d 1 uranium 
enrichi et appauvri qui ont ete mesures de la meme fa<;on. 
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Les elements combustibles ont la meme geometrie que ceux des 
experiences d I oscillations. Ces experiences ont ete realisees dans 
CESAR (moderateur graphite, mesures de 20°C a 450°C) et dans 
AQUILON (moderateur eau lourde, mesures a differents pas). L 1 inter
pretation des resultats se traduit par la comparaison entre calcul et 
experience des valeurs des laplaciens, ou du l'J du combustible, lorsqu 1 on 
utilise le jeu de donnees nucleaires de reference ou le jeu evalue pro
pose au paragraphe precedent. 

3. 2. 1. Experiences dans CESAR 

Les mesures ont ete effectuees a 20, 100, 200, 300, 400 et 450°C. 
Les caracteristiques du reseau de mesure sont celles decrites pour les 
experiences d 1 oscillations. Les ecarts entre calcul et experience sur 
les laplaciens sont traduits en ecarts sur le rapport de l'J (l'J 1 ) du com
bustible substitue U- Pu au l'J du combustible de reference uranium naturel. 
Le tableau IV donne les valeurs de cet ecart selon le jeu de donnees 
nucleaires que 11 on utilise. 

Discussion des resultats 

- Les modifications proposees des donnees fondamentales apportent 
peu d I amelioration pour les jeux 1 et 3. Ces combustibles contiennent 
d 1 ailleurs tres peu de plutonium et les ecarts obtenus sont en general a 
11 interieur deS marges d I incertitude lieeS a 11 eXperience, auxquelleS il 
faut ajouter celles sur les teneurs en plutonium: on ne peut en tirer que 
peu d 1 enseignements. 

- Par contre, les resultats du jeu 2 sont tres sensibles a ces 
modifications (ceci est lie ala forte teneur en plutonium de ce combus
tible). Les variations constatees sont significatives: 11 ecart entre 
calcul et experience est tres nettement diminue lorsqu 1 on utilise le jeu 
evalue. Notons d 1 ailleurs que 11 on doit ajouter ala marge d 1 incertitude 
exp~rimentale une marge egale due a 11 incertitude sur les teneurs en 
plutonium. 

En conclusion, les experiences de remplacement progressif dans 
CESAR, en temperature, confirment les modifications proposees des 
donnees nucleaires fondamentales. 
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TABLEAU IV. ECARTS ENTRE 17 1 ID CALCULE ET EXPERIMENTAL 
( I I ) ( I I ) (X 1 o-o ) . 17 !7 calc - !7 TJ exp 

Combustible 
U-Pu 

leu 1 

Jeu 2 

Jeu .3 

a Mesures non effectuees. 

T em perature 
(oC) 

20 

100 

200 

300 

400 

450 

20 

100 

200 

:300 

400 

450 

20 

100 

200 

300 

400 

450 

Jeu de reference Jeu evalue 
(pcm) (pcm) 

- 56 - ~e 

- 71 - 91 

+ 29 - 3 
- 92 - 112 

a a 
- 53 - 70 

+ 3:30 + 63 

+ 416 + 155 
+ 490 + 250 

+ 365 + 110 
+ 206 - 8 

+ 127 - 121 

- 1 - 6 

+ 21 + 52 

- 12 + 3 

+ 36 + 71 
a a 

+ 40 + 72 

~ La marge d' incertitude experimentale a associer aces resultats esr de .:t 100 X 10- 5 • 

3. 2. 2. Experiences dans AQUILON [2] 

Des experiences de remplacement progressif ont ete faites dans 
l I installation critique a eau lour de AQUILON II sur des reseaux geo
metriquement identiques mais comportant des differences de composi
tion des combustibles; le reseau de reference est en uranium naturel, 
les reseaux substitues en uranium enrichi ou appauvri (0, 69%, 0, 83%, 
0, 86% de 235U) ou en alliage uranium-plutonium (jeux 1, 2 et 3). On a 
utilise cinq pas du reseau (12 a 21 em) pour mettre en ceuvre une assez 
large variation de spectre. 
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Les differences de laplaciens entre les reseaux testes et les reseaux 
de reference sont deduites de la variation de la hauteur critique de la 
pile au cours du remplacement progressif. On a utilise pour l' interpre
tation une methode heterogene qui permet de mieux prendre en compte 
les effets geometriques durant la substitution progressive et surtout les 
differences de composition isotopique entre les elements testes. 

Les fuites ayant ete etalonnees au cours des experiences portant sur 
des combustibles a teneur variable en 235u, on peut convertir les ecarts 
de laplacienS entre leS reseaUX aU plutonium et leS reseaUX a l I Uranium 
naturel en ecarts de reactivite qui portent principalement sur le termer). 
On peut done comparer ces valeurs experimentales de r) I In (D I : reseau 
aU plutonium; r); reSeaU a l I Uranium naturel) aUX ValeUrS CalculeeS a 
priori. Les valeurs « experimentales » dependent legerement du calcul 
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TABLEAU V. ECAHTS ENTRE [(n' /n) - 1] calcule et experimental 

[ (n'/n)-llexp - [ (n'/ry)- llcalc 

Jeu Ecarts avec le jeu Ecarts avec le jeu £carts avec le jeu 

combustible Pas de reference JR evalue JE evalue modifie JE' 
(pcm) (pcm) (pcm) 

12 69 l12 
13 69 121 

1 p 17 - 43 - 4 

19 1 29 

21 - 33 4 

12 - 273 - 5 - 60 

13 - 324 - 50 - 86 
2 p 1 i - 396 - 122 - 109 

19 - 444 - 166 - 141 

21 - 506 - 230 - 194 

12 57 40 - 24 

13 55 57 5 
3 p 17 - 63 - 62 - 81 

19 62 - 56 - 66 

21 - 44 - 35 - 36 

Nota. Pour ces comparaisons 1' erreur sur la teneur en plutonium entraine une incertitude de 
± 30 pcm pour les jeux 1 et 3 et de ±90 pcm pour le jeu 2. L'erreur neutronique varie de 
35 a 70 pcm du pas 12 au pas 21 pour les jeux 1 et 3, et de 45 a 90 pcm pour le jeu 2. 

(variations de f, L
2

, L~ principalement). Dans le tableau Von fait ces 
comparaisons en utilisant deux jeux de sections efficaces: le jeu de 
reference (JR) et le jeu evalue propose (JE). 

Discussion des resultats 

- Les deux premieres conclusions des experiences dans CESAH se 
retrouvent ici: 

pour les combustibles des jeux 1 et 3, les deux jeux de sections 
efficaces donnent des resultats compris dans les marges d' erreur; 
par contre, pour le jeu 2, le jeu evalue donne des resultats plus 
proche de 11 experience que le jeu de reference. 

En effet, les ecarts moyens (en pcm) [(rl'/ )')- l)exp- (n' I)')- l)calcl 
sont les suivants: 

JR 
JE 

Jeu 1 

13 
52 

Jeu 2 Jeu 3 

- 3 90 - 11 
- 115 - 11 

- De plus, 11 echelonnement des ecarts (experience-calcul) est 
significatif pour les trois jeux: on surestime 1' efficacite du plutonium 
aux grands pas. Cet effet, particulierement net pour le jeu 2, 
P.eut etre explique en modifiant la forme de la section efficace du 
240

Pu: une diminution de 10% de la capture effective de cet isotope dans 
le domaine de la resonance a 1 eV reduit la variation de 11 ecart du pas 12 
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au pas 21, pour le jeu 2 com me pour le jeu 3. Ceci est illustre dans le 
tableau v ou la colonne J E I indique que lIon a utilise le jeu evalue JE 
avec cette derniere modification relative a l 1 absorption du plutonium- 240. 

4. EXPERIENCES D 1 OSCILLATIONS DE COMBUSTIBLES IRRADIES: 
DETERMINATION DE LA CAPTURE TOTALE DES PRODUITS 
DE FISSION 

Les experiences d 1 oscillations de combustibles irradies sont tout 
a fait analogues a celles deja decrites pour les combustibles U-Pu. 
Apres une periode de mise au point sur les reacteurs MINERVE et 
MARIUS, un programme important de mesures a ete realise dans 
MARIUS en 1968 sur des combustibles en provenance des reacteurs G3 
et CHINON 2. Ces experiences ont ete effectuees avec me sure du signal 
Global seul. La methode de l I echantillon equivalent et le double etalon
nage par des echantillons enrichis ou appauvris en 23 'D, ou bores, per
mettent d I abOUtir a Une relation entre l I absorption et la prOdUction de 
neutrons du combustible. Les teneurs en noyaux lourds des combustibles 
oscilles sont connues par les analyses. 

La production de neutrons est calculee a partir de ces teneurs et 
du jeu de sections evalue a partir des experiences U- Pu, en tenant compte 
de la repartition radiale des noyaux lourds dans le combustible. Le 
resultat de 1 I experience est alOrS 1 I absorption thermique totale de 
1 I echantillon, et plUS precisement 1 I abSOrptiOn deS noyaUX lourds formeS 
en cours d 1 evolution et des produits de fission. C 1 est done sur le terme 
(f:aP + taPF) que porte la comparaison entre calcul et experience. Le 
calcul permettant de determiner le poids de l 1 absorption des produits 
de fission [£; aPF /(EaP + f;aPF )], on parvient ainsi a une estimation de f aPF 

que 11 on compare a la valeur calculee par le code d I evolution COREGRAF 2 
[6] dans lequel le parametre qui fixe l 1 irradiation est l 1 appauvrissement 
en 235u mesure par analyse; 

N5/Ns 
(N5 /Ns lo 

Les combustibles mesures sont: 

a) 9 barreaux d 1 uranium naturel de 31 mm de diametre irradies dans 
G3. Les taux d I irradiation varient de 1100 a 3 500 MWj/ t 
(1 -a varie de 0, 16 a 0, 40). 

b) 33 tubes dluranium naturel (de 18 mm de diam~tre interieur et 40 mm 
de diametre exterieur) allie a du molybdene (teneur 1, 1%) irradies 
dans CHINON 2. Les taux d 1 irradiation varient de 500 a 2000 MWj/ t 
(1 -a varie de 0, 05 a 0, 26). 

Les resultats de cette etude sont illustres par les figures 1 a 4. 
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FIG.3. Iapf/(~aP + f:apf) en fonction de l'appauvrissement en 235 U. 
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mo)'eme 

1- ex 

FIG. 4. Ecart emre calcul et experience sur d'ap + f aPF )/ i: a en fonction de l' appauvrissemem en 
235U (C =valeur calculee, E =valeur mesuree). 

En moyenne le calcul surestime la quantite taP + taPF d 1 environ 
0, 35%. La marge d 1 incertitude sur cet ecart varie entre± 1, 6% pour 
les faibles irradiation et ± 0, 8% pour les plus fortes, definissant ainsi 
une zone d 1 incertitude qui contient la presque totalite des points. 
Exprimes en termes de capture totale des produits de fission, ces 
resultats montrent que le calcul surestime f:aPF d 1 environ 4, 5% avec 
Une marge d I incertitude all ant de ± 21 o/o aUX plUS faibleS irradiatiOnS a 
± 1 Oo/o aux plus fortes. 
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On peut conclure de cette etude que les methodes de calcul actuelles 
predisent done correctement les taux de reaction et la reactivite des 
combustibles irradies a condition de diminuer globalement la capture 
tot ale des produits de fission d 1 environ 5%. 

5. AJUSTEMENT DES CODES D 1 EVOLUTION A PARTIR DES 
ANALYSES CHIMIQUES ET ISOTOPIQUES DES COMBUSTIBLES 
IRRADIES [2) 

La determination des teneurs en noyaux lourds de combustibles 
irradies dans des reacteurs de puissance permet de tester la validite 
deS COdeS de calcul de 11 eVOlUtiOn et d I ajuster eventuellement leS prin
cipaUX parametres responsables de la formation et de la disparition des 
noyaux lourds. Les conditions d 1 irradiation etant connues avec une 
certaine incertitude liee aux variations de fonctionnement du reacteur' 
il est necessaire d 1 analyser un grand nombre de combustibles pour 
obtenir des renseignements precis. On distinguera dans cette etude les 
resultats de 11 ajustement, qui dependent etroitement de la methode de 
calcul que 11 on utilise' et les methodes mises en ~uvre qui sont tout a 
fait generales: nous avons deja parle des analyses, nous exposerons 
ici leS methodes d I interpretation, pUiS les resultatS ObtenUS. 
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5.1. Interpretation des analyses 

On ajuste les parametres suivants: 

Integrale de resonance del' uranium-238: I0 

Sections a 2200 m/s: captu:·e de 238 Pu (<J~9 ), de 241Pu (<J~ 1 ), 

de 230U (<J~5 ), absorption de 240Pu (<J~ 0 ). 

Dans une premiere methode, on determine pour chaque echantillon 
analyse les variations 6 qu 1 .Ll faut appliquer aCeS parametres pour 
obtenir 11 accord entre calcul et experience sur les teneurs en noyaux 
lourds ( 239 Pu, 240 Pu, 241 Pu, 242 Pu, 236 U). On trace ensuite les histo
grammes relatifs aux 6, ce qui fournit une valeur moyenne et un ecart 
type qui permettent d 1 effect.Jer 11 ajustement. 

Dans une deuxiE~me met1.ode, on traite par moindres carres 
11 ensemble des resultats ponctuels relatifs a chaque analyse. On cherche 
les valeurs 6 des variations des parametres qui decrivent 11 ensemble 
des ecarts SUr les teneurs d 1 Une fa<; On Optimale (determination par la 
methode du maximum de vraisemblance). Ces deux methodes aboutis
sent a des resultats tres voisins. 

5. 2. Echantillons analyses 

Les 348 echantlllons analyses sont preleves sur des combustibles 
d 1 uranium naturel irradies dans les reacteurs de puissance de la filiere 
a uranium naturel-graphite-gaz. On trouvera aux tableaux VIet VII 
la repartition de ces echanbllons et leurs teneurs en noyaux lourds aux 
irradiations maxim ales. 

TABLEAU VI. ECHANTILLONS ANALYSES 

Reacteur Type de combustible. 
Nombre d' echantillons Irradiation 

analyses (MWj/t) 

G2, G3 Barre au (0 28 mm) 48 6oo a 4Goo 

G3 Barreau (0 31 nan) 121 2oo a 65oo 

CHINON 1 Tube (0 35-14 mm) 55 200 a 1400 

CHlNON 2 Tube (0 40-18 mm) 124 5oo a 45oo 

TABLEAU VII. TENEURS EN NOYAUX LOURDS 

Type de combustible 
N5 /N 8 N6 /N8 N9 /N8 N0 /N, N1/N, N,/N, 
X 102 X 102 X 102 X 102 X 102 X 102 

G2, G3, 0 2S mm 0, 37 0, 06 0,19 29 5,5 0, 9 

G3,031mm 0, 30 0, 07 0, 22 40 8,0 1, 9 

CHINON 1 0, 5~ 0 0,10 9,6 1.1 0 

CHINON 2 0, 41 0,05 0,21 26,4 5, 9 0, 9 
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TABLEAU VIII. VALEURS A 2200 m/ s DES SECTIONS EFFICACES 
AJUSTEES (en barns) 

0 0 0 0~1 0 
oc, oc, 0 ao Ocs 

Reference 273.9 297' 3 382,3 100' 6 

Lo0 /o0 x 10+2 - 5,0 -10,4 -12,3 - 2,0 

Ecart type 
5, 7 4,4 4,4 2,8 

X 10+2 

Ajustees 260,2 266,4 335,3 98,6 

5. 3. Ajustement du code d 1 evolution COREGRAF 2 

COREGRAF 2 [6] est le code de calcul de reseau et d 1 evolution 
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utilise pour ce type de reacteurs; ses principales caracteristiques sont: 
calcul du spectre dans le domaine thermique par un code secondaire 
(voir paragraphe 2); 
calcul de 11 integrale de resonance a partir de 11 expression classique 
10 =A+ B) S/M, ou A et B sont des parametres ajustes sur des reseaux 
a uranium naturel; 
calcul d I eVOlUtiOn SUiVant la methode eXpOSee en 1. 3 (3 2 produitS de 
fission plus un pseudo-produit); 
sections efficaces: bibliotheque indiquee en 1' valeurs a 2200 m/ s 
resultant de differents ajustements ou evaluations. 

COREGRAF 2 permet des calculs tres rapides mais il ne prend pas 
en compte les effets de la repartition des noyaux lourds et des produits 
de fission a 11 interieur du combustible. Ces effets peuvent etre impor
tants sur les sections effectives et on voit bien que la notion d 1 ajuste
ment est ici etroitement liee au code utilise eta un probleme precis: 
la formation des noyaux lourds. La comparaison entre calcul et 
experience sur les teneurs se fait en prenant la teneur en 235 U comme 
parametre d 1 evolution. 

Les resultats del' ajustement sont les suivants: 

a) Integrale de resonance. La valeur de reference I 0 est calculee avec 
les parametres A= 0,609, B = 28,87. 
L 1 ajustement donne: D.I 0 /I 0 = - 10,4 X 10-2 (ecart-type: 5, 3 X 10-2 

). 

b) Sections efficaces. Elles figurent au tableau VIII. 

Ces resultats sont tres specifiques au code d 1 evolution utilise et ne 
peuvent etre compares directement aux resultats de caractere plus 
fondamental presentes aux paragraphes precedents. 

CONCLUSION 

On a cherche a faire de ce programme un ensemble logique, complet 
et structure. En effet, dans une entreprise complexe comme celle-la, 
chaque ensemble de mesures ne peut eclairer qu 1 un aspect des problemes, 
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et il faut done les aborder de plusieurs cotes ala fois. 0 1 autre part, 
si on veut pouvoir remonter aux donnees fondamentales qui sont neces
saires pour predire correctement 11 evolution des proprietes des com
bustibles, il faut faire des experiences « propres », dans des conditions 
aussi reproductibles que pOE;sible, et concentrer chaque fois l 1 effort 
sur les parametres les plus sensibles. Enfin, un tel programme n 1 a 
de sens que si on developpe simultanement les outils necessaires a son 
interpretation. 

Nous possedons desormais un ensemble de methodes et de biblio
theques qui assurent un calcul correct, d 1 une part de la formation des 
noyaux lourds au cours de 11 evolution du combustible, d 1 autre part des 
taux de reaction des combustibles contenant du plutonium et des com
bustibles irradies. Il faut ajouter que, si le premier interet de ces 
ti'aVaUX reside danS J eS reSUltatS treS COmpletS quI ilS Ont permiS 
d I Obtenir, ilS Ont ete egalement l I OCCaSiOn de la mise aU point de 
nouvelles methodes (methodes de calcul, techniques experimentales, 
interpretation rigoureuse des resultats obtenus) qui peuvent etre appli
quees a des problemes differents et marquent un progres important de 
la physique des reacteurs. 
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STUDIES ON PLUTOlliUM UTILIZATION IN POWER REACTORS AND SYSTEMS ANALYSIS OF LONG-TERM 
FUEL CYCLES. 

Studies orr plutonium utilization irr power reactors and systems analysis of long-term fuel cycles are 
reviewed. The evaluation of nuclear data and their conversion to group constants were processed on the 
basis of ENDF- A and - B data. Design assessments of plutonium recycling irr L WRs were studied orr the 
basis of direct substitution both irr full and partial cores. A set of critical experiments orr a Pu02 - U02 

fuelled core was also carried out to verify calculation methods. For H\VR design, a computer code system, 
ATRASS, was developed, and rhe accuracy of the system is now being checked against experimental 
data. Through the assessment of work with the H\vR, it was found that the plutonium self-sustaining cycle 
has the merit of reducing positive void reactivity, and may attain about 15 000 MWd/t fuel bum-up with 
natural uranium feeding. With the HTGR, the fuel cycle costs based on either low enriched uranium or 
on thorium mixed with highly enriched uranium become comparable when the price of natural uranium 
and the cost of separative work increase. \'/herr the L WR and the FBR are installed, about 6 < 10 5 metric 
torrs of natural uranium will be consumed before 2030, when the nuclear power generating system will 
become self-supporting. To reduce the demand for natural uranium and decrease the fuel burn-up in the 
L WRs after the introduction of FBRs, improving the characteristics of the FBRs and introducing HWRs 
constitute an effective method. Time delay in the re-use of fissile material has a very large effect on 
natural uranium demand, so that it is very important to avoid it in the expanding power generating 
program. The role of Pu-recycled thermal reactors is discussed together with a strategic evaluation of 
the ATRs and FBRs for reduction of rhe uranium demand. The mrroductiorr of recycled Pu thermal reactors 
has the effect of reducing Pu pile-up; however, these reactors are responsible for a higher consumption of 
naturaluramum. The effects of introducing thorium loaded HWRs (or HTGRs) and MSBRs into the LWR
FBR system are also presented. 

UTILISATION DU PLll TONWM DANS LES REACTEURS DE PUISSANCE ET ANALYSE DU CYCLE DU 
COMBUSTIBLE A LONG TERM£: ETUDE D'ENSEMBLE. 

Le memoire passe en revue les etudes sur !'utilisation du plutonium dans les reacteurs de puissance et 
l' analyse du cycle du combustible .1 long term e. L'evaluation des constantes nucreaires et leur transformation 
en constantes de groupe orrt ete faites err forrctiorr des donnees ENDF-A et -B. Les etudes sur le recyclage du 
plutonium dans les reacteurs a eau Iegere ant ete faites en postulant urr rem placement direct dans des cceurs 
tant complets que partie!s. Une serie d'experierrces critiques sur urr cceur charge de Pu02 -U02 orrt ete faites 
pcur verifier les methodes de calcul. Pour le calcul des reacteurs .1 eau lourde, un code d'ordinateur. 
ATRASS, a ete elabore; sa comparaison avec les donnees experimentales en vue d'en verifier la precision 
est actuellement en cours. L'arralyse des experiences faites avec les reacteurs a eau lourde montre que le cycle 

auto-errtreterru du plutonium a !'avantage de reduire Ia reactivite due aux vides et qu'urr taux d'irradiation du 
combustible d'environ 15000 MWj/t est possible avecurrealimerrtationa !'uranium nature!. Err ce qui 

corrceme !es reacteurs a haute temperature refroidis par un gaz, les coOts du cycle du combustible bases sur 
l'uranium 1egerement enrichi ou sur le thorium melange avec de l'uranium fortement enrichi deviennent 
cornparables lorsque !e prix de !'uranium nature! et le coat du travail de separation augmentent. Avec Jes 
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reacteurs a_ eau Iegere et les surgenerateurs rapides, environ 6 X 105 tonnes d'uranium nature! seront consommees 
avant que le systeme de production d'energie nucleaire devienne autonome, vers !'an 2030. Pour reduire 
Ia consommation d'uranium nature! et abaisser le taux de combustion dans les reacteurs il eau Iegere apres Ia 
mise en service des rf.acteurs surgenerateurs rapides, i1 serait utile d'ameliorer les caracteristiques des 
surgenerateurs rapides et de multiplier le nombre des reacteurs il eau lourde. Les besoins en uranium nature! 
dependent fortement des ctelais de recyclage des matieres fissiles. Aussi importe-t-il d'eviter ces delais 
dans le programme elargi de production d'energie. Le r6le des reacteurs thermiques avec recyclage de 
plutonium, ainsi que l'evaluation strategique des reacteurs thermiques avances et des surgenerateurs rapides 
sont examines au point de vue de Ia reduction des besoins d'uranium nature!. L'adoption des reacteurs 
thermiques il recyclage de plutonium permet de reduire les stocks de eel element; il s'ensuit cependant 
un accroissement de la consommation d' Jranium nature!. On examine enfin les incidences de !'introduction 
de reacteurs il. eau lourde (ou de reacteurs il haute temperature refroidis par un gaz) alimentes au thorium et 
des reacteurs surgf.nerateurs rapides 3. sels fondus dans le systeme «reacteurs a eau 1egere - reacteurs sur
g'enerateurs rapides ». 

11CCJJE)l0BAHI15! TIO TIPI1MEHEHHIO TIJJYTOHI15! B 3HEPrETI1'-JECKHX PEAKTOPAX 11 
AHAJJI13 CHCTEM C )lJli1TEJlhHbJMH TOTIJJHBHbJMH UHKJJAMH. 

B .n;oKna.ue c.uenaH o63op HCCJI,2.llOBaHJ.fH no npHMeHeHHJO nnyToHHH B 3HepreTHt.~ecKHX peaK
ropax H aHaJIH3y CHCT€M C ,llJIHT8JlbHbiMH TOnJIHBHbiMH UHKJI3MH. 0ueHK3 H.n;epHbiX .n;aHHbiX H HX 

npespall(eHHe s rpynnosbie KOHCTaHThi 6:oiJIH npose.neHhi Ha ocHose .n;aHHbiX ENDF-A H B. Tipe.ZJ;

sapHTeJibHOe HCCJI€)lOBaHH€ MeTOJlOB nepepa60TKH nnyTOHJ.HI )lJHI peaKTOpOB C 06biY.HOi:f BO.llOH 

6biJIO H3Y4€HO Ha OCHOBe npHMOH 3aMeHbl BCero TOnJH·!Ba HJUI ero t.taCTH B aKTHBHOti: 30H€. flpo

B€.ll8Ha TaK)K€ cepl151 KpHTHYeCKHX 3};:CnepHM8HTOB C aKTHBHOH 30HOJ:i Ha OCHOB€ OKHCHOrO TOnJIH

sa Pu02-lT0 2 .n;nH nposepKH pac4eTHbiX MeTo.nos . .U.ns:r T5nKenoso.n;HhiX peaKTopos 6:orna pa3pa-
6oTaHa cneuHaJibHaH BbiYHCJIHTennHaH nporpaMMa A TRASS; B HaCTOHm;ee speMH nposepHeTCH 

T04HOCTb 3TOH: nporpaMMhi npw cpasHeHHH pact.IeTHDIX .n;aHHhiX c 3KCnepHMeHTaJibHDIMH. Enaro

,napH 0U:€HK€ pa60Thi C Tfi)K€JlOBO,llHbiMH peaKTOpaMH 6hJJIO 06Hapy)KeH0 1 l.JTO CaMOOO.ll;.ll;epiKHBaiO

IUHfiCH OJIYTOHH€Bhlfl UHKll COOC06CTEY€T YM€Hblll€HHI0 OOJIO)KHT€1IbHOrO nyCTOTHOrO K03¢lfntu:H

€HTa peaKTHBHOCTH H MOJKeT o6ecneY:HTh rny6HHy shiropaHHH npHMepHo 15000 MBT·cyTKH/T c 

TOOJIHBOM H3 npHpO.llHOro ypaHa. l.JTO Kaca~TCH BhiCOKOTeMnepaTypHbiX peaKTOpOB C ra30BhiM 

T€0JlOHOCHTeJleM, TO CTOHMOCTH TOO.I'IHBHOrO UHKJia .UJIH TOOJIHBa H3 CJia6oo6oratneHHOrO ypaHa 

H ):lJIH CMeCH H3 TOpHH C BhiCOK006orarueHHhiM ypaHOM CTaHOBHTCH CpaBHHMhiMH, €CJIH U€Hhl Ha 

npHpO.IJ;Hhiti ypaH H CTOHMOCTb pa3.IJ;€.11€HHH H30TOOOB 6y.llyT OOBhilllaTbCfl. ,llJIH peaKTOpOB, OX

JiaJK,lla€MhiX o6hiT..fHOti so.uoH, H 6hiCTphiX peaKTopos-pa3MHO)KHTeneH ,no 2030 ro.na noTpe6yeTcH 

OKOJIO 6·10 5 T npHpO,llHOrO ypaHa, 3TO 6y.n;eT npO.llOJIJf<aTbCH )lO TeX nop, OOKa aTOMHaH 3Hepre

THKa He CTaHeT CaMa ce6H CHa6.iKaTh TOOJIHBOM, )lJIH YM€Hblll€HHH OOTpe6JieHHH npHpO.l(HOrO 

ypaHa H CHHJf<eHI-151 BbiropaHH5I Tonm-1sa B peaKTOpax Ha 06biT..fHO:H: BO.ll€ 1 )J;O BBO)la B CTpo:H: 6biCT

pbiX peaKTOpos-pa3MHO)f(HT€JieH, HaH60Jiee 3ifl<f>eKTHBHhiM MeTO)l;OM 5JBJlfieTCH ycosepweHCTBQ

saHHe napaMeTpOB 6biCTpbiX peaKTOpos-pa3MHOJKHT€JJeH: H pa3pa60TKa THJKeJIOBO)lHbiX peaKTQ

pOB. BpeMH, He06XO.llHMOe .llllH OOBTOpHOro HCOOJib30BaHJ.-1H .ll€liHIUerOCH MaTepHaJia, QKa3biBaeT 

B€CbMa CyiU€CTB€HHOe BJIHHHH€ Ha 00Tpe6HOCTH B npHpO)l;HOM ypaHe, 003TOMY 04€Hb saJKHO 

yMeHbWaTb 3TO BpeMH .llliH paClllHpeHHH nporpaMMhi npOH3BO.ll;CTBa 3Jl€KTp03HeprHH. 06cy)K.n;a

eTCH pOJib peaKTOpOB Ha TenJIOBbiX HeHTpOHaX C TOOJIHBOM Ha OCHOBe nepepa60TaHHOrO OJiyTO

HHH1 a TaK)f(e cTpaTeruT..fecKoe 3Ha4eHHe peaKTopos THna ATR H 6biCTpbiX peaKTOpoB-pa3MHo

JKHTeneti ,nJIH yMeHbilleHHH noTpe6HocreH B ypaHe. Co3,naHHe peaKTopoB Ha TenJIOBhiX Heti:Tpo

Hax C TOOJIHBOM Ha OCHOBe nepepa6oTaHHOrO nnyTOHHH HM€€T 3HaT..feHH€ .ll;JIH YM€Hbill€HHH HaKon

JieHHH OJIYTOHJ.-151 1 O,ll;HaKO 3TO npHB€)leT K €Ill€ 60flbill€MY OOTpe6JieHHIO npHpO,ll;HOrO ypaHa. 06-

CY)KJlalOTCH TaKJK€ npo6JieMbi, CBH3adHbl€ C pa3pa60TKOH T5IJK€JIOBO.IlHbiX peaKTOpOB (HflH BbiCO

KOTeMnepaTypHhiX peaKTopos c ra30BhiM TennoHOCHTeneM) H peaKropos THna MSBR c TOpHe

BbiM TOOJIHBOM. 

ESTUDJOS SOBRE LA UT!LIZAC!ON DEL PLCTONIO EN REACTORES DE POTENCIA Y ANALIS!S DEL C!CLO DE 
COMBUSTIBLE A LARGO PLAZO. 

Se revisan los estudios sobre !a utilizacion del plutonio en reactores de potencia y los analisis del ciclo de 
combustible a largo plazo, Se han realizado evaluaciones de datos nucleares y sus conversiones a constantes 
de grupo, tomando como base los datos de ENDF - A y B. Se han estudiado estimaciones en proyectos del 
reciclado del plutonic en reactores de agua ligera, bas3.ndose en sustituciones directas tanto en nUcleos completes 
como parciales. Tam bien se ha realizac o una serie de experiencias criticas en un nllcleo con combustible de 
Pu02 -U02 para comprobar los metodos dE di.!culo. Se ha desarrollado un sistema de programas de di!culo 
A TRASS para el disefto de reactores de a;;ua pesada cuya precision se esta comprobando actualmente con datos 
experimentales. En los calculos hechos en los reactores de agua pesada se ha comprobado que el ciclo auto
sostenido de plutonio tiene Ia ventaja de reducir el coeficiente de reactividad positiva de vacio y que es de 
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esperar un quemado del arden de 15 000 MWd/1 con combustible de urania natural. Por lo que se refiere a los 
reactores de gas a alta temperatura, los costas del ciclo del combustible, basados en urania de bajo enriqueci
miento o en torio mezclado con urania de alto enriquecimiento, resultan comparables cuando suba el precio del 
urania natural y el costa de los trabajos de separaciOn. Si se instalan reactores de agua ligera y reactores 
reproductores r8.pidos, se consumiran cerca de 6 x 10 5 toneladas de urania natural antes del afio 2030, fecha en 
la que el sistema de generaciOn de potencia nuclear llegara a ser automantenido. Para disminuir la demanda de 
urania natural y reducir el grado de quemado del combustible en los reactores de agua ligera despues de la 
introducciOn de los r8.pidos, constituye un metoda eficaz perfeccionar las caracterlsticas de los reactores 
reproductores rapidos e implantar los reactores de agua pesada, El retraso en la reutilizacion del material 
fisionable influye mucho sabre la demanda de urania natural, de tal modo que su supresion se hace muy 
importante en el programa de produccion de energ!a. Se discute la influencia de los reactores termicos con 
reciclado de plutonio, junto con Ia evaluacion estrategica de los reactores termicos avanzados y rapidos, sobre 
la reducciOn de la demanda de uranio. La introducciOn de reactores termicos con reciclado del plutonic 
provoca una reducciOn de la acumulaciOn de plutonic, pero, al mismo tiempo, un consumo rna yor de urania 
natural. Tambien se presenta el efecto de Ia introduccion de reactores de agua pesada cargados con Iorio 
(ode gas a alta temperatura) y de reactores reproductores de sal fundida en el sistema de reactores de agua 
ligera y reproductores rapidos. 

1. INTRODUCTION 

In its latest estimation, the Japan Atomic Industrial Forum, Inc. 
forecasts that there will be a nuclear power generating capacity of 
27-30 GW(e) in 1980 and of 200-240 GW(e) in 2000. These capacities 
account for about 16o/o and 50o/o of the total electric generating capacity in the 
respective years. In attaining such a capacity, the procurement of nuclear 
fuel and its effective utilization will become a serious problem. In fact, 
extensive research and development work on plutonium utilization is now 
proceeding in Japan, in relation to the development of both FBRs and 
ATRs and also for the purpose of establishing a plutonium recycling tech
nique in LWRs. Furthermore, the construction of a fuel reprocessing 
plant is under way in the Tokai area. 

This paper deals first with the studies on the core performances of 
power reactors and then with strategic systems analysis of long-term fuel 
cycles carried out at the Japan Atomic Energy Research Institute (JAERI). 
For the former item, the research activities on power reactor assessments, 
such as fuel management and fuel cycle analysis, calculation methods and 
computer codes, nuclear data and critical experiments, etc., are briefly 
reviewed. For the latter item, the systems analysis of the long-term fuel 
cycle, based on the latest estimation of nuclear power generating capacity, 
is explained with the intention of presenting the importance of strategic 
reactor installation through the demand for natural uranium and separative 
work. 

2. STUDIES ON CORE PERFORMANCES 

2. 1. Light-water reactors 

Since light-water reactors are now in commercial operation, optimal 
fuel management is very important. To obtain detailed information on this 
subject, far- reaching improvements of nuclear data and reactor calculation 
methods have been effected in Japan. 
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Recent progress includes the following developments, among others: 
(1) For the evaluation of nuclear data and their conversion to group constants, 
both the :VICFT and GA:\1 types of multi-group constants were processed on 
the basis of ENDF -A and B data, and then checked against critical experi
ments [ 1, 2]. (2) To make more precise calculations of neutron transport, 
several computer codes on first flight collision probabilities were developed, 
and their applications to various lattice systems, including cluster and 
tube- in- shell, are now conventionally in use [ 3, 4[. ( 3) Design assessments 
of plutonium recycling in L\\'Rs have been studied on the basis of direct 
substitution both in full and partial cores [5-7]. One of the recent studies 
was the survey calculation for Pu02 - U~ cores in B\VRs, which was per
formed to determine the average Pu enrichment necessary to achieve the 
same fuel burn-up as U02 cores by changing the rod diameter, the moderator 
to fuel volume ratio and the Pu isotopic concentrations. Pu distributions 
in an assembly were also analysed in minimizing the local power peaking 
factor and a Pu loading scheme was determined. Effects of Pu recycle 
on kinetic characteristics were assessed through the reactivity coefficient 
and the control- rod worth [ 6]. Another study was the survey of local power 
variation with burn-up. The amount of Pu loaded is assumed to be a 
quarter of the total fuel. Two categories of loading were considered: 
namely (a) one Pu02 -U0 2 assembly with three U02 assemblies, and (b) 
one mixed assembly equivalent to (a) in terms of Pu to U atomic number 
ratio. Two-dimensional burn-up calculation for a set of four assemblies 
in a scattered pattern confirmed that loading category (b) is preferable 
[ 7]. (4) Performance tests of Pu-bearing assemblies in JPDR (BWR) and 
Saxton (PWR) in the United States of America are planned. Further, a 
set of critical experiments on two regional water lattices with a central 
Pu02 -U02 region and a surrounding U02 region has been conducted. Two 
types of Pu02 -uo2 fuel rod, one for BWRs and the other for P\VRs, were 
employed. In these experiments, kerf, power and flux distributions and 
f3 /1 were measured parametrically with changes in volume ratio and poison 
concentration. The results were analysed to verify the present state of the 
art of Pu0 2 -U02 lattice calculation (8]. 

2. 2. Heavy-water reactors 

Research and development work on HWRs in Japan was initiated in 
1963. A 165-MW(e) prototype of a boiling-light-water-cooled reactor is 
now under construction. From the beginning of the project, assessment 
work on core performances and the fuel cycle has been performed in JAERI. 
For this purpose, a versatile code system, ATRA SS, was developed [ 91. 
The outline of the system is presented in Fig. 1. The computer codes in 
the system are grouped into four categories, i.e. nuclear, thermo-hydraulic, 
dynamics, and safety. Of these, WATCH-TOWER, OBCD, REFUEL, 
CHESS, ZADOC -2 and -3 and FLARE-JAERI are frequently used for core 
burn-up analyses. The accuracies of the code system are being checked 
against the experimental data from several critical facilities [ 1 0]. 

The following results were obtained with this assessment work: (1) The use 
of 1. 2-1. 5o/o enriched uranium is more profitable than the use of natural 
uranium from the point of view of safety and economy. (2) With the plutonium 
self-sustaining cycle based on natural uranium feeding, a burn-up of about 
15 000 MWd/t may be obtainable in a HWR of the BLW type with a capacity 
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of 500-1000 JVIW(e). This cycle has the further advantage of possessing 
a large negative void coefficient, and it may be switched over to the 
plutonium -producing cycle without any difficulty [ 11, 121. (3) A thorium
loaded HWR with heavy-water coolant may be operated as a near breeder. 
If the reactor is enriched with 235 L; it will be an excellent 233u producer, 
which facilitates the introduction of the thermal breeding cycle [ 13]. 

The relationship between the refuelling scheme and the burn-up 
performance has been studied in detail with the following results: 
(1) In-out and out -in refuellings have little merit in HWRs because they 
induce large power peaking in the core central region and at the core 
periphery, which is enhanced when the burn-up of the discharged fuel in
creases [14]. (2) In the axially refuelled HWR of the BUY type with a 
large positive void coefficient, power trapping may occur in the core 
central region when the coolant flows in the same direction as the fuels 
move. (3) In a radially scattered refuelled core, the stretch {3 of fuel 
burn-up is well represented by the relation {3 =2Cn/(n+1), where n is the 
number of the refuelling batches of the core and C is a form factor, 
depending both on fuel loading ·modes and on core size, and, for the 
165-J\IIW(e) prototype core, C is found to be 0. 9-0.95 [14]. (4) In the 
continuously scattered refuelled HWRs, poor ordering of fuel loading 
deteriorates power distribution greatly, so that the optimization of the 
ordering becomes very important [ 15]. 

2. 3. High-temperature reactors 

'Kith respect to high-temperature gas-cooled reactors, JAERI had the 
experience of promoting the Semi-Homogeneous Reactor development 
project 14 years ago [ 16]. In recent years, this type of reactor became 
attractive again in Japan because of the interest in direct utilization of 
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FIG. 2. Relative fuel costs for a HTGR with low-enriched uranium or highly enriched uranium-thorium loading. 
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nuclear energy for heat consuming industries, such as iron manufacturing. 
In this connection, J AERI completed the preliminary design study of an 
experimental multi-purpose high-temperature gas-cooled reactor early 
in 1971. 

An evaluation of the fuel cycle was also made for several kinds of fuel 
use. A 2386-M\V thermal power reactor was selected in the study and 
it employed prismatic fuel elements. The core parameters and the cost 
evaluation basis are given in Table I. The results of fuel cycle costing 
are presented in Fig. 2: (1) With a once-through uranium cycle, about 
8 to 10% of the fuel enrichment is necessary to make the cycle economical, 
and the carbon to uranium atomic number ratio may have a relatively high 
value, such as 280 to 360. These values correspond to 25 to 20 vol.% 
of the coated particle fuel packing fraction, respectively. (2) With a once
through thorium cycle, a ratio of 10 of thorium to uranium atoms is 
preferable. We assume a relatively high cost for natural uranium and 
for fuel enrichment in the survey, so that this cycle has almost the same 
fuel cycle cost as a low enriched uranium cycle. (3) By recycling 233 U, 
the fuel cycle cost may be further decreased. One example, in which complete 
recycling of Z33U is employed, shows that its fuel cycle cost is about 
0. 2 mills/kWh less than that of a once-through cycle. 

2. 4. Fast-breeder reactors 

.JAERI has carried out two kinds of design study on 1000-MW(e) Na
cooled, oxide-fuelled, fast-breeder reactors. The first design, made in 
1966, was aimed at obtaining a high breeding ratio and has two zoned 
cores with different plutonium enrichments [ 1 7). A burn-up analysis of 
this reactor was done by several methods, among which an improved 
perturbation calculation was found to be most convenient [ 181. Three
or four-batch scattered refuelling is assumed for core fuels. Blanket 
management was also studied in several patterns. A typical cycle gives 
a doubling time of 6. 8 years at an 80% load factor. 

The second design, made in 1967, placed emphasis on safety and has 
an annular core with an inner sodium region [ 19). Because of increased 
neutron leakage, the doubling time becomes 12. 7 years, which is rather 
conservative compared with current foreign designs. Burn-up calculations 
were done with 25-group-1-dimensional or 6-group-2-dimensional code, 
and .JAERI recently developed their own cross-section set JAERI-FAST 
[20], which is being checked through critical experiments [21J. 

3. STRATEGIC SYSTEMS ANALYSIS OF THE LONG-TERM FUEL CYCLE 

Studies on the long-term fuel cycle have been made by several authors 
[22-25). The main items surveyed were the demand for natural uranium 
and separative work, system cost, etc. In this paper, a strategic systems 
analysis recently made by the authors is presented. 

3. 1. Nuclear power generating capacity 

In Japan, the nuclear power generating capacities up to 1975 are already 
almost fixed. The main reactors are LWRs, but, after 1976, the reactor 
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TABLE II. ANTICIPATED .:"\'UCLEAR POWER GENERATING CAPACITY 

Ye~H 

19~0 

198-) 

1990 

199-S 

2000 

2010 

2020 

~030 

2040 

Nuclear power 

capacity riO' ~II\'( e)) 

27 

GO 

104 

156 

220 

37G 

.584 

82.1 

llOG 

2050 1487 

Average growth 

rate rs·.,;yn 

25. 1 

17. 3 

11. 

8. 5 

7. 1 

;). u 

4.5 

3. 5 

3. 0 

3.0 

TABLE III. CHARACTERISTICS OF BREEDER REACTORS 

Items of performance FBR FBR(H) MSBR 

Specific power tk\V /kg) 134 134 32 

Fuel burn-up (MIVd/kg) 93. 0 66. 3 

Effective breeding ratio 1 20 1. 27 1. 06 

Plant efficiency ('\'o) 43. 43 5 44.4 

Fissile inventory (kg/MW(e)) 2. 11 1. 90 1. 40 

Fissile yield (kg/MIV(e)yr) 0. 171 0. 278 0. 0458 

Reprocess. time delay (yr) 1.0 1.0 0. 0 

References 19 11 27 

types are not completely fixed so that it will be possible to introduce HWRs, 
Pu recycling L\\'Rs, and, later on, perhaps from 1986, breeder reactors. 

In the present study, the forecast of the total installed capacity of 
nuclear power by the year 2000 is adapted to accepted figures which are 
shown in Table II. After 2000, the growth rate of the nuclear capacity is 
assumed to be 5. 5o/a per year for the first ten years and 4. 5o/o, 3. 5o/o, 3. Oo/o, 
3. Oo/o for the following four decades until 2050. Throughout the entire 
period, reactor life and its load factor are taken, for the sake of simplicity, 
as 20 years and 80%, irrespective of reactor types. 
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3. 2. Reactor data 

The reactor data used in the analysis are summarized in Tables III 
and IV. The characteristics of the LWRs are taken from the design data 
by the USAEC Reactor Development Technology Division [26]. Pu re
cycling LWRs are based on the data in Ref. [ 5] with some modifications. 
For the HWRs, two types are taken into consideration, one based on a 
Pu self- sustaining cycle [ 11] and the other on a 1. 2% enriched uranium 
cycle [ lll. JAERI's second design of a 1000-MW(e) FER is taken as the 
reference FER and, for sensitivity analyses, we introduced two kinds of 
modification: one in breeding gain and the other in specific power. For 
the purpose of comparison, JAERI 1 s first design is occasionally used as 
a high gain breeder FER{H). A further LWR with low fuel burn-up [26] 
was also introduced into the system. To investigate the effect of the 
thorium cycle, three types of thorium reactor are introduced as well. 
These are: a HWR with 235U~ -Th02 fuel [ 13], HTGRs with 93% enriched 
UC2 + ThC2 fuel designed by JAERI, and the molten salt breeder reactor 
designed by ORNL in 1969 [27], which has rather poor breeding gain 
compared with the earlier design [28] but the merit of continuous reprocess
ing is still retained. 

3. 3. Assumed reactor installation 

For the uranium-plutonium cycle, the ratios of the installation 
capacities for thermal converters are given annually as inputs between 
1970 and 1985. After 1986, the annual installed capacity ofFERs is 
determined by the amount of Pu available. Thermal converters are to 
be installed only when the available amount of Pu is not sufficient, and 
in this case the rest of the installed capacity is shared by thermal con
verters, whose ratios are given as inputs. 

When the thorium cycle is introduced, MSERs will be installed after 
19 96 or, occasionally, after 1986 for the purpose of comparison. Their 
share in the installed capacity will be determined, after that of the FERs 
has first been fixed, by the amounts of 233U available at that time. The 
above procedure for determining the shares of the different reactor types 
is called the material balance method. 

Another way of determining the shares, the linear programming method, 
is used to optimize the cumulative demand for natural uranium and to 
minimize the system cost under the constraints imposed by excess 
plutonium kept at specified values and the introduction timing of breeder 
reactors. The computer code FUEL-DEMAND-II [29, 30] can be used in 
either method. 

3. 4. Results and discussion 

3. 4. 1. LWR-FER system 

If only LWR and FER reactors are introduced and if there is no improve
ment in their characteristics, the fuel cycle situation in Japan will proceed 
as in Fig. 3. It can be noticed that the supply of Pu by LWRs is insufficient 
for the complete introduction ofFERs between 1988 and 2020, and a total 
capacity of 2 32 X 103 MW( e) of LWRs will be installed before attainment 
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FIG. 3. Capacity and fissile material balance for a LWR-FBR system (case A). 

of the self-supporting breeding cycle. As a result, the cumulative demand 
for natural uranium will be 632 X 1o8 metric tons of metal and for separative 
work 539 X 103 metric tons. The peak capacity of the LWRs will be 
131 X 103 MW(e) in 2007 when the annual demand for separative work will 
exceed 16 X 103 metric tons/yr. In Fig. 3, there is a sharp contrast between 
the periods before and after 2020, when the FBRs will change from con
sumers of plutonium to suppliers. 

3. 4. 2. Modifications to the L\VR-FBR system 

The demand for uranium and separative work in the above-mentioned 
reference case does not make for optimism. To relieve the situation 
within the framework of the LWR-FBR system, sensitivity analyses have 
been made. 

One of these is to improve the effective breeding ratio 1, EBR, from 
1. 20 to 1. 25. The cumulative demand for natural uranium will then de
crease to 470 X 103 tonnes and for separative work to 399 X 103 tonnes. As 
opposed to this, if the EBR decreases to 1.15, the demand will increase to 
902 X 103 tonnes and 769 X 103 tonnes, respectively, showing an approximately 
inverse proportionality between breeding gain and cumulative demand, and 
we will have a coefficient of about -40 X 103 t/0. 01 of EBR. Another 
analysis is to improve the specific power. If the original design value of 
59.8 kW(e)jkg fuel is changed by ±10%, the cumulative demand for natural 
uranium and for separative work will vary by about ±5o/o as shown in Table V. 

1 The effective breeding ratio is defined here as the annual discharge rate of fissile material divided 
by the annual charge rate. 
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If the improvements to the FER characteristics do not proceed well, 
one easy way to improve the fuel economy is to reduce the fuel burn-up 
of the LWRs after the introduction of the FBRs. For this purpose, LWRs 
with a fuel burn-up reduced to about half of the original value will be 
introduced after 1986. The effect of such a modification is fairly large, 
as is shown in case G of Table V and in Fig. 4. The result is similar to 
that when a high gain FER is introduced (case F of Table V). 

Another modification to the LWR -FER system is the introduction of 
LWRs (Pu), whose shares are determined by inputs or by the linear 
programming method. With the former, if LWRs (Pu) are introduced in 
the order LWR, LWR (Pu), and, lastly, FER, the result is a reduction 
of the Pu pile-up between 1976 and 1985, but, in the long run, more uranium 
consumption. With the latter, one interesting result obtained is that the 
optimal introduction date of LWRs (Pu) to minimize the cumulative demand 
for natural uranium is after the introduction of the FERs, and the cumulative 
demand for both natural uranium and separative work, and also for annual 
separative work, is somewhat reduced when compared with the reference 
LWR -FER system. 
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FIG. 4. Cumulative demand for natural uranium and annual separative work. 

3. 4. 3. Effect of HWRs 

In reducing the demand for separative work, the introduction of HWRs 
is quite effective. Cases L through R in Table V and Fig. 4 illustrate this. 
In case M, fifty-fifty installations of LWRs and HWRs (Pu) are postulated 
between 1978 and 1985, and after 1986 only HWRs (SEU) are supposed to 
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FIG. 5. Capacity and fissile material balance for LWRs, LWRs (Pu), HWRs, HWRs (Pu) and FBRs determined by 
the linear programming method (case R). 

be built as converters. The cumulative demand for natural uranium is es
timated as 486 x 103 tonnes, which is not less than in the case of the 
LWR -FBR (H) system, but the separative work amounts to only 206 x 103 
tonnes (cumulative) and 6 x 103 tonnes/yr (annual peak in 1993). 

The installation of Pu self-sustaining HWRs has the merit of reducing 
both Pu pile-up before 1986 and the annual peak for separative work, but 
such continuous installation after 19 86 would result in a shortage of Pu 
for the installation of FBRs. In Table V, cases N and 0 are also shown, in 
which L WR s are continuously developed on a fifty-fifty installation basis 
with HWRs (SEU) even after 1986. These do not have any particular 
advantage compared with the LWR -FBR case, but show the importance of 
switching from L WR s to HWR s. 

To optimize the installation of LWRs and HWRs, survey calculations 
with the linear programming method were made. One example is shown 
in Fig. 5, which is to minimize the cumulative demand for natural uranium 
under the constraint imposed by annual excess Pu pile-up, held within 
1 tonne before 1986 and 500 tonnes afterwards. Six kinds of converter, BWR, 
PWR, BWR (Pu), PWR (Pu), HWR and HWR (Pu) can be installed at any 
time, but the FBR only after 1986. The cumulative demand for natural 
uranium and for separative work is 441 x 103 tonnes and 205 x 103 tonnes, 
respectively, and for annual separative work 7 x 103 tonnes/yr which is 
a remarkable reduction. 



230 NOZAWA et al. 

3. 4. 4. Introduction of the thorium cycle 

A partial introduction of the thorium cycle into the U -Pu system is 
also effective for reducing uranium demand. Some results of this are 
given in Table V, including a result obtained with the linear programming 
method, which shows the complementary coexistence of Pu and Th cycles. 

3. 4. 5. Importance of time delay 

In the foregoing sections, the time delay for re-use of Pu discharged 
from the FBRs is fixed at one year for cooling, reprocessing and re
fabricating the fuel. But, for 233U from the MSBRs, no time delay is 
assumed in virtue of continuous on-site reprocessing. 

Since the time delay plays an important role in the expanding power 
program, sensitivity analyses were made to demonstrate this effect. The 
results are summarized in Table V, in which the time delay for FBRs is 
varied from zero to two years. The effect is drastic. If there is a two
year delay, forecasts for the long-term fuel economy become pessimistic. The 
cumulative demand for natural uranium exceeds 106 tonnes and will still be 
increasing in 2050. A similar situation exists with the MSBR system if 
there is a one-year delay. The merits of introducing the thorium cycle 
will be greatly reduced in this case. 

4. CONCLUSION 

From the surveys of work on power reactor assessment and of systems 
analysis of the long-term fuel cycle, the following may be concluded: ( 1) The 
more power reactors there are in commercial operation, the more 
important fuel management becomes, and, to assess this with high accuracy, 
the refinements of consistent sets of multi-group constants and of calculation 
methods, as well as experimental confirmations of these, are much more 
necessary. (2) From the studies on Pu loading schemes in boiling light
water reactors, one Pu02- U02 mixed assembly is preferable to one Pu02 - U02 
assembly with three U02 assemblies from the viewpoint of the power peaking 
factor. (3) Through the assessment studies on HWRs of the BLW type, 
the plutonium self-sustaining cycle was found to have the merit of reducing 
positive void reactivity, and it can attain about 15 000 MWd/t fuel burn-up 
with natural uranium feeding. This cycle may be switched over to the 
uranium cycle without any difficulty. (4) For HTGRs, the fuel costs, in a 
once-through cycle based either on low-enriched uranium or on thorium 
mixed with highly enriched uranium, become comparable to each other 
when the price of natural uranium and the cost of separative work increase. 
However, about 0. 2 mills/kWh of cost saving may be attained by complete 
recycling of 233U. (5) To reduce the demand for natural uranium, the 
characteristics of FBRs should be improved and HWRs introduced, in 
addition to reduction of the fuel burn-up of the LWRs after introduction of 
the FBRs. To reduce separative work, the introduction of HWRs is very 
effective. (6) Time delay in the re-use of fissile material has a very large 
effect on natural uranium demand, and it should thus be reduced to a 
minimum to ensure the success of an expanding power generating program. 
Where the thorium cycle is concerned, it can coexist naturally with the 
uranium-plutonium cycle. The above results underline the importance of 
system synthesis between converters and breeders. 
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DISCUSSION ON AGENDA ITEM 2. 7 

Uranium-plutonium fuel cycle for thermal and fast reactors 

DISCUSSION ON THE FOLLOWING GROUP OF PAPERS: 

P/709 USSR 

P/185 Italy 

P/496 UK 

Presented by V. V. Orlov 

Presented by L. Sani 

Presented by J. Fell 

0. COMELLINI: In connection with the paper presented by Mr. Orlov 
(P / 709) I should like to suggest that in view of the cost implications of having 
the plutonium immobilized in fast reactors, the doubling time is not a satis
factory criterion for assessing the economics of the various fast reactor 
types. I think that in trying to optimize the fast-reactor system one should 
take account of specific power as well as doubling time. 

V. V. ORLOV: I agree entirely. The doubling time will become really 
important only later, when atomic power development depends solely on 
increasing the efficiency of the nuclear fuel. In considering fast reactors 
for the immediate future, we adopt criteria which take separate account of 
the excess production of plutonium and its specific loading in the fuel cycle, 
as can be seen from the written paper. 

J. ARKUSZEWSKI: I gather from paper P/ 709 that the ROKBAR system 
includes various optimization possibilities pertaining to a given reactor 
performance. I should like to ask Mr. Orlov whether it also includes 
optimization of the cost of 1 kWh throughout the whole reactor lifetime? 

V. V. ORLOV: With the ROKBAR optimization system it is possible to 
optimize fast reactors according to various criteria, including the cost of 
producing 1 kWh of electric energy or- when the costs vary with time- the 
overall cost (over the entire operating time of the reactor) per kW of 
installed capacity, referred to the 'present moment' . 

J. BUSSAC: Several years ago it was realized that the value given to 
the ratio a = cr c jcrf was wrong, and the accepted value of a is now much 
higher. In view of this, does Mr. Orlov think it is really possible, with 
fast-neutron reactors (using sodium and oxide fuel), to obtain a plutonium 
doubling time of 11-12 years, as mentioned in the report, instead of 20-25 
years? 

V. V. ORLOV: In the data given in the paper account has been taken of 
the changes in uranium and plutonium cross-section resulting from 
measurements made in recent years (including changes in the value of a for 
239 Pu). These changes have led to a slight deterioration in the character
istics of fast reactors, compared with the earlier published value. The 
1 exponential' doubling time of 11-12 years for a fast reactor with oxide fuel 
takes these changes into account. It should also be realized that the values 
indicated are based on a one-year fuel cycle and take account of the 
favourable influence of 240Pu. 

233 
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A. TEBOUL: I have a question on paper Pl185, presented by Mr. Sani. 
By how much does the fabrication cost of a fuel element containing several 
per cent of plutonium exceed the cost of an element for a thermal reactor? 

L. SAN!: It depends on the price of the fissile plutonium employed. In 
our evaluations for a BWR. we found that the increase in cost is about 40o/o 
for a fissile plutonium value of US $6. 5 I g and 6 Oo/o for a plutonium value of 
$51 g. The correlation between the cost increase and the plutonium value is 
approximately linear. Of course, there are many other economic para
meters that should be taken into account as well. 

J, BUSSAC: I should like to ask Mr. Sani (PI185) what are the annual 
budgets for plutonium recycling in thermal neutron reactors at CNEN and 
ENEL. 

L. SAN!: Perhaps Mr. Schileo could answer for CNEN. 
G. SCHILEO: The total cost borne by CNEN in the last six years for 

the development of plutonium- containing thermal fuel amounts to between 
US $8-9 million; this includes the cost of building the plutonium plant and 
acquiring completely original know-how regarding the design of nuclear fuel 
in general, and plutonium~ containing fuel in particular (irradiation tests 
from capsule-scale to prototype full-scale; calculation codes for thermo
hydraulic, neutronic and mechanical design; out-of-pile tests, etc.). 

L. SAN!: Until 1970 ENEL had a research contract with EURATOM 
with a budget of about US $1.2 million. To this must be added the cost of 
the 16 plutonium prototype assemblies (about 3 tons of fuel), which was 
borne entirely by ENEL. 

J. BUSSAC: Perhaps you could also say something about the penalty due 
to the higher percentage of 240 Pu? 

L. SAN!: We have studied the effect of different 240 Pu contents in detail 
because we have plutonium from different reactors. The results of these 
studies have shown no significant differences in the fissile plutonium value, 

J. BUSSAC: Is it proposed to use the plutonium several times after 
irradiation in the reactor? 

L. SAN!: We have not thoroughly studied the second plutonium recycle 
because we think it is too early for plutonium utilization strategies in this 
field. 

A. AR.IEMMA: I should like to ask Mr. Fell a question about plutonium 
degradation during irradiation. Starting with fuel enriched by plutonium of 
Magnox origin and having a 240Pu content of about 18o/o, one gets a plutonium 
content of about 3 0% after irradiation, which is similar to the case of 
plutonium of BWR. origin. Does this mean that l\/Iagnox plutonium has a 
higher worth than BWR. plutonium? Can the 240pu content be regarded as a 
1 fertile poison', which does not significantly affect reactivity lifetimes? 

J. FELL: The results in Table II of paper PI 4 96 are relevant to this 
question. The first of the four plutonium qualities for which data are given 
in this Table is essentially standard Magnox plutonium, and the third is very 
similar to reject plutonium from uranium-fuelled light-water reactors. The 
Table shows that Magnox plutonium has a higher worth per fissile atom for 
all the thermal reactors considered, 

With reference to the role of 240Pu as a fertile poison, I should mention 
that we have carefully studied this possibility, which would of course have 
attractive consequences. Our conclusion is that 240 Pu can operate in this 
way in the MK III GCR. but not in light-water reactors. This point is also 
brought out in Table II, which shows a higher percentage of 240 Pu in the 
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reject plutonium for all the thermal reactors studied except the MK III GCR. 
We would of course be interested in studying any detailed calculations which 
lead to opposite conclusions. 

DISCUSSION ON THE FOLLOWING GROUP OF PAPERS: 

P/071 USA Presented by F. G. Dawson 

P/277 Belgium Presented by H. Bairiot 

P/346 Austria Presented by H. Gutmann 

P/351 Yugoslavia 

P/610 France 

P/822 Japan 

G. TESTA: My question is related to paper P /071, presented by 
Mr. Dawson. Figure 3 of the paper shows several gadolinium-uranium rods 
in the BWR fuel module. I should like to know whether the U02 mixed with 
Gd2 0 3 is enriched or natural UOz. What criteria are applied in making the 
decision. 

F. G. DAWSON: The UOz is natural uranium oxide. I am not aware of 
the criteria used by the General Electric Company in making the decision. 

A. RADKOWSKI: I should like to ask Mr. Dawson (P/071) whether any 
studies have been made on the dependence of temperature coefficient and 
spatial stability on plutonium content? 

F. G. DAWSON: Yes. Moderator temperature and void coefficients and 
fuel Doppler coefficients are substantially more negative for plutonium
fuelled systems than for uranium systems. The Doppler coefficient 
increases with 240pu content and could be 10-20o/o higher than for a uranium
fuelled reactor. The larger negative coefficients should improve reactor 
stability. 

J. BUSSAC: I should like to make a few remarks regarding the paper 
presented by Mr. Dawson (P/071). The recycling of plutonium formed in 
uranium is a fundamental feature of the economics of water reactors and, by 
way of analogy, the utilization of plutonium that has already been recycled 
is an equally fundamental element of the economics of the nuclear power 
stations recycling plutonium. In this connection, two possible strategies can 
be considered; (1) the whole of the irradiated fuel and hence all the pluto
nium isotopes can be mixed for each cycle (this involves an increasing 
penalty) or, (2) the plutonium already irradiated can be separated and kept 
for fast reactors (an advantageous procedure for fast reactors because they 
then have a supply of cheaper fuel). This second possibility is being 
considered in France. Has either of these two strategies been studied in 
the United States of America? Do you know whether the presence of 241 Am 
constitutes a penalty in the fabrication of elements using plutonium that has 
been recycled several times? 
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F. G. DAWSON: Different compositions of plutonium would probably be 
mixed together for recycle if they were to be used in the same reload. 
Mixing, to obtain a single composition, would simplify accountability 
problems during fuel fabrication and handling as well as simplifying fuel 
sub-assembly design. These simplifications could very well offset the 
plutonium degradation penalty. Each case would have to be evaluated 
individually. The use of multiple -recycle plutonium for fast reactors is 
very likely for two reasons. First, its value in thermal reactors might be 
too low for economic use and, second, no storage would be required for fast 
reactors since three or four cycles represent a relatively long period of 
time and commercial fast reactors should be in operation when the 
plutonium is available after three or four cycles. 

The build-up of 241Am from the decay of 241 Pu represents a source of 
radiation which requires shielding. It increases with time after reprocess
ing of the irradiated fuel and with the 241 Pu content which in turn increases 
with repeated recycling of the plutonium. There is a fabrication penalty 
with this effect. Burnham and associates at Battelle (Pacific Northwest 
Laboratory) calculated a fabrication penalty of 1 to 2o/o for so- called 'high 
exposure' plutonium (about 20% 240Pu), as compared with low exposure pluto
nium (6% 240 Pu). I believe the corresponding 24lpu contents were of the 
order of 5 to 6% and less than 1%, respectively. 

H. B. STEWART: Which characteristic of the plutonium fuel is most 
limiting, relative to the fraction of plutonium that can be used in the initial 
and equilibrium cores? 

F. G. DAWSON: The high cross-sections of the fissile isotopes and 
their effects on power distributions and control worths. 
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Developments in the thorium fuel cycle 

Progres dans le cycle du combustible au thorium 

Pa3pa60TKH B 06JiaCTH TOpHeBoro TO!IJIHBHOrO l.IHKJia 

Progreso del ciclo del combustible de torio 
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LARGE-SCALE NUCLEAR ENERGY FROM THE THORJUM CYCLE. 

CANADA 
A/CONF. 49/P /157 

Nuclear reactors with capacities of several thousand megawatts offer great promise for water 
desalination, for agro-ind us trial complexes and for very large electrical power networks, but various 
delays have so far prevented the visiott from becoming a practical reality. The attraction of large 

capacity is the prospect of very low fuelling, operating and maintenance costs- less than 1 m$/kWh 
(electric). Advances have been made since the 1964 Conference in recognizing the problems and iden
tifying the means for their solution. An essential requirement is high availability; this demands simplicity 
of the plant and all auxiliaries, easy access to keep maintenance time short, and a long unattended life 
for all components. Energy from thorium is very promising, especially in conjunction with organic-cooled 
heavy-water-moderated reactors. A new design of thorium-oxide fuel promises ratings as high as 50 to 
80 kW(th)/kg thorium, yielding 35 MWd/kg thorium over irradiations of two to four years with high neutron 
economy. Such a near-breeder fuel cycle requires a small ancillary supply of neutrons. Several cycles 
are discussed. We believe that a major advance in plant availability can be achieved by using organic
liquid coolant as discussed in another paper. Good neutron economy is preserved with cool heavy-water 
moderator. It is envisaged that large reactors with these features could be completed by about 1985. The 
capital cost would depend on the state of technology in the industry undertaking the work, but analysis of 
the component specifications indicates a substantially lower cost per kilowatt than for the CANDU reactors 

of today. When the initial provision of the reactor, fuel reprocessing plant and generating equipment is 
clearly separated from the subsequent low-cost operating and maintenance, such reactors are seen to be well 
suited to programs of capital aid. 

LE CYCLE DU THORJUM PEUT DEVEN!R UNE GRANDE SOURCE D'ENERGIE. 

Les reacteurs nucleaires ayant une capacite de plusieurs milliers de megawatts sont tnes prometteurs pour 
le dessalement de l'eau, pour les complexes agro-industriels et pour les grands reseaux eiectriques, mais divers 

retards ant empeche, jusqu'a present, d'en tirer parti, L'interet des grandes capacites est qu'el!es offrent Ia 
perspective de coOts tres bas pour le combustible, !'exploitation et l'entretien - mains de 1 rn$/kWh 
(electrique), Des progres ont ete effectues depuis !a Conference de 1964, en ce sens qu'on a de!imite les 
problemes et identifiE: les mesures a prendre pour les rE:soudre. Une exigence essentielle est un facteur E:leve 
de disponibilitE:, ce qui requiert la simplicitE: de !'installation principale et de toutes les annexes, un acces 
facile pour rE:duire la durE:e des travaux d'entretien et une longue durE:e utile pour taus les composants. 
L'E:nergie tiree du thorium est tres prometteuse, particulierement pour les reacteurs ralentis a l'eau lourde 

et dont le caloporteur est un fluide organique. Un nouveau type de combustible a !'oxyde de thorium permet 
d'esperer de hauts rendernents allant de 50 a 80 kW(th)/kg Th et donnant 35 MWj/kg Th, avec une bonne 
E:conomie neutronique, pour les irradiations de deux .1 quatre ans. Ce cycle de combustible qui se rapproche 
de celui des surgenerateurs nE:cessite un petit approvisionnement auxiliaire de neutrons. Plusieurs cycles soot 
passes en revue par les auteurs. 11 semble qu'un progn~s considerable peut etre realise pour ce qui est de la 

disponibilite en utilisant un caloporteur constitue par un f!uide organique comme il en est question dans un autre 
memoire. Une bonne economie neutronique est assuree avec de l'eau lourde froide comme modhateur. De 
grands reacteurs ayant ces caracteristiques pourraient etre realises vers 1985. Les ctepenses d'investissement 
dependraient de !'etat de !a technologie, mais !'analyse des specifications des composants donne 

un coOt par kilowatt nettement plus bas que celui des reacteurs CANDU d'aujourd'hui, Lorsque les frais 

d'investissement initial pourlereacteur, l'usine de retraitement et !a generatrice sontnettement separes des frais 
(relativement bas) d'exploitation et d'entretien, on voit que ces reacteurs conviennent pour les programmes 
d 'assistance financiere. 
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HCnOJib30B/\HHE B EOJ!bll10.'vl .'v!AC!liT>\EE TOPHEnoro UHKJIA B 5!;L!EPHOH 3HEPrE

THKE. 
5f.n:epHbiC peaKTOpbl MOlUHOCThiO B H8CKOJibKO ThiC5l4 MerasaTT HM€IOT 60JiblliH€ nepcneKTH

Bbi HCf101Ib30ll8fHHl )]JHl onpeCH€HHH COJI€HbiX BO.rt, ,ll;JIH pa60Tbl D arponpOMhiUIJI8HHhiX KOMOJ18K

cax H B HCKJIJOYHT€llbHO KpyOHbiX 3J18KTp03HepreTH1..1€CKHX CHCTeMaX, HO pa3JHt'·IHhi€ 06CTOHTCJib

CTHa ,no CHX nop H8 .U8JIH B03MOIKHOCTH 3TOJ.i MCYTC npenpaTHTbCH B npaKTHt..I€CKYJO peaJJbHOCTb. 

TipHBJ18KaTeJibHa5l CTOpOHa aTOMHhiX 3118KTpOCTaHuHH C 60JiblllOi1 MOIJ..tHOCTLlO COCTOHT B nepcneK

THBe ,UOCTH)f(CHHH OY€Hb HH3KHX 3aTpaT Ha TOOJIHBO, 3KCn.nyaTaUI-HO H p8MOHTHQ-T€XHH48CKOC 

o6cJJy)KVfBaHHE'- MeHee 0,001 JJ.OJIJI/KnT-4. (3JI). TiepHO.ll 1 HCT€Kll1HJ:i CO Bp8M€HH KoH¢epeHUHH 

1964 ro.na, xapaKT8pH3yeTCH H€KOTOphiMH ycnexaMH 8 OUE'HK€ npo6JieM VI B onpe.ll€1I€HHH nyTeii 

HX peWeHH5I. Ba)!(HbiM Tpe608aHH€M K aTOMHbiM 3JI€KTpOCTatH~HHM HBJIH€TC5'1 BbiCOKHii K03(ptfJH

UH€HT HCOOJib30BaHH51 KaJieH.llapHOrO Bp€M€HH; 3TO Tpe6yeT npOCTOTbi KOHCTpyKUHH KaK peaK

TOpHOii ycraHODKH, TaK H BC€X l3COOMOraT€JlbHhiX CHCT€M 1 nerKoro .llOCTyna K o6opy.llOBaHHIO, 

.Jl1l5'1 TOrO 4T06hi MaKCHMaJihHO COKpaTHTb Bp€M5'1 1 He06XO)],HMOe Ha np08€)1,€HH€ T€XHH1..1€CKOrO o6-

CJIY)!(Hl3aHHH, H yuenHt.tHTb cpoK pa60Thi ncex y3JIOB 6e3 KaKoro-nH6o o6cny)I(HBaHH5'1. Hcnonb30-

natme TOpHH .llliH npOH3BO,llCTl3a 3H€prHH HM€€T 60JiblJHie nepcneKTHBbi 1 OC06eHHO B TH)f(€JIOBO,U

HbiX peaKTOpax C opraHH4€CKHM T€0JIOHOCHT€JI€M. HosaH KOHCTPYKllHH TOTIJIYfBa H3 OKHCH TOpHH 

o6en.1aeT .II,aTb OT 50 .llO 80 KBT(TeTIJI) Ha 1 Kr TOpHH, o6ecne4HBaH r.ny6HHY BbiropaHHH 

35 MBr· cyrKH/Kr ropH5'1 B ret.teHHe or .nnyx .uo '"l.eThipex neT o6ny4eHHH c DbiCOKoH 3KOHOMHeH 

H€171:TpOHOI3. TaKOii TOTIJIHBHhiA UHKJI, 6JIH3KHii K UHKJIY peaKTOpa-pa3MHO/KHT€JIH 1 Tpe6yeT He-

60JibWOrO IJCOOMOraTCJibHOrO HCT04HHKa HeiiTpOHOB. PaCCMaTpHBaiOTCH H€CKOJibKO 8apHaHTOB 

UHKJIOB. flo HaUieMy MH€HHIO, 60JibWH€ .ll.OCTH/K€HHH B 00Bbllll€HHH K03<lJ1>HllH€HTa YIC001Ih30Ba

HH5'1 KaJieH)lapHoro 8pCM€HH MoryT 6hiTb OOJIY4€Hhl nyTeM HCTIOJib308aHH5'1 )KH)],KOrO opraHH4€CKQ

ro rennoHOCHTe.n5'1; 3Ta npo6neMa paccMaTpHnaeTC5'1 8 .JlpyroM .noKna.n;e. Xopowa5'1 3KOHOMH5'1 

HeiiTpOHOB coxpaH5'1€TCH H npH HCTIOJih30BaHHH TH/K€JI080.llHOrO 3aMe,llJIHT€JI5'1, HMeiOw;erO yMcpeH

HYIO reMneparypy. flpe.nnonaraercH, 4TO pa3pa6oTKH KpynHhiX peaKropoH c raKHMH xapaKrepH

CTHKaMH MOryT 6hiTb 3aKOH4€'Hhi npHMepHO K 19fl5 ro,lly. Pa3M€p KaOHTaJibHbiX 3aTpaT 6y.neT 

3am1C€Tb OT ypoRHH pa3BUTHH T€XHOJIOrHH I3 ,llaHHOtf OTpaCJIH npOMbllliJI€HHOCTH, BbinOJIHHIOilletf 

3TH pa60Thi
1 

HO aHaJIH3 cr::euH¢HKaUHA y3JIOB yKa3biBa€T Ha 3Ha4HT€1IbHO MCHblliH€ 3aTpaThl 1 

npHXO.II.HW:HCCH Ha 1 Kl3T, '-IeM Ha cospeMeHHhiX peaKropax THna CANDU. EcnH nepuoHa'"l.aJibHhie 

3aTpaTbl Ha nocTaBKY peaKTOpa, ycTaHOBKH ,UJIH nepepa60TKH TOnJIHBa H TenJI03HepreTH1..f€CKOrO 

o6opy.nosaHHH 4€TKO OT.U€JIHTb OT nocne.nyiOIUHX HH3KHX 3aTpaT Ha 3KCnnyaTaUYI10 H peMOHTHQ

TeXHii'Y:€CKO€ o6cnyiKHnaHHe, ro MO)KHO YBH.U€Tb, 4TO raKHe peaKrop&r xopolllo no,llXO.llHT .llliH 

nporpaMMbi OKa3aHH5l nOMOW:H I3 <lJOpMf' KanHTaJibHhiX BJIO)KeHHA:. 

UTILIZACION DEL CICLO DEL TORIO PARA OBTENER ENERGIA NUCLEAR EN GRAN ESCALA. 
Parece posible construir reactores nucleares de varios miles de megavatios; estos reactores representan 

una gran promesa para Ia desalaci6n del agua, para complejos agro-industriales y para redes muy grandes de 
energla electrica, pero varios retrasos han impedido par ahara que esta visiOn se convierta en una realidad 
pr.1ctica. Lo que m.1s atrae de una gran instalaci6n es la esperanza de obtener castes muy bajos, menores que 
una milesima de dolar por kllovatw-hora ( electrico), sumando los castes del combustible, los de explotacion 
y los de mantenimiento. Desde la conferencia de 1964 se ha progresado en la identificacion de los problemas 
y de los medias de resoverlos. Se requiere esencialmente una gran disponibilidad, lo que exige simplicidad 
de la instalaci&n y de todos los medias auxiliares, con acceso f.icil para que el entretenimiento consuma 
poco tiempo, y que todos los componentes resistan una larga vida sin necesidad de atenci&n. Promete mucho 
la energ1a obtenida del torio, especialmente utilizando reactores moderados par agua pesada y refrigerados par 
!(quido orgiinico. Un nuevo dise1'lo de combustible de 6xido de torio promete llegar a potencias espedficas de 
basta 50 a 80 kW(t}/kg de torio, con grados de quemado de 35 MWd/kg de torio e irradiar.iones de 2 a 4 a1ios '"'n 

buena economfa neutr6nica. Este ciclo de combustible cuasi reproductor impone la servidumbre de une 
pequeiia fuente de neutrones auxiliar. Se comentan distintos ciclos. Creemos que se puede conseguir una 
mejora importante en la disponibilidad de las instalaciones utilizando refrigerantes l[quidos orgimicos, tal 
como se discute en otra memoria. Se logra una buena econom{a neutr6nica empleando como moderador 
agua pesada fr1a. Se preve que para 1985 mas o menos, podrfan haberse construido grandes reactores de 
estas caracterfsticas. El coste de instalacion depender1a del estado de la tecnolog1a en la industria que llevara 
a cabo el trabajo, pero el analisis de las especificaciones de los componentes indican que el coste par kilovatio 
serfa sensiblemente mas bajo que el de los reactores CANDU de hoy dfa. Si se ponen aparte los gastos ini
ciales de !a construccion del reactor, de !a instalacion de reelaboracion del combustible y del equipo de 
producci6n de energfa, y se consider a que luego los gastos de exp1otaci6n y mantenimiento son bajos, se 
ve que tales reactores se prestan bien para programas de ayuda financiera. 
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HIGH POWER HEAVY-WATER-MODERATED REACTORS 

At the 1964 Geneva Conference, Canada discussed conceptual 
designs of prospective heavy-water-moderated power reactors with alter
native heat transport fluids [ 1]. All have this fluid confined in channels 
flowing over multi-element fuel bundles. These channels lie within tubes 
that form a lattice in the cool heavy-water moderator. 

Since the Conference, 500-MW(e) natural-uranium-fuelled reactors 
have been constructed [ 2] in a multiple-unit generating station, and the 
detailed design of 7 50-MW(e) units has advanced. These units all use heavy 
water for heat transport. A 250-MW(e) prototype reactor with boiling light 
water that needs no steam-raising heat exchanger is also operating. A 
further design, using an organic liquid (HB-40 a hydrogenated terphenyl) 
for heat transport at high temperature, is giving excellent service in a 
40-MW(th) experimental reactor and in test loops in other experimental 
reactors. 

These basic designs can be extended to even higher capacities very 
readily if the fuel-power density is increased [ 3]. To achieve this while 
preserving neutron economy, thorium fuel is particularly suitable. The 
larger capacity leads to a lower unit cost of power. 

Such prospects were further discussed at the 1967 Symposium on 
Heavy Water Power Reactors (International Atomic Energy Agency) 
[4,7,11]. 

Operating experience has emphasized the economic value of con
tinuous availability of all components [ 5,6]. To attain this, the total 
number of components and actions should be limited, in particular the 
total number of coolant channels and fuelling operations even when 
carried out at power. The combination of thorium fuel and organic liquid 
caloporteur [ 7 ,8] offers advantages in high channel power, few fuel 
changes and ease of maintenance such as the location and cure of leaks 
that develop in joints and valves. 

Large-unit and large-station capacity offer lower prospective power 
costs. The chief advantage lies in the reduction of the capital-cost com
ponent, and there is also a prospective saving in the number of operators 
and the cost of chemical control. Fuelling costs may be reduced by the 
correct choice of fuel cycle, for an optimum combination of high burn-up, 
low fuel inventory value and low fuel fabrication and reprocessing costs. 
Overall neutron economy is an essential key as is high efficiency in 
thermal-electrical energy-conversion. In the prospect presented in 1964, the 
lowest unit-fuelling costs were associated with the organic liquid coolant 
and, although the relative parameters have changed as experience has been 
gained, this conclusion is unaltered. The characteristics that give the 
organic-cooled reactor its prospective advantages now are 

high surface-heat transfer-rate from fuel (up to 300 W /cm 2 
), 

high station efficiency from high coolant temperature (up to 40%), 
and 
ease of maintenance and access due to negligible radioactivity of 
coolant and self-disclosure of any leaks. 
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At the 1964 Conference there were discussions of the prospective 
use of low-cost large-scale nuclear energy for desalting water [ 9] and 
subsequently the scope of such prospects has been widened to cover 
nuclear-powered complexes for agro-industrial development [ 10 ]. Up to 
the present time, high capital costs have appeared as the main disadvantage 
of nuclear power. Nevertheless, for a long time it has been realized in 
principle that, when the capacity is high, availability and a low fuelling 
cost assume great importance. This applies particularly to the agro
industrial complex where applications can become much wider with lower 
operating costs. 

There is an added reason for considering the capital and operating 
costs separately. The total investment in the complete industrial plant 
involved is much larger than that of the power reactor. It is indeed so 
large that the capital equipment will mostly be fabricated elsewhere and 
financed from other than the local source. Thus, the reactor becomes a 
candidate for capital aid, provided all operating is simple and of low 
enqugh cost to be provided locally. 

THORIUM FUEL CYCLES 

A peculiar property of thorium fuel was emphasized in a paper [ 11] 
to the 1967 Symposium mentioned above. Plain thorium oxide fuel might 
be fabricated for a total cost of about $30/kgTh, but after irradiation over 
two to four years yielding 35 MWd/kgTh (worth, for example, $84 at 0.1 
m$/kWh thermal energy), the credit from the residual value of the fuel 
would be about $200/kgTh. The compensating disadvantage was the need 
to supply neutrons from some costly enriched-fissile material or from a 
neutron source of some other type. A subsequent report [ 12] embodied, 
as the "valubreeder" concept, the principle of using thorium fuel, for 
value and energy yield, and enriched uranium, as the lowest cost source of 
spare neutrons. It also discussed the relative prospective costs of several 
complete fuel cycles at equilibrium that ranged from 0.3 to 0.55 m$/kWh 
(1967 U.S. dollar values). Although this range covers a factor of nearly 
two, it is not to be concluded that the lowest cost would be optimum. 
Reference has been made to the importance of availability and, if elect
rical power is assigned a total value of even only 2 m$/kWh at 90% 
availability, then changing the availability to 80% could be represented as 
a penalty of 0.25 m$/kWh whereas the whole range of fuel costs men
tioned was only 0.25 m$/kWh. Furthermore the higher the value set on 
power the higher the penalty for nonavailability. In some systems where 
power must be purchased from some alternative source when a reactor is 
not available, very much higher penalties can be assigned to nonavail
ability. In others where, for example, there is stored water capacity 
available the penalty may be less. If the absence of power leads to idle 
factories, penalties may be much higher than the cost of idling the power 
plant alone. 

A number of thorium-uranium-plutonium fuel cycles have been 
discussed in earlier reports [ 13-16]. 
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In this paper some further thorium fuel cycles are discussed in 
relation to one specific design of fuel channel for a large heavy-water
moderated reactor. The dimensions adopted for the reference fuel bundle 
and channel are given later in this paper. The channels are arranged in a 
square lattice and most calculations have been made for a lattice pitch of 
280 mm, but some have been made for 360 mm. The channels are the 
largest in diameter so far studied extensively, and the neutron-flux depres
sion in the fuel is even higher than in the steam-generating heavy-water 
(SGHW) reactor [ 17], the only operating power reactor with a comparable 
heavy-water lattice. 

Because these large-diameter heavily fuelled channels are so desirable 
for large power reactors, it has seemed necessary, despite the complexity, 
to attempt a fresh analysis. 

THORIUM FUEL DESIGN AND PERFORMANCE 

Basis for Choice of Sintered Th02 

In most nuclear-powered generating stations throughout the world 
the fuel is formed of sintered pellets of U02 . The irradiation behaviour of 
uo2 has been thoroughly investigated and reported at many conferences. 
Less work has been done on thorium fuels, but results that are available 
[18-22] show that sintered pellets of Th02 perform as well as, or better 
than U02 irradiated at the same specific power. For example,irradiations 
of Th02-1.3wt%Ue02 

1 fuelled assemblies, designed to produce high fast
neutron fluxes, are continuing in the NRU reactor at Chalk River Nuclear 
Laboratories (CRNL) [ 23]. The two types of assemblies being irradiated 
have the following characteristics and performance. 

Design 

Length (mm) 

Element 
dimensions (mm) 

No. irradiated 

Max. linear heat 
output per ele
ment (Wjcm) 

Max. Burn-up 
(MWdfkg(Th+U)) 

Max. time in 
reactor (d) 

Fast-Neutron 
Rods 

3 I 5-element 
bundles in one 
channel 

Each bundle, 500; 
total of I 500 

I 5.2 outer diam. 
0.38 wall thick-

ness 

14 

900 

25 

800 

1 l!e = U-235, and urr =natural uranium. 

Flux-Peaking 
Rods 

I I 9-element full
length assembly 

2800 

12.5 outer diam. 
0.38 wall thick-

ness 

13 

380 

so 

1600 
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The few defects that occurred are attributed to the unintentional 
inclusion of a hydrogenous contaminant inside the element, which resulted 
in the formation of radially oriented zirconium hydride platelets in the 
sheath. Stress on the low ductility Zircaloy resulted in very small defects. 

In another assembly the fuel was Th0z-1wt%Un02 . The power 
output from this assembly gradually increased as U-233 was formed, and 
the assembly now has a peak burn-up of over 20 MWd/kg(Th + U) at a 
linear power output of 300 W /em. 

In the Th02 assemblies examined, the fission-gas release and the 
thermal expansion were low. In another test [ 18] it was shown that the 
dimensional changes, the plasticity and the in-reactor resintering of ThOz 
and U02 were similar when compared at the same percentage of their 
absolute melting temperatures. With this knowledge, and with confirma
tion from the Th02 irradiations at CRNL and other laboratories, we feel 
confident that we can predict the irradiation behaviour of ThOz and can 
design fuel elements to operate at high power outputs to high burn-up. 

Reference Fuel Bundle and Channel Design 

tions: 
The reference fuel bundle and channel have the following specifica-

Bundle diameter 
Bundle length 
Number of elements 
Diameter of elements 
Zirconium-alloy sheath thickness 
Channel inside diameter 
Channel wall thickness 
Channel to calandria radial gap 
Calandria-tube wall thickness 
Calandria-tube outer diameter 

129.9 mm 
0.5 m 

61 
13.88 mm 

0.38 mm 
133.36 mm 

3.18 mm 
8.5 mm 
1.95 mm 

160.62 mm. 

Fuel Element Design 

The design (Fig. 1) of the individual fuel elements is discussed in 
detail in reference [ 19] and the bibliography therein. Four basic concepts 
are employed: 

thin sheathing, to reduce the neutron absorption, and keep the 
temperature of the interface with the fuel low; 
hollow pellets, to make sheath strain negligible; 
internal graphite discs, to provide better heat transfer from the 
centre of the fuel [ 24] and also to provide for absorption of 
released fission-gases; and 
thin graphite interlayer between the pellets and the sheath, to 
minimize local stresses and possible ratchetting. 

Calculations well supported by experiment indicate that this element 
can operate at linear power outputs up to 1000 W /em with a surface heat 
flux of 230 W /cm2

• There should be negligible strain of the sheath due to 



A/CONF. 49/P /157 

FUEL/SHEATH 

O.B',DFPELLET /~ 
DIAMETRAL CLEARANCE - ~~ ~~~> .----- PELLET END DISHING TO ACCOMMODATE 

AXIAL THERMAL EXPANSION 
OUTSIDE DIAMETER / 1."2 /:'' 

HOLLOW Th02 PELLETS -lid:::: I "2 
OXIDE DENSITY 9. 7 g. cm3 (97', 
OF THEORETICAL MAXIMUM) 

AXIIL YOlO - 4 VOL' 
OF PELLET 

~ 
GRAPHITE DISCS- 10% Of PELLET 

LENGTH 

FIG. 1. Fuel pellet assembly in sheath. 

thermal expansion of the fuel, or due to pressure from released fission
product gases up to a burn-up of at least 35 MWd/kgTh. The graphite 
discs limit the maximum temperature in the fuel so that 

Maximum 

jt..de is only 45 W /em. 

Surface 

In a practical reactor design such fuel elements incorporated in the reference 
61-element bundles can give a maximum of 3.5-4.5 MW thermal power per 
metre of in-core length. Assuming an overall average-maximum power ratio 
for the core of 0.65 and a channel thermal-electrical efficiency of 40%, a 
1500-MW( e) reactor would need 290 channels 5 m long. 

NEAR-BREEDER CHARACTERISTICS OF CANDU REACTORS 

It was reported to the 1964 Geneva Conference [ 25) that the 
near-breeder characteristics of Canadian Deuterium Uranium (CANDU) 
reactors operating on a thorium fuel cycle, initiated and maintained by a 
supply of separated uranium-235, was such that low cost power could be 
supplied to meet all the world's needs for hundreds of centuries. The energy 
yield, mostly from fission of uranium-233, could be expressed as 60-100 
thermal MWd per kilogram of natural uranium supplied [15). Subsequently 
[12) the fuelling costs for such cycles were indicated as in the range 
0.3-0.55 m$/kWh(e) in terms of 1967 U.S. dollar values including inventory 
charges at 7. 2% per year and natural urani urn costing $8/l b U 3 0 8 or 
$21 /kgU. Doubling that cost of natural urani urn would increase the fuel 
supply cost by only 21 /( 24x60x0.37 5) 'Oe 0.04 m$/kWh( e). 

All these earlier analyses were made for well-moderated reactors (with 
Westcott epithermal r = 0.07) [ 15), and although the general cone! usions are 
valid for any heavy-water-moderated reactors of good neutron economy 
there are significant changes in the details of the fuel cycles when under
moderated lattices with heavily fuelled channels of large diameter are 
studied. 

BASIS OF POWER AND BURN-UP EVALUATIONS 

The debit and credit neutron-balance is the essential basis for the 
evaluation of different fuel cycles. The precise evaluation in a completely 
specified reactor involves a detailed evaluation of the neutron spectrum and 
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flux and the consequent reaction rates to a degree that strains to the limit 
the capacity even of large digital computers and the limits of knowledge of 
nuclear data. For this reason a number of different approximations are 
made, and, fortunately, the risk of significant error in fuel-cycle costs arising 
from the irradiation is not large, and indeed is very much smaller than the 
uncertainties of processing costs outside the reactor. It is important to 
understand this because the fuel-cycle costs predicted are as low as or even 
lower than the fuelling eosts of natural-uranium CANDU reactors which are 
the lowest yet established in the world, being in the range 0.4-0.8 m$/kWh 
depending on the credit allowed for plutonium produced. Moreover the need 
for high availability leads to the seleetion of high average fuel burn-up 
between processing stages, which can be aehieved with thorium fuels. 

To approximate to the eonditions in an undermoderated reactor with 
large fuel ehannels the LATREP code has been used. The lattice cell eode 
LATREP [261 is a multi-group, collision probability, fuel burn-up code 
using 32 epithermal and one thermal neutron energy groups. The thermal 
group, up to 0.625 eV, .uses a modified Westcott formalism. Cluster 
geometry effects are allowed for in the calculation of effective U-238 
resonance integrals, in the self-shielding of the major Pu-240 resonance and 
in the thermal-flux calculation. Burn-up proceeds independently in each ring 
of fuel and the neutron spectrum is recalculated at fixed irradiation intervals. 
The output contains summary tables, which are useful for fuel-cycle 
calculations, of reaetion rates as a funetion of irradiation. 

Some of the differences from the previous BOUT code [ 27] are 
evident from Fig. 2. The range over which the LATREP code can be relied 
on is also restricted and this has to be kept in mind in the method of its use. 

It was apparent from the cycles considered previously [15] that the 
highest energy yield from a given supply of uranium would involve 
reprocessing fuel after a relatively short irradiation such as 2.5 n/kb reaehed 
in 400 full-power days at 7 x 1013 n/cm 2 .s. Operating at a lower neutron 
flux inereases the yield further and extends the period but increases the 
inventory cost. 

In order to keep fuel movement to a minimum while aehieving a low 
fuelling cost, the prineiple is adopted of using two kinds of fuel bundles, 
which may be deseribed as driver fuel and power fuel. At all times a 
reaetivity balance, a limited power range and a materials balanee must be 
satisfied. Examples of the compromise achieved by the use of separate driver 
and power fuel may be seen from a few cases in Table I. 

For eventual U-233 recycle, the sequence number 4 (Table I) appears a 
good compromise achieving the high average burn-up of 33.3 MWd/kgHE 2 

with the power fuel giving no more than 39.6 MWd/kg at an irradiation of 4 
n/kb in 2.8 years 3

. The loss of U-233 is 0.093 g/MWd and the fuelling cost 
0.52 m$/kWh(e) on the assumptions adopted. This choice is clearly weighted 
to availability and low fuelling cost rather than to the highest conservation 
of fissile material. 

HE = heavy elements. 

See data in the notes to Table I. 
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It is of interest to note that by shortening the irradiations and using 
the lowest practicable fissile content, a fuel cycle that gives a small 
breeding gain is indicated (Table I, sequence number 23 ). 

In the absence of a supply of uranium-233 it is practicable to start 
a reactor with 2% U·235 oxide blended with thoria and replenish with 3% 
U-235 as driver fuel. After reprocessing, the driver fuel can be 1.5% U-233 
+ 1.5% U-235 or a similar mixture that results from the first irradiation. 
In all the cases in the table the power fuel is 1.8% or 1.6% U-233. In the 
absence of pure U-233 these could be substituted by 2.0% U-235 or 1% 
U-233 + 1% U-235, which behave similarly. 

A number of other combinations have been evaluated and will be 
presented in a more detailed discussion [28]. 

SEPARATE ENRICHED FUEL (SPIKE FUEL) 

249 

The basic principle for achieving fuel conservation is to remove 
fission products from continued irradiation. One method that has some 
practical advantages is to make the driver fuel without thorium. For 
example, one fuel that has operated satisfactorily consists of highly en
riched U02 or Pu02 particles coated with pyrolitic graphite and dispersed 
in a graphite matrix. These elements are clad in zirconium alloy and 
assembled in bundles of dimensions similar to the Th02 fuels. The advan
tages lie in the possibility of reducing the total cost of fabrication and 
processing. Estimates of these costs depend on the timing of the processes. 
Uranium extracted from thoria is best fabricated before the decay 
products of U-232 build up. Thorium would not be used for recycle for 
about 15 years to allow time for the decay of Th-228 (RdTh) and its 
more radioactive decay products. The use of separate enriched fuel makes 
the eventual elimination of U-236 relatively simple. A disadvantage of 
using separate enriched fuel is that the neutron wastage by absorption in 
the reactor components is increased. 

OFF-POWER FUELLING 

Another important variant of the fuel cycle arises if the reactor is 
refuelled when off-power. Thorium fuel has some advantage over uranium 
fuel in that the average rate of loss of reactivity with burn-up can be 
significantly lower. Some cycles have been evaluated that suggest, however, 
that refuelling of about one tenth of the reactor at intervals of about 
60-80 days would be needed to limit the range of reactivity swing to an 
acceptable level. It is possible, however, to improve on this if self-shielding 
in highly enriched separate fuel bundles is exploited [ 13]. 

IMPROVEMENT OF NEUTRON ECONOMY IN THE REACTOR 

In earlier studies [12,15,16] results were presented in terms of the 
neutron wastage in the reactor expressed by the approximate parameter 7j 
(the ratio of the total neutron absorption and leakage rate in the reactor 
to the absorption rate in the fuel isotopes and their reaction products). 
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For the fuel discussed above and some typical irradiations 7i "" 1.051 
to 1.056, neglecting neutron leakage which is small from a large reactor -
1-1.5%. After the fission products, the neutron wastage in the zirconium 
and organic liquid coolant is highest (Table II). It might be possible to 
effect some reduction of this wastage: if, e.g., the zirconium absorption 
could be halved Ti = 1. 04. The effect of changes of Y/ on the three 
important characteristics of fuel conservation, average burn-up (a factor 
affecting availability) and fuel cycle cost are illustrated in Fig. 3, which 
may be compared with corresponding figures in [12,15,16]. The numbers 
shown against the curves in Fig. 3 identify the cases by the sequence 
number in Table I; for convenience certain key characteristics are also 
indicated. For Fig. 3a each curve requires two cases one of which intro
duces U-235; the other must consume U-23:l. The results are calculated 
very simply from the fuel conservation data in Table I, assuming that 1 kg 
natural uranium supplies 5 g of separated U-235. 

BREAK-EVEN VALUE OF URANIUM-233 AND THE VALUBREEDER 

It will be seen from Table I or Fig. 3b that the cycles involving 
U-235 give a higher fuelling cost than those involving only U-233. The 
difference would be removed if U-233 were given a higher value relative to 
U-235. For 7] = 1.05 for cases 3, 4, 6, 9, 12, 15 and 18 it is found that a 
value of U-233 of $15.34/g instead of $13/g relative to U-235 at $11/g 
would bring all the fuelling costs close to 0.57 m$/kWh. 

It will be noted that with the exception of the breeder case the 
fuelling costs do not cover a very wide range. It follows that the fuels and 
irradiations may well be chosen on the basis of engineering and operating 
convenience. 

No valubreeder cycle is included in Table I because it was not easy 
to evaluate by the LATREP code in its present form. The difficulty arises 
from the changing power output and neutron spectrum during the irradia
tion of initially plain thorium fuel. This does not mean that valubreeder 
cycles are inappropriate for the fuel, channel and lattice dimensions 

TABLE II. INTEGRATED NEUTRON ABSORPTIONS IN REACTOR COMPONENTS(%) 

{ U~235(%) 3.0 1.5 
Initial fuel 

U~233(%) 1.5 2.3 1.8 1.8 

Irradiation (nfkb) 3.0 3.0 3.0 3.0 4.0 

Thorium 37.80 37.59 40.12 42.58 41.84 

Uranium & protactinium 48.31 48.74 47.08 45.13 44.92 

Fission products 

(including U~236) 9.16 9.06 8.01 7.23 8.20 

Organic caloporteur I. 52 1.46 1.58 1.74 1.7 3 

Oxygen, H 20, 0 20, and C 1.10 1.08 1.10 I. 12 1.12 

Zirconium 2.11 2.07 2.12 2.21 2.21 
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specified. General considerations suggest that since the U-233 break-even 
value established above is so high, it would be more economical to operate 
some heavy-water CANDU reactors on the valubreeder cycle and supply 
U-233 to other CANDU reactors for operation on the cycles discussed 
above. 

The lattice pitch of 280 mm is too small for satisfactory operation 
of the reactor on natural U02 fuel. A pitch of 360 mm would allow a 
burn-up of 6.5 MWd/kgUn on continuous refuelling, but the optimum 
power rating would be lower so that it would be preferable to redesign the 
fuel for a smaller number of elements and reduce the organic coolant 
somewhat. 

Optimizing the reactor for a valubreeder cycle would lead to 
dimensions intermediate between those most suitable for natural-uranium 
fuel and for those most suited for U-233 and thorium recycle. 

CONCLUSION 

The studies outlined in this paper indicate that a thorium-fuelled 
organic-cooled reactor with heavy-water moderator offers great potential 
for large-scale nuclear energy. Studies are continuing and will be reported 
in more detail in forthcoming publications now in preparation. 
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Abstract-Resume- AHHOTal.IMH-Resumen 

CNEN WORK ON THE URANIUM-TllORlUM CYCLE APPLIED TO \VATER REACTORS. 

Over the past few years CNEN has been working on a program aimed at assessing the competitiveness of 

the thorium-'"U cycle in water reactors. The program carried out so far includes a preliminary economic 

evaluation for the optimization of a 500-MW(e) CIRENE Th plant (pressure tube, heavy-water moderated and 

two-phase light-water-cooled reactor) fuelled with either thorium- 233 U or uranium -Pu. To confirm the 

satisfactory results obtained. further research was carried out. To check nuclear parameters of the uranium

thorium cycle, physics measurements were carried out in co-operation with AB Atomenergi and the OECD 

1!alden Project (material buckling, axial flux distributions, spectral indexes, conversion ratios, etc.) on 
seven 2"7o enriched 23su 7 -pin cluster fuel assemblies, fabricated by extrusion at CNEN' s Laboratory of 

Saluggia. In co-operation with Euratom, in the ECO reactor (Ispra), the following experiments were 

performed: substitution of 1, 5 and 9 assemblies, with different square lattices and coolants, for buckling 

measurements; activation measurements (spectral indexes, initial conversion ratios, flux distributions, etc. 
with different lattices and coolants. All the results obtained are presented and discussed in the paper. To 

determine (U-Th) 0 2 fuel behaviour, seven fuel elements (those made at the Saluggia Laboratory) and five 

high burn-up and heat rating rigs were irradiated in the Halden reactor. The paper reports the results of the 

irradiation and of the post-irradiation examinations. CNEN' s greatest effort in the field of uranium -thorium 

cycle applications is represented by the ITREC pilot plant. Its operation, described in a separate paper, 

enables the technical-economic data for a complete evaluation of the uranium-thorium cycle costs to be 

obtained. 

ACTIVITES DU CNEN CONCERNANT LES APPL!CA T!ONS DU CYCLE URA:\WM -THOR!l":v1 DANS LES 

REACTEURS A EAU. 

Le CNEN a entrepris il y a quelques annees un programme .1 long tcrme visant .1 evaluer la competitivite 
du cycle thorium/233U dans les reacteurs a eau. Les activites ont jusqu'ici consiste tout d'abord a proceder a 
une evaluation preliminaire de rentabiiite ayant pour but d'optimiser !'installation C!RENE-Th de 500 MW(e). 

II s'agit d'un reacteur a tubes de force, ralenti a i'eau lourde et refroidi a l'eau Iegere en double phase. Le 
combustible est so it du thorium-233l', soit de !'uranium-plutonium. Pour confirmer les rE:sultats encourageants 
obtenus, on a procE:d€. a d'autres recherches visant tout d'abord a vE:rifier, en cooperation avec l'AB Atomenergi 
et le Projet Halden de l'OCDE, les parametres nucleaires du cycle uranium-thorium (mesure du laplacien 
matiere, de la distribution axiale du flux, des indices spectraux, des rapports de conversion, etc.), sur des 
assemblages combustibles constitues par des grappes de sept aiguilles d'uranium-235 enrichi a 20/o, fabriqu€.es 
par le procede d'extrusion au Laboratoire du CNEN de Saluggia. En cooperation avec EURATOM, on a procede. 
dans le reacteur ECO d'lspra, a I' experience suivante: substitution de 1, 5 et 9 elements, avec differents 

reseaux de forme carree et diff'erents caloporteurs, pour des mesures du laplacien; mesures par activation 
(indices spectraux. rapport initial de conversion. distribution du flux. etc.) avec diff"erents reseaux ct caloporteurs. 
Taus les rE:sultats obtenus sont pr€.sent€.s dans le m€.moire. Pour df.terminer le comportement du combustible 

(U -Th)02 • on a irradie ensuite dans le reacteur Halden sept elements combustibles (fabriques au Laboratoire 

de Saluggia), ainsi que des cellules a taux de combustion et a puissance thermique eleves. Le memoire rend 

compte des resultats de cette irradiation et des examens effectues apres !'irradiation. Le plus grand effort du 

CNEN dans le domaine du cycle uranium-thorium est represente par Ia centrale pilate ITREC. Son exploitation, 

decrite dans un autre mf.moire, a perrr.is d'obtenir les donnees techniques et economiques pour une evaluation 

complete des coOts du cycle uranium -thorium. 

PAEOTbl HAUHOHAJJbHOro KOMHTETA flO 5!,llEPHOH 3HEPr1111 l1TAJJ1111 B CB513l1 C 
f!PHMEHEHHEM YPAH -TOPHEBOrO UHKJJ A B BO,llO- BO,ll5!H b!X PEAKTOPAX. 

B Te'-leHHe nocne.n:HHX HeCKOJibKHX neT HauHOHaJibHbiH KOMJ.neT no H.UepHoH 3HeprHH l1Ta

nHH pa3pa6aTbiBan nporpaMMy, HanpaBneHHYIO Ha OU€HKy npeHMyuteCTB npHMeHeHHSi UHKJia TO-

255 



256 BALDETTI et al. 

pHH-ypaH-233 B BO,llO-HO.llSHihiX peaKTopax. PafJOThl. npOHE',ll€HflbiC' H 3THX U€JIHX, CBOJlHTCH K 

CJI€JlYIOU1€My: npe,llB3pHT€Jibll3H 3KOHUMHLJ€CK3H OU€HKa onn1MHJ<J.UVH1 ycTaiiOBKI-1 (_'JHE~E 
MOlUHOCTblO 500 MBT (3n) (l<aHaJibHbiH TH .lKE'JIOHOJlHhiH peaKrop c .llByx¢a3HhiM OXJ13)KJl€HHeM o6biY-

HoH BO.llOH) C TOOJIHBHbiM UHKJlOM TOpHH-ypaH-233 l-11111 ypaH-nJiyTOHHH. )lJHI flO.UTBep)KJl€HH51 

no.nyYeHHbiX 06H3)\€:lKHB3KlWI-IX pe3yJihTGTOB npOH€.ll€Hhi 1lOnOJIHHT€JlbHbl€ HCCJl€)lOB3T€JibCKH€ pa-

60TbJ . .Il.IHI npouepKH H.nepHbiX napaMerpou ypaH-ropHenoro UHKJia B corpy.llHH'-IeCTilC c 06oe.nH
HeHHeM ":\B :\roM3HeprH" H c OpraHH3aUHeH ::JKoHoMHYecKoro corpy.UHHYecrsa H pa3DHTHH 

(XaJIJleHCK(.-IH npoeKT) 6b!JIH llpOHE'll€Hbl rflH3HY€CKHe H3MepeHH51 M3T€pHallbHOrO napaMeTpa, oce

HOrO pacnpe)leJleHHR OOTOKa, CrJCKTp3llbHbiX K03¢¢HUH€HTOB, K03<fJ<f;HUH€HT3 BOCilpOH3BO)lCTB3 

Ha ceMH TOIIJlHUHbiX c6opK3X, COCTOHlUHX J.13 C€MH TOOJlHBHbiX CTeptKt-teH K3~Jl3H, C o6orameHH€M 

00 ypaHy-235 )lO 2°0, ~13I'OTOBJl€tlHblX MeTOJlOM 3KCTpy:HtH B Jla6opaTOpHH HauHOH3JlbHOrO KOMH

T€T3 no HJlepHoH 3HeprHH s CaniO.nJKe. B corpy.IIHH'-Iecrse c EsparoMoM Ha peaK rope ECO s 

Hcnpe 6billH nposeJleHbi C!IP.llYIOlUHe :tKcnepHMeHTbr: H3MepeHHe nannacHaHa npH 3aMeHe 1, 5 
H 9 3Jl€M€HTOB TOOJlHBHOH c6opKH C p33JlH4HbiM warOM peWeTKH H pa3JlH4HbiMH T€0JlOHOCHT€JlSI

MH; H3MepeHHe 3KTHA3UHH (cneKTp311bHhi€ xapaKTepHCTHKH, H343JlbHbiJ:i K03<fJ<fJHI . .lH€HT BOCnpo

H3BO,llCTB31 pacnpe,lleJJE'HHe llOTOK3 H T . .ll.) C p33JlH4HbiMH B3pH3HT3MH peWeTKH H pa3JIH4HbiMH 

T€0JlOHOCHT€JlSIMH. nony'-leHHble pe3yflhT3 Tbl H3JlOJK€Hbi B ,llOKJI3)l€ C KOMM€HT3pH51MH. ,llJIH 

onpe.neneHH51 nose.neHH51 ronnHna (U -Th)0'2 s XanneHcKoM peaKTope no)lsepranH o6ny1..1eHHIO 

C€Mb T€0Jl0Bbl.ll€JlSIIOlllHX 3Jl€M€HTOB 1 H3I'OTOBJl€HHbiX B Jia6opaTOpHH B CaJllO,U)f(€, H OHTb o6-

p33UOB C OOBbiW€HHOH CTeneHbiO BhlropaHHH H 00Bbllli€HHOJ:i T€0JlOBOJ:i MOlllHOCTbJO. Pe3yllbT3-

Tbl o6ny4eHHH H nocrpallH3UHOHHbiX HccneJlOBaHHH npHse.neHhi B .noKna.ne. Pe3yllhT3Tbi pa6oTbi 

HaUHOH3JlbHOrO KOMHT€T3 110 H.ll€pHOJ:i 3HeprHH B 06Jl3CTH npHM€H€HIUI ypaH-TOpHeBOrO UHKJI3 

HaWJIH oTpaJKeHHe a C03113HHH onhiTHoH ycTaHOBKH ITHEC. 113y'-leHHe pa6oTbi 3ToH ycTaHOBKH, 

KOTOp3S1 00Jlp06HO OOHC3H3 B OT)l€JlbHOM .llOK113.ll€ 1 ll03BOJIHT OOllY'-IHTb T€XHH4€CKH€ H 3KOHOMH-

4€CKH€ .ll3HHbl€ 1 H€06XO.llHMbJe )lJIH OOJlHOJ:i 0U€HKH CTOHMOCTH ypaH-TOpHeBoro UHKJia. 

ACTIVIDADES DEL CNEN RELACIONADAS CON a CICLO Da URANIO-TORIO APLICADO A REACTORES 

CON AGUA. 
El CNEN ha trabajado estos ultimos anos en un programa destinado a establecer si, en los reactores 

de agua, el ciclo del rorio- 2 ~ 3 U puede ser competitive. Hasra el momenta se lleva realizado lo que sigue: 

una evaluaci6n econ6mica que consiste en un cilculo preliminar para optimar una instalaci6n CIRENE (reactor 

de tubas de presion, moderad•J por agua pesada y refrigerado por una mezcla bifasica de agua ligera) de 
500 Mil'( e), bien sea quemando torio- 233 U o uranio-plutonio. A fin de corroborar los satisfacrorios resultados 
obtenidos se han realizado diversos experimentos. Para comprobar los par.imetros nucleares del ciclo de 

uranio-torio, se han realizado los siguientes experimentos de flsica: En colaboraciOn con la AB Atomenergi 

y la organizacion del Programa de Halden de la OCDE, medidas de laplacianas de material, distribuciones 
axiles del flujo, indices espectrales, razorres de conversiOn, etc., hechas con siete conjumos combustibles 
de haces de siete varillas de urania enriquecido al 2''/a, fabricadas por extrusiOn en el Laboratorio de Saluggia 
(CNEN). En colaboraciCm conla Euratom, utilizando d reactor ECO de Ispra, se han efectuado los siguientes 
expenmentos: Medidas de laplacianas de material, por el merodo de sustituci6n, de 1. 5 y 9 conjuntos, con 
diferentes pasos de red cuadrada y con diversos refrigerantes; medidas de activactOn con diferentes redes 

y refrigerames (Indices espectrales, razones iniciales de conversiOn, distribuciones de flujo, etc.). Todos 
estos resultados se exponen y se comentan en la memona. Para comprobar el comporramienro del (U-Th)02 

como combustible, se irradiaron en el reactor de Halden los s1ete elementos fabricados en Saluggia y otros 
cinco conjuntos, de alto grado de quemado y fuerre desprendimiento de calor. La memoria da cuenca de 

los resultados de las irrad1aciones y de los examenes posteriores. El maximo exfuerzo del CNEN dedicado 
al ciclodel uranio-torio est~ represent ado porIa planta-piloto ITREC. Su funcionamiento sedescribe en otra memoria y 
permite obtener los datos H~cnicos y econ6rnicos necesarios para evaluar por completo los castes del ciclo 

del uranio-torio. 

1. INTRODUCTION 

To utilize completely all the available energy resources, many countries 
have begun to exploit the uranium-thorium cycle in addition to the uranium
plutonium cycle. 

The Italian program on the uranium-thorium fuel cycle began in 1960 
with the design and construction of the ITREC pilot plant for remote 
reprocessing and refabrication of irradiated fuel elements for water 
reactors. The plant is located in the province of Matera in southern Italy. 
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After a general evaluation of several reactor systems that have thorium 
as the fertile material, which was carried out in the early sixties, in 1965 
CNEN, in relation to the Italian program on Cirene-type reactors (pressure 
tube, heavy-water-moderated and two-phase light-water-cooled reactors), 
started a long-term program aimed at assessing the competitiveness of the 
thorium-uranium cycle in these reactors. 

First of all, an economic optimization study, extended to all plant costs, 
was carried out to determine the minimum overall cost of energy produced 
by a 5 00-l\TW (e) Cirene- Th reactor, with an associated reprocessing plant 
satisfying the requirements of 10 000 MW(e) [ 1, 2]. The economic 
optimization was accomplished essentially by taking into account the most 
significant design parameters (i.e. specific fuel power, irradiation level, 
moderator-to-fuel ratio, number of rods per bundle, channel height, 
clearance between rods) and by utilizing a consistent set of economic and 
design data, with regard to the Italian situation, both for plant construction 
and for fuel cycle operation and nuclear material supply. The economic 
influence related to several uncertain design hypotheses was also evaluated. 

TABLE I. ECONOMIC EVALUATION- CONCLUSIVE DATA 

Enriched U Natural U 
Fuel cycle U·Th Euratom Cise Cise 

method method method 

Specific power (W/g) 40 20 20 

Irradiation level (MWd/t) 25 000 15 000 15 070 0920 

Radial form factor 0. dO 0. 8.l 0. 35 

Number of rods in the bundle 37 37 37 

Linear conductivity integral (W/cm) 64.25 4C 4t) 

Clearance between the rods (em) 0.3 o. 3 0. 1478 

Pellet diameter (em) ]. 125 ]. 319 ]. 387 

Clad rod diameter (em) ]. 267 1. 485 1.473 

Pressure tube i. d. (em) 10. 985 12.473 11.201 

Lattice pitch (em) 23. 985 25.473 27.811 

Moderator-to-fuel ratio 12. 16 9. GO 11. 50 

Core active height (em) 270 480 350 

Coolant max. specific flow (g/cm2. s) 350 250 376 

Mean steam quality 0. 177 0. 255 0.22'5 

Make-up U specific requirements 0. 064 0. 159 0. 131 0. 1';7 

(kg U,O,/MWd) 

Fuel cycle cost (total) (mills/kWh) ]. 119 1. 043 0. 889 1. 001 

Heavy water cost (mills/kWh) 0. 108 0. 146 0. 146 0. 167 

Capital cost (mills/kWh) 2. G87 2. 644 2. 644 2.699 

0. & lv!. cost (mills/kWh) 0. 569 0. 560 0.560 0. 572 

Total energy cost (mills/kWh) 4.483 4.393 4.239 4.439 
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A similar economic evaluation was also done later on for other interest
ing fuel cycles (natural uranium or slightly enriched uranium, once-through 
or with plutonium recycle), which could be utilized in a Cirene-type 
reactor [ 3]. It was performed for a 500-MW(e) plant by using, to the 
extent possible, a consistent set of economic data and a consistent method 
of analysis. The neutronic calculation method used for the uranium
thorium cycle is, in fact, rather dubious, while the method chosen for the 
enriched uranium once-through cycle (EURATOM method) gives more 
pessimistic results than that used for the natural uranium once-through 
cycle (CISE method). 

From Table I, it can be concluded that the enriched uranium cycle is 
the cheapest one, even though the more pessimistic calculation method is 
used (with regard to the plutonium recycle cycles, their energy costs are 
slightly higher than those for the corresponding once-through cycles, 
although very favourable economic assumptions are made). Nevertheless, 
from the point of view of saving fuel reserves, the uranium-thorium cycle 
seems to be the most attractive (see Table I, the specific rate of fuel 
consumption per unit of energy produced). Therefore, to be able to start 
on a definite design of a Cirene-Th plant when fuel costs increase in the 
future, CNEN decided to undertake an experimental program aimed at 
verifying the most important uncertain design hypotheses and the promising 
results obtained in the uranium-thorium cycle economic evaluation. The 
experimental activities concerned mainly neutron physics, irradiation 
tests, and reprocessing and remote refabrication of thorium-uranium 
fuels. 

2. NEUTRON PHYSICS EXPERIMENTAL PROGRAM 

A complex neutron physics program is being carried out as part of 
CNEN' s effort in the evaluation of the thorium-uranium cycle with special 
emphasis on heavy-water-moderated reactors. The main part of the 
program has already been completed and consisted of: 

(1) buckling measurements, by the substitution method, and detailed 
parameter measurements on 7 -rod bundle elements with 2o/o 23 5 U content; 

(2) buckling measurements, by the substitution method, and detailed 
parameter measurements on 19-rod and 3 7-rod bundle elements with 
2. 4o/o 235 U content. 

The results of the buckling measurements are reported in this paper. 

2. 1. Seven- rod bundle experiment 

2. 1. 1. General 

This experiment was performed in the R-0 reactor of Studsvik (Sweden) 
as a common effort by CNEN, AE of Sweden and the Halden Project [ 4] . 

Four different pitches were studied (11, 13, 15 and 17 em in a triangular 
lattice) with D20 and air coolants. Seven elements were available for the 
experiment. 
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2. 1. 2. Fuel element data 

Fuel rod 

Composition: 9 7. 6 wt% Th0 2 
2. 0 wto/o Z3'i UOz 
0. 4 wto/o 23 ~ U02 

Diameter: 12.59 mm 
Density: 9. 57 gjcm3 
Active length: 828.5 mm 

Assembly 

Geometry: 7-rod bundle with 23-mm pitch. 
Two such bundles were assembled, 
one on top of the other in the 
shroud tube. 

Cladding ( Zr- 2) 

i.d.:l2.76mm 
o.d.: 13.96 mm 
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Total length: 890.5 mm 

Shroud tube (Zr-2) 

i. d. 71 mm 
o. d. 73 mm 

The fuel of the reference lattice was 3. 05 em in diameter, aluminium 
canned, natural uranium metal. 

2. 1. 3. Experimental technique 

Because of the length of the test assemblies, the critical height was 
limited to 1. 85 m. To keep the critical height of the reference lattice below 
this value, enriched uranium oxide bundles were placed in the peripheral 
part of the reactor. The buckling of the 11-cm (more precisely: 19/.f3 em) 
reference lattice was obtained with a substitution experiment by adding 
reference rods to the 19-cm reference lattice. The substitution steps with 
Th02 fuel assemblies are shown in Fig. 1. 

Persson's method [ 5] was used for the analysis. Minor changes were 
introduced in the theory to accommodate eccentric regions and the triangular 
lattice pattern. 

For the elements with air coolant, the 6D/D correction necessary for 
the interpretation of the measurements was experimentally determined in 
the 17- em reference lattice. The 6 D/ D experiment was analysed according 
to the theory described in Ref. [ 6]. The results were used to normalize 
the calculated 6 D/ D variations for all the other lattice pitches. 

2. 1. 4. Final results 

In the interpretation of the experiment, two possible cell definitions 
were considered: the first, with triangular cells, is shown on the left-hand 
side of Fig.l; the second, with rhombic cells, is shown on the right-hand 
side of the same figure. Moreover, the fuel assemblies were intercompared 
in the 13- em lattice and, since small but significant differences were found, 
correction for fuel element inhomogeneity was applied to the experimental 
values. 

The final results are reported in Table II. 
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FIG. 1. Th02 substitution steps. 

2. 2. 19- and 37-rod experiments 

2. 2. 1. General 

The experiments were performed in the ECO reactor at Ispra in 
co-operation with CCR Ispra [ 7]. The total number of reference and fuel 
elements in the core was 89 for all substitutions. The measurements were 
performed for 18.8-, 22.3-, 25.5- and 28.05-cm-square lattice pitches 
and for H20, D20, air, 3 Oo/o H20 -70% D20, 50% H20- 50o/o D20 coolants. 
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TABLE II. 7-ROD BUNDLES- EXPERIMENTAL RESULTS 
Temperature: 22°C; moderator composition: 99.645 wto/o D20 

Triangular 

lattice 

pitch 

(em) 

11 

13 

15 

17 

B' 
ref 

(m-2) 

6. 7tJ 

8. 32 

8. 23 

7. G1 

a 
Type 

of Coolant: D
2 
0 

analysis (m-2) 

Ia d.36±0.04 

lb 8.31 ± 0. 04 

II a 8.31±0.07 

lib 8.22 ± 0.07 

Ia 9. 87 ± 0. 06 

lb 9.78±0.06 

II a 9.89 ± 0.08 

lib :L7ti±.0.07 

Ia G. 83 ± o. 13 

lb 70±0.08 

II a !1. 91 ± 0. 16 

lib Q. 72 ± 0. 11 

Ia :1.14±0.09 

lb 9. 03 ± 0. 05 

II a ;1.26±0.14 

lib 9.0~1 ± 0.0/ 

a Ia: Rhombic transition cell, no fuel inhomogeneity correction. 

lb: Rhombic transition cell, fuel inhomogeneity correction applied. 

IIa: Triangular transition cell, no fuel inhomogeneity correction. 

lib: Triangular transition cell, fuel inhomogeneity correction applied. 

2. 2. 2. Fuel element data 

2 
B 

test 

Cnolant: air 

(m-') 

3. 22 ± 0. 07 

3.07±0.0G 

[). 87 ± 0. 07 

:s. 87 ± 0. 11 

\). 80 ± 0. 0'• 

li. 7f"1 ± 0. 10 

7. 19±0.03 

22 ± 0. Oti 

Fuel rod (Th02 - U02 ) 

Composition: 2. 6 7 wto/o U / (U+Th) 

Canning (Al 99. 5) 

2,40 wto/o 235Uj(U+Th) 
Diameter: 9. 86 mm 
Density: 9.35 gfcm3 

Active length: 1800, 2000, 2200 mm 

i.d.:10mm 
o.d.:11.5mm 
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Assembly Shroud and calandria tubes (Al 99. 5) 

19 rods with 15. 2-mm pitch 

37 rods with 13. 64-mm pitch 

19rods: 76.8/79.8mmi.d./o.d. 
81.8/84,8 mm i.d.fo.d. 

37 rods: 93/97 mm i. d. jo. d. 
103/106 mm i,d./o.d. 

The normal ECO reference elements were utilized. Nine fuel elements 
were available for both 19-rod and 37-rod experiments. 
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FIG. 2. Test element substitution steps. 
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substituted elements 

FIG.3. Inhomogeneity effect in the :attice with 37 rods, 22.3 em pitch, and D2 0 coolant. 

2. 2. 3. Experimental method 

The test elements were added to the critical reference lattice stepwise, 
as shown in Fig. 2, and the critical height measured for one, five and nine 
substituted elements. 

The experimental axial reflector savings of the reference lattices were 
added to the measured heights to obtain effective critical heights. Calcu
lations were made to find the order of magnitude of the error introduced in 
the interpretation of the experiments by utilizing fixed reflector savings. 
This error is of the order of 0. 05 m -2 • 

The analysis was carried out by the direct method with homogenized 
reactor regions [ 8]. The nuclear parameters for the reference and test 
lattices were calculated with the cell code FINOCCHIO [ 9]. 

From the analysis, the D. B~1 values of the test lattices were obtained 
with respect to the reference lattice. These values are given in Table III. 
By adding the B~ values of the reference lattice obtained with the flux 
mapping technique, the final B~ of the test lattice were determined and are 
given in Table IV. 

The anomalous trend of the L'. B~ as a function of substituted elements, 
which may be observed in Table III for the 37-rod experiment, is due to fuel 
element inhomogeneity. By interchanging in all possible ways the fuel 
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Coolant 
Pitch 

(em) 
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HI-rod elements D,O temperature: 23.20 - 24. 32oC 

Air 

D
2
0 

0.3 H 0 
2 

18. 8 

22.3 

25. 

28. 05 

18. 
22.3 

25. 
28. 05 

18. 

22.3 

25. 
28. 05 

18. 
22.3 

25. 

28.05 

-G. 55 

-.J. Oti 

-4.22 

-3. 28 

-7. 34 
-5.35 
-4. 18 

-3.50 

-4.46 

-2. 59 
-1 35 
-1. 14 

-ti.hi 

-4. 77 
-3. 88 

-1. 14 

37-rod elements D
2
0 temperature: 21.48- 26.10'C 

D,O purity: 99.600 - 90. (i8G wt0,o 

Air 

D
2
0 

0.3 H
2
0 

0.7 D2 0 

0. 5 H,O 

0. 5 D
2
0 

18. 8 
22.3 

25.5 

28.05 

18. 8 

22.3 
25.5 

28.05 

18. 8 

22.3 

25.5 
28.05 

18. 8 
22.3 

25.5 
28.05 

22.3 

28. 05 

-3. 93 
-4. D2 

-4.92 

-432 

-4.45 

-4. 57 
-4.81 
-4.68 

-5.97 
-4.5 
-3.41 

-2.42 

-4. 9C 

-4.82 
-4.31 
-3. GO 

-5. 00 

-3.37 
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Substituted elements 

-4.08 -4. D4 

-4. 07 -4.07 

-3. 7G -3.76 

-3.33 -3.33 

-5. 8G -5.86 

-4.55 -4 45 

-3. 83 -3. 85 

-3.27 -3.29 

-3.54 -3.41 

-1. ,;3 -1. 50 

-0. 71 -0. (j2 

-0.34 -0.24 

-5.35 -5.40 

-3. 81 -3. 79 

-2.99 -2. 96 

-2. 4G -2.42 

-3. 76 -4.06 

-4.47 -4.8 

-4. 68 -5. 01 

-4.33 -4.81 

-4.58 -5.07 

-4.8 -5.25 

-4. 81 -5. 17 

-4. 54 -4.81 

-G. 02 -6.62 

-4.45 -4.89 

-3. 59 -3.97 

-2. 95 -3.32 

-5. 25 -5. 

-4. 81 -5. 25 

-4.44 -4. 81 

-3 97 -4. 31 

-4.8 -5.23 

-3.7 -4.04 
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TABLE IV. EXPERIMENTAL B~[ m-2 ] OBTAINED FROM THE 
9-ELEMENT SUBSTITUTIONS 

~ ) 18.8 22.3 25.5 

19-rod elements 

Air 9. 14 8. 59 7. 82 

n,o 10. 07 8. 97 7. 90 

H
2
o 7 61 6. 02 4. G7 

0.3 H
2
0/0.7 D

2
0 9. 60 8. 30 7.01 

37 -rod elements 

Air 8. 27 9.32 9.06 

n,o 9.27 9. 77 9. 22 

H
2
o 10. 83 9. 41 8. 02 

o. 3 H
2
o/o. 7 n,o 10. 00 9. 77 8.8G 

o. 5 H ,o;o. 5 D ,o - 9. 75 -

28.03 

6. 93 

6.88 

3.82 

6.01 

8.41 

8 40 

6.91 

7. 90 

7. 63 

elements for the 22. 3 -em pitch D20 coolant, the results shown in Fig. 3 were 
obtained. The "normal experiment" refers to the loading sequence which 
was followed for all substitution experiments. While the inhomogeneity 
practically does not affect the .6. B~ relative to the 9-element substitution, 
chemical analyses are being performed to determine more accurately the 
average 235U content, which is known at present with a± 1. 5o/a uncertainty. 

3. IRRADIATION PROGRAM 

A series of irradiation experiments on metal-clad fuel rods containing 
cold-pressed and sintered Th02 - UOz pellets began in 196 7, aimed at testing 
U -Th mixed oxide fuels for Cirene-type reactors. 

All the tests were carried out in the OECD Halden reactor and concerned 
only single-rod performance, because no suitable facility exists in the 
reactor for testing full-scale Cirene fuel elements (37-rod bundles). 

Two groups of experiments were planned. The first one consisted of 
the irradiation, in the central zone of the Halden reactor, of seven fuel 
elements, the same as those used for the physics experiments mentioned 
above, produced with the extrusion and sinterization method adopted in the 
ITREC plant. The main aims of this experiment were to test the in-pile 
behaviour of (U -Th)02 fuel made with the ITREC' s fabrication process, 
despite the fact that the operating conditions of the fuel were lower than 
those of the reference 500-MW(e) Cirene-Th reactor, because of the relatively 
low neutron flux at Halden. The fuel elements, irradiated in the period 
1967-1970 at a linear heat rating not higher than 300 Wjcm reached an 
average burn-up of 6000 MWdjt (Th+U) and no rod failures were detected. 

The remaining group of experiments had the main aim of obtaining 
information on the behaviour of (U-Th)02 fuel at high burn-up and heat 
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rating (IFA 125, 126 and 127) and of studying the influence of certain para
meters such as pellet length, pellet fabrication method, etc. (IFA 175 
and 176). 

Table V lists the test section series, their main characteristics and 
objectives, and their present status. 

The IFA 175 and 176 fuel rod diameter and the IFA 125, 126 and 
127 235U enrichment values, larger and higher, respectively, than those 
determined in Ref. [ 2] as optimal, were utilized in reaching a significant 
value of fkdB even in the low neutron flux conditions of the Halden reactor. 

Central thermocouples were placed in six rods; all but three, of the 
tantalum- sheathed type, behaved satisfactorily. 

Temperature values up to 2400°K were measured and the related 
thermal conductivity data are in reasonable agreement with those reported 
in Ref. [ 10]. 

Fission gas retention was better than in U02; a release as small as 4o/c 
was measured in rods at 2500-2800°C peak central temperature. The post
irradiation gas pressure in the plenum of rods 1rradiated up to 2000 J\1[\Vd/t 
(Th+U) was lower than the pre-irradiation pressure; ti1e closed pores in the 
fuel are likely to be the reason for this. 

The post-irradiation examinations showed that a~l the rods but two 
(IFA 176) were undamaged. 

Since: (a) in the 25-mm-diameter rod samples, the transversal gamma 
scanning and the autoradiographies revealed remarkable dissymmetry in 
neutron flux and specific heat rating distribution, and (b) the moisture 
content measured in Th02 pellets was seven times higher than in similarly 
handled U0 2 pellets, the failures in the IFA 176 rods were attributed to the 
local stress concentration (a) in the Zircaloy-2 cladding material embrittled 
by the high fuel moisture content (b). 

The metallographic and ceramographic analyses showed that the 
Th02- U02 behaviour was similar to that of uranium oxide fuel, with some 
peculiarities relative to the temperature at which the structural changes take 
place. 

In the fuel, with operating central temperatures of: 

up to 1400°C, as in IFA 175, non-significant structural changes are evident; 

up to 1800°C, as in IFA 176, a large zone is evident with equiaxed grain 
growth, but no columnar grain growth (Fig. 4(a)); 

up to 2300°C and with a burn-up of 2500 MWd/t (Th+U), as in IFA 125, there 
is no columnar grain growth in the circumferential inner zone, but only 
some along the cracks (Fig.4(b)); 

up to 2800°C and with a burn-up of about 15 000 ]\1[\Vdjt (Th+U), as in IFA 127, 
a large internal zone is evident showing columnar grain growth, but only 
one sample out of three shows an internal hole as small as 0. 06 radius 
(Fig.4(c)). 

4. REPROCESSING AND REMOTE REFABRICATION 

Research aimed at developing a fuel fabrication procedure which could 
be adopted by the remotely operated ITREC plant began very early at 
CNEN' s Fuel Fabrication Laboratory in Saluggia. 
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The steps of the experimental program were: 

(a) chemical research for developing an acceptable preparation 
procedure for mixed thorium-uranium oxides with good and reproducible 
sintering behaviour; 

(b) development in ceramics aimed at setting up the best operating 
conditions for obtaining high-density pellets; 

(c) fuel test fabrication for irradiation experiments;. 
(d) pilot-scale fabrication of approximately one tonne of sintered 

pellets to verify the sinterability of the procedure developed. 

The Th- U oxide preparation procedure chosen was characterized by 
co-precipitation at 60°C of a mixed Th-U-(IV) oxalate, followed by a 
calcining step at 900°C in air. Strict control of the operating conditions is 
very important to obtain powder with constant properties (such as specific 
surface, shape and size of the grain) [ 11]. 

Ceramic research was extensively performed, and two compacting 
processes in particular were studied: pressing and cold extrusion. Both 
these methods gave good results as far as pellet soundness, density and 
structure were concerned. The pressing method consists of a pre
compacting stage followed by pressing the granulated powder with binder and 
lubricant at 4 tjcm2; sintering is then performed in hydrogen at 1750°C. 
Approximately 200 kg of pellets for the Halden irradiation tests were 
produced. 

Extrusion methods allow the fabrication of pellets much longer (4 or 
5 times) than those obtained by pressing, but the pellet soundness specifi
cation is more difficult to meet; only strict control of all the operations 
(paste preparation, pre-extrusion, extrusion) [ 12-15] can avoid this 
drawback. 

The values reported above were confirmed by two pilot fabrication runs 
made with the pressing and extrusion processes (500 kg each). 

The greatest effort in fuel reprocessing and remote refabrication made 
by CNEN is represented by the ITREC pilot plant, the detailed description 
of which is given by Orsenigo et al. elsewhere in these Proceedings. Its 
operation will enable us to obtain the technical-economic data for a complete 
evaluation of the uranium-thorium cycle. 
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THE KEMA SUSPENSION TEST REACTOR. 
Elaborate studies of reactor strategies for the decades to come have shown the potential benefit of using 

homogeneous liquid fuel reactors as thermal breeders or near breeders Their low fissile fuel inventory can 
be of the utmost importance for the economy of a rapidly expanding nuclear power system, even if fast breeder 
reactors are available at the same time. Apart from fuel salt solutions or molten salts, aqueous fuel suspensions 
based on the 2"U-Th cycle could be used in this respect. The possible uses and limitations of the aqueous 
suspensions have been studied extensively for this purpose. On the basis of the results of these studies, a 
1-MW(th) facility has been constructed to explore the dynamic behaviour of a reactor system operating with 
different types of fuel suspension. The facility, which will begin operation shortly, is described together 
with its experimental possibilities and its program. Several specific features and technical and fundamental 
limitations of the application of different suspensions are discussed on the basis of existing knowledge and 
experience with non-criticalloops. 

LE REACTEUR D'ESSAl A SUSPENSiON DE LA KEMA. 
Des etudes apprcfondies de l'avenir des reacteurs pendant les ctecennies qui viennent ont montre les 

a vantages eventuels des reacteurs a combustible liquide homogene utilises com me surgenerateurs ou quasi
surgenerateurs a neutrons thermiques. Les rCacteurs qui n'exigent qu'une petite quantitC de combustible fissile 
peuvent etre extremement importants pour la rentabilite d'un rCseau nuclCo-Clectrique en dCveloppement rapide, 
meme si les reacteurs surgenerateurs a neutrons rapides existent en meme temps. lvlis a part le combustible 
sous forme de sels en solution ou de sels fondus, les suspensions de combustible dans !'eau fonctees sur le cycle 
'"u -Th peuvent etre utilisees a cette fin, Les emplois possibles et les limites des suspensions a que uses ont fait 
!'objet d'etudes approfondies. Sur Ia base des resultats obtenus, on a construit une installation de llv!W(th) 
pour etudier le comportement dynamique d'un reacteur fonctionnant avec diff'erents types de suspensions de 
combustible. Le mCmoire dCcrit cette installation, dont l'exploitation commencera prochainement, ainsi que 
ses possibilites experimentales et son programme. Les auteurs signalent plusieurs caracteristiques specifiques ainsi 
que les limites techniques et theoriques de l'emploi de differentes suspensions sur la base des connaissances 
actuelles et de !'experience acquise avec des boucles non critiques, 

0!1bJTHbJH PEAKTOP "KEMA" C TOITJHIBHOH CYCI1EH3!1EH. 
Tl.llaTeJibHbie Hccne.n:osaHHR peaKTOpHoH CTpaTerHH Ha npe.llCT05Il.l.IHe .neC5ITHJieTH5I noKa3a

JIH DOT€Hl.lHaJibHbi€ npeHMYl.li€CTBa HCDOJib30BaHH5I peaKTOpOB C JKH)lKHM TOnJIHBOM B Kat.IeCTB€ 

pa3MHOJKHTeneH HJIH not.~TH pa3MHOJKHTeneH Ha TennosbiX HeHTpOHax. Mana5I 3arpy3Ka .1l€ll5IIUHX

c5I B€IU€CTB .1lll5I 3THX peaKTOpOB MOIK€T HM€Tb peillaiOIU€€ 3Hal.I€HH€ C TOl.IKH 3p€HHR 3KOHOMHl.I€

CKH 6biCTp0 pacDJHpRIOIU€iiCR R,UepH0-3HepreTHl.I€CKOH CHCT€Mbl, )la)K€ €CJIH K 3TOMy speMeHH 

eoH.llyT e cTpoH peaKTOpbi -pa3MHO)f(HT€JIH Ha 6biCTpbiX HeHTpoHax. B TaKHX peaKTopax MoryT 

6biTb HCDOJlb30BaHbi H€ TOJibKO TODJIHBHbi€ paCTBOpbi COJieii, HO H BO.IlHbl€ TOnliHRHbie cycneH3HH 1 

OCHOBaHHbl€ Ha TODJIHBHOM UHKJI€ ypaH-233 - TOpHH. C 3TOH TOY:KH 3p€HH5I 6biJIH Tll.laTeJibHO 

H3yY:eHbi B03MOIKHOCTH H orpaHHY:€HH5I BO.llHbiX cycneH3Hii:. Ha OCHOBe 3THX pa60T CKOHCTpyH

posaHa onbiTHaSI ycTaHOBKa MOJ.I.IHOCTbiO 1 MBT(Tenn) .UJIR H3yY:eHHSI .llHHaMHKH peaKTOpHoH cHc

TeMbi, pa60TalOJ.I.~€H C pa3JIHl.IHblMH BH.UaMH TODJIHBHblX cycneH3HJ.i. 0nHCaHa ycTaHOBKa, KOTO

paR ,llQJl)f(Ha BOHTH B CTpOJ.i B 6JIH>KaJiweM 6y.Ilyi.QeM, ee 3KCnepHM€HTaJibHbi€ B03MOJKHOCTH H npo

rpaMMa 3KCnepHM€HTOB. Ha OCHOB€ CospeMeHHbiX 3HaHHH H ODbiTa, nonyt.~eHHOrO Ha H€KpHTH

Y.€CKHX neTJIRX, o6cyJK,llalOTC5I H€KOTOphle OC06bi€ XapaKTepHCTHKH H !flyH.UaMeHTaJibHbi€ orpaHH

Y:€HH5I npHM€H€HH5I pa3JIHY:HbiX cycneH3HJ.i. 

':' Central laboratory of the Netherlands electricity supply undertakings. 
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EL REACTOR PARA PRUEBAS DE SUSPENSION DE KElv!A. 
El estudio detallado del desarrollo de los reacrores en Ia pr6ximas decadas muestra los beneficios 

potenciales del empleo de reacrores de combustibles lfquidos homogeneos como reactores reproducrores 
rermicos o casi reproductores La pequeiia carga de combustibles fisionables que estos reactores precisan 
puede ser un factor de importancia capital para la economfa de un sistema de energfa nuclear en riipida 
expansiOn, aunque al mismo tiempo se utilicen reactores reproductores riipidos. A parte de las soluciones 
salinas o de las sales fundidas, pueden emplearse con este objeto suspensiones acuosas de combustible basadas 
en el ciclo 233 U -Th. Se han estudiado detenidameme las posibilidades y las limitaciones de las suspensiones 
acuosas. Basandose en los resultados de estos estudios se ha construido una instalaci6n de 1 MW( t) para 
investigar el comportamiemo din.iimico de un reactor que funcione con diferentes tipos de suspensiones de 
combustible. Se describe la instalaci6n, que entrar.§. en funcionamiento en breve, asl como sus posibilidades 
experimentales y su program.s.. Las caracterlsticas miis especfficas y las limitaciones fundamentales y recnicas 
inherentes al empleo de diferentes suspensiones se estudian sobre Ia base de los conocimientos y experiencias 
acruales con circuiros no crlncos. 

1. INTRODUCTION 

The general consensus of opmwn is that, in the long run, the pro
duction of nuclear energy with present-day light-water or high-temperature 
gas-cooled reactors will be economically unattractive. It even appears to 
be impossible for the energy need in the coming decades to be fulfilled 
along these lines. This is due to the limited availability of reasonably 
cheap 235u and the fact that only 1-2% of the uranium atoms in natural 
uranium can be fissioned in these reactors. 

In breeder reactors, however, fertile uranium and thorium can, 
in addition, be converted into heat. The application of breeders therefore 
enables uranium and thorium reserves to be used which would be available 
abundantly at high prices. The assumption is that the rate of introduction 
of fast breeders is only limited by the Pu stock available at any given time 
from already existing reactors. 

The large difference, by a factor of more than 100, of the relevant 
fission cross-sections in thermal and fast breeders results in a considerably 
lower fissile inventory per k\V(e) for the thermal breeder. This inventory 
is diminished in fast breeders by a substantial increase of the rate of heat 
extraction. Nevertheless, the inventory of the molten- salt liquid fuel 
reactor remains smaller by a factor of 3 [1] and that of the aqueous sus
pension liquid fuel reactor by a factor of 4 (Table I). 

The factor of 3 to 4 in the fuel inventory can be decisive for the 
manner of introducing breeder reactors. In a separate study [2], it is 
demonstrated that the available quantity of fissile material in the form of 
Pu produced in light-water reactors will seriously limit the introduction 
of fast breeders, whereas the same does not hold in the case of thermal 
liquid fuel reactors (Fig. 1). In the same publication, the fuel cycle costs 
for different reactor strategies are calculated, resulting in considerably 
lower costs per kWh for thermal breeders, or even near breeders, than 
for fast reactors (Fig. 2). 

In these calculations, which were carried out for an estimation of 
Western European nuclear energy policy, it was assumed that in the years 
to come LWRs will be constructed and the Pu produced by them stocked 
as inventories for commercial breeder reactors. In this program, the 
fast breeder will use the 238U -Pu cycle, and the thermal breeder will also 
be started with Pu, but thereafter operated on the Th-233U cycle. Further-
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TABLE I. CHARACTERISTICS OF THE ZERO ENERGY EXPERIMENT 
AND THE KEMA SuSPENSION TEST REACTOR IN COMPARISON VdTH A 
SUSPENSION POWER REACTOR 

Zero energy 
KSTR 

Suspension 
experiment power reactor 

Fuel 15o;'o 23 ·1C 0~ - 2ffl/o 235 U 02- 1. 5o/a 2.l:lU02-

85"/c Th02 75"/c ThO, 98. 5o/o Th02 

Concentration 330 g/1 280 g/1 200 g/1 

Moderator H,o H,o n,o 

Reflector BeO-graphite BeO-graphite Graphite 

Thermal power - 1 MW 788 MW a 

Electrical - - 250 MW 

Power density 50 kW /1 35 kW /1 

Temperature 20 - SO'C 250'C 300'C 

Conversion ratio 0. 99 

g 2.<3[] /kW(e) - - 0. 65 

kg D20/kW(e) - - 0. 2 

Core volume 17 1 20 l 22m' 

Outer volume 16 1 50 1 26.4 ml 

a 1000 MW(e) calculated for 4 units of 250 MW(e). 

more, it is assumed that fast breeders can be introduced in the nineteen
eighties and thermal liquid fuel breeders will be available only in the 
nineteen -nineties. 

The results of these calculations are summarized in Fig. 2. The 
bands represent fuel cycle costs for Western Europe in the years to come 
and for different reactor strategies. The lower limit of each band is based 
on a constant price of the uranium mined ($8-$10/lb). For the upper line, 
a rising uranium price has been supposed, based on the exhaustion of 
cheap uranium reserves. Both the estimates of the energy need and of 
the rising price are taken from recent literature [ 3]. 

Another important point is the 235U production capacity required for 
the different strategies. This is smaller for LFRs introduced in 1990 
than for FBRs introduced in 1980 (Fig. 3). However, a strategy in which 
FBRs are introduced first, followed by LFRs, might even be better in 
this respect. 

From the results presented above, the potential of thermal breeders 
is evident for economic reasons. A more detailed study, to be published 
elsewhere, will show that an extra benefit could be derived from the 
simultaneous utilization of thermal and fast breeders. 

Consequently, the development of thermal breeders is definitely 
more than an insurance for the serious material damage to essential 
constructional parts by fast neutrons currently encountered in fast breeders. 
It is our strong conviction that the development of thermal breeders must 
proceed far enough to enable a technical and economic comparison of both types. 
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(molten salt reactor) and the KEMA laboratories (aqueous suspension 
reactor)- are contributing,albeit on a relatively small scale, to this 
development. The effort spent in the development of Liquid Fuel Reactors 
(LFR) is therefore surprisingly small in view of their potential in a rapidly 
expanding system of nuclear power production. Their low fuel investment, 
high conversion ratio and low fuel refabrication costs seem decisive in 
this respect. 

At the KEMA laboratories, development has reached a stage where 
an acceptable fuel seems to be available and all the components have been 
developed for a suspension test reactor. The construction of this reactor 
has been completed and the operational tests have started. In this paper, 
this test facility, its program and the development preceding its operation 
are described. 

Certain activities in the project have already been mentioned at 
previous Geneva conferences [4, 5]. The results reported were obtained 
by a team of about 120 persons, who, unfortunately, cannot be mentioned 
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by name. This decisive point in the evaluation of the future of thermal 
breeders, however, could only be reached through their perseverance and 
skilled co-operation. 

2. LIQUID FUEL HEACTORS 

The LFRs envisaged so far are characterized by the mobility of 
the fuel. This requires the development of certain specific components 
and procedures, not yet available in nuclear technology. A dependable 
evaluation of the different types of LFR therefore means a considerable 
amount of reseach and development before conclusions can be drawn. 
Three reactor projects concerning LFRs might be of importance in the 
evaluation: 

(1) The HRT (Homogeneous Reactor Test) of ORNL. In this facility 
an aqueous uranium salt solution was used as a fuel. The experiment 
was stopped in 1962 and this type of fuel is no longer envisaged for an LFR. 

(2) The MSRE (Molten Salt Reactor Experiment), which is also an ORNL 
project. A solution of fissile and fertile material in molten salt is used 
as the fuel medium The first stage of evaluation (the operation of a 
5-MW(th) critical facility) was successfully completed at the end of 1969. 

(3) The KSTR (the 1-M\V(th) KEMA Suspension Test Reactor) of the 
KEMA laboratories. An aqueous suspension of (U, Th) oxide is used as 
a fuel. Research and development have been carried to the stage where 
the KSTR has been constructed as a critical facility which will be taken 
into operation shortly. 

According to the view of the Netherlands electricity supply undertakings, 
the evaluation of the suspension reactor must be an integral part of the 
evaluation of LFRs in general; in particular, the suspension system should 
be compared with the molten salt concept. Each of the systems has its 
specific pro's and con's. It cannot be stated off-hand which presents the 
best perspective: 

Clear advantages of the molten salt reactor are its high temperature 
and low pressure, which give a low-pressure mechanical construction 
and high steam quality. The molten salt fuel is a homogeneous system, 
which simplifies inventory problems. On the other hand, the fuel salt 
is rather complex and expensive, specific material problems have 
been encountered and there may be complications with solidification 
of the salt. 
The suspension reactor has a lower fuel inventory (see Table I), cheaper 
fuel and a higher conversion ratio. The fuel system can segregate. 
This may be a nuisance in certain respects, but an advantage in others. 
For example, the fuel concentration can be adjusted by means of hydro
cyclones. Finally, the fuel may attack the enclosing system mechanically 
by erosion. 

An elaborate study is required of both systems before the advantages 
and disadvantages of each can be quantified to such an extent that a full 
technical and economical evaluation appears realistic. 



A/CONF. 49/P /020 277 

3. EVALUATION OF THE SUSPENSION REACTOR 

With LFRs, the most characteristic features of a suspension system are: 

( 1) the direct contact of a solid fuel particle with the transporting liquid; 
(2) the homogeneous dispersion of the fuel particles cannot be preserved 
under all conditions. 

Extensive research and development work has been performed with 
respect to the consequences of these characteristics. With respect to 
the direct contact between solid fuel and water, it has been demonstrated 
that the presence of water can increase the radiation damage to the fuel 
particles quite extensively. 

The 5-!-lm fuel spheres of (U, Th)02 envisaged for the KSTR have the 
advantage that fission fragments escape from the fuel by recoil and are 
thereby accessible for continuous removal. They have the disadvantage 
that the fission fragments damage the fuel surface at the point of exit and 
at the same time create a track of very aggressive radiolytic species just 
outside the surface. It could be shown from capsule irradiations at ambient 
temperature that roughly 103 heavy metal atoms are removed from the 
fuel surface per damaged surface spot. Under the conditions of the reactor, 
the debris covers the fuel surface and may even grow together with it 
because of the enhanced rate of crystallization and crystal growth. Experi
ments have indicated: 

(1) that, at ambient temperature, the fuel does not survive a burn-up 
of 200 MWd/t; 
(2) that, at 250°C, the rate of damage has decreased by a factor of 
roughly 3, 
(3) that hydrogen overpressure, radical scavengers, and a modified fuel 
composition do not provide a technical means of preventing the damage; 
(4) that, at 250°C, an equilibrium fuel size of about 11-1m may be expected, 
which would be fully acceptable; 
(5) that, in preliminary experiments, the rate of damage at 300°C is about 
1% of that at ambient temperature (Fig. 4). 

A stable fuel thus seems to be available for a power reactor. However, 
further studies of this fuel will have to be carried out separately and in 
parallel with the KSTR operation, because the latter can only be operated 
at a maximum temperature of 250°C. 

The tendency of the fuel suspension to segregate under certain conditions 
has as a consequence that the reactor kinetic behaviour might depend strongly 
on the hydrodynamic and rheological properties of the fuel system. 

The technological aspects of such problems were studied very elaborately 
in high-temperature loops, whereas a first indication of the reactor kinetic 
behaviour could be derived from a low-temperature zero energy assembly, 
mainly by neutron multiplication measurements and by neutron noise analysis. 

To extend these studies to a higher temperature (250°C) and to conditions 
in which, in addition, heat generation and radiolysis may change the reactor 
behaviour, the KEMA Suspension Test Reactor was constructed as a high
temperature facility which is now available for operation. 
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Erosion problems, to a certain extent also arising from the fact that 
the suspension system is actually not fully homogeneous, have been studied 
in technological loops Adequate methods have been developed to limit 
the phenomenon to an acceptable level. 

The full evaluation comprises roughly three stages before a demonstration 
reactor can be built: 

(1) Extensive studies concerning the colloid chemical and irradiation 
stability of the fuel, the rheology and the hydrodynamic behaviour of a 
suspension system, the fission product recoil, and first indications of 
the reactor kinetic behaviour at a low temperature. From the results 
it was decided to construct a small 1-MW(th) reactor operating under 
power reactor conditions, although, for technical reasons, relevant 
at the time of decision, the maximum temperature would be restricted 
to 250°C. 

(2) In support of this decision, components and procedures were developed, 
process studies were made, technological characteristics were deter
mined, fuel preparation processes were developed and a design of 
the reactor was made. In part parallel with these activities, the 
construction was carried out. 

(3) With the facility completed, a new period of research will start to 
reveal the dynamic behaviour of a suspension reactor under various 
operating conditions and to understand the interaction between the 
technological behaviour of the suspension system and the nuclear 
behaviour of the reactor. Valuable operational experience will be 
collected at the same time. However, since the temperature and the 
fuel composition in the KSTR are different from those of a suspension 
power reactor, a parallel program of fuel irradiations is required to 
evaluate the fuel lifetime under actual conditions. 

The first two stages of evaluation have now been completed and, 
after a short period of performance testing of the KSTR system, it will 
be opera ted with fuel, starting in mid -197 2. 

4. DESCRIPTION OF THE KEMA SUSPENSION TEST REACTOR 

In this section, a very general description of the central part of the 
KSTR is presented. 

The main component of the suspension system is a 20 litre, more or 
less spherical core tank with the inlet at the bottom and the outlet at the 
top. The required flow pattern of the suspension in the core is achieved 
through a rigid system of vanes and cones in the inlet (Fig. 5). To ensure 
a rather flat flux distribution, the wall thickness of the core is kept to a 
minimum and the core is therefore surrounded by a pressurized BeG
graphite reflector inside a pressure vessel. The fuel consists of spherical 
(U, Th)0.! particles of about 5 11m in a concentration of 200-300 grams per 
litre in light water. A mean power density of 50 kW / l is envisaged for 
the core. Differing from the conditions of a power reactor are the tempera
ture (2 soo versus 300°C), the uranium content of the fuel (about ten times 
higher for the KSTR) and the use of light instead of heavy water (Table I). 
Furthermore, the main system contains a pump, a heat exchanger and a 
gas injector and separator (Fig. 6). 
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(a) 
(b) 

F1G. 5. (a) KSTR core vessel with (b) flow distributor. 

In open connection with the suspension system is a gas system. The 
latter serves several purposes: pressurization of the reactor main system, 
recombination of radiolytic gases from the core, purge water production 
from the suspension and suppression of the xenon poisoning. The system 
is connected to the main suspension circuit through a gas-liquid contactor 
and a gas-separator unit. 

The third important system is the cooling system connected to the 
main heat exchanger. In the sub-critical phase of operation, where the 
temperature must be maintained at a very constant level for accurate 
measurements, the same system is used for controlling the temperature 
of the suspension in the main loop. 

Added to this, for the sake of safety, convenience, experimental 
purposes or maintenance, are a number of secondary systems, such as 
those for fuel concentration adjustment, dumping, reflector cooling, leak 
detection and prevention and freezing of lines to be blocked. 

The whole reactor system is contained in a number of isolated steel 
tanks, embedded in concrete as a biological shield. These leak tight 
tanks are at an underpressure with respect to the reactor hall. The 
oxygen is removed from the containment before operation because pressuriz
ation of the suspension is effected with hydrogen. This enables a check 
on the air leakage into the compartments to be made at any time. Control 
measurements are performed by oxygen detection. The containments are 
connected with suitable systems to maintain an underpressure in the 
compartments and to remove radioactive gases. 

Although the reactor is relatively small, the system is considerably 
more complicated than a power reactor of this type ever would be. First, 
certain provisions had to be included because the operational behaviour 
of such reactors is still unknown. Then , a high flexibility both in the mode 
of operation and in a remodification had to be specified in the design. 
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FIG. 6. Artist's v· Jew of KSTR . main system. 
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FIG. 7. Status of construction of the KSTR main system on 1 April 1971. 
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Account has been taken of the fact that different types of fuel with widely 
differing rheological properties could be used for evaluation in the event 
that such an extension of the program became desirable. Finally, the 
reactor has been instrumented abundantly to extract a maximum of infor
mation in the shortest possible time. As stated above, the facility has been 
completed and will soon start its performance tests as a whole. The 
individual systems have already been tested separately (Fig. 7). 

A few remarks could be made here on the safety aspects. Power ex
cursions can be avoided in the suspension reactor because of its prompt 
negative temperature coefficient. On the other hand, as with any LFR, 
it requires certain special measures because its fuel is a fluid which also 
circulates outside the reactor core. It may therefore spread readily from 
the system once the integrity of its containment has been violated. There
fore, very high leaktightness standards of such a system must be guaranteed. 
A complete, multiple containment is required. 

5. RESEARCH WITH THE KSTR 

5.1. Operation 

After a period of performance testing of the integral reactor system 
with hot water and with a natural fuel suspension, the information to be 
derived from the system will be collected in two operational stages. 

5. 1. 1. Sub-critical operation 

In this stage the basic neutron physical data of the system will be 
collected. At the same time, the technological information derived from 
the previous performance tests can be further refined. 

In contrast to the usual practice in sub-critical experiments, operation 
of the KSTR is envisaged at high source multiplication factors, very close 
to the point of criticality. This ensures high sensitivity of the measurements 

A number of physical data, such as the concentration coefficient 
and the temperature coefficient, can be determined without the complication 
of radiolysis or temperature gradients which would occur under power 
conditions. 

In general, the sub-critical phase of operation will show such 
characteristics of the system as the heat balance, the unperturbed dynamic 
behaviour of the reactor and its stability. With respect to the stability 
it must be borne in mind that, under these conditions, the system is still 
most sensitive towards reactivity changes which are not damped by a 
temperature feedback mechanism. 

5. 1. 2. Power operation 

Apart from collecting operational experience, the main objectives of 
this phase of operation are: the determination of the degree of internal 
stability of the reactor, of the rate of radiolysis and of the efficiency of 
the Xe purification. Compared with the preceding operational phase, 
additional phenomena present themselves which contribute largely to the 
stability of the system. The prompt negative temperature coefficient and 
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the void coefficient initiated by radiolytic gas pre sent in the core may 
strongly influence the dynamic stability. It is expected that a power 
reactor of the same type could be operated on its prompt negative tempera
ture coefficient at a constant fuel concentration, i.e. without control rods. 
Temperature variations would then take care of power variations. As this 
feature would be very attractive technically, it must be well established 
during power operation. 

5. 2. Methods of measurement 

The required information will be obtained mainly by physical measure
ments which do not interfere with the flowing suspension. Temperature, 
flow velocity, pressure and flux indications are used for surveying the 
system technologically, whereas the specific reactor properties are 
derived from flux, temperature, flow velocity and concentration measure
ments. Stability studies will be made by analysing the reactor noise both 
with and without reactivity disturbances. An oscillating poison rod is 
available in the reflector for this purpose. 

It is to be expected that certain phenomena will be observed in the 
reactor which require further technological investigation. For this purpose, 
the reactor experiments can be supported by extensive studies in a number 
of the present high-temperature loops. When an interaction of the hydro
dynamic with the nuclear behaviour of the system can be studied at ambient 
temperature, a low temperature zero energy facility with circulating 
suspension is available. 

5. 3. Fuels 

In specifying the design of the reactor, provision was made for the 
installation to be used with widely differing suspensions ranging from 
5-!Jm fuel spheres in water to colloidal systems, although the system 
needs some modification, especially for parts which control the fuel 
concentration. The first fuel to be studied is a 5-Mm fuel, the concen
tration of which can, in principle, be controlled rapidly with hydrocyclones. 
Depending on the results of further irradiations, fuels with smaller fuel 
particles might be introduced. Technological experience has shown the 
applicability of such fuels. 

6. SUMMARY 

In the view of the Netherlands electricity supply undertakings, a 
liquid fuel reactor operating on the 232Th-233U cycle could contribute largely 
to the solution of nuclear power production in the decades to come. A 
promising variant could be a suspension reactor. A critical 1-MW(th) 
facility has been developed, designed and constructed and will start oper
ation shortly. The problems encountered so far in connection with this 
type of facility have been solved by elaborate and careful studies to the 
extent that this could be done without the actual KSTR. The KSTR will 
have to show whether a suspension power reactor is feasible and what 
problems still have to be solved for further development. 
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Abstract-Resume- AHHOTaL\Hll-Resumen 

COMPARISON OF URANIUM FUEL CYCLES USING HIGH AND LOW ENRICHMENT IN HIGH-TEMPERATURE 
REACTORS. 

The question of whether the thorium or the uranium fuel cycle is more favourable for a high-temperature 
reactor is of vital importance to further fuel-element development. The different approaches to this problem 
become obvious when it is realized that, in the United States and in the Federal Republic of Germany, the 
cycle with highly enriched uranium has been investigated by preference, whereas, in the United Kingdom, 
present reactor studies are based on the cycle with uranium of low enrichment. In this paper, the pertinent 
technological and economic problems are discussed. For a 600-MW(e) high-temperature reactor, the thorium 
fuel cycle with reprocessing of the breed elements and recycling of the bred fissile material, as well as the 

uranium cycle with reprocessing of the fuel and sale of the spent uranium and the bred plutonium, were 
optimized with regard to fuel cycle cost. In selecting the reference cycles, special emphasis was placed 
on a comparable status of fuel element development. lienee the design data were chosen so that the 
constraints regarding fast dose, burn-up, heavy metal density of the fuel matrix, maximum fuel and wall 
temperatures, and maximum power output per fuel element are not exceeded. For both reference designs, 
the costs of the outer fuel cycle for fabrication and reprocessing at an installed capacity of 5000 MW(e) were 
determined. Due to the influence of the specific costs on the fuel cycle parameters, are-optimization proved 
to be necessary. It is shown that the thorium cycle leads ultimately to lower fuel cycle costs whereas the 
uranium cycle could be introduced with less development effort. 

COMPARAISON DE CYCLES DE COMBl'STIBLE A CRAN!l'~l FORTEMECJT ENR!C111 ETA l'RANIUM FAIBLEMENT 
ENRICH! POcR LES REACTEl'RS A llAl'TE TEl\IPERATl'RE. 

La question de savoir quel est, de l'uranium ou du thorium, le combustible le plus approprie pour un 

reacteur a haute tempCrature a une importance capitale pour la rCalisation d'Ctements combustibles. Les 
diff'erentes manieres d'aborder ce probleme apparaissent lorsqu'on constate qu'aux Etats-l'nis et en Republique 
f'edCrale d' Allemagne on a etudie Je preference les cycles a l'uranium fortement enrichi, alors qu' au 
Royaume-lJni, les etudes actuelles sont fondCes sur le cycle a !'uranium faiblement enrichi. Les auteurs 
etudient les aspects technologiques et Cconomiques Ju probleme. Pour le rCacteur a haute temphature de 
600 MW(e), le cycle au thorium avec retraitement des Clements surgCnCrateurs et recyclage de la matiere 
fissile surgCnCree, ainsi que le cycle a l'uranium avec retraitement du combustible et vente de !'uranium 
epuisC et du plutonium surgCnere soot optimises par rapport au coOt du cycle du combustible. Pour comparer 
les cycles les auteurs se sont efforcCs, en particulier, de choisir ceux oll la technologic de l'ClCment 
combustible etait analogue. Par consequent, ils ont choisi les donnees de l'Ctude de maniere a respecter les limitations 
relatives a Ia dose de neutrons rapides, au taux de combustion, a !a densite du metal lourd de !a matrice de 
combustible, aux temperatures maximales du combustible et de la paroi et a la production rnaximale 
d'energie par element combustible, Pour les deux etudes de reference, ils ont determine les coOts du cycle 
de combustible exterieur pour Ia fabrication et le retraitement, corresponJant a une capacite installee de 
5000 MW(e). En raison de !'influence des coOts specifiques sur les parametres du cycle du combustible, il a 
fallu proceder a une reoptimisation, Les auteurs montrent que le thorium permet en definitive d'obtenir des 
coOts de cycle de combustible mains Cleves, tandis que le combustible a !'uranium exige moins de travaux 
de mise au point. 
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CPABHEHHE YPAHOBbJX TOITJJHBHbiX UHKJIOB C HC!10Jib30BAHHEM BbJCOKOOEO!A
IllEHHO!O H MAJJOOEO!AillEHHO!O YPAHA. B BbJCOKOTEMITEPATYPHbJX PEAKTOPAX. 

Bon poe 0 TOM, KaKoll: TOOJIY!BHhifi UHKJI 1 TOpHeBbift: HJHI ypaHOBhiH, 60Jiblll€ scero nO.llXO.llHT 

.J],JIH BbiCOKOT8MnepaTypHOrO peaKTOpa, HM8€T )KH3H€HHO sa)KHO€ 3Ha48HH8 .[l;JI51 .n,aJibH€i1IlieJ1 pa3-

pa60TKH Tennosbr.UeJIHIOIUHX 3JieMeHTOB. Pa3JH1Y:Hhii1 no.uxo.u K 3Toi1 npo6neMe no.nTsepJK.llaeTcfl 

reM <j)aKTOM, YTO s Coe,Z:J;I1HeHHhiX lliTaTax AMepHKH H <Pe.n;epaTHsHoH Pecny6nHKe f'epMam·Hf 

npe,UnOY:TeHH€ OT,UasaJIOCb HCCJI8.llOBaHHHM TOOJIHBHOrO UHKJia C BbiCOK006oraJ..U;eHHbiM ypaHOM, 

TOr.II.a KaK 8 AHrJIHH COspeMeHHbl€ peaKTOpHbi€ HCCJI€.llOBaHHH OCHOBbiBaiOTCH Ha U)1KJI€ C MaJIO

o6oraiU8HHbiM ypaHOM. 8 np8.llCTaBJl€HHOM .llOKJia,ll.e paCCMaTpvfBaiOTCH COOTB8TCTBY101l.(H€ Tex

HOJIOrH48CKH€ H 3KOHOMJ.i48CKH€ npo6JI€Mbl. )lJHI BbiCOKOTCMnepaTypHOrO peaKTOpa MOll.lHOCTbiO 

600 MBT(3n) ropHesbrH ronnHBHhiH UHKJI c pereHepauHeH socnpoH3BO.USilllHX 3JieMeHTOB H no

sropHbiM HcnoJib30saHHeM socnpOH3se.ueHHoro .uens:rmerocs:r MarepHana, a TaKJKe ypaHosbrH UHKJI 

c pereHepauHeH ronnHsa H npo.ua~KeH orpa6oTaHHoro ypaHa H socnpoH3Be.lleHHoro nnyroHH51 on

THMH3HposaJIHCb B OTHOUleHHH CTOHMOCTH TOOJIHBHOrO UHKJia. TipH Bbi60pe 6a3HCHOrO UHKJia 

OC06oe BHHMaHHe y.ueJI5'11IOCb cpaBHHMOMy CTaTycy pa3pa6DTKH TOOJIHBHbiX 3JieM€HTOB, 003To

MY ,UaHHbi€ KOHCTpyKUHH Dbi6Hpa1IHCb TaKHM o6pa30M 1 YT06hl He 6biJl0 Yp€3MepHblM Tpe6ol:3aHHe 

B OTHOW€HHH ,ll03bl 6biCTpbiX HCi1TpOHOB 1 rnyGHHbi BhiropaHHH, DJIOTHOCTH T5'11K€JlbiX M€TaJIJIOB 

TOnliHBHOH MaTpHUbi, MaKCHMa!IbHbiX TCMnepaTyp TOOJIHBa H CT€HOK 1 a TaKJK€ MaKCHMaJibHOrO 

shrxo.ua 3HeprHH s pacYeTe Ha ronJIHBHbiH 3JieMeHT. )ln.s~ o6oHx 6a3HCHbiX KOHcrpyKuHH 6hiJia 

onpe,UeJieHa CTOHMOCTb BHCUlHero TOOliHBHOrO UHKJla .Ull51 npOH3BO,llCTBa H pereHepaUHH TOOJlHBa 

npH ycraHosneHHoH. MOll.lHOCTH s 5000 MBr(31I). Vl3-3a snHHHHH cneuH<fmLiecKHX paCXO.llOB Ha 

napaMeTpbl TOOJIHBHOrO UHKJia OOTpe6osaJIOCb nposeCTH peonTHMH3aUHlO. 0oKa3aH0 1 YTO TOpHe

BhiH. UHKJl BC.llCT 8 KOH€4HOM Ct.IeTe K 6o.nee HH3KOH CTOHMOCTH TOOJlHBHOrO UHKJia, 3aTQ ypaHo

BblH UHKJI MOIKHO BB€CTH II pH M€HbWHX yCHJlHHX no ero pa3pa60TK€. 

COMPARAClON ENTRE ClCLOS DE COMBUSTIBLE DE URANlO MUY ENRIQUECIDO Y POCO ENRIQUEC!DO 

EN REACTORES DE ALTA TEMPERATURA. 

Para el desarrollo ulterior de los elementos combustibles es de importancia capital averiguar cu.i.l 
de los dos ciclos del combustible es el m.i.s favorable para los reactares de alta temperatura, si el de tario 
o el de urania. Las diferentes maneras de enfocar este problema quedan de manifiesta en el hecho de que 
los Estados Unidos y la Republica Federal de Alemania han investigado con preferencia el ciclo de urania 
muy enriquecido mientras que el Reina Unido basa el esrudio actual de los reactores en el ciclo de urania 
poco enriquecido. La memoria discute los problemas tecnologicos y economicos pertinentes. En un reactor 
de alta temperatura de 600 MW(e) se optimizaron, respecta del costa, el ciclo del combustible de tario 
con reelaboracion de los elementos generadores y reciclado de los materiales fisionables generados, y el 
ciclo del uranio con reelaboraci6n del combustible y venta del urania agotado y del plutonio generado. Al 
seleccionar los ciclos de referencia se insisti6 especialmente en el estado comparable del desarrollo de los 
elementos combustibles. Por tanto, los datos de disello se escogieron de modo que nose sobrepasaran los 
requisites referentes a dosis r.i.pida, grado de quemado, densidad de metales pesados de la marriz del com
bustible, temperaturas m.i.ximas del combustible y de la pared, y maxima potencia generada por elemento 
combustible. Para los dos disellos de referenda se determinaron los costas del ciclo del combustible exterior 
para la fabricacion y reelaboracion en una instalacion de 5 000 M\V(e). Debido ala influencia de los costas 
especlficos sobre los par.3.metros del ciclo del combustible, se demostr6 que era necesario volver a efectuar 

una optimizaci6n. La memoria indica que el ciclo del torio origina finalmente un abaratamiento del ciclo 
del combustible, mientras que el ciclo de urania se puede implantar con menor esfuerzo de desarrollo. 

1. INTRODUCTION 

The decision to use either the thorium or the uranium fuel cycle for 
high-temperature reactors is of vi tal importance to further fuel- element 
development, The different approaches to this question are demonstrated 
by the fact that, in the United States and in the Federal Republic of Germany, 
preference has been given to the cycle with highly enriched uranium, whereas 
in Great Britain, current reactor studies are based on the cycle with uran
ium of low enrichment. In this paper, the pertinent technological and 
economic problems are discussed. 
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2. BASIS FOR COMPARISON 

A 600 MW(e) pebble-bed reactor was used as the basis for the 
comparative evaluation of the low and highly enriched uranium fuel cycles. 
The design parameters - to the extent needed for the purpose of this paper 
are given in Table I. They are in good agreement with known data from 
other HTR concepts throughout the world. 

The core power density is the only parameter mentioned in Table I 
which could influence the comparison. In fact, the power density for the 
optimum fuel costs is different for the two cycles. More detailed calcu
lations, however, have shown that, regarding the total generating costs, 
both the low and the highly enriched uranium fuel cycles are optimal at a 
core power density of about 8 W / cm3 • In view of the importance of the 
direct capital costs, and to favour a simplified analysis, a comparison 
based on this latter value is justified. 

The core of the pebble- bed high temperature reactor is composed of 
1. 04 million "pebbles" of 60-mm diameter. The fuel elements are semi
hydrostatically pressed from graphite powder and binder. Their central 
region of 50-mm diameter consists of coated particles in a graphite matrix. 
The same type of fuel element is used in the A VR in Jtl.lich and will be used 
in the 300 MW(e) prototype under construction at Schmehausen in the Federal 
Republic of Germany. 

A once-through highly enriched uranium fuel cycle was chosen for the 
prototype reactor. For the commercial reactors of the future, a more 
elaborate fuel management is desirable. Alternative ways of combining 
the fissile isotopes 233 U, 235U, 239pu and 24lpu with the main fertile isotopes 
232Th and 238 U are discussed in the next section. 

3, CHOICE OF FUEL MANAGEMENT 

Many different fuel management schemes have been discussed in recent 
years [ 1, 2]. With highly enriched uranium, the feed-breed system appears 
to be particularly well- suited for the pebble- bed reactor, since different 
residence times for the two fuel element types can be easily arranged. The 
breed pebbles are reprocessed and the fissile isotopes, mainly 233U, are 

TABLE I. DESIGN PARAMETERS OF THE CORE 

Thermal power 

Average power density 

Diameter 

Height 

Gas inlet temperature 

Mixed gas outlet temperature 

Helium pressure 

Radial/ axial form factor 

1540 MW 

8 W/cm3 

700 em 

500 em 

2s2·c 

775•c 

50 atm. 

1. 25/1.26 
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recycled in the same type of fuel element. The conversion ratio is chosen 
slightly above unity to balance refabrication losses. In this way a closed 
cycle is obtained for the fissile isotopes of the breed elements. The feed 
elements maintain the criticality of the reactor. They contain highly 
enriched uranium and will not be reprocessed. A flow diagram is given 
in Fig. 1. 

Such a procedure may seem to be wasteful, but, by recycling the feed 
elements, a considerable amount of 236 U would be built up, thereby impairing 
the overall neutron balance of the core. In fact, detailed calculations [ 3] 
have shown that the required 235U make-up is higher if the feed elements 
are recycled. 

For the low-enriched uranium fuel cycle, a heterogeneous fuel arrange
ment is desirable to lower the feed enrichment of the uranium. In the case 
of a pebble-bed reactor with random distribution of fuel elements, the 
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necessary degree of heterogeneity can be achieved by mixing the fuel 
elements with "dummy" graphite elements in a statistical manner. Due 
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to the absence of structural material in the core, a high burn-up can be 
achieved in a HTR; thus most of the bred plutonium is burnt in the core. 
Fuel management calculations, however, have shown that it would be 
advantageous to reprocess the fuel; besides other considerations, the cost 
of heavy metal storage is avoided. The calculations presented in this paper 
were therefore based on reprocessing of the irradiated fuel elements and 
sale of recovered uranium and plutonium. A flow diagram is given in Fig. 2. 

4. ASSUMPTIONS OF FUEL DEVELOPMENT 

For a valid comparison of the two fuel cycles, special emphasis had 
to be placed on the comparable status of fuel element development. The 
design data and the limiting values of the fuel were therefore chosen 
accordingly. 

The design parameters of the fuel are given in Table II. They differ 
for the feed and breed elements of the thorium cycle, as well as for the 
fuel element of the uranium cycle, due to the different performances of 
these types of element in the core. 

The coated particle of the feed fuel is rather small so that its integrity 
up to the very high burn-up to which it is exposed is ensured. For the same 
reason, its maximum permissible fast dose has been reduced. On the other 
hand, the nominal fuel and surface temperatures of the element could be 
higher than for the other two fuel element types, because of the rapidly 
decreasing power output with time - there is hardly any conversion. 

The power output of the breed element remains constant with time so 
that, even at the end of its service life, it has the same temperature as 
at the beginning of service. Since radiation-induced damage and diffusion 

TABLE II. DESIGN PARAMETERS OF THE FUEL ELEMENT (PEBBLE 
OF 60-MM DIAMETER, 50-MM FUELLED) 

u- Th u-u 
s Feed Breed 

Diameter of oxide kernel (~m) 250 600 600 

Coating thickness (~m) 165 185 185 

Conductivity of fuel element at 25 20 20 
1000'C (kcal/mh'C) 

Surface temperature (nominal) (C) 1050 1000 1000 

Fuel temperature (nominal) (C) 1250 1100 1150 

E Heavy metal density (g/cm3
) o. 08 0.38 0,38 

:J 

E 
Fuel element output (W /cm2

) x 50 27 50 

"' ::E Fast dose (1021 nvt) 6. 0 8.5 8, 5 

Burn -up ( GW d/tHM) 700 120 120 
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of fission products are strongly temperature- dependent, it is necessary to 
relieve the strain on the coated particles by reducing the maximum per
missible fuel temperature and power output more than for the other types 
of fuel element. 

The fuel temperature limits given in Table II are nominal; they are 
relatively low, as the use of SiC coatings was not considered. 

It is felt that these design data represent a balanced view on what can 
be achieved in terms of fuel development for the uranium and thorium cycles 
in the Federal Republic of Germany in the next few years. 

5. COST ASSUMPTIONS 

In addition to the design data and technological limits of the three types 
of fuel element, the specific costs of the outer fuel cycle had to be deter
mined. The more general data are summarized in Table III. They are 
generally accepted in fuel cycle investigations and will not be discussed 
further here. 

The more specific costs of the HTR fuel cycle are given in Table IV. 
They are based on an installed capacity of 5000 MW(e) at an average load 
factor of 70o/o. It is shown later that this corresponds to an annual through
put of about 2. 5 million pebbles and about 26 tons of heavy metal for either 
of the two fuel cycles. 

The data were partly based on a detailed break-down of the outer fuel 
cycle costs of the 300 MW(e) THTR prototype with a throughput of 0. 17 million 
pebbles annually. Although some degree of uncertainty is involved in such 
a procedure, it is assumed that any error which might arise will affect the 
costs of both cycles to about the same extent and thus will not distort the 
attempted comparison. In any case, a larger error would result by 
choosing too small a market size for this reactor type, since the thorium 
cycle would be penalized more than the uranium cycle owing to its more 
expensive solvent extraction and hot fabrication stages. 

The "coated particle" costs (Table IV) include fabrication, testing, 
control of the coated particles, and all raw material except heavy metals. 
Since the low-enriched uranium particle is very similar to the THTR 
particle, its costs could be extrapolated directly. Higher specific costs will 

TABLE III. FINANCIAL GROUND RULES 

Uranium ore cost 

Separation cost 

Thorium cost 

Shipping, conversion of UF 6 

Load factor 

Net thermal efficiency 

Interest/tax rate 

Amortization period 

$7. 0/lb u,o, 

$2.4/kg u 

$28.7 /kg sw 

$16.7 /kg 232 111 

$230/kg "'u 

70"/o 

41"/o 

7.0/1.9% 

17 yr 
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TABLE IV. COST PARAMETERS FOR FUEL CYCLE ANALYSIS FOR 
AN ASSUMED INSTALLED CAPACITY OF 5000 MW(e) 

~ U - Th cycle 

Feed Breed 
u-u 

s 

Coated particle ($/kg HM) 480 140 120 

Fuel element fabrication ($/kg C) 11.5 13.7 11.5 

Dummy elements ($/kg C) - - 5, 0 

Shipping ($/kg C) 3.0 3.0 3,0 

Head end process ($/kg C) - 4.9 4.9 

Solvent extraction process ($/kg HM) - 70 24 

Storage of thorium ($/kg HM) - 6,2 -

Storage of feed elements ($/kg C) 4.9 - -

Plutonium value (fissile) ($/kg) - - 10. 0 

Depreciation factor of uranium - - 0,8 

Reprocessing time (years) - 0. 96 o. 96 

Reprocessing loss ("/o) - 1.0 1.0 
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arise for the breed particle, since remotely controlled fabrication is 
envisaged due to the 232 U content of the recycled uranium; estimates indicate 
an increase of about 20%. The coated particle of the feed element -
containing only highly enriched uranium - is even more expensive to 
fabricate, since only small batches can be coated in the fluidized beds for 
reasons of criticality. 

The item "fuel element fabrication" includes the costs of graphite raw 
material, binder, different pressing stages, and the control of the finished 
fuel element. The same costs arise for the low-enriched uranium and the 
feed element, whereas the breed element is more expensive because of the 
remote fabrication; again a 20% rise was assumed. The dummy graphite 
elements are needed in the low-enriched uranium cycle only to increase the 
heterogeneity of the fuel arrangement. 

The costs of "shipping" allow for the expenses incurred for the storage 
of fuel elements on the reactor site and their transport to and from a central 
refabrication plant. Given as cost per pebble or per kg graphite, they are 
independent of the selected fuel cycle. This is true also for the "head end 
process", whereby the graphite is burnt and the heavy metals are made 
available as oxides. 

The costs of the "solvent extraction process" of the thorium cycle 
include the disposal of wastes. A Thorex process is envisaged by which 
uranium, thorium and the fission products are separated from each other. 
The accumulated thorium is stored at the reprocessing plant for 15 years 
to allow for the decay of 228Th. The USAEC has guaranteed to reprocess 
thorium fuel at $125/kg of heavy metal (HM) [ 4] and a similar value is known 
from reprocessing cost assessments of GGA [ 5] and the Dragon Project [ 6]. 
A break-down into the different reprocessing steps yields 40% for head end, 
55% for solvent extraction and waste storage, and 5% for thorium storage. 
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A different situation exists for the low-enriched uranium cycle. After 
the head end step, the heavy metals are available as oxides and can then be 
handled as LWR fuel, i.e. via the Purex reagent. Therefore a known 
technology and, equally important, solvent extraction plants built for LWRs 
can be utilized for the HTR. Fuel cycle cost calculations for LWRs are 
currently based on reprocessing costs of $ 30/kg HM. Allowing 20o/o for 
mechanical head end, $24/kg HM remain for the solvent extraction step. 
This latter figure is equally well applicable to the HTR fuel cycle with low
enriched uranium fuel. 

In comparison with the specific cost of the Purex process, the cor
responding cost of the Thorex process appears to be relatively high. It 
must, however, be considered that the low-enriched uranium cycle will 
share the capacity of large reprocessing plants which will be available for 
LWRs in the future. Thus a lower unit cost than for the Thorex process can 
be achieved. In addition, the Purex process can be expected to be somewhat 
cheaper as it is a simpler process. 

The costs of "storage" are incurred by intermediate storage of the 
thorium of the breed elements and final storage of the feed elements of the 
highly enriched uranium cycle. 

The specific costs quoted are valid for the throughputs of the different 
refabrication steps as given in Figs 1 and 2. The throughputs in turn depend 
on the data of the reference fuel cycle, the choice of which is influenced by 
the specific fabrication costs. It was therefore necessary to perform the 
optimization several times until the procedures had converged. This was 
facilitated by the fact that, at the assumed capacity of 5000 MW(e), the 
specific costs vary to a small degree. 

6. REFERENCE FUEL CYCLES 

The reference fuel cycles for the thorium and uranium version were 
optimized with regard to fuel cycle, costs consistent with the core data of 
Table I, the design parameters and technological limits of Table II, and the 
cost assumptions of Tables III and IV. The results are given in Table V for 
the reference data and in Table VI for the fuel costs. 

Comparing Tables II and V, we find that the critical design parameters 
are as follows: 

for the feed element: fuel temperature, power output, fast dose 
and burn-up 

for the breed element: fast dose 
for the U/U element: fuel temperature and burn-up. 

It is interesting to note in this context that the highly enriched uranium cycle 
in the feed-breed system has six degrees of freedom, of which one is used to 
satisfy the condition of a critical core and a second the requirement of a 
closed breed cycle. With the remaining four free parameters, five tech
nological limits are apparently reached. In fact, however, the power output 
of the feed element is only very close to its limit. The large number of 
limits reached leaves little freedom for choosing the optimum core 
composition. 
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TABLE V. DESIGN PARAMETERS OF OPTIMIZED FUEL ELEMENTS 

U- Th 
u-u 

r Feed Breed 

Fissile material/pebble (g) 1. 25 o. 57 1. 01 

Fertile material/pebble (g) - 20.1 8. 70 

Heavy metal density (g/cm3
) - 0. 32 0.15 

Residence time (full power) (yr) 2. 18 2.54 1. 74 

Volume fraction in core (o/o) 4li. (j 03.4 81.0 

Age factor :l. 1 1.1 1.2 

Maximum surface temperature ('C) 970 940 950 

Maximum fuel temperature ('C) 1250" 1070 1150' 

Maximum fuel element output (WI cn,'J 50'' 25 40 

Maximum fast dose ( 1021 nvt) G. U'' 8. 5' 5. 0 

Maximum burn-up (GWd/tHM) 700' 82 120' 

Note: ' marks where technological limits are reached. 

TABLE VI. COMPARISON OF OPTIMIZED FUEL CYCLE COSTS 
(mills/kWh) 

U- Th u-u 
s 

Heavy metal 1. 03 1. 07 

Coated particle 0.19 0.13 

Fuel element o. 25 0.24 

Reprocessing 0.18 o. 16 

Taxes o. oo o. 05 

Uranium recovery o. 27 0.10 

Plutonium recovery - 0.11 

Fuel cycle costs 1.44 1. 44 
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In the case of the low-enriched uranium cycle, four degrees of freedom 
are at one's disposal. Here, one free parameter is taken to fulfil the 
criticality condition of the core and two further variables are used to meet 
the two critical limits. One parameter is left to optimize the fuel cycle 
costs. 

In conclusion, the thorium cycle is at present more restricted by 
technological limits than the uranium cycle. The feed element is particularly 
critical in its lay-out, whereas with the breed element a high dilution of the 
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fuel kernel with the fertile isotope results from the condition of a closed 
cycle. As a result, burn-up, power output, and temperatures are reduced 
below the present technological limits. 

The throughputs through the different stages of the fabrication and 
reprocessing plants were calculated from the fissile and fertile content of 
the fuel elements, their relative distribution, and their residence times 
(Table V). An installed capacity of 5000 MW(e) at a 70% load factor was 
assumed. 

The fuel cycle costs of the low and highly enriched uranium cycles turn 
out to be the same, both cycles having costs of 1. 44 mills/ kWh. Neverthe
less, individual cost items are different; these are broken down in Table VI. 

The item "coated particle" is considerably more expensive for the 
U / Th- cycle for two reasons: first, the separation of fissile material into 
breed and feed particles is uneconomical from a manufacturing point of view, 
as it demands small batches for the feed fuel, and second, remote fabrication 
of the breed particles is inherently more expensive. 

The item "fuel element" is nearly the same for the two cycles; the 
higher specific costs of the remote fabrication are balanced by the overall 
lower throughput of the cycle with highly enriched uranium. 

With regard to ''reprocessing", the larger throughput of fuel elements 
for the low- enriched uranium cycle - 2. 7 million against 2. 4 million 
pebbles - conceals a considerable difference in costs of the solvent extrac
tion process. Here, about 0. 02 mills/kWh must be spent in comparison 
with 0. 06 mills/ kWh for the thorium cycle. Of the remaining costs, 40% 
go into shipping and 60o/o into the head-end process. Head end for the low
enriched uranium cycle is about four times more expensive than solvent 
extraction. The development effort should thus be aimed primarily at 
reducing the unit cost of this reprocessing step. 

If the total costs of the outer fuel cycle are compared, one finds that, 
in the thorium cycle, 0. 6 mills/ kWh are to be spent for fuel handling and 
0. 5 mills/kWh for the uranium cycle. This difference is in turn balanced 
by the higher fissile material costs of the low-enriched uranium cycle. 

7, COMPARISON OF THE TWO FUEL CYCLES 

In the preceding section, reference cases for the low and highly 
enriched uranium fuel cycles were evaluated. The result is to be considered 
under the allowances made for future fuel development and the assumptions 
made of the specific fabrication costs. The extent to which they may 
influence the conclusion is discussed in this section. 

Based on the technology of the THTR fuel with a coated particle kernel 
of 400 ~-tm diameter, larger kernels (600 ~-tm diameter) must be developed 
for both cycles. Their performance is comparable to that of THTR particles, 
since the lower maximum fuel temperature and burn-up of the breed 
particle is balanced by its higher fast dose and constant power output. 
In addition, a feed particle on which high demands on temperature and burn
up are made must be developed for the thorium cycle. 

With regard to the element as such, the heavy metal content of the feed 
element and the low-enriched uranium element is lower than for the THTR 



A/CONF.49/P/389 297 

element, so that no problems will be encountered. Some development is, 
however, required for the breed element, because of the higher fast dose 
to which it is exposed, and the higher heavy metal content - 20. 7 g compared 
with 10. 7 g for THTR. 

In general, more critical limitations are reached for the thorium than 
for the uranium cycle. Therefore, more effort must be put into fuel 
development and testing of the highly enriched uranium cycle. The same 
is obviously true for the development of fabrication and reprocessing 
methods. The solvent extraction process for fuel containing thorium must 
be promoted to a technical scale. In addition, it seems necessary to adapt 
the present techniques for kernel preparation, coating, and fuel element 
pressing to remote fabrication. 

As there is considerable uncertainty about the costs of remote fabrica
tion, the fuel cycle was reoptimized with unit costs increased by 50%. The 
fuel costs increased by 0.15 mills/kWh to 1. 59 mills/kWh. On the other 
hand, considerable uncertainty exists about the cost of reprocessing, 
especially the solvent extraction step. Under the optimistic assumption 
that the cost of the thorium solvent extraction process drops to the level 
estimated for the equivalent uranium process, that is, from $70 to $24/kg 
HM, 0. 04 mills/kWh would be saved. 

On the other hand, the problem of the uranium fuel cycle lies mainly 
in the necessity to sell the discharged uranium and plutonium. The value 
depends on the market conditions, and thus on the requirements of other 
reactor types, especially light-water reactors and fast breeders, It was 
shown in Ref. [ 3] that the uranium cycle would only be competitive with the 
thorium cycle if the irradiated fuel were stored rather than reprocessed. 
In view of the uncertainty of the price of irradiated fuel, the optimization 
was repeated with a 20% reduction of the depreciation factor for irradiated 
uranium - from 0. 80 to 0. 64 - and of the plutonium value - from $10 to 
$8/ g. In this case, fuel cycle costs amount to 1. 48 mills/kWh instead of 
1. 44 mills/kWh. 

A further point worth considering is the sensitivity of fuel cycle costs 
to uranium ore and separation costs. Owing to the better overall neutron 
economy of the thorium cycle, its natural uranium requirement and demand 
for separative work is smaller. From the throughputs of the two reference 
fuel cycles, an annual consumption per MW of 160 lb L!J Os and 80 separative 
work units follows for the highly enriched uranium cycle and of 190 lb U3 0 8 
and 85 separative work units for the low-enriched uranium cycle, whereby 
the fissile plutonium was assumed to be equivalent to 235U. Correspondingly, 
the influence on fuel cycle costs is smaller for the thorium cycle. A cost 
penalty of 0. 10 mills/kWh arises if the natural uranium price increases by 
$2. 8/ lb or if the price per separative work unit is increased by $ 5. 6/ kg. 
The equivalent figures for the low-enriched uranium cycle are $2. 1/lb and 
$4. 8/kg separative work unit, respectively. 

8. SUMMARY 

A comparative study on the low and highly enriched uranium fuel 
cycles for high-temperature reactors was carried out. The main results 
can be summarized as follows: 
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( 1) The introduction of the thorium cycle on a commercial basis 
demands more effort because of the higher requirements for fuel - fast 
dose and burn-up - and of the necessity to develop a remote fabrication 
technique and the thorium solvent extraction process. It should, however, 
be considered that, in the Federal Republic of Germany, much has already 
been undertaken in this direction. 

(2) With the assumptions made in this paper, fuel cycle costs can be 
expected to range from 1. 44 to 1. 48 mills/kWh for the uranium cycle and 
from 1. 40 to 1. 59 mills/kWh for the thorium cycle. 

(3) The thorium cycle is less sensitive to changes in the uranium ore 
and separative work costs. Fuel costs of the thorium (uranium) cycle 
change by 0.1 mills/kWh if the uranium ore price is changed by $2.8 (2. 1)/lb 
or if the costs per unit separative work are changed by $5. 7 (4. 8)/kg. 

In conclusion, at the present level of both uranium ore and separation costs, 
the low and highly enriched uranium fuel cycles appear to be equally 
attractive in view of the present uncertainties. The question arises as to 
whether the potential of the thorium cycle, at higher costs of enriched 
uranium in relation to the specific refabrication costs, justifies the greater 
development effort. 
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DISCUSSION ON AGENDA ITEM 2. 8 

Developments in the thorium fuel cycle 

DISCUSSION ON ALL THE PAPERS IN THIS AGENDA ITEM: 

P/157 Canada Presented by W.Bennett Lewis 

P/186 Italy Presented by F. Doria 

P/020 Netherlands Presented by J.J. Went 

P/389 FRG 

G. H. B. LOVELL: Could Mr. Lewis indicate any fuel or material 
problems that will require investigation in the development of the reactor 
system he has described? 

W. Bennett LEWIS: In the full paper we mention having irradiated 
Th(+U)02 fuel to 50 MWdjkg of heavy element, but I am sure we would wish 
to carry out long-term irradiations of the exact fuel design proposed. 

I am also sure that decisions on materials to be used and the techniques 
for maintaining the organic coolant will be taken after more test results 
have been obtained. When differences are small the decision sometimes 
takes longer. I myself would be prepared to go ahead on the basis of 
present information but the fact that large expenditures are involved means 
that many other persons will have to be satisfied. 

M.R. SRINIVASAN: I would like to ask Mr. Lewis whether the organic
cooled thorium reactor could be started with an initial enrichment of 
plutonium instead of 235U and, if so, what the economic penalty might be. 

W. Bennett LEWIS: Yes, it could. The use of plutonium was compared 
with the use of 235 U with thorium fuel in report AECL-2274 of July 1965 
(Ref. [ 16] of our paper). There is some economic penalty if 235U is readily 
available at about US $11/ g. 

H. B. STEWART: Mr. Lewis, you mentioned the two different 233u 
values in your paper. What was your basis for suggesting a figure of 
US $15.30? For example, did this include penalties for fabrication and 
236 U? 

W.Bennett LEWIS: The value of $15, 30/g 233 U was that value which 
would result in fuel combinations No. 18 and No. 4 having equal fuelling 
costs, based on $11/g for 235U. 

The penalty for fabricating fuel with 233 U is negligible provided the fuel 
is fabricated immediately after separating the 233 U and new thorium is 
used, as proposed at the 1967 IAEA Symposium on Heavy-Water Power 
Reactors (Ref. [ 11] of our paper). 

G. B. ZORZOLI: The KEMA reactor concept (KSTR), like that of the 
molten salt reactor (MSR), differs from other reactors in one important 
respect- from the point of view of safety. Of the three classical barriers 
(cladding, pressure vessel or tubes-container), the first is not 
present, In the case of MSR this is compensated for by the low operational 
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pressure. But for a very high-pressure system like the KEMA reactor, 
what are the predictable consequences of a pressure vessel failure? One 
might reply that pressure vessels do not fail. This is an acceptable answer 
in the case of light-water reactors, but in that of a suspension reactor, in 
the presence of a fluid with potential erosion effects, I would not take this 
for granted. Can Mr. Went comment on this question? 

J. J. WENT: As is normal for light-water reactors, the KSTR has three 
containment barriers, too, but the first of these is the liquid fuel itself. Of 
the two other barriers, the first is pressure-tight. As the reactor vessel is 
more than an order of magnitude smaller than the normal light-water 
reactors for the same power and as, apart from the inlet and outlet, no 
vessel penetrations are required, it is highly improbable that one could have 
a major break occurring so fast that dumping does not work. Erosion in the 
reactor vessel does not occur due to the flow conditions. The only place 
where some erosion is possible is in the impeller of the circulation pump. 

Furthermore, even if serious failure occurred in the pressure vessel, 
there would be no possibility of over-reactivity or of overheating. The fuel 
would leave the vessel with the water and injection of a large amount of 
coolant into the compartment, without radioactivity risks, would always 
remain possible. In this respect the solution is simpler than in light-water 
reactors. 

R. M. NUNN: Could Mr. Went comment on the magnitude of likely 
maintenance problems, particularly with respect to the valves and pumps in 
the primary circuit? 

J.J. WENT: It is in the effort to avoid such problems that we have 
constructed the primary system without valves. However, in secondary 
systems, e. g. in the gas purification system, valves are present and there
fore we have decided on a layout in which we can reach each valve from 
above. Moreover, each valve can be separated by freeze plugs. Replace
ment of the pump or the pump impeller, although this is a major operation, 
will be carried out in the same way. Oak Ridge experience supports this 
approach. 
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Abstraa-Resume- AHHOTaQKl!-Resumen 

SYSTEMS ANALYSIS IN SAFEGUARDS OF NUCLEAR MA TER!AL. 
Traditional science deals with objective nature by applying mathematical models to it. Systems 

analysis applies models, if possible mathematical ones, to the system composed of nature, men and their 
interactions including the operations of men. For that the system is defined by its objective and constraints. 
In that approach, operations research is a subset of systems analysis. Having implicitly or explicitly this 
approach in mind, only a few papers exist that deal with the design of such an overall system. A logical 
scheme for a systems analysis, if complete, is elaborated and explained in detail. It places in the logical 
perspective of the safeguards systems designer the definition of the objective, the description of the fuel 
cycle, the collection of information, its effect on the inspector as well as the operator and the strategies and 
operations of these parties. Having clarified the long-range systems analysis task by this explanation, the 
scheme is then used to assess the function and position of the various contributions to systems analysis so far. 
Attention is being given in particular to the results of the IAEA panels on systems analysis and safeguards 
methods and techniques as well as to the partly implicit considerations for the establishment of the now 
proposed safeguards system. Finally, the large number of individual and more detailed contributions are 
reviewed against the above-mentioned logical scheme. It becomes apparent that a few areas are well 
covered and understood whereas other areas are only slightly or not at all covered. It is possible to identify 
a few topics that cover most of the analysis work done so far. In line with this, special attention is given 

to MUF (material unaccounted for). 

L' ANALYSE DE SYSTEMES ET LE CONTROL£ DES MATIERES NUCLEAIRES. 
La science traditionnelle traite les problemes naturels en leur appliquant des modeles mathematiques. 

L' analyse de systemes applique des modeles, si possible mathematiques, au systeme constitue par la nature, 
1' homme et leur interaction, et s' etend aux activites humaines. A cette fin, le systeme est defini par ses 
objectifs et ses limitations. Dans cette optique, Ia recherche operationnelle est un element subsidiaire de 
I' analyse de systemes. Compte tenu de cette consideration, implicite ou explicite,on constate que peu de 
travaux f.tudient la conception d' un tel systeme d' ensemble. En effet, pour qu' un sysh~me soit complet, il 
faut qu' il soit e1abor€. et expliqu€. en detail. Le m€.moire pr€.sente, dans la perspective logique de la 
conception du systeme de contrCl!e, la definition de I' objectif, la description du cycle de combustible, Ie 
rassemblement des donnees, leur importance pour 1' inspecteur et pour l' operateur et la politique generale 
ainsi que les activit€.s de ces parties. Apres avoir ainsi explique les buts a long terme del' analyse de systemes, 
le memoire utilise alors ce schema pour evaluer le role et l' importance des differentes contributions qui ont 
ete faites jusqu' a present a l' analyse de systemes. II analyse notamment Ies resultats des groupes d' etude 
de 1' AIEA, sur 1' analyse de systc~mes et les methodes d' application des garanties, ainsi que les considerations 
partiellement implicites qui militent en faveur de 1' etablissement du systeme de gar an ties maintenant propose. 
Enfin, le me moire etudie Ies nombreuses contributions individuelles et plus detaillees sous I' angle du schema 
Iogique mentionne. II apparait que quelques domaines sont amplement analyses et bien compris tandis que 
d' autres ne sont qu' insuffisamment traites, voire pas du tout. II est possible de determiner quelques rubriques 
qui recouvrent !a plupart des travaux d' analyse effectues jusqu' a present. Suivant les considerations qui 
viennent d' etre indiquees, les differences d' inventaires font 1' objet d' une attention toute particuliere. 

CHCTEMbJ AHAJ!H3A ITPH ITOCTAHOBKE ITO.U rAPAHTHH 51JlEPHblX MATEPHAJ!OB. 
Tpa.n;HI . .lHOHHaR HayKa paccMaTpHsaeT o6DeKTHsHyJO npHpo.n;y nyTeM npHMeHeHHR K HeH MaTe

MaTH4€CKHX Mo.neneH. CHcTeMbi aHaJIH30B npHMeHRJOT Mo.n;enH, eCJIH B03MOJKHO - MaTeMaTH4ec

KHe MO,lleJJH K CHCTeMe, COCTORil..leii H3 npHpO,IJ;bi, JlJO,IJ;eH H HX B3aHMO.n;eHCTBHii, BKJ1JOtta51 .ueHcTBHR 

JIJO)leH. D03TOMY 3Ta CHCTeMa Onpe,n;enReTCR ee U€JJbJO H CBR3RMH. DpH TaKOM no.uxo.n;e HCcne-
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JlOBaHHH .ll€tfCTBHfi HBJIHIOTCH BCOOMOraTE.llbHhiMH nO OTHOlli€HH10 K aHaJIH3aM CHCT€M. J1MeeTCH 

JIHillb H€CKOJibKO )lOKJia,llQF., B KOTOpbiX 6e30rOBOp04HO HJIH onpe,n;eJTeHHO Y'-H1ThiBaeTC5'J TaKOH no,n;

XO,ll H B KOTOp1IX paCCMaTpHBaeTCH npoeKT TaKOi:f BC€06l!lei1 CHCTeMbl. florHl..I€CKa51 CX€Ma aHa

JIH3a CHCT€M 1 €Cfll{ OHa nOJIHaH 1 TJllaTeJJbHO pa3pa6aThJBa€TCH H 06DHCHH€TCH B ,ll€TaJU£X. 0Ha 

.naeT onpe)l€JT€HH€ U€JIH 1 OnJ.iCaHH€ TOOJIHBHOrO UYIKJia, c6op HH!flopMaUYIH 1 ee BJilHI'HH€ Ha HHCneK

TOpa H Ha onepaTopa, a TaK:>K€ Ha HX CTpaTenuo H )l€i1:CTBHH B JIOrH4€CKOfi nepcneKTHB€ COCTa

BHT€JIH CHCT€M rapaHTHH. BHeC51 5ICHOCTh 3THM 06DHCH€HH€M B 3a.n;a'-ly aHaJJJ.·i3a 60JiblllOrO pa3-

H006pa3HH CHCTeM, 3Ta CXeMa HC00Jtb3Y€TCH nOKa )lJJH OU€HKH <f:lyHKUHH H OOJJO)K€HIHI pa3JIH1..1HhiX 

BHJJ;OB BKJiaJJ;OB B aHaJIH3hl CHCTeM. 8 l..laCTHOCTH, BHHMaHHe y,n;eJIReTCR pe3yJihTaTaM coner.u:a

HH51 MArAT3 no aHaJIH3aM cHcTeM, a TaK>Ke no Mero.n;aM H cnoco6aM rapaHTHH, .uo HeKoropoH 

CTeneHH - OOJIHOMY paCCMOTpeHHJO BOnpoca C03.IlaHH5£ npe,n;JIO)KeHHOfi B HaCTOHUlee speMH CHCTe

Mbl rapaHTH~L HaKoHeu, paccMaTpHsaeTCH 6onbrnoe l..IHCJIO HHJJ;HBH.uyanhHhiX H 6onee no.n;po6HbiX 

BKJiaJJ;OB B BbiWeyKa3aHHYIO JIOrHl..leCKyiO CXeMy. CTaHOBHTCH 01..1eBHJJ;HblM 1 l..ITO HeCKOJibKO 06Jia

CTei{ XOpOWO OXBal..leHbl H H3B€CTHbi 1 TOr,n;a KaK ,n;pyrHe 06JiaCTH OXBal..leHbi JIHWb He3Ha1..1HTeJibHO 

HJIH COBCeM He OXBal..leHbi. MO)KHQ ycTaHOBHTb HeCKOJlbKO TeM, KOTOpbie OXBaTbiBaiOT 60JibWYIO 

l..laCTb pa60Tbl DO aHaJIH3aM, npo.ue.naHHOH .11;0 CHX nap. 8 COOTBeTCTDHH C 3THM OC06oe BHHMa

HHe y.lleJieHO DOH51THIO l\1UF (Heyt.~TeHHhiH MaTepHan). 

EL ANALISIS DE SISTEMAS EN LA SALVAGUARDIA DE LOS MATERIALES NUCLEARES. 
La ciencia aborda tradicionalmente los problemas de !a naturaleza con ayuda de modelos matematicos. 

El an.9.1isis de sistemas aplica modelos, de ser posible, de tipo matem.9.tico, al sistema integrado por la 
naturaleza, el hombre y las relaciones reclprocas entre ambos. Por esta raz6n, el sistema queda definido 
por sus objetivos y sus condiciones Ilmite. En tal supuesto, la investigaci6n operacional constituye un subcon
junto del an.9.1isis de sistemas. Pocos trabajos se encuentran que, teniendo en cuenta esta hip6tesis, expllcita 
o impl{citameme, se preocupen de !a elaboraci6n de un sistema global de este tipo. Para ser completo, 
el esquema Iogico de un analisis de sistemas debe elaborarse y explicarse en detalle. Ha de contener !a 
definicion de los objetivos, !a descripci6n del ciclo del combustible, un conjunto de datos experimentales, 
su efecto tanto sobre el inspector como sobre el explotador, y las estrategias y operaciones de ambas partes 
en Ia perspectiva Iogica del creador de los sistemas de sa!vaguardias. Despues de haber explicado de este 
modo la misi6n a largo plaza del an5lisis de sistemas, se utiliza este esquema para definir la funci6n y Ia 
posiciOn de las di versas a portaciones al an5lisis de sistemas hasta ahara conocidas. Se concede especial 
atenci6n a los resultados a!canzados por los grupos de expertos convocados por el OlEA sobre el analisis de 
sistemas y sabre los metodos y tecnicas de salvaguardia, asl como a las consideraciones parcialmente 
impllcitas relativas al establecimiento del sistema de salvaguardias que ahara se propane. Finalmente, el 
elevado nUmero de distintas .lportaciones elaboradas en mayor detalle, se exam in an en funci6n del esquema 

anterior, Result a entonces que algunos aspectos quedan bien delimitados y com prendidos, mientras que otros 
s6Io lo son Iigeramente o casi nada. Es posible identificar las Ii'neas principales que abarcan Ia mayor parte 
del trabajo de an5lisis realizado hasta ahara. En consecuencia, se prestar.l atenci6n ala DI (diferencia 
inexplicada). 

1. THE MEANING OF SYSTEMS ANALYSIS 

Science in its traditional sense deals with objective nature, which does 
not include decision-making and action-taking man. Traditional science's 
approach to nature is measurement. By the use of yardsticks numbers are 
obtained and mathematics can be applied. In traditional science, say physics, 
the otherwise difficult task of quantification is accomplished by measure
ment. The application of mathematics, made possible by this quantification, 
leads to the detection of laws of nature. A more careful and conscious 
position is to talk of models for the description of nature. The underlying 
problem is recognized, but this paper is not the place to elaborate on the 
difficult question of the ontological meaning of mathematical models in 
traditional science. The systems approach, in contrast to traditional 
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science, embraces not only objective nature but also on purpose includes 
decision-making and action-taking man as well as interactions between men 
and particularly between man and objective nature. In that sense the area 
of operations research is also covered by this general systems approach [ 1]. 
Constitutive to this approach is that systems are defined by an objective. 
All components, objective nature, men and the interactions necessary for 
meeting this objective make up the system. Then it is the systems approach 
to develop to the largest possible extent a mathematical model for that 
system. Forecastings, operation aspects, optimizations, statistics in 
particular, and decision theory are frequent aspects of such mathematical 
models. The application of decision theory allows for instance to some 
extent the nondeterministic description of conflicts between human partners, 
an aspect that never occurs in traditional science. 

In a more pragmatic style of description, this aspect of employing a 
mathematical model becomes the dominant one [ 2] and systems analysis 
there becomes common sense expressed in terms of a mathematical model. 
This aspect is probably too narrow. 

Whatever the right answer is, it is useful to reflect on the following. 
Establishing and using a mathematical model accomplishes two things: it 
forces one to organize one's thoughts and it helps one to get specific results. 
In many cases of systems analysis, the explicit and complete formulation of 
a mathematical model has not been accomplished. But it has been possible 
to conceive the general structure or logical flow sheet of such a model. I 
understand there was once a saying in Princeton that it is better to have an 
approximate solution to an exact problem than to have an exact solution to 
an approximate problem [ 3]. An effort to formulate the exact and therefore 
right problem can be strongly supported by spelling out at least the general 
structure or logical flow sheet of the relevant mathematical model. After 
having done so, it is possible in most cases to give mathematical models 
for at least various sections of the system. If one is aware of the principal 
situation, such models, if only for parts of the overall problem, can be 
very helpful on a somewhat pragmatic basis. 

2. EARLY RECOGNITION OF INTERNATIONAL SAFEGUARDS AS A 
SYSTEMS PROBLEM 

Systems analysis for international safeguards of nuclear material has 
by its very nature to take into account the boundary conditions of politics. 
Overall policy decisions have to be made and it is one of the tasks of the 
systems analyst to formulate the issues in such a way that the policy
making bodies can understand them [ 4]. But this goes both ways. Along 
these lines one has to postulate that international safeguards has to be 
objective, rational and formalized [ 5, 6]. 

It has to be objective in order to be universally applicable throughout 
political camps that oppose each other. Related to that, it has to be rational 
because of the size and complexity of the job. And it has to be formalized 
as formalization strongly helps to eliminate the open-endedness that may be 
otherwise inherent in an inspection process: when will the inspector be 
satisfied? 
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One realizes that the prevailing boundary conditions are different for 
safeguards on the international level, on the regional or national level or 
on the plant management level. In the past years the problem was and to 
some extent still is to recognize these differences and still make safeguards 
on the various levels mutually consistent. This paper deals with safeguards 
of nuclear material and by that the sum of international and regional/national 
safeguards is meant. Where necessary, specialities of either international 
or regional/ national safeguards will be indicated [ 7]. 

Systems analysis for safeguards started on a somewhat broader basis 
around 196 7. This is indicated by a number of activities, among them the 
following: In August 1967 the IAEA held a panel on Safeguards Techniques in 
Vienna [ 8]. The USAEC had held practically at the same time a symposium 
on Safeguards R & D [ 9]. In the United Kingdom relevant activities were 
given greater attention [ 10] and in the Federal Republic of Germany the 
project "Spaltstoffflusskontrolle" including the relevant systems analysis 
was started [ 5, 11]. There was one diagram, known as the power curve, 
that was independently produced by quite a number of groups or authors 
[ 5, 12-14]. It is given in Fig. 1. 
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FIG.1. Typical power curves (based on Refs [ 5, 12-14]), 

This diagram revealed in the early days of international systems analysis 
a number of important features of safeguards when errors or uncertainties, 
say of measurements, are implied: 

(a) For a finite degree of diversion and a given inaccuracy a of a measure
ment there is no 100% certainty of detection. Safeguards is of a probabi
listic nature and not a go/ no- go thing. 

(b) The error (3 can be steadily decreased if the inaccuracy a is steadily 
decreased. This usually requires a higher effort (cost). Therefore, 
cost effectiveness comes into the picture: What are reasonable costs 
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and what is a reasonable probability? The reasonability of the proba
bility of detection can refer to both: the threat and the costs. Further: 
The level of probability by which one is satisfied must be pre-established, 
otherwise inspection could go on and on, the inspection would be because 
of {3 inherently open-ended. 

(c) There is a finite chance of a false alarm, the error a. 

In the more general context of safeguards, one is precluded by (a) 
from using safeguards for unlimited political objectives while applying 
limited resources (money, effort, accepting intrusions, etc.). By (b) it 
becomes necessary to clarify at least in qualitative terms what amount of 
resources is available for ultimately political reasons and what benefit/ cost 
ratios are acceptable. Also, to cut the above-mentioned inherent open
endedness, the conditions beyond which the inspection or verification process 
is considered to be satisfactory must be predetermined. This is accomplished 
not only by assessing the numerical values of technical parameters but also 
by formally assessing methods and procedures. This illustrates the require
ment for objectivity and formalization. And by (c) the aspect of objectivity 
and formalization again is emphasized: if there is a false alarm it must be 
readily and formally possible to identify and renormalize the situation. 

Therefore, one is lead by contemplating Fig. 1 to consider the following 
type of statement as a desirable form for the result of safeguards [ 5, 15]: 
"The inspectorate is confident with the xo/o confidence level that the material 
balance is closed within yo/o". 

This leads to the problem of statements and is thereby already an 
illustration of what has been more generally said on systems: by the 
character of this statement the acting (operating) man is already explicitly 
included in the analysis. 

It is remarkable to what extent the features of systems analysis and 
thereby of the underlying reality become apparent by making use of such a 
simple diagram. 

The safeguards system as a whole, the problem of defining the relevant 
model and the problem of designing and dealing with this system have been, 
to various degrees, the subject of a number of papers. The first paper I 
would like to refer to is that of Bennett, "Progress in Systems Analysis", 
as presented during the Karlsruhe symposium, 1970. The realm and 
mechanism of the safeguards system as a whole comes into the picture there 
although no explicit treatment of the problem is given. Specifically I would 
like to cite a broad definition of the safeguards system: 

"The purpose of the 'system' to which we are directing our attention 
is to detect, and so deter by the threat of detection, the diversion of nuclear 
materials to non-peaceful uses. The input to this system is a combination 
of activities to be required and/ or carried out by operating personnel, 
governments, or international agencies in order to detect or deter such 
diversion. The ultimate output of this system is 'assurance that significant 
diversion has not taken place'. The basic task of the systems analyst is to 
establish in some fashion a quantitative, or at least a logical relationship 
between the inputs and the outputs, and determine the interrelationship 
between the elements of the system in such a fashion as to enable us to 
characterize the effectiveness of the system for a given cost and determine 
those features of the system which limit its effectiveness. Implicit in this 
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process is the recognition of the need for new or improved techniques or 
procedures". 

Bennett's work aims at an overall mathematical model. This could give, 
for instance, figures for confidence levels, benefit/ cost ratios and others. 
As mentioned before, a full mathematical overall model is not yet really 
at hand today; only sections of the problem can be more systematically and 
formally dealt with. Therefore, methods and procedures are still a some
what separate problem. There are two papers that deal more directly with 
the methods and procedures problem. One is the paper of Brown: The 
Design of a Safeguards Material Control System [ 16]. Material balance 
areas, accounting, reporting, surveillance, inspection, containment and 
material unaccounted for (MUF) are terms that are explicitly put together 
to make up for a logical system. The systems analysis approach is implicit 
but not explicit. Methods and procedures are also in the foreground of the 
paper of Hough and Solem [ 1 7]. They stress the definition of the measure
ment capability and desired limits of a material balance control, the defini
tion of an index to quantify surveillance and containment and the development 
for a logic to process information and to connect it with a decision structure. 
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FIG. 2. Distribution of safeguards efforts among important nuclear facilities in the reference fuel cycle for 
different inspection intensities: (a) number of inspectors-pairs, (b) safeguards measures in 103 DM/yr. 
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Bot~ papers should be seen against the background of existing safeguards 
systems, namely that of Euratom, which is based on the Treaty of Rome 
[ 18) and that of the IAEA in the pre-NPT era [ 19). The above-mentioned 
elements of methods and procedures are there already to a large extent 
although the stringent systems approach is not yet fully pronounced. The 
whole system and a relevant mathematical model for it is the subject of a 
paper by Avenhaus and Gupta [ 20). A whole fuel cycle is modelled, including 
reactors, separation plants and other facilities, safeguards measures, its 
efficiencies, interplays and costs are assessed and the optimization of man
power and other efforts is studied. Naturally and admittedly, the model is 
still somewhat simplified and reality is still more complex, but it has been 
possible to follow through the main safeguards questions quantitatively. One 
of the particularly interesting results within the constraints of the model are 
the curves on the distribution of safeguards efforts for various facilities and 
inspection intensities as given in Fig. 2. If full coverage is required, safe
guarding fabrication and reprocessing plants is roughly ten times more expen
sive than safeguarding reactors. This factor changes rapidly to lower values, 
if only 95% confidence level in the· inspectors statement is required and it 
becomes quantitatively apparent how insensitive reactors are as far as 
safeguards are concerned. It has been also possible to evaluate quantitatively 
operational aspects such as the mode of inspection and others. Methods 
and procedures are not in the foreground of this paper. Thus it complements 
the two foregoing papers [ 16, 17). The papers of Oshima, Imai and others 
[ 21, 22) also consider principally the whole system but stress the aspect of 
interaction between the national and the international system and thereby 
study the introduction of formal action levels. 

Together with the sequence of the very successful IAEA Panels and 
Technical Working Groups on Safeguards [ 7, 8, 23-28] which shall be consi
dered somewhat later in this paper, these studies have more or less 
unanimously led to a number of important conclusions: 

(a) The objective of international safeguards is the timely detection of 
diversion of significant quantities of nuclear material from safeguarded 
uses to the manufacture of nuclear explosive devices or for purposes 
unknown, and deterrence of such diversion by the risk of early 
detection [ 7, 16, 1 7). 

The salient point of this definition is that the objective is the detection, 
not the prevention or physical protection. Another point is the word signi
ficant. By that a vast number of academic considerations on milligrams which 
one loses track of are discarded. This definition also has the word timely in 
it, and thus refers to some sort of effectiveness. 

(b) The major components for building up a safeguards system are 
accountancy, containment and surveillance [ 4, 6, 16, 17, 29). 

This helps to optimize, at least in principle, safeguards procedures in 
various cases, as one can partly substitute one for the other and there is 
mutual influence. 

(c) The hazard which international safeguarding is to safeguard against is 
up to now assessed in terms of two parameters: the amount of effective 
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kg [ 30) and the critical time [ 31) for which a significant dive"'rsion is 
expected to exist without detection. 

These two parameters are the first attempt to make the hazard 
tangible and ultimately, along with certain improvements, perhaps even 
quantifiable. 

(d) The principal steps for safeguards methods and procedures are the 
following [ 16-19): design review, records and reports, inspection. 

3, RIGOROUS SYSTEMS ANALYSIS 

Systems analysis in a more rigorous sense does not exhaust safe
guards as such. General systems analysis for safeguards probably has in 
most cases much informed common sense and judgement in it, whereas it is 
the more long-range principal purpose of a rigorous systems analysis to 
employ mathematics. Thereby systems analysis becomes a tool, only a 
part of the overall approach. It is quite often of help to elaborate a logical 
scheme and to organize thoughts this way. In Fig. 3 such an elaborate 
logical scheme is presented. We shall discuss it now. (Note: round units 
indicate definitions or assessments, boxes indicate steps that ultimately 
should be part of a formal mathematical model or procedure. Further, 
figures in round brackets refer to the various units of the scheme.) 

The key to the flow sheet is a definition of the objective (I). This is 
obvious already in general terms but more specifically so if we recall that 
systems are defined this way. The definition of the objective is principally 
subject to iterative improvement. This is what has happened already in the 
past. The definition that has been given above was an improvement of an 
earlier, less specific definition [ 32) and has since been slightly improved [ 30). 
With the objective in mind the systems designer conceives a set of methods 
and procedures (II). For that he has to describe the reality of the fuel 
cycle (1). Data collection on the fuel cycle and its facilities, together with 
forecasts on future developments, are an essential part of the task of 
systems analysis. It refers to objective fuel-cycle reality. The systems 
designer needs further to take into account a number of restraints and 
conditions (III): non-intrusiveness with respect to the operation of the 
facility, a given amount of effort or money to spend for safeguards, 
possibilities to influence the design of containments, etc. A major input of 
information to the systems designer comes from integral experiments, that 
is, safeguards exercises (2). Objective nature is involved there, for 
instance, unknown operative losses in processing facilities can be experi
enced this way. But also man is included. Did the inspectors do their job 
well? Were there frictions with the operators or was there lack of co
operation on the part of the operators? 

Having established in the first order (iterative step) such a set of 
methods and procedures the systems designer reflects on their application. 
Having the objective reality in mind he evaluates measurements and its 
statistics (3). For instance, in a mathematical model, the objective flow 
of the nuclear material could be described by differential and integral 
equations. Measurement and its statistics can be represented by probability 
distributions for the outcome of the measurements and random numbers to 
simulate an actual measurement. Or in short, in (3) the whole area of 
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accountancy is represented. The result is information. As outlined before, 
accounting can be complemented by surveillance. So the information obtained 
by surveillance is to be described in a model in (4). This has problems in 
it but should be possible [ 33], but further work on this is necessary. Infor
mation is also produced by reporting (and recording). This must be 
described in (5) using the same terms as in (3) and (4), resulting in a 
comprehensive and unified representation of this information (6). Related 
to the representation of accountancy, surveillance and reporting as parts 
of a system is their respective development (7), (8), (9). Being related 
to the system means that the targets for these developments are derived 
from (3), (4) and (5) and, the other way around: possible developments help 
to complete the system. 

Information becomes communication if the receiver and/ or the sender is 
taken into account. The information described in (6) is of different operation
al meaning for the inspector and the operator of the plant. This transfor
mation from information to communication is to be described in (10). This 

communication is among other things the input for the inspector in setting 
up his strategy for detecting a diversion (IV). Modes of diversion are to be 
considered one input to strategy (II). Other components are: his reflection 
(or communication value) on the rules of procedures (12), the available 
budget (13), an assessment on what his opponent, the operator, thinks (V) 
and the fact that he is to make a statement (14). This leads to an assess
ment by the systems designer as to what his inspector might feel to be the 
best strategy (IV). 

Similarly, the transformation of information into communication of the 
operator is described in ( 15), his additional inputs are: his reflection (or 
communication value) on the rules of procedures (16), modes of diversion ( 11), 
the penalty for diversion (1 7), his incentives for a diversion (18), and his 
assessment on what his opponent, the inspector, thinks (VI). This leads to 
an assessment by the systems designer as to what his operator might feel 
the best strategy to be (VII). For completeness: the cost of safeguards (13) 
also influences the thinking of the operator and the penalty for diversion ( 1 7) 
that of the inspector. 

Now the systems designer executes the model: his operator uses the 
chosen strategy of diversion which his inspector does not know (19) and in 
turn his inspector, to make a statement, uses the chosen strategy for 
detecting the diversion which the operator does or does not know (20). The 
chosen rules for methods and procedures are applied by evaluating the 
probability of detection and the involved cost efficiency and benefit-cost 
ratios (21). This is judged against the threat of diversion (VIII). If the 
result is satisfactory, the system is ready for implementation, if not, the 
rules and possibly the objective or the restraints and conditions must be 
adjusted (22). In any event, however, this evaluation (21) makes it possible 
to assess eventually figures in the definition of the objective (I) if so required. 
If the system is implemented, experience will also tell whether the system 
is satisfactory (23); a further iteration is then possible. 

Let us come back to the possible modes of diversion (11). These will 
be strongly influenced by the existence and type of containments. Therefore, 
the function of the containment is to be a conduit for action in the same way 
as it is a conduit for the actual flow of nuclear material. The conduit function 
is described in (24). Note: surveillance refers among other things also to 
the conditions of containment. For instance: are all seals unbroken? But 



11
 

m
od

es
 o

f 
d1

ve
rs

JO
n 

21
 

F
IG

. 3
. 

S
tr

uc
tu

re
 o

f 
th

e 
m

od
el

 f
or

 t
he

 d
es

ig
n 

ot
 m

et
ho

as
 a

nd
 p

ro
ce

du
re

s 
fo

r 
sa

fe
gu

ar
ds

 f
ro

m
 a

 s
ys

te
m

s 
po

in
t 

of
 v

ie
w

. 

w
 

.....
. "" :r:
 >'
 ., "" r "" 



A/CONF.49/P/771 313 

this results in information. It is worthwhile to note that besides this 
information component there is the conduit component of the function of the 
containment. It influences not information but possible actions or, more 
clearly, operations, by influencing the assessment of the respective 
strategies. The modes of diversions feed back to the definition of methods 
and procedures (II) and vice versa. The combination on the one hand of 
information of the conduit function of the containment for possible actions 
and on the other hand of the assessment of strategies by men, namely the 
operator and the inspector, is an aspect of decision theory. It is fully in 
line with the systems approach, described in the beginning of the paper, that 
embraces objective nature and men. In this context it is natural that 
information has to be transformed into communication to become operational. 

It is worthwhile to stop here for a second and to realize that in most 
past approaches, information has been considered a part of an objective 
picture. But still it was necessary to argue about the use of information, 
actions, etc. So this is an indication for the operational component of 
the system, that should have been more fully taken into account. Descriptions 
of possible operations are part of the systems approach presented here. 
Along these lines, the above- mentioned claim for formalization of safeguards 
procedures and in particular for a formal statement from the inspector as 
the result of the inspection activities becomes natural. It is believed that 
the systems approach outlined in this paper, together with some terms taken 
from decision theory, describe the system more smoothly. One further 
remark: the necessity or at least the desire has been expressed quite often 
to quantify the function not only of accountability but also of surveillance 
and containment [ 5, 1 7]. Accountability leads directly into figures, surveil
lance would lead to figures only with some difficulty [ 29]. The quantification 
of the containment function seemed to be exceedingly difficult [ 34]. By 
feeding the containment function into the models of diversion and letting them 
influence the respective strategies, which in turn ultimately result in a 
quantitative evaluation of safeguards efficiency, it may be possible to 
quantify the conduit function of containment in a backward fashion. 

This ends the description and discussion of the logical flow sheet for the 
analysis and design of the system. Note: for the design of the system and 
its model, it must be assumed that the operator tries to have a diversion. 
By that no judgements on real cases are implied. 

It is against this background that special attention should be given to the two 
IAEA Panels on Systems Analysis, one in Vienna, August 1969 [ 26] and the 
other in Tokyo, December 1969 [ 7]. Among other things they resulted in a 
list of tasks (1 through 5) for a thorough systems analysis. Task 1 is the 
description of nuclear materials system, it refers to ( 1) of the logical scheme; 
task 2 is the definition of safeguards objectives, concepts and criteria, it 
refers to (I), (II), and (III); task 3 is the requirement and use of safeguards 
information and refers to (6) as well as to (15) and (17); task 4 is on safe
guards methods and effectiveness, it refers to (II), (13), (20), (24), and 
especially (21); task 5 is the evaluation of integral experiments, it refers 
to (2). Also many if not most of the subtasks can be found in this logical 
scheme. Generally, these two IAEA Panels on Systems Analysis, together 
with the other IAEA Panels and Technical Working Groups on Safeguards 
[ 7, 8, 23-28] and also the work of the Consultants to the Director General 
of the IAEA [ 31, 35, 36], reflect the process by which the thinking on safeguards 
became more explicit step by step and by which the systems approach 
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became more and more predominant in spite of the fact that the explicit 
application of mathematical models even for sub-aspects has been limited. 
The setting up of more and more mathematical models and the resultant 
possible detailed optimization in quantitative terms remains to be done. 
However, as mentioned before, the paper of Avenhaus and Gupta [ 20] can be 
considered to be a step in this direction. 

4. SPECIAL CONTRIBUTIONS 

Now, in the context of systems analysis, a number of special contributions 
will be reviewed. These special contributions deal with detailed aspects of 
systems analysis which also are important and highly necessary. Against 
the background of the overall diagram it becomes apparent what the inter
actions of the following subjects are: 

(a) Fuel cycle and facility data, forecasts 
(b) Integral experiments 
(c) Accountability studies 
(d) Correlations 
(e) Material unaccounted for (MUF) 
(f) Simulation 
(g) Decision theory 
(h) Cost effectiveness 
(i) Design criteria for future plants. 

These subjects shall now be reviewed. 

(a) Fuel cycle and facility data, forecasts 

The data of facilities that are relevant for safeguards were identified 
during the IAEA Working Group on Design Information [ 2 7]. They are 
relevant for the flow of nuclear material through these facilities. A realistic 
fuel-cycle model, its time evolution, source data for the involved facilities, 
the distribution of the nuclear materials in a fuel cycle and in particular the 
computation of staff requirements and staff deployment has been evaluated 
by Shmelev [ 37]. A very remarkable result of that study is that the expected 
cost of safeguards is well below 1 o/o of the cost of electricity. There the 
safeguards costs are characterized by the figure of $150 per year and MW(e). 
In a similar paper Shmelev again evaluates the distribution of nuclear 
material in a realistic fuel cycle and the forecast for the fuel cycle [ 38]. 
A salient feature of the paper is the result that, in terms of effective 
kilograms, the share of reactors in the overall fuel-cycle inventory is 
comparatively small; the major share is with reprocessing plants while, in 
terms of straightforward linear fissile material content, the share of 
reactors is of course the largest. 

(b) Integral experiments 

Integral experiments are safeguards exercises in an existing nuclear 
facility for a certain production campaign. The principal objective is to 
close for these actual campaigns the material balance, to evaluate the 
measurement errors, the operating losses, the safeguards effort and to test 
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instruments and procedures. In Europe there have been seven integral 
experiments altogether: 

The ALKEM I and ALKEM II experiments at Karlsruhe [ 39-41] 
The Mol I and Mol II experiments at Eurochemic, Mol [ 41-42] 
The Mol III experiment at Eurochemic, Mol as a joint large-scale 
international venture [ 43-44] 

315 

The integral reactor experiment at Novovoronesh 2, USSR, conducted 
for the IAEA under a research contract (IAEA Research Contract 
No. RC994-USSR) 
The Euratom integral experiment conducted in a fuel fabrication 
plant [ 45]. 

In the United States of America there have been three integral experiments: 

The Yankee reactor experiment 
The NFS experiment at the reprocessing facility in West Valley [ 46] 
The IAEA experiment at the Westinghouse fuel fabrication plant at 
Columbia, S.C. 

The United Kingdom has contributed to this subject of integral experi
ments by conducting two theoretical studies on the application of safeguards 
techniques to a large zero-energy fast-reactor facility and also to a fuel 
store of a zero-energy fast reactor [ 47, 48]. 

The recently published report on the Mol III experiment is probably the 
most elaborate one [ 43]. The technique of taking samples at the entrance 
of the reprocessing plant (see also [ 49]), an extended interlaboratory test, 
and the simulation of the material flow in the plant by a mathematical model 
[50] have been major areas of interest. Special attention was given in 
Ref. [ 50] to the in-process inventory determination by the so-called MIST 
technique. The other major point was the evaluation of MUF and systematic 
errors of the involved measurements. MIST and MUF have also been the 
major aspects for the two experiments at the fabrication facility ALKEM. 
Mol I, II and III especially have confirmed the MIST technique to be a 
remarkable tool. Later in the paper more attention will be given to this. 
The concentrated attention on the evaluation of MUF by closing the material 
balance has resulted in a considerable increase in detailed and reliable 
information on this complex subject. Reports on the other integral experi
ments have not yet been published. 

(c) Accountability studies 

The United States compilation in 1969 of papers on accountability should 
first be mentioned here [51]. This compilation deals with the statistical and 
other aspects of closing a material balance in general, and in special 
facilities such as chemical reprocessing, fuel fabrication and conversion 
plants. Other contributions came from Terrey [52], Brown, Good and 
Parker [ 14, 53], all from the UKAEA, from Nakajima et al. [ 54] as well 
as from the Karlsruhe group [ 55]. 

(d) Correlations 

Correlations refer to isotopic compositions of nuclear material at various 
points of the nuclear fuel cycle and their mutual dependences. These isotopic 
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compositions and their correlations are additional information that can be 
used for safeguards purposes. Starting from the idea to look in particular 
for minor isotopes and their correlations with the hope of arriving at some sort 
of a fingerprinting of the nuclear material, say by concentrating on its 234 U 
or 238 Pu content, all sorts of isotope correlations are now covered. If, for 
instance, say a LWR fuel element with say 3o/o ~ 35U initial enrichment is 
burned in a power reactor, the Pu build-up produced in this way is certainly 
related to the depletion of the 235U content [56]. This can, to some extent, 
be predicted in principle by careful, detailed and large-scale burnup codes. 
The surprising thing is that by averaging these correlations over a certain 
portion of the core, which is achieved by dissolving a number of fuel 
elements in the dissolver at the entrance of the reprocessing plant, these 
correlations become fairly simple in structure. In particular Schneider and 
the whole Battelle North West Group at Hanford have been pursuing this 
matter [57]. But also the contributions of Moeken and Bokelund of the 
Eurochemic group [ 58, 59] must be considered. Hlifele and Nentwich 
considered the problem of accountability at the entrance of a reprocessing 
plant in its relation to the isotope correlations [ 6]. Isotopic changes can 
also help to determine the inventory of a plant while in operation. For that 
it is necessary to have a step in the isotopic composition of the process 
stream that passes then as an interface through the plant. This has been 
mainly investigated and experimentally proven by the Karlsruhe group [ 43, 60}. 
By confronting a deterministic description with a stochastic description, 
Larisse and Winter developed methods for independent determination of 
process inventories in a fabrication plant [ 61]. An extension of these 
investigations was presented at the Karlsruhe symposium [ 62]. 

(e) Material unaccounted for (MUF) 

Material unaccounted for (MUF) has five components: the statistical 
measurement error, the systematic measurement error, unknown operating 
losses, shipper/ receiver differences, and finally, the losses, if any, by 
diversion. In a more straightforward way, MUF is the result of a material 
balance, being the difference between the book and the physical inventory. 
Such material balance refers to a certain area, the material balance area 
(MBA) and a certain time interval, that is the time between two material 
balances. To establish a material balance, beginning and ending inventories 
must be taken and input and output flows must be measured. So MUF is the 
most direct quantitative result of accountability, being the most important 
among the three safeguards measures, and it offers itself directly as a 
basis for an inspector's statement. But here the complexities of the matter 
become immediately obvious: is it MUF or the time integrated value of 
MUF that should be the basis? Integrated MUF cancels the random measure
ment errors and, for safeguards, it is not so much the MUF of a particular 
campaign which is of importance but rather this integrated value of MUF 
because operating losses may happen once but should not accumulate. It 
should be noted that steady streams of waste and scraps must be explicitly 
subject to the material balance and cannot go unidentified. But one can 
equally well postulate that it is the tendency of MUF that must be judged, 
because it assures that all waste and scrap streams are identified. Also, 
combinations of MUF, integrated MUF and its tendencies can be considered 
and made the index upon which to base a statement. Surprisingly enough, 
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there is only a comparatively small number of sources that report explicitly 
on experimental values of MUF. 

A major source is the contribution of Rowen, Murphey and Smith of 
the National Bureau of Standards [ 63]. Another source are the papers of 
Crowson [ 64] and of Wischow et al. [ 65] of the USAEC. From the Karlsruhe 
group, Gmelin and Kraemer have reported on MUF [ 66], referring to the 
result of the integral experiments carried out by the Karlsruhe group. 
From Eurochemic, Meoken et al. reported MUF values [ 67]. If one 
considers these results together and checks whether these data are narmally 
distributed, these checks are surprisingly positive. Singh was able to prove 
that all these results have an expectation value of MUF that is in a narrow 
interval of 0. 2 to 0. 5o/o of the total amount of material in these campaigns. 
The evaluation of the variance does not lead to such a narrow interval. But 
it is a well-known statistical fact that for obtaining a good estimate for the 
variance, much more input data is required than is the case for the 
expectation value. Even so, it is obvious that the derived value for a is 
clearly larger than the expectation value f.,!, And, once more, these available 
dq_ta on MUF are indeed normally distributed. 

Although Morgan, in his contribution to the Karlsruhe symposium, had 
stated that the absolute values of MUF as obtained from UK plant data are 
also normally distributed, he found a fairly large number of different 
outliers, depending on the time sequence he took [ 6 8]. A rigorous analysis 
of these data led Singh, however, to the conclusion that these absolute values 
were not really normally distributed. However, when he normalized the UK 
data with respect to the absolute values of the amounts of nuclear material 
involved, as he did with all other MUF data, then they also were found to be 
normally distributed. Surprisingly enough much fewer outliers were found 
for this distribution and they were the same for all ranges. These findings 
of Singh [ 69] are probably a first important step towards a more thorough 
understanding of MUF. 

(f) Simulation 

Simulating the process of nuclear material in nuclear facilities or even 
the whole fuel cycle is an important step for any optimization, for evaluating 
targets for the development of safeguards instruments and for evaluating cost 
effectiveness figures. The already cited papers of Oshima et al. [ 21, 22], 
and Nakajima et al. [ 54] must be mentioned again. The same applies to the 
already cited papers of Rowen, Murphy and Smith [ 63], Larisse [ 61, 62, 70], 
Christensen et al. [56] as well as the studies at Battelle Memorial Institute 
[ 44]. In addition to these papers the paper of Drosselmeyer and Rota must 
be mentioned [ 50]. The material flow in the Eurochemic reprocessing 
plant has been simulated there by a mathematical model with the purpose of 
investigating the possibilities and limits of in-process inventory determina
tion by isotope correlations, as mentioned earlier. An isotopic step function 
is allowed to pass through the process and the purpose of this paper is to 
determine the degree of dissipation and distortion of that function. Beets, 
Goossens and Mostin have simulated part of the fuel cycle belonging to the 
Belgian high-flux test reactor BR2 by making a model of the fuel fabrication 
plant and the test reactor. The specific aspect there is that the fuel cycle 
uses highly enriched uranium [ 71]. A major simulation study of the proper
ties of the weighted Pu/U estimate of the amount of Pu input to a processing 
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facility has been performed by Stewart and Schneider [ 72]. In the paper of 
Marcuse and Williams [ 73], a model is developed for the planning of an 
integral experiment for providing feedback to the plant instrument program 
and for assessing and extrapolating experimental results. In particular, 
the connection to the development of instruments by setting targets should 
be noted. Finally the work of Avenhaus, Gmelin, Gupta and Winter should 
be mentioned [ 74]. They simulate the material flow in single plants and 
evaluate parameters that are relevant for safeguards, such as the mean 
detection time, the probability of detection and other relevant measurement 
data. Work of this type will be important in a later stage of safeguards 
development for the implementation of a more thorough systems analysis and 
for optimization. This becomes obvious if one considers the logical scheme 
of Fig. 3 that has been discussed before. 

(g) Decision theory 

From looking at the logical flow sheet presented earlier in the paper, it 
becomes apparent that a rigorous systems analysis also embraces decisions 
and operations of the involved human partners of the system. The three 
round, big units indicate those parts of the system while being designed: 
there is the safeguards systems designer, the inspector and the operator. 
For the assessment of the strategy of his inspector and his operator the 
systems designer has to employ, at least ultimately, some sort of mathe
matical model. It is along these lines that a number of papers on decision 
theory have already been written. Bierlein of Karlsruhe University 
was the first to do so [ 75]; he established a model for direct surveillance: 
at n places of a process facility a possibility for diversion is assumed to be 
possible. There are k inspectors < n. Minimax strategies for the inspector 
are evaluated. A remarkable result is that there is a distinct number of 
inspectors, ko, beyond which the operator is induced to behave legally. 
Admittedly, the model is simplified, but it helps to clarify the thinking. 
Bierlein and Beinhauer continued by incorporating the aspect of inventory
taking by surprise [ 76, 77]. Another aspect is the question of where 
thresholds of significance for certain safeguards parameters such as MUF 
shall be placed. This question has been investigated by Avenhaus and 
Hopfinger [ 78]. Similarly, optimum sampling procedures have been 
considered as a decision theoretical model by Avenhaus and Gupta [ 20]. 
Hopfinger has considered the problem of action levels as related to these 
thresholds of significance [ 79]. It is obvious that the models for making 
decisions or assessments need further improvement before they can be 
applied fully to existing problems, which is not yet the case. But, as 
mentioned earlier, these aspects are an integral part of a rigorous systems 
analysis. 

(h) Cost effectiveness 

Cost effectiveness is one of the constituents of systems analysis. This 
has already been discussed several times in this paper (see, for instance, 
[ 20, 78]}. A major paper, however, that specifically focuses on cost effective
ness in the context of inventory taking is that of Stewart [ 80]. Techniques 
for giving shape to the planners' sampling-plan objectives are given by the 
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manner of stating the alternative hypothesis, optimizing the allocation of 
effort and determining a sample size which gives adequate protection. 

(i) Design criteria for future plants 

In practically all cases, existing nuclear facilities have not been designed 
with safeguards in mind. During our considerations on the logical scheme 
for a rigorous systems analysis, attention was given to the conduit function 
of containment. The containment design influences the modes of diversion 
that must be taken into account by the systems designer. Consequently 
they influence the rules on methods and procedures as well as the thinking of 
the inspector and the operator. The definition of strategic points [ 5, 30] for 
the existing inspection efforts and in particular the measurement of the flow 
of nuclear material and inventory is influenced bythe design of the contain
ment and the more general layout of the plant. Future plants can be 
designed to be specifically compatible with safeguards requirements [ 81-84]. 
It is a special task for the safeguards system designer to develop design 
criteria for future nuclear facilities. Hagen et al. of Karlsruhe have 
developed a first step for a reprocessing plant [ 85, 86]. Brown et al, in 
the UKAEA have also investigated that matter [ 87, 88]. 

With this paragraph on design criteria, the review of special contribu
tions comes to an end. As mentioned earlier, these special contributions 
must be seen against the overall situation, both generally and as outlined 
in the chapter on rigorous systems analysis. 

5. CONCLUDING REMARKS 

Safeguards analysis, research and development is still a young discipline. 
It came up by challenge and has been pursued internationally on a somewhat 
larger scale since about 1967. Much needs to be done, specifically in the 
area of decisions and operations. But it was already possible to build up an 
international safeguards system by having the terms of systems analysis in 
mind, that is, the design was done from a systems point of view. This major 
accomplishment was possible by intense international discussion and co
operation [ 30]. 

And finally, a more practical remark: the reader who wants to familiar
ize himself more intimately with this young discipline still has a fairly easy 
situation, since the clear majority of relevant papers that exist today were 
presented during the first IAEA International Symposium on Progress in 
Safeguards Techniques that was held in Karlsruhe, Federal Republic of 
Germany in July 1970, and, in conclusion, I would like to emphasize the 
importance of this Symposium. 
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A REVIEW OF THE GOALS, METHODS AND TECHNIQUES OF NUCLEAR MATERIALS SAFEGUARDS. 
The purpose of a safeguards system is to detect, or determine through threat of detection, the 

diversion of nuclear material for unauthorized uses. The input is the definition of activities required and/or 
carried out to achieve this purpose, and the output is "assurance that significant diversion has not taken 
place". Analysis and quantification of existing systems; present and future research and development 
needed to improve the present system or provide equally effective alternatives; and implications of the 
safeguards system with respect to the design and operation of nuclear facilities are discussed. A decade of 
study of the nature of safeguards systems and analysis of their operating characteristics has led to a broad 
degree of international agreement on the best alternatives and their capabilities. However, there is less 
agreement on the extent to which implementation is feasible and desirable, since this may be highly 
dependent on the nature of the facilities and operations to be safeguarded and the definition of safeguards 
objectives. Present systems work is being directed towards (1} determining the consequences of imposed 
constraints and (2) examining possibilities for improving or modifying the system. Review of experience has 
led to the conclusion that research and development activities should concentrate on providing and improving 
methodsofnon-destructiveassay for fissionable material. This program should consist of three parts: 
(1} development of techniques for assay: (2} definition of equipment requirements for application of these 
techniques, both for use in plants and by inspection staff; and (3} determination of the errors, costs, and 
throughputs of measurement devices using these techniques. Preliminary estimates have been made of the 
accuracy of a material balance over segments of the nuclear industry when these methods are used. One 
area of recent emphasis has been the development of design criteria for industrial nuclear facilities of several 
kinds. The first results have been a number of recommended criteria to be used during the initial design 
stage. These criteria would ensure that facilities embody structural and equipment features that might be 
expensive or time-consuming to add later. The second stage of this activity provides a list of physical and 
procedural characteristics considered necessary for safeguarding specific kinds of nuclear facilities. This, 
set of characteristics is constructed to meet the needs of United States domestic safeguards as they arise in 
connection with future plants. As the International Atomic Energy Agency's safeguards methods become 
better defined, the list of characteristics will, if necessary, be modified to embody Agency needs. 

EXAMEN DES OBJECTIFS, DES METHODES ET DES TECHNIQUES DU CONTROLE DES MATIERES NUCLEAIRES. 
Le but d' un «systeme» de controle est de detecter ou de determiner, en menarant de detection, le 

detournement de matieres nucleaires a des fins non autorisees. «Les donnees d' entree» soot constituees par 
la definition des activites necessaires ou mises en ceuvre a cette fin et les «donnees de sortie» par «1' assurance 

qu' aucun detournement important n' a eu lieu». Le memoire decrit I' analyse et Ia quantification des systemes 
existants, les travaux de recherche et de mise au point qui sont ou seront necessaires pour ameliorer le systt:?me 
actuel ou fournir d' autres solutions egalement efficaces et les incidences du systeme de garanties pour I' etude 
et I' exploitation des installations nucleaires. Apres dix ans d' etude sur Ia nature des systemes de garanties 

;;~ Work performed under the auspices of the U.S. Atomic Energy Commission. 
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et d' analyse de leurs caracteristiques ophationnelles, la communaute internationale est parvenue a un large 
degre d' accord quarrt aux meilleures solutions et a leurs possibilites. Toutefois, I' accord est moirrdre quarrt 
a Ia mesure dans laquelle Ia mise err ceuvre de ces systemes est possible et souhaitable, car ceci peut deperrdre 

dans une large mesure de la nature des installations et des operations soumises aux garanties et de la d€.finition 
des objectifs des garanties. Les travaux actuels en la matiere visent a 1) determiner les consequences des 

limitations imposbes et 2) examiner les possibilitbs d' amblioration ou de modification du systeme. A la 

lumiere del' experience acquise, on est parvenu ala conclusion que les travaux de recherche et de mise au 

point devraient viser a instaurer et ambliorer des methodes d' analyse non destructive des produits fissiles. 

Le programme devrait comporter trois parties: 1) mise au point de methodes d' analyse; 2) definition du 
materiel necessaire a 1' application de ces methodes, ala fois dans les installations et par les services 
d' inspection; 3) determination des erreurs, et des coOts des dispositifs de mesure utilisant ces techniques, ainsi 
que des quarrtites de produits mesures. Orr a procede a des evaluations prelimirraires de I' exactitude d' urr 
bilan matieres dans les secteurs de l' industrie nuclf~aire aU ces methodes sont utilisCes. On a particulierement 
mis l' accent rCcemment sur l' etude des caractCristiques a donner a differents types d' installations nucleaires. 

Orr est d' abord parvenu a etablir urr certain rrombre de criteres a appliquer au cours de I' etude irritiale. 
Ces criteres assureraient que les installations com portent des structures et des appareils dont l' adjonction 
pourrait ulterieurement etre onCreuse ou demander beaucoup de temps. Au deuxieme stade, on a Ctabli 
une liste de caracteristiques physiques et operationnelles jugees necessaires pour le contrOle de certaines 
categories d' installations nuclCaires. Cet ensemble de caractCristiques est destine a rCpondre aux besoins du 
corrtrole qui devrait etre exerce sur le plan irrterieur aux Etats-Urris du fait de I' amerragemerrt des futures 
installations. A mesure que les methodes de gararrties de I' Agerrce irrterrratiorrale de I' errergie atomique 
seront mieux dCfinies, on modifier a le cas Ccheant la liste des caracteristiques pour mieux rCpondre aux 
besoirrs de I' Agerrce. 

PACCMOTPEHHE UEJJEH, METO)lOB H TEXHHYECKHX ITPHEMOB ITPHMEHEHH51 rAPAH
THH K 51)lEPHblM MATEPHAJJAM. 

lieJJb 11 CHCT€Mhl 11 rapaHTHif COCTOHT B TOM, 1-IT06bi o6Hapy)KHTb HJJH onpe.n;eJIHTb, 00)1; yrpo-

30i::t: 06HapyJK€HHR 1 nepeKJJl04€HHe 51)];€pHbiX MaTepHaJIOB Ha Hepa3pellieHHhl€ l.I€JIH. TiposepKa BBO

.lla 51.ll€pHoro MaTepHaJia B ycTaHOBKY- 3TO onpe.lleJJemte ,ll€5IT€JJbHOCTH, He06XO)];HMOfi H(HJJH) 

npOBO.llHMOH: )];JJH ocyiUeCTBJI€HH51 .n;aHHOfi U€JIH 1 nposepKa BblBO)];OB MaTepHaJia DO.llTB€p!K.n;aeT 

"ysepeHHOCTh B TOM, Y:TO He npOH30lliJJO 3Ha4HT€JJbHOrO nepeKJJI04€HH51 MaTepHaJJa". B .n;aHHOM 

.llOKJJa,ne o6cy/K.llaiOTC51 BOTlpOCbi aHaJIH3a H KOJIH4€CTB€HHOrO onpe.neneHH51 CYIU€CTBYIOIUHX CHC

TeM; COBpeMeHHbi€ H 6y.llylllH€ Hayt..~Hhi€ HCCJl€.llORaHH51 H pa3pa60TKH, He06XO.llHMbi€ .llll51 YJIY1..1IIIe

HH51 Cylll€CTBYI01Ueif CHCT€Mbl HJJH .llJI51 npe,nOCTaBJJ€HHH TaKHX )K€ 3<fl(fleKTHBHbiX aJJhT€pHaTHs; 

npHM€H€HH€ CHCT€Mbi rapaHTHtf B 06JJaCTH npoeKTHposaHH51 H 3KCnJiyaTaUHH H.UepHbiX ycTaHOBOK. 

,lleC51THJI€TH€€ H3Y1..1€HH€ xapaKTepa CHCT€M rapaHTHtf H aHaJJH3 HX pa604HX XapaKT€pHCTHK TipH

B€JIH K onpe,neJieHHOtf M€JK.llyHapO.llHOif .n;orosopeHHOCTH OTHOCHT€JlbHO HaHJJYl..llllHX aJJbT€pHaTHB H 

HX B03MOIKHOCTeH. O.nHaKO He HM€€TCH TIOJIHOH .n;orosopeHHOCTH OTHOCHTeJibHO TOrO, HaCKOJihKO 

Jt(€JJaT€JlhHO H B03MO/KHO :~TO npHM€H€HHe, OOCKOJibKY 3TO B 3Ha4HT€JJbHOi1 CTeneHH MO/KeT 3aBH

C€Tb OT XapaKTepa ycTaHOBOK H onepal.IHH:, K KOTOpbiM ,llOJJIKHhi npHM€HHTbCH rapaHTHH 1 HOT on

p€.ll€Jl€HH51 U€Jieif rapaHTHif. Pa6oTa cyiUeCTBYIOIUHX CHCT€M HanpaBJieHa Ha: 1) onpe.neneHH€ 

BJJH51HH51 BB€.ll€HHblX orpaHHY:€HHH, 2) H3Y4€HH€ B03MOIKHOCTeH .llll51 YJJY4lll€HH5I HJIH H3M€H€HH51 

CHCT€Mbi. H3y4eHH€ HaKOOJJ€HHOrO ODbiTa npHB€JJO K BblBO.llY 0 TOM 1 '-ITO Hayl..IHbi€ HCCJl€.llOBa

HH5I H pa3pa60TKH JlOJI/KHhl COCp€.llOT04HTbC51 Ha npe.UOCTaBJJ€HHH H YJJYYIII€HHH M€TO,ll0B aHaJIH3a 

.nenmnerocH MaTepHana 6e3 pa3pyiiieHHH o6pa3ua. ,IlaHHaH nporpaMMa .nonJKHa coCTOHTh H3 

Tpex 1..1acTeH: 1) pa3pa6oTKa MeTO.llOB aHaJIH3a; 2) onpe.neneHHe noTpe6HOCTeH B o6opy .nos a

HHH )];JJ71 npHM€H€HJ.151 3THX M€TO.ll0B KaK )lll51 HCOOJlh30BaHH51 Ha ycTaHORKaX, TaK H HHCTI€KTOpaMHj 

3) Onpe.neJJeHH€ OIIIH60K 1 paCXO)];OB H npOH3BO)];HT€JlhHOCTH H3MepHT€JihHbiX ycTpOfi:CTB, B KOTO

pbiX npHM€H51lOTCH 3TH M€TO)lbi. TipOB€.ll€HO npe.n;sapHT€JlbHO€ onpe)l€Jl€HH€ TOl..IHOCTH 6aJiaHCa 

MaTepHaJIOB 00 pa3JIHY:HbiM 0TpaCJI51M 5I,ll€pHOi:f npOMbiiiiJI€HHOCTH, r,ue HCOOJlb3YIOTC5I yKa3aHHhl€ 

M€TO.llbl. 0.n;Hoi1 H3 06JJaCTeif, KOTOpoH He)laBHO y.n;eJIHJIOCh OC06oe BHHMaHH€ 1 6biJia pa3pa60TKa 

KpHTepH€8 .llll5l npoeKTHpOBaHH51 npOMbiiiiJI€HHbiX H,nepHbiX ycTaHOBOK H€CKOJlhKHX THOOB. Tieps1I

MH pe3yJibTaTaMH 6biJI p5i,l peKOM€H.llOBaHHblX KpHTepH€8 )lJIR HCDOJib30BaHH51 BO Bp€M5!" nepBOHa

Y:aJihHOrO npO€KTHpOsaHH51. 3TH KpHT€pHH 06ecne4aT B0DliOlU€HHe B ycTaHOBKaX CTpyKTypHbiX 

oco6eHHOCTeif o6opy,n;osaHH5l 1 KOTOphle MoryT OKa3aTbC51 .n;oporoCT05'1IUHMH HJIH Tpe6yiOlllHMH MHO

ro speMeHH, ecJIH HX .nononH5'1Th no3.nHee. BTopoH 3Tan 3ToH pa6oTbi npe.n;ycMaTpHsaeT cnHCOK 

CflH3HY:€CKHX H npoue,n;ypHbiX XapaKTepHCTHK, KOTOpbl€ C4HTalOTC5l He06XO.llHMbiMH .llll51 npHM€He

HH51 rapaHTHi1 K OC06biM BH)laM 51.ll€PHbiX yCTaHOBOK. 3TH xapaKTepHCTHKH COCTaBJI€Hbi TaKHM 

o6pa30M, YT06bi OTBe'-laTb Tpe6osaHH51M BHyTpeHHHX rapaHTHH Cill A TIO Mepe HX B03HHKHOB€HH11 

B CB513H C C03,llaHH€M 6y.nyiUHX ycTaHOBOK. Do Mepe 60JJee TO'-IHOrO Onpe,neJI€HH5I M€TO.ll0B TipH

M€H€HH51 rapaHTHfi Me)f(.llyHapo.nHoro areHTCTsa no aTOMHOfi 3HeprHH Mhi 6y,n;eM npH Heo6xo.nHMO

CTH H3M€H5ITh CDHCOK xapaKTepHCTHK, )lll51 TOrO t,IT06bJ OTpa!KaTb Tpe6osaHH5l AreHTCTBa. 
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EXAMEN DE LOS FINES, METODOS Y TECNICAS DE SALVAGUARDIAS DE MATERIALES NUCLEARES. 

La finalidad de un <<-sistema» de salvaguardias consiste en detectar o determinar par media de la 
posibilidad de detecci6n la diversiOn de materiales nucleares para empleos no autorizados. El principia 
consiste en la determinaciOn de las actividades requeridas y/o realizadas para alcanzar esa finalidad, y el 

resultado es <<.la seguridad de que no ha tenido lugar una diversiOn significativa ». En la memoria se 
estudia el an.3.lisis y cuamificaci6n de los sistemas existentes; las investigaciones y desarrollos, actuales 

y futures, necesarios para mejorar el sistema actual o proporcionar alternativas igualmente efectivas; y 
las implicaciones del sistema de salvaguardias con respecto al disei1o y funcionamiento de instalaciones 

nucleares. Una decada de estudio del car.3.cter de los sistemas de salvaguardias y de analisis de sus caracterlsticas 

de funcionamiento ha llevado a un am plio acuerdo internacional sabre las mejores alternativas y posibilidades. 
No obstante, el acuerdo es men or sabre Ia extensiOn en que es posible y deseable Ia aplicaci6n de tales sistemas, puesto 

que ella puede de pender de la naturaleza de las instalaciones y de las operaciones que se some tan a salvaguardias, as{ 

como de Ia determinaciOn de los obj eti vos de las mismas. Los actuales trabajos sabre los sis tern as se orient an hacia: 

1) Ia determinacion de las consecuencias de las limitaciones impuestas; 2) el examen de las posibilidades 
de mejorar o modificar el sistema. La consideraci6n de la experiencia ganada ya ha llevado a la conclusiOn 

de que las actividades de investigaci6n y desarrollo deberlan concentrarse en proporcionar y mejorar los 

metodos de ensayo no destructivos de m ateriales fisionables. Este program a consistirla en tres partes: 1) 

desarrollo de tecnicas de ensayo; 2) determinaciOn de las necesidades de equipo para la aplicaciOn de esas 
tecnicas, para su empleo tanto en las plantas como por el personal de in~pecciOn; 3) determinaciOn de los 
errores, costas y rendimientos totales de los aparatos de medida que emplean esas tecnicas. Se han preparado 

c.3.lculos preliminares de Ia precisiOn de unbalance de materiales referente a sectores de la industria nuclear 

cuando se emplean dichos metodos. Recientemente se ha prestado especial atenci6n a! desarrollo de criterios 
de diseiio para varias clases de instalaciones nucleares industriales. Los primeros resultados han producido 

cierto nGmero de criterios recornendados para su aplicaci6n durante la fase inicial de diseDo. Esos criterios 
asegurad'am la incorporaci6n en las instalaciones de caracterlsticas estructurales y de equipo que, si hubieran 

de introducirse m.3.s tarde podrlan ser costosas o causar perdidas de tiempo. La segunda fase de estes estudios 

la servido para proporcionar una lista de caracterlsticas flsicas y de procedimiento necesarios para cierto 

tipo especlfico de salvaguardias de las instalaciones nucleares. Este conjunto de caracterlsticas tiene como 

fin satisfacer las necesidades referentes a las salvaguardias internas en los Estados Unidos que se hayan de 

aplicar a futuras plantas. A medida que vayan perfeccionandose los metodos de salvaguardias del Organismo 
Internacional de Energla At6mica se ir.3. modificando, en los casas necesarios, Ia lista de caracterlsticas para 

que incorpore los requisites exigidos par el Organismo. 

Safeguards on nuclear materials are undergoing evolution in the United 
States, as well as in the international community. The changes under way are 
largely the result of analytical studies of the goals of safeguards and of 
the methods and techniques available for achieving the goals. We shall sum
marize here some of the reasoning that has evolved in American analysis, and 
some of the new directions being explored. 

General Objectives 

There is generally broad agreement on the basic elements of safeguards 
systems and the purposes served by these elements. The basic elements of any 
safeguards system are surveillance, a component called either containment or 
physical protection, depending on the context. and material balance accounting. 
Containment can involve the use of fences, substantial walls and enclosures, 
locks, tags, seals, and similar measures available for international as well 
as national safeguards. A national safeguards system can also make use of 
guards and security devices. The mixture of containment and protective meas
ures in national safeguards is usually called physical protection. Surveil
lance includes direct observation and monitoring, and, equally importantly, 
verification of plant operation and plant data. Material balance accounting 
is concerned with records, reports, and source data from the facility being 
inspected, and independent measurement as needed to form independent conclu
sions on materials accountability. While surveillance and physical measures 
provide direct and timely information on safeguarded material, accounting 
procedures provide indirect or circumstantial evidence. 
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A safeguards system achieves effectiveness through its capability to 
deter or prevent diversion attempts and to detect diversion if it occurs. 
Physical protection, including containment, provides a clear-cut capability 
for timely evaluation; for if a diversion were attempted, protective bar
riers would have to be breached, or broken locks or seals could ensue. How
ever, effective containment and protection can sometimes restrict the mo
bility of material and plant personnel, and this may be incompatible with 
the operation of the process. 

Surveillance can both detect and deter diversion, but its effectiveness 
is very difficult to quantify. Surveillance is certainly more timely and 
effective if it is continuous. Anyone intent on performing a diversion that 
might be detected by surveillance would obviously make his attempt when sur
veillance is minima 1 or absent. Any non- random or announced periodic surveil
lance would be largely ineffective in revealing a diversion attempt, unless 
measures were included to ensure that evidence is left afterwards. 

Procedures such as those discussed above are designed primarily for 
timely evidence regarding a possible diversion. Material accounting pro
cedures are used to analyze the possibility that diversion may have taken 
place over some past period of time. Thus, it is possible through material 
accounting procedures to "catch up" with a diversion that has taken place 
in the past. In this way, the material balance portion of the safeguards 
system can set an upper limit to the amount which could have been diverted 
without detection. On the other hand, evidence from this type of inspection 
activity is always circumstantial unless it leads to after-the-fact investi
gation providing direct evidence regarding possible diversion. There is also 
a threshold to the sensitivity of material balance accounting, in that small 
(and perhaps not so small) diversions could occur with little effect on the 
accounts. Both the deterrent effect and the sensitivity of material account
ing depend on the amount and type of material. 

The preceding framework is useful in characterizing the input to a safe
guards system. Characterizing the output is much more difficult. The amount 
of effort required for a given effectiveness or the effectiveness from a 
given effort will vary with the size of the facility and the throughput and 
complexity of the process. Because they contain immobile nuclear material, 
reactors present safeguards problems that are generally different from those 
either of chemical-processing plants or fuel-fabrication plants. Likewise, 
the high radioactivity of the materials encountered in chemical processing 
plants contributes to causing differences between safeguards at these plants 
and at fuel fabrication plants. 

The effectiveness of inspection will of course depend on the intensity 
of effort. It will depend on the technical ability of inspectors, and the 
technical facilities available to them. The effectiveness will vary with 
the number of inspection personnel. 

Intuitive considerations of this kind show in what ways the effective
ness of safeguards is a function of the size, or complexity, of the facility 
inspected and the magnitude of the inspection effort. These considerations 
can also be subjected to approximate quantification. Figure 1 shows an exam
ple of the relationship between these factors, as developed several years ago 
in connection with a study of inspection requirements for one plutonium pro
duction complex. The general relationships in Figure 1 should always be valid 
in most safeguards applications, although such attempts to quantify them are 
always subject to question. 

No system can absolutely guarantee 100 percent effectiveness. No purely 
technical means exists for deciding just what combination of effort and ef-
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fectiveness is right for a given facility. One difficulty in analyzing the 
needs for safeguards activities and for research and development has been this 
lack of a good definition of safeguards effectiveness, and a quantitative basis 
for evaluating how good safeguards must be. Usually we have only been able to 
determine approximate relationships of the type shown in Figure 1. 

The above studies to date indicate that among the fruitful areas for fur
ther research and development leading to systems improvement are: 

1. improved measurement procedures, particularly nondestructive methods 
that are on-line, accurate, and fast. These methods are needed to ensure that 
only measured data are used in material balance accounting. 

2. methods of containment, physical protection, and surveillance that 
simplify accounting, improve assurance, and do not impede normal operation of 
processes. An example is the use of secure seals on shipments of fissionable 
material to ensure that any differences between shippers 1 and receivers 1 

measured values of the amounts shipped are not indicative of theft in transit. 

3. a system of reporting and analyzing accountability data that provides 
timely assurance with respect to a complete system, as well as to each facility 
in the system. 

4. criteria for the design, construction, and operation of facilities 
of different kinds that define operational boundaries for safeguards pur
poses. Operation of a facility within the boundaries and according to the 
criteria should normally provide adequate assurance regarding safeguards. 

5. continued study of the definition and evaluation of effectiveness. 

These areas of research and development fall in two classes: study of 
methods of improvement of safeguards by facilities possessing and using fis
sionable material, and studies of methods of improving and quantifying as
surance derived from inspection. In the first area, there has been an em
phasis on the methods of safeguards and definition of the steps required for 
effective implementation of the method. Progress in the second area has led 
to recognition that, 



328 KOUTS et al. 

1. analysis of inspection strategy depends strongly on the definition 
of the threat involved, not only in terms of the economic or strategic value 
of the material but also the possible methods and motives for diversion that 
must be considered, and 

2. the feasibility and effectiveness of a given technique will vary 
with its level of application, so that the inspection strategy should vary 
qualitatively and quantitatively at various levels. 

The first of these says that at the start of technical analysis, cer
tain policy decisions are essential to define the required system. The 
second implies that the balance among the elements of the system, if not 
the elements themselves, should be expected to vary with the output required. 
It should be expected that a system developed by the IAEA to guard against 
nuclear proliferation, particularly at the national level, would differ in 
many important respects from the system used by a plant operator to insure 
against individual thefts. 

We shall now focus on two aspects of the analytical studies: (1) the 
features and goals of design criteria that are being developed, and (2) es
timates of the accuracy of a material balance over segments of the industry 
when new trends in design criteria and procedural criteria are effected. 

Design Criteria 

It has been recognized for some time(l] that certain plant design fea
tures are important to the safeguarding of strategically significant quan
tities of special nuclear material. Under the sponsorship of the AEC's 
Office of Safeguards and Materials Management, a programmatic study has been 
initiated to develop design criteria which, when implemented, should provide 
assurance that the design and construction of facilities are compatible with 
good safeguards practice. Initial studies are directed at producing criteria 
for future, privately-owned nuclear facilities, specifically,power andre
search reactors, fuel reprocessing plants, and fuel conversion and fabrica
tion plants. Similar studies are to be conducted for AEC-owned and contractor
operated facilities to develop criteria equivalent to those for privately
owned facilities. Problems from any need for retrofitting of existing plants 
will be the subject of a later study. 

The draft criteria which have been developed are still undergoing review 
and modification, and it would therefore be premature to state them in this 
paper. It is more appropriate to review the aspects of plant design and op
erations that have been considered. Because of the general acceptance and 
use of the health- and safety-oriented General Design Criteria for Reactors 
used for reactor safety analysis in the U.S., l2 l the safeguards-oriented 
criteria have borrowed several general concepts from the reactor criteria 
with appropriate changes to reflect the safeguards implications. 

An important aspect of the draft design criteria is a provision that 
those systems and components which involve features important to safeguard
ing will be designed, fabricated, erected, tested, and maintained to qual
ity standards that reflect the importance of, and assure the ability to im
plement, the safeguards functions to be performed. In order to facilitate 
safeguards inspection and confirmation, appropriate surveillance equipment 
will be installed, and adequate records will be kept of the design, fabrica
tion, tests and maintenance of items important to safeguards. 

In order to assure adequate physical protection and security of the fa
cilities, the criteria include requirements for physical barriers, facility 
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isolation and lighting, restrictions on personnel access, secure methods of 
storage of special nuclear materials, and communication and intrusion alarm 
systems. There are also recommended design criteria as regards sampling 
capability, facilitation of the cleanout of equipment, and capability of the plant 
with its equipment and laboratories to measure with acceptable accuracy 
the amount and composition of all special nuclear materials in the plant, 
where and when such measurements are deemed important to nuclear safeguards. 

A major consideration has been the intent to allow the plant designer 
as much latitude as possible in the design of his equipment. It should be 
unarguable that satisfactory safeguards requires a sure knowledge of the 
SNM content of any material entering or leaving the plant. This includes 
the special nuclear material in product, in waste (including all effluents), 
and in any scrap shipped off site. In addition, equipment should be de
signed to accommodate physical inventory, both for material in process and for 
material in storage. 

Design criteria of this kind are related to elements of design informa
tion for safeguards administered by the International Atomic Energy Agency[3J, 
but there are also fundamental differences. The U. S. studies on design cri
teria are intended to develop information helpful to plant design at an early 
stage while the design is flexible and the difficulty and expense of design 
changes are small. It is hoped that use of these criteria will largely avert 
any need for structural change to provide adequate safeguards after construc
tion is finished. The design information sought by the International Atomic 
Energy Agency includes aspects of design of structures and equipment and 
also design of procedures. These are to be used in developing details of an 
agreement between the Agency and the State on administration of safeguards. 

Procedural Safeguards 

The above study of design criteria has been concerned more with aspects 
of physical protection and automated surveillance and only to a lesser ex
tent with materials accounting. The reverse is true of the study of proce
dural safeguards. We shall consider here only that part of procedural safe
guards related to accounting and only that part of safeguards that might be 
administered by the operator of a facility. 

The study begins from the following assumptions: 

1. Materials accounting by the facility must be sensitive to the pos
sibility of diversion of special nuclear material containing amounts of U-
235, plutonium, or U-233 exceeding certain values. These values, which may 
be different for different fissionable materials,we shall call the threshold 
values related to these materials. While specific threshold values have been 
chosen for the purpose of this study, other and in fact smaller values might 
be appropriate for other studies. 

2. Materials accounting by the facility must provide assurance against 
the possibility of diversion over a critical period of time. The critical 
time is taken to be a period not longer than the minimum time between a postu
lated diversion and the construction of a nuclear explosive device from di
verted material. This is the critical time as has been defined by Morgan[4] 
and Brown[ 5 J, although the times used in the present study differ to some ex
tent from the ones suggested by Brown. 

3. Indices that must be evaluated in terms of the threshold value and 
the critical time are required on the following quantities: 
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a. material unaccounted for (MUF) 

b. the limit of error on MUF (LEMUF), as deduced from propagation 
of random and systematic errors. 

Additional indices are required for: 

c. measured discards 

d. the accuracy of measurement of discards 

e. shipper-receiver differences, both on single shipments and on 
sets of related shipments between the same shipper and the same 
receiver. 

4. The analysis related to evaluation of the indices must be based en
tirely on measured quantities. The data used in the materials accounts must 
then all be measured as well. This requirement calls for a fully measured 
material balance, and it leads to a subsidiary set of requirements for meas
urements, programs of measurement calibration, records, and records analysis. 

5. Secure methods of physical protection, containment, and surveillance 
can be used in special cases to extend beyond the critical time the period 
of time within which assurance is needed. For instance, highly reliable 
seals on containers or vaults can be used for this purpose. 

Specific assumptions have been made with respect to threshold values and 
critical times for the purposes of this study. Other assumptions might be ap
propriate as well. The present assumptions are listed in Table I. The analysis 
has explored the capability of a safeguards system,administered by a facil-
ity possessing and using special nuclear material, to provide assurance con
sistent with Table I through the use of measured material balances using 
certain assumed measurement methods. These are not necessarily the best 
measurement methods that could be used. 

The requirement for use o~ly of measurTd data in materials accounting 
has been discussed by Suzuki[ 6 and Marcuse 71, who have shown that data ob
tained using by-difference methods instead of complete measurement tend to 
destroy the usefulness of accounting in analysing the possibility of di
version. The complete use of measured data also has the interesting and val
uable property that it permits an almost continuous estimate to be formed on 
the closing of the material balance. This estimate is only as timely as the meas
urements used in the accounting. The basis of the estimate is the difference 
between the Book Inventory (Receipts less Withdrawals for the facility or the 
Material Balance Area) and the Tag Inventory (the sum of the tag values of 

TABLE I. THRESHOLD VALUES AND CRITICAL TIMES ASSUMED 
FOR THIS STUDY 

Material Threshold values Critical time 

Plutonium 2 kg Pu 10 d 

Low-enriched uranium 5 kg 23Su 1 month 

High-enriched uranium 5 kg 235 u 10 d 

233u 2 kg 233u 10 d 
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special nuclear material in containers or otherwise identified). [8) This 
MUF-like quantity is equal to the sum of MUF and the amount of special nuclear 
material in process, if the accounts are formed in such a way as to reflect 
the entry of material into processing. The amount of SNM in process can go 
to zero either through intent or as the result of normal fluctuation in manu
facturing. At such a time, the MUF-like quantity is equal to the MUF. Ac
counts based on use of the measured tag values to define Tag Inventories pro
vide an ultimate in timeliness of materials accounting. 

Materials accounting based on fully measured tag values leads to consid
erable simplification and clarification of the procedures for physical inven
tory. In a sense, the Tag Inventory already has some of the properties of a 
physical inventory, because all tag values are measured values. Physical in
ventory then consists of go- no-go tests of the gross presence of the mate
rial listed on all tags, supplemented by verification of attributes listed on 
tags, using statistical sampling methods. The go- no-go tests considered so 
far are simple verifications of gross weights; the attributes considered are 
chemical and isotopic compositions. Studies until now have considered only 
conventional chemical and isotopic methods in most process and inventory meas
urements. It is recognized, however, that nondestructive methods of testing 
and assaying can simplify and speed up these activities, as well as provide 
them with a new dimension. Extension of the analysis to include use of non
destructive methods has a high priority. 

Studies based on these points of view have been made for facilities 
fabricating low enriched uranium oxide fuel for power reactors, facilities 
fabricating reactor fuel from mixed oxides of plutonium and uranium, and 
chemical reprocessing plants for spent reactor fuel. These constitute most 

TABLE II. CALCULATED PERFORMANCES OF DIFFERENT FACILITIES 

Type of facility Critical time 

Low-enriched uranium 
1 month 

oxide fuel fabrication a 

Low-enriched uranium 
1 month 

oxide fuel fabrication b 

Mixed plutonium-uranium 
10 d 

oxide fuel fabrication c 

Mixed plutonium-uranium 
10 d 

oxide fuel fabrication d 

Spent fuel reprocessing e 1 month for Pu 
(based on secure 
process MBA) 

a 2.2 tonne/d producrion rate, starting with hydrolysis of UF6 , 2.12"/o 235u. 
b 0.5 tonne/d production rate, starting with hydrolysis of UF6, 2.5"/o 235u. 
c 0. 5 tonne/d production rate. co-precipitation, 2"/o plutonium oxide. 
d 0. 25 tonne/d production rate, dry blending, 2"/o plutonium oxide. 

LEMUF 

9.72kg 235 uf 

2. 59 kg 235u f 

2.97 kg Pu f 

1.59 kg Pu f 

2.15kgPu 

e 2 tonne/d processing rate, 7 kg plutonium/tonne uranium, item accounting used up to fuel 
dissolution. 
Allowance made for some covariances among receipts, product, and inventories. 
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of the relevant facilities in the power reactor cycle, inasmuch as the power 
reactors themselves are best dealt with on the basis of item accounting for 
identifiable or countable fuel assemblies and fuel pins. 

Typical facility-wide values of LEMUF at the 95% confidence level for 
different kinds of facility and different sizes of facility are shown in 
Table II. These have been calculated using specific assumptions as to er
ror limits of individual measurements. These are not necessarily the best 
measurement methods that might be specified, but they are currently used or 
currently available methods. It is seen that in most cases values of LEMUF 
would meet criteria based on closure of the material balance to an accuracy 
compatible with the threshold values in Table I over the critical times in 
Table I at least for the smaller facilities. As the facility size is in
creased, several courses of action are available. Better methods of measure
ment and calibration could be used than those assumed for the calculations, 
to reduce the estimated value of LEMUF to below criteria levels. Alternatively, 
the facility can be divided into several material balance areas. This possi
bility is less helpful for reprocessing plants than for inventory-dominated 
facilities such as those for fabricating fuel. 

Subdivision of facilities into smaller material balance areas is facil
itated by the use of the classification shown in Figure 2, which differs 
somewhat from the classification proposed by the IAEA for international use. 
The basic material balance area is the process area. A process area receives 
feed, and it experiences removals as product, intermediate product, or waste. 
A secure process area has an added feature: secure containment is used to as
sure that special nuclear material only enters and leaves the area in monitored 
and completely measured streams. MUF can be generated in either a process area 
or a secure process area. A measured discard area receives discards, the in
put being measured. The discard area can be the discard point, or it can be 
a staging area on the way to discard. In either case, the values of SNM re
corded for discard are based on the same measured values as are used to book 
the SNM into the area. A storage area is used for feed, product, or inter
mediate product, and receipts and removals are based on the same measured 
values. No MUF is possible from a measured discard area or a storage area 

FEED PRODUCT 
- PROCESS 1--

t 
DISCARDS 

MUF GENERATED 

PROCESS MBA 

DISCARDS STORAGE PJ::~b~~I 
- OR ~ 

HOLDUP 

MUF= 0 

MEASURED DISCARDS MBA 

FIG.2. 

MUF GENERATED 

SECURE PROCESS M8A 

IN ON OUT ON 
TAGS SAME TAGS 

- STORAGE 1--

MUF •0 

ITEM ACCOUNTABILITY 

STORAGE MBA 

Types of MBA. 
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unless a diversion has taken place. The difference between this scheme for 
MBAs and that used by the IAEA is simply the result of the difference between pro
cedures proposed for use by the IAEA and those that can be used by the safe
guards staff of a facility. 

The use of physical protection and containment for secure process areas 
and secure storage provide a basis for extending the period between physical 
inventories of these areas, as indicated earlier. 

Values of LEMUF have been calculated for a subdivision of the larger low 
enriched oxide fabrication facility listed in Table II. The results are shown 
in Table III. 

TABLE III. LEMUF FOR PARTITIONED U02 FUEL 
FABRICATION FACILITYa 

MBA Type 

UF6 receiving Storage 

Co-precipitation Secure process 

Ceramic Process 

Product storage Storage 

a 2.2 tonnes/d production rate, 2.12o/o 235 U (averaged). 

b Critical time extended because of assumed secure area. 

c LEMUF ~ 0; LE of inventory ~ 0. 77 kg 235 U. 

Critical time 
(months) 

LEMUF 

(kg 235 U) 

5.10 

5. 04 

od 

LEMUF ~ 0; LE of inventory ~ 2. 21 kg 23 'u, based on assumed four-month residence of uranium 
in the plant. 

The analysis described above has focused on calculations of LEMUF over 
relatively short balance periods. This quantity is important as representa
tive of the size of diversion or loss that could lead to an excessive level 
of MUF over the accounting period. Excessive MUF would be a condition in
dicating a need for investigation. The value of LEMUF formed over a short 
period of time has large contributions from inventory terms and random errors. 
As the period for forming LEMUF is lengthened, the effects of inventory terms 
and random errors become small compared to the effects of flow terms and 
systematic errors. The net result is that tests for long-term MUF are much 
more sensitive than might be expected simply from extending the results in 
Tables II and III over longer periods. Propagation of anticipated systematic 
errors over long periods of time leads in most cases to a sensitivity per unit 
time substantially better than that over short periods. 

These studies of procedural safeguards have demonstrated that a 
structuring of the system along the lines of threshold values and critical 
times is workable. It has been concluded that while criteria based on the 
assumed threshold values cannot be met in all cases now, especially for some 
larger facilities, introduction of the better measurement methods now available 
would permit meeting the criteria in a reasonably short time. Better meas
urement methods would, in fact, permit using more stringent criteria. 
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Future Studies 

Future analytical studies will concentrate on the following areas: 

1. Extension of the analysis to other facilities, particularly AEC
owned, contractor-operated ones. 

2. Re-analysis to take into account the advantages offered by the rapid 
methods of nondestructive assay that have been generated by the research and 
development program. These methods should improve timeliness of measured 
data. They should also lead to reducing the systematic errors attached to 
some measured data, at the minor disadvantage of some increase in the random 
error. 

3. Improved inspection strategies, and the interaction between facility 
safeguards and inspector activities. 

4. The development of methods of information transmittal, storage, and 
analysis, to take advantage of the possibilities offered by safeguards struc
tured on the lines described in this paper. 

5. Extension of analysis to include effects of IAEA activities under 
the Presidential Offer. 

6. Other possible choices of threshold values and critical times. 
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Abstract-Resume- AHHOT8IIM.R -Resumen 

A REVIEW OF THE NATIONAL SAFEGUARDS SYSTEM IN JAPAN AND ITS SYSTEMS STUDY. 
The first part of this paper summarizes the present situation on the implementation of the national 

safeguards system in Japan and on the safeguards system of the International Atomic Energy Agency based 
on bilateral agreements. Since the establishment of the Atomic Energy Basic Law in 1955, the Japanese 
government has succeeded in ensuring that nuclear material in Japan is used only for peaceful purposes. 
For achieving this purpose, the Law for Regulation of Nuclear Material and Reactors was established. 
According to that Law, several control measures were carried out on all nuclear material in Japan, including 
the design review of the nuclear facilities, the records and reports system as well as verification by the Japan 
Atomic Energy Bureau. Also, the IAEA is safeguarding some nuclear material and facilities transferred from 
the United States of America, the United Kingdom and Canada in accordance with the provisions of bilateral 
cooperation agreements for the peaceful uses of atomic energy. This paper also summarizes Japanese policy 
on the rationalization of the safeguards system for Japan with relation to the NPT, and outlines the research 
and development activities on safeguards technology in Japan. 

The second part of this paper summarizes the systems study on the national safeguards system. The 
aim of this study is to evaluate the control system for nuclear material from the standpoint of cost 
effectiveness. As a basis for the systems approach, a macro-model of the entire national fuel cycle in Japan 
from 1970 to 1980 was constructed. Then a micro-model on the flow of nuclear material in the individual 
facilities was constructed. Using the output data of this model, the flow of materials through strategic 
points and the inventory in the facility were constructed. Based on the output of these models, the costs and 
effects of various safeguards measures were analysed. Combining the above results, a cost-effectiveness 
analysis was studied for the proposed national control system of nuclear material with special consideration 
given to a consistent level of effectiveness in different facilities. 

EXAMEN DU SYSTEME NATIONAL DE GARANT!ES APPLIQUE AU JAPON ET DE L' ETUDE DE SYSTEMES 
SUR LEQUEL IL SE FONDE. 

La premiere partie du memoire expose succinctement la situation actuelle en ce qui concerne la mise 
en ceuvre du systeme national de garanties au Japan et celle du systeme de garanties de 1' Agence internationale 
de 1' energie atomique, sur la base d' accords bilateraux. Depuis 1' entree en vigueur de la loi fondamentale 
sur 1' energie atomique de 1955, le Gouvernement japonais est parvenu a assurer 1' utilisation exclusivement 
pacifique des matieres nucleaires existant au Japan. C' est a cette fin qu' a ete promulguee Ia loi sur le 
controle des matieres et des reacteurs nucleaires. En vertu de cette loi, toutes les matieres nucleaires se 
trouvant au Japan sont soumises a plusieurs mesures de controle, qui comprennent 1' examen des plans des 

*Mr. Oshima is Chairman of the Safeguards Systems Study Committee, Industrial Research Instirute, 
Japan, of which Messrs. Imai and Nakajima are Vice-Chairmen. 
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installations nucleaires, un systeme de comptabilite, Ia presentation de releves et de rapports ainsi que des 
inspections par le Bureau de 1' energie atomique du Japan. L' Agence exerce aussi un contrOle sur certaines 
matieres et installations nucleaires qui ant ete transferees des Etats-Unis d' Amerique, du Royaume-Uni et 

du Canada au Japan, conformement aux dispositions d' accords de coophation bilateraux relatifs aux 
applications pacifiques de I' energie atomique. Lc memoire expose aussi succinctement Ia politique generale 

suivie par le Japan pour rationaliser le systeme de garanties applique par le Japan dans le cadre du Traite sur 

Ia non-proliferation des armes nuclieaires et decrit !es etudes faites au Japan dans le domaine de Ia 

technologie des garanties. 
La deuxieme partie du memoire est consacree a un expose de 1' etude de systemes sur 1' application des 

garanties a I' echelon national. L' objet de cette etude est d' evaluer I' efficacite du systeme de controle des 

matieres nucleaires par rapport au cout. Pour I' etude de systemes, on a mis au point un macro-modele de 

tout !e cycle national du combustible au Japan de 1970 a 1980. On a ensuite etabli un micro-modC!e du 

courant des matieres nucleaires dans les differentes installations. En utilisant les donnees de sortie de ce 
modele, on a etabli le courant de matieres aux points strategiques, ainsi que I' inventaire de 1' installation. 

Sur !e base des resultats obtenus a I' aide de ces modeles, on a analyse les couts et les effets de diverses 

mesures de garanties. En combinant les resultats susmentionnes, on a precede a une analyse des collts du 
systeme de contrOle des matieres nucH~:aires national propose, en tenant particulierement compte de la 
necessite d' assurer un degre constant d' efficacite dans diverses installations. 

HAUHOHAJJhHA51 CHCTEMA rAPAHTHH B 51110HI111 11 EE HCCJJE.IIOBAHHE. 
B nepsoti t.IaCTH .n;oKna.n;a pa3'1s:ICHs:IeTCH cospeMeHHoe noJIO)I(eHHe .n;en B o6nacTH HauHoHaJib

HoH: CHCTeMbi rapaHTHH 5JnOHHH H B03MO)I(HOCTeH pacnpOCTpaHeHHH rapaHTH:H: MeJK.llyHapO,llHOrO 

areHTCTBa no aTOMHOH 3HeprHH (MAr AT3), Koropbte ocHOBbiBaiOTCH Ha .n;sycTopoHHHX corname

HHs:IX. f1pHH5IB B 1955 ro,n;y 0CHOBHOfr 3aKOH 06 aTOMHOH 3HeprYfH 1 Hallie npaBHTeJibCTRO ,ll06H

J10Cb TOrO, l.JTO s:I,n;epHbie MaTepHaJibl B Harnett: CTpaHe HCnOJib3YIOTC5I TOJibKO B MHpHbiX UeJI51X. 

'LJT06bi o6ecnet.IHTb JlQCTH:KeHHe 3THX qeJiefl, 6biJ1 npHH5IT 3aKOH 0 Ha6JIIO,IJ;eHHH 3a 5I,IJ;epHbiMH Ma

TepHaJiaMH H peaKTOpaMH. B COOTBeTCTBHH C noc.ne,n;HHM 3aKOHOM 6biJ1H npOB€,ll€Hbl MHOrOl.JHC

Jl€HHbl€ Mepbl KOHTp0ll51 1 BKJliOLJ:aiOIUH€ H3yLJ:eHHe npO€KTOB 51,llepHbiX ycTaHOBOK 1 CHCTeMy perH

CTpaUHH1 OTYeTHOCTH H nposepKH s E10po no aTOMHOH 3HeprHH 5lnOHHH. Eonee Toro, MArAT3 
.n;aeT rapaHTHIO Ha s:~.n;epHbre MaTepHaJibi H ycTaHOBKH, KOTOpbie 6biJIH nonyYeHbi H3 CiliA, AHrJIHH 

H KaHa,llbi B COOTBeTCTBHH C yCJ10Bl15IMH COrJiallleHHH 0 JJ;BYCTOpOHHeM COTpy,n;HHYeCTBe no MHpHo

MY HcnoJib30BaHHIO aTOMHOH 3HeprHH. ,Uanee pa3'1s:ICHReTcs:I noJIHTHKa 5lnoHHH no pauHoHaJIH3a

UHH CHCT€Mbi rapaHTHfi CTpaHbl B CBH3H C ,UorOBOpOM 0 HepacnpOCTpaHeHHH H,n;epHOrO opyii<H51 1 

Ot.Iept.~eHbl KOHTypbi HCCJlellOBaHHfi H OnHCaHbl npe.n;npHH51Tbl€ Mepbi no pa3BHTHIO M€TO,ll;OJIOrHH 

rapaHTHfi B 5JnOHHH. 

Bo BTOpofi LJaCTH ,llOKJia,lla npHB€.ll€Hbi HTOrH HCCJI€.1lOBaHH51 HaUHOHaJibHOH: CHCT€Mbl rapaH

THti, UeJib KOTOpOrO COCTOHJia B OUeHKe CHCTeMbi Ha6JIIO,lleHHH 3a ,llell51W:HMHCff MaTepHaJiaMH C 

TOLJKH 3peHH51 3aTpaT Ha E~e CO,llep::KaHHe l1 3<lJ<fleKTHBHOCTH. ,llJI51 o6mero H3Y'-I€HH5l MeTO.llOB 

CHCT€Mbl rapaHTHi:i 6biJia C03,l\aHa MaKpOMO,l\€1lb scero TODJIHBHOrO UHKJia 5JnOHHH C 1970 ro,n;a 

no 1980 rO)l. 3aTeM 6btJia DOCTpOeHa MHKpOMO,ll;€Jib ,ll;BHII<€HH51 5IJ1:€pHbiX MaTepHaJIOB B OT)l€Jib

HbiX ycTaHOBKaX. C DOMOlllbiO BbiXO)lHbiX )laHHbiX 3TOH MO)leJIH paCCl.IMTaHO ,llBHJKeHMe SI,n;epHbiX 

MaTepHaflOB KaK CO CTpaTerHt.~eCKOfi TO'-IKH 3peHHH 1 TaK H C TO'-IKH 3peHHH yt.~eTa Ha ycTaHOBKaX. 

0CHOBbiBa51Cb Ha yKa3aHHbiX MO,ll;E'JIHX 1 npoaHaJIH3MpOBaJIH H3,nepJKKM M 3<fl<lJeKTHBHOCTb pa3JIHLJ

HbiX Mep, BCTpeYaiOW:HXC51 B CHCTeMe rapaHTHi1::. B pe3yJlbTaTe COBMeCTHOrO aHallH3a BbillleOnH

caHHbiX nOHCKOB H3)l€p)KeK H 3<lJ<lJeKTHBHOCTH npe)lJiaraeMOH HaUHOHallbHOtf CHCTeMbi KOHTpOJISI 

5IJl€pHbJX MaTepHaJIOB HatilleHO, t.ITO OHa BDOJIHe 3/fl<fleKTHBHa .O:JISI KOHTpOJI51 OT)leJibHbiX ycTaHOBOK. 

REVISION DEL SISTEMA NACIONAL DE SALVAGUARD!AS EN ELJAPON Y APL!CACION AL MISMO DEL 

ESTUDIO DE SISTEMAS. 
Esta memoria resume, en su primer a parte, la situaci6n actual en relaci6n con la aplicaci6n del 

sistema nacional de salvaguardias en el Jap6n y del sistema de salvaguardias del Organismo lnternacional 

de Energfa Atomica, basada en acuerdos bilaterales. Desde Ia promulgaci6n de Ia Ley Basica sabre Energfa 

Nuclear en 1955. el Gobierno j a pones ha garantizado satisfactoriamente que los materiales nucleares se 

utilizan en el Jap6n solamente para fines paclficos. Para asegurar su objetivo, se promulg6 la Ley sabre 
Regulaci6n de los Materiales Nucleares y los Reactores. Seglin esa Ley, se aplicaron a todos los materiales 
nucleares del J ap6n divers as medidas de control, incluyendo Ia revisi6n del diseno de las instalaciones 

nucleares, de los sistemas de registros e in formes y una verificaci6n adecuada a cargo del Japan Atomic 
Energy Bureau. Ademas el OlEA se encarga de las salvaguardias de ciertos materiales e instalaciones nucleares 
procedentes de los Estados Unidos, el Reina Unido y el Canada, de acuerdo con las c1.3.usulas de los acuerdos 
de cooperaci6n bilateral pau Ia utilizaci6n de la energla at6mica con fines paclficos. En esta memoria se 
resumen tam bien las medidas adopt ad as sabre Ia racionalizaci6n del sistema de sa!vaguardias para el J ap6n. 
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en relaci6n con el Tratado sabre la no proliferaci6n, y se resaltan las actividades de investigaci6n y desarrollo 
realizadas en el J ap6n sabre Ia tecnologla de las salvaguardias. 

La parte segunda de esta memoria resume el estudio de sistemas aplicado al sistema nacional de 

salvaguardias. El objeto de este estudio es evaluar el sistema de control de los materiales nucleares desde 
el punta de vista del costo-eficacia. Como base para enfocar los estudios de sistemas, se contruy6 un 
macromodelo de todo el ciclo nacional del combustible en el J ap6n entre 1970 y 1980. Como paso siguiente, 
se construy6 un micromodelodel flujo de los materiales nucleares en las diversas instalaciones. Utilizando los datos 

de salida de este mcxlelo, se establecieron el flujo de los materiales a traves de puntas estrategicos y el invenrario 

de la instalaci6n. Con los datos de salida de estos modelos, se analizaron los costas y efectos de diversas 

medidas de salvaguardia. Combinando los resultados anteriores, se estudi6 el an3lisis costo-eficacia para el 
propuesto sistema nacional de control de materiales nucleares, prest.3.ndose especial consideraci6n ala 

consecuci6n de un grado uniforme de eficacia en las diversas instalaciones. 

INTRODUCTION 

Recently, the execution of safeguards for ascertaining the use of nuclear 
!llaterials for peaceful purposes has become a serious problem because of 
the increasing movement and transfer of nuclear materials necessitated 
by the wide-spread peaceful utilization of atomic energy. Moreover, the 
International Atomic Energy Agency's (IAEA) safeguards to be carried out 
under Article III of the Treaty on the Non-Proliferation of Nuclear Weapons 
(NPT) have come to be of great world-wide importance since the NPT came 
into force. Japan enacted the Atomic Energy Basic Law as the fundamental 
law in this area at the start of its development of nuclear energy, the use 
of which has been restricted to peaceful purposes only. Because Japan does 
not have uranium resources, it relies mainly on importing from overseas 
the uranium required for the Japanese nuclear power stations, which are 
increasing rapidly. Up to now, imported nuclear materials were safeguarded 
under bilateral agreements with the United States of America, the United 
Kingdom and Canada, but the right of safeguarding has now been transferred 
to the IAEA. 

Japan has had long experience in implementing its national safeguards 
system as well as the IAEA safeguards, has improved the safeguards system 
considerably and will also establish national policy for future modification 

of the system. 
The first part of this paper describes this experience and policy in 

general, while the second part reports results of a systems study which has 
been conducted in Japan on the importance of applying the systems approach 
to a study of safeguards. 

1. THE HISTORY AND PRESENT SITUATION OF THE SAFEGUARDS 
SYSTEM IN JAPAN 

Japan established its fundamental policy on the development and 
utilization of atomic energy in Japan by the enactment of the Atomic Energy 
Basic Law in December 1955. According to this Law, fundamental policy 
is defined so that "the development and utilization of nuclear energy must 
be performed for peaceful purposes only, in a democratic way and indepen
dently, and its achievement must be open to promote international coopera
tion". Based on this Basic Law, the Law for the Regulation of Nuclear Raw 
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Material, Nuclear Fuel Material and Nuclear Reactors (Regulation Law) 
has been legislated. This Regulation Law includes provisions on the safe
guards of nuclear materials, health and safety and the prevention of 
accidents. 

1. 1. The present situation of the national safeguards system under the 
Regulation Law 

1. 1. 1. Introduction and design review 

The quantity of nuclear materials in Japan increased rapidly in recent 
years, as shown in Table I. Especially noteworthy is the enormous in
crease of plutonium, enriched uranium and depleted uranium; for instance, 
plutonium increased 210 000 times and enriched uranium 1200 times in the 
past 10 years. Consequently, the number of facilities which hold nuclear 
materials also increased, as well as the frequency of the import or export 
of nuclear materials. Therefore, it is increasingly necessary that the 
effectiveness of national safeguards be improved. 

The first step to be taken in carrying out the national safeguards system 
is the licensing of nuclear enterprises, nuclear facilities construction 
and/ or use of nuclear materials. When an applicant wants to obtain such a 
licence, he must submit the necessary design information concerning the 
facilities using the nuclear materials. The Atomic Energy Commission of 
Japan reviews this information. 

TABLE I. TOTAL AMOUNT OF NUCLEAR MATERIALS IN JAPAN 

Depleted 
Total 

Enriched Natural 
enriched Plutonium Thorium 

Year uranium uranium 
uranium 

zs5u 
(kg) (t) 

(t) (t) 
(t) 

(t) 

1961 57 0.1 0.2 o.o 0 1 

1962 75 0.1 5 0.1 0.1 4 

1963 89 0.2 13 o. 3 0.5 5 

1964 301 2 16 0.3 o. 6 5 

1965 300 2 17 0.4 5 5 

1966 304 2 18 o. 5 13 4 

1967 355 31 18 0.6 165 6 

1968 379 71 21 0.9 240 5 

1969 386 95 121 3 321 10 

1970 358 202 224 5 644 22 
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The Regulation Law governs ore-processing, fuel fabrication, reactors, 
reprocessing and other facilities using nuclear materials. Examination of 
design information is done as follows. 

Design information must be examined from the point of view of ascer
taining the peaceful uses of nuclear material, i.e. safeguards, health and 
safety as well as accident prevention. Design information concerning ore
processing plants, fabrication plants and reactors must be submitted 
twice, once for the business licence and once for the approval of the design 
and construction methods. 

The construction of reprocessing plants is prohibited except for the 
Japan Atomic Energy Research Institute (JAERI) and the Power Reactor 
& Nuclear Fuel Development Corporation (PNC), so, legally, licences to 
operate a business do not exist and the examination of design information 
only takes place at the time of approval of the design and construction methods. 

For other nuclear materials handling facilities there is no procedure 
for approval of design and construction methods, but design information 
has to be submitted for examination upon requesting a licence to use nuclear 
materials. 

l. l. 2. Records and reports 

The system for safeguards records and reports is laid down in the 
Regulation Law. The requirements for records are established in the 
Prime Minister's Order under the Regulation Law, and records must 
be kept in the facility on the following: (1) nuclear material accounting, 
(2) radiation control and waste disposal, (3) operation, (4) maintenance, 
(5) accidents, (6) inspection of facilities and (7) other items (for example, 
meteorological records). The user of nuclear materials must send to the 
Science & Technology Agency various reports based on such records. 
The nuclear-material accounting reports for each facility are periodical 
and ordinarily submitted twice a year, once at the end of June and again 
at the end of December, but for facilities such as power reactors and 
fabrication plants reports are submitted monthly. Data in these reports 
include the input and output of the facility, nuclear production in the facility, 
losses, and material unaccounted for (MUF) for various nuclear materials 
(enriched uranium, natural uranium, depleted uranium, plutonium, thorium, 
and 233U ). The maximum time delay permitted between taking a physical 
inventory, with closing of the material balance, and submitting the material 
balance report to the Science & Technology Agency is 30 days. 

The most important of the non-periodical reports is that dealing with 
the receipt or delivery of nuclear materials; this report deals with the 
input to or output of nuclear materials from the facility on a batch basis. 
Its maximum time delay is 15 days. The national control authority, which 
is the Atomic Energy Bureau of the Science & Technology Agency, can 
control the movement and flow of nuclear materials in Japan by the 15 days' 
time delay of these reports. 

Also, there are several kinds of irregular reports. Some of them are 
accident reports, reports concerning the theft, loss or MUF within certain 
permissible limits, and radioactive waste disposal in the sea. The reports 
concerning loss and MUF are very important from the standpoint of safe
guards implementation. 
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1. 1. 3. Verification 

Verification, including inspection, is the most important procedure 
from the point of view of the effective execution of safeguards. Verification 
includes inspection at the facilities and checking the consistency of reports 
at the administrative centres. 

It is important to make inspection effective by taking into consideration 
the characteristics of the fuel cycle in the country, as well as the charac
teristics of the facilities in the fuel cycle, social conditions, etc. 

In Japan's case, the utilization and development of nuclear energy 
have been restricted from the start to peaceful purposes only, and this idea 
has been firmly established throughout Japan. Accordingly, under present 
social conditions, it is hardly likely that the diversion of nuclear materials 
into unauthorized purposes would occur in Japan. 

The firsi: verification step under the Regulation Law is the verifying of 
design information. For the facilities important for safeguards, such as 
reactors, fabrication plants and so on, the inspection of the facility is 
necessary for the approval of the design and construction method. There
after, regular inspection takes place once a year in the case of reactors. 
and the Science & Technology Agency has 15 nuclear facility inspectors for 
performing inspections. Moreover, based on the Regulation Law, the right 
of inspection is given to the inspectors of the Science & Technology Agency, 
including the right of access at all times to all places. In March 1969, the 
Science & Technology Agency established a Safeguards Office in its Atomic 
Energy Bureau for implementing the safeguards procedures and improving 
the safeguards system. 

1. 2. The IAEA safeguards based on bilateral agreements 

Since 1955, Japan has concluded various bilateral cooperation agree
ments with several countries for the peaceful uses of atomic energy. Japan 
has had two reasons for concluding these agreements: one is to have access 
to uranium resources, because Japan has nearly no uranium, the other is 
to obtain technical information as well as research reactor services at the 
initial stage of development. The first cooperation agreement was the 
Japan- United States Cooperation Agreement for Research in Atomic Energy 
of 1955, the next was the first Japan-United States Cooperation Agreement 
for Peaceful Uses of Atomic Energy of 1958, followed by the Japan-Canada 
Cooperation Agreement of 1959, the Second Japan-United States Cooperation 
Agreement of 1968 and the Japan-United Kingdom Cooperation Agreement of 
the same year. The nuclear materials which were imported into Japan 
under such bilateral agreements are under the safeguards of the suppliers' 
country, but such rights were transferred to the IAEA by the Trilateral 
Safeguards Agreements between the Agency, Japan and the United States 
of America, etc. When the IAEA was established, Japan concluded the 
first project agreement with the Agency for the supply of nuclear materials, 
because Japan wished to help promote the IAEA' s activities through such 
an agreement. By this agreement, Japan obtained for a research reactor, 
"JRR-3", 3 tonnes of natural uranium, which were safeguarded by the IAEA. 
Japan has thus had long experience with IAEA safeguards. When the Japan
United Kingdom-IAEA Transfer Agreement came into force in 1968, the 
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TABLE II. NUMBER OF FACILITIES UNDER IAEA SAFEGUARDS 
(Situation in 1970) 

In the world In Japan (B/A) 
Category 

(A) (B) (%) 

Power reactors 9 3 33 

Reprocessing plants 3 0 0 

Fuel fabrication plants 5 3 60 

Experimental and 
research reactors 54 12 22 

Critical assemblies 9 9 100 

Research and development 
facilities 19 13 68 

Other locations 57 57 100 

Total 156 97 62 

IAEA applied its safeguards to a commercial power reactor in Japan, the 
first of such safeguards in the world, This reactor is the Tokai Power 
Reactor of the Japan Atomic Power Co., the output of which is 166 MW(e), 
Thereafter, the number of facilities which were subjected to IAEA safeguards 
increased gradually with the addition of several power reactors and fuel 
fabrication plants in Japan. 

At present, the number of facilities safeguarded by the IAEA is as 
follows: 

Reactors: 

Fabrication plants: 

Research and development facilities: 

Miscellaneous installations: 

Total: 

24 

3 

13 

57 

97 

From this and Table II it can be seen that Japanese safeguarded facilities 
represent 62% of the facilities which the IAEA is safeguarding all over(the world, 
as the miscellaneous installations are all located in Japan. Thus the IAEA 
safeguards have been applied on such a broad basis in Japan that all 
plutonium and enriched uranium in Japan are safeguarded by the IAEA, 
as shown in Table III. Therefore, Japan has to be most careful that 
safeguards does not hamper industrial activities, The reports which have 
to be sent to the IAEA from Japan are material accounting reports and operating 
reports (twice a year, but monthly in the case of power reactors and fabri
cation plants), joint notifications of international transfer of nuclear ma
terials, special reports, including the transfer reports of large amounts 
of nuclear materials in Japan, and reports on the loss and MUF over 
a certain permissible limit. Japan now has 8 facilities for which the ma
terial accounting and operating reports have to be made monthly. Besides 
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TABLE III. THE PRESENT SITUATION OF IAEA SAFEGUARDS 
OF NUCLEAR MATERIALS IN JAPAN (as of Dec. 1970) 

Amount under 
Amount in Japan IAEA safeguards 

Category 
(A) in Japan 

(B) 

Natural uranium (kg) 358 149 346 972 

Depleted uranium (kg) 202 388 201 603 

Enriched uranium (kg) 223 677 223 677 

Plutonium (g) 644 371 644 391 

Thorium (kg) 21 889 269 

TABLE IV. THE FREQUENCY AND INTENSITY OF IAEA 
INSPECTION FOR JAPAN 

(B/A) 
("/o) 

97 

100 

100 

100 

1 

Year 
Frequency of visits Man-days Number of inspections at 

to Japan in Japan facilities 

1964 2 23 7 

1965 2 48 7 

1966 2 28 6 

1967 3 50 12 

1968 5 111 15 

1969 6 186 34 

1970 6 286 55 

1971 (up to the 2 76 24 
end of Feb.) 

Total 28 808 160 

these, Japan has many facilities for which reports must be made semi
annually and, since the nuclear materials are administered according 
to the country of origin, the reports reach an enormous volume. The 
number of joint notifications required for the international transfer of 
nuclear materials was 68 in 1970 and there were 11 advance notices for the 
international transfer of large quantities, making the total number 79. 
Meanwhile, the frequency of inspections conducted by IAEA inspectors 
has increased every year since May 1964, when IAEA inspectors came 
to Japan for the first time, making a total of 28 visits to Japan by the end 
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of March 1971. Their total number of man-days in Japan has been about 
800 days and the total number of inspections at facilities so far has been 
160 (see Table IV). 

1. 3. Japan's effort for the rationalization of the safeguards system 

1. 3. 1. National policy 

As mentioned above, it is necessary for Japan that the safeguards 
system be rationalized so that safeguards do not hamper the peaceful 
uses of atomic energy, which are increasing rapidly. This applies 
especially to Japan, which has its own effectively operating safeguards 
system. Therefore, the IAEA safeguards system has to be based on and 
utilize such existing national systems as an important factor to optimize 
the cost effectiveness of safeguards by the IAEA. From this point of view, 
Japan has had deep concern over the way safeguards are applied under the 
NPT. When Japan signed the NPT on 3 February 1970, the Japanese 
Government made a statement which included the following opinions. 

(1) The content of the Safeguards Agreement which will be concluded be
tween Japan and the IAEA must not be unadvantageous compared with 
Safeguards Agreements concluded between the IAEA and other party 
or parties. 

(2) The safeguards under the NPT should be based on the principle that 
safeguards are applied at the strategic points in the fuel cycle and their 
procedures should be rational considering the principle of cost vis-a-vis 
effect and be as simplified as possible, utilizing each country's own 
system, if any, as far as possible. Moreover, careful considerations 
should be given so that leakage of industrial secrets and know-how will 
be prevented and that industrial activities will not be hampered. 

Comment on four other subjects was also given in this statement by 
the Japanese Government. Following up the policy summarized above, 
Japan has actively participated in the discussions of the Safeguards Com
mittee of the IAEA since June 1970, and sent to the Director General of 
the IAEA in May 19701 in response to his invitation, the views of the Japanese 
Government, which were almost the same as those of the statement in 
February 1970. On the other hand, the Japan Atomic Energy Bureau set 
up a special committee for safeguards matters, consisting of members from 
government departments and private industries, and of academic and ex
perienced experts for studying these matters. At the IAEA, the Safeguards 
Committee finished its task by submitting the report to the Board of Governors 
in April 1971. Japan appreciates the efforts put into the formulation of 
the Committee 1 s report, including the model Safeguards Agreement under 
the NPT, to be used as the basis for future more rationalized and effective 
safeguards based on the new concepts. 

1. 3. 2. The implementation of research and development of a safeguards 
technique 

It is clear that the research and development of a safeguards technique 
is very effective for the rationalization of safeguards. Japan has been en
gaging in such research and development work since 1968. As the tech
nological development work of safeguards is in the interest of every country, 
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the Government and governmental organizations are financially supporting 
such development work. In 1968, three subjects were studied under such 
Government financing. Two of these subjects were concerned with research 
aimed at the improvement of material accounting methods in the fuel 
fabrication plants; these were (1) the production process control of 
highly-enriched plate fuels and (2) the management system of the fabri
cation process of dioxide uranium pellets. The results of these two works 
were submitted to the IAEA free of charge as a Japanese contribution. 
Another subject dealt with the assessment method of nuclear fuel materials 
in gas reactors for comparison of the assessment by burnup with the results 
of destructive analysis. Since 1968, there have been two types of research 
in Japan, namely, the development of software and of hardware. In research 
on software, the study of the accounting system in fabrication plants has been 
going on since 1968. Also PNC carried out a study on material accounting 
and control systems in reprocessing plants. Since 1970, a systems analysis 
study has been carried out on the inspection model under the sponsorship 
of the Government. The results of this study are given in Section 2 of this 
paper. In hardware research, the main efforts have been directed to the 
development of methods and equipment for non-destructive inspection. PNC 
and J AERI are also conducting a study of a non-destructive analysis method. 
Since such technological development is being pursued vigorously not only 
in Japan but also abroad, Japan considers it very important to exchange 
technical information with foreign countries as much as possible and to 
carry out research and development work on selected subjects which 
would contribute to the rationalization of safeguards. 

2. SYSTEMS ANALYSIS APPROACH TO SAFEGUARDS 

2. 1. Macro-model 

2. 1. 1. Objectives 

It is essential for designing an optimal safeguards system applied to 
various nuclear facilities to under stand the scale and characteristics of 
the country's nuclear fuel cycle. First of all, the intensity of a safeguards 
operation for each facility will be decided by the accessibility of the material 
for production of nuclear explosives. Secondly, when one takes into con
sideration the expected rapid increase in the scale of nuclear fuel cycle 
systems, it is important to identify clearly the flow of nuclear materials 
in the fuel cycle. Thirdly, safeguards operations should be applied with 
a rational scheme which gives consistency in each facility. For these 
objectives, a computerized "macro-model" of the total fuel cycle was 
constructed which will give the characteristics and the scale of the fuel 
cycle in Japan for the next ten years. 

2. 1. 2. Procedure 

Nuclear facilities are classified into three categories: conversion 
and fabrication plants, nuclear power plants, and reprocessing plants. 
The fabrication plants are classified according to the kind of fuels treated, 
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uranium or plutonium. Power plants are classified by reactor types. The 
plants which have been taken into account are limited to fabrication plants, 
power plants, and reprocessing plants, which are operating or included in 
the present construction program. 

First, typical operation specifications are decided for each plant, 
and then the amount of materials treated per month in the plant is cal
culated. Next, a material balance is taken for the three categories of 
plants. The import and export of materials are estimated from the excess 
and deficit of the balance. Some computer calculations have been per
formed using this model (see Figs 1 a and b). 

2. 2. Micro-model 

2. 2. 1. Objectives 

It is essential to have information on the operations and flow of materials 
in each facility in order to study safeguards inspection modes and patterns. 
For this, a computerized model which will simulate the operation of a 
nuclear facility and provide the necessary data is constructed as a "micro
model". As a first attempt, a simulator of a reprocessing plant, which is 
not yet in existence in Japan, has been constructed. 

2. 2. 2. Procedure 

The reprocessing plant is of the Purex-type, and the operation can be 
simulated with a schedule corresponding to the various amounts, composi
tions, and enrichments of the nuclear fuels treated. The process flow-chart 
and measuring points are described in detail in Ref. [ 1] . 

The calculation procedure is as follows: The output of the macro
model is stored; the input consists of, among other things, the data 
specifying the name of the facility (two facilities are expected to operate 
by 1980) and the date of operation. The flow data at each measuring point 
is calculated as the output by the procedure shown in the flow-chart in 
Fig. 2. Random errors and systematic errors are included in this output 
data. This micro-model will also be useful in designing a computerized 
data-processing system in each facility. 

2. 3. Inspection pattern 

2. 3. 1. Parameters representing inspection pattern 

The following parameters are considered in characterizing the inspec
tion pattern to make a quantitative evaluation of the effectiveness and cost 
associated with it: 

(a) Inspection authority 
(b) Frequency 
(c) Mode of routine inspection 
(d) Timing 
(e) Number of strategic points 
(f) Number of inspectors 
(g) Duration 
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Item (a) varies by the way the national authorities take part in the inspection. 
With item (c), various levels are considered corresponding to the degree 
the inspection relies on visual inspection or inventory-taking, especially 
when material balancing is considered. 

2. 3. 2, Effectiveness 

According to the objective of safeguards, the effectiveness can be 
defined as the degree, or probability, that nuclear material is prevented 
from diversion to non-peaceful uses. This has two aspects: technical 
effectiveness and psychological effects. 

The basic concept for quantifying the technical effectiveness to deter 
diversion is as follows: the technical effectiveness is the degree of 
deterrence which results from the variation of technical measures in an 
inspection pattern. This corresponds to the degree that an increase of 
inspection frequency or accuracy of mode of routine inspection can increase 
the probability to detect the MUF which can be related to diversion. 

The accuracy can be represented by -y, which can be set equal to crMUF' 

On the other hand, when the frequency of inspection is n times/ yr and 
the annual throughput of a facility in effective kg is a, a/n describes the 
amount in kg of nuclear material treated in that MBA (material balance 
area) during the period between two inspections. Then, 

a= A/ A 0 

E 11 the technical effectiveness of safeguards, can be defined as the above 
evaluation equation (1). 

(1) 

Regarding the psychological effect, it can be considered to be closely 
related to the intensity of inspection associated with each facility. The 
required intensity of inspection can be related to the accessibility of the 
nuclear material in a facility to nuclear explosives and is expressed in 
terms of a "critical time", Tc, as follows: 

(2) 

where r+ is the required intensity of inspection and k1 is a constant. 
Then, the psychological effectiveness of inspection will be expressed 

by the following evaluation equation: 

(3) 

where k 2 is a constant. 

2.3.3, Costs 

According to the definitions of effectiveness given above, the technical 
effectiveness depends on the accuracy 'Y and the frequency n, while the 
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psychological effectiveness depends on the frequency n. In fact, n cor
responds to parameter (b) and 'Y to parameters (c), (d) and (e) in Sec
tion 2, 3. 1. Then, the effectiveness of inspection is decided by para
meters (b), (c), (d) and (e). On the other hand, if Et and EP given by 
equations (1) and (3) are to be maintained at some predetermined levels, 
it is necessary to carry out some corresponding amount of effort. The 
amount of effort corresponds to parameters (f) and (g), and the costs of 
inspection can be calculated by them. 

When the accuracy which has to be achieved by one series of inspec
tions is ')', the mode of routine inspection, timing, and number of strategic 
points which are necessary for the realization of 'Y will be decided. Then 
the amount of effort needed will depend mainly on the product of the number 
of inspectors and the duration. Therefore, the necessary cost c ('Y} can 
also be specified. 

2. 4. Optimization of safeguards 

2. 4. 1. Concept of optimization 

The following concepts are considered in optimizing the safeguards 
system in this study: cost effectiveness and consistency. Cost effective
ness is considered as a criterion for optimizing the inspection mode of 
each inspection when the inspection frequency is already determined. 
Consistency is considered as a criterion for deciding the inspection fre
quency at facilities to maintain the psychological effectiveness consistent 
with the total fuel cycle in each facility. 

Although, in principle, the cost effectiveness should be considered 
in optimizing the inspection frequency, it is difficult to define an inspection 
accuracy 'Y applied to the total fuel cycle, because it is almost impractical, 
for example, to consider a MUF at a reactor MBA other than on an item 
accountability basis. 

2. 4. 2. Cost effectiveness 

In optimizing the inspection mode, only the technical effectiveness is 
used as a criterion. Then f, which is the ratio of effectiveness/ cost, is 
expressed as 

f = Et/{n • c('Y)} =1j{a ''Y· c('Y)} 

The inspection mode corresponding to the 'Y which maximizes f is the 
optimal mode. In Fig. 3 an example of cost effectiveness is shown for 
a fabrication facility, taking the accuracy of the MUF determination as 

(4) 

2 a, limiting inventory-taking to normal operations, and taking the number 
of measurements as an optimization parameter. The cost is a direct cost esti
mated from the inspection data in Japan in 1970, and further work is being 
done on this estimate by introducing parameters such as a quantity, the 
"embarrassment factor". 
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FIG. 3. Example of cost effectiveness [E(t)/cost] for a fabrication plant with ten fabrication processes. 

2. 4. 3. Consistency 

E P• as defined by equation (3 ), has to be maintained at the same value 
for all facilities. Namely, when i represents a suffix for each facility, 

k2ni _ 
I+ -a, 

i 

a = constant for all i 

Then, the inspection frequency is specified by 

(5) 

Here, if the value of afk is not given, only the "relative" value of the inspection 
frequency for different facilities can be defined. In order to decide the value 
of afk, one must know the total cost Co required for inspections of all 
facilities. 

2. 5. Conceptual design of a safeguards system 

There are several cases where a data-processing system is introduced 
for accounting and control of materials in nuclear facilities. This is ex
pected to increase in the future, and the utilization of such a data-processing 
system in facilities as a part of the safeguards system will be effective in 
increasing safeguards efficiency and simplifying procedures. 



~
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

' ' ' I ' ' I 

D
A

T
A

 P
R

O
C

E
S

S
O

R
 

1 t
 t -

---
-1

 
I 

2 
3 

n 

L
O

C
A

L
 

S
Y

S
T

E
M

 

D
A

T
A

 
P

R
O

C
E

S
S

O
R

 

' I L
-
-
-
-
-
-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

L
.S

. 
fr

o
m

 
re

a
c

to
r 

o
ro

u
p

 

to
 

fa
b

ri
ca

ti
o

n
 

g
ro

u
p

 

L
--

--
--

--
--

--
--

--
--

--
--

-·
--

--
--

--
--

--
--

R
E

P
R

O
C

E
S

S
IN

G
 

G
R

O
U

P
 

C
E

N
T

R
A

L
 

S
Y

S
T

E
M

 

--
--

-·
--

--
--

--
--

--
--

' ' u L
.S

. 
L

.S
. 

' 
I 

I ' ... ,
 

·--
...:

.._
::;,

--
R

E
A

C
T

O
R

 
G

R
O

U
P

 

~
 

fl
o

w
 
o

f 
in

fo
rm

a
ti

o
n

 

-
fl

o
w

 
o

t 
m

a
te

ri
a

l 

F
IG

,4
. 

C
on

ce
pt

ua
l 

de
si

gn
 o

f 
a 

da
ta

-p
ro

ce
ss

in
g 

sy
st

em
. 

---
---

--:
 I 

,_.
, 

L
.S

. 

F
A

B
R

IC
A

T
IO

N
 

G
R

O
U

P
 

c.>
 

c.n
 "" o-J
 >
 

:-:::
 ~ ~
 eo 



A/CONF .49/P/828 353 

One conceptual design of a utilization of the data-processing system of 
a facility, namely a local system, is shown in Fig. 4. The local system 
shown in detail is that of a reprocessing plant as described in the micro
model in Section 2. 2.; however, other facilities can be treated in the same 
manner. Data at each measuring point in the facility is transferred on-line 
or off-line as inputs to the data processor and stored (for example on mag
netic tape or discs, etc. ) in a local file. A communication control unit, 
added to the local system, transfers information necessary for safeguards 
to the central system from the local system. This unit has to be newly 
added to the data-processing system of the facility and will be controlled 
by the central system for the transfer of information. The central system 
will be operated by the national government or authorities working on its 
behalf, and will be the primary system for international safeguards in 
Japan. 

Information transferred to the central system from the local file will 
be classified into several levels according to its contents. This multi
level system is decided mainly by the MBA, and the control level is 
improved when the MBA is divided into smaller sub-areas. When the sus
picion is increased, the level will be enhanced to clarify the facts. 

The advantages of such a system are: the additional work of safe
guards reporting will be eliminated, delay in reporting to the safeguards 
authority will be reduced, and costs will decrease. 

REFERENCES 

[1) NAKAJIMA, K., et al., "Analysis of accountability system in a reprocessing plant and a plutonium fuel 
facility", Safeguards Techniques(Proc. Symp. Karlsruhe, 1970) _!, IAEA, Vienna (1970) 139. 

[2) OSHIMA, K., eta!,, "Dynamic safeguards system for multiple action levels", Ibid., p. 375. 
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Abstraa-Resume- AHHOTaliHH -Resumen 

EXPERIENCE IN CZECHOSLOVAKIA OF A NATIONAL SYSTEM OF NUCLEAR MATERIAL ACCOUNTING 
AND CONTROL. 

Czechoslovakia is a non-nuclear-weapon State, but has a relatively highly developed peaceful 
nuclear energy program. Since the ratification by Czechoslovakia of the Treaty on the Non-Proliferation 
of Nuclear Weapons a wide range of administrative and technical measures has been taken in order to 
adapt the Czechoslovak nuclear material control system to the requirements of the International Atomic 
Energy Agency. The paper describes the national system for the accounting and control of nuclear material 
as applied to different types of nuclear facilities in Czechoslovakia, and quotes the experience gained in 
drawing up an initial inventory of all nuclear materials and in delimiting the individual material balance 
areas. A description is also given of the reporting system and of the data processing and verification 
activities of the Nuclear Safety and Safeguards Department of the Czechoslovak Atomic Energy Commission. 
A central analytical laboratory for the precise determination of the state of nuclear material constitutes 
an important element in the national safeguards system. The analytical control methods applied and the 
types of equipment used in safeguards are described. Finally, mention is made of the way in which the 
national safeguards system is expected to develop in the light of the program for the expansion of nuclear 
power generation in Czechoslovakia, 

EXPERIENCE DU SYSTEME TCHECOSLOVAQUE DE COMPTABILITE ET DE CONTROLE DES MATIERES 
NUCLEAIRES. 

La Tchecoslovaquie est un pays qui ne dispose pas d' armes nucleaires, mais execute un programme 
relativement important d' utilisation de I' energie nucleaire a des fins pacifiques. A pres a voir ratifie le Traite 
sur la non-proliferation des armes nucleaires, la Tchecoslovaquie a pris toute une serie de mesures techniques 
et administratives en vue d' adapter son systf~me national de comptabilite et de contrOle des matit~res nucleaires 
aux prescriptions de I' AIEA. Les auteurs examinent ce systeme du point de vue de son application aux divers 
types d' installations nucleaires existant en Tchecoslovaquie. En outre, ils font etat de I' experience acquise 
lors de 1' etablissement de 1' inventaire initial de toutes les matil~res nucleaires, y compris la creation 
des diverses zones de bilan matieres. Ils ctecrivent les modes de presentation des rapports et 1' activite 
du service de radioprotection et de contrOle de la Commission tchecoslovaque de 1' energie atomique, 
qui s' appuie sur des donnees librement traitees et verifiees. Un element important du systeme 
national de contrOle est le laboratoire central d' analyses charge de fournir des renseignements precis 
sur I' eta! des matieres nucleaires. Les auteurs decrivent les precedes d' analyse et types d' appareils utilises aux 
fins des garanties. Enfin, ils esquissent I' evolution probable du systeme national de controle en tenant compte 
du programme tchecoslovaque de developpement de Ia production d' energie d' origine nucleaire. 

OITb!T HAUHOHAJlbHOH CHCTEMbl Y'IETA 11 KOHTPOJ151 51.1lEPHb!X MATEPHAJJOB B 
'ICCP. 

4eXOCJIOBaKlHI HBJIH€TCH rocy.n:apCTBOM, KOTOpoe He 06Jia,llaeT H,llepHbiM opy!KH€M, HO KOTO

poe HM€€T OTHOCHTeJibHO pa3BepHyTyiO nporpaMMY HCOOJib30BaHHH H,llepHO:H: 3HeprHH 8 MHpHbiX 

L.1€JIHX, llocJie TOrO KaK l..JeXOCJIOBaKH5l' paTHcflHL.1HpOBaJia )lorosop 0 HepacnpOCTpaHeHHH R,llepHO

ro opyiKHH, ocyrn:ecTBJieH ueJibi:H: PH.ll TeXHHY.ecKHX H opraHH3aUHOHHbiX MeponpHHTH:H: c uenblD npH

cnoco6JieHHH t.texocnosauKoH cHcTeMbi KOHTpOIISI H.n:epHbiX MaTepHanos K Tpe6osal-HiSIM MAr A T3. 
B JlOKJia.lle paCCMOTpeHa HaUI-IOHaJibHaSI CHCTeMa yYeTa H KOHTpOIISI H,llepHbiX MaTepHaJIOB C T04KH 

3peHHSI HX 0pHM€H€HHH B pa3JIH4HbiX THO aX H,llepHbiX yCTaHOBOK B 4eXOCJIOBaKHH. )laJiee OOHCbi

BaeTCSI OnbiT OcyiUeCTBJI€HHSI nepBOHat.taJibHOrO HHBeHTapHOrO yt.leTa BCeX Sl,llepHbiX MaTepHaiiOB 1 
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BKJIIO'-Ia~ y4.pe)K.n;eHHe or.nenbHbiX 30H MaTepHaJibHoro 6anaHca. OnHcaHa cHcTeMa OTl.I€TOB H 

,ll€51T€JlbHOCTb OT.ll€Jla H)lepHoii 6e3onacHOCTH H rapaHTHH 'YeXOCJIOBaUKOii KOMHCCHH no aTOMHOH 

3HeprHH Ha OCHOBaHHH CBO,llHOH: o6pa60TKH ,llaHHbiX H HX npOB€pKH, Ba)I(HbiM 3B€HOM HaU:t10HaJib

HOH CHCT€Mbi rapaHTHH HBJIH€TCH U€HTpaJibHaH aHaliHTHY€CKas:£ Jia6opaTOpH5'! ,ll;JHI onpe.n;eJieHIHI 

TOY:HbiX .JlaHHbiX 0 COCTOHHHH R.ll€pHoro MaTepHaJia. 8 .llOKJia)le OnHCaHbi HCnOJib3Y€Mbl€ aHaJIH

THt..I€CKHe MeTO.D;bl KOHTpOJIH H BH,ll,bl annapaTypbi, npHM€H5I€MOH .llliR L]eJieH: rapaHTH~L B 3aKJUO

t..IHT€JibHOi1 '-laCTH )J;OKJia.n;a HaM€4€HO Q)f(H.UaeMO€ pa3BHTH€ HaUHOHaJibHOH: CHCT€Mbl rapaHTHfl C 

yt.teTOM 6y.nymeH nporpaMMbi pa3BHTHH H.ll€pHOH 3HepreTHKH B l..JeXOCJIOBaKHH, 

EXPERIENCIA ADQUIRIDA CON EL SISTEMA NACIONA L DE CONT ABIL!DAD Y CONTROL DE MATERIALES 
NUCLEARES EN LA REPUBLICA SOCIALIST A CHECOSLOVACA. 

Checoslovaquia es un pals que, sin poseer arm as nucleares, tiene un program a relativamente desarrollado 
de energfa nuclear con fines pacfficos. Desde la ratificaci6n por Checoslovaquia del TNP, se han tornado 
una serie de medidas tecnicas y administrativas con objeto de modificar el sistema de control de materiales 
nucleares checoslovacos de acuerdo con las estipulaciones del OlEA. Esta memoria describe el sistema 
nacional de contabilidad y control de materiales nucleares tal como se aplica a los diversos tipos de 
instalaciones nucleares en Checoslovaquia. Se expone, adem.3.s, la experiencia adquirida al efectuar el 
inventario inicial de todos los tipos de materiales nucleares, inclusive la determinaciOn de las distintas 
zonas de balance de materiales, asf como al establecer el sistema de informes y las actividades de 
recopilaci6n y verificaci6n del Departamento de Seguridad Nuclear y de Salvaguardias de Ia Comisi6n de 

Energfa At6mica Checoslovaca. El laboratorio nacional de control constituye un elemento importante 
dentro del sistema nacional de salvaguardias, para determinar los datos exactos relatives a los materiales 
nucleares. Por Ultimo, se presenta un esquema de la evoluci6n probable del sistema nacional de salvaguardias, 
teniendo en cuenta el futuro programa de desarrollo de la electricidad de origen nuclear en Checoslovaquia. 

BBE.UEHI1E 

llexocJioBauKa.H CouHaJIHCTH<IecKa.H PeciTy6JIHKa ('ICCP) .HBJI.HeTc.H rocy

.l1apcTBoM, KOTOpOe He 06Jia,l1a8T 51,118pHbiM opyJKH8M 1 HO KOTOpOe 11M88T OTHO

CI1T8JlhHO pa3B8pHyTyiO ITporpaMMy 11CITOJlh30BaH!151 aTOMHOH 8Hepr1111 B M11pHb!X 

U8Jl.HX, lJCCP paCITOJiaraeT .l10CTaTO'lHO lii11pOKOH Hay'lH0-11CCJI8,l10BaTeJibCKOH 

6a3oi1. B HaCTO.HII1ee BpeM.H roTOBHTC.H K ITycKy B 3KCITJiyaTaU11IO ITepBa.H qe

xocJioBaUKa.H aTOMHa.H 3JieKTpOCTaHU1151 (A3C) C peaKTOpOM M0111HOCTb!O 

110 MET (Ha T.H;>KeJioi1 BO.l1e, c ra30BI>IM oxJia;>K,l18HI1eM). .Uo 1980 ro,11a ITpe,l1-

ITOJiaraeTC.H ITOCTp011Th e111e .l1Be A3 C, Ka;>K,l1a.H M0111HOCThiO 880 MBT, c peaK

TOpaMH BO,l1o-BO,l151HOrO TI1ITa (BB3P-440). B ,l10JirocpO'lHOH ITepciTeKTHBe 

ITpe.l1ITOJiaraeTc.H cTpOHTb A3 C HMeHHO 3Toro TI1ITa, 11 o6rna.H M0111HOCTb A3 C 

.l10JIJKHa .l10CTI1'lh B 1985 ro.11y ITp116JII13HTeJibHO 5000 MBT, a K 1990 ro.11y -

10000-12000 MBT [1]. 

'ICCP .HBJI.HeTc.H c caMoro Ha<IaJia <IJieHOM MeJK.l1yHapO.l1HOro areHTCTBa 

ITO aTOMHOi1 3HeprHH (MAr AT3). I1paBI1TeJibCTBO 'ICCP aKTI1BHO ITO.l1.l1epJKH

BaeT ,l1e.HT8JlbHOCTb .MAr AT3 1 KOTOpa.H HaiTpaBJieHa Ha pa3BI1TI1e MeJK.l1yHa

pO.l1HOro coTpy.l1HI1'lecTBa B o6JiacTH HCITOJib30BaHI1.H aTOMHOH 3Heprlflf B Mlfp

HbiX UeJI.HX. 0.l1HlfM 113 ycJIOBI1H TaKoro pa3BI1TI151 .HBJI.HeTC.H lii11pOKOe MeJK,l1y

HapO.l1HOe ITp113HaHHe .UoroBopa o HepaciTpOcTpaHeH!flf .H,l1epHoro opy;>KI1.H, KOTo

pbiH 'ICCP paTI1T11U11pOBaJia B 'lHCJie O.l1HOrO 113 ITepBbiX rocy.11a:pcTB. 

Y<IeT .H.z18pHbiX MaTepliaJIOB ocy111eCTBJI.HJIC.H B 'ICCP If paHbliie, ITP!f<IeM 

OC06oe BHHMaHHe Y.l18Jl51JIOCb ITOCTaHOBJl8HI151M ITO BOITpOCaM pa,l1!f3!.11111 If rlfrH-

8Hbl. B CB.H311 c .UoroBopoM o HepaciTpocTpaHeHI1lf .H.l1epHoro opy)l(lf.H yKa3aH

HyiO ClfCTeMy KOHTpOJI.H If y<IeTa CTaJI!f B 1967 r0.11y ITp11CITOCa6JI!fB3Tb K Tpe6o

BaH!151M 1 BbiT8KaiOII111M lf3 .IJ:orOBOpa. 

Heo6xO.l1lfMa.H !Op11.l111'l8CKa.H OCHOBa B 'ICCP 61IJia 3aJIOJKeHa 113,l13HI18M 

3aKoHa NQ 133 OT 1970 ro.11a o ,l1e.HTeJibHOCTlf Te.l1epaJibHhiX MI1HI1CTepcTB [2]. 

113 3TOrO 3aKOHa B1IT8KaeT 1 'ITO lJeXOCJIOBaUKa.H KOMlfCClf.H ITO aTOMHOH 3Hep

rl111 (lJCKA3) YTB8p;>K,l1aeT 11CITOJlb30BaH!18 BC8X B11,l10B 51.l18pH1IX MaTep11aJIOB, 
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pernaeT Bonpoebr ::JKenopTa 11 11MnopTa, a TaKlKe o6eene'-!11BaeT 11x y'-!eT 11 KOH

Tp011b B 06l!leroey.napeTBeHHOM MaernTa6e. l.J:CKA3 113,l(aeT .l(115! 3TOH pa60Tb! 

Ha OeHOBe ,l(aHHOrO 3aKOHa 06H3aTe11bHb!e ,l(115! 11en011HeHI15! .l(11peKTI1Bbl. B 

1969 ro.ny np11 l.J:CKA3 6b!11 o6pa30BaH eaMOeTOHTe11bHh!H OT.l(e11, 3aHI1MaiO!li11H

eH BOnpoeaMI1 H.l(epHOH 6e3onaeHOeTI1 11 rapaHT11H 1 KOTOpoMy 6bi110 nopy'-IeHO 

11en011HeHI1e .l(11peKT11B 11 opraHI13aQ115! HaQI10Ha11bHOH el1eTeMbl y'-leTa 11 KOH

Tp0115! H.l(epHbiX MaTep11a110B. 

HAUHOHAJI1HA5! CHCTEMA Yl.J:ETA H KOHTPOJI5! 5!,ILEPH1IX MATEPHA

JIOB 

Cor11aeHo onpe.ne11eHmo, eo.neplKal!leMyeH B .noKyMeHTe INF / CIRC/ 153, 
K MaTep11a11aM 1 nO.l(11elKal!II1M KOHTp011IO, OTHOeHTeH: o6e.l(HeHHb!H ypaH, np11-

p0.l(Hb!H ypaH, o6oral!leHHbiH ypaH, T0p11H 11 n11yTOH11H. 

0eHOBy HaQ110Ha11bHOH el1eTeMbl y'-!eTa 11 KOHTp0115! eoeTaB11HeT pa3perne

HI1e Ha paenpoeTpaHeHI1e 11 np11MeHeHI1e 0T,l(e11bHb!X Bl1,l(OB H.l(epHbiX MaTep11a-

110B1 HaXO.l(H!!111XeH no,l( KOHTp011eM. 0eyl!leeTB11HeTeH KOHTp011b 3KenopTa 11 

11MnOpTa, n03TOMy 11eK11IO'-!aeTe5! KaKaH-111160 B03MOlKHOeTb nepeB03a '-!epe3 

rpaHI1!.1Y l.J:CCP H.l(epHbiX MaTep11a110B 6e3 yBe.l(OM11eH11H o6 3TOM l.J:CKA3. 

H11 O.l(Ha opraHI13aQI15! B l.J:CCP He no11y'-111T H.l(epHbiX MaTep11a110B, nO.l(11elKal!II1X 

KOHTp011!01 6e3 eo6eTBeHHOrO 3anpoea 111111 6e3 3anpoea B l.J:CKA3 BbiiiieeTOH

llleH 11HeTaHQI111. Ha Bee 3KenopT11pyeMbie 11 11MnopT11pyeMbre MaTep11a11hi, 

nO.l(11elKal!ll1e KOHTp011!0 1 .l(011lKHO 6b!Tb n011y'-!eHO pa3perneH!fe OT KOMneTeHTHO

ro opraHa BHernHei1 ToproB1111, np11'-IeM 3TOT opraH .l(011lKeH eor11aeoBaTh .naH

HhiH Bonpoe e l.J:CKA3. 

KalK.noe pa3perneHI1e, no3B011HIO!llee B11a.neT b 111111 np11MeHHTb H.nepHhiH Ma

Tep11a11, nO.l(11elKal!I11H KOHTp011IO, eBH3aHO e ye110BI15!MI1, BbiTeKaiO!lii1Ml1 113 ,l(H

peKTI1B no H.l(epHOH 6e3onaeHOeTH. fipOBO.l(HTeH TaKlKe 11HeneKQI111 1 Qe11b!O KO

TOpblX HB11HeTeH o6eene'-!eHI1e eTpororo eo611IO.l(eHI15! yeTaHOB11eHHb!X ye110BI1H. 

KpoMe Toro, Bee no.no6Hbie pa3perneHI1H .no11lKHhi 6biTb eor11aeoBaHbi e .npyri1-

MI1 065!3aHHOeTHMI1 1 KaeaiO!li11MI1eH Ha,l(11elKal!lero y'-!eTa MaTepl1a110B. 

fip11 yeOBeprneHeTBOBaHI111 HaQ110Ha11bHOH e11eTeMbl y'-!eTa 11 KOHTp0115! 

.H.nepHhiX MaTep11a11oB B l.J:CCP 6bi11 pa3pa6oTaH, B nepByiO O'-Iepe.nh, nepe'-!eHb 

OeHOBHb!X H.l(epHb!X yeTaHOBOK 11 MeeT, r ,l(e npOBO.l(HTe.H pa60Tbl e .H.l(epHbiMI1 

MaTep11a11aMI1 [3). Ha OeHOBe no.npo6Horo aHa11113a npoeKTHOH .l(OKyMeHTa

!.11111 3TI1X yeTaHOBOK 11 pa60'-!11X MeeT 6bll111 pa3pa6oTaHbl HeXO.l(Hbie MaTep11a-

11bl .l(11.H noeTeneHHOro oeyl!leeTB11eH11H e11e.nyiO!lii1X Mep: 

a) ,l(OeTaTO'-IHO nO.l(p06HaH 11.l(eHTl1TI1KaQ115! o6opy.l(OBaHI15! 11 H.l(epHbiX MaTe

p11a110Bi 

6) onpe.ne11eH11e 30H 6a11aHea MaTep11a11oB (3EM), y'-leTHhiX MeeT 11 113MepH

Te11hHhiX nyHKTOB ,l(115! OT ,l(e11bHb!X yeTaHOBOKi 

B) onpe.ne11eH11e enoeo6oB 11 epoKoB npe.neTaB11eHI1H .l(OK11a.l(oB 11 OT'-!eToB; 

r) onpe.l(e11eHHe Tpe6oBaHI1H 1 npe,l('bHB11HeMb!X K eo.neplKaHI1!0 .l(OK11a,l(OB 11 K 

MeTO,l(aM 11X OQeHKI1i 

.l() no.n6op eOOTBeTeTByi0!!111X MeTO.l(OB KOHTp011H. 

E011bllli1HeTBO 30H 6a11aHea MaTep11a110B HaQI10Ha11bHOH el1eTeMbl y'-!eTa 11 

KOHTp011H npe.l(eTaB11.HeT eo6ofi 30Hb! 1 r.l(e np0113BO.l(I1TeH perl1eTpaQI1H K01111-

'-!eeTB MaTep11a110B. B 3Tl1X 3EM oeyl!leeTB11.HeTe.H y'-!eT noeTyn11eH11H If Bbi

XO.l(a H.l(epHOrO MaTep11a11a no ,l(aHHb!M Ha BXO,l(e 111111 no .l(aHHb!M 3Kene,l(I1TOpa, 

a TaKlKe no pae'-!eTHi>IM .naHHi>IM, noeTeneHHO 11enpaB11.HeMi>IM eor11aeHo Be1111-

'-111HaM noTepb H.nepHb!X MaTep11a11oB 11 npo.nyK!.IHH. B KHHlKHOM 11 Tl1311'-!eeKoM 
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PHC .1. lJaCTb 06IUeii CXeMbl nOTOKa HH<!>OpMaQHH OT OT,llel!bHblX 3EM. 

nOTpe0MTeJ!H 

A3C A-1 

y'leTe ,naHHbiX B 3THX 3EM He ,llOJllKHO 6b1Tb KaKoi1-JIH60 pa3Hifl.{bl 1 a Heno,n,na-

101!1HMeH y'leTy MaTepHall ,llOJIJKeH 6b!Tb 1 B HOpMallbHOM enyqae, paBeH HyJIIO, 

TeKy11111e MaTep11allbHbJe 6anaHeOBbJe ytieTHbie .noKyMeHTbl (ytieTHbie .no

KyMeHTbi 06 H3MeHeHHHX 11HBeHTapHbiX KOll11'leeTB 1 HTOrOBbJe y'leTHbJe OT'leTbl 1 

OT'leTbl 0 MaTep11allbHOM 6aJiaHee ,llJIH OT,lleJibHbiX 30H 6aJiaHea MaTepHaJIOB) 

11 npe,nBapHTellbHbie OT'leTbi o MeJK,nyHapO.llHbiX nepeBo3Kax, HanpaBJIHeMbie 

B l.{eHTpan bHbiM OpraH yqeTa 1 eo,neplKaT eBe,neHHH 0 H,nepHOM If XHMH'leeKOM 

eocTaBe 1 <lJ113H'leCKOM <IJopMe 1 06111eM BeCe 3JieMeHTa 11lll1 Beee ,neJIHI!1eroeH 

H30Tona .nnH KaJK,noro B11.lla H,nepHoro MaTepHana, no.nneJKa111ero ytieTy 11 KoH

TponiO. B OT'leTaX np11BO,llHTeH 11eXO,llHali 11 np11eMHaH 30Ha 6aJiaHea MaTep11-

aJIOB 11Jll1 (B eJiyqae 3KenopTa 113 l.J:exoeJIOBaK1111) nepBOHO'lallbHbJe 3EM If no

Jiy'laTeJib. B npe,nBap11TeJibHbiX eoo6111eHHHX yKa3bJBaeTeH npe,nBapHTeJI hHaH 

,naTa nepeB03KH H,llepHoro MaTep11aJia. Bee ynOMHHyTbJe Bl1,llbl OT'leTOB If 

npe,nBap11TeJI bHbiX yBe,llOMJieHHM eoeTaBJIHIOTeH no e,ll11HOM <IJopMe. 0T,neJI 

H,nepHOM 6e3onaeHOeTI1 11 rapaHT11M l.J:CKA3 yeTaHOBHJI ,llllli Beex opraHI13a1{11M 

11 Beex 3EM e,ll11HYIO el1eTeMy KO,llOB no BeeM ,llaHHbiM 0 H,nepHOM MaTep11aJie 

11 ero nepe,llB11lKeHI111. HeeMOTpH Ha TO, 'ITO B HaeTOH1!1ee BpeMH ,llllli eyMMI1-

poBaHI1H Bee e111e npHMeHHIOTeH MeXaHI1tieeKI1e e'leTHbJe MalliHHbJ 1 Bee eo061!1e

HI1li1 TeM He MeHee, o6pa6aTb!BaiOTeH e y'leTOM B03MOlKHOrO np11MeHeHI1H 

3JieKTpOHHO-Bbl'll1ell11TellhHOM MaWHHbl. 06pa60TKa ,naHHblX Ha 3JieKTpOHHO

Bbl'll1eJIHTellbHblX MaWI1HaX noKa npOBO,llHTeH ll11Wb B OnbJTHOM MaewTa6e, HO 

KaK TOllbKO B03paeTeT 06'beM ,naHHbiX y el1eTeMbl KOHTp01IH 1 o6pa60TKa ,naH

HbiX Ha 3lleKTpOHHO-Bbl'l11ell11TeJibHblX MaWHHaX 6y,neT BHe,npeHa noeTOHHHO, 

,llJIH HarJIH,llHOeTI1 Ha p11e, 1 npHBO,llHTeH '!aeTb 06111eM exeMbl nOTOKa 11H

<!JopMal.{HH OT OT,lleJibHblX 3EM. l.J:CKA3 e nOMOI!1biO Bbl'l11ell11TellbHOrO l.{eH

Tpa If KOHTpOllbHOM aHaJII1TI1'leeKOM na6opaTOp1111 eyMM11pyeT noJiy'leHHbJe 

,naHHbJe 1 Be,neT y'leT 11 npOBO,lli1T KOHTpOllb e11llaMH eo6eTBeHHblX HHeneKTOpOB. 

l.J:T06b! He 3arpylKaTb 11H<lJOpMa1{110HHble KaHaJibl BTOpOeTeneHHblMI1 ,naHHbiMI11 

noTpe6HTell11 He60JibWI1X KOll11'!eeTB H,nepHI>IX MaTep11aJIOB 61>1JII1 06'be,ll11HeHbl 
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B O.llHY caMOCTOHTeJibHYJO 3EM, .ll!IH KOTOpOH COOTBeTCTBYJOII111M Y'-leT npoao

.ll11T 11HCTI1TYT 11CC!Ie.zlOBaHI1H 1 np0113BO.llCTBa 11 np11MeHeHI1H pa.lli101130TOnOB 

( HHITITP). 

CHCTEMA Yl:.JET A H KOHTPOJI5l 5l,Zl;EPHbiX MATEPHAJIOB B HAYl:.JHO

HCCJIE,Zl;OBATEJlbCKOM HHCTHTYTE 

B Ka'leCTBe nepBOrO np11Mepa KOMnJieKCHOrO BHe.z~peHI1H CI1CTeMbl y'!eTa 

11 KOHTpO!IH MOJKHO np11BeCTI1 11HCTI1TYT H.llepHb!X 11CCJie.llOBaHI1M AKa.lleMI111 Ha

yK l:.JCCP 1 KOTOpb!M HBJIHeTCH OCHOBHb!M l..leHTpOM H.llepHbiX 11CCJie.llOBaH11M B 

l:.JCCP. ,lJ;aHHb!M LleHTp np11BO.lli1TCH B Ka'!eCTBe np11Mepa nOTOMy 1 'ITO BO MHo

ri1X CTpaHaX 11MeiOTCH 11HCTI1TYTbl no.z~o6Horo JKe Tl1na 11 HanpaBJieHI1H. 

ITocne npoae.z~eHI1H aHaJII13a npoeKTHbiX .z~aHHbiX [4] o6opy;~oaaHI1H 11 pa-

60'II1X MeCT B yKa3aHHOM Bb!IIle 11HCTI1TyTe 6biJII1 ycTaHOBJieHbl Tp11 caMOCTO

HTeJibHbie 3EM: 

I 3EM - 3KcnepHMeHTaJibHbiii peaKTOp (BBP-C); 

II 3EM - THJKenoao.z~HaH KpHTH'!ecKaH c6opKa TP-0; 

ill 3EM - OCTaJibHb!e pa.zlHOXHMI1'!eCKI1e 1 <f>H311'!eCKO-MeTaJIJiyprH'IeCKHe H 

npO'!He pa60'!He MeCTa, a TaKJKe Te MeCTa, r.z~e HaXO.llHTCH pa3-

JIH'!Hble KOJIH'!eCTBa H.llepHOrO MaTepHaJia. 

0cTaHOBI1MCH 6onee no.z~po6Ho Ha I -oii 3EM. 3 Kcnep11MeHTaJibHbiM peaK

Top BBP-C HBJIHeTCH peaKTOpOM 6acceiiHoro Tl1na, KOTOpb!M CJIYJKI1T 11CTO'I

H11KOM 113Jiy'!eH11H np11 np0113BO.zlCTBe 1130TOnOB1 np11 npoBe.lleHI111 3KCnepi1MeH

TaJibHb!X pa60T B 06JiaCTI1 aTOMHOH ilJ11311KI1 11 11HJKeHepHb!X 11CCJie.llOBaHI1M B 

o6nacTI1 peaKTOpHoii TexHonorl111. PeaKTop MoJKeT pa6oTaTb Ha Tennoaoif 

MOII1HOCTI1 .llO 4 MBT. ropiO'!ee co.z~eplK11T OKI1Cb ypaHa, o6ora111eHHYIO Ha 

4-lQo/o no 1130TOny 235 U. 3aMe.ll!II1TeJieM HBJIHeTCH .lli1CT11llll11pOBaHHaH Jier

KaH BO.lla, CJiy:>Ka111aH O.llHOBpeMeHHO TenJIOHOCI1TeJieM, OTpaJKaTeJieM 11 1 '!ac

TH'IH01 3aii111TOM. 

C TO'IKI1 3peHHH rapaHTI1M .llaHHb!H Tl1n peaKTOpa KJiaCCI1ilJ111..111pyeTCH KaK 

OCHOBHOe H.llepHOe o6opy.llOBaHI1e, a C TO'IK11 3peH11H KOHTpO!IH 11 1..1eHTpaJII130-

BaHHOrO y'!eTa - 0603Ha'!aeTCH KaK O.llHa CaMOCTOHTeJibHaH 30Ha 6aJiaHCa Ma

Tep11aJIOB KH11lKHOrO Tl1na. 

I 3EM pa3.lleJieHa Ha cne.llyiOII111e y'leTHbie MecTa: 

1) CKJia.ll TOnJII1BHb!X 3JieMeHTOBj 

2) peaKTop; 

3) CKJia.ll 06Jiy'!eHHb!X TOTIJII1BHbiX 3JieMeHTOBj 

4) ropH'111e KaMepbi. 

B KalK.llOM y'leTHOM MecTe noiiiTY'IHO y'II1TbiBa!<YI'CH KacceTbi TenJIOBbi.lle

JIHIOI1111X 3JieMeHTOB (TB3JIOB). KpoMe Toro, pacc'!I1TbiBa!<YI'cH H.llepHbie noTe

pH 235U 11 o6pa30BaHI1e nnyTOH11H B KacceTaX TB3JIOB Ha OCHOBe MOI11HOCTI1 

peaKTOpa. <l>l1311'1eCKI1H y'leT H.llepHOrO MaTep11aJia B ycTaHOBKe npOBO.lli1TCH 

pa3 B ro.z~. KaJK.llOe y'leTHOe MeCTO HBJIHeTCH O.llHOBpeMeHHO KOHTpO!IbHbiM 

MeCTOM. 

B HopMaJibHbiX cny'laHx npoBO.lli1TCH peBI1311H y'leTHbiX .z~aHHbiX, 11.lleHTI1-

<P11Ka1..111H KacceT TB3JIOB, a a HeKoTopbiX cny'laHx - onpe.z~enHeTCH co.z~epJKa

HI1e ypaHa He.lleCTpyKTI1BHb!MI1 MeTO.llaMI1. ,lJ;aHHb!e 06 06111eif MOI11HOCTI1 pe

aKTOpa npoaepHKYI'CH Ha OCHOBe pa60'!I1X 3an11ceif, npOBO.llHMb!X Ha ycTaHOBKe. 

,lJ;aHHb!e 0 H.llepHb!X noTepHX 11 CO.llepJKaHI111 nJiyTOH11H B KacceTaX TB3JIOB 1 KO

TOpb!e .llOJIJKHbl 6b!Tb OTnpaBJieHbl 113 3EM 3Kcnep11MeHTaJibHOrO peaKTOpa, 

cpaBHI1BaiOTCH C .llaHHb!MI1 06 06111eM np0113BO.llCTBe 3Hepr1111 1 ee pacnpe.z~ene
HI1eM B aKTI1BHOM 30He, a TaKJKe C .llaHHb!MI1 1 3aHeCeHHb!MI1 B y'leTHbie KapTbl 
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KaCCeT TB3JIOB. 5J,11epHbie flOTepH ypaHa If B0Cflp01i3BO,LICTBO flJJyTOHii5! Y'lH

Tb!BaiOTC5! TOJibKO y KacceT TB3JJOB, KOTOpb!e ,LIOJilKHbl 6biTb OTflpaBJJeHbl 1!3 

3EM. 3TH BeJJH'lliHbl paCC'lliTbiBaiOTC5! Ha OCHOBaHHii ,LiaHHbiX, 3aHeceHHblX B 

y'leTHyiO KapTy KaCCeTbl TB3JIOB. 

CHCTeMa pa6o'IHX 3aflHceii MH peaKTOpHoro o6opy.LioBaHHH cJJe,LiyiOII1aH: 

a) 3aflliCii flOKa3biBaiOT ,LieHCTBHTeJJbHyiO MOII1HOCTb peaKTOpa If COCTaB aKTHB

HOH 30Hbi B JJro6oe BpeMH; 

6) 3aflliCii HH<flOpMHpyiOT o6 Oflepal..IHHX, CBH3aHHblX C fleperpy3KOH TOflJJHBa 

B peaKTOpe, If 0 KalK,LIOM 3Ha'lHTeJJbHOM peMOHTe; 

B) npli li3MeHeHHii COCTaBa aKTiiBHOH 30Hbl, HO KaK MliHHMyM O,LIIiH pa3 B ro,11, 

3aflHCbiBaeTcH o6II1aH Bbipa6oTaHHaH 3HeprHH H ee pacflpe,LieJJeHHe B oT

,LieJJ bHblX KacceTaX TB3JIOB B aKTiiBHOH 30He. 

Y'leTHa5! CliCTeMa OT'leTOB, nO 'IT If COBfla,LiaiOII1a5! C ycTaHOBJJeHHb!Mii 

AreHTCTBOM Tpe6oBaHH5!Mii 1 6a3HpyeTC5! Ha CJJe,LiyiOII1eM; 

a) Bee Tliflbl y'leTHbiX C006ll1eHHH COCTaBJI5!IOTC5! flO e,LIHHOH iflopMe; 

6) 0 5!,11epHblX flOTepHX If flp01i3BO,LICTBe flJIYTOHii5! OT'lliTbiBaiOTC5! TOJI bKO no 

KaCCeTaM TB3JIOB, KOTOpbie ,LIOJilKHbl 6b!Tb OTflpaBJJeHbl 1!3 3EM, B OT'le

Tax, KacaiOII1HXCH ,LiaHHOii napTHiii 

B) OKOH'laTeJJbHblH OT'leT, flepe,LiaHHblH B Bli,Lie cyMMapHbiX OT'leTHbiX coo6-

li1eHHH, B MaTepHaJJbHOM 6aJJaHce pa3,11eJJeH Ha OT'leTHble MeCTa, yKa3aH

Hbie Bbi!lle; 

r) Bli.Libl coo6ll1eHHii, cpoKH If 'lacToTa HX flpe,LicTaBJJeHHH onpe,LieJJeHbi cJJe-

.LIYIOII1HM o6pa30M; 

li3Beli1eHH5! 06 li3MeHeHH5!X y'leTa flO,LiaiOTC5! B Te'leHHe 14 ,LIHefi CO ,11H5! 

B03HiiKHOBeHH5! y'leTHOrO li3MeHeHH5!i 

cyMMapHbie OT'leTHbie C006ll1eHH5! flpe,11CTaBJJ5!IOTC5! O,LIIiH pa3 B r0,11 If 

OXBaTbiBaiOT nepHO,LI C 1 5!HBap5! flO 30 lilOHHi 

coo6II1eHHe o MaTepHaJJbHOM 6aJJaHce, KacaiOII1eMcH flepHo,Lia c 1 HHBa

pH flO 31 ,11eKa6pH If BKJIIO'laiOII1eM TaKJKe OT'leTHYIO cyMMy 3a flepHO,LI 

c 1 HIOJJH no 31 ,lleKa6pH, flpe,llcTaBJJHeTcH O.LIHH pa3 B ro,11. 

Pa60'lliii OT'leT CO,LieplKHT KOpOTKYIO 3aflHCb 0 l..leJIHX pa60Tbl peaKTOpa 

3a OT'leTHblH flepHO.LI, OflHCaHHe Cyll1eCTBeHHb!X peMOHTHb!X pa60T If 06ll1ee 

KOJJH'leCTBO Bb!pa60TaHHOH 3Hepr!ili B Te'leHHe ,LiaHHOrO flepHO,Lia, 3 Tli C006-

li1eHH5! flO.LiaiOTCH .LIBa pa3a B ro,11. 

Il0.1106HblH KOHTpOJJb ocyll1eCTBJJ5!eTC5! If BO !I-oii 3EM, T. e, B THJKeJJo

BO,LIHOH Kp!iTH'leCKOH c6opKe. 

B l!I-TblO 3EM BKJIIO'leHbl Bee OCTaJibHbie pa60"!He MecTa, JJa6opaTOpHH, 

OT,LieJJeHH5! If He6oJJ bill lie CKJia,Libl, paCflOJIOlKeHHbie B liHCTHTyTe, 3 TO, HanpH

Mep, pa60'llie flOMeli1eHH5! ifl!i31i'leCKOH MeTaJJJJyprHH, JJa6opaTOpHb!X liCCJJe

,LIOBaHHH flepepa60TKii o6JJy'leHHOro TOflJJHBa, flepepa60TK1i pa,LIHOaKTiiBHb!X 

OTXO,LIOB If T. fl. C l..leJJ blO yM eH b!lleHH5! 3arpy3Kii liH iflopMal..IHOHHb!X KaHaJJOB 

l..leHTpaJJH30BaHHOrO y'leTa BCe pa60'llie MeCTa BX0,115!T B COCTaB O,LIHOH 3EM 

C COOTBeTCTByiOII1liMli OT'leTHb!Mli MeCTaMH. 0 flepeBO,LiaX 5!,11epHOrO MaTe

p!iaJJa MelK.Liy 3TliMli MeCTaMH Be.LiyTC5! COOTBeTCTBYIOII11ie 3aflliCH, KOTOpbie, 

O,LIHaKO 1 He nepe,11aiOTC5! B l..leHTp. 

CHCTEMA Y'-IETA H KOHTPOJI5I 5I,IJ:EPHbiX MATEPHAJIOB HA IJEPBOM 

'-IEXOCJIOBAUKOMATOMHOM3JIEKTPOCTAHUHH 

IT epBaH 'lexocJJOBal..IKaH aTOMHaH ::JJJeKTpocTaHI..IHH A -1 pacfloJJoJK eHa B 

5IcJJOBCKHX EoryHHI..Iax (Ha ceBepo-BocToKe oT EpaTHcJJaBbi) H B HacTOHII1ee 
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CCCP 

36N I 36N J[. 

PHc. 2. CoKpaiiJ.eHHaH cxeMa nepeJlBH)KeHHH ronJIHBa no aTOM HoM sneKrpocTaHQHH A-1: 
1 -nepeB03K8j 9 - C60pKa KOMOJ18KT0Bj 

2 - CKJI8,ll; CT8p)f(H8fi TB3li0Bj 10 - CKJI8}l KOMnlleKTOBj 

3- KOHTpOllb 060JIOYKH TB3}]0Bj 11,12- 38rpy30"'H851 M8lllHHa; 

4 - MOHT8}K CTepiKHefi TB3.1IOBj p - peaKTOpj 

5 - npOMe}l(yTOl..JHhli1 CKJI8Jlj 13 - npOMeJKyT01.,J,HOe Xp8HHllHin8j 

6- c6opKa KacceT; 14 - KaMepa pe3KH; 
7 - KOHT}X)Jlb H 0603Ha1.JeHHej 15 - ,ll;OllrOBpeMeHHOe xpaHHJlHlll.e; 

8 - npoMe}KyTOt.IHbiH CKJ18,ll;j 16 - ropHt.zHe KaMepblj 

17 - OTnpaBKa BaroH-KOHTefiHepOM. 

BpeMH HaXO,!IHTCH B CTa,!IHH 3HepreTH'leCKOrO nycKa, IJOCKOJibKy 3Ta aTOM

Hall 3JieKTpOCTaHI.,\Hli 1 pa6oTaRJII.IaH Ha THJKeJiofi BO,lle, HMeeT C TO'lKH 3peHHH 

y'leTa H KOHTpOIIH TOflJIHBa HeKOTOpbie HeTHflH'lHbie H B onpe,lleiieHHOH CTene

HH yHHKaJibHbie CBOHCTBa, 6y,lleT l.leiiecoo6pa3HO paccMOTpeTb 6onee fl0,!1po6-

HO HeKOTOpb!e OCHOBHbie acneKTbl [5), 

OcHOBHOfi -qacThiD aTOMHofi 3IIeKTpocTaHI.IHH HBIIHeTcH peaKTOp KC-150 

CO CTallbHbiM KOpnycoM ,llaBJieHHH, TonJIHBOM liBJIHeTCH npHpO,!IHblll MeTaJI

JIH'leCKHH ypaH, 3aMe,!IIIHTeiieM - THJKenaH BO,lla. OXJia,!IHTeJieM nepaoro 

KOHTypa HBJIHeTCH C02 1 I.IHpKyiiHpyiDII.IHH flO,ll ,llaBIIeHHeM 60 aTM, IJpe,llflOJia

raeTCH1 'ITO TennoaaH MOII.IHOCTb peaKTopa cocTaBHT 560 MBT, a 3JieKTpH

-qecKaH MOII.IHOCTb (6pyTTO) - 143 MBT. AKTJ.lBHaH 30Ha peaKTOpa COCTOJ.lT 

H3 .LIBYX THflOB KacceT TB3JIOB. B QeHTpaiibHOH 30He HaXO,llliTCH 44 KacceTbl 

,!IHaMeTpOM 112 MM 1 a B nepe<PepHHHOH 30He - 104 KacceTbl ,!IHaMeTpOM 

100 MM, 060JIO'lKOH KacceTbl HBJIHeTCH I.IHpKOHHeBaH Tpy6a, 0611.1aH 3arpy3-

Ka peaKTOpa COCTaBJIHeT npHMepHO 25 T MeTaJIJIH'leCKOrO npHpO,!IHOrO ypaHa, 

BbiCOKaH y.lleiibHaH MOII.IHOCTb TOniiHBa - 20 MBT (Tenn)/T ypaHa - npHBO,!IHT 

K OTHOCHTeJibHO 6biCTpOMy BbiropaHHKl TOflliHBa H 6biCTpOMy o6pa30BaHHR) 

flliYTOHHH 1 'ITO fl0Tpe6yeT 'laC TOll 3aMeHbl KacceT TB3JIOB, IJeperpy3Ka Kac

CeT TB3JIOB OCyll.leCTBJIHeTCH Henpepb!BHO BO BpeMH pa60Tbl peaKTOpa, IJpe,ll

flOJiaraeMoe BpeMH npe6biBaHHH KaCCeTbl TB3JIOB B peaKTOpe - 99-235 ,!IHefi 1 

B 3aBHCHMOCTJ.l OT pa3Mell.leHJ.lli B aKTHBHOH 30He. IJpe,llflOJiaraeMaH rny6J.JHa 

BbiropaHJ.lli TOflJIJ.lBa COCTaBJIHeT OK OliO 2800 MBT • CyT/ T, 

CnoJKHoe nepe.LIBHJKeHHe TOflJIHBa Ha aTOMHOi1 3IIeKTpocTaH1.1HH noTpe6o

aano C TO'lKH 3peHHli BBe,lleHJ.lli 3tP <PeKTJ.lBHOH KOHTpOJibHOH J.l y'leTHOH CJ.lCTe

Mbl ycTaHOBJieHHH .LIBYX 30H 6aiiaHCa MaTepHaJIOB: 

1 3EM BKJIRJ'laeT npOCTpaHCTBO ,!IJIH MOHTaJKa J.l peMOHTa TeTIJIOBbi,lleJIHKlii.IJ.lX 

3IIeMeHTOB C COOTBeTCTByiDII.IJ.lMJ.l CKJia,llaMH; 
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!I 3EM BKJIIO'IaeT co6CTBeHHO peaKTOp C COOTBeTCTBYIOIUHMH KpaTKOBpeMeH

H.biMH xpaHHJIH[UaMH 1 rop.Si'IHMH KaMepaMH, 3arpy30'IH.biMH MaiiiHHaMH H 

,!lOJirOBpeMeHHOe xpaHHJIHIUe 06Jiy'leHH.biX KaCCeT TB3JIOB. 

YrrpOIUeHHa.Si 06IUa.Si CXeMa IIOTOKa .Si,!lepHoro TOIIJIHBa Ha aTOMHOH 3JieK

TpOcTaHI..IHH A-1 IIpHBe,!leHa Ha pHC. 2. .ll:BHJKeHHe .Si,!lepHoro TOIIJII.lBa HaqH

HaeTC.Si c rrocTaBKH ypaHOB.biX cTepJKHeil H3 CCCP B I-yro 3EM aTOMHOH 3JleK

TpocTaHI.IHH. Ha pHC. 2 CXeMaTH'IHO H306paJKeH IIOTOK .Si,!lepHoro TOIIJlHBa B 

l-oll 3EM np11 MOHTaJKe, IIO,!lrOTOBKe, KOHTpO!le, 0603Ha'leHI111 11 xpaHeHHI1. 

I-a.H 3EM pa3,!le!leHa Ha cne.z:~yiOIU11e OT'IeTH.bie MecTa: 

a) BXO.!IHOH KOHTpO!lb (cKJla,!l ypaHOBLIX MeTaJ1JII1'1eCKHX CTepJKHeil)j 

6) rrpoMeJKyTO'IHLIH CKJla,!l CMOHT11pOBaHHLIX CTepJKHeil; 

B) MeJKonepa!-1110HHLIH CKJla,!l KacceTj 

r) MOHTaJK KOMIIJleKTOB. 

rJlaBHLie 'laCTI1 TOIIJII1BHOrO 3JleMeHTa 0603HaqeHLI Ha BI1.!\HOM MeCTe HO

MepOM. KaJK,!lbiH C06paHHLIH TOIIJ111BHLIH 3JleMeHT ,!laJlee 0603HaqaeTC.Si Ha 

Tpex MeCTaX IIO,!lBeCHOH rOJ10BKI1. 0 MOHTaJKe KaJK,!lOrO TOIIJ111BHOrO 3JleMeH

Ta Be,!leTC.Si 3aiii1Cb B yqeTHOH KapTe, CO,!lepJKa[UeH OCHOBHLie ,!laHHLie IIp0113-

BO.!\CTBeHHOrO, yqeTHOrO 11 KOHTpO!lbHOrO xapaKTepa. Ha p11C. 2 TaKJKe 1130-

6paJKeHO nepe,!lBI1JKeHI1e TOIIJ111BHLIX 3JleMeHTOB BO ll-oil 3EM, r,!le paCIIOJIO

JKeH peaKTOp, KOTOpLIH o6cJlyJKI1BaeTC.Si 6e3 OCTaHOBK11 .!\ByM.H 3arpy30'IHL!MI1 

MaiiiHHaMI1 1 COOTBeTCTBYIOIUHe KpaTKOBpeMeHHLie xpaHI1J111IUa, rOp.Si'111e KaMepLI 

11 ,!lOJlrOBpeMeHHOe xpaHI1J111IUe ,!lJl.Si xpaHeHI1.Si 06Jly'leHHLIX KacceT TB3J10B. 

II -a.H 3EM pa3,!le!leHa Ha CJle.!lyiOIU11e OT'IeTHLie MecTa: 

a) BXO.!l BO Il-yro 3EM (cKJla,!l CBeJKHX KacceT)i 

6) peaKTop; 

B) KpaTKOBpeMeHHOe rop.H'Iee rrpoMeJKyToqHoe xpaH11J111IUe; 

r) KaMepa .z:lllli pe3KHi 

.!1) ,!lOJlrOBpeMeHHOe xpaHI1J111IUe 06Jly'leHHOrO TOIIJ111Ba C rop.Si'111MI1 KaMepaMI1 • 

.ll:Jl.Si 6oJlee .SiCHOro npe,!lCTaBJleHI1.Si BBe,!leHHOrO yqeTa 11 KOHTpO!l.Si TOIIJ111-

Ba, rrpoxo.!l.HIUero qepe3 II -yro 3EM 3JleKTPOCTaHI.I1111, paccMOTp11M HeKOTOpL!e 

acneKTLI, KOTOpLie CJie,!lyeT Y'II1TLIBaTb np11 onpe,!leJieHI111 KOHTpOllbHLIX MeeT 

11 MeTO,!lOB KOHTpO!l.Si. 

HenpepLIBHLIH 06MeH KacceT TB3JIOB IIp11 pa6oTe peaKTOpa, OTHOCI1TeJlbHO 

He60JlbiiiOe KOJ111'1eCTBO TeXHOJ10rl1'1eCKI1X KaHaJIOB 1 a TaKJKe OTHOCI1TeJlbHO 

He60JlbiiiOe KOJ111'1eCTBO KacceT TB3J10B BO BCeM TOIIJ111BHOM l-111KJ1e 3JieKTpO

CTaH!-111H II03BOJl.SiiOT OCyiUeCTBJl.SiTb HH,!li1BH.!lyaJ1 bHOe Ha6JliO,!leHI1e 3a rrepe,!lB11-

JKeHI1eM KacceT TB3J10B. Bee onepa1-11111 C TB3JlaMI1 - OT CKJla,!la CBeJKI1X KOM

IIJieKTOB, ,!laJlee qepe3 aKTI1BHYIO 30Hy peaKTOpa, KpaTKOBpeMeHHOe rop.Hqee 

IIpOMeJKyTO'IHOe XpaHI1J111IUe, KaMepy pe3KI1 1 .!IOJlrOBpeMeHHOe xpaHI1J111IUe 11 

BIIJlOTb .!10 BaroHa-KOHTeHHepa- OCyiUeCTBJl.SiiOTC.Si 0.!\HOH 113 .!IBYX 3arpy3oq

HLIX Maiiii1H B 0.!\HOM 3aKpLITOM IIOMe[UeHI111 (peaKTOpHOM 3aJle). Jf3 3TOrO 

IIOMe[UeHI1.Si TpaHCIIOpT11pOBKa 06Jly'leHHOH KacceTLI KaKI1M-J11160 .!lpyri1M CIIO

C060M1 'leM qepe3 Jl!OK B BaroH-KOHTeHHep, COBepiiieHHO 11CKJ1IO'IeHa. 

Ha OCHOBaHHI1 IIp11Be,!leHHLIX <PaKTOB 6LIJ111 npe,!lJlOJKeH:LI KJIIO'IeBLie KOH

TpO!lbHl>Ie MeCTa, qepe3 KOTOp:L!e ,!lOJlJKeH IIpOXO,!l11Tb BeCb .Si,!lepHl>!H MaTep11-

aJ1 (B <l!OpMe MeTaJIJII1'1eCKI1X CTepJKHeH, 06JlyqeHHbiX 11 He06Jiy'leHHb!X Kac

ceT) Ha CBOeM nyTI1 nepe,!lBI1JKeHI1.Si IIO aTOMHOH 3JleKTpOCTaH!-11111
1 

a 11MeHHO: 

B I 3EM 
a) BXO,!lHOH KOHTpO!lb Ha BXO,!le B CKJla,!l ypaHOBl>IX MeTaJ1Jl~'leCK11X CTepJKHei:i; 

6) B.b!XO.!\HOH KOHTpO!lb Ha Bb!XO,!le 113 MOHTaJKHOrO OT,!leJleHI1.Si KacceT IIp11 

nepexo.z:~e B CKJla,!l (Bl>IXO.!l 113 I 3EM 11 IIOCTyniieHI1e BO Il 3EM). 
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Bo II 3EM 
a) BXO).I B CKJia).l KaCCeT TB3JlOB j 

6) peaKTop; 

B) KaMepa pe3KHj 

r) Bh!XO.LIHOH JIIOK 113 peaKTOpHOrO 3aJia B BaroH-KOHTeHHep. 
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CHCTeMa OT'-IeTOB l1 OT'-IeTHh!X .LIOKyMeHTOB .LIJlli aTOMHOH 3JleKTpOCTaH

I..Il1l1 A-1 6y).leT aHaJIOrH'-IHa TOH 1 KOTOpali 6biJia npHBe).leHa ).IJlli 3KCnepl1MeH

TallbHOrO peaKTopa BBP-C, a B OKOH'-IaTeJibHOH ~a3e - 6y.r~eT npl1cnoco6ne

Ha K Tpe6oBaHHliM AreHTCTBa. 

BaJKHOH COCTaBHOH '-laCTb!O Hai..IHOHallbHOH CHCTeMbl rapaHTHH liBJilieTCli 

UeHTpaJibHaH KOHTpOJibHaH na6opaTopHH ).IJIH aHaJIHTH'-!ecKoro KOHTponH H.Liep

Horo roproqero. Jla6opaTOpHli HaXO).IHTCli Ha TeppHTOpHH J1HCTHTyTa li).IepHb!X 

HCC.'!e).IOBaHHH AKa).leMHH HayK Y:CCP l1 Henocpe.LICTBeHHO TIO).I'-IHHeHa Y:exo

CJIOBai..IKOH KOMHCCHH flO aTOMHOH 3HeprHH. B ee pacnOpliJKeHHH HMeiOTCli 

06b!'1Hb!e pa).IHOXHMH'-IeCKHe Jia6opaTOpHH 1 Jia6opaTOpHH HCCJie).IOBaHHH MaTe

pHaJIOB Cpe).IHeH aKTHBHOCTH (npHMepHO ).10 1 HJIH HeCKOJlbKHX K!OpH) l1 Jia6opa

TOpHH .LIJ!li pa60Tbl C flJiyTOHHeM. ,Il;JIH pa).IHOM eTpH'-IeCKOrO KOHTpOJili 1 KpOMe 

06b!'-IHOrO o6opy.LIOBaHHli 1 npHMeHliiOTCli TaKJKe Tb!Cli'-IHKaHaJibHb!e aHaJil13aTO

pbl C repMaHHeBbiMH l1 KpeMHHeBbiMH ).leTeKTOpaMH ).IJlli raMMa- HJIH aJib~a

CfleKTpOMeTpHH. He.r~aBHO 6brJia C03).1aHa na6opaTOpHH Macc-cneKTpoMeTpHH, 

ocHa!I1eHHaH coBeTCKHM Macc-cneKTpoMeTpOM MH 1311, npe.r~Ha3Hat1eHHb!M 

).IJlli l130TOflHOrO aHaJIH3a MHKpO-KOJIH'-IeCTB l1 MHKpo-npHMeceiJ: ra30B l1 TBep

.Lih!X B€l!1€CTB. 

Jla6opaTOpHH nopyqeHO KOHTpOllHpOBaTb li).IepHO€ TOflJIHBO B T€'-leHHe Bce

ro TOflJIHBHOrO I..IHKJia, Ha'-IHHali C HCXO).IHh!X C0€).1HH€Hl1H 1 ).laJiee npOMeJKyToq

Hh!€ npO.LIYKThl 1 TB3Jlb! 1 npO.LiyKTbl nepepa60TKH 06llY'·I€HHOro TOflllJ.!BaJH KQH

qali pa.r~HoaKTHBHhiMH 3JieMeHTaMH. KpoMe KOHTpoJIH, Jla6opaTOpl1H .LIOJIJKHa 

3aHHMaTbCli npoBepKOH l1 pa3pa60TKOH HOBhiX M€TO.LIOB [ 6). 

TAEJJHUA I. OOPE,Il;EJJEHHE YPAHA 

MeTo.zntKa 

THTpHMeTpHYecKHe 

(o6DeMHbie) M€TO.llhl 

TIOT€HUHOCTaTHYe

CKaH KyJIOHO

MeTpJ.HI' 

CneKTpo,PoTOMeT

pHY€CKH€ M€TO,D;bl 

npHHUHn M€TO,IJ;a 

BoccTaHOBJieHHe B pe.n;yKTope 

,ll)f(OHCa 

THTpoaaHHe Ce (IV) 

3KCTpaKUHH Kyn<!JepOHOM, 

BOCCTaHOBJl€HH€ B pe .ZlYKTOpe 

)l"'oHca, THTpoaaHHe Cr (IV) 

BoccTaHosneHHe ~ene3oM 
(II) 
THTpoaaHHe Cr (IV) HJIH 
Ce (IV) 

BoccTaHOBHT€JibHOe THTposa

HHe JJ;syxsaneHTHbiM JKeJie30M 

noT€HUHOM€TpHY€CKaH HH..UH

KaUHH 

BoccTaHOHJIE'HHe Ha Hg
KaTo.ne 

KoMnneKc c po.n;aHH.llOM 

KoMnneKc c ApceHa3o III 

U (MeTaJIJI), OKHCJlhl 

OKHCJibi, cnnasbi 

,PnyopHilhi 

U (MeTaJIJI), OKHCJibl 

,PTopHilbi, Ua pac

Tsopax 

U (MeTaJIJI) 1 OKHCJibl 

cnnasbr, U B pacT

sopax 

U B paCTBOpax 

U {MeTaJIJI), OKHCJ!hl 

U B paCTBOpaX 

U B paCTBOpax 

Ko3,P,PHuHeHT 

BapHBQHH, o/o 

0,2 

0,3 - 0,4 

0,2-0,3 

0,2- 0,4 

0,2 

3 
)tJIR CJie)l;OB 4-5 
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TAEJIHUA III. OITPE,llEJIEHHE H30TOI1HOrO COCTABA M BhirOPAHH5:! 

5:I,llEPHOrO rOPIO'-IErO 

Mero.n;HKa 

H30TOOHLJecKHH 

COCTaB 

Onpe.n;eneHHe 
BbiropaHlUI 

TipHHQHO MeTO)la 

)'-CneKTpOMeTpHH 

H3MepeHHe 3ana3,n:LIBaiOlUHX 

Hei1:TpOHOB 

AKTHBaU:HOHHhlH aHaJIH3 

Pa.n;HOXHMHt.JeCKHe MeTO.llbl 

(onpe.n;eJiem1e pa.n;HoaKTHB
HLIX HllH CTa6HJihHLIX npo

.llyKTOB ,lleJ!eHHll) 

235u/23sc; 

B MeTaJIJIHl.JeCKOM U 

B OKHCJiaX 

B cnnaaax 

npHpD.llHh!H H 

o6orameHHLii1 U 

Ko3¢¢HllHeHT 

BapHaQHH, o/o 

1,5-3 

2-4 

3-5 

I1epe'!eHb MeTO.!IOB 1 Bbi6paHHbiX K HaCTOJ:!IUeMy BpeMeHI1 11 npoiiie,!IIIII1X 

npoaepKy, np11BO,!II1TCH B Ta6JI.I -III. 113 Ta6JI.l -III B11,!1!f0 1 'ITO TO'IHOCTb 

onpe,!leJieHI1H ,!IJIH ,!laHHbiX l.lelleH B 60Jibiiii1HCTBe CJiyqaeB HBJIHeTCH y.!IOB

JieTBOp11TeJibHOH. 

3 ~~eKTI1BHOCTb rapaHTI1H 3aBI1CI1T OT pa3pa60TKI1 Ha,!lelKHbiX KOHTpOJib

HbiX MeTO,!IOB - ,!IOCTaTO'IHO TO'!Hb!X 1 He3aBI1C11MbiX OT ycJIOBI1H 3KCnJiyaTal.ll111 

ycTaHOBOK 11 He OpraHI1'111BaiOIU11X C06CTBeHHyiO pa6oTy ycTaHOBOK. I103TOMY 

COCTaBHOH '!aCTbiO pa3BI1T11H '!eXOCJIOBal.IKOH CI1CTeMbl y'!eTa 11 KOHTp01IH HB

JIHIOTCH TaKJKe 11CCJie,!IOBaTellbCKI1e 11 pal.I110aHaJII13aTOpCKI1e pa60Tbi 1 HanpaB

JieHHbie Ha pa3pa60TKy MeTO,!IOB He3aBI1CI1MOH npoaepK11 flOJiy'!eHHbiX ,!laHHbiX. 

HeKoTopbie 113 3T11X pa6oT npoBO.!IHTCH no KOHTpaKTaM c MAr AT3 (Hanp11Mep, 

aHalll13 B03MOJKHOrO onpe,!lelleH11H KOll11'!eCTBa fl1IYTOH11H 1 o6pa3yiOIUerOCH np11 

pa6oTe THJKeJIOBO,!IHOH aTOMHOH 3JieKTpOCTaHI..II111 1 Ha OCHOBe KOll11'!eCTBa Bbipa-

6oTaHHOH 31leKTp03Hepr1111 [ 7) 11 T. ,!1. ) • 

3AKJIIOLJEHHE 

J1p11Be,!leHHaH 06IUerocy,!lapCTBeHHaH CI1CTeMa y'!eTa 11 KOHTpOJIH H,!lepHOrO 

MaTep11aJia 6y,11eT 11 ,!laJiee yTO'IHHTbCH Ha OCHOBaHI111 Tpe60BaHI1H AreHTCTBa, 

npe,!l'bHBJieHHbiX B xo.11e neperoaopoB o 3aKJIIO'!eHI111 corJiaiiieHI1H MeJK.!Iy LJexo

CJIOBaK11ei1 11 AreHTCTBOM 1 B OC06eHHOCTI1 - np11 pa3pa60TKe ,!IOflOJIHI1TellbHbiX 

flOJIOJKeHI1H 0 KOHTpOJie OT,!IeJibHbiX ycTaHOBOK, KOTOpbie BOH.!IYT B C~epy ,!leH

CTB11H rapaHTI1H. 

UeJibiO 11HTeHCI1BHbiX pa6oT no ycoaeprneHCTBOBaHI1IO Hali110HallbHoi1 cl1c

TeMbi y'!eTa 11 KOHTpOJIH H,!lepHOrO MaTep11aJia HBJIHeTCH pa3pa60TKa TeXHI1-

'!eCKI1X 11 IOp11,!111'!eCK11X acneKTOB 11 ycJIOBI1H 1 OTBe'!aiOIU11X flOJIHOCTbiO Tpe6o

BaH11HM, BbiTeKaiOIUI1M 113 ,lloroaopa o HepacnpocTpaHeHI111 H,!lepHoro opyJK11H. 

Y.!IOBlleTBOpeHI1e 3TI1X Tpe6oBaHI1H fl03BOJII11IO 6bi AreHTCTBY 11CflOJIHHTb CB011 

06H3aHHOCTI1 np11 MI1HI1MallbHbiX yci1JII15IX B ,!leJie npoBe,!leHI1H 11HCfleKlii1H 1 a 

TaKJKe np11 MI1HI1MallhHblX ~11HaHCOBbiX paCXO,!IaX. 

Mbl Ha,!leeMcH, 'ITO OflbiT '-ICCP flO C03,!1aH1110 Ha1..1110HallhHOH CI1CTeMbl yqe

Ta 11 KOHTpOJIH H,!lepHOro MaTepl1aJia 6y.!leT flOJie3eH 11 ,!IJIH ,11pyr11x rocy,11apcTB 1 

KOTOpbie HaXO,!IHTCH 111l11 6y.!lyT HaXO,!I11TbCH B flO.!I06HOM flOJIOJKeHI111, 
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Abstract-Resume-AHHOTal.lllli-Resumen 

THE SAFEGUARDS APPLIED BY THE COMMISSION OF THE EUROPEAN COMMUNITIES. 
The Treaty establishing the European Atomic Energy Community set up the first complete safeguards 

system for application by an independent authority within an organization comprising several States. The 
first part of the paper contains an analysis of the main Treaty provisions governing the activity of the 
Commission's Directorate for Safeguards and a detailed description of its structure. This is followed by 
an outline of the functions of the inspectorate, with emphasis on the various procedures applied according 
to the particular case in point (routine inspections, special inspections, spot checks, etc.), and a description 
of the operation of the centralized accounting system, under wliich all the data communicated by the 
Parties subject to such controls in the six Member States are brought together at the Headquarters of the 
Commission. At the end of the first part assessments are made of the overall effort put forth by the 
Commission's Directorate for Safeguards in order to ensure that nuclear material is used for peaceful pur
poses only. 

The second part deals with research aimed at optimizing the safeguards and controls system from the 
standpoint of efficiency, economy and minimum intrusion. This work was initiated at the establishments 
of the Joint Research Centre in 1969, and has been concerned primarily with: (a) systems studies: mathematical 
models have been created for description of fabrication and reprocessing plants, and practice controls have 
been carried out on various facilities; (b) correlation studies: these are concerned in particular with the 
correlations between fission gases and burn-ups; (c) the development of direct and indirect methods: 
neutron physics and gamma-ray spectrometry techniques have been devised and appliances developed for 
the non-destructive measurement of fissile materials. and a method of automating isotopic dilution and 
mass spectrometric analysis is under study; and (d) the elaboration of identification techniques: the bulk 
of this work is devoted to the use of a technique based on ultrasonic detection of random distributions of 
inclusions. 

LE CONTROL£ DE SECURITE DE LA COMMISSION DES COMMUNAUTES EUROPEENNES. 
Le Traite instituant !a Communaute europeenne de 1' energie atomique cree le premier systeme complet 

de centrale par une autorite independante, dans le cadre d' une organisation comptant plusieurs Etats. Dans la 
premiere partie du memoire, apnos une analyse des principales dispositions du Traite qui regissent 1' activite 
du Contrtlle de securite, les auteurs font un expose detaille de la structure du Service mis en place par la 
Commission; ils decrivent ensuite 1" activite d" inspection, en mettant en lumiere notamment les differentes 
modalites de celle-ci, appliquees selon les cas d" espece (inspections periodiques, renforcees, inopinees, etc.). 
Le fonctionnement du systeme de comptabilite centralisee qui reunit au siege de la Commission 1" ensemble 
des donnees communiquees par taus les assujettis des six pays membres est egalement decrit. Les auteurs 
concluent la premiere partie en faisant 1' evaluation de 1" effort global fourni par les services de la Commission 
pour assurer un controle efficace de 1" utilisation des matieres nucleaires a des fins exclusivement pacifiques. 

La deuxieme partie est consacree aux etudes sur les garanties dans le Centre commun de recherche. Dans 
le souci d' optimiser le systeme de controle du point de vue de 1' efficacite et de 1' economie et d' assurer un 
minimum d' intrusions, des recherches ant ete entreprises des 1969 dans les etablissements du Centre commun 
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de recherche, et notamment: a) etudes de systemes: des modeles mathematiques ant ete etablis pour Ia 
description des usines de fabrication et de retraitement. des exercices de contrOle ont ete effectues sur des 
installationSj b) etudes de correlation: des etudes SOOt execut6es, en particulier, sur les correlations entre gaz 
de fission et taux de combustion; c) mise au point de methodes directes et indirectes: pour la mesure non 
destructive des matieres fissiles, des techniques neutroniques et de spectrometrie } ont ete etudiees et des 
appareillages ant ete mis au point·, une methode d' automatisation de I' analyse par dilution isotopique et 
spectrometrie de masse est en cours d' etude; d) mise au point de techniques d' identification: I' effort 
principal porte sur I' utilisation d' une technique basee sur I' identification par ultra-sons de distributions 

aleatoires d' inclusions. 

1APAHTHH, !1PHMEH51EMhJE EBPOITEHCKHM COOElliECTBOM ITO ATOMHOH 3HEP1HH. 
K BOITPOCY HCCJIE.UOBAHHH B OEJIACTH 1APAHTHH, ITPOBO.UHMbJX B OE'hE.UHHEHHOM 
UEHTPEHCCJIE.UOBAHHH . 

.Uorosop o C03.UaHHH EsponeHcKoro coo6IIleCTBa no aTOMHoH 3HeprHH ycTaHOBHJI nepsy10 
U€JibHYIO CHCTeMy rapaHTHH, npMM€H51€MYIO He3aBHCHMbiM opraHOM B paMKaX opraHH3aUI1H 1 OXBa

TbiBaiOIIl€J:i HeCKOJibKO rocy,llapCTB. B nepsoi:f 4aCTH .llOKJia.lla TIOCJie aHaJIH3a OCHOBHbiX OOJIO)K€

HHft ,llorosopa, onpe,rteJI5'1lOW:HX ,Lt€5'1T€1IbHOCTb ,rtHpeKUHH KOMHCCHH nO rapaHTHHM, aBTOpbi ,Ita lOT 

no,rtpo6Hoe onHcaHHe ee CTPYKTYPbi. 3aTeM yKa3biBaiOTCH ¢1YHKUHH HHcneKTOpos c y.rteJieHHeM 

oco6or0 BHHMaHH5J pa3JIH1..fHbiM npoue.rtypaM 1 OpHM€H5'1€MbiM B 3aBHCHMOCTH OT KOHKpeTHOrO CJiy-

1..fa5'1 (o6bi1..fHbl€ HHCneKUHH, cneuHaJibHbl€ HHCOBKUHH, nposepKH Ha M€CTaX), ,rtaeTCH TaK)K€ OOHCa

HH€ pa60Tbl U€HTpa1IH30BaHHOii CHCT€Mbl yY:eTa, npe,rtycMaTpHBaiOW:Bii c6op B UBHTpaJibHbiX yy:pe:>K

.rteHH5IX 'KOMHCCHH BC€X ,rtaHHbiX 1 coo6w;aeMbiX JIHUaMH, nO.rtJie)KalJlHMH TaKOMY KOHTpOJIIO B III€CTH 

rocy,rtapcTsax-1..fneHax. HaKOHeu, .rtaeTC5'1 oueHKa sceH pa6oTbi, BbiOOJIHHeMoH .rtHpeKuHeH KoMHC

CHH 00 rapaHTH51M B U€1Is:IX o6ecne1..f€HH51 3¢ti>eKTHBHOrO KOHTpOJIH 3a HCnOJib30BaHH€M ~Jl:€pHoro 

MaTepHaJia TOJibKO B MHpHbiX U€1I5IX. 

Bo BTOpoH: Y:aCTH rosopHTC5'1 0 TOM, 1..fTO B 1969 ro.ny B 06'L€Jl:HH€HHOM U€HTp€ MCCliBJl:OBa

HHii 6biJIM HaY:aTbl pa60Thi 1 HanpaBJI€HHbi€ Ha OOTHMH3aUHIO CHCTBMbi rapaHTHH H KOHTpOJIH C TQt,~

KH 3p€HH51 3ti>ti>eKTHBHOCTH 1 3KOHOMH1..f€CKO:H: BbirO.llbl H MHHHMaJibHOrO BM€IIIaT€JibCTBa 1 BKJII01..faH, 

B Y:aCTHOCTH: a) H3Y1..f€HH€ CHCTeM (6biJIH pa3pa60TaHbl MaTeMaTH11€CKH€ MO.ll€1IH .llll5I OnHCaHH51 

ycTaHOBOK no H3rOTOBJI€HHIO H nepepa60TK€ TOnJIHBa; Ha pa3JIH1..fHbiX ycTaHOBKaX OCyiUeCTBJIHJICH 

npaKTH"'€CKH:H: KOHTpOllb); b) H3Y"'BHH€ KOppeJIRUH:tf (3Tl1 HCCJI€.UOBaHH5J KaC3,JIHCb, B l..laCTHOCTH, 

KOppeJI51UH:tf M€JK.LtY o6pa30BaHH€M ra3006pa3HbiX npo,nyKTOB .ll€JI€HH51 H rny6HHOfi BbiropaHH5I); 

C) Op51Mbl€ H KOCBBHHbi€ M€TO.llbl (pa3pa6aTbiBaJIHCb HefiTpOHHO<fJH3Hl..I€CKH€ H CO€KTpOM€TpH11e

CKH€ M€TO.Ubl H npH60pbl .UJIH H3MepeHH:tf paClll€0JI5110.1JlHXC51 MaTepHaJIOB 6e3 pa3pyiiieHH5'1 o6pa3-

ua; pa3pa6aTbiBaBTC51 M€TOJl: aBTOMaTH"'€CKOrO H30TOOHOrO pa36aBJI€HH5I H Macc-cneKTpOM€TpHH); 

d) HJl:€HTH<fJHKaUH5I M€TO,UOB (OCHOBHa51 11aCTb 3TO:tf pa60Tbl nOCB5'1lJl€Ha HCnOJib30BaHHIO M€TOJl:a, 

OCHOBaHHOrO Ha YJibTpa3BYKOBOM ,ll€T€KTHpOBaHHH 6eCOOp51,UO"'HOrO pacnpe,neJieHH51 BKJII011€HH:tf), 

EL SISTEMA DE SALVAGUARDIAS DE LA COMISION DE LAS COMUNIDADES EUROPEAS. 
El Tratado que funda la Comunidad Europea de Energla At6mica estableci6 el primer sistema complete 

de salvaguardias para ser apllcadas por una autoridad independiente, dentro del marco de una organizaci6n 
integrada par varios Estados. En Ia primera parte de esta memoria y despues de un analisis de las principales 
disposiciones del Tratado que rigen las actividades desalvaguardia, los autores exponen en detalle Ia estructura 
de los servicios correspondientes; a continuaci6n describen las acti vidades de inspecci6n, poniendo especial
mente de manifiesto los diversos procedimientos aplicados en los distintos casas (inspecciones ordinarias, 
inspecciones especiales, sin preaviso, etc.). Se describe tam bien el funcionamiento del sistema contable 
centralizado, en virtud del cual se rellnen en la Sede de la Comisi6n los datos comunicados por todas las 
entidades sometidas a estos controles en los seis palses miembros. Finalmente, los autores concluyen 
Ia primera parte con una evaluaci6n de Ia labor realizada par los servicios de Ia Comisi6n para asegurar un 
control eficaz de la utilizaci6n de materiales nucleares con fines paclficos exclusivamente. 

La segunda parte esta dedicada a los estudios sabre salvaguardias realizados en el Centro Comun de 

Investigaciones. Con el fin de conseguir los mejores resultados desde el punta de vista de Ia eficacia, de Ia 
economla y de la mlnima intrusiOn se han iniciado en 1969 estudios en los establecimientos del Centro 
Comlln de Investigaciones sabre las siguientes materias principales: a) estudios de sistemas: se han establecido 
modelos matem.lticos para describir las plantas de fabricaci6n y de reelaboraci6n; se han realizado ejercicios 
de control en varias instalaciones; b) estudios de correlaci6n: estos estudios se refieren en particular a las 
correlaciones entre gases de fisi6n y grados de quemado; c) puesta a punta de metodos directos e indirectos: 
se han estudiado tecnicas neutr6nicas y de espectrometrla y para la medici6n no destructiva de materiales 
fisionables, y se han desarrollado los equipos correspondientes; se esta investigando un metoda de automatizaci6n 
del an.llisis por diluci6n isot6pica y espectrornetrla de masas; d) puesta a punto de recnicas de identificaci6n: 
Ia mayor parte del trabajo se ha dedicado a! em plea de una tecnica basada en Ia detecci6n ultras6nica de 

distribuciones aleatorias de inclusiones. 
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PREMIERE PARTIE 

1. STRUCTURE ET ACTIVITES DU SERVICE CONTROLE DE SECURITE 
DE LA COMMISSION DES COMMUNAUTES EUROPEENNES 

Depuis la fin de la guerre, un effort a ete entrepris pour placer sous 
controle international les armes atomiques et les activites qui permettent 
de les produire. Cet effort, qui a abouti recemment ala conclusion d' un 
accord international de tres large portee, le Traite de non-proliferation 
(TNP), a ete precede a l' echelle europeenne par la mise sur pied d' un 
systeme de controle multinational entre les six pays membres de la 
Communaute europeenne, systeme qui jouit d' une experience operationnelle 
qui depasse dix ans. 

Le Controle de securite, confie par les Traites de Rome ala Com
mission des Communautes europeennes, est base sur l' acceptation de 
regles et d' une autorite commune et a des caracteristiques qu' il convient 
de souligner. 

a) Ce systeme de controle a un caractere obligatoire et il est 
directement appliquable sur le territoire de chacun des Etats membres. 

b) L' organisation de controle - en l' occurrence la Commission
est mise directement en relation avec les detenteurs de matieres assu
jetties au controle, ce qui permet a la Commission, et plus particuliere
ment aux inspecteurs mandates a cet effet, des' adresser directement 
aux entreprises. 

c) Enfin, ce systeme s' applique sans aucune limitation de duree a 
toutes les activites en rapport avec les utilisations pacifiques de l' energie 
nucleaire dans les pays membres. 

Pour souligner l' aspect particulier des caracteristiques que l' on 
vient de mentionner, il convient de rappeler - entre autres - que, dans 
le cadre du systeme de controle del' AIEA, qui a ete en vigueur jusqu' a 
present, 11 Agence ne peut pas s' adresser directement aux detenteurs 
de matieres assujetties au controle, mais elle doit passer par l' inter
mediaire du pays membre interesse; en outre, son systeme de controle 
ne s' applique qu' aux cas d' utilisation pacifique del' energie nucleaire 
que les Etats membres soumettent volontairement au controle, et ceci 
uniquement pendant la periode prevue par l' accord conclu en matiere 
de controle. Par l' entree en vigueur du TNP et la conclusion de nouveaux 
accords de controle avec les pays membres, le systeme del' Agence devient 
obligatoire et total - pour les Etats non dotes d' armes nucleaires qui sont 
parties au Traite - en ce qui concerne l' engagement d' utilisation pacifique 
des matieres nucleaires. Le systeme de l' Agence vient done d' acquerir 
ainsi l' une des caracteristiques essentielles du systeme du controle 
communautaire europeen. 

Le Controle de securite de la Commission des Communautes 
europeennes porte sur l' uranium, le thorium et les matieres fissiles 
speciales qui en derivent; il porte, en outre, en raison d' engagements 
souscrits avec des pays tiers, surd' autres matieres telles que l' eau 
lourde et le tritium. Le controle ne s' applique pas a l' essai, ala mise 
au point, a la fabrication, au stockage, ni des armes atomiques ni des 
moyens de les porter jusqu' a leur objectif. Il resulte de 11 execution des 
dispositions du Chapitre VII du Traite et des Reglements qui ont ete 
pris pour leur application. 
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La Commission a pris jusqu 1 a present deux Reglements: le 
Reglement n°7 publie au Journal officiel des Communautes europeennes 
du 12 mars 1959 et le Reglement no 8, publie au Journal officiel du 
29 mai 1959. 

Com me on vient de le souligner, les textes ci-dessus mentionnes 
sont directement obligatoires pour les entreprises et les institutions 
publiques et privees qui y sont assujetties, et cela sans intervention des 
gouvernements ou des administrations des pays membres. 

Les objectifs du Controle de securite de la Commission sont definis 
a 11 Article 77 du Traite, aux termes duquella Commission doit s 1 assurer, 
sur les territoires des Etats membres, que les minerais, matieres 
brutes et matieres fissiles speciales ne sont pas detournes des usages 
auxquels leurs utilisateurs ont declare les destiner; que sont respectees 
les diSpOSitionS relatives a 11 apprOViSiOnnement; quI est respecte tout 
engagement particulier relatif au controle souscrit par la Communaute 
dans un accord conclu avec un Etat tiers ou une organisation inter
nationale. 

Pour permettre a la Commission de repondre a 11 ensemble de ses 
obligations, le Traite impose a quiconque etablit ou exploite des installa
tions produisant, separant ou utilisant des matieres brutes ou des matieres 
fissiles speciales, ou bien traitant des combustibles nucleaires irradies, 
de declarer a la Commission les caracteristiques techniques fonda
mentales de ces installations (Article 78). Il impose, en outre, la tenue 
et la presentation de releves d 1 operations permettant la comptabilite 
des minerais, matieres brutes et matieres fissiles speciales utilises ou 
produits (Article 79). 

Ces dispositions sont renforcees par le droit que le Traite donne a 
la Commission d 1 envoyer sur les territoires des Etats membres des 
inspecteurs qui ont a tout moment acces a tous lieux, a tous elements 
d 1 information et aupres de toutes personnes qui s 1 occupent des matieres, 
equipements ou installations soumis au controle. 

On peut constater que les dispositions que 11 on vient de decrire 
visent a doter la Commission des moyens appropries pour accomplir 
la mission de controle qui lui a ete confiee par le Traite' mais quI elles 
ne limitent pas, et il convient dele souligner, la liberte dont les entre
prises ou les institutions disposent pour determiner, en fonction de 
considerations techniques ou economiques' leurs investissements ou 
11 exploitation de leurs installations. 

En effet, les elements essentiels du systeme de controle sont, d 1 une 
part, les declarations faites par les entreprises a la Commission et, 
d 1 autre part, les verifications sur place realisees par les inspecteurs. 

L 1 application du Reglement no 7 pris en execution de 11 Article 78 
fournit ala Commission, et lui permet de tenir a jour, les plans et la 
connaissance des installations en ce qui concerne leur capacite, la 
nature des matieres utilisees et produites, les procedes techniques 
employes et les methodes appliquees pour mesurer et verifier les 
quantites et la qualite des matieres detenues dans les installations 
assujetties au controle. 

Par les informations qu 1 elle re<;:oit en application du Reglement no 8, 
la Commission a connaissance des stocks detenus par les assujettis, de 
la localisation des matieres, des mouvements d 1 une installation a 
11 autre, des importations et des exportations avec les pays tiers. 
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La comptabilite-matieres organisee par la Commission comporte des 
comptes par installation et par matiere, ventiles suivant 11 origine et le 
statut de celles-ci. 

La Commission des Communautes veille au respect des dispositions 
du Traite et, le cas echeant, peut constater les infractions et prononcer 
des sanctions: a vertissement, retrait d 1 a vantages particuliers tels 
qu 1 assistance financiere ou aide technique, mise de 11 entreprise, pour 
une duree maximale de quatre mois, sous administration controlee, 
retrait total ou partiel des matieres brutes ou matieres fissiles speciales. 

Les Etats membres sont tenus d 1 assurer 11 execution de ces sanctions. 
Par ailleurs, le Controle de securite etant partie integrante du 

systeme institutionnel de la Communaute europeenne, c 1 est la Commis
sion des Communautes, dans ce domaine comme dans les autres, qui 
est responsable de son action devant 11 Assemblee parlementaire euro
peenne et les interesses peuvent, en cas de contestation, former contre 
ses decisions un recours devant la Cour de Justice des Communautes. 
Ainsi doivent se trouver combines, dans la realite, le pouvoir necessaire 
de decision de la Commission et la garantie des droits individuels contre 
11 arbitraire. 

1.1. Structure du Controle de securite 

Ce Service comprend actuellement une soixantaine d 1 agents re
groupes en deux divisions: Division 1, «Controle et comptabilite sur 
pieces», et Division 2, «Inspections et engagements exterieurs». Le 
corps d 1 inspecteurs de la Commission compte 32 inspecteurs et inspecteurs
adjoints dument habilites au secret et nommes dans leurs fonctions par la 
Commission, apres consultation des Etats membres. Les inspecteurs ont 
une formatiOn appropriee aUX taches quI ilS doivent executer: Un certain 
nombre d 1 entre eux accomplissent le controle «comptable», d 1 autres le 
controle «technique». Les premiers ont une formation economique et 
juridique; les seconds proviennent, pour la plupart, des Etablissements du 
Centre commun de recherche nucleaire de la Communaute et leur forma
tion releve de domaines tels que le genie nucleaire, la physique nucleaire, 
11 electronique, la chimie nucleaire, la metallurgie, la radioprotection, etc. 

1.1.1. La comptabilite-matieres 

On a deja mentionne precedemment que c' est grace aux donnees 
fournies par les assujettis d' apres les prescriptions du Reglement no 8 
que la Commission entre en possession des informations qui lui sont 
necessaires pour suivre l' evolution des matieres nucleaires dans les six pays. 

Sur la base des declarations des assujettis, la Commission des 
Communautes europeennes a mis sur pied et tient a jour une comptabilite 
del' ensemble des minerais, matieres brutes et matieres fissiles speciales 
existant dans la Communaute, ainsi que des stocks, mouvements et pertes. 
Cette comptabilite est assuree par des machines IBM. 

L 1 examen des declarations fournies par les assujettis fait apparaftre 
parfois la necessite d' explications ou de corrections. Dans ce cas, la 
Commission se met directement en rapport avec les installations. Cette 
procedure a toujours eu 11 avantage de creer des contacts personnels entre 
le Service du Controle et les entreprises interessees. 
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Les declarations periodiques fournies par les installations sont 
appreciees sous deux angles differents: 

a) Du point de vue comptable, on verifie 11 exactitude et la concordance 
des declarations, en particulier: 

si les augmentations et diminutions enregistrees par rapport au stock 
initial d' une installation sont egales a la variation de ce stock; 
si les fournitures entre installations de la Communaute s' equilibrent 
et se compensent. 

b) Du point de vue technique, on etudie et examine, entre autres, 
les points suivants: 
- la composition de 1' inventaire mensuel, 
- la nature des mouvements de matieres, 
- les pertes de matieres declarees. 

A titre d' information, il convient d' indiquer qu' au 31 decembre 1970 
250 installations avaient declare leurs caracteristiques techniques fonda
mentales (Reglement no 7). En outre, ala meme date, 22 mines et 67 ins
tallations n' appartenant pas au cycle du combustible nucleaire etaient 
enregistrees aupres du Service Controle de securite. 

1.1.2. L' inspection 

La Commission des Communautes fait proceder a des inspections 
sur place qui, selon le cas, ont un caractere «intermittent», «continu» 
ou - d' apres une instruction prise par la Commission recemment -
«renforce», ce dernier typed' inspections s' appliquant a certaines 
installations de production d' elements de combustible. 

Le programme d' inspections, fixe sur la base, notamment, de la 
ponderation des installations, regroupe en une «mission» plusieurs 
installations a inspecter' localisees sur un me me site ou dans le voisinage 
geographique: cela pour des raisons d' economie, afin de limiter au 
maximum les deplacements et d' utiliser au mieux le temps des inspec
teurs. La duree d' une mission d' inspection est normalement comprise 
dans les jours ouvrables d' une semaine. 

Chaque equipe cl' inspection est composee, generalement et suivant 
les dimensions et la complexite de 11 installation qui doit etre visitee, 
de deux ou trois inspecteurs. Ceux-ci jouissent, ainsi qu' on 1' a indique 
prececlemment, des prerogatives les plus larges en matiere d' investiga
tion. Ala demande de 11 Etat interesse, les inspecteurs peuvent etre 
accompagnes de representants de cet Etat, agissant en qualite 
d' observateurs. 

Avant de quitter le siege de la Commission pour partir en mission, 
les inspecteurs re<roivent un programme detaille, a la preparation duque1 
ils ont participe. Ce programme clelimite 1e cadre des verifications a 
effectuer et precise: 
- 11 installation qui doit etre inspectee, 
- la elate de 1' inspection, 
- les matieres etjou materiaux faisant 1' objet de 1' inspection, 

les contro1es comptab1es a effectuer' 
les contro1es physiques a realiser. 

a) En ce qui concerne les verifications comptab1es, les inspecteurs 
de 1a Commission se font presenter la comptabilite-matieres et les 
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documents emanant des fournisseurs et des transporteurs. Ils procedent 
a un inventaire comptable des stocks detenus dans 1' installation a la date 
de 1' inspection. Ils comparent les comptes de 1' entreprise et les docu
ments emanant de tiers aux declarations faites a la Commission en vertu 
du R eglement no 8. 

b) Les verifications techniques comportent notamment 1' etablisse
ment de 11 inventaire physique au jour de l' inspection; les operations a 
effectuer sont detaillees dans les manuels particuliers a chaque type 
d' installation. Ces verifications ont pour objet, notamment: 
- de verifier, s' il y a lieu, que les caracteristiques fondamentales de 

11 installation sont effectivement celles qui ont ete declarees a la 
Commission par application du Reglement no 7; 

- d' etablir, par nature de matiere (ou par type technologique de 
materiau, par exemple noyaux U/Al, aiguilles d' U0 2 enrichi, ele-
ments de combustible, plaquettes UO 2 / PuO 2 ) et par localisation dans 
l' installation, les stocks partiels. Cette determination est faite soit 
par mesure physique (pesee, mesure de volume et prise d' echantillons, 
spectrometrie gamma) soit a 1' aide des documents «operationnels» 
internes (bons de reception, avec documents de livraison correspondants, 
fiches de pesees, fiches de fabrication, fiches de controle de fabrica
tion, bordereaux d' expedition avec bons de prise en charge, etc.); 

- d' etablir ensuite, au moyen des resultats obtenus, un inventaire 
global pour la (ou les) matiere(s) soumise(s) a 1' inspection; 

- de controler que les materiaux et produits finis correspondent, quant 
a leurs caracteristiques, aux usages qui ont ete declares, ainsi que 
de verifier' en cas de besoin, le respect des engagements exterieurs. 

c) La suite a 11 inspection. Des leur retour au siege de la Com
mission, les inspecteurs etablissent un rapport d' inspection exposant, 
point par point, par reference a 1' ordre de mission, les resultats acquis 
au cours des verifications, controles et releves effectues aupres de 
1' installation. Selon les cas, ce rapport est soit transmis a 1' installa
tion pour observations, soit diffuse a l' interieur du Service et conserve 
en archive. Lorsque 11 installation ne resoit pas copie du rapport, elle 
est en tout etat de cause informee des resultats de 1' inspection par lettre. 
Il est, en effet, toujours donne une suite contradictoire aux inspections. 

1.2. L' etude et le developpement des techniques de controle 

La complexite croissante des operations d' inspection a amene le 
Controle de securite a mettre a 11 etude, en collaboration avec le Centre 
commun de recherche de la Commission, et a experimenter sur place 
differentes techniques de controle. Le programme de recherches execute 
par le CCR et auquel le Service Controle de securite participe activement 
avec un certain nombre d' agents de sa Division 1 est illustre dans la 
deuxieme partie de ce document. On se bornera done a souligner que les 
techniques decrites dans les pages qui suivent et les appareils qui ont 
ete mis au point en collaboration avec le CCR sont deja en partie utilises 
par les inspecteurs de la Commission dans 1' exercice normal de 
11 inspection. 
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DEUXIEME PARTIE 

2. ETUDES SURLES GARANTIES DANS LE CENTRE COMMUN DE 
RECHERCHE (CCR) 

L 1 activite de recherche et de developpement sur les garanties a 
ete poursuivie depuis 1969 dans les etablissements d 1 lspra, Karlsruhe 
et Petten du CCR dans les domaines suivants: 

analyse des systE~mes, 
etude des correlations isotopiques' 
methodes indirectes, 
methodes directes, 
techniques d 1 identification. 

Le choix des sujets d 1 etude a ete conditionne d 1 une part par les 
besoins du Service Controle de securite et d 1 autre part par une coordina
tion des activites dans le cadre de 11 association pour la recherche et le 
developpement concernant les garanties, association a laquelle adherent, 
outre 11 Euratom, le CEN (Bruxelles), le CNEN (Rome), la GfK 
(Karlsruhe), le RCN (LaHaye). 

2 .1. Analyse des systemes 

Les etudes d 1 analyse des systemes ont ete developpees principale-
ment dans deux voies: 

11 examen theorique et critique de methodes de controle au moyen 
de modeles mathematiques, 
11 execution d 1 exercices de controle. 

2.1.1. Modeles mathematiques et simulation numerique 

Une usine de fabrication d 1 elements de combustible a plutonium a 
ete etudiee par le moyen d 1 un modele stochastique qui a permis 
d 1 atteindre des resultats interessants [1, 2]. Le modele decrit la partie 
centrale de 11 usine, avec certaines hypotheses assez realistes quant 
aux regles de fonctionnement qui lui sont appliquees. On suppose qu 1 un 
magasin intermediaire se trouve a chaque etape du processus de fabrica
tion, et qu 1 apres chacune de ces etapes un controle de qualite est effectue, 
avec une probabilite de rejet des pieces constante dans le temps, mais 
differente, en principe, d 1 une etape a 11 autre. 

On peut alors demontrer quI un fonctionnement de 11 usine en regime 
stationnaire est possible seulement si les probabilites de rejet satisfont 
a une relation simple. En outre, on trouve la loi stochastique qui determine 
en fonction du temps la quantite contenue dans le magasin du materiel a 
recycler. On peut envisager un systeme de controle se basant sur la 
mesure des flux d 1 entree et de sortie et, de temps en temps, la mesure 
de 11 inventaire du materiel recyclable. Les resultats de 11 etude per
mettent de determiner les moments qui maximisent la probabilite que 
11 inspecteur decouvre un detournement eventuel, par le moyen de cette 
derniere mesure. 

En ce qui concerne les usines de retraitement, le probleme s 1 est 
pose de determiner dans quelles conditions une certaine methode de 
controle peut ~tre appliquee. Cette methode consiste a utiliser les 
isotopes mineurs des matieres fissiles comme traceurs pour la mesure 
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de 11 inventaire en cours de traitement. Pour en etudier les possibilites 
d' emploi un modele numerique a ete mis au point et exploite sur 11 ordina
teur IBM 360/65. Ce modele identifie les deux lignes de purification de 
11 uranium et du plutonium (pour elements de combustible faiblement 
enrichi) de 11 installation de retraitement Eurochemic de Mol (Belgique). 
La simulation numerique a permis d' obtenir une serie de resultats 
importants [ 3] qui concernent, entre autres, les points suivants: 
- etude des rapports entre les quantites disponibles de materiel a 

retraiter et le pourcentage de 1' inventaire qui peut etre mesure; 
biais dans la mesure de 1' inventaire resultant de la variabilite des 
specifications qui caracterisent le materiel a retraiter; 

- estimation de 11 erreur statistique de 1' inventaire. 
Les etudes de simulation effectuees ont aussi permis d' etablir pour 

1' experience de controle JEX 70 (MOL III) les regles d' operation de 
1' installation qui minimisent les erreurs dans la mesure de 1' inventaire 
en cours de traitement. 

2 .1.2. Exercices de controle 

Les methodes et techniques de controle, suggerees par des etudes 
d' analyse de systemes, doivent etre experimentees dans la pratique 
avant de pouvoir etre appliquees d' une fa<;on routiniere. A cette fin 
11 Euratom a projete et effectue 11 exercice de controle KRITO, a participe 
tres activement a 1' exercice JEX 70 (MOL III) eta entame 1' exercice ECE. 

KRITO [4]. Cet exercice de controle a ete effectue dans le cadre d' une 
collaboration entre la Direction Controle de securite et le CCR. 11 a eu 
lieu a 11 usine NUKEM, lors d' une fabrication speciale d' elements com
bustibles mettant en ceuvre approximativement 190 kg d' uranium haute
ment enrichi. Le but de cet exercice etait essentiellement la determina
tion du bilan independant des matieres fissiles pour la campagne de 
fabrication. Pendant cet exercice, des techniques non destructives de 
mesure ont ete largement utilisees pour le controle des produits finis. 

JEX 70 (Joint Experiment 1970) [3]. Cet exercice, promu par la 
GfK en cooperation avec l' Euratom, a ete effectue avec la collaboration 
de plusieurs equipes de differents pays et de 1' AIEA. Le but en etait 
principalement de verifier la possibilite d' application a 1' usine de re
traitement d' Eurochemic (Mol, Belgique) d' une methode pour lade
termination de 1' inventaire en cours [5]. L' Euratom a developpe un 
effort considerable' qui a ete dirige principalement sur les points 
suivants: 
- etudes d' analyse des systemes, par la methode de simulation numerique 

(voir paragraphe 2.1.1); 
- traitement des donnees relatives aux mesures d' inventaire; evaluation 

des resultats obtenus et consequences sur les procedures d' application 
des garanties; 
execution d' analyses chimiques pour la determination de la concentra
tion et de la composition isotopique des materiaux fissiles; 

- evaluation des resultats de 11 experience de comparaison entre huit 
differents laboratoires d' analyses (dont trois appartenant au CCR de 
1' Euratom). 
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ECE (Eurex Control Experiment). Cette experience, qui vient de 
demarrer (printemps 1971) sur 11 usine de retraitement Eurex (Saluggia, 
Italie), a ete projetee principalement pour mettre au point dans la 
pratique une methode originale pour la verification statistique du bilan 
des matieres declare par 11 operateur. La methode prend en considera
tion les donnees provenant d 1 autres installations du cycle du combustible 
nucleaire. L 1 experience ECE sera aussi utilisee pour verifier encore une 
fOiS la pOSSibilite d I application de la methode dec rite SOUS [ 5). 

2.2. Etude des correlations isotopiques 

Plusieurs echantillons de combustible irradies dans differents reac
teurs (BWR, PWR, HWR, reacteurs rapides) ont ete analyses [6). Le 
but consistait a evaluer la quantite de matieres fissiles a 11 entree de 
11 usine de retraitement et a verifier la precision des methodes 
theoriques [ 7). Des correlations entre les rapports des isotopes lourds 
et le taux de combustion ou la consommation des materiaux fissiles ont 
ete observees, mais ne seront pas traitees ici. Par contre cette presenta
tion est limitee aux correlations entre les isotopes des gaz de fission. 
Pour deux BWR (Kahl et Garigliano) avec trois enrichissements initiaux 
differents, on a trace les graphiques des rapports isotopiques de 83Kr/SG Kr 
et 84Krj 83 Kr, mesures experimentalement, en fonction du taux de combus
tion FT et de 11 appauvrissement D5 = ( 235 U 0 - 235 U)j 235 u 0 respectivement 
(fig.1 et fig.2). Dans les figures 1 et 2, Garigliano CR et Garigliano SR 
se rapportent respectivement a des barres d 1 angle avec un enrichissement 
initial de 1, 6% eta des barres standards ayant un enrichissement initial 
de 2, 1o/o. 

L' analyse par les moindres carres a montre qu 1 en premiere ap
proximation les deux equations suivantes etaient valables pour une 
correlation lineaire: 

-23,2 83Krj 86 Kr + 7,3 FT± 3,3o/o (1 a) 

0, 9 84Kr / 83Kr - 1, 5 = D5 ± 1, 1 o/o (1 a) 

(1) 

(2) 

Comme 11 inspecteur doit connaitre 11 enrichissement initial et la 
quantite de combustible retraite, 11 uranium-235 restant peut etre calcule 
a partir de 11 equation (2). La precision de ces methodes sera amelioree 
en utilisant des echantillons provenant de la dissolution de grappes de 
combustible completes, au lieu d 1 echantillons sous forme de pastilles, 
qui furent utilises au cours de cette etude. La technique des correla
tions des gaz de fission presente deux avantages: 
a) Elles ne sont pas sensibles a 11 enrichissement initial du combustible. 
b) Les gaz de fission provenant de la cheminee d 1 une usine de retraite

ment peuvent etre analyses «en ligne» par un spectrometre de masse 
quadrupole. Ce developpement a ete conseille lors d I une reunion de 
11 AIEA [8). 
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2.3. Methodes indirectes 

2.3 .1. Techniques neutroniques 

Mesure des neutrons de fission spontanee. Le combustible plutonifere 
peut @tre analyse par la detection des neutrons de fission spontanee emis 
par les isotopes 240 et 242 du plutonium. La mesure des neutrons de 
fission spontanee dans un fond de neutrons provenant de reactions (a' n) 
est effectuee en analysant les correlations entre les impulsions fournies 
par le detecteur. Ces correlations refletent la multiplicite de 1' emission 
des neutrons de fission. L' application de cette methode est simple dans 
le cas d' echantillons de petites dimensions. L' extension a des echantillons 
de plus grande taille devient par contre tres complexe par suite de la 
multiplication des neutrons. Dans ce cas, il est assez difficile de mettre 
au point une procedure de mesures de routine en vue d' applications dans 
des conditions reelles d' inspection garantissant que les mesures effectuees 
auront une precision optimale. En consequence, un programme, base sur 
la methode de Monte Carlo et simulant completement la technique des 
correlations, a ete ecrit. Ce simulateur permet de mettre au point les 
procedures optimales de mesure pour n' importe quel type d' echantillon 
avant de commencer une inspection. De plus, le programme est capable 
d' evaluer les corrections a appliquer aux donnees experimentales brutes, 
telle, par exemple, la correction des facteurs de calibration lorsque 
1' echantillon mesure s' ecarte en geometrie ou en composition isotopique 
de 11 echantillon standard utilise pour la calibration. Les problemes lies 
a 11 inviolabilite d' une mesure peuvent etre traites quantitativement par 
ce programme. Un instrument base sur les autocorrelations integrales 
a ete construit et teste (fig.3). Ses performances ont ete decrites dans la 
reference [ 9]. Un deuxieme instrument est en cours de developpement 
et permettra de mesurer, pour chaque neutron detecte, l' instant et la 
region de detection. Ces donnees detaillees contiennent des informations 
relatives a l' ordre de 11 emission, ala multiplication et au spectre moyen 
des neutrons detectes. Il est prevu d' analyser cette information a l' aide 
d' un petit ordinateur en ligne, en vue d 1 obtenir une determination plus 
precise et inviolable de 11 emetteur de neutrons de fission spontanee. 

Mesure du 235 U et du 239Pu dans les combustibles mixtes. Les 
teneurs en 235u et 239 Pu dans des combustibles mixtes peuvent etre 
determinees en mesurant les rendements en neutrons prompts et re
tardes emis lors de l' irradiation d' un echantillon par un flux de neutrons, 
d 1 energie inferieure au MeV. La practicabilite de cette methode a ete 
etudiee theoriquement [ 10 ]. En liaison avec ces etudes, un instrument 
a ete construit qui permettra de mesurer les neutrons prompts et re
tardes emis par une aiguille combustible du type RAPSODIE, irradiee 
par un flux de neutrons (E < 1 MeV) provenant d' une source Sb/Be de 
300 curies. 

Application de la technique des neutrons retardes. ·La technique des 
neutrons retardes, basee sur l' irradiation de matieres fissiles a l' aide 
d' une source de neutrons et sur la mesure de 11 emission de neutrons 
retardes, a ete experimentalement evaluee en vue de la determination 
du contenu en matieres fissiles d' echantillons de types varies. Un appareil 
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FIG. 3. Compteur de neutrons de fission spontan~e. 

a ete developpe permettant d' utiliser cette technique pour la determination 
de 11 uranium contenu dans des dechets provenant des usines de fabrication 
d' elements du type MTR ainsi que dans des solutions purifiees provenant 
des usines de retraitement. Des sources de neutrons du type Am/ Be et 
Sb/ Be sont utilisees pour l' irradiation. La mesure des neutrons retardes 
s' effectue, apres enlevement de la source de neutrons, a l' aide de de
tecteurs du type BF3 ou 3He noyes dans du polyethylene. 

2.3.2. Techniques de spectrometrie gamma 

Des techniques de spectrometrie gamma, basees sur les mesures 
d' emission et d' absorption du rayonnement gamma, ont ete evaluees 
experimentalement pour le controle d' elements combustibles MTR ir
radies et non irradies [ 11, 4]. 

Pour la determination du contenu en uranium et de 11 enrichissement 
dans des elements de combustible non irradies, du type MTR, on a de
veloppe des instruments utilisant des cristaux Nal comme detecteur et 



3 80 JACCHIA et FINZI 

FIG. 4. Appareil de balayage gamma. 

fonctionnant suivant le principe du balayage gamma (fig .4). Ces instru
ments sont utilises en routine par le personnel de la Direction du Controle 
de securite lors des operations de controle dans des usines de fabrication. 

En vue de la determination du contenu en uranium dans des ele
ments combustibles MT R irradies, une technique d 1 absorption gamma a 
ete testee experimentalement. Un detecteur au Ge(Li) est utilise pour 
la mesure des photons gamma de 145 keV, emis par le 141ce, qui sont 
attenues dans 11 element combustible. 

Des etudes sont egalement en cours pour la determination des nucleides 
du plutonium par spectrometrie gamma, a 11 aide de detecteurs au Ge(Li). 

2.4. Methodes directes 

Le plus gros effort dans ce domaine a ete consacre, en collaboration 
avec la GfK a Karlsruhe, a 11 automatisation de 11 analyse par dilution 
isotopique et spectrometrie de masse. Les travaux d 1 automatisation de 
1' analyse complete, c 1 est-a-dire du traitement chimique et des mesures 
par spectrometrie, sont en cours [ 12, 13]. 

Dans le domaine de la spectrometrie d 1 emission, des experiences 
sont en cours visant a mettre au point une methode de determination 
absolue du rapport 235u / 238u et pour augmenter d 1 une part la precision 
et d' autre part la vitesse de 11 analyse. 
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FIG. 5. Exemple d'une plaque MTR marquee avec des inclusions de tungst~ne et de !'enregistrement du 
signal ultrasonore correspondant. 

2.5. Techniques d' identification 

3 81 

Un effort important a ete fourni en vue du developpement de techniques 
d' identification a preuve de fraude pour differents types d' elements 
combustibles et pour les scellements [ 14]. L' effort principal a porte sur 
l' utilisation des ultra-sons pour 1' identification de defauts naturels ou 
d' inclusions distribuees d' une maniere aleatoire. Des etudes ont ete 
faites egalement en vue de 1' utilisation de la fluorescence X et des 
courants de Foucault. Les prod:des d' enregistrement automatique et 
de verification ulterieure de ces mesures ultrasonores sont en cours de 
developpement: enregistrement analogique ou digital sur bande magnetique 
ou liaison directe avec un ordinateur, confrontation automatique d' identites 
et constitution d' archives. L' application de ces techniques a ete recherchee 
pour differents types d' elements combustibles et pour les scellements. 

Elements combustibles MT R. En vue de 1' identification des elements 
combustibles MTR, le marquage des plaques seules a ete considere en 
premier lieu. Les inclusions (morceaux de fils de tungstene) sont intro
duites facilement a 1' interieur d' une partie inactive de la plaque pendant 
le procede normal de sa fabrication. La figure 5 montre un exemple d' une 
plaque marquee et de 11 enregistrement du signal ultrasonore correspondant. 
Comme la majorite des plaques combustibles MTR sont assemblees en 
elements combustibles qui ne peuvent pas etre desassembles sans destruc
tion du bol'tier' un procede est actuellement a l' etude en vue du marquage 
et de 11 identification de la plaque de rive du bo1tier des elements combustibles 
MTR. 
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FIG. 6. Mod~le d'un see au de bloquage sur 1 ·~crou de fixation d'une barre combustible. 

Elements combustibles LWR. En vue de 11 identification des barres 
seules, 1' enregistrement ultrasonore de la soudure d' un bouchon d' ex
tremite peut @tre utilise. Cependant, il semble plus interessant d' en
visager un systeme d' identification pour 1' assemblage entier par 
marquage d 1 une ou plusieurs parties speciales du boftier. Lorsque 
1' element combustible peut etre desassemble, le scellement de 11 as
semblage peut @tre assure par bloquage d' un ou plusieurs ecrous de 
fixation au moyen de chapeaux avec inclusions qui peuvent etre identifiees 
au moyen des ultra-sons. La figure 6 montre une application pratique de 
cette procedure. 

Scellements. Differents types de sceaux a preuve de fraude ont ete 
concrus. Le meme principe de marquage par inclusions et de detection 
par ultra-sons ou par fluorescence X a ete applique. Au moyen de la 
metallurgie des poudres, il est possible de fabriquer differents types de 
sceaux avec inclusions internes. La matrice des sceaux peut etre un 
p1astique ou un metal (aluminium, acier inoxydable, zirconium) selon 
1' utilisation. 
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DEVELOPMENT OF THE IAEA SAFEGUARDS SYSTEM FOR NPT. 
Against the background of today' s nuclear technology and of the fundamental ideas governing inter

national safeguards work in connection with the Non-Proliferation Treaty (NPT}, the Agency's Safeguards 
System is basically an information system relying on the technical safeguards measures: accountancy, containment 
and surveillance, and making use of procedural steps such as design examination, record keeping, reporting 
and inspections. The paper specifies the objectives for and the technical and organizational aspects of the 
developmental work being carried out to adapt the Agency's Safeguards System to the NPT situation. The 
paper reviews the working methods and results of the Safeguards Committee, which worked out recommen
dations for a complete agreement text, and it is pointed out how the further quantification steps are relegated 
to the "Subsidiary Arrangements". The paper finally evaluates the need for further development of objectives, 
such as the replacement of human observation by instrumental techniques, simplified information requirements 
in distinct cases, the utilization of correlation techniques, etc., and the need for continuous developmental 
effort to iterate the safeguards system to an optimum. 

ELABORATION D' UN SYSTEME DE GARANTIES DEL' AlEA DANS LE CADRE DU TNP. 
Dans le cadre de la technologie nucleaire d' aujourd' hui et des grands principes regissant les activites 

internationales de garanties au titre du Traite sur la non-proliferation (TNP), le systeme de garanties de 
l' Agence est essentiellement un systeme d' information fonde sur l' application de mesures techniques: 
comptabilite matieres, confinement et surveillance, completees par des modalites comme l' etude des 
renseignements descriptifs, Ia tenue d' une comptabilite, la presentation de rapports et les inspections. Le 
memoire ctefinit les objectifs et les aspects techniques et organiques des travaux de mise au point actuellement 
en cours pour adapter le systeme de garanties de 1' Agence a Ia situation creee par 1' entree en vigueur du 
TNP. Il passe en revue les methodes de travail utilisees et les resultats obtenus par le Comite des garanties 
qui a etabore et recommande un texte complet d' accord, en soulignant que les details pratiques d' application 
feront 1' objet d' «arrangements subsidiaires». Enfin, le memoire evoque le besoin de se rapprocher davantage 
d' objectifs tels que le remplacement de l' observation humaine par l' emploi d' appareils automatiques, la 
simplification des renseignements a communiquer (dans certains cas particuliers). l' utilisation de Ia methode 
des correlations, etc. et souligne Ia necessite d' un effort continue! de mise au point pour perfectionner sans 
cesse le systeme de garanties. 

PA3BI1TI1E CHCTEMhJ rAPAHTHH MArAT3 B CB51311 C )lOrOBOPOM 0 HEPACITPOCTPA
HEHHH 51.1lEPHOrO OPYJKI151. 

Ha <flOHe COBp8M€HHOii R,ll;epHOH: T€XHOJIOrHH H OCHOBHbiX H;:J;eH, onpe,ll€JlfiiOIQHX .Il8fiT8JlhHOCTb 

no Me;>K.n;yHapo.nH&IM rapaHTHHM a CBR3H c .llorosopoM o HepacnpocTpaHeHHH H.ztepHoro opyJKHfl, 
CHCTeMa rapaHTHH: AreHTCTBa HBJIH8TCH, B OCHOBHOM, HHcflOpMaUHOHHOA' CHCT8MOH:, 3H)K,llyiQeH

C51 Ha OT48THOCTH npH HCnOJib30BaHHH T8XHH48CKHX M8TO.ll0B ocy~eCTBll€HHSI rapaHTHH, Ha one

YaTbiBaHHH H Ha6JIIO)l€HHH. flpH 3TOM HCDOJib3YIOTCSI TaKH€ npOI..l€.ZlYPHbl€ Mepbl 1 KaK paCCMOTpe

HHe KOHCTpyK~HH, COCTaBJI€HHe yYeTHbiX )lOKYM~€HTOB 1 npe)l,CTaBJ18HHe OTY€TOB H HHCneKttHH, B 
)l,OKJia)l,e H3JiaraiOTCSI U€JIH 1 a TaK)K€ T€XHH'-I€CKH€ H opraHH3attHOHHbl8 acneKTLI COOTB€TCTByJO

~eH pa60Tbi no npHcnoco6neHHIO CHCT€Mbl rapaHTHH AreHTCTBa K CHTyaUHH, C03.ZXaHHOii ,Uoroso

pOM o HepacnpocTpaHeHHH SI.ZlepHoro opy)KHfl. B ,n;oKna.ne paccMaTpHaaJOTC51 onepaTJ.tBHbie MeTo

.Zlbi H pe3ynoTaTLI .nesrTeJibHOCTH KoMHTeTa no rapaHTJ.tsrM, no.n:roTOBHBlllero peKoMeH.z:tattHH no 

BC8MJ T€KCTY COrJiallleHHSI 0 rapaHTHSIX, a TaK)K€ yKa3biBaeTC51 Ha TO, KaKH€ ,n;aJibH€li:lllH€ M€pbl 

no KOJIHY€CTB€HHOMY onpe,ll€JI€HHIO OTHOCSITCSI K 
11

,UonOJJHHT€JibHbiM nOJJOJK€HH51M
11

• HaKOHeU, B 

.llOKJia,n;e ,n;aeTC5'1 OtteHKa H806XO.llHMOCTH ,llaJibH€HllleH pa60TLI Ha)l TaKHMH BOnpocaMH 1 KaK 3aMeHa 

Ha6JIIO,ll€HH51, npOBO.ZlHMOrO Y€JIOB€KOM, HHCTpyMeHTaJlbHbJMH M€TO)laMH, B KOHKp€THbiX CJiyYaSIX -

ynpo~eHH€ Tpe6oBaHHH H€06XO.IlHMOH HH¢lOpMaUHH 1 np~-!M€H€HH€ KOppeJHIUHOHHhiX M€TO,IlOB J.! T. ,Il., 

yKa3bJBa€TC5'1 Heo6XO)l,HMOCTb nOCT051HHhiX ycHJIHH: no OO,ZtJ:l€p)KaHHJO CHCTeMLJ rapaHTHH Ha OOTH

MaJJbHOM ypOBH€. 
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DESARROLLO DEL SISTEMA DE SALVAGUARD!AS DEL OlEA PARA LA APLICACION DEL TNP. 
Considerado en el contexto de !a tecnologfa nuclear actual y de los conceptos fundamentales acerca 

de las actividades internacionales de salvaguardia re!acionadas con el Tratado sobre !a no proliferacion 
de las armas nucleares (TNP), el sistema de salvaguardias del Organismo constituye esencialmente un 
sistema de informacion basado en las medidas tecnicas, contabi!idad, comencion y vigilancia, y que a plica 
procedimientos tales como la informaciOn sabre el disefio, mantenimiento de registros, presentaci6n de 
informes e inspecciones. La memoria expone las objetivos y los aspectos tecnicos y organicos de las 
actividades desarrrol!adas para adaptar el Sistema de sa!vaguardias del Organismo a las circunstancias del 
TNP. Se pasa revista a los metodos de trabajo y resultados del Comite de Salvaguardias, que elabor6 
recomendaciones para !a formulaci6n Integra de un acuerdo modelo de sa!vaguardias, destacandose el 
hecho de que los detalles de Indole cuantitativa se relegan a los <,Arreglos Subsidiaries>>. La memoria 
examina finalmente !a necesidad de conseguir nuevos objetivos, tales como el reemplazamiento de las 
observaciones humanas por tf.cnicas instrumentales, Ia simplificaci6n de la informaciOn requerida en 
determinados casos, !a utilizaci6n de tecnicas de correlaci6n, etc. , as( como !a necesidad de un esfuerzo 
continuo de desarrollo para perfeccionar a! maximo el sistema de salvaguardias. 

1. RECOGNITION OF THE NEED FOR FURTHER DEVELOPMENT OF THE 
AGENCY 1 SSAFEGUARDSSYSTEM 

1. 1. The successful conclusion of the Treaty of Non- Proliferation of Nuclear 
Weapons was the culmination of ten years of effort in the United Nations and 
in the Conference of the Eighteen- Nation Committee on Disarmament. Well 
before the General Assembly of the United Nations adopted a Resolution 
commending the Treaty and expressing the hope for the widest possible 
adherence to it in June 1968, the Agency already had a quite well-developed 
Safeguards System in use for similar aims. Naturally, therefore, the 
Treaty explicitly designates the Agency for implementing safeguards in con
nection with the Treaty and in accordance with its Statute and existing system. 

1. 2. Within the Agency's Secretariat it was recognized at an early stage that 
considerable preparation was needed to enable the Safeguards Department to 
cope with the new task, not only with a view to adapting the organization to a 
rapidly expanding workload, but mainly to developing further and systemati
cally detailed safeguards techniques. 

This was, for instance, stated at the opening of a Panel of Experts on 
Safeguards Techniques invited to Vienna in August 1967 [1]. To formulate 
technical approaches to various aspects of safeguards, five more such Panels 
were held during the years 1968 and 1969 [2]. In addition, the Director 
General appointed in 1968 a group of eight experts as consultants to study and 
report on the impact of NPT on the Agency's Safeguards work [3]. In fact, 
these consultants re-formulated some basic concepts. At the same time, 
a new Division, devoted to Safeguards development work, was established 
within the Safeguards Department. In 1970 an IAEA Symposium on Safe
guards Techniques was held in Karlsruhe [4] and experts from several 
Member States were at the IAEA Headquarters to participate in four different 
working groups. 

1. 3. Three weeks after the coming into force of the Non- Proliferation 
Treaty on 5 March 1970, the Board of Governors of the Agency decided to 
establish a Committee on which any Member State could be represented and 
which was given the task, among others, to: "advise the Board as a matter 
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of urgency on the Agency's responsibilities in relation to safeguards in con
nection with the Treaty, and in particular on the content of the agreements 
which will be required in connection with the Treaty". 

Within nine months (June 1970 to March 1971) the Committee, with the 
participation of Delegations from some 50 Member States, completed the 
required work, including the additional task of developing and recommending 
a financing scheme for the Agency' s safeguards activities. 

2. THE BASIS FOR THE SAFEGUARDS COMMITTEE'S WORK 

2. 1. In general terms the Non- Proliferation Treaty (5] itself determines 
the point of departure for the Committee 1 s work, and this in three ways. 

Firstly, the safeguards agreements to be negotiated and concluded between 
the States party to the Treaty and the International Atomic Energy Agency 
should be based on the Statute of the latter. 

Secondly, the safeguards functions should be defined according to the 
Agency's Safeguards System for the exclusive purpose of verification of 
the fulfilment of a State's obligation assumed under the Treaty "with a view 
to preventing diversion of nuclear energy from peaceful uses to nuclear 
weapons or other nuclear explosive devices". 

Thirdly, the principle would be applied of safeguarding effectively the 
flow of source and special fissionable mat erial by the use of instruments and 
other techniques at certain strategic points. 

In addition, one of the very basic principles already set forth in the 
Agency's existing Safeguards System is explicitly repeated in the Non
Proliferation Treaty. That is, that safeguards should be designed to avoid 
hampering the economic or technological development of the Parties, or 
international cooperation in the field of peaceful nuclear activities, including 
the international exchange of nuclear material and equipment for the pro
cessing, use or production of nuclear material for peaceful purposes. This 
is not only meant as an instruction to minimize intrusion - there are many 
technical articles of the proposed agreement to take care of that - but also 
reflects the fundamental idea of the Treaty that safeguards should be able to 
follow any peaceful nuclear activity without limiting or directing it. In 
that sense it belongs to the most important criteria for further system 
development. 

2. 2. The Agency's Safeguards System, which now has been in use for over 
10 years and is still being used, also provided a major input for the Com
mittee• s work. The Safeguards System had been revised and improved 
several times, the last time in 1968 by a Committee of the Whole of the 
Board of Governors and is generally known under the reference 
INFCIRC/66/Rev. 2 [6]. It contains four well-knownprocedural elements, 
namely, 

(a) The provision of design information, to supply the inspectorate with 
a defined and limited knowledge of the facilities in which nuclear 
material is produced, used, processed or stored. 

(b) The requirement for the operators of such facilities to keep records 
on material production, change and movement. 
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(c) The provision of reports on material production, change and move
ment to the safeguarding authority. 

(d) The independent verification, by inspections of recorded and 
reported data as well as of material flow and inventory. 

These four procedural elements are common to all safeguards systems 
presently in use; they appear in domestic and bilateral safeguards as well 
as in the regional systems of the European Nuclear Energy Agency, or the 
European Community (Euratom). Naturally, they were taken over as the 
main procedural part for non- proliferation safeguards. 

2. 3. However, conceptual studies by the above- mentioned consultants, 
systems analysis work done within the Secretariat of the Agency and in 
Member States, and results from integral safeguards experiments and ex
perience gained in years of safeguards practice have led to new formulations 
and important expansions. 

Systems analysis work in particular showed the need to determine to 
which technical conclusions the application of safeguards should lead. None 
of the existing safeguards systems had provided for this. The most suitable 
basis for such a provision was found in the notion "material unaccounted for 
(MUF)". The amount of this MUF in respect of a given area and over a 
specific period should be stated as a result of the Agency's verification 
activities, giving also the limits of accuracy. 

Systematic analysis, by the Secretariat and an expert working group 
which met in 1970, of the optimal means by which this objective can be 
reached shows that: 

(i) Material accountancy should be adopted as the safeguards measure 
of fundamental importance, with 

(ii) Containment and 
(iii) Surveillance as important complementary measures. 

This formulation has been incorporated as one of the principal articles in 
the material which is to be used as the basis for the negotiation of the agree
ments that should be concluded between the Agency and States Party to the 
Non- Pro life ration Treaty. 

In practice, bookkeeping can actually be the backbone of a safeguards 
system because today• s nuclear technology centres on the fission of 
nuclei contained in only two chemical elements used almost exclusively for 
nuclear purposes: uranium and plutonium. 

2. 4. It might be appropriate at this stage to attempt an intermediate sum
mary of the fundamental ideas governing the international safeguards work in 
connection with the Non-Proliferation Treaty: 

The Treaty determines the political aim as well as the political constraint: 
prevention of diversion of nuclear material from peaceful activities - which 
as such are not limited - to nuclear explosives and weapons. 

This political aim must be realized within the framework of today• s 
nuclear technology. From this the technical objective of safeguards can be 
derived as: the detection of amounts of nuclear material that might be 
missing from peaceful nuclear activities, defined by the precise notion 
"material unaccounted for". 
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This makes the Safeguards System basically an information system 
relying on the technical safeguards measures: accountancy, containment and 
surveillance, and making use of the procedural steps: design review, 
records, reports and inspections. 

2. 5. Against this background safeguards systems development is mainly 
concerned with technical and organizational aspects. Although the Safeguards 
Committee naturally also had some political aspects to consider, this paper 
will mainly deal with the technical and organizational matters. 

Returning to the history of preparations for the Committee 1 s work, the 
important concept of a "national (or regional) system of accountancy and 
control of nuclear material" now has to be introduced: 

The sequence of early agreement drafts reveals a gradual development 
of that concept. The basic idea is in fact already implied in the original 
Agency system by the fact that records and reports requirements are formu
lated as an obligation on the Government Party to a safeguards agreement 
with the Agency. Many discussions on the interface between the three 
levels at which safeguards activities take place - those of the facility oper
ator, those of governmental organizations of the State concerned, and those 
of an international body - ended in suggesting that the establishment of 
a "State's system", with well-defined technical functions, would be an 
essential obligation to be incorporated in the safeguards agreements. 

2. 6. Optimization studies on the information system covering the complete 
fuel cycle (as distinct from the previous system related to individual facili
ties) showed that more emphasis should be placed on timely reporting to the 
inspectorate. Therefore a concept, put forward by the consultants, of 
reporting monthly on every transaction of significant amounts of nuclear 
material was introduced in the form of a requirement for "Inventory Change 
Reports". 

So as to enable the inspectorate to form a clear picture of the nuclear 
material flow a scheme was developed to subdivide the nuclear fuel cycle 
into distinct "Material Balance Areas". Only material transactions over the 
boundaries of such areas would be the object of inventory change reports. 

Finally, the question had to be considered how records would have to be 
kept, particularly in respect of nuclear material flowing through a process 
and losing its identity from one end to the other, and how reports would be 
made. The most practical approach seemed to be the use of what facility 
operators usually call and handle as a "batch of material". It means a 
portion of material handled as a unit and for which the composition and 
quantity are defined by a single set of specifications or measurements. With
in that definition a batch can be composed of many similar items or of a 
volume of solution divided over several vessels. Thus it allows very con
cise reporting. 

2. 7. Whereas these technical concepts resulted from a cooperative effort 
between the Secretariat and a considerable number of experts, considerable 
input to the development work was also derived from early consultations 
with a Member State on the possible conclusion of an agreement in the spirit 
of NPT. These brought about many valuable clarifications on legal and 
organizational matters; the most striking one was the structuring of the 
agreement in two main parts. The first part should set forth the fundamental 

----------------
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rights and obligations of the parties and contain such other provisions that 
are unlikely to require modification. The second part should set forth the 
technical principles and safeguards procedures to be employed and, wherever 
possible, a simpler amendment procedure should be envisaged for it. 

2. 8. The list of sources for the ideas and concepts underlying the NPT 
Safeguards System is not yet complete. At the time when the Board of 
Governors of the Agency decided to establish the Safeguards Committee it 
also invited all Member States to communicate to the Director General of 
the Agency their views on these matters. Thirty-one Member States re
sponded to this invitation by transmitting comprehensive memoranda on the 
subject to the Secretariat just before and during the first months of the 
Committee's work. 

2. 9. In view of the wealth of material it is not possible to give more than 
a brief summary of it here. 

A major part of the demands for an improved system for NPT safe
guards was related to the wish to determine in advance as precisely and as 
completely as possible what safeguards would consist of in each case. This 
included the wish to define precisely such basic technical notions as Material 
Balance Area, Key Measurement Point, Design Information, etc. to quantify 
the entire verification effort, to fix the mode, intensity and duration of 
inspections, and to determine the point in the fuel cycle where safeguards 
should start, the latter being coupled to the idea of moving this starting 
point rather far up in the line, away from the uranium and thorium mines and 
ore concentration mills. 

Somewhat in contradiction to, but often parallel with, the attempt to 
achieve a higher degree of precision and predetermination, ideas were 
formulated on how to keep the system open to technical adaptation necessi
tated by scientific and technological progress. 

An important number of suggestions dealt with the protection of commer
cial and industrial knowledge, mostly to the effect that such knowledge should 
remain a secret from the inspectorate as long as it was not absolutely neces
sary for effective safeguards. Accordingly, design information, inspection 
access and inspection effort should be limited. 

Proposals for simplifying the safeguards system and for improving cost 
effectiveness were numerous. They dealt mainly with two important aspects: 
the unified nuclear material inventory per State, and the gradation of verifi
cation effort according to the potential risk of diversion. 

Finally, it should be mentioned that many communications contained in 
one form or another the suggestion to elaborate a typical safeguards agree
ment in great detail, so that it could serve as a model and would represent 
the improved system of the Agency for Safeguards under the Non- Proliferation 
Treaty. 

2. 10. The first report of the Director General to the Safeguards Committee 
incorporated all the material from the practical experience with the existing 
system, the draft agreements worked out by several joint staff working 
groups in the Secretariat, the panel recommendations, the conclusions of 
the consultants, the systems studies of the newly formed Division of Development 
and the results of the discussion with the delegation of one Member State, and 
finally from the communications of 31 Member States. It also contained the 



A/CONF.49/P/770 391 

introductory remarks, a proposal for the first fundamental part of an agree
ment, and explanatory notes for a second part on technical implementation 
procedures. Only after the first round of Committee meetings was it pos
sible, during the summer of 1970, to draft the second part in a form as near 
as possible to the structure and content of an agreement. After two weeks 
of extensive discussions of the explanatory notes in the Committee, numerous 
comments from many delegations could be worked into that draft. 

3. THE COMMITTEE'S WORKING METHOD AND RESULTS 

3. 1. After a long general debate the Committee decided to use the above
mentioned two drafts - two parts of a typical NPT safeguards agreement 
suggested by the Director General as a basis and agenda for further work. 
Article by article was discussed and the relation of each to other parts of the 
text analysed. This latter was the most difficult part of the step-wise 
development process. The technical part of a safeguards agreement in its 
entirety must give a solid .framework for an effective information system. 
Adjustments to any one part of the framework call for compensatory ad
justments to other parts. 

Without departing from the principle that all delegations should be able 
to participate in all deliberations of the Committee, consultations took place 
in smaller groups. Informally and voluntarily, working parties gathered 
together to prepare the more difficult issues for the plenum discussion. For 
instance, in order to evaluate the maximum routine inspection workload to 
be fixed in the agreement, case studies carefully prepared by different 
delegations and by the Secretariat were compared. This work led, e.g. to 
the proposal of a completely new article on inspection workload which the 
Committee could endorse without much discussion. 

In the Committee itself decisions were approached by an iteration pro
cess: after the first analysis of an article, either one, or several dele
gations jointly, would submit amendments in writing. The examination of 
these often led to further amendments and discussions. Only the last touch 
was applied by amendments suggested orally. 

3. 2. In this way the Committee worked out recommendations for a complete 
agreement text consisting of 116 articles and including definitions of the 
most important technical notions. This material represents the Safeguards 
System of the Agency which must be used as the basis for negotiating and 
concluding agreements between States party to the Non- Proliferation Treaty 
and the Agency. It was published in May 1971 as document INFCIRC/153 [7]. 

On the following pages an attempt is made to describe the technical parts 
as a coherent information system. How it will be used in practice is shown 
by way of an example in the paper by Shmelev [8]. 

3. 3. As mentioned before when discussing the technical objective of safe
guards, the system must provide the inspectorate at any time within a 
defined period with a complete picture of the whereabouts of all nuclear 
material in a State and it must fulfil a great number of boundary conditions, 
such as being unintrusive, guaranteeing protection of information received, 
making use wherever possible of the fact that nuclear material is safely 
contained for long periods, providing for the use of statistical measuring 
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techniques and random sampling, providing for the utilization of the accoun
tancy system of the States by verifying its findings, e. g. by independent 
measurements and observations, etc. Thus, the real problem is not to lay 
down the need for information - that would be simple - but to define the 
minimum of readily available information and the minimum amount of 
additional measurements that will fulfil the purpose of the Agency's system. 
Therefore, the description of that system looks rather like an enumeration of 
its limitations. 

3. 4. These limitations vary with the type of information. That information 
which is called for in the first procedural step, i.e. design information, 
and which should provide the Agency with the more or less static picture of 
a chain of facilities through which nuclear material may flow, is limited in 
three ways. The first limitation is the general condition that it should be the 
minimum necessary for safeguards; the second one is contained in a positive 
enumeration of the specifications which must be given; geographic location, 
type, nominal capacity, etc.; and the third and sharpest limitation is given 
in the definition of the purpose of examining this design information. 

The most important result to be achieved by this examination is to 
determine Material Balance Areas to be used for Agency accounting purposes 
and to select those Strategic Points which are Key Measurement Points for 
determining nuclear material flow and inventories. The Committee even 
specified detailed criteria for material balance area selection. For instance, 
on the request of a State a particularly small material balance area may be 
established around a process step involving commercially sensitive infor
mation. The idea being that if there is only a small hold-up of nuclear 
material within such an area, and continuous input and output flow measure
ments can be made, this would make it possible to avoid inspection access to 
the area itself. 

Thus, in connection with the provision of design information two prin
ciples are established for the protection of commercial and industrial 
secrets. In fact, there are two classes of such secrets. Firstly, those which 
must in any case be disclosed to the inspectorate which, in turn, must 
guarantee their protection; these consist of information related to nuclear 
material flow, such as the capacity of a fuel fabrication plant. Secondly, 
there is the group of industrial secrets, mainly process know-how, of which 
the disclosure to the Agency's inspectorate can be avoided. The criterion 
for selection of a particularly small material balance area around a sensitive 
process is an example of this second principle. 

Other results expected from the examination of design information are 
the establishment of: 

(a) Records and reports requirements and records evaluation procedures, 
(b) Requirements and procedures for verification of the quantity and 
(c) Location of nuclear material, 
(d) Nominal timing and procedures for physical inventory taking. 

In addition, the selection of appropriat~ combinations of containment and 
surveillance methods and techniques and the strategic points for their 
application should result from the examination of design information. 

This enumeration shows how far the Committee went in formulating 
precise technical procedures and the reasons for them. 
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However, there is one more step to be taken: quantification. For 
practical reasons the agreement itself, which has to be concluded indepen
dently of the quantity of nuclear material required to be safeguarded and the 
number and type of facilities through which this might flow, cannot give all 
the quantitative values involved. Therefore in the agreement the quantifi
cation step is relegated to "Subsidiary Arrangements"; these will be de
scribed later. At this stage it has to be mentioned that the results of the 
examination of the design information, such as the selection of material 
balance areas and key measurement points, etc. have to be included in such 
Subsidiary Arrangements. 

3. 5. With regard to the information on nuclear material flow and inven
tories, the limitations could be handled in a much simpler way. Both the 
new record system, dealing with that information which has to be continu
ously accumulated at the facilities, and the new reports system, covering 
the information to be provided regularly to the Agency, are straightforward 
developments from the Agency's existing Safeguards System. What in the 
latter was a skeleton has now become much more fully formalized by stating 
all types of records and reports and prescribing their content. Thus, as 
mentioned in the introduction, the concept of transaction or inventory change 
reports has also been form ally incorporated into the system. Again, quanti
fication takes place in the Subsidiary Arrangements; these should for 
instance specify the amounts of nuclear material which, if inadvertently lost, 
would trigger the submission of a special report to the Agency. 

3. 6. A great step forward in formalization was also made concerning 
inspection procedures. Clear limitation of inspection rights without cur
tailing verification efficiency was one of the major concerns of the Committee. 
A complete definition of the purpose and scope of inspection was used to 
establish indirectly the limitations. 

There are three types of inspections connected with different purposes: 
ad hoc inspections which include verification of the initial report on nuclear 
material, verification and identification of changes before the routine scheme 
of inspection is established and verification of nuclear material before and 
after international transfers; routine inspections with the purposes of 
verifying consistency between records and reports, of verifying location, 
identity, quantity and composition of nuclear material and of possible causes 
for MUF (material unaccounted for); special inspections which are ob
viously concerned with the verification of special reports but also with such 
additional investigations as are needed when the information obtained through 
normal means is not adequate for achieving the technical objective. 

The scope of inspections is determined by giving a long list of actions 
permitted to the inspector. Typical examples are independent measurements 
of nuclear material, verification of the functioning and calibration of in
struments, observation of sampling and analysis, arrangement for the 
receipt of duplicate samples, etc., but described with a higher degree of 
precision than in this incomplete enumeration. 

The first direct limitation concerns inspection access. The decisive 
element is that routine inspections are limited to strategic points specified 
in the Subsidiary Arrangements and to the records. There is a safety valve 
for additional access under special circumstances, but this must be preceded 
by consultations between the State and the Agency. 
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The second direct limitation on inspections is given by stating the 
maximum yearly workload (in man-years) to be deployed per group of facili
ties. For reactors and sealed stores this is one-sixth of a man-year of 
inspection for each such facility in the State. For all other types of facilities 
the inspection workload is made dependent on throughput or inventory of 
nuclear material, expressed in effective kilograms to take care of the 
gradation in the diversion risk. For facilities involving plutonium or more 
than 5% enriched uranium, the annual workload may be as high as 30 times 
the square root of the number of effective kilograms in inventory or through
put, whichever is the greater, and not lower than 1. 5 man-years. This is 
valid for e.g. reprocessing plants, whereas fabrication plants for power 
reactor fuel are covered by a simpler formula: one-third of a man-year 
plus 0. 4 times the amount of effective kilograms. 

Such is the framework of inspection rights; again quantification is left 
to the Subsidiary Arrangements, in which, for example, the number and 
location of strategic points will be fixed. On the other hand, it is not pos
sible to determine the actual inspection workload in advance. This must be 
left to future experience, but criteria to be taken into account are already 
enumerated in the NPT agreements. An example of their application is 
given in Ref. [8]. 

3. 7. The Committee also succeeded in determining precisely the fields of 
activity within which nuclear material has to be followed by safeguards. 
There were a number of functional boundaries to be defined, such as exemp
tions for small quantities or non-nuclear use, or termination of safeguards 
upon consumption or dilution of nuclear material, etc. The most important 
boundary is given by the definition of that point in the nuclear fue 1 cycle at 
which nuclear material has to come under safeguards for the first time. 
After careful consultations it was set as the point where any nuclear ma
terial reaches a purity and composition suitable for fuel fabrication or 
enrichment. 

3. 8. An essential feature of the proposed agreement is the complete de
scription of a versatile feedback system from the Agency to the State. Three 
types of statements are required from the Agency. Firstly, a semi-annual 
statement of the nuclear material inventory on the books of the Agency, which 
permits a check on the completeness of the information flow. Secondly, 
information on the result of inspections in the State, at intervals to be speci
fied in the Subsidiary Arrangements. And finally, a statement on the tech
nical conclusions drawn from verification activities, i.e. the difference 
between book inventory and physical inventory, or, expressed in another way, 
the material unaccounted for (MUF), as well as the accuracy with which this 
quantity can be known. Through this feedback system the safeguards in
formation flow gains an additional justification. 

3. 9. Finally a word of explanation has to be said on the Subsidiary Arrange
ments. In the Agency's Safeguards practice up to now this kind of document 
has figured as an additional protocol concluded between the Secretariat of 
the Agency and a State party to a safeguards agreement, in order to fix all 
the detailed procedures and technicalities left open in the agreement itself. 
In the new and more complete type of agreement many of these details are 
incorporated. But Subsidiary Arrangements are still necessary to lay down 
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those quantities, dates and numbers which, within the validity of the agree
ment, undergo a steady development parallel with the growth of nuclear 
activities. In more than 20 agreement articles the phrase appears: "as 
specified in the Subsidiary Arrangements". Contrary to previous practice 
these Subsidiary Arrangements do not contain any rights or obligations 
additional to those in the NPT agreements, but consist of a series of tables, 
information sheets, report forms, etc., and of course indicate the mechanism 
for keeping them up to date. As mentioned before, Subsidiary Arrangements 
are the instrument for quantification of safeguards, as far as this is at all 
possible at this stage. 

4. NEED FOR FUTURE DEVELOPMENT 

4. 1. The foregoing presentation of the Agency's Safeguards, to be applied 
in the frame of the Non- Proliferation Treaty, brings out the best sides of the 
improved system. Naturally, any presentation concerned with the results 
of development work tends to emphasize the progress made. However, this 
should not obscure the fact that there is much left to be done. 

4. 2. The replacement of human observation and surveillance by instrumental 
techniques, for instance, is far from being as advanced as one might think. 
Very interesting measuring devices have been invented in recent years but 
the development of what is often referred to as "black boxes", i.e. automatic 
accounting and surveillance instruments, which have been imagined as the 
solution to many problems, has not yet progressed sufficiently to make them 
immediately applicable. The draft agreement foresees that the Agency shall 
take full account of technological developments and that, if so agreed and 
specified in the Subsidiary Arrangements, installation of such equipment may 
be initiated. So the way is paved for step-wise, practical improvements. 

4. 3. On the other hand, it has not been possible so far to use all the valuable 
theoretical conclusions of systems analysis work for practical adaptations of 
the Safeguards System. Particularly, there might still be some room for 
simplifying information requirements on nuclear material flow in States 
where a more or less complete nuclear fuel cycle is being safeguarded. In 
those cases correlations between the material flow through different stages 
of the cycle tend to reduce the total number of independent measurements 
necessary for verifying the entire flow picture. 

The Agency is preparing to make use of such correlation techniques in 
its computerized program for the evaluation of accounting and inspection 
reports. These techniques are also taken into account in estimates of future 
safeguards workloads based on simulated nuclear fuel cycles [9] . But, of 
course, these computations have to be repeated each year with input data 
corrected to the actual situation. Thus, a step-wise approach of the theo
retical picture to reality is achieved. In the same way, by checking step by 
step with the results of practical experience, further optimization of the 
information requirements will be reached. 

4. 4. To the mathematician and systems analyst, approximation by steps is 
a well-known process; he even has a precise term for it, iteration. In 
practice it means that the way to reach an optimum is understood; however, 
a continuous effort is required. 
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CONTROL OF RADIOACTIVE SOURCES AND SPECIAL NUCLEAR MATERIAL IN BRAZIL. 
The object of this paper is to describe the steps currently being taken for control of special nuclear 

materials in Brazil. It describes the control exercised by the International Atomic Energy Agency (IAEA) 
through the trilateral agreement between Brazil, the United States of America and the IAEA. It also 
describes the relationship between the National Nuclear Energy Commission and the Institutes and private 
organizations. The paper deals as well with the criteria which will be applied to the development of this control 
system as a method of safeguards. with special attention being paid to its effectiveness, since it is also needed 
as a means of correct administration of these materials by the National Nuclear Energy Commission. 

CONTROLE DES SOURCES RADIOACT!VES ET DES PRODU!TS FISS!LES SPECIAUX AU BRESIL. 
Le memoire a pour objet de decrire Ies mesures actuellement prises au Bresil pour controler les produits 

fissiles speciaux. !1 decrit les mesures prises par l' Agence internationale de l' energie atomique a cet 
effet en application de l' accord tripartite entre l' Agence, le Bresil et les Etats-Unis. !1 decrit aussi les 
rapports existant entre la Commission nationale de l' energie nucleaire et les instituts et organisations privees. 
Le memoire analyse egalement les criteres qui seront appliques pour mettre au point ce systeme de contri'lle 
en tant que methode de garanties, en tenant compte particulierement de son efficacite puisqu' il est 
egalement necessaire pour assurer l' administration rationnelle des produits fissiles speciaux par la Commission 
nationale de l' energie nucleaire. 

KOHTPOnh 3A PA.UIWAKTHBHh!MH HCT0'1HHKAMH 11 CTIEI.IHAnhHhJM 5!,UEPHhJM MATE
PHAnOM B 6PA3HnHH. 

UenbJO ,li;OKJia.lla RBJIReTcR onHCaHHe npHHHMaeMhiX B HaCTOH~ee speMH Mep no KOHTpOJIIO 3a 

cneuHanbHhiMH R.rtepHLIMH MarepuanaMH a Epa3HJIHH. B H"eM paccMarpHBaiOTCSI aonpochi KOHTpo
.rur, ocy~ecTBJHieMoro Me>K.ZXyHapo,llHhiM areHTCTBOM no aroMHoH SHeprHH (MArAT3) no rpex
cropoHHeMy cornaweHHJO M€-"<.llY Epa3HJIHeA, Coe.ztHHeHHhiMH liJraraMH AMepHKH H MArAT3. 
0nHCDIBaiOTC51 TaK)I(€ B3aHMOOTHOllieHHR M€JK.llY HaUHOHaJibHOA KOMHCCH8A no 51,nepHOA 3HeprHH, 

HHCTHTyTaMH H YaCTHbiMH OpraHH3aUH51MH. PaCCMaTpHBalOTC5J KpHTepHH, KOTOpble 6y,nyT OpH

M8H5JTbC5J npH pa3pa60TK8 3TOH: CHCT8MI:.J KOHTp0ll51 KaK M8TO,na rapaHTHA, C y,neJI8HH8M OC06oro 

BHHMaHH5J ee 3<fl~eKTHBHOCTH, TaK KaK OHa Heo6xo,nHMa ,nJI51 npaBHJibHOrO pacnpe,neJI8HlHI yKa3aH

HhiX MaTepHaJIOB CO CTopOHhi HauHoHaJibHOA KOMHCCHH no 51,lt8pHOH 3HeprHH, 

EL CONTROL DE LAS FUENTES RAD!ACTIVAS Y DE LOS MATERIALES NUCLEARES ESPECIALES EN EL 
BRASIL 

El objeto de esta memoria es describir el estado actual del control de materiales nucleares escpeciales 
en el Brasil, comprendido el control que ejetce el Organismo lntemacional de Energ{a Atomica (OlEA), 
en virtud del Acuerdo trilateral entre el Brasil, los Estados Unidos de America y el OlEA. Se describen las 
relaciones entre Ia Comisi6n Nacional de Energ{a Nuclear y otras instituciones y entidades privadas. Se 
exponen tam bien los criterios que se aplicar~n al desarro!larse el sistema de control como metoda de 
salvaguardias, prestandose especial atenci6n a Ia eficacia, indispensable para una correcta gestion de los 
materiales par parte de !a Comision Nacional de Energ{a Nuclear. 
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1 . INTRODUCTION 

The installation of the first nuclear power plant in Brazil was 
decided by the Brazilian Government in late 1967. The following year 
an agreement was signed for mutual collaboration between the National 
Nuclear Energy Commission (CNEN) and the Centrais Brasileiras 
S/ A (ELETROBRAS) for the establishment of rules to be used for the 
planning, construction and operation of a nuclear power plant ( 1]. In 
the same year, at the request of the Brazilian Government, the IAEA 
commissioned a study team of international experts to assist the 
Brazilian authorities in preparing plans for development of nuclear 
power in Brazil. The primary conclusion of the study team was that 
the introduction of nuclear power in South Central Brazil could be 
justified for the early 1980s under the assumptions which were 
presented ( 2]. The Study Team advised that the procurement of a 
proven type of nuclear power plant, to go into operation in 1976/7, was 
desirable as a means of initiating an effective nuclear power program. 

Following this recommendation the Brazilian Government scheduled 
installation of the Angra Nuclear Power Plant in South Central Brasil, 
State of Rio de Janeiro, scheduled to be connected to the network in 
1976. It will be a 600-MW(e) PWR ( 3]. 

The nuclear program that the CNEN intends to pursue in the next 
few years underlines the importance of nuclear material management 
in the country. In connection with this, one of the first steps made by 
CNEN was to send some of its professionals abroad to be trained. 

This paper discusses a proposal for the utilization of safeguards 
methods as a requirement for better management of nuclear materials 
by CNEN. 

2. CURRENT LEGAL ASPECTS OF NUCLEAR MATERIAL CONTROL 
BY THE NATIONAL NUCLEAR ENERGY COMMISSION 

Pursuant to "Lei e Regulamento da Comissiio Nacional de Energia 
Nuclear" (4], Chapter II, Section 1, Art. 4, §I, II, IV, VI and Art. 8, 
Chapter III, Art. 31, and Chapter IV, Art. 34, 36 and 39, the CNEN 
has the task of promoting the utilization of nuclear energy, ensuring 
national security with regard to importation, production, utilization or 
export of nuclear materials, and maintaining a register of nuclear 
material resources, reserves or accounts in Brazil. Research, 
mining, industrialization and trade in radioactive sources and special 
nuclear material are under federal monopoly. The Presidency of the 
Republic is the competent authority to orient the National Nuclear Energy 
Policy. 

3. PRESENT RADIOACTIVE MATERIAL CONTROL BY CNEN 

After criticality of the first Brazilian nuclear research reactor 
was reached late in September 1957, the production of small quantities 
of radioisotopes was initiated, the first shipments being made internally 
in the country in 1959 ( 5]. With the growing demand for radioisotopes, 
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mainly for medical uses, the lEA (S. Paulo) had to face the problem of 
distribution to qualified users. The first regulation for the distribution 
of radioisotopes came into force, the initial step being the requirement 
for users to attend special courses in the methodology and application 
of radioisotopes in medicine, agriculture and industry. 

Then, following the creation of the other Institutes and the growth 
of radioisotope demand in the country, additional courses in the same 
subjects were given in Belo Horizonte (IPR), Rio de Janeiro (lEN and 
CNEN) and Piracicaba (CENA). 
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The Department of Radioactive Material Control (DFMR) is in 
charge of the registration of all radioactive material imported into or 
produced in BraziL All importation of any type of radioactive material, 
whether by official institutions or private organizations, can be done 
only if authorized by the CNEN through the DFMR. This therefore is 
at present the organ which exercises control over all types of radioactive 
materials in the country. 

At present the uses of radioisotopes in Government institutions, 
other than those having liaison with CNEN, and in private organizations, 
are under the control of CNEN through its DFMR. 

Existing regulations by which CNEN gives permits for the installa
tion and use of teletherapy sources demand a preliminary study for 
the design and installation, and also a survey before operation. CNEN 
is now developing a system for the concession of licences for radio
isotope uses in the country. 

The administration of nuclear materials in the various institutions 
collaborating with the CNEN in the nuclear program is carried out by 
those responsible for the programs in which the nuclear material is 
used. 

Concerning the uses of nuclear materials by official research 
institutions, control is exercised in such a way that special nuclear 
materials are acquired with the knowledge of DFMR, which is respon
sible for the import documentation, accounts and documentation pertinent 
to the agreements by which the materials were obtained. 

All the fertile materials produced in the country have their own 
account at the site of preparation and in a special register at the DFMR, 
as is the case with thorium and uranium. 

4. TRILATERAL AGREEMENT 

The first Brazilian research reactors were installed as a result 
of a Cooperative Agreement signed between Brazil and the United States 
of America. This Agreement established that the installations and 
materials put at the disposal of the Brazilian authorities should be 
used exclusively for peaceful purposes and should be under USA Safe
guards [ 6]. Furthermore, the USA initiated the process of transferring 
its International Safeguards to the International Atomic Energy Agency [ 7]. 
As a consequence, the Trilateral Agreement between the United States 
of America, the Federal Republic of Brazil, and the International Atomic 
Energy Agency was signed on 10 March 1967 in Vienna, thus placing 
safeguards under the responsibility of the IAEA [ 8]. The first inspec
tion by the Agency occurred on 6 October 1969. 
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4. 1. Safeguards inspection system by IAEA in Brazil 

The Trilateral Agreement is based on the Agency's Safeguards 
System which sets out in detail the procedure for applying safeguards 
to a facility. Specific references are also made in the Agreement to 
the Agency' s Inspectors Document, which designates inspectors and 
defines their powers and duties in general terms. Subsidiary arrange
ments [ 9] were entered into to define the appointments of and facilities 
for Agency inspections. Table I gives a summary of the principal 
Brazilian facilities under Agency Safeguards. 

4. 2. Some aspects of the facilities under safeguards in Brazil 

(a) The lEA-R 1 is a 5-MW research swimming-pool reactor, 
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and is the most important facility from the point of view of safeguards. 
This reactor [ 10] is installed at the Institute de Energia Atomica (lEA), 
at the University Campus, Sao Paulo. It is a swimming-pool reactor 
designed and built by Babcock & Wilcox Co. , according to specifications 
furnished by the Brazilian Atomic Energy Commission. The reactor 
went critical for the first time on 16 September 1957, and has operated 
until now without major problems [ 11 ]. 

The reactor operations schedule has been programmed for radio
isotope production, training, neutron beam experiments, activation 
analyses and industrial applications. The reactor operating schedule is 
8 hours per operation, four times a week; this has permitted the pro
duction of the necessary amounts of the main radioisotopes [ 5, 12] 
required for medical and agricultural applications in the country. 
Radioisotopes with long-lived fission products are now under production [ 5]. 

An up-grading of the reactor power to 10 MW is currently under 
way and is scheduled for the future. 

(b) The Triga- MK-1 (originally 30 kW, now 140 kW) is a research 
reactor used for the production of radioisotopes, educational purposes, 
training, industrial applications, activation analyses, and radiochemistry. 
The reactor is located at the Radioactive Research Institute (IPR) at the 
University Campus, Belo Horizonte, Minas Gerais. Criticality took 
place in December, 1960. An up-grading of the reactor power to 250 kW 
is currently under way and is scheduled for 1972. 

(c) The "Argonauta" is a research reactor of near zero power 
designed by the Argonne National Laboratory and constructed entirely 
in Brazil [ 13]. It is used in reactor physics, neutron physics, engineer
ing tests, laboratory-scale radioisotope production, and for educational 
purposes. It is located at the Institute de Energia Nuclear (lEN), at 
the University Campus, Rio de Janeiro. Criticality occurred in 
February, 1965. 

(d) Nuclear Metallurgy Division, Institute de Energia Atomica, 
Sao Paulo. This research and development facility has manufactured 
the fuel elements for the subcritical assembly "Resuco", the core of 
which has 2378 kg of U0 2 pellets [ 14]. The first core for the Argonauta 
Reactor at Rio de Janeiro was also manufactured by the MND, which 
will also manufacture the enlarged core for this reactor. Its facilities 
include small-scale production devices for the preparation of fissile 
material (U02 pellets) and the production of nuclear-grade metallic 
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uranium. Bulk material is stored in sealed containers in the locked 
vault in the IEA Reactor Building. In addition, the facility makes many 
types of plate fuel elements, including extra-thin-type element plates. 

5. FLOW Of NUCLEAR MATERIAL IN SAO PAULO 

Because of its importance the particular case of the flow of nuclear 
material in Sao Paulo is described. 

The Adm:inistra<;ao da Prodw;:ao da Monazita (APM) is the CNEN organ 
responsible fof the industrial processing of monazite sand, from which 
comes crude tl\.orium oxide, a chemically pure thorium nitrate, rare
earth chlorides, sodium phosphate and sodium diuranate (SDU, yellow 
cake) as a by-product. Also handled at the APM installation is the 
production of lithium compounds such as carbonate and hydroxide. The 
thorium and uranium compounds produced by APM belong to the CNEN 
and are under the control of the DFMR. Various other products are 
sold to national industry or are exported (rare-earth chlorides). The 
APM also undertakes research and development work, including the 
preparation and purification of uranium, thorium and zirconium 
compounds. 

The sodium diuranate (SDU) produced by APM is sent to IEA at 
the request of its Chemical Engineering Division (DEQ). This Division 
is in charge of the development of chemical processes for purification 
and transformation of nuclear materials. It has in operation two pilot 
plants for the preparation of nuclear-grade ammonium diuranate (ADU), 
one based on ion-exchange techniques [ 15] and the second on solvent 
extraction. Its facilities include chemical and instrumental analyses 
such as support and quality control of purified materials, and atomic 
absorption and spectrofluorimetric analyses by emission spectrography. 
Nuclear-grade ammonium diuranate and thorium oxalate are the main 
products. At this Division the SDU is transformed into nuclear grade 
ammonium diuranate (ADU), either by the ion-exchange process [15] 
or by solvent extraction purification. The ADU is sent to the Nuclear 
Metallurgy Division where it is transformed into U0 2 pellets [ 16). 

6. SYSTEM FOR THE CONTROL OF NUCLEAR MATERIALS IN 
BRAZIL 

The establishment of a control system for nuclear material by 
the CNEN is mainly to ensure economy, safety and health. Although 
there is a fundamental difference between this aim and that of safe
guards, nevertheless the techniques applied can be the same. 

Thus the steps for the improvement of a system for the control of 
nuclear materials in Brazil will be: (1) the issuing by CNEN of control 
regulations to apply to nuclear materials and equipment subject to its 
jurisdiction; and ( 2) the training of people to fulfil this task. 

The system to be applied must be such that the CNEN can obtain 
at any time information on the quantity and location of nuclear material. 
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This can be achieved through the establishment of a data reporting 
and inspection system. 

Finally, the control regulations to be established shall be subject 
to periodic reviews with regard to the experience acquired. 

7. NECESSARY TRAINING 

403 

The activities of persons responsible for safeguards are complex 
and the team which carries out this function should be very well trained. 
While safeguards embraces all the activities required for the manage
ment of nuclear material, it also includes new equipment and techniques, 
the study of several subjects and the complete study of the nuclear 
fuel cycle [ 17 ]. 

It is advisable to expand the CNEN training program to provide 
a group able to improve nuclear materials management. This 
group could be trained with the help of foreign experts, which could 
instruct those people managing nuclear materials, as well as those in 
correlated research. 
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DISCUSSION ON AGENDA ITEM 5.1 

Safeguards systems analysis and safeguards objectives 

DISCUSSION ON THE FOLLOWING GROUP OF PAPERS: 

P/771 FRG Presented by W. Hiifele 

P/098 USA Presented by H.J.C. Kouts 

P/828 Japan Presented by R. lmai 

P/558 CSSR Presented by O.Zoch 

M. SANDOVAL VALLARTA: It would seem appropriate to inform this 
meeting that the Treaty for the Prohibition of Nuclear Weapons in Latin 
America has already been signed by most of the Latin American countries 
and is now in effect. It has now been recognized by the United States of 
America and the United Kingdom. This Treaty includes the obligation on 
the part of the signatories to sign a safeguards agreement with the Agency 
within a period specified. Thus, everything that has been put forward here 
today is equally applicable to safeguards under the Latin American Treaty. 

F. MORGAN: I would like to ask the following question in connection 
with paper P /098 by Kouts, Bennett and Lawroski. 

The performance of nuclear plant may introduce swings in material 
balance which will worry any inspector, due to plant factors which may be 
incompletely understood, or to the necessity of making estimates of in
process inventory. With very large plants, such swings may easily exceed 
the small limits implied by the definition of "strategic quantity" employed 
in the paper. While I can readily agree to the value of a "strategic quantity" 
in the analysis of a system, from the point of view of planning, I think it 
may be academic in defining formal procedures. One has to live with the 
realities of factory life. If the limits are exceeded regularly, the system 
will fall into disrepute. Equally, if a "normal operating loss" were accepted 
in advance, this would facilitate diversion of material. Rather than to 
prejudge the issue, which is what use of the terms "strategic quantity" and 
"normal operating loss" implies, it seems more appropriate to define an 
"action level" or levels from the observed performance of the plant, which 
would automatically trigger enquiry and remedial action. Would the authors 
care to comment? 

H. J. C. KOUTS: The analysis that I presented showed that currently 
used measurement methods do not in all cases permit us to meet the criteria 
shown. In some cases they do. Measurement methods that could be used 
would permit meeting criteria in all cases. However, there is no real plan 
at this time to apply these numerical criteria. If the criteria do come to be 
required in this form or a similar one, they will be used for safeguards 
administered by facilities rather than by national or international safeguards 
groups. It is true that operational losses, when they occur, will cause 
difficulties in that control limits will be exceeded. However, operational 
losses are indistinguishable from diversions except possibly after an 
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investigation. If accounting is to have value for safeguards, it must be 
capable of revealing the existence of losses of an important size to permit 
investigating to see if they were operational losses or diversions, 

W. HAFELE: I observed in Dr. Kouts' paper a greater emphasis on 
"containment" than was earlier the case. Does he feel that accounting 
procedures within the containment can be eased if the containment is 
enhanced? 

H.J.C. KOUTS: Yes, I do, especially as regards critical time. We 
have taken the view that where containment is very good, the time between 
closing material balances can be extended. Our usual assumption is an 
extension of the balance period by a factor of three when containment is 
especially good. One example is a chemical reprocessing plant, where 
containment is believed useful to trade off against critical time. 

A. LARSSON: How is the critical-time figure (Table I) of one month 
for low-enriched uranium arrived at? 

H. J. C. KOUTS: It was simply an assumption made for purposes of the 
analysis that was described. No particular importance should be attached 
to any of the critical-time or strategic quantities listed in the paper. 

M.N. RYZHOV: Is it possible, within the framework of a mathematical 
model, to express the level of uncertainty in determining quantities of 
nuclear materials? This uncertainty depends on a large number of factors, 
e.g. type of process, level of technology, system of allowing for staff 
qualification and so forth. Does not an error in determining the level of 
uncertainty lead to a situation where, in some cases, this value will be an 
excessive burden for some installations, while in other cases there will be 
a possibility of switching materials? 

W. HAFELE: Whenever we are dealing with digital accountability, 
which is the case in all heterogeneous reactors, no such uncertainty exists. 
As far as open accountability is concerned, one has to consider the specific 
situation. Generally speaking, the uncertainty is of the order of 1 o/o. A 
number of criteria governing the frequency of inspections are to be found 
in the IAEA document INFCIRC/ 153 (''The Structure and Content of 
Agreements between the Agency and States required in Connection with the 
Treaty on the Non-Proliferation of Nuclear Weapons"), which presents the 
findings of the Agency' s Safeguards Committee. Another important source 
of information is integral experiments, and in this connection I would draw 
particular attention to the recently published report on the MOL-III 
experiment, carried out by the Karlsruhe group with extensive international 
support. The principal finding is that, contrary to earlier assumptions, it 
is more or less only the systematic error -not the random error- that 
gives rise to a range of uncertainty. The Safeguards Committee and the 
working groups of the IAEA have proposed the establishment of a permanent 
group to make a continuous review of the latest experience in connection 
with material unaccounted for (MUF), and to assess the acceptable level of 
uncertainty due to the systematic error, with a view to incorporating such 
data in, say, the Subsidiary Arrangements wherever appropriate. 

K. OSHIMA: In Fig. 2 of paper P/771, it is indicated that the intro
duction of the "game theory" concept into the system would reduce the 
safeguards efforts or costs to a large extent. Could Mr. Hafele explain in 
what way this approach can be implemented in practical procedures? 

W. HAFELE: What is still lacking is a more general understanding and, 
even more so, practical experience of applying game theory. The models 
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developed thus far merely reveal the weak points of the envisaged system 
and identify sensitive input parameters. Moreover, numbers must come 
into the picture when the pay-off function has to be defined. There are no 
distinct differences between applying a game theory model, a statistical 
model or a deterministic model. Generally speaking, there is a need for 
more scientific groups to explore this game theory aspect. 

M. DAYAL: I would like a clarification from Mr. Hafele about the 
determination of a figure for the "confidence level". Actual confidence could 
vary from inspector to inspector. Secondly, in practice it is often said that 
it has to be assumed that, without inspection, the operator will try to divert, 
and this probably leads to the imposition of more stringent safeguards than 
would otherwise be necessary. Is this assumption used in the models for 
arriving at the confidence level figure and related parameters, or have you 
tried to factor in any assumptions regarding variations in the level of effort 
that could be put in to divert? 

W. HAFELE: The term "confidence level" has been used in the 
statistical sense, as a mathematical term. It does not refer to the sub
jective feeling of an individual inspector as a human being. In order to have 
statistics, numbers have to be produced and this is the reason for stressing 
accountancy. Formalization of procedures is another means of helping to 
bridge the gap between subjective action and objective reality. So defined, 
the confidence level of 95o/o used in Fig. 2 is common today. 

F. MORGAN: In the opening paragraph of his paper, Mr. Hafele 
writes: "The application of decision theory allows .... to some extent the 
non-deterministic description of conflicts between human partners". But 
this calls for many types of value judgement - for example, the proper 
equation of gains and losses. How does one equate a kilogram of diverted 
plutonium with a fine of x pounds sterling or withy years in jail? Equally 
important is the question of what probability of detection is required over 
what period of time. Such value judgements, arrived at by a political 
process, suggest that "objectivity" must in fact depend on agreed and 
negotiated conventions. 

D. GUPTA: I would like to make a few comments on the remarks of 
Mr. Morgan. It is true that in game theory an effort has to be made to 
compare seemingly non- comparable quantities. But human beings are 
compelled to make such comparisons in many phases of their decision
making activities. For example, in the field of justice, a judge has to 
decide on the number of days of jail to be imposed on a person who has 
stolen some apples. He is comparing the value of the stolen apples with the 
freedom lost in jail. Similarly, commercial aviation organizations have to 
weigh and compare the value of human life with the loss in their profit if the 
scheduled departure of a plane has to be postponed because of bad weather. 
In all these cases formalized comparison appears to be feasible. There
fore, it is justifiable to investigate possibilities of such comparison in 
the matter of safeguards also. 

W. HAFELE: Indeed, value judgement is required. This is different 
from the case of the traditional sciences, where we can only compare 
lengths with lengths, masses with masses etc. We are referring to the 
interface between man and nature that is included in systems analysis but 
is excluded from traditional science. 

R. IMAI: If I may, I would also like to say a word about game theory. 
It is useful for the formulation of the problem but probably not for producing 
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procedural solutions. The phase in which game theory can be applied will 
be fairly limited. 

D. GUPTA: In connection with paper P/828, I would like to ask 
Mr. Imai how many times a year material balances are carried out under 
the Japanese national safeguards system. 

R. IMAI: Under existing Japanese law, this is done twice a year. We 
are also reviewing this part of the law, in an effort to bring inventory-taking 
requirements into line with the current system. 

DISCUSSION ON THE FOLLOWING GROUP OF PAPERS: 

P/725 Euratom Presented by E. Jacchia and S. F inzi 

P/770 IAEA Presented by R. Rometsch 

P/204 Brazil 

K. OSHIMA: Could Mr. Rometsch tell us what type of information the 
Agency wants to be included in the Subsidiary Arrangements? 

R. ROMETSCH: In the Agency's safeguards practice so far, the 
Subsidiary Arrangements have to some extent been in the nature of a 
supplement to the Agreement, specifying those parts of the procedures 
which were defined only in general terms by the Agreement and the 
references to the safeguards systems. The new type of NPT Agreement 
worked out by the Safeguards Committee and laid down in Agency document 
INFCIRC/153 is much more complete and contains many of the details which 
previously were set out in Subsidiary Arrangements (e. g. operational 
procedures). However, there are still a great number of data needed for 
safeguards implementation, e. g. quantitative data on facilities, which of 
course cannot be included in the Agreement. The purpose of the new form 
of Subsidiary Arrangement is merely to ensure this type of quantification. 
There are some 20 articles in the Agreement which end with the sentence 
"as specified in the Subsidiary Arrangement". All these technical data will 
be laid down in the form of tables, models and forms which, together, 
represent the Subsidiary Arrangements; no extended or supplementary 
obligations and rights can be derived from them. 

A. PETIT: I should like to ask Mr. Jacchia, on the subject of his 
reference to the challenge of a "nuclear black market" in connection with the 
measures to be taken by States in the full exercise of their sovereignty, 
whether he does not think that care should be taken not to confuse these 
policing problems -which consist in preventing and suppressing criminal 
activities of private individuals and subversive organizations -with the 
problems of international controls which are designed to verify whether 
States are respecting obligations which they themselves have assumed. 
---E. JACCHIA: I fully agree with Mr. Petit concerning the need to 
distinguish clearly between activities in these two spheres. What I would 
like to emphasize is the desirability of cooperation, which would be achieved 
essentially through an exchange of information between State bodies 
responsible for national security and the State department responsible for 
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administering the national safeguards system. It goes without saying, as I 
pointed out in my oral presentation, that the international authority would 
have no right of supervision in this purely internal cooperation of the State. 

M. N. RYZHOV: What types of portable apparatus are used by 
Euratom inspectors in carrying out inspections? 

S. FINZI: As regards the instrumentation used by the Safeguards 
Department for qualitative and quantitative non-destructive assay, we have 
to distinguish between portable and transportable equipment. The former 
category includes apparatus which can be transported by hand, as normal 
luggage. At present the Department is using portable gamma
spectrometers with Nai detectors and several gamma-monitors. 

The latter category includes equipment which can be transported by car 
or small truck. Transportable instruments utilized by the Department 
include the neutron coincidence counter and the gamma- spectrometer, 
consisting of Ge(Li) detector connected with a multichannel analyser. All 
these instruments are used during routine inspection operations. 

M.N. RYZHOV: What percentage of the overall inspection effort 
consists in non-destructive testing and what percentage in destructive 
testing? 

S. FINZI: I would say that about 50o/o of the effort of the Research and 
Development program mentioned in our paper is devoted towards non
destructive techniques and lOo/o to the direct methods. As far as the 
inspection effort is concerned, the distribution is about half and half. 

M. N. RYZHOV: Do the duties of Euratom inspectors consist only in 
carrying out qualitative measurements, or do they perform quantitative 
measurements connected, for example, with the drawing up of material 
balances of nuclear materials? 

S. FINZI: Both qualitative and quantitative measurements are 
performed. 

C. HOSMER: Assume that the safeguards system fails to deter a 
diversion but succeeds in making a timely discovery of its occurrence, then 
the problem of getting the material back from illicit hands arises. What is 
being done by the IAEA or by other authorities to prepare a national police 
system to act effectively to recover fissionable materials? 

R. ROMETSCH: The setting-up of a police system, which is of course 
a necessity for such operations as getting back diverted material, is not an 
obligation of the IAEA. 

However, the Agency does have to establish the necessary links and 
also to be prepared to transmit expert advice on these matters, if so 
requested by States which have no experience with special-task police 
systems. 

Regarding the information connection between the IAEA and a State, the 
contact point is foreseen in the Safeguards Agreement: it is the "national 
system of accountancy and control of nuclear material". This term by 
itself shows the double function of such a system. Normally only the 
accountancy part is used in connection with the Agency's work. From it 
information is fed to the Agency. However, there is also a feedback. 
This mechanism is absolutely necessary, for instance, in reaching agree
ment on those special circumstances which require special inspections. 
This close contact between the Agency's inspectorate and the national 
system would be used to trigger the other function of the national system
which is none of the Agency' s business - namely the control function. 
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The latter, I imagine, would in one way or the other, depending on national 
practices, be combined with or related to a police system. In this way, 
I believe, the arrangements laid down in the Safeguards Agreement 
establish the contacts necessary for the regular provision of information to 
the national police system, which alone has the power to take action within 
a State. The triggering mechanism lies within the "national system of 
accountancy and control of nuclear material", which is the point of contact 
between a State and the IAEA. 

R. IMAI: Mr. Hosmer's question is a part of the much wider issue of 
what do you do when a possible diversion has been reported by the safe
guarding authority. A statement to this effect would be primarily of a 
probabilistic nature, rather than being based on someone having been caught 
red-handed. One would have to discover accidentally an act of diversion or 
the making of a bomb. What action would be taken on the basis of such a 
statement is not, in my view, a technical problem. 

Japan has not really given any thought to means of returning diverted 
material. The safeguards system is a method of providing assurance to the 
international community and it is not conceived of as a police action. 

There is always a danger in trying to write detailed specifications in 
advance for all conceivable cases. While this may be an interesting 
exercise in logic, it merely makes safeguards complicated, burdensome 
and unworkable. What is required at this stage is more serious efforts to 
reconcile the theoretical model of safeguards we have constructed with the 
reality of fuel-cycle operations. 

E. JACCHIA: In reply to the question as to what the international 
authority would do in the specific case of a violation of the rules, I would 
point out that Article 83 of the Euratom Treaty lays down sanctions to 
cover this case. In increasing order of severity, the sanctions provide for 
the issuance of warnings, withdrawal of special advantages, placing the 
enterprise under controlled administration, and partial or total withdrawal 
of source material or special fissionable material. 
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Abstract-Resume!-AHHOTal\MH -Resumen 

DEVELOPMENT OF TECHNIQUES AND INSTRUMENTATION FOR NON- DESTRUCTIVE ASSAY OF 
FISSIONABLE MATERIALS. 

A full range of non-destructive assay techniques and instrumentation is being developed in the US safe
guards research and development program for application to practical assay problems in the areas of safeguards, 
nuclear-materials management, criticality safety, and quality and process control. Non-destructive assay 
methods can be categorized as (1) active and (2) passive. Active assay involves irradiation with neutrons or 
photons to induce fissions in the sample and interpretation of the resulting neutron or gamma • signatures' to 
determine quantitatively the amount of fissionable material present. Passive assay uses naturally occurring 
neutron and gamma radiations as direct 'signatures' of fissionable material. Innovations in instrumentation and 
analysis techniques have extended passive methods to categories of materials not previously amenable to 
quantitative assay by passive methods. However, for other important assay problems, the paucity of suitable 
passive signatures, together with their inherent physical limitations (e. g. low penetrability of gammas in 
dense media and low signal-to-noise levels in highly radioactive samples), can severely limit the effectiveness 
of passive methods. For some problems active assay methods provide the only means for practical non
destructive assay of fissionable material. For assay problems of the future (e. g. plutonium recycle fuel), a 
combination of active and passive methods will be required for optimum assay capability. Radioactive and 
isotopic sources, e. g. 252Cf, provide an attractive alternative to the more conventional accelerator sources 
for neutron interrogation and assay. In-plant and field applications of two different types of radioactive
source assay systems are reviewed. 

Non-destructive assay results are reported, and in several cases compared with chemical assay data, in 
the categories of reactor fuel materials - feed and product, inventory verification samples, and fissionable 
material scrap and waste. Assay accuracies for reactor fuels and inventory samples range from less than lo/o 

to a few per cent. For fissionable scrap and waste, where sampling and chemical analysis may be difficult 
or essentially impossible, non-destructive assay accuracies can range from a few per cent up to approximately 
25o/o, depending on the composition and geometric complexity of the materials. During the past year 
non-destructive assay methods have been applied to a variety of materials in commercial nuclear plants 
under a Plant Instrumentation Program jointly sponsored by the United States Atomic Energy Commission 
and several US commercial nuclear companies. The salient results of this program are reviewed. 

The USAEC mobile non-destructive assay laboratories, MONAL and GAMAS, respectively, use 
neutron and photon interrogation sources as well as complementary passive assay equipment. These mobile 
laboratories provide a unique field capability for evaluating the relative effectiveness of different types of 
non-destructive assay instrumentation in the actual industrial environment. Field -assay experience is 
reviewed, and practical assay results are summarized. 

':' Work performed under the auspices of the U.S. Atomic Energy Commission. The paper includes 
contributions from R. H. Augustson, W. C. Bartels, N. S. Beyer, L. E. Bruns, D. R. Cartwright, J. E. Cline, 
D. G. Costello, B. R. Dennis, L. V. East, A. E. Evans, J. E. Foley, R. A. Forster, W. J. Gallagher, 
R. 0. Ginaven, T. Gozani, E. F. Kurtz, ). E. Lovett, J. I. McMillan, J. J. Malanify, H. 0. Menlove, 
J. H. Menzel, Y. D. Naliboff, N.D. Nutter, R. E. Olson, J. L. Parker, T. D. Reilly, D. E. Rundquist, 
R.D. Schamberger, D. B. Smith, M.M. Thorpe, G. D. Trimble, R.B. Walton, J.D. Watkins, and C.R. Weisbin. 
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MISE AU POINT DE METHODES ET D' APPAREILS POUR L' ESSAI NON DESTRUCTIF DE MATIERES FISSILES. 
Dans le cadre du programme d' etudes pour les gar an ties, les Etats-Unis mettent au point toute une 

serie de methodes et d' appareils d' essais non destructifs pour resoudre des probl<?mes pratiques de dosage en 
matiere de garanties, de gestion de matieres nuclf.aires, de protection centre la criticit€., et de contrdle de 
Ia qualite et des operations. On peut distinguer les methodes non destructives selon qu' elles soot actives ou 
passives. Les m€.thodes actives consistent a irradier 1' echantillon avec des neutrons ou des photons pour y 
proVOquer des fissions et ,i interpreter ensuite les «signatures» neutroniques Oll gamma pour en df.duire les quantit€.s 
de matieres fissiles presentes. Le dosage passif met a profit les neutrons et rayons gamma emis naturellement par 
Ia matiere fissile consideree. Grace au perfectionnement des appareils et des methodes d' analyse, on a pu 
eteodre Ia methode passive a des categories de matieres qui ne s' y pretaient pas jusqu' ici. Mais, pour d' autres 
problemes importants de dosage, le manque de moyens d' identification convenables pour les methodes passives 
ainsi que leurs limitations physiques ioherentes (par exemple le faible pouvoir de penetration des rayons gamma 
dans des milieux denses et le faible rapport signal/bruit si les echantillons soot fortement radloactifs) peuvent 
nuire considerablement a I' efficaci te des methodes passives. Dans certains cas, les methodes de dosage actives 

fournissent le seul moyen pratique de proceder a des analyses non destructives. Pour les problemes de dosage 
de I' avenir (par exemple pour le combustible au plutonium recycle), on devra combiner Ia methode active 

et Ia methode passive pour atteindre les possibilites maximales de dosage. Les sources radioactives et 
isotopiques, par exemple 252 Cf, peuvent remplacer avantageusement les sources plus classiques que soot les 
accelerateurs pour I' identification et le dosage par les neutrons. Les auteurs passent en revue les applications 
de deux methodes differentes de dosage avec sources radioactives, en laboratoire et en campage. 

Ils donnent les resultats de dosages non destructifs et les comparent dans certains cas avec les donnees 
obtenues par des moyens purernent chimiques, sous les trois rubriques suivantes: matil~res contenues dans le 
combustible de r€.acteur a 1' entree et a la sortie, €.chantillons pr€.levCs pour vf.rifier les stocks, et df.chets de 
matieres fissiles. L' exactitude des dosages pour le combustible de reacteur et les echantillons servant au 
calcul du stock varient de 1 a plusieurs points pour cent. Pour les dechets de matieres fissiles, lorsque 
I' echantillonnage et I' analyse chimique soot parfois difficiles ou totalement impossibles, le degre d' exactitude 
des essais non destructifs peut varier de quelques points pour cent a environ 25"/o, selon Ia composition et Ia 
complexite g6om6trique des matieres. La methode des essais non destructifs a deja ete appliquee a toute 

une gamme de matieres dans des centrales nucleaires industrielles dans le cadre d' un programme execute 
conjointement par Ia Commission de I' energie atomique des Etats-Unis et plusieurs societes nucleaires 
industrielles. Les auteurs analysent les principaux resultats. 

Les laboratoires mobiles de dosage non destructif de I' USAEC (MONAL et CAMAS) utilisent des sources 
de neutrons et de photons pour Ia methode active et du materiel de dosage complementaire pour Ia methode 
passive. Ces laboratoires mobiles fournissent un moyen unique d' evaluation de I' efficacite relative des 
differents types d' appareils d' analyse non destructive dans le milieu industriel reel. Les auteurs passent en 
revue 1' experience acquise dans ce domaine et resument les principaux resultats obtenus. 

PA3PA60TKA METO.I\OB l1 I1Pl160POB .I\JI5! AHAJil13A PACIIIEilJI5!IOIIIl1XC5! MATEPMA
JIOB 6E3 PA3PYIIIEHl15! 06PA3UA. 

AMepHK8HCK8H nporpaMMa Hay\iHhlX HCCJle)lOB8HHi1 H pa3pa60TOK B o6JlaCTH rapaHTHi1 npe

,n;ycMaTpHaaeT pa3pa60TKY ~eJlOrO pH,n;a MeTO,ll;OB H KOHTpOJlbHO-H3Mepi-ITeJlbHhlX npH60poB ,ll;JlSI 

pemeHHH npaKTHl.J:eCKHX np06JleM HCnbiTaHHH 6e3 pa3pymeHHH o6pa3~a OpH ocyuteCTBJleHHH ra

p811TH.i1:, a T8K)Ke ,ll;JlH 06pauteHHH C H.z:tepHhiMH M8TepH8J18MH, o6ecne\.leHHH 6e3008CHOCTH npH ,n;o
CTHJKeHHH CTa.z:tHH KpHTHl.fHOCTH, KOHTpOJIH 38 Ka\.leCTBOM H TeXHOJIOrHYeCKHM npo~eCCOM. Me

TO,ll;hl HCOhiT8HHH 6e3 pa3pyilleHHH o6pa3~a MOryT 6biTb pa3)leJleHbl Ha aKTHBHbie (1) H naCCHB

Hbie (2). AKTHBHbrH aHaJIH3 BKJIIO'!aeT 06Jiy'leHHe ,lleJillll1HXCll MaTepHaJIOB HeilTpOHaMH HJIH 1JOTO

HaMH, 1.fT06bi Bbl3B8Tb ,n;eJieHHe B o6pa3~e H HHTepnpeTa~HIO pe3yJlbTaTOB TaKOrO 06Jly\.leHHH He:H

TpDH8MH HJIH raMMa-H3Jiyl.J.eHHeM ,ll;JIH Onpe.n;eJieHHH KOJlH'-IeCTBa HMeK:Iw;erOCH ,LteJIHw;erocH MaTe

pHaJia, TipH naCCHBHOM 8H8JIH3e 06hi'-IHO 8H81lH3HpyiOTCH He.i1:TpOHHhie H raMMa-H3Jly1.feHHH, reHe

pHpyeMDie .z:teJIHIUHMCSI MaTepHaJIOM 6e3 OOCTOpOHHero B03,Lteii:CTBHSI. HOBOBBe,lleHHSI B KOHTpOJib

HO-H3MepHTellbHblX npH6opax H MeTO)laX aHallH3a 003BOJ1HJIH pacnpOCTpaHHTb npHMeHeHHe nac

CHBHhiX MeTO,llOB Ha MaTepHallhl, KOTOphie paHee He OO)l,llaBaJIHCb KOJlHt·leCTBeHHOMy aHaJIH3y npH 

noMOI11H naccHBHhiX MeTO.liOB. O.liHaKo B HeKOTOpbiX .llpyrHx BaJI(HbiX cny'!allx 3¢¢eKTHBHOCTh 

08CCHBHblX MeTO,llOB MO)KeT 6blTb 3H8l.fHTellbHO orpaHH\ieHa CJia60CTbiO HCCJie,llyeMbiX naCCHBHbi

MH MeTO.ll8MH H3Jly\.leHHi1, a T8K)Ke pH.z:tOM COOTBeTCTBylOII..tHX <PH3H\.IeCKHX CBOi1:CTB (HaOpHMep, 

CJia6o:H npOHHU:aeMOCTbiO raMMa-H3Jiy\.leHHH B OJIOTHhiX cpe,n;ax H HH3KHM ypOBHeM H3MepHeMoro 

cHrHaJia no cpaaHeHHIO c <Po HOM BhiCOKopa.n:HoaKTHBHhiX o6pa3~0B. B HeKOTOpbiX cJiyl.laHx aK

THBHhie MeTO,lJ;hl HBJHIK:ITCSI e.ztHHCTBeHHhiM MeTO,llOM npaKTHl.feCKOrO npoBe,lleHHH 8H8JIH33 6e3 pa3-

pyllleHHll o6pa3Qa ,lleJillfl1HXCH MaTepHaJIOB . .!\Jill peweHHll npo6neM aHaJIH3a B 6y.I1yU1eM (HanpH

Mep, OOBTOpHOe HCOOJlb30B8HHe nJiyTOHHSI) nOTpe6yeTC5.l CO\.IeTaHHe 8KTHBHhiX H 08CCHBHhiX Me

TO.llOB B ~eJUIX OOTHM8flbHOrO HC001lb30B8HH5.l B03MO)KH0CTe:H 8H8JlH38. Pa,llH03KTHBHhie H H30-
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TOOHLI€ HCTOttHHKH 1 HanpHMep 
252 Cf 1 HM€10T npeHMym;eCTB8 ITO Cp8BH€HHIO C 06LttlHhiMH HCT0l.IHH

K8MH H3llyt.teHHH ,llJHI He:H:TpoHHoro aHanHaa. PaccMaTpHBaeTcH npHMeHeHHe B aaao,.n:cKHX H no

JieBLIX ycllOBHHX JlBYX pa3JIH1..JHhiX THITOB CHCT€M 8H8JIH38 C pa,l{H08KTHBHLIMH HCT0'4:HHK8MH, 

J1anaraiOTcH peayJihT8TLI aHaJIHaa 6ea pa3pyrneHH51 o6paaua, H a HeKoTopLIX cnyttaHx pe-

3YllhTaTLI Cp8BHHBalOTC51 C .Zl8HHLIMH XHMHl.f8CKOrO 8H81IH38, 3 TO cp8BHeHH€ .ll8€TC51 ITO KaTero

pH51M peaKTOpHhiX TOITJIHBHbiX MaTepH81IOB - aarpyaKa H npOJlyKT 1 o6pa3I.,U.I )lliH KOHTpOJHI 38 

3arpy3KOi1: TOITJIHB8 1 CKpan .zteJHim;erOCfl MaTepHaJia H OTXO,l(bl • TiorpelllHOCTH 8H8JIH38 peaKTOp

HOrO TOOJIHBa H o6p83I.lOB CB8JKero TOITJIHB8 COCT8BJHUOT OT M€H€€ O,ll;HOrO )lO H€CKOJlbKHX npo

QeHTOB, l..JTO KacaeTCH CKpana ,lleJlHIUeroCH MaTepHaJla H OTXO,ll;OB 1 B KOTOpbiX B351THe npo6 H 

XHMH\leCKHi1: aH8JIH3 1 B03MOJKH0 1 3aTpy.llHHTeJlbHbl HJIH 1no cymeCTBy1HeB03MOJKHbi 1 TO'lHOCTb aHa

JlH3a 6e3 pa3pyWeHHH o6pa3Ua KOJie6JieTCH B ,llHana30He OT HeCKOJlbKHX npoueHTOB ,l(O npHMepHO 

25%, B 3aBHCHMOCTH oT cTpyKTYPbi H reoMeTpHqecKoH ~opMbi MaTepHaJia. 3a nocne.n;HHH ro.n; 

MeTO,llbl 8H81IH3a 6e3 pa3pymeHHH o6pa3Ua DpHMeHHJIHCb K pa3H006pa3HbiM MaTepHaJlaM Ha KOM

MepqecKHX H.z:tepHbiX ycTaHOBKaX DO nporpaMMe pa3pa60TKH KOHTpOJlbHO-H3MepHTeJibHblX npH6o

pOB .n:ns aTOMHbiX ycTaHoBoK, ocymecTBJIHeMofi KoMHCCHefi no aTOMHofi 3HeprHH ClllA coBMecT

HO c pH.rtoM KOMMept.IecKHX H.z:tepHbiX npe,ll;nplUITHH ClllA. PaccMaTpHBaiOTCH noJIOJKHTeJlbHbie pe-

3YJibTaTbi BblTIOJIHeHHH 3TOi1: nporpaMMbi, 

Ilepe.llBiflKHbJe na6opaTOP"" KA3 CiliA no npoBe,!leHifiO aHaJ1>!3a 6e3 pa3pymeHifll o6pa31.1a, 
MONAL H GAMAS 1 cooTBeTcTBeHHo, HcnoJib3YJOT HefiTpoHHbie H !floTOHHbie HcTO'lHHKH, a TaKJKe 

.n:onoJIHHTeJibHOe o6opy,ll;oBaHHe .ZlliH npoBe.z:teHHH naccHBHoro aHaJ1H3a. TaKHe nepe,ll;BHJKHbie na-
6opaTOpHH npe.z:tOCT8BJ1HIOT YHHKaJlbHYIO B03MOJKHOCTb ,ll;JIH OUeHKH B noJieBbiX yCJlOBHHX OTHOCH

TeJlbHOfi 3rfJ<:PeKTHBHOCTH pa3JlH'lHbiX.THDOB KOHTpOJlbHO-H3MepHTeJibHblX DpH60pOB 1 HCDOJlb3ye

MbiX ,llJIH npoBe,ll;eHHH HCDbiTaHHfl 6e3 pa3pyllleHHH o6pa3Qa H B peaJlbHbiX DpOMbiUIJleHHbiX ycno
BHHX, PaccMaTpHaaeTcH on11T npoae.n:eHH51 aHaJIH3a Ha Mecrax H KpaTKO cyMMHpyiOTCH npaKTH

qecKHe pe3yJibTaTbi aHaJIH3a. 

DESARROLLO DE TECNICAS E INSTRCMENTACION PARA EL ANAL!SIS NO DESTRUCTIVO DE MATER!ALES 
FIS!ONABLES, 

Dentro del programa de investigacion y desarrollo de salvaguardias que ejecutan los Estados Unidos, se 
est8. perfeccionando toda una gama de tecnicas de an8.lisis no destructive y de instrumentaciOn con el mismo 
fin, para su aplicacion a Ia resolucion de diversos problemas de indole practica que respecto de ese tipo de 
analisis se plantean en los sectores de las salvaguardias, gestion de los materiales nucleares, seguridad frente 
a Ia criticidad, y control de calidad y de los procesos industriales. Los metodos de analisis no destructivo se 
pueden clasificar en dos grupos: 1) de caracter activo y 2) de caracter pasivo, Los analisis de caracter activo 
entrafian el empleo de la irradiaciOn con neutrones o fotones para provocar fisiones en la muestra, asi como 
Ia interpretacion de las «sefiales» neutronicas o gamma resultantes, para lograr una determinacion cuantitativa 
del material fisionable presente. En los analisis de caracter pasivo se emplean como «sefiales » directas del 
material fisionab!e los neutrones y Ia radiacion gamma naturalmente presentes. Las innovaciones introducidas 
en Ia instrumentacion y en las tecnicas de analisis han extendido el empleo de los metodos de caracter pasivo 
a tipos de materiales que en el pasado no se prestaban a! analisis cuantitativo por dichos metodos, No obstante, 
en el caso de otros importantes problemas de an8.lisis, la escasez de «sefiales »adecuadas obtenidas por 
metodos de caracter pasivo, junto con las limitaciones fisicas inherentes a esos problemas (por ejemplo, Ia 
penetrabilidad baja de las radiaciones gamma en medios densos, y los niveles bajos de Ia razon sefial-ruido 
en muestras de elevada actividad), pueden limitar considerablemente Ia eficacia de esos metodos de caracter 
pasivo. Frente a determinados problemas, los metodos de an8.1isis de car8.cter activo constituyen el Unico media 
pr8.ctico de an8.1isis no destructive de los materiales fisionables. En cuanto a los futures problemas en materia 
de analisis (por ejemplo, los planteados por el reciclado del plutonio). se precisara una combinacion de ambos 
tipos de metodos, activos y pasivos, para lograr una capacidad de an8.1isis Optima. Las fuentes radiactivas e 
isotopicas, por ejemplo, el 252 Cf, constituyen una nueva y sugestiva posibilidad frente a las fuentes mas 
corrientemente empleadas (aceleradores), para Ia indagacion y el analisis mediante neutrones. Los autores 
examinan la aplicaciOn, en instalaciones y sabre ~l terrene, de dos tipos distintos de sistemas de an8.lisis 
mediante fuentes radiactivas. 

En la memoria se indican los resultados del analisis no destructive, y se les compara en varios casas con 
los datos obtenidos en el analisis quimico, en las diversas categorias de materiales empleados en Ia alimentacion 
de reactores: combustible que entra en el reactor y productos que salen de este, muestras para Ia comprobacion 
de las existencias en inventario, y residuos y desechos que contienen materiales fisionables. La precision de 
los analisis en el caso de los combustibles de los reactores y en el de las muestras de las existencias inventariadas 
oscila entre menos del 1"/o a unas pocas unidades por ciento. En el caso de los residuos y desechos que contienen 
materiales fisionables, en los que resulte dificil o practicamente imposible recurrir a! muestreo y el analisis 
quimico, la precisiOn de los ensayos no destructivos pueden oscilar entre unas pocas unidades por ciento hasta 
un 25o/o aproximadamente, segun Ia composicion y Ia comp!ejidad estructural de los materiales. En el curso del 
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pasado aii.o se han aplicado metodos de analisis no destructive a una amplia diversidad de materiales en centrales 
nucleares comerciales en virtud de un Programa de InstrumentaciOn de Centrales que copatrocinan la ComisiOn 
de Energia Atomica de los Estados Unidos (USAEC) y varias empresas nucleares comerciales del pais. Se 

examinan los resultados mas destacados de este programa. 
Dos laboratorios moviles de la USAEC para el ensayo no destructivo de materiales nucleares, el MONAL 

y el GAMAS, emplean respectivamente fuentes neutronicas y fotonicas para el analisis de caracter activo, asi 
como equipo complementario de analisis pasivo. Estos laboratorios moviles ofrecen posibilidades (micas de 
trabajo sobre el terreno para evaluar y comparar la eficacia de los distintos tipos de instrumentos de analisis 
no destructive que se emplean realmente en la esfera industrial. Se expone la experiencia adquirida con estos 
analisis efectuados sobre el terreno y se resumen los resultados practicos de esos analisis, 

INTRODUCTION 

The nuclear safeguards research and development program in the 
United States is developing and testing a full range of nondestructive assay 
techniques and instrumentation for application to the broad spectrum of fis
sionable materials found in the nuclear fuel cycle. Nondestructive assay 
instrumentation is being deployed at key commercial facilities through plant 
instrumentation programs and mobile assay laboratories in order to demon
strate and test the new techniques on practical assay problems in the nuclear 
industry. These field activities also effect vital liaison between industry and 
scientists developing the new technology and instrumentation of nondestructive 
assay. Such close coupling is of great value in keeping technique and instrumen
tation development "problem oriented" and highly responsive to the real assay 
needs of the nuclear industry. 

PASSIVE ASSAY TECHNIQUES AND APPLICATIONS 

Gamma Ray Assay 

Innovations and improvements in passive gamma ray and neutron assay 
techniques have greatly extended the range of applicability of these techniques 
for quantitative assay. The major limitation on passive gamma techniques is 
the attenuation of the gamma "signatures" and consequent variation in response 
depending upon fissile material distribution within a large. attenuating matrix. 
To alleviate this problem the rotation-collimation method [ 1] has been employed 
to effectively "flatten" the response to gammas from various interior positions 
of cylindrical containers. In this method the container is rotated past a hori
zontal collimator which selectively reduces the response of sources located 
near the periphery. thereby compensating for the more-highly-attenuated re
sponse from central positions of the cylinder. By varying the collimation angle 
it is possible to achieve flat response over a large range of attenuations. e. g. 
up to a maximum diametric attenuation factor of "' 200. This method is gener
ally applicable over a wide range of sample sizes and detector systems. It is 
most useful when the sample matrix is reasonably uniform (the spatial distri
bution of fissile material itself can be quite non-uniform). although rotation
collimation can bring significant improvements in assay accuracy even in the 
case of non-uniform matrices. 

The rotation-collimation technique has been employed in versatile gam
ma ray assay systems designed for sample sizes ranging from quart bottles to 
55-gallon barrels. For example one eight-channel gamma scanning system for 
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55-gallon barrels [ 2] consists of eight individual detector modules, each con
taining a shielded 2 in. x 2 in. Nai crystal with fixed vertical collimation and 
adjustable horizontal collimation. Eight small transmission sources placed 
opposite the gamma detectors are utilized for an external transmission scan. 
For maximum detail of spatial distribution, the individual detector outputs can 
be multiscaled separately (and simultaneously) using a small computer for data 
acquisition and reduction. The sensitivity of this system for Pu is "' 1 g in a 
55-gallon drum. 

In general, the key to gamma ray assay is an accurate transmission 
measurement; given this, typical accuracies of gamma scanning systems can 
range from the percent level for small, well-characterized samples to 10-15o/o 
for 55-gallon barrels. Typical assay times are 10 minutes. 

For quality control of "thin" finished product, e. g. fuel plates and rods, 
gamma-ray scanning is an established technique, particularly as applied to 
highly enriched U components such as MTR fuel plates [ 3]. With large-volume 
high-resolution Ge(Li) detectors this technique can be extended to fuels with 
more complex characteristic gamma-ray spectra. An example of this applica
tion for Pu fuel is the stringent quality control of the 12, 000 ZPPR (Zero Power 
Plutonium Reactor) fuel plates at Argonne National Laboratory [4]. 

The severe attenuation of 235u and 239pu gamma rays in highly attenu
ating samples has been used to advantage in the development of the so-called 
"enrichment meter" [5]. The method is based on the fact that with proper de
tector collimation the 185 keV gamma signal from a dense. uniform object con
taining uranium is proportional to the enrichment of 235u. The enrichment 
meter can be used to measure a wide range of uranium materials including fuel 
pins, plates or any reasonably homogeneous sample that is fairly rich in ura
nium. Results obtained with hand-carried instrumentation on an assortment 
of fuel rods. drums of different uranium compounds. ash residues. and UF 6 
cylinders indicate relative accuracies of 5% or better in counting times of a 
few minutes. Measurements with Ge(Li) detectors yield accuracies approach
ing 1%. The enrichment-meter concept may also be used for quality control of 
different reactor fuel blends, e. g. Puo 2• U02• U-C. and Th-C. Enrichment
meter measurements may be combined with a 238u assay using the more pen
etrating 1001 keV gamma ray or the spontaneous fission neutron activity. thus 
providing a total uranium assay. 

TABLE I. COMPARISON OF "ENRICHMENT METER" AND 
MASS SPECTROMETER DATA ON K-25 ENRICHED-U RESIDUE 

Labeled Enrichment Core Samples 
Mass Spec, Meter Mass Spec. 
Enrichment Measurement Enrichment 
(Can #11547) (top/bottom) (top/bottom) 

2. 9308% 2. 7%/15. 5% 2. 683%/15. 23% 
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A noteworthy application of this method is the assay of enriched- U resi
dues (mostly incinerator oxides) from the K-25 enrichment plant at Oak Ridge, 
Tenn. Enrichment levels of 1-5o/o were indicated on 216 sealed cans (6. 0 in. 
0. D. x 15 in. high) containing these residues. The enrichment meter meas
urement revealed a vertical stratification of enrichments in several K- 25 cans 
with small quantities of material enriched as much as 30% in 235u. Of 216 
cans, 30 showed significant (up to order of magnitude) discrepancies from the 
enrichment value labeled on the cans. This stratification in isotopic enrich
ment was verified quantitatively by mass spectrometry on a series of core 
samples; the results (top and bottom) for one of the cans are presented in 
Table I. 

Passive Neutron Counting 

Recent research in passive neutron counting has been directed toward 
the development of high-efficiency neutron coincidence detectors for assaying 
plutonium (via 240pu spontaneous fission counting) [ 6, 7]. and more recently, 
uranium, (via 238u spontaneous fission counting) [ 8]. In both cases the iso
topic composition must be known, or separately determined, to take account of 
the fissile component. Coincidence counting of 240pu spontaneous fission 
neutrons employs 4n-polyethylene-moderated assemblies with 3He or BF 3 
detectors. For assaying Pu-bearing scrap and waste containing light elements 
(i.e. high (a., n) activity), short die-away time detectors are required to max
imize the contribution of real coincidence events relative to accidental events; 
this led originally to the concept of the variable die-away time counter [ 9]. 

A complete assay system [6] employing high efficiency, variable-die-away-time 
detectors has been developed for assay of one gallon (or smaller) containers. 
This system (soon to be available commercially) has been used to assay Pu sam
ples varying in mass from a few milligrams to several hundred grams. Accu
racies of± 3% and± 8% have been obtained for Pu in homogeneous and heter
ogeneous Pu matrices, respz.fJively. Typical assay time is ~1 min for 5o/o 
counting statistics on 1 g of Pu. 

The success of the one-gallon assay system prompted the development 
of a similar counter for 55-gallon barrels [101 This counter has a gross 
counting efficiency of 14% and a sensitivity of 10-50 mg 240 Pu in 55-gallon 
barrels [10 ]. 

In practical assay applications matrix materials can significantly alter 
the observed coincidence count. Studies on a wide variety of matrix materials 
have shown the new 252cf (or 240pu) source-addition technique [ 11] to be a 
very effective means of correcting for matrix perturbations. Another current 
R&D goal is optimization of detector-moderator configurations to achieve flat 
energy response and thus minimize matrix perturbations (i.e. keep correc
tions at the few percent level.) 

Although the spontaneous fission rate of 
238

u is low, practical coinci
dence counting has been demonstrated on 238u materials containing as little as 
50 g of 238u (or still less if necessary). Several hundred cans of residues 
containing low-enriched uranium ("'- 100 g to "' 10 kg U in each can) have been 
assayed and the results found to be in excellent agreement with chemical sam
pling. Assay times of"' 3 min gave< 5% precision for the 10 kg samples [8]. 
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ACTIVE ASSAY METHODS AND APPLICATIONS 

New and improved methods of passive assay have proved adequate for 
many if not most Pu assay problems. However, some classes of Pu samples 
are not amenable to passive assay, while for 235u the only passive signature 
(185keV gamma) is of limited usefulness in highly attenuating matrices. Also 
passive gamma assay is essentially inapplicable in the case of highly radio
active materials such as spent fuel elements and "hot" scrap. In these cases, 
active interrogation techniques provide very effective means of quantitative 
assay with the requisite high penetrability and high signal-to-background sig
natures for the major fissile species of greatest economic and strategic im
portance (notably 235u and 239pu). 

Active interrogation employs an external source of highly penetrating 
neutrons or photons to induce fissions in the material under investigation. 
Interrogation sources include 14-MeV neutron generators (pumped-tube or 
sealed-tube type), Van de Graaff accelerators, electron linear accelerators 
and radioactive sources such as 252cf, SbBe, and 238PuLi. Quantitative 
assay is based on detailed observations of one or more types of emissions 
following fission, notably delayed and prompt neutrons and gamma rays. 

NEUTRON INTERROGATION 

In assay methods based on neutron interrogation, the energy of the 
incident neutrons can be varied to take full advantage of the isotopic discrim
ination afforded by the subthreshold and superthreshold fission characteristics 
of the various fissionable materials of practical interest. In particular, sub
threshold and superthreshold neutron interrogation [ 12] provides a straight
forward, direct separation of the response of the fissile isotopes (e. g. 233u, 
235 u, 239pu) from the fertile isotopes (e. g. 238u, 232Th) [ 12, 13]. 

The delayed neutron "yield" method of assay [ 12, 14] has been very ef
fectively combined with the super- and subthreshold interrogation technique to 
carry out precise isotopic assay on various feed and product materials, includ
ing reactor fuel rods and fuel elements, with an assay accuracy of"' 1o/o or bet
ter over a wide range of fuel loadings and isotopic enrichments. Some recent 
applications of delayed neutron assay techniques are discussed below. 

Delayed Neutron Assay of Highly Enriched UAlx 

Receiver inventory measurements were made on 320 kg of highly
enriched uranium (93o/o 235u) contained in 90 cans of uranium aluminide powder 
--a homogeneous powdered alloy of 69 ± 3 wto/o uranium, the balance being alum
inum. Since the UAlx powder is both pyrophoric and hygroscopic, all containers 
were doubly sealed to contain an inert atmosphere; thus conventional sampling/ 
chemical assay procedures on the entire inventory would have been very costly 
and time consuming. Using a 14 MeV neutron source each individual can (con
taining "' 2 kg 235u) was assayed nondestructively in three minutes to an accu
racy of"' 1o/o. Assays were made relative to a standard which was subsequently 
multiple-sampled and analyzed for U content by chemical means. As an inde
pendent check on the consistency between nondestructive assay and sampling/ 
chemical analysis, a total of thirteen cans were examined with the results 
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TABLE II. COMPARISON OF CHEMICAL ANALYSIS AND 
NONDESTRUCTIVE ASSAY RESULTS ON THIRTEEN CANS 
OF HIGHLY- ENRICHED URANIUM AL UMINIDE 

NLCo. ICPP LASL 

UAl Lot and 
Inventory Chern. NDA, 

235 235u g 235Ua Container No. g u g 

9836-2 4 3236.42 3231 3231 
9837-5 6 4540.63 4534 4572 
9836-2 3 3217.57 3208 3228 
9837-5 5-3 3391. 54 3380 3425 
Composite # 1 4286.00 4287 4252 
Composite #2 4540.00 4541 4468 
9835-60-3 7 2226.26 2219 2204 
9834-60-6 3 2503.06 2500 2498 
9834-60-5 6 3437.65 3445 3489 
9835-60-4 5 3705. 51 3724 3712 
9834-60-1 5 3799.56 3791 3806 
9835-60-1 2 801. 02 801 750 
9835-60-1 6 3206.39 3216 3192 

TOTALS 42, 893. 43 42, 877 42, 827 

ICPP's chemical assayed content of Lot No. 9836-2, C ontalller 4. used as standard 

shown in Table II. The agreement between nondestructive and chemical assay 
is seen to be excellent. It is important to note that the favorable situation for 
sampling/ chemical analysis encountered in this example of feed material often 
does not hold in practice, e. g. see following discussion of studies on high en
richment U -graphite scrap. 

Nondestructive assay results on uranium-graphite "Rover" scrap 1 sug
gested that the sampling/chemical assay procedure normally used to obtain SS 
values may introduce significant bias in the chemical assay results. Conse
quently a systematic comparison is being made of the effectiveness and accu
racy of both nondestructive assay and sampling/ chemical assay as applied to 
high-enrichment- U scrap materials. The inventory used in this study at Los 
Alamos includes approximately 560 recovery cans (-v 3, 000 kg bulk weight, 
~ 300 kg enriched uranium) in seven categories, i.e-: plant solids, leached 
fusion solids, sludge, and miscellaneous residues. 

At this writing studies on the organic ash category, consisting of 146 
cans, have been completed; Table III lists those cans of organic ash for which 
the sampling I chemical assay differed appreciably from the nondestructive 
assay. Causes for the errors in the original sampling/ chemical values are 

1 
Rover scrap consists of 0-70 wt=)O uranium (nominally 'J3°/o 235 U) in a variety of matrix materials. 
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TABLE III. SELECTED ASSAY RESULTS ON ORGANIC ASH 
"ROVER" SCRAP (93% 235u ENRICHMENT) 

Original Sampling/ Nondestructive New Sampling/ 
Container Chemical Assay Delayed Neutron As say Chemical Assay 

Can Number gu g:U g:U 

ASH 430406 34 1625 1576 

ASH 430402 186 1533 1480 

IAZH 00001 275 446 432 

ASH 463703 834 172 150 

ASH 282801 104 508 Not available 
to date 

ASH 350901 114 364 311 

ASH 301802 758 1319 1193 

ASH 340001 317 424 413 

ASH 351005 628 760 660 

ASH 351101 418 309 282 

ASH 430502 812 977 877 

not yet understood. The "new sampling/chemical assay" values in the last 
column of Table III are systematically "' 10% lower than the nondestructive 
assay values; the reason for this apparent bias is under investigation. It is 
abundantly clear that rapid nondestructive assay of whole cans provides an 
incisive means of checking sampling/ chemical assay results, as well as an 
independent, reliable method of assaying complete material inventories. 

Delayed Neutron Assay of 235 U-Thorium Carbide Samples 

Since certain refractory compounds of U, Pu and Th are difficult to 
dissolve completely, and have for one reason or another proved especially 
difficult to assay by chemical analysis, it is clearly desirable to assay these 
materials by nondestructive methods. Six 5-gram samples of (235u-Th)C 2 
carbon-coated microspheres and 235uo

2
Th0

2 
powders were obtained from the 

U.S. AEC's New Brunswick Laboratory and assayed by the delayed neutron 
yield method. The 3-MeV Van de Graaff accelerator at Los Alamos, provided 
subthreshold interrogating neutrons in the energy range 355 to 625 keV. The 
results obtained by delayed neutron assay, together with results obtained with 
a new 252cf radioactive source system, and with passive gamma assay, are 
shown in Table IV. The thorium content of these 235u -Th-C samples has also 
been determined using "superthreshold" neutron interrogation. 

Assay of Power Reactor Fuel Elements 
Techniques to measure the total 235u content of whole power reactor 

fuel elements are under development at Los Alamos. The delayed neutron yield 
technique [ 12] was used with 100 to 400 keV interrogating neutrons produced by 
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TABLE IV. NONDESTRUCTIVE ASSAY OF 
235

U-TH0RIUM CARBIDE 
SAMPLES 

Comparison of results obtained by three assay methods: (1) delayed
neutron assay using subthreshold neutron interrogation, (2) fission 
prompt-neutron assay following interrogation by thermalized-252cf
neutrons, and (3) 185-keV 235u gamma ray assay. 

Delayed Neutron 252cf Assay Gamma Ray 
Sample No. Assa;r (~235U) (~ 235U) Assa;r (g 235u) 

3-14-17 . 148 ± . 003 . 147 ± • 006 .131±.009 

-38 . 441 ± . 005 . 438 ± . 018 .415±,026 

-50 .212±.003 . 202 ± • 008 . 188 ± . 011 

-57 . 383 ± . 004 . 406 ±. 016 . 368 ± . 028 

-129 . 905 ± • 010 . 887 ± . 098 

-197 • 328 ± • 004 • 333 ± . 013 .331±.025 

a Van de Graaff accelerator. A source-sample-detector arrangement was de
termined which had essentially uniform response across the width of the ele
ment [ 15]. Various individual rods were then removed successively to gener
ate a calibration curve of assayed total mass vs known (weighed) total mass of 
U in a fuel element. The resulting calibration was linear to within 1o/o over a 
20o/o change in fuel element loading. Thus practical measurement of total fis
sile content in a power reactor fuel element to better than 2o/o accuracy is fea
sible by means of the delayed neutron method. Further R&D on delayed and 
prompt [16] neutron assay methods applied to actual PWR and BWR power re
actor fuel elements is presently underway. 

Assay of Spent Power Reactor Fuel Elements 

The determination of burnup of spent reactor fuels, e. g. as inferred 
from fission product gamma-ray analysis [ 17], does not yield directly the spe
cific information (fissile content) needed for safeguards or accountability. The 
delayed neutron yield technique, on the other hand, does provide a practical 
method for quantitative assay of the total fissile content of irradiated fuel[ 12]. 
A combined experimental-analytical approach to nondestructive isotopic assay 
of spent reactor fuel has been under investigation at LASL for some time. It 
appears that a delayed neutron yield measurement of total fissile content, com
bined with appropriate isotope correlation calculations [ 181 can provide an 
accurate means of determining the inventory of the major fissile species con
tained in an individual spent fuel element. Currently, the U and Pu content of 
spent fuels must be inferred from measurements after batch dissolution of 
several hot elements. --

BREMSSTRAHLUNG INTERROGATION 

Photoinduced reactions in the energy interval near the photoneutron 
thresholds and photofission barriers (5-10 MeV) provide an alternative meth
od for active assay of nuclear materials contained in samples of arbitrary 
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geometry [ 19, 20]. Assay approaches which may be utilized with variable 
energy electron accelerators include detection of prompt neutrons, delayed 
neutrons and fission product gamma rays from photofission and the use of 
bremsstrahlung-produced photoneutrons (sub MeV or higher energy) to pro
duce characteristic fission reactions. 

The bremsstrahlung beam is quite penetrating and has the desirable 
characteristic that a single gamma scattering by the matrix material nearly 
always lowers the photon energy below the threshold for essentially all of the 
relevant nuclear reactions--notable exceptions being photoneutron production 
in D. 13c and 9Be. Thus a shaped beam profile can often be used to reduce 
beam attenuation effects to an unimportant factor even in 55-gallon sized sam
ples weighing hundreds of pounds. When neutrons are the observed reaction 
product. uncertainties introduced by their scattering can limit measurement 
accuracy. This scattering can be compensated to some extent by adjustment 
of the profile of the bremsstrahlung beam. 

The electron accelerator has a demonstrated isotopic assay capability 
fot- small samples using several different techniques [ 21]. One technique uses 
the fact that the ratio of prompt··to-delayed neutrons is significantly different 
for different isotopes. Another physical basis for isotopic analysis is the dif
ferent electron energy dependence of the prompt and of the delayed neutrons. 
Isotopic assays of binary mixtures of nuclear materials have been done using 
fission product gamma rays produced in small samples (fuel sticks). The use 
of fission product gamma rays has some advantages, i.e. there are no neu
tron scattering effects and the gammas result only from fission. Significant 
progress has been made on minimizing geometrical effects in the assay of 
large samples. Future developments will include studies on the feasibility of 
isotopic analysis as applied to the practical assay of 55-gallon barrels. 

The bulk sample assay technique being developed at Gulf Radiation 
Technology involves detection of prompt and delayed neutrons produced by ir
radiating the sample with a bremsstrahlung beam produced by electrons from 
the LINAC operating at energies between 6 and 10 MeV. In the lower portion 
of this energy range. prompt neutrons are produced in only a few materials 
including isotopes of plutonium, uranium and thorium, while over the whole 
energy range delayed neutrons provide a unique indication of the presence of 
fissionable material. 

RADIOACTNE SOURCES FOR NEUTRON INTERROGATION 

Because of their inherent reliability and simplicity, radioactive neu
tron sources provide an attractive means for the nondestructive assay of fis
sionable materials. Such sources are particularly promising for in-plant 
measurements and quality control of reactor fuel components as well as some 
categories of scrap materials and process-stream measurements. 

Using subthreshold neutron sources (e. g. 238PuLi, SbBe) for neutron 
interrogation the prompt neutrons from fissions induced in the sample can be 
counted with detectors which are biased above the energy of the interrogating 
neutrons [ 22]. Several biased neutron detectors have been evaluated for this 
purpose including fission counters, liquid scintillators. ZnS detectors, and 
4He-gas proportional detectors. 
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FIG.l. Complete 252 Cf fuel rod assay system with 6-channel rod handling mechanisms, and automated 
data acquisition, reduction and print-out. Assay accuracy < lo/o for fissile content of power reactor fuel 
rods; assay time -30 sec for 6 simultaneous channels. 

252cf neutron sources have received considerable attention for assay 
applications because of their high specific neutron yield("- 2. 4 x 1012 n/g-sec) 
and low gamma and heat outputs relative to other sources. Transport calcu
lations [ 23] have been performed to optimize the combination of moderating 
rna terials, detectors, and geometric configurations for particular assay ap
plications. Such calculations have been used to design a 252cf moderator 
system for assaying the fissile content of low enrichment fuel rods and small 
inventory verification samples. Moderated neutrons from the 25 2cf source 
interrogate the fuel material and prompt neutrons from the induced fission 
reactions are counted using energy-biased 4He-gas recoil detectors. 

A complete 252cf assay system (cf. Fig. 1) optimized for power reactor 
fuel rods [ 24], includes a fully-engineered 6-channel rod handling mechanism, 
data acquisition, reduction and printout equipment. Since the high-energy neu
trons from the 252cf source which reach the detector have essentially the same 
spectrum as the signal neutrons from fission in the sample, this constant back
ground rate has been utilized in a feedback loop to automatically stabilize the 
response of the system. Performance of the complete fuel rod assay system is 
currently being evaluated in the plant production line of a major manufacturer 
of power reactor fuel elements. 

Isotopic Source Assay System (ISAS) 

A unique fission detector [ 25], shown in Fig. 2, has been used by Gulf 
Radiation Technology in a system for assay of nuclear materials contained in 
heterogeneous samples up to one gallon in size. Either spontaneous or neutron 
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FIG. 2. Isotopic Source Assay System for bulk samples containing uranium or plutonium. The cylindrical 
neutron collimator of ISAS is moved to one side to show the fission multiplicity detector. This is the con
figuration used for passive measurements. 

induced fission events in the nuclear material are identified by coincidences 
produced by fission neutrons and gamma rays in four detectors that are adja
cent to the sample. Simple modular electronics is used, and the number of 
fissions observed is read out directly on a teletype. 

Plutonium is assayed by measuring the 240pu spontaneous fission rate 
and, separately,_ the 239pu fissions induced by a neutron source (typically 
about 20 fLg of 202cf). Assay of 235u is done using neutron irradiation, and 
238u content may also be determined separately using the two-spectrum irrad
iation technique. 

The irradiation and detection geometry has been designed to minimize 
the effects of sample size, neutron scattering, and gamma ray attenuation. The 
neutrons are collimated to a 4 in. x 8 in. beam at the sample position. For 
gallon-sized containers an unmoderated neutron spectrum is used, and the 
sample is rotated and translated through the beam. 

Using unmoderated (LiH shielded) neutrons, the sensitivity of the sys
tem is less than one gram of 239pu or 235u, and using spontaneous fission, 
the sensitivity is about 0. 03 grams of 240pu, Typically, an assay takes about 
100 sec. With appropriate standards, the accuracy of measurement ranges 
from 1 to 20o/o, depending principally on the extent of neutron scattering effects 
in the sample to be measured. Typical results using the ISAS on plutonium
bearing samples are shown in Table V. 
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TABLE V. ISAS ASSAY RESULTS ON ONE-GALLON Pu STANDARDS 

Category Standard PASSIVE (240Pu) ACTIVE (239Pu) 

Pu Content Calibration 
Measured 

Calibration 
Measured 

(g) (cts/ g) 
Standard 

(cts/ g) 
Standard 

15 o. 87 1. 04 
Slag 160 190 0.997 577 1. 02 

45 0.994 1. 07 

Graphite 
25 1. 015 1. 03 

175 161 o. 98 523 o. 92 
Scarfing 140 1. 01 0.99 

15 0.895 o. 915 
Insulation 130 149 o. 935 689 o. 81 

60 1. 005 1. 025 

1 1. 06 o. 99 
Glass 38 108 1. 01 320 o. 997 

20 o. 93 o. 985 

10 o. 99 1. 06 
Ash Heel 10 152 1. 00 746 1. 04 

55 1. 00 0.99 

Standard Deviation of mean rates ± o. 045 ± o. 05 

IN-PLANT AND FIELD ASSAY EXPERIENCE 

Since mid-1970 the United States has conducted extensive programs of 
performance evaluation and testing of nondestructive assay instrumentation in 
the actual industrial environment. The salient results of in-plant and field 
assay experience in these field programs are summarized briefly. 

Plant Instrumentation Program 
During the past year nondestructive assay methods have been applied 

to a wide variety of materials in commercial nuclear plants under a Plant 
Instrumentation Program jointly sponsored by the U.S. Atomic Energy Com
mission and several U.S. Commercial nuclear companies. The purpose of the 
program was to evaluate nondestructive measurement techniques for quality con
trol and safeguards purposes. The following nondestructive methods were ap
plied: (1) calorimetry of plutonium oxide, plutonium nitrate and mixed plu
tonium-uranium oxide-feed materials, (2) calorimetry and passive neutron 
measurement of mixed oxide pellets, (3) passive neutron and gamma ray assay 
of wastes and filters containing small amounts of mixed oxides, (4) active neu
tron assay of recoverable scrap containing substantial amounts of mixed oxides, 
as well as scrap and waste containers of low to high enriched uranium, and (5) 
gamma-ray assay of mixed-oxide rods. 

Experience obtained with the several methods is summarized briefly 
below. Further details are given in the project reports and a number of papers 
describing specific instruments or applications. 
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Mixed Oxide Fuel Rods 
Two classes of mixed plutonium-uranium oxide rods are presently 

being fabricated in small quantities in the United States: experimental pluto
nium recycle rods for use in light water reactors and rods for breeder reactor 
experiments. The former have a Pu02/U02 ratio of 2 to 5o/o, the latter a ratio 
of 20-30o/o. Plutonium which has been recovered from operating power reactors 
has a high concentration of Pu-240, appreciable amounts of Pu-238, 241 and 
americium and possibly traces of fission products and U-232. Consequently 
the gamma spectra of recycle fuel are both complex and variable from batch to 
batch. Even with the high resolution of a germanium detector, care must be 
exercised to avoid mistakes. Since pellets range in diameter from t to 1t em, 
gamma ray absorption is significant. Various combinations of Nai(Tl) and 
Ge(Li) detector methods were investigated at GE (Pleasanton, Calif.) and 
Westinghouse (Cheswick, Penna.). For quality control purposes, a pellet-by
pellet scan of each rod is desired, whereas for safeguards purposes one desires 
a reliable integral measurement of the plutonium in each rod. Using reasonable 
values for collimator and detector dimensions, a Nai(Tl) detector gives suffi
cient counting rate to identify "bad" pellets at a scan rate of "'i em per sec. 
(Rods containing ;e 20o/o Pu02 give sufficient counting rates for pellet-by-pellet 
assay using Ge(Li) detectors.) As shown by work at GE-Pleasanton and LRL
Livermore, a multichannel analyzer is required to accurately strip the Pu ac
tivity from the complex spectrum actually observed. While accuracies obtained 
in these experiments were in the range of lo/o, it should be possible to obtain ac
curacies of better than O. 25o/o [26]. 

A number of plutonium-recycle rods were also scanned using an active 
interrogation device which employs an isotopic neutron source to induce fissions 
in the fuel, the resulting fission neutron signature then being observed with a 
fast neutron detector [ 27]. Measurement precision was comparable to that ob
tained using gamma-ray assay. 

Pu02 Feed Materials, Product and Scrap 
Mound Laboratory (Monsanto Co., Miamisburg, Ohio) supplied two 

calorimeters for use at the GE Plutonium Fuels Development Center, Sunny
vale, Calif. The larger calorimeter was used to measure feed materials and 
scrap and the smaller unit was used for pellets and samples. 

Significant differences occur between shipper and receiver measure
ments of Pu02 due to sampling errors, loss or gain of moisture and possibly 
other effects. Provided isotopic ratios can be precisely determined, calori
metric measurements offer a promising alternative to or verification of chem
ical analysis. For a number of cans, each containing about t kg of Pu02, the 
precision of a given reading was • 025o/o or less while the calorimetric assay 
differed from chemical assay by ::1: O. 3o/o due to inter-laboratory differences in 
isotopic analyses. Similar results were obtained for plutonium-nitrate solu
tion in 2-litre bottles (chemical heating may affect results for freshly filled 
bottles). Poorer results were obtained for pellets and scrap samples because 
the amount of Pu in the samples was below that required for optimum use of 
the calorimeters available. 

Recoverable Pu02/U02 Scrap 

Recoverable scrap may consist of cracked pellets, dust from glove 
boxes, grinder sludge, ashed combustibles, etc., in a variety of packages; 
quantities vary from a fraction of a gram to a kilogram or more of mixed oxide. 
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An effort was made at Nuclear Materials and Equipment Corporation (Apollo, 
Penna.) to measure the content of such packages using a Ge(Li) detector and 
making corrections for self-absorption of gamma-rays. Since the self-absorp
tion is very high and the density variable, the preliminary results were not en
couraging. Most of the measurements of this class of material (made by GE, 
NUMEC and Westinghouse) were made using a neutron coincidence well counter 
[7] which measures Pu-238, 240, 242 spontaneous fission neutrons with a (co
incidence) detection efficiency of about 5o/o. When the scrap is segregated by 
campaign, so that the relative abundance of these isotopes is known, relatively 
accurate (5-10%) measurements can be made. For example, some 50 scrap 
and 80 waste containers from one campaign were measured for 10 minutes each, 
placing the total plutonium inventory at 650 ± 50 g (95% confidence level). 

Uranium Scrap 
Passive gamma ray methods have been widely used for measurement 

of uranium although self-absorption of the 185 keV gamma rays from U-235 is 
a serious problem in many cases. Also, since passive neutron and calorimetric 
methods are not applicable, active assay methods are of considerable importance 
in uranium scrap assay. Three active assay stations were installed in com
mercial plants to measure uranium scrap. One station employs a neutron gen
erator (sealed tube) for neutron interrogation and delayed neutron assay. The 
other two make use of isotopic neutron sources (252cf) and a high-efficiency co
incidence detector. These systems were described in some detail in earlier 
sections of this paper. 

The neutron generator and one of the isotopic source units are in
stalled at the United Nuclear Corp. (UNC) plant in Wood River Junction, R.I. 
The second isotopic source unit is at the UNC plant in Hematite, Mo. The iso
topic source units have been used to scan a large variety of scrap in small con
tainers ( 15 em diam. or less) on a production basis. The neutron generator 
system, which also can assay 235u in large containers, e. g. 55-gallon barrels, 
had been in operation only a short time when this report was written. The ex
perience at both plants has been encouraging. 

Low Level Pu02/U02 Wastes 
The wide variety of low level wastes, small amounts of oxide mixed 

with paper, rubber, bricks, etc. is usually packed in small containers (1 to 
10 litres) which are then packed in 55-gallon drums. NUMEC has applied 
Ge(Li) assay systems to waste packages as well as 55-gallon drums [28], and 
similar methods have been applied at GE, United Nuclear Corp. (Pawling, N.Y.) 
and Westinghouse. In brief, this work showed that more accurate measure
ments can be made on small packages than on large drums and, as expected, 
drum measurements are more accurate if the contained packages are similar 
in composition. Corrections can be made for self-attenuation either by meas
uring transmission through the container using an external source or in some 
cases by comparing the self-attenuation for gamma-ray lines of different en
ergy from the same isotope (e. g. Pu-239). The latter method may be more 
sensitive to the effect of local inhomogeneities than the former, but it requires 
the use of a high resolution detector and more complicated data analysis. 

In summary, the plant instrumentation program has been a coopera
tive effort involving many individuals. In addition to the institutions mentioned, 
scientists at Argonne National Laboratory, Gulf Energy and Environmental Sys
tems, Idaho Nuclear Corp., and the Livermore and Los Alamos Scientific 
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Laboratories assisted in designing instruments and solving problems. It has 
been demonstrated that a wide range of materials infuel fabrication and scrap 
recovery plants can be measured rapidly and economically using nondestructive 
assay instrumentation. 

Gulf Atomic Materials Assay System (GAMAS) 

The Gulf Radiation Technology transportable assay system (GAMAS) 
is housed in a 39 ft. x 8 ft. trailer. The major components of the system are 
an electron linear accelerator, a barrel scanner, active and passive radiation 
detectors and electronics instrumentation. GAMAS was designed to provide a 
general nondestructive assay capability, particularly for large containers, and 
at the same time be a tool for research and development on assay techniques. 
Construction of GAMAS was completed in July 1970, and field tests have been 
performed at a site with a scrap inventory of enriched uranium and at a pluto
nium facility. 

A radiation-shielded electron linear accelerator was designed and 
constructed which provides high energy electrons (4. 5 - 9 MeV) with better than 
10o/o energy resolution. After energy analysis by a bending magnet, a portion of 
the primary electrons strikes a bremsstrahlung converter to produce the active 
barrel scanning beam. The barrel scanner rotates the barrel and moves it 
through the bremsstrahlung beam, and the resulting neutrons are detected on two 
sides of the barrel by BF 3 tubes embedded in polyethylene moderator. The de
tected neutron pulses are initially stored in a scaler system which is interfaced 
to a Hewlett-Packard 2116B computer. 

The active assay technique used in the first two field tests of GAMAS 
is based on the photoinduced prompt neutron yield. During irradiation the bar
rels were moved through the 12-inch-wide fan-shaped bremsstrahlung beam in 
such a way that uniform sensitivity to nuclear material at any position in the 
barrel was obtained [19]. For assay of 55-gallon barrels of typical scrap using 
prompt neutrons, a non-negligible yield is obtained from the matrix materials 
themselves (e. g. D, Be and C). The contributions from D and Be to total 
prompt neutron yield are measured through their energy dependence and sub
tracted to determine the quantity of nuclear material. 

The results obtained with GAMAS on low density enriched uranium waste 
from a fuel fabrication facility showed that the sensitivity to uranium in the ac
tive bremsstrahlung assay of a 55-gallon drum was less than 5 g. Passive re
sults obtained using an optimized collimation and scan procedure were very use
ful, but not very accurate ("- 30o/o at best) because of the large attenuation effects 
present in these inhomogeneous drums. Since the uranium content of the 34 
barrels assayed was indeed unknown there was no independent check of the accu
racy of the assay results. For one-gallon samples containing uranium, stand
ards were available to determine the accuracy of active and passive assays. 
The results, in Table VI, show that 7o/o accuracy was obtained for passive and 
1-2o/o for active measurements. 

At the plutonium facility, standard 55-gallon drums were available and 
a detailed check of the assa.y accuracy on large drums containing randomly 
distributed plutonium was possible. In standard drums containing dry combus
tibles, Raschig rings, wet combustibles, resin, washables, graphite and Benelex
Lucite, the standard deviation was ± 7o/o if the waste is segregated. In the more 
typical situation of incomplete segregation of waste in an unknown drum, pres-
ent assay accuracy would in most cases be about 15o/o. Both active and passive 
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TABLE VI. ACTIVE AND PASSIVE RESULTS FOR 
ONE-GALLON URANIUM RESIDUE STANDARDS 

Nominal PASSIVE ACTIVE 
Uranium Uncorrected Corrected a 

(g) (g) (g) (g) 

(5. 38) (5. 38) (5. 38) (5. 38) 
10.8 10.44 10, 74 10. 8 ± o. 2 
21. 5 18. 02 19. 06 21.4 ± o. 2 
53.8 41. 61 47. 3 53. 5 ± 1. 3 

109.0 78.06 103. 0 107. 3 ± 1. 9 
218.0 132.26 224.3 219.6±4,4 

Standard Deviation from known content 7% 1% 

a The passive results were corrected by assumirrg a homogerreous distribution of urarrium 
to compute an attenuation correction. 

(Nal) measurements were performed on 20 production waste drums containing 
Pu. In contrast to the case for uranium, the passive results on Pu are reliable 
(assuming no Pu lumps) and have an average deviation of 20% from the active 
results. The accuracy for active uranium assay in drums is the same as that 
determined for the Pu drums. Whereas active techniques are usually essen
tial for accurate assay of uranium in 55-gallon drums, passive assay may be 
sufficient for Pu. 

Mobile Nondestructive Assay Laboratory (MONAL) 

Another important tool in the U.S. Atomic Energy Commission's field 
assay program is the Los Alamos Scientific Laboratory's Mobile Nondestruc
tive Assay Laboratory, MONAL [ 29], which contains a full range of passive 
and active assay instrumentation. Following initial systems tests at the Los 
Alamos plutonium processing facility, the MONAL was deployed (during May 
and June 1970) at Dow Chemical Company's Rocky Flats Division (RFD). 

The accuracy of the MONAL neutron coincidence can counter was dem
onstrated on 1-gallon bottles of Pu scrap and waste in the RFD scrap recovery 
plant by treating sets of RFD production standards as unknowns. For very 
heterogeneously distributed plutonium (3 to 155 g Pu) in five different matrix 
categories the assay accuracy was ± 8%. In the case of the homogeneous stand
ards containing 10 to 500 g Pu in graphite or ash the assay accuracy was ± 3o/o. 
The average counting time per sample was approximately 15 minutes including 
the "add-a-source" matrix correction [ 11]. 

A set of RFD 55-gal production standards (scrap and waste) containing 
10 to 195 g Pu in a range of low Z and hydrogenous matrices were used for para
metric studies of neutron interrogation as well as a test of the accuracy of the 
MONAL 8-channel Nai barrel scanner. In addition, two groups of barrels con
taining process line waste were selected at random, namely seven metal scrap 
barrels for neutron interrogation and seven low-Z production scrap barrels. 
The results can be summarized as follows: (1) The two complementary tech
niques of active neutron interrogation and passive gamma assay enabled MONAL 
to cover the full range of matrix materials with the assay accuracies (for 55-
gallon barrels) indicated below. (2) Active neutron interrogation for high-Z 
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matrix materials: demonstrated assay accuracy 15-20%. (3) Passive gamma 
assay for low-Z matrix materials: demonstrated assay accuracy llo/o for well 
characterized mixtures. (4) The high fissile material sensitivity of active 
neutron interrogation has been demonstrated at the "' 5 g level in non-moderating 
matrices and the< 0, 1 g level in moderating matrices. 

From November 1970 to March 1971 MONAL was deployed at the Feed 
Materials Production Center, National Lead Company of Ohio (NLO), Cincin
nati, with the assignment of assaying UC, uo2• and u 3o 8 scrap (~ 10% 235u 
enrichment) in various fuel rods, pellets, and incinerator ash. The NLO in
ventory included 196 cans of U308 residues (specified enrichment 1-5% 235u) 
from the Oak Ridge gaseous diffusion plant. Neutron coincidence counting of 
238u and Ge(Li) 'enrichment meter" measurements were successfully com
bined to determine the SS-value and enrichment passively for all 196 cans; 
assay accuracies were 5o/o for the enrichment (5 minutes counting time), 5o/o 
and 10-15o/o for the SS value of heavy and light cans, respectively (10 minutes 
total assay time). As noted earlier the "enrichment meter" revealed unex
pected large variations in enrichment (up to 30o/o), in contrast to the specified 
mass-spectrometric values of 1-5% (based on a single-sample mass-spectro
metric determination for each can), Passive assay results, including isotopic 
composition, were verified by active assay (8 min. per sample) on"' 120 of the 
cans. 

The MONAL "enrichment meter" was also used for assay of uo2 fuel 
pellets and scrap fuel rods of varying diameter, cladding, and uranium com
position with enrichment ranging from depleted U to 10o/o 235u. 

In March 1971 MONAL was deployed at the Nuclear Materials and Equip
ment Corporation (NUMEC), Leechburg, Penna., to measure a substantial 
amount of enriched (" 20o/o) uranium scrap. 

Field assay experience has repeatedly demonstrated the value of a fully
instrumented Mobile Nondestructive Assay Laboratory in effecting vital techni
cal interaction between industry and the scientists developing assay techniques. 
The bulk of fissionable material-unaccounted-for (MUF), in U.S. facilities at 
least, is in the area of scrap and waste which is characteristically difficult to 
assay chemically because of sampling problems, In the future, nondestructive 
assay will be applied increasingly to samples, or whole containers, of materials 
in these "difficult" categories. Neither sampling nor shipping of bulk quantities 
of scrap and waste are really satisfactory from the accountability, economic 
and contamination-hazard standpoint. Thus if these materials are to be meas
ured economically and expeditiously (as will likely be required in future), this 
task must be carried out at the plant site using nondestructive assay techniques. 
Such future in-plant inventory measurements, and perhaps ultimately the over
all material balance of a plant, could then be verified (on a random sampling 
basis) by an effective field assay and inspection capability, e. g. as implemented 
by a mobile assay facility. 

CONCLUSIONS 

For the decade of the 70's all indicators point toward increasingly strin
gent safeguards and accountability requirements as well as tighter environmental, 
quality control and waste management constraints. All these factors, coupled 
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with increased competitive pressures and just plain economic self-interest 
will require all nuclear facilities (government and commercial) to take full 
advantage of nondestructive assay instrumentation. The in-plant use of nonde
structive assay, especially as applied to whole containers of materials which 
are difficult to sample or otherwise not amenable to wet chemical analysis, can 
effect very significant savings in time and money while maintaining, and often
times even increasing, overall assay accuracy of a complete inventory. 

The future role of instrumented material measurement has long been 
heralded by safeguards experts from many countries [ 30-32]. It is therefore 
most gratifying to be able to report at this Geneva Conference that new nonde
structive assay instrumentation is now beginning to contribute substantially to 
safeguards and materials management as well as to increased quality control 
and operational safety throughout the nuclear fuel cycle. 
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Absrract-Resume-AHHOTa11Mll-Resumen 

INSTRUMENTED NUCLEAR MATERIAL ASSAY FOR SAFEGUARDS. 
This paper summarizes activities in the field of instrumented methods for nuclear material assay under 

way in the Federal Republic of Germany. Both destructive and non-destructive techniques are described. 
The development of direct methods is dominated by (i) the automation of mass-spectrometrical 

determination of isotopic composition and concentrations of uranium and plutonium, (ii) the measurement 
of uranium and plutonium concentrations by X-ray fluorescence spectrometry. While a fully-automated 
system for X-ray fluorescence analysis will be available by the end of 1971, the development of the mass
spectrometric method has so far been limited to the automation of the spectrometer itself; automatic 
sampling and chemical processing is expected to be ready for use by 1973. A comprehensive comparative 
analytical program was performed in collaboration with numerous international laboratories. Results are 

indicated and discussed. 
Indirect methods cover a variety of instruments that have been built for plant application, namely 

(i) calorimeters, (ii) slowing-down spectrometers, (iii) delayed -neutron analysers. 
Several types of calorimeters for the assay of plutonium have been built and successfully used at the 

ALKEM fuel element fabrication plant. Calorimetry is supplemented by neutron measurements. For separate 
assay of "'Pu and 23'U in fuel pins the slowing-down spectrometer is used. Equipment for routine industrial 
application has been developed at INTERATOM. The delayed-neutron technique for assay of highly enriched 
nuclear fuel has been applied at the University of Hannover. Operation, data acquisition and reduction is 
fully automated. Sub-threshold neutron-induced fission measurements using an Sb-Be neutron source can be 
used for non-destructive fissile material assay of low -enrichment fuel. Investigations on the feasibility of 
this technique were conducted. The fundamentals for assay of individual isotopes in nuclear fuel by gamma
ray spectrometry following neutron capture have been worked out at Karlsruhe. 

METHODES DE DOSAGE DES MATIERES NUCLEAIRES POUR LES GARANTIES AU MOYEN D' APPAREILS 
SPECIAUX. 

Le memoire resume les travaux entrepris en Republique federale d' Allemagne sur les methodes d' analyse 
des matieres nucleaires, tant destructive que non destructive. 

On s' efforce surtout de mettre au point des methodes directes permettant 1) de determiner par 
spectrometrie de masse automatique Ia composition isotopique et Ia concentration de I' uranium et du plutonium 

435 
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et 2) de mesurer la concentration du plutonium et de 1' uranium par spectrometrie a fluorescence X. Un 
ensemble entierement automatique devait etre pret vers la fin de 1971 pour 1' analyse par fluorescence X, 
mais Ia mise au point de la methode par spectrometrie de masse depend de 1' automatisation du spectrometre 
lui·meme. On pense que le prelevement et le traitement chimique automatiques des echantillons seront 
possibles a partir de 1973. l'n vaste programmed' analyses comportant des comparaisons de resultats a ete 
execute en collaboration avec plusieurs laboratoires internationaux. Les auteurs donnent et discutent les 
resultats. 

Les methodes indirectes com portent plusieurs appareils construits pour 1' utilisation industrielle, notamment 
des calorimetres, des spectrometres de ralentissement et des analyseurs de neutrons differes. 

Plusieurs types de calorimetres servant au dosage du plutonium ont ete construits et sont utilises dans 
1' usine de fabrication d' elements combustibles ALKEM. Les mesures calorimetriques sont completees par 

des mesures de neutrons. Le spectrometre de ralentissement sert a doser separement 239 Pu et 235 U dans les 
aiguilles de combustible. INTERATO~l a mis au point un materiel a usage industriel. La methode des 
neutrons differes pour 1' analyse du combustible nucleaire fortement enrichi est appliquee a 1' Universite de 
Hanovre. Le calcul des variables ainsi que 1' acquisition et 1' exploitation des donnees sont completement 
automatiques. Les mesures de la fission induite par des neutrons subcadmiques d' une source a Sb-Be peuvent 
etre utilisees pour 1' analyse non destructive de mati<lres fissiles dans le combustible faiblement enrichi. On 
a etudie les possibilites de cette methode. Les principes fondamentaux de 1' analyse par spectrometrie 
gamma apres capture de neutrons pour doser les differents isotopes presents dans le combustible nucleaire ont 
ete mis au point a Karlsruhe. 

AHAJUI3 H.llEPHOrO MATEPHAJIA C TIPJ1MEHEHI1EM KOHTPOJibH0-113MEPJ1TEJlbHblX 
TIPJ160POB ,llJIH UEJIEH r APAHTHH. 

B .llBHHOM .llOKJia.Qe KpaTKO H3JiaraeTcSI .zteBTeJihHOCTb a o6nacTH paapa6oTKH HHCTpyMeH
T81IbHLJX MeTO.llOB aHaJIH3a H.n:epHLIX MaTepHanoa, npHMeHHeMhiX B ~e.n;epaTHBHO:H Pecny6JIHKe 

repMaHHH. ,llaeTC>I OOHCaHHC MCTO.llOB 6e3 pa3pyweHH>I H C pa3pyWCHHCM o6pa3t~a. 
Pa3pa6oTKa npHMLIX MeTo.ztoa HanpaaneHa, rnaaHLIM o6paaoM, Ha aaToMaTH38UHIO Macc

cneKTpoMeTpH4ecKoro onpe.lleJieHHH H30TOOHOro COCT8B8 H KOHQeHTp8UHi1: ypaHa H nnyTOHHH 1 a 

T8KIICe H8 H3MepeHHe ypaHOBbiX H nJiyTOI1HeBLIX KOHU:~HTp8QHJ1 npH nOMOIUH peHTreHOBCKOi::f <flJIRJO

pecQeHTHOi::f cneKTpOMeTpHH. TIOCKOllbKY nOllHOCTblO 8BTOM8TH3Hp0B8HH8H CHCTeMa )lJIH ocyw.ecT

BJieHHH peHTreHOBCKOrO <f>JIIOOpecueHTHOro 8H8JIH38 6y.lleT HMeTbCH B pacnopHJKeHHH K KOHUy 

1971 ro.lla, TO pa3pa6oTKa Macc-cneKTpoMeTpHYecKoro MeTo.lla .no CHX nap orpaHHYHBaJiacb npo-

6JieMoH 8BTOM8TH38UHH CBMOro cneKTpoMeTpa; OJKH.Il8eTCH, YTO 8BTOM8THl.feCKOe B3HTHe npo6 

H xHMH'!ecKa>< o6pa6oTKa 6y.llyT roTOBbi .llJI>< HcnOJib30BaHHH K 1973 ro.lly. B coTpy.llHH'<CCTBe c 
MHOr04HCJieHHblMH MeJKJlyHBpDJlHLIMH Jia6opaTOpHHMH 6&1118 BblnOJIHeHa 06WHpH8H cpaBHHTeJibH8H 

aHaJJHTH'lecKaH nporpaMMa. B .llOKJiane npHBO.llHTCSI H o6cyi.llBIOTCH pe3yJlhTBTLI BLznonHeHHSI 

3TOH nporpaMMbl. 
KOCBeHHLie MeTO.llbl OXB8TbiB810T IIIHV'Y."'A 8CCOPTHMeHT KOHTPOllbHO-H3MepHTeJibHhiX npH-

6opoB, pa3pa60T8HHbiX .llllR npHMeHeHHSI Ha YCT8HOBK8X, a HMeHHO: i) K8JIOpHMeTphi; ii) cneKT

poMeTp 38Me.llJieHHH; iii) 8H8JIH38TOp 38n83.llbiB810lllHX HeHTpOHOB. 

M3rOTOBJieHLI H ycnelliHO HCnOJib3YIOTCH HeCKOllbKO THnOB K8110pHMeTpOB JllHI 8H8JIH38 nny
TOHHSI Ha 38BO.Ile no H3rOTOBJieHHJO TOnllHBHLIX 3JieMeHTOD ALKEl\1. KanopHMeTpHttecKHe H3Me

peHHSI .llOnOJIHSIIOTCSI HeHTpOHHbiMH H3MepeHHSIMH. ,llJIH OT)lellbHOro 8H8JIH38 nnyTOHHSI-239 H 

ypaHa-235 B TenJIOBLI.IleJIHIOIIlHX 311eMeHT8X, HMeJOII.tHX BH.ll TOHKHX CTepJKHefi, HCnOJib3yeTCSI cneK

TpoMeTp 38Me.ztJieHHSI. 06opy.llOB8HHe .llllJI 06bPIHOrO npOMbllliJleHHOrO npHMeHeHHSI 6&1110 pa3pa-

60TaHO HHTEPATOMoM. AHaJIH3aTop 3ana3.llbiBaiOIIlHX HeilTpOHOB .llJI>I aHaJIH3a BbiCOKoo6ora
weHHOro H,n:epHOrO TOnJIHBa npHMeHJIJICSI B YHHBepcHTeTe B raHHOBepe. 3KcnnyaT3QHSI, nonyye

HHe H 06pa60TK8 3KcnepHMeHT8llbHblX .llBHHLIX nonHOCTbiO 8BTOM3TH3HpOBaHa. Tio.ztnoporOBLie 

H3MepeHHSI ,lleJieHHSI OO.Il .llei1:CTBHeM HefiTpoHOB C HCnORb30B8HHeM HefiTpOHHOrO HCT04HHK3 

Sb-Be MoryT 6b!Tb HcnOJih30BaHbi .llJIH aHaJIH3a 6e3 pa3pyweHH>< o6pa3t~a .lleJI><IIleroc>< nellleCTBa 
)lnSl HH3K0060rauteHHOrO TOOJIHBa. TipoBe,lleHLI HCCJie.ztOBBHHSl npaKTH'leCKOrO npHMeHeHHSI 3TOrO 

MeTOJIB. 0CHOBHbJe BOOpOCLI npoBe.zteHHSI 8H8JIH38 OT,llellbHLIX H30TOnOB B H,llepHOM TQOJIHBe npH 

OOMOutH raMMa-cneKTpoMeTpHH C nocJie.ztylOIIlHM 38XB8TOM HeflTpOHOB 6LIJIH pa3pa60T3Hbl B 

Kapncpy3. 

METODOS INSTRUMENT ALES PARA EL ANALlSIS DE MATERIALES NUCLEARES EN RELAClON CON LA 
APLlCACION DE SALVAGUARD!AS, 

En la presente memoria se resumen las actividades desarrolladas en la Republica Federal de Ale mania 
en la esfera de los metodos instrumentales para el analisis de los materiales nucleares, Se describen tanto 
tecnicas destructivas como no destructivas, 

En el desarrollo de metodos directos representan un papel primordial: 1) la automatizacion de la 
determinacion, por espectrometr1a de masas, de la composicion isotopica y de las concentraciones de uranio y 
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plutonio, 2) Ia medicion de las concentraciones de urania y de plutonio mediante espectrometria por 
fluorescencia de rayos X, Si bien para fines de 1971 se dispondra de un sistema totalmente automatizado para 
efectuar analisis por fluorescencia de ra yos X, el desarrollo del metoda de Ia espectrometria de masas se ha 
limitado hasta Ia fecha a Ia automatizacion del espectrometro propiamente dicho, Se espera poder disponer 
en 1973 de una toma de muestras y de un tratamiento quimico automaticos, En colaboracion con numerosos 
laboratories internacionales, se ha llevado a cabo un amplio programa de analisis comparatives. Se dan a 
conocer y se examinan los resultados obtenidos, 

Los metodos indirectos comprenden una serie de instrumentos construidos para utilizarlos en las 
instalaciones, a saber: 1) calorimetros, 2) espectrometro de retardacion, 3) analizador de neutrones 
retardados. 

Se han construido diversos tipos de calorimetros para el analisis del plutonio, los cuales se emplean con 
exito en Ia planta de fabricacion de elementos combustibles de la ALKEM, La calorimetria se complementa 
con mediciones neutronicas. El espectrometro de retardacion se utiliza para analizar por separado el 239 Pu y 
el 235U en agujas de combustible. La INTERA TOM ha construido un aparato que puede emplearse corrientemente 
en la industria. La tecnica de los neutrones retardados se ha aplicado en la Universidad de Hannover para 
analizar combustibles nucleares altamente enriquecidos, El funcionamiento del dispositive de medida y Ia 
obtencion y reduccion (simplificacion) de los datos estan totalmente automatizados, La medicion de las fisiones 
inducidas por neutrones de energia inferior a la umbra!, procedentes de una fuente de Sb-Be, se prestan al 
analisis no destructive de los materiales fisionables contenidos en un combustible de bajo enriquecimiento. 
Se ban llevado a cabo estudios sobre la viabilidad de este metoda, Tambien se han establecido en Karlsruhe 
los principios fundamentales para el analisis de los distintos isotopos contenidos en los combustibles nucleares, 
por espectrometria de los rayos gamma emitidos a raiz de una captura neutronica. 

1. INTRODUCTION 

A rational and objective nuclear material safeguards system requires, 
as a tool for material accountancy, non-destructive as well as direct methods 
for fissile material assay. In the Federal Republic of Germany a variety of 
techniques are under development. This paper describes instruments for 
direct analysis (mass spectrometer, X-ray fluorescence analyser) and non
destructive assay in plant application (calorimeter, slowing down spectro
meter and delayed neutron analyser). Special emphasis is given to auto
mation. Feasibility studies and check measurements pertinent to a variety 
of new methods (assay with Sb- Be neutrons and by neutron capture )'-ray 
spectroscopy) are also reported. 

2. DESTRUCTIVE NUCLEAR MATERIAL ASSAY 

In those parts of the nuclear fuel cycle in which the fissile material is 
present in the form of solutions or powders, direct methods of analysis are 
usually employed to determine concentrations and for isotope analyses, In 
order to fulfil the requirements of nuclear safeguards with respect to 
reliability, accuracy and tamperproofness of the analytical results, present 
efforts at the Karlsruhe Nuclear Research Centre are concentrated on the 
complete automation of both mass spectrometry and X-ray fluorescence 
spectroscopy. 

2, 1. Automatic isotope dilution analysis by mass spectrometry 

Isotope dilution analysis by mass spectrometry is used for simultaneous 
determination of the isotopic composition and concentration of uranium and 
plutonium in nuclear fuel solutions [ 1]. 
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The sampling procedure is followed by dilution of the sample solution 
to a concentration of about 1 Mg Pu/ ml. After addition of a spike (233U, 
242Pu) a subsequent redox cycle ensures homogeneous mixing of the isotopes. 
Interfering elements are removed by ion exchange, and about 10 ng of the 
purified uranium and plutonium is put on the sample carriers of a mass 
spectrdmeter. The double filament technique is used to measure first the 
thermions of uranium and subsequently, at higher temperature, the 
thermions of plutonium with a single-stage mass spectrometer. The 
elemental concentrations and isotopic compositions are then calculated from 
the registered isotopic ratios and added quantities of spike material. 

Systems analysis studies have shown that the system can be sub-divided 
into four consecutive processes, namely (1) sampling, (2) chemical 
processing of the samples and transfer to the sample carriers, (3) intro
duction into the spectrometer and mass spectrometric measurement, and 
(4) data processing [ 2]. 

Sampling problems due to the instability of the high radioactive solutions 
during storage are avoided by on-line analysis with immediate addition of 
the spikes. If later confirmation of the analytical data should be necessary, 
stabilized samples can be prepared in the following way: A known aliquot 
of the sample is pipetted into an aluminium capsule and weighed, carefully 
dried in the capsule, and the capsule with the residue is closed. In this 
form, the sample can be stored over a prolonged period of time and yet 
remain stable. The, sampling stage and the chemical sample preparation 
unit are conceived as modules with very few types of design elements such 
as turntables, automatic grips, pipettingunits, etc; this ensures flexibility 
and facilitates assembly and maintenance. Design and construction will be 
done by industrial firms. 

A high-vacuum lock system consisting of three chambers was designed 
for increased capacity of the spectrometer. Several samples are simultane
ously preheated in this lock before individual introduction into the ion source 
of the spectrometer. The lock is currently under construction. The auto
matic mass spectrometer will be controlled, and measured data will be 
evaluated by a process computer. The data reduction program has already 
been finished and checked. 

Automating an analytical process of this complexity is not devoid of 
difficulties and problems. However, we think it is necessary because of 
the requirements of objectivity and tamperproofness for an instrumented 
nuclear safeguards system, and because large analytical capacity is needed 
at low operating cost. 

Prototypes of the various components will probably be finished by 1972 
(spectrometer control and high vacuum lock) and 1973 to 1974 (chemical 
processing and sampling process). After a transition period of continuous 
operation and subsequent improvement, the whole system will, hopefully, 
mature into some sort of 'black box'. 

2. 2. Automatic X-ray fluorescence analysis 

In experiments described earlier [ 3] we were able to show that X-ray 
fluorescence spectrometry may successfully be used for the analysis of 
solutions of nuclear materials, both non-irradiated and irradiated. With 
concentrations around or above 100 Mg plutonium per gram of solution, it is 
possible to achieve relative accuracies of better than 1 o/o even in the presence 
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FIG.l. Automated X -ray fluorescence analysis system. 
A: Counting electronics, spectrometer control unit; D: Spectrometer; 
B: Tape puncher; E: Sample preparation; 
C: High voltage supply F: Control electronics. 

12 

FIG. 2. Automatic X-ray fluorescence analysis sample preparation. 
1: Electronic balance H20E; 2: Dosing pumps; 3: Sample changer; 4: Balance adjusting device; 5: Pipetting 
device; 6 + 7: Beaker transport system; 8: Solid waste transport system; 9 + 10: Beaker magazines; 11: Pipette 
magazine; 12: Waste storage. 13: Liquid waste drain; 14: Storage for reagents and standard solutions; 
15: Sample transport system. 
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of a 300-fold excess of uranium. This is sufficient for nuclear safeguards 
purposes. High fission product activities and other impurities can be 
tolerated. In these measurements we always employ the method of internal 
standards; as a rule, we use thorium as the internal standard. 

In the past eighteen months we started automating the process. Our 
system consists of three main components: 

(1) automatic sample preparation stage, 
(2) automatic spectrometer, and 
(3) computer for data evaluation. 
A prototype of the automatic sample preparation stage and the automatic 

type SRSl spectrometer have been completed and are on display at the 
exhibition of the Government of the Federal Republic of Germany organized 
on the occasion of this conference. The connection with the computer is 
currently made by punched tape, but a smaller computer will be connected 
on-line with the spectrometer later on. The entire system is shown in Fig. 1. 
Figure 2 is a schematic representation of the sample preparation system and 
its spatial arrangement. 

The fully-developed system will operate automatically and be able to 
perform about four analyses per hour. About thirty minutes after intro
duction of a sample into the system the analytical result is available. After 
every fifty analyses the pipette and beaker magazines must be restocked. 
After this conference, the system will be installed at Karlsruhe and tested with 
highly radioactive samples under realistic conditions. 

The automatic system just described for the determination of uranium 
and plutonium concentrations by X-ray fluorescence analysis largely fulfils 
the inspectors 1 requirements with respect to furnishing tamperproof and 
objective results, and also the requirements of plant operators for a fast 
and inexpensive analysis. 

2. 3. Capability of direct methods for nuclear safeguards 

Safeguarding nuclear fuels by accountancy methods requires a clear- cut 
concept on the part of the inspectors about the capability of the analytical 
methods to apply. For this reason, the Karlsruhe Nuclear Safeguards 
Project carried out an extensive analytical intercomparison program in 
connection with a control experiment at Eurochemic at Mol, Belgium, with 
the co-operation of many international laboratories [ 4]. The samples were 
taken directly from the active feed solutions and the product solutions of the 
Eurochemic plant. The participating laboratoriesl were asked to carry out 
the analyses under routine conditions. Only conventional, non-automated 
methods were employed. The results communicated by the different 
laboratories were evaluated statistically with respect to the different error 
components. 

1 The following organizations participated in a part of or all the interlaboratory tests mentioned: 
BCMN, EURATOM, Gee!, Belgium; CCR EURATOM, Chemistry Division, lspra, Italy; EUROCHEMIC, 
Analytical Laboratory, Mol, Belgium; European Institute of Transuranium Elements, EURATOM, Karlsruhe, 
Germany; IAEA Laboratory, Seibersdorf, Austria; Kernforschungszentrum Karlsruhe, Institut fUr Radiochemie, 
Karlsruhe, Germany; Oak Ridge National Laboratory, Oak Ridge, USA; Studiencentrum voor Kernenergie, 
Mol-Done, Belgium. 

L_ __________________________________________________________________________________________ __ 
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The following analytical comparisons were made: 
(1) Assay for uranium and plutonium in product solutions acidified 

with nltric acid by wet chemical methods and X-ray fluorescence spectro
metry. 

(2) Determination of uranium and plutonium isotopic compositions by 
thermionic mass spectrometry and alpha spectrometry (238Pu). 

(3) Determination of uranium and plutonium concentrations in active 
feed solutions by using mass spectrometric isotope dilution analysis. 

It turned out that sampling errors were insignificant for both uranium and 
plutonium in product solutions. The error due to sample preparation in 
laboratories and sample instability was not significant for uranium, but 
0. 49% RSD (Relative Standard Deviation) for plutonium. The deviations 
between laboratories and methods were 0. 20% RSD and 0. 25% RSD for 
uranium and plutonium, respectively, and the precision based on results of 
chemical methods only was 0. 11 o/o RSD for uranium and 0. 24% RSD for 
plutonium. 

The results of the isotopic analyses of uranium and plutonium are shown 
in Figs 3 and 4. Since the determination of isotopes present only in very 
low concentrations is of interest to the Minor Isotope Safeguards Technique 
(MIST), depleted uranium was used for this test. Moreover, two plutonium 
samples of different isotopic compositions were analysed. Although the 238Pu 
concentration was relatively high in one case (about 0. 7%), all laboratories 
preferred the alpha-spectrometric determination of 238Pu. 

In comparison with uranium analysis, the isotopic determinations of 
plutonium showed more outliers. If these are excluded, there is no indication 
of any significant differences in accuracy in the isotope determination of 
uranium and plutonium. The curves in Fig. 4 may be taken as direct exten
sions of the corresponding curves in Fig. 3. 

The assays for uranium and plutonium by mass spectrometric isotopic 
dilution analysis were carried out on samples taken from feed solutions of 
Eurochemic which had been diluted to 250 times their original volume with 
5H HN03 to increase their stability. The plutonium concentrations were 
3 x 10-3 mg/ ml, the uranium concentrations 1 mg/ ml. Since the participating 
laboratories merely carried out double analyses, no sufficiently secure 
values for reproducibility could be calculated from this experiment. For 
interlaboratory deviations, the relative standard deviations were about 2% 
for uranium and some 3% for plutonium. 

2. 4. Conclusion 

While, until now, nuclear fuels present as solutions or powder have 
been safeguarded by conventional, non- automated or only partly automated 
direct methods of chemical analysis requiring the control of the operator's 
laboratories by an inspection agency or the installation of independent 
analytical laboratories for that inspection agency, it now appears to be 
possible in the near future to employ fully automated systems for the direct 
assessment of nuclear fuels in solutions and powders which requires far 
less expenditure in terms of control. The capability of the established 
conventional methods has been determined by interlaboratory tests. 
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3. NON-DESTRUCTIVE NUCLEAR MATERIAL ASSAY 

3. 1. Calorimetry 

The calorimetric method for determination of plutonium has successfully 
been used at the fuel element fabrication plant ALKEM in Karlsruhe. In 
this method the thermal power generated by alpha decay of plutonium isotopes 
is measured. The accuracy of the result is limited by three factors, namely: 

(i) accuracy of the isotopic analysis of the plutonium, 
(ii) knowledge of the specific heat production of the individual plutonium 

isotopes, and 
(iii) accuracy of the calorimetric measurement itself. 

Inaccuracies in isotopic analysis and apparent inconsistencies of 
currently adopted values for specific heat production, especially of the 
isotopes 238Pu and 241Am which make the main contribution to the thermal 
power, result in an average error of about 0. 5o/a for the first two factors, 
Absolute heat flux measurements can be made to ± 0. 2% if suitably designed 
calorimeters are used. Thus, an overall accuracy of 0. 6o/o is attainable. 
Examples are shown in Table I. A more detailed report about some of the 
results has already been published [ 5, 13). 

However, calorimetry alone cannot be considered sufficiently tamper
proof, and additional determination of 240Pu by neutron coincidence counting 
is valuable. With 16 BF3 counters of 40 em active length, installed in the 
water bath of a calorimeter for plutonium cans, a total neutron detection 
probability of about 6%, and average coincidence rates of 6 counts per 
minute and gram of Pu02 were obtained. Measuring times in calorimeters, 
due to the slow adjustment of thermal equilibrium, will be of the order of 
500 minutes. This time is sufficient to achieve neutron counting accuracies 
better than 0. 7% even for small sub-assemblies. The system is currently 
being implemented by a data acquisition and processing system. 

TABLE I. EXAMPLES FOR CALORIMETRIC DETERMINATIONS 
OF PLUTONIUM 

Type of fuel Pu Measurement Thermal 
Accuracy achieved 

shape and size per unit time power Heat flux Pu content 
(mm) (g) (h) (mW) ("/o) ("/o) 

U Q./Pu01 Elatelets 

Area 50.682 32 1.5 80 i o. 5 i o. 7 

Thickness 6. 25 

Pu01 cans 

Diameter 190 1000 2500 i o. 5 i o. 7 

Height 290 

U 01 /PuQ. fuel Eins 

Diameter 15 300 1500 i o. 5 i o. 7 

Length 1200 
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FIG. 5. Slowing-down spectrometer: general view. 

A large- scale calorimeter is also being built at ALKEM for fuel elements 
with an overall length up to 4 m and a cross-section of 215 x 215 mm. This 
instrument will be the first to use thermocouples of an entirely new design 
which are characterized by high sensitivity (240 MV ;oc per junction) and 
greatly increased ease of handling. 

3. 2. Slowing- down spectrometer 

Another instrument particularly suited for the assay of fuel pins that 
contain mixtures of plutonium and 235U is the slowing-down spectrometer 
[ 6-10]. An automatic lead pile spectrometer for LWR fuel pins has been 
built at INTERATOM with the following specifications: 

Throughput 
Fuel enrichments 

Dimensions of fuel pins 

Accuracy of measurement 

600 pins/ day 
z35u ~ So/a 
239pu ~ 5% 
length ~ 4000 mm 
diameter ~ 15 mm 
~ 2 o/o 

The most important components of the installation are: 

Lead pile with shielding 
Neutron generator 
Automatic fuel rod transportation and storage machine 
Computer system for automatic data acquisition, data processing, and 

process control 
Fuel pin marker. 
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Figure 5 presents a general view of the assembly. The lead pile contains 
the necessary channels for insertion of the proton recoil counters and the 
target tulJe of the neutron generator. The lead pile is covered with shielding 
material (boron-loaded) which allows access to the fuel handling devices 
during operation of the system. A neutron generator with a source strength 
of about 4 x 1011 n/ sec is used, The automatic transfer and storage machine 
acts as a buffer for arriving fuel pins, inserts pins into the lead pile and, 
depending on the result of the measurement, divides the pins into two 
categories which are stored separately. Before discharge the fuel rods are 
marked with the result of the measurement. The complete process is fully 
automated. 

The slowing-down spectrometer has been in operation since July 1971. 
ComlJined with a long duration test, 15 fuel pins of KWO-type (Kraftwerk 
Obrigheim) were tested repeatedly (length: 2916.7-1.4 mm; diameter: 
10. 75 ± 0. 06 mm; enrichment of 235U: 3. 1256%; weight of 2351: per pin: 
50. 129 g). A total weight of 82. 56078 kg 235U was measured, and the 
difference between the actual fuel content and the measured one was only 
0, 0182 kg, the accuracy thus being about 0. 02%. The measuring time for 
one pin is 93 sec. 

3. 3. Delayed neutron analyser 

At the Institute for Nuclear Engineering, University of Hannover, highly 
enriched fuel elements are investigated by the delayed neutron technique 
( 11, 12] combined with {-spectrometry. Special interest is devoted to HTGR 
pebble elements containing 1 g 235 U and 10 g 232 Th as coated particles in graphite. 

The measuring system (Fig. 6) consists of a Cockcroft-Walton type 
neutron generator (Accelerator I, 150 kV, 3 mA deuteron current) using 
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FIG. 6. Schematic diagram of the delayed neutron analyser. 
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the T(d, n)a reaction, and a neutron detection system. The source strength 
is determined by measuring the associated a-particles. For pebble elements 
the changing mechanism allows programmed insertion of a reference element 
into the pebble path. Measured pebbles are sorted into two containers 
according to their amount of nuclear material (Cinderella principle). The 
detection system consists of the delayed neutron detector (fifteen 6- atm 
3 He-counters imbedded in moderating material, efficiency 18o/o), a Ge(Li)
detector for spectrometry of -y- rays, and fission chambers for monitoring 
the neutron flux near the element. 

An on-line digital computer is used for data acquisition, data reduction 
and control. Special hardware features of the system include binary scalers 
for fast transfer of counts into the computer memory and a computer 
controlled pulse length generator for setting up neutron pulse length and 
repetition frequency. The parameter controlled is the neutron source 
strength. Actual values of deuterium gas flow, r. f. power of the ion source, 
extraction voltage and acceleration voltage are determined, multiplexed 
and digitized by a programmable analog-to-digital converter. The 
desired values are adjusted by step motors driven by relay outputs of the 
computer. The start-up and shut-down of the neutron generator is also 
automated. 

3. 4. Assay by antimony-beryllium neutrons 

The assay of whole sub-assemblies requires a highly penetrative 
radiation. If neutron-induced fissions are used for fissile material detection, 
the energy of the neutrons should be above the 238U-resonance region [ 10], 
but below the fission threshold of 238U (10 keV < E < 500 keV). 

Available at relatively high intensities (4 x 106 n/ sec. Ci) and acceptable 
cost, the Sb-Be-source, which produces photoneutrons of 26 keV, seems to 
be well suited. 

Measurements were performed at Karlsruhe which showed the feas
ibility of energy discrimination between interrogation and fission neutrons. 

A 50 em section of a BWR fuel element was used. The 49 fuel pins 
(650 g U02, 2o/o enrichment) could be replaced individually by pins of 2. 5o/o 
enrichment or by lead dummies. First measurements were done with 

TABLE II. FISSILE MATERIAL ASSAY WITH AN Sb-Be SOURCE ON A 
BWR FUEL-ELEMENT MOCK-UP 

Number of pins 
Normalized 

Pu 23"LJ Geometry counting 
Mass of 23"u in g 

2"/o 2. 5'1o rate Real Determined 

23 21 2. 5"/o central 1204 I 4 565.3 566. 6 i 4. 0 

23 21 2. 5"/o surface 1201 J. 5 565.3 565.4 ± 4.0 

23 21 homogeneous 1204 I 5 565.3 566. 6 1 4. 0 

0 49 0 homogeneous 1200 1 5 564.85 standard 

6 23 20 homogeneous 1167 ' 5 551.0 549,3 I 4, 0 
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arrangement) without detection if y -rays of different energies are used. Composition of the homogeneous 
pin is 15'\'o Pu02 with 85'\'oUO,. of density 10.35 g/cm3

, and local y-source strength is assumed to be propor
tional to Pu concentration, 
Solid lines: Pu concentrated at the periphery, broken lines: Pu concentrated in the centre. Quantities 
are given in per cent of Pu in the homogeneous pin, 

3 proton recoil proportional counters (4. 5 em diameter, 3 atm methane) 
which were protected from the y- radiation by a 15 em lead shield surrounding 
the 35 Ci source. With the threshold set to 600 keV (thus discriminating 
higher energy source neutrons [ 14]) and a standard composition of the sub
assembly (564, 9 g 235U) a counting rate of 10 counts/ sec was observed. 

The influence of self- shielding was studied with pins of higher enrich
ment (2. 5o/o) placed in the centre or at the surface of the sub-assembly, 
respectively. No difference in counting rate was observed (see Table II). 
The replacement of one pin by a lead dummy was clearly recognized. 

Thus the method looks feasible for 235U assay. In the case of plutonium 
(25% 240Pu), a source of 230 Ci is required to get the induced fission rate 
equal to the spontaneous fission rate. For mixtures a second method must 
be used for separate assay of 235U and plutonium [ 5]. 

3, 5. Assay by neutron capture y-rays 

Most existing non-destructive methods measure a linear combination 
of the contents of different isotopes of uranium and plutonium and allow, at 
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best, the determination of 235U and the sum of the fissionable plutonium 
isotopes. A new active method for the separate assay of all isotopes of 
interest is therefore being investigated in Karlsruhe. This method is based 
upon the measurement of y- ray spectra following neutron capture. If y- rays 
from neutron interaction with fissionable material are to be used for assay 
purposes, the knowledge of the nature of the individual y-lines is very 
important. High-energy y-rays due to neutron-induced fission do not allow 
quantitative analysis unless only one fissionable isotope is present. There
fore, the high-energy y-ray spectra from neutron interaction with 235 U, 
239pu and 241Pu have been carefully examined to separate the capture from 
the fission components. Several capture lines were found with energies and 
intensities well suited for assay purposes; other y-rays formerly ascribed 
to neutron capture could be shown to be due to fission events. Some results 
and a brief description of the measurements are given in Ref. [ 15]. 

Primary capture )-rays are known to be of sufficiently high energy to 
ensure good transparence of the samples. Thus bundles of pins or small 
sub- assemblies can be measured. Calculations were made to investigate 
the influence of radial inhomogeneities of cylindrical fuel arrangements. 
The result, expressed in terms of the maximum amount of fissile material 
that can be added to (or removed from) the rod without detecting is plotted 
in Fig. 7 as a function of cylinder diameter. 
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Abstract-Resume-AHHOTaUMli-Resumen 

ASPECTS OF THE CONTROL OF REPRESENTATIVE INDUSTRIAL PLANTS. 
The cases chosen for study relate to ( 1) the part of the (91J'lo) enriched uranium fuel cycle located on 

Belgian territory, which unites the following three facilities on the basis of a yearly output of 50 kgeff.: 
the MMN fuel fabrication plant, the BR2 test reactor, and the Eurochemic reprocessing plant; (2) the 
uranium fuel fabrication line for light-water reactors (LWR) which has been installed at the MMN plant and 
has an output of 250 kgeff.: ( 3) the industrial -scale plutonium fuel fabrication plant belonging to Belgo
nucleaire, at present under construction. The same general principles have been applied to these cases 
in order to arrive at the following parameters: W = inventory in kgeff, and r =mean residence time for 
the material in the facility. The choice of strategic points and mea;uring techniques has been made '"ith 
a view to improving the cost/efficiency ratio. Non-destructive tests prove necessary, however, since 
most of the cases relate to the measurement of finished products; it is this type of control that is mainly 
covered by the paper. Analysis of the BR3 fuel cycle and the MMN uranium fuel fabrication line is based 
on the formalism of sampling functions and the graphical method, these being particularly useful in esti
mating such control parameters as the amount of material under safeguards at a strategic point at a given 
moment. The non-destructive tests applied are gamma spectrometry and thermal neutron interrogation. 
They are performed in a controlled beam geometry and the time variable has been intrinsically introduced 
into the measurements so as to incorporate them into the mathematical model proposed. Within the context 
of the Belgonucleaire plutonium fuel fabrication plant the operator describes the scope of the work he 
performs in controlling the fissionable and fertile material. 

ASPECTS DU CONTROLE D'INSTALLATIONS REPRESENTATIVES DEL' INDUSTRIE. 
Les cas choisis pour I' etude concernent: 1' Ia partie du cycle de combustible a uranium enrichi (90"/o) qui 

se situe sur le territoire beige et qui couple par un debit annuel de 50 kgeff les trois installations: usine de 
fabrication MMN, reacteur d' essai BR2 et usine de retraitement Eurochemic; 2' la chafue de fabrication de 
combustible uranifere pour reacteur du type a eau Iegere (LWR), installee a 1' usine MMN, caracterisee par 
un debit de 250 kgeff; 3' 1' usine de fabrication de combustible plutonifere de taille industrielle de Ia 
Belgonucleaire, actuellement en construction. Les memes principes generaux ont ete appliques a ces cas 
pour deduire les grandeurs caracteristiques: w, inventaire en kgeff• et T' temps de sejour moyen de Ia 
matiere dans 1' installation. Le choix des points strategiques et des methodes de mesure a ete fait en visant 
a ameliorer le rapport cout/ efficacite. Les tests non destructifs s' imposent toutefois puisqu' il s' agit dans 
Ia plupart des cas de mesurer des produits finis et c' est sur ce type de controle que porte 1' essentiel du 
memoire. L' analyse du cycle de combustible du reacteur BR3 et de la cha!ne de fabrication de combustible 
uranifere de 1' usine MMN utilise le formalisme des fonctions echantillonnees et la methode des graphes qui 
se pretent particulierement bien a I' estimation des parametres de controle comme Ia quantile de matieres 
soumises aux garanties en un point strategique a un moment donne. Les tests non destructifs utilises sont Ia 
spectrometrie gamma et I' interrogation par faisceau de neutrons thermiques. lis sont effectues en geometrie 
contr<llee et Ia variable du temps a ete introduite de fayon intrinseque dans les mesures afin qu' eiles 
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s' integrent dans le modele mathematique propose. Dans le cadre de I' usine de fabrication de combustible 
plutonifere de la Belgonucleaire, l' exploitant ctCcrit le cadre de ses travaux concernant le contrOle des matieres 

fissiles et fertiles. 

ACTIEKTbl KOHTPOJI51 PETIPE3EHTATI1DHb!X TIPOMb!lllJIEHHb!X YCTAHOBOK, 

,l.VHI ,li;3HHOrO HCCJie.IJ;OB3HH51 6hiiiH Bbt6paHbi cne.n;yiOII..tHe cJiy\.laH: 1) ceKQH51 TOTIJIHBHOrO UHK

Jia C o6orall{eHHbiM ypaHOM (o6orall(eHHe 90'ro), KOTopa51 H8XO,li;HTC51 Ha 6eJI&rHi1CKOi1: TeppHTOpHH, 

c ro.n;osofi npOH3BO.IlHTeJI&HOcT&IO 50 Kr 3 cprp, H KOTopa51 coe.lU1H5leT cne.n;yiOIUHe TPH ycTaHOBKH: 3a

Bo,n: no H3rOTOBJieHHIO TenJ10Bhi.ll.eJUUOlllHX 3JieMeHTOB cf!HpMbi "MeTaJIJIYP*H 3 MeKaHHK HYK1le3p11 , 

HCDbiTaTeJI&Hbifi peaKTOp BR-2 H 33BO..Q no nepepa60TKe TOOJ1HB8 "EBpOKeMHK
11

; 2) liHHH51 DO H3-

rOTOBJieHHIO TeDJIOBhi,ll;eJI51IOll{HX 3JieMeHTOB 113 ypaHa ,ll;JISI peaKTOpOB C nerKOBO,ltHbiM TeOJIOHOCH

TeJieM ycraHosneHa Ha 38BO.z:te ¢IHPMbi "MeTannyp)KH 3 MeKaHHK HyKne3p 11 H HMeeT npoH3BO,z:tH

TeJibHOCTh 250 Kr3 <!J<!J; 3) yCT8HOBK8 npOMbJWJieHHOrO M8CWTa6a ,ltJIH H3rOTOBJieHH5:1 nnyTOHHesorO 

TonnHsa !fJHpMbi 
11
EenhrOHIOKJie3p" s HacToHw:ee speMH Haxo,z:tHTCH s cTa.z:tHH cTpOHTeJibCTBao 

O.z:tHHaKOBbre o6w:11e npHHQHDbi 6LrnH npHMeHeHbi K 3THM cnyl.la51M .z:tnR BhrBe,z:teHH51 xapaKTepHCTH

l.leCKHX napaMeTpOB: \V- H8JIHYHOe KOJIHYeCTBO, B Kr
3

<!J<!J' H T- Cpe,z:tHee BpeMH nepeMellleHH51 

M8TepHalla l.lepe3 ycT8HOBKy o Bbr6op CTpaTerw.JeCKHX TOY:eK H MeTO,ltOB H3MepeHH51 6blll C,lteJiaH 

C QellbiO ynyYllleHH51 OTHOilleHH51 CT0HMOCTb/3!fl!fleKTHBHOCTbo TeM He MeHee, HCOOllb30B8HHe He

.z:teCTpyKTHBHhiX MeTO,ltOB HCObiT8HHH He06XO,ltHM0 1 nOCKOllbKY 60llblliHHCTBO cJiyYaes CB5138HO C 

H3MepeHHeM rOTOBbiX npo.z:tyKTOB, a B ,ltOKJI8,lte OCBelll8€TC51 1 B OCHOBHOM 1 3TOT THO KOHTpOJIH o 

Tip11 aHaiiH3e TonnHsHoro U:HKJia peaKTopa BH-3 H IIHHHH no H3roTosneHHIO TenJIOBbi,z:teJIHIOW:HX 

3lleMeHTOB H3 ypaHOBOrO TOOJIHBa HCOOJib3YIOTCH !flopMallH3M Z - !flyHKQHH OT60pa npo6 H rpa

!flHt.~eCKHe MeTO,ll;bi, KOTOpbie oco6eHHO OO,ltXO,lt51T ,ll;JIH OUeiiKH T8KHX KOHTpOllhHbiX napaMeTpOB 1 

K8K KOllHl.leCTBO MaTepHalla, H8XO.ll51W:eroc51 OO.ll KOHTpOIIeM B COOTBeTCTBHH C CHCTeMoH rapaH

TH:H: B OJlHOfr CTpaTerHl.leCKOfi TO \.IKe B ,llaHHhifi MOMeHT, K HCfiOllh30B8HHbiM He.z:tecrpyKTHBHbiM 

MeTOJlaM HCObiT8HHfi OTHOC51TC51 raMMa-cneKTpOMeTpH51 H nyl.IKH TeOJIOBbiX HeffTpOHOBo 

0HH npHMeH51IOTCH B KOHTpOIIHpyeMofi reoMeTpHH, a BpeMeHH8H nepeMeHH851 6LI118 BBe,lleHa 

s H3MepeHH51 1 c TeM l.IT06hr BKJIIOl.JHTh ee s npe.nno)KeHH)'IO MaTeMaTMl.leCK)'IO MoJlellho B paMKax 

ycTaHOBKH Jlll51 H3rOTOBJieHH51 nnyTOHHesorO TOOllHB8 !fJHpMbl "EellbrOHIOKJie3p 11 MCCJie.ztOBaTeJib 

.z:taeT OOHC8HHe CBOefi pa60TLI 1 K8C810W:ei1cH KOHTpOlUI 38 pacw:enJI5llOIIlHMHCH H BOcnpOH3BO.z:tHutHMH 

MaTepH8JI8MH. 

ASPECTOS DEL CONTROL DE INSTALACIONES INDUSTRIALES REPRESENTATIVAS. 
Los casas elegidos para el presente estudio se refieren a: 1) Ia seccion del ciclo del combustible de 

urania enriquecido (90'/o) situada en territorio belga, cuya produccion anual es de 50 kg efectivos y que consta 
de Ia instalacion de fabricacion MM!"\, el reactor de ensayo BR2 y Ia instalacion de reelaboracion de Ia 
Eurochemic; 2) Ia linea de iabricacion de combustible de urania para el reactor de agua ligera (LWR) 
instalado en Ia planta MMN, cuya produccion es de 250 kg efectivos; 3) Ia fabrica de combustible de 
plutonio a escala industrial de Ia BelgonucHo:aire, que se esta construyendo actualmente. En todos estos casas 
se han aplicado los mismos principios generales para deducir los parametres caracter1sticos W, dotacion de 
combustible en kilogramos efectivos y tiempo media de tr1msito del material a traves de la instalaciOn T. 

AI elegir los puntas estrategicos y los metodos de medida se ha procurado mejorar Ia relacion costo/eficacia, 
Sin embargo, es necesario efectuar ensayos no destructivos, puesto que en la mayor parte de los casas se trata 
de ensayar productos terminados, y esta memoria se ocupa principalmente de este tipo de ensayos. El analisis 
del ciclo del combustible en el reactor BR3 y de Ia llnea de fabricacion de combustible de urania de Ia planta 
MMN se hace utilizando las funciones de muestreo y aquellos metodos grilficos que son particular mente apropiados 
para estimar los parametros de control, tales como Ia cantidad de materiales sometidos a salvaguardias en un 
punta estrategico en un momenta determinado. Los ensayos no destructivos aplicados consisten en la 

espectrometr1a gamma y el examen mediante haces de neutrones termicos. Se llevan a cabo en una geometr1a 
controlada y se ha introducido intrinsecamente en las medidas Ia variable tiempo, de forma que intervengan 
en el modelo matematico prcpuesto, Ciftendose a Ia fabrica de combustible de plutonio de Ia Belgonuclhire, 
el explotador describe el amtito de sus trabajos relatives al control de los materiales fisionables y fertiles. 

I. INTRODUCTION 

Compte tenu de l'existence du Traite sur la non-proliferation des 
armes nucleaires et de l'importance eventuelle de son incidence en 
Belgique, des principes generaux de realisation du controle des garanties 
ont ete etablis pour les niveaux national et de l'exploitation en 
fonction d'installations representatives de l'industrie belge. [1] 
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(i) Generalites 

Dans le preambule du Traite, les Etats Parties au Traite ont 
exprime notamment : 
"leur appui aux efforts de recherche, de mise au point et autres visant 
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a favoriser l'application, dans le cadre du systeme des garanties de 
l'Agence internationale de l'energie atomique, du principe d'une garantie 
efficace du flux des matieres brutes et des produits fissiles speciaux, 
grace a l'emploi d'instruments et autres moyens techniques en certains 
points strategiques." Ces efforts doivent finalement conduire a 
l'etablissement d'un systeme de controle quantifie qui minimisera la 
discrimination economique entre les Etats dotes et non dotes d'armes 
nucleaires et qui respectera au maximum la propriete industrielle. 

Les actions entreprises en Belgique s'inscrivent dans le cadre de 
cet appui temoigne par l'Etat. On s'est refere ala definition de 
l'objectif des garanties qui est "de deceler rapidement le detournement 
de quantites significatives des matieres nucleaires des activites 
nucleaires pacifiques vers la fabrication d'armes nucleaires ou autres 
dispositifs nucleaires explosifs ou a des fins inconnues et de dissuader 
tout detournement par le risque d'une detection rapide" (2). On a tenu 
compte de l'existence du systeme de controle des matieres soumises aux 
garanties reconnu par l'Etat, systeme conforme au chapitre VII du Traite 
instituant la Communaute Europeenne de l'Energie Atomique (3]. "L'Agence 
doit pouvoir verifier les resultats obtenus par le systeme national en 
faisant usage de la comptabilite matieres comme mesure d'importance 
essentielle, associee au confinement et a la surveillance comme mesures 
complementaires importantes" [2). L'Agence aussi bien que l"Etat baseront 
leur controle sur la comptabilite matieres de l'Exploitant comme mesure 
d'importance essentielle. 

(ii) Indice d'importance 

Le maximum fixe pour les activites regulieres d'inspection de 
l'Agence a ete choisi comme indice de l'importance du controle des 
garanties applique a l'Etat dans le cadre du Traite. Cet indice, exprime 
en journees d'inspecteur par an, a ete estime pour les reacteurs et les 
usines de fabrication qui constituent les installations les plus represen
tatives du cycle de combustible installe en Belgique. 

Pour les reacteurs, les valeurs de l'indice pour 1975, 1980 et 1985 
sont 300, 450 et 600 journees d'inspecteur par an. En les exprimant en 
fonction de la puissance electrique installee ces valeurs deviennent 
respectivement 0,18, 0,16 et 0,11 journee d'inspecteur par an et par 
MWe installe. 

L'estimation de l'indice fOur la fabrication du combustible uranifere 
faiblement enrichi ne peut etre faite de faqon sure que jusqu'en 1975-
0n a admis pour l'extrapolation une croissance proportionnelle ala 
puissance installee dans le pays. Etant donne l'importance du terme 
constant dans la relation fixant le maximum autorise dans cette categorie, 
cette hypothese parait acceptable. Les valeurs obtenues sont 130, 150 et 
190 jours d'inspecteur par an pour 1975, 1980 et 1985. 

En ce qui concerne la fabrication d'uranium fortement enrichi, le 
maximum autorise ne pouvant pas etre inferieur a 450 jours d'inspecteur 
par an, l'indice n'est pas affecte par le debit de l'installation et 
reste egal a cette valeur. 

Pour la recherche et le developpement de meme que pour la fabrication 
de combustibles enrichis au plutonium, l'indice est affecte par le debit 
de l'installation des 1973. Les valeurs sont estimees a 670, 950 et 
1350 jours d'inspecteur par an pour 1973, 1975 et 1980. 
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(iii) Definition des mesures de verification 

Les mesures de verification sont appelees a resoudre des litiges 
concernant les declarations pour chaque zone de bilan-matieres, indiquant 
la difference d'inventaire pour une periode determinee et les limites 
d'exactitude des differences declarees. 

La credibilite de ces mesures doit etre rigoureusement etablie. 
On a tente d'atteindre cette credibilite par la simplicite des mesures 
appliquees, par exemple des pesees, des comptages dans des conditions 
experimentales facilement reproductibles etc. 

Comme ces mesures doivent egalement dissuader l'entreprise de tout 
detournement par le risque d'une detection rapide, on a choisi d'utiliser 
de preference les methodes non destructives en les confirmant le cas 
echeant par des mesures destructives. 

(iv) Contraintes 

On a reconnu que la contrainte determinante qui affecte le systeme 
des garanties en est le cout [4]. On a choisi comme indice de cette 
contrainte le rapport du cout des garanties au cout d'exploitation dans 
chaque zone de bilan-matieres. Les procedures d'application des mesures 
envisagees dans une zone de bilan-matieres sont classees selon cet 
indice auquel on a fixe une limite de 1 %. Au-dela de cette limite, les 
procedures envisagees devraient etre rejetees du fait de cette contrainte. 

On a considere comme autre contrainte la possibilite de definir dans 
une installation une zone de bilan-matieres Speciale qui inclurait dans 
ses limites un procede dont les details sont nevralgiques du point de vue 
commercial, tout en respectant l'objectif des garanties [2]. Cette 
contrainte sera notamment introduite dans le cas de l'usine de fabrication 
de combustible plutonifere ou l'on tiendra compte des mesures complemen
taires de confinement et de surveillance. 

(v) Choix des installations etudiees 

On s'est attache a l'etude des mesures de controle en vue de leur 
application dans les reacteurs et les usines de fabrication. Pour 
favoriser la diffusion des resultats et eviter des duplications, cette 
etude a ete coordonnee dans le cadre de l'Association liant Euratom
G.f.K. - C.E.N. - C.N.E.N. et R.C.N. [5). 

On a choisi d'etudier des cas precis. 
Le premier se rapporte a une partie du cycle de combustible du reacteur 
BR2 (type MTR, uranium enrichi a 90 %) comprise entre la reception des 
plaquettes a l'usine Metallurgie et Mecanique Nucleaires (M.M.N.) et le 
dissolveur de l'usine de retraitement Eurochemic. 

Le second cas, dont l'analyse n'est encore qu'au stade preliminaire, 
se rapporte a une campagne de fabrication, a l'usine M.M.N., de combustible 
faiblement enrichi pour la charge d'un reacteur de puissance de 390 MWe 
du type P.W.R. 

Le troisieme cas se rapporte a une installation de combustible 
plutonifere que construit actuellement Belgonucleaire. 

(vi) Technique d' analyse- fonctions echantillonnees 

Dans un memoire precedent [6] se rapportant au premier et au 
troisieme cas, l'estimation de l'efficacite des mesures dans les 
installations a ete effectuee en se fondant sur les parametres du 
controle : W inventaire total exprime en kg eff• Tc temps critique [7] , 
et <T> temps de sejour moyen de la matiere dans l 1installation. 
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Les installations ont ete divisees en regions de deux types, le 
premier type est celui ou les matieres sont accessibles et mesurables, 
le second type est celui ou les matieres sont en traitement. 

Pour chacune des installations, on a etabli un diagramme du 
mouvement regulier des matieres fissiles en cours d'exploitation qui 
a conduit aux resultats presentes au tableau I. 

<W> 

<T> 

<T> 

Tc 

TABLEAU I. PARAMETRES DU CONTROLE DES 
INSTALLATIONS 

Parametre M.M.N. BR2 BN 

(kgeff) 7,5 49,5 500 

dans l'installation 8,5 sem. 62 sem. 20 

en trai tement 4,25 sem. 37 sem. 1 ,5 

2 sem. 2 sem./14 sem. 2 

sem. 

sem. 

sem. 

L'influence de la relation entre <T> et Tc dans une zone de bilan
matieres peut etre mise en evidence en considerant les cas limites : 
<T>/Tc + 0 ou <T>/Tc + oo, le controle est respectivement externe ou 
interne a l'installation. 

Ce rapport <T>/Tc est important pour les zones de traitement ou 
les matieres sont inaccessibles et pour lesquelles les mesures de 
controle devraient eventuellement s'appuyer sur le confinement ou la 
surveillance. 

On a introduit un formalisme mathematique qui tient compte de ce 
qu'en pratique le controle d'une installation s'effectue de fa~on 
discontinue, le plus souvent a des intervalles de temps reguliers. 
Il en resulte que les fonctions continues Si (t) et Xi (t) representant 
les stocks et les quantites en mouvement dans les differentes zones de 
bilan-matieres ne sont connues qu 1 a certains moments bien determines, 
par exemple a t = O, T, 2T, etc., T etant l'intervalle de temps qui 
separe deux releves consecutifs. Le controle ne peut porter que sur ces 
informations discretes, c'est-a-dire sur des fonctions dites "echantil
lonnees". 

On appelle fonction "echantillonnee" une fonction constituee par un 
train d'impulsions de la forme : 

x*(t) =I X(rT) • o(t- rT) 
r 

ou X(t) est une fonction continue de t et T est l'intervalle de temps, 
suppose constant, entre deux echantillonnages. 

453 

Grace a ses proprietes particulieres, on a pu representer tres fidelement 
les mouvements et les inventaires des matieres dans une installation en 
faisant appel ala methode des graphes [8]. L'analyse de systeme s'est 
ainsi developpee dans cette voie, tandis qu'un examen detaille de l'appli
cation des statistiques sur la prise des inventaires a ete presente en [9]. 

La• suite de ce memoire se limite a la description des resultats ou 
des conceptions retenues dans les trois cas precis etudies. 
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II. CYCLE DE COMBUSTIBLE DU REACTEUR BR2 (type MTR, uranium enrichi a 90 %) 

L'interet de l'etude de ce cycle est du ala valeur strategique 
elevee du combustible. Cette etude est facilitee par la proximite des 
installations principales : usine de fabrication, reacteur et usine de 
retraitement. Aussi, elle a ete choisie comme premier domaine d'applica
tion du systeme propose en [5]. Son developpement actuel fait l'objet d'un 
contrat avec l'Agence Internationale de l'Energie Atomique. 

Huit points clefs ont ete retenus pour les mesures. Ce sont respec
tivement les stockages des plaquettes, des plaques laminees et des elements 
frais a 1 'usine de fabrication ; les stockages des elements frais' des 
elements irradies et des elements avant envoi a l'usine de retraitement au 
reacteur BR2, et pour terminer le stockage des elements et le dissolveur 
de l'usine de retraitement. 

Pour chacun de ces points les objectifs sont : 
1. les essais comparatifs des dispositifs experimentaux 
2. l'etablissement d'une librarie des donnees acquises en spectrometrie 

gamma 
3. le traitement des donnees sur place en utilisant un ordinateur compact 
4. l'evolution du cout en fonction de l'exactitude et de la precision. 

Pour indiquer la voie suivie, on presente des resultats relatifs au 
stockage des plaquettes, des elements frais et des elements irradies. 

(i) Description des entites a mesurer 

Les elements de combustible ont une structure cylindrique a trois, 
a cinq ou a six couches coaxiales. La longueur de la zone active est de 
74,9 em. 
La composition de l'alliage UA1 4 + Al est la suivante 

- 24 % en poids d'uranium enrichi a 90 % 
- 76 % en poids d'aluminium. 

Les elements a six couches (18 plaques laminees) eta cinq couches (15 
plaques laminees) utilisant ce combustible contiennent respectivement : 
244 ± 5 g et 223 ± 5 g d'uranium-235. 

La densite superficielle de l'uranium-235 dans les plaques laminees 
est de 36,8 mg/cm2 • 
Les tolerances de fabrication permettent des deviations locales de la 
densite superficielle pour autant que la densite moyenne observee sur 
1 cm2 ne devie pas de plus de 20 % de la valeur nominale. 

Les elements a six couches utilisant le combustible cermet contiennent 
330 ± 5 g d'uranium-235 
2,8 g de bore naturel sous forme de carbure B4C 
1,32 g de samarium naturel sous forme d'oxyde Smz03. 

La densite superficielle en uranium-235 est de 49,7 mg/cm2 . 
Les tolerances relatives sont les memes que pour les alliages. 
Les plaquettes avant laminage ont une longueur de 10,5 em, leur largeur 
est fonction du rayon des couches coaxiales. 

(ii) Stockage des plaquettes avant laminage 

Les specifications de fabrication sont telles que les declarations 
de poids, de dimensions, de teneurs en uranium et des enrichissements des 
plaquettes d'un meme format sont tres proches, pratiquement identiques. 
La procedure de verification est fondee sur cette observation : pour les 
mesures les plaquettes sent groupees par dizaine, les resultats des 
groupes sont ensuite compares. 
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On a en outre con~u la mesure de telle sorte qu'elle reflete le 
symbolisme mathematique des fonctions echantillonnees, en introduisant 
une composante temporelle. Elle s'appuie ainsi sur le modele fondamental 
preconise pour la verification de l'installation. 

Le groupe est d'abord pese. Les plaquettes sont ensuite posees 
dans les cavites d'un disque support (fig. 1). Les tolerances de ces 
cavites sont legerement superieures aux tolerances de fabrication. 
Le disque porte un ensemble de sources isotopiques. 

FIG. 1. Me sure autocontr6Iee des plaquettes avant laminage. 
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On a choisi pour la source centrale le Na-22 (Ey = 511 keV) et pour les 
trois sources peripheriques le Cs-137 (Ey = 661,6 keV). 
Les energies specifiques de ces sources sent bien separees du rayonnement 
des plaquettes (Ey max= 205 keV). Ces sources permettent le controle 
de la geometrie et de la duree effective du comptage. 
On a ajoute une source Hg-203 (Ey = 279,1 keV), dent la periode de 
46,9 jours adaptee ala duree de la campagne de fabrication permet de 
verifier le moment de l'etalonnage. 
Le rayonnement gamma de l'ensemble est mesure au moyen d'un detecteur Ge(Li). 

Les resultats caracteristiques d'une serie de mesures sent resumes 
ci-dessous. 
Dans cette serie, sept groupes de dix plaquettes (dent la teneur moyenne 
declaree etait de 264 g d'uranium-235) ont ete mesures durant 300 s, avec 
un temps mort de 14 %. 
Les resultats pour le pic de 185 keV ont ete normalises a l'unite, l'ecart
type relatif calcule de ces sept mesures etait egal a 0,005, le comptage 
moyen sous le pic apres soustraction lineaire du fond parasite et du fond 
Compton etait egal a 615.034. 
En outre, une plaquette de teneur declaree 26,40 g d'uranium-235 a ete 
mesuree successivement dans les 10 positions avec un temps de comptage 
de 300 s et un temps mort de 3 %. 
L'ecart-type relatif calcule de ces mesures est egal a 0,01, le total 
des coups pour les dix mesures s'eleve a 657.954. On constate que ce 
resultat est significativement different de celui des mesures par groupe, 
alors qu'ils correspondent a une declaration egale de la teneur en 
uranium-235. Le rapport des deux mesures est 

0,935 ± 0,015 (1 a). 
Les mesures ont ete verifiees par le comptage des sources de Cs-137, le 
rapport des mesures etant 

0,926 ± 0,025 (1 a). 

La difference significative peut done etre attribuee a une correction 
insuffisante du temps mort par l'analyseur. Ceci demontre l'utilite 
de la procedure de verification introduite par les sources isotopiques. 
Le comptage du pic de l'isotope Hg-203, dent la decroissance est 
caracterisee par une periode de 46,9 jours, compare au comptage du pic 
du Cs-137 permet un datage suffisant, vu le debit lent de la fabrication. 

L'indice de contrainte du cout est de l'ordre du dollar par entite 
en ce point. Le debit est de 4 000 entites par annee, le facteur 
d'utilisation est largement inferieur a 100 heures par annee. Il est 
clair que tant pour l'amortissement que pour le rendement, le meme 
appareillage doit etre utilise en d'autres points-clefs ou pour d'autres 
chaines de fabrication. 
Si on se limite a cette chaine, la pesee et la mesure au detecteur Na!(Tl) 
paraissent les seules procedures a envisager avec sources isotopiques 
aaequates pour conserver la verification des mesures et le datage. 

(iii) Stockage des elements frais 

a) Methode passive 

Pour eprouver le principe de la methode proposee, des mesures ont 
ete effectuees sur un element de combustible UOz d 1 enrichissement egal 
a 4 %. Cette experience est decrite plus loin dans le paragraphe ayant 
trait au combustible P.W.R. 

La sensibilite de l'essai passif applique a un element de combustible 
de BR2 est telle qu'une perturbation de 3 % de la masse declaree est 
mesuree par une variation du taux de comptage y de 1,5 %. 
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b) Methode active [10] 

L'element combustible a controler est place perpendiculairement 
a un faisceau de neutrons thermiques de BR2. La fente de collimation 
est parallele a l'axe de l'element. Un compteur BF 3 mesure les neutrons 
transmis et un second, noye dans la paraffine, mesure les neutrons de 
fission induits dans l'element. Pour eliminer les neutrons thermiques 
diffuses, la paraffine est entouree de cadmium. 

On peut determiner la teneur de l'element en uranium-235 a partir 
des deux parametres mesures, des rapports des taux de comptage 

F 
To 

et ;o , et d'une constante d'etalonnage K. 

F est le taux de comptage releve au compteur de fission, 
T0 le taux de comptage au compteur de transmission en l'absence de 

l'element et 
T le meme taux en presence de l'element. 

Si M est la masse d'uranium-235 dans l'element mesure, on a 

M 

La constante K doit etre determinee par comparaison avec un element de 
reference dont la teneur est supposee exacte. Lorsque l'element mesure 
n'a pas le meme nombre de couches que l'element de reference, sa surface 
active moyenne par plaque est differente et il y a lieu d'appliquer le 
facteur correctif C. L'interet de la methode reside notamment dans le 
fait qu'elle ne fait pas intervenir explicitement la composition des 
plaques de combustible, ce qui est d'une importance particuliere dans 
le cas du reacteur BR2, qui utilise des combustibles de plusieurs types. 

En outre, en interrogeant les trois secteurs, par rotation de 120°, 
l'efficacite de !'interrogation varie peu pour les couches interne et 
externe ; on trouve respectivement une variation de 10 % et de 20 % 
pour les elements a 6 couches a alliage et a cermet. 
Du fait de la geometrie des elements de combustible BR2, on a effectue 
les mesures dans trois orientations obtenues par rotation de 120°. 

Le fl~x de neutrons du faisceau etait de l 1ordre de 2.105 n/cm2 .s, 
la fente de collimation de 2 em x 0,5 em et le temps de comptage de 
1 a 5 minutes. 

Les mesures ont ete effectuees sur neuf points compris entre + 20 
et - 20 em, on dispose ainsi d'un ensemble de 27 mesures par element 
examine. 
Ces 27 mesures de ~o et ~o presentent une certaine distribution, due 

a deux composantes : la dispersion propre des taux de comptage et la 
dispersion de la densite superficielle du combustible. On a constate 
que la seconde composante l'emportait sur la premiere, compte tenu du 
nombre de coups mesure. 

Les resultats d'une serie de mesures sont resumes ci-dessous 

a) Constante d'etalonnage 

L'element de reference chOlSl est le M 545, de type v (cinq 
couches), dont la distribution des mesures F et T presentait le 

To To 
moins de dispersion. Sa teneur declaree est de 219,14 g d'uranium-235. 

457 
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La distribution des valeurs calculees de K au 27 points de mesure 
etait normale et toutes les valeurs ont pu etre retenues. 

Il en est resulte 

K = 3065 

et &K1= + 10 si M est exprime en grammes 

L'erreur de mesure &K1, composee quadratiquement avec l'erreur de 
surface, estimee a partir des tolerances de fabrication donne 
finalement : 

K = 3065 ! 32 

b) Masses en uranium-235 

Les experiences ont porte sur quatre elements de combustible 
representatifs des differents types existants soit pour le combustible 
alliage trois, cinq et six couches et pour le combustible cermet six 
couches. 

Le tableau II rassemble les resultats desmesures, les incertitudes 
ont ete calculees a un intervalle de confiance de 95 %. 

TABLEAU II. COMPARAISON DES MASSES DECLAREES 
ET DES MASSES MESUREES 

Nombre de couches Masse declaree I Masse mesuree Difference 

' 
3 154,2 145,9 ± 2,5 - 8,3 

5 218,5 224,4 ± 3,4 + 5,9 

6 240,2 240,6 ± 3,4 + 0,4 

6 
... 

329,3 c 323,0 ± 4,7 6,3 

!I! Combustible de type cermet 

On remarque immediatement que les differences entre masses mesurees 
et masses declarees depassent sensiblement les incertitudes calculees. 

Une source d'erreur, qui n'a pas pu etre prise en consideration 
dans le calcul, provient du fait que les conditions experimentales 
ne conduisent pas a un echantillonnage statistique de la surface a 
examiner. En effet, la presence des trois raidisseurs longitudinaux 
exclut l'examen de la plage mediane des plaques, tandis qu'on a ecarte 
de !'analyse les regions voisines des extremites de la zone active, 
regions ou les tolerances de fabrication sont notablement plus larges. 
Un echantillonnage plus complet de la surface active revelerait tres 
certainement une dispersion accrue des mesures. Celle-ci, toutefois, 
ne rendrait pas compte des differences observees, car on a constate 
que c'est l'erreur associee aux tolerances sur les surfaces actives qui 
est preponderante. 
Il est done inutile d'augmenter le nombre de positions de mesure ou les 
temps de comptage : on n'y gagnerait pas en exactitude. 
Des lors pour ameliorer la methode, il faudrait mieux evaluer la 
surface active de chaque element. Ceci peut se faire : 

a) en utilisant un collimateur plus etroit et en admettant comme 
mesure de la longueur moyenne des plaques la distance entre les points 
pour lesquels l'intensite mesuree est la moitie de celle de la zone 
centrale, ou 
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b) en cours de fabrication, lors de l'examen aux rayons X. 

Des conclusions definitives ne pourraient etre presentees qu'apres 
l'examen d'un lot plus etendu d'elements, mais on peut admettre que la 
precision ultime s'approche de 1 % de la masse presente en uranium-235. La 
mesure s'applique qu'il y ait ou non des absorbants (poisons consommables). 

Conclusion 

Les deux methodes presentees dans ce paragraphe, tout en arrivant 
a des precisions comparables, se fondent sur des proprietes tres 
differentes. Couplees, elles fournissent un excellent outil pour la 
verification. 

(iv)Stockage des elements de combustible avant envoi a l'usine de 
retraitement 

Parmi les differentes mesures non destructives d'elements irradies 
on a retenu la spectrometrie gamma des produits de fission [ 11] . 
L'experience decrite a pour but d'etablir jusqu'a quel point il est 
possible de verifier avec cette .technique les declarations de l'exploitant 
concernant la masse initiale, l'enrichissement et les donnees 

FIG. 2. Dispositif de mesure des 
elements irradies (spectrometrie gamma). .~ y T 
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d'irradiation. On a choisi un lot de cinquante elements de combustible 
ayant des taux d'epuisement tres proches (37 a 41 %). Ce lot sera 
analyse au spectrographe de masse lors de la dissolution a l'usine de 
retraitement. On obtiendra alors un point de calibration resultant de 
l'analyse destructive. 

La disposition du tube guide des elements de combustible et du 
tube collimateur est presentee ala figure 2. L'angle d'immersion 
est de 44°. La collimation a ete renforcee aux extremites du tube par 
un collimateur large (diametre 2 em) pres de l'element et par un colli
mateur relativement etroit (diametre 0,3 em) pres du detecteur Ge(Li). 
Un second tube collimateur a ete ajoute pour obtenir simultanement des 
mesures au Nai (Tl). 

-
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FIG. 3. Mesure des elements irradies: comparaison des rapports Pr-144/Cs-137 et Zr-95/Cs-137. 
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La resolution de la chaine de spectrometrie Ge(Li) etait de l'ordre de 
3 keV. Pour chacun des elements, cinq spectres ont ete mesures entre 
450 keV et 3 MeV aux cotes - 25, - 5, + 5, + 25 em. L'ensemble des 
mesures a ete transfere sur bande magnetique ce qui fournit une librairie 
de donnees experimentales facilement accessibles portant sur environ 
250 spectres. L'analyse de ces donnees fournit les intensites gamma 
des isotopes : Cs-134, Cs-137, Zr-95, Nb-95, Rh-106, Pr-144. 
Certains isotopes (Pr-144, Rh-106) sont caracterises par plusieurs pies 
bien espaces, ce qui permet d'appliquer aux intensites mesurees une 
correction qui tient compte de l'efficacite de detection et de l'attenuation 
dans l'element de combustible pour toute la gamme des energies. 

Dans un premier stade, les donnees d'exploitation sont eprouvees 
par les rapports d'activite de deux isotopes. Des resultats caracteris
tiques sont presentes a la figure 3 pour le couple Pr-144 (696,3 keV) 
Cs-137 (661,6 keV) et pour le couple Zr-95 (724,2 keV) Cs-137 (661 ,6 keV). 
Ces resultats sont normalises aux moyennes des rapports theoriques et 
mesures. D'autres couples d'isotopes sont a l'etude. 

III. CHAINE DE FABRICATION DE COMBUSTIBLE URANIFERE POUR REACTEUR DU 
. TYPE L.W.R., INSTALLEE A L'USINE M.M.N. 

La recherche et l'optimisation des methodes de controle a l'usine 
de fabrication pour les combustibles du type L.W.R. sont importantes pour 
le developpement du systeme de garanties, non seulement a cause des 
quantites mises en jeu mais egalement parce que les mesures faites dans 
cette partie du cycle de combustible fournissent les informations 
fondamentales sur lesquelles se fonderont les correlations appliquees 
a l'entree des reacteurs et des usines de retraitement. 

La campagne de fabrication du combustible du reacteur de Doel 
(type P.W.R., 390 MWe) fournira un champ d'application de taille indus
trielle pour ces methodes. Des resultats ont deja ete obtenus en labo
ratoire, notamment en ce qui concerne les poudres et l'interrogation des 
elements de combustible avant assemblage. 

(i) Mesure de poudre U02 
Une methode a ete adaptee pour controler les enrichissements en 

uranium-235 dans les poudres d'oxyde d'uranium. La methode se base sur 
les mesures de spectrometrie gamma pour une position definie de l'echan
tillon et du detecteur, de telle sorte que l'on obtienne une epaisseur 
"infinie" de l'echantillon pour le rayonnement gamma mesure. Pour une 
geometrie ainsi definie, le taux de comptage du rayonnement gamma de 
l'uranium-235 est proportionnel a l'enrichissement en uranium-235 dans 
le materiau. 

On peut utiliser comme detecteur un Nai(Tl) ou un semi-conducteur. 
Le Nai(Tl) presente l'avantage d'un haut rendement de detection ce qui 
conduit a des temps de comptage courts. Un semi-conducteur possede un 
meilleur pouvoir de resolution ce qui est requis dans le cas des materiaux 
contenant des elements lourds autres que l'uranium. 
Les resultats obtenus jusqu'a present montrent que : 

1) la methode est simple, rapide et fiable : un temps de comptage 
de 5 minutes donne une precision meilleure que 0,5 % 

2) l'utilisation de spectrometres avec stabilisateur de pies facilite 
les mesures. 

Des resultats preliminaires indiquent que la methode pourrait etre 
etendue ala determination des concentrations d'autres isotopes fissiles 
dans divers types de materiaux homogenes. 
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(ii) Mesure des crayons avant assemblage 

La methode proposee a pour but de verifier la teneur en uranium-235 
des crayons. On effectue deux mesures integrales dans des conditions 
geometriques decrites a la figure 4. L'activite est mesuree par deux 
detecteurs Nai (Tl) places en D1 et D2. Les distances ant ete calculees 
de telle sorte qu'en faisant la somme des deux mesures chaque pastille 
intervient pratiquement de la meme fa~on dans le comptage. 
Cette propriete a ete demontree sur un crayon de combustible uo2 enrichi 
a 4 %, de 50 em de longueur active et de 1 em de diametre. Une pertur
bation locale dans l'empilement des pastilles a ete simulee en depla~ant 
le long du crayon un anneau de plomb de 2 mm d'epaisseur et de 5 em de 
large. L'attenuation locale qui en resulte correspond a environ 8 % de 
l'intensite integree. L'anneau a ete place en 10 positions successives 
le long du barreau et les comptages ant ete releves par un seul compteur 
situe en D1. On a ensuite effectue la somme des comptages des positions 
symetriques (1 et 10, 2 et 9 etc.) ce qui correspond a l'activite qui 
aurait ete mesuree au moyen des deux compteurs Nai places en D1 et D2. 
Les sommes successives etaient : 
47 744, 47 910, 47 235, 47 135, 46 960 coups a comparer au comptage sans 
perturbation qui donnait 52 334 coups. 
La perturbation mesuree est ainsi de 8,5 a 10,3 % selon la position, ce 
qui demontre suffisamment la propriete enoncee. L'avantage de cette 
methode est sa simplicite. Elle ne requiert aucun element mecanique 
mobile, mais seulement un support approprie et une chaine de comptage. 

o) CONDJTJONS GEOMETRIQUES DE LA MESURE 

1,0 

0,9 

0,8 

Pb 

•o 

b) ARRANGEMENT REEL ' In tensile mesuru on 

fonction de to position de lo perturbation 

!inlensil* on l'absenco de perturbation= 1) 

FIG. 4. Mesure des elements de combustible non irradies (spectrometre gamma). 
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IV. INSTALLATION DE FABRICATION DE COMBUSTIBLES AU PLUTONIUM DE 
BELGONUCLEAIRE A DESSEL 

(i) Avant-propos 

463 

En vue de la cooperation souhaitee entre l'Etat et l'Agence, il est 
essentiel que l'Etat et l'exploitant collaborent afin de faciliter la mise 
en oeuvre des garanties. Cette collaboration a permis de degager des 
principes generaux communs aux differents types d'installations se trouvant 
en Belgique. 

Pour permettre a l'Etat de mener a bien l'application des garanties, 
les caracteristiques specifiques a une installation et les renseignements 
descriptifs particuliers seront tenus a disposition. Il s'agit princi
palement de l'identification de l'installation, l'amenagement general 
interieur, les caracteristiques relatives au controle des matieres fissiles 
et fertiles. 

Dans l'analyse resumee ci-dessous, l'exploitant decrit le cadre de 
ses travaux concernant le controle des matieres fissiles et fertiles. 

En ce qui concerne l'installation de fabrication d'elements com
bustibles enrichis au plutonium en cours de realisation, les renseignements 
sus-mentionnes sont collectes a mesure de la disponibilite des donnees 
en vue de l'etablissement d'un document complet. Le rapport doit permettre 
une comprehension suffisante de l'usine pour tout controleur exterieur 
afin qu'il puisse lui-meme juger du degre de confiance qu'il peut 
attribuer au controle des matieres, effectue par l'exploitant, et qu'il 
puisse optimiser le type et la frequence des controles qu'il souhaiterait 
voir executer en sa presence. 

(ii) Identification de l'installation 

L'objet de l'installation est la fabrication de barreaux combustibles 
a pastilles enrichis au plutonium pour les types de reacteurs rapides et 
thermiques. 

Etant donne qu'il s'agit d'une usine en cours de realisation, les 
informations complementaires d'identification generale seront basees 
sur les etudes specifiques interessant le controle des matieres fissiles 
(inventaire, flux matiere, temps de sejour) et sur les travaux effectues 
pour la production pouvant etre exploites en vue de l'estimation de 
l'efficacite du modele. L'identification generale sera completee par 
la description des contraintes auxquelles est soumis l'exploitant, fixant 
par 1~ meme les limites controlables et controlees du point de vue 
qualite, quantite, manipulation ou stockage des matieres dans l'instal
lation. 

a) Etudes 

Parmi les etudes principales dont les conclusions feront partie 
du rapport descriptif, il faut citer les travaux devant aboutir ala 
representation mathematique de l'installation, compte tenu de l'equipement, 
du procede, et des moyens mis en oeuvre pour le controle. La formulation 
mathematique doit permettre entre autres : 

- d'evaluer les flux de matieres, les temps de sejour, etc, 
d'optimiser le nombre, les emplacements des points strategiques, ainsi 
que les frequences, precision, type de methodes et technique de 
detection a choisir pour le controle des matieres, de meme que le 
rapport cout-efficacite, 
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- d'estimer la credibilite du modele propose, 
-de determiner l'efficacite du systeme du point de vue de l'exploitant, 

de calculer ensuite la sensibilite de detection de detournement et les 
risques de l'exploitant en cas de detournement (cf. niveau national), 

-de perfectionner le modele, 
- etc. 

Il faut citer encore les travaux du Service Controle de l'usine qui, 
en parallele a l'etablissement par le fabricant des specifications de 
reference, determine les plans de controle de reference (plans d'echan
tillonnage et d'inspection) permettant de garantir, aux niveaux de 
l'exploitant et du client, les specifications des matieres premieres ainsi 
que des produits demi-finis et finis. 

b) Contraintes 

Toujours dans le but de permettre au controleur exterieur d'estimer 
le degre de confiance qu'il peut attribuer a l'ensemble du systeme, il 
semble utile de lui communiquer les principales contraintes auxquelles 
l'exploitant est soumis. 

- Forme des matieres 
I.e permis de construction de l'usine a ete accorde par un Arrete 

Royall, redige par l'Autorite competente, celle-ci etant le 
Ministere de l'Emploi et du Travail. Cet Arrete autorise l'edification 
d'une installation de fabrication de combustibles mettant en oeuvre 
des oxydes d'uranium et de plutonium, principalement sous forme de 
poudre, de pastilles et de barreaux. Il est a souligner, etant donne 
le procede de fabrication adopte, que des la premiere etape de fabri
cation l'oxyde de plutonium est dilue dans l'oxyde d'uranium. 

- Quantite maximale 
L'Arrete Royal precite stipule qu'une quantite maxlmum de 100 kg 

de plutonium (exception faite pour les halls "Analyses" et "Dechets" 
ou la limite est de 2 kg) est admissible dans chaque hall de l'usine, 
compte tenu des etudes faites par l'exploitant, examinees par la 
Commission Speciale des radiations iohisantes2. Les procedures 
relatives ala mise en oeuvre des quantites de plutonium dans l'eta
blissement doivent etre approuvees d'une part, par le Service du 
Controle Physique (P~otection Sanitaire) attache a l'etablissement et 
d'autre part, par l'Organisme Agree 3 charge de verifier si l'exploi
tation de l'installation s'effectue conformement aux prescriptions des 
arretes royaux precites. 

- Criticite 
L'exploitant devra, dans le cadre des etudes de securite, definir 

en particulier les prescriptions et les quantites maximales admissibles 
en operation et en stockage afin d'assurer la prevention ala criticite. 
Ces limites seront etudiees suivant le procede, l'equipement, le controle 
et le type de combustible a fabriquer. Elles entreront en vigueur 

1 Arrete Royal N" s 3150 du 27. 10. 1970. 
2 Commission Speciale en matiere de radiations ionisantes instituee par 1' Autorite Comp6tente 

conformement a I' Arrete Royal du 28. 2. 1963 portant sur le reglement general de Ia protection de Ia 
population et des travailleurs contre les dangers des radiations ionisantes. 

3 Organisme Agree en Classe 1 par Arrete Ministeriel. 
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apres accord du Service du Centrale Physique et de l'Organisme Agree, 
en conformite avec les principes generaux definis par Arrete Royal. 
Chaque unite operationnelle etablit un bilan-matieres. 

- Assurance 
L'exploitant etablira aussi des regles de travail tendant a limiter 

les quantites de matieres en manipulation par rapport aux quantites de 
matieres stockees, sans toutefois entraver la bonne marche de l'usine, 
etant donne que les montants des assurances des matieres ne se payent 
que pour les quantites en circulation. 

(iii) DescriptioL 1e l'amenagement interieur 

La philosophie generale s'appuie sur les criteres principaux 
suivants : etancheite du modele et accessibilite des contraleurs 
exterieurs aux halls relatifs aux contrales et au stockage. 

Confinement : la concentration de taus les halls en un batiment, ayant 
un passage entree-sortie oblige et contralable, permettra de garantir 
le confinement de l'installation. 

465 

Precede : l'installation est divisee en halls de 
de centrale (destructifs et non destructifs), de 
hall peut comprendre un ou plusieurs ensembles. 
bilan de fabrication est etabli. 

stockage (U, Pu, dechets), 
fabrication. Chaque 
Pour chaque hall un 

Accessibilite : les halls sont regroupes suivant qu'ils contiennent des 
matieres accessibles ou non au centrale (stockage-contrale d'une part 
et fabrication d'autre part). L'adoption d'un tel critere est issue de 
l'enonce de l'Accord, qui prevoit que les garanties sont mises en oeuvre 
de maniere a eviter d'entraver Ie developpement economique et technologique, 
de gener indtiment les activites, de maniere a etre compatible avec une 
saine gestion. Le respect de ce dernier point est lui-meme confirme par 
les resultats des premieres etudes mathematiques qui ont montre 
- la faible proportion des matieres en manipulation par rapport aux 

matieres stockees et en centrale, 
- le temps de sejour tres court dans la partie de l'installation ou la 

matiere n'est pas accessible au centrale et ce pour un pourcentage 
eleve de matiere contenue. 

Centrale des matieres : tout au long de la chaine de fabrication se trouvent 
les endroits obliges de centrale des matieres (quantite et qualite). 
Entre deux points clefs de centrale est etabli le bilan-matieres. 

(iv) Caracteristiques relatives au centrale des matieres 

La Section "centrale des matieres fissiles et fertiles" est en charge 
de la comptabilite et de l'inventaire physique des matieres fissiles et 
fertiles. Cette section depend du Service Centrale. Ce dernier travaille 
parallelement a la fabrication. En plus de cette tache, le Service 
Centrale participe a des programmes de qualification dont entre autres : 
- "Umpire Qualification Program" organise par Idaho Nuclear Corporation 

ala demande de l'U.S.A.E.C. et ayant pour objet aussi bien la quali
fication du point de vue "Safeguards" que du point de vue de la qualite 
chimique du produit nucleaire. 

- le programme de qualification organise a la demande de fabricants de 
combustibles par Battelle North-West ayant pour objet la qualification 
du point de vue centrale de specifications de fabrication. 
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a) Inventaire comptable 

L'inventaire comptable sera realise sur ordinateur par liaison tele
processing suivant un programme actuellement en ro1age dans la chaine 
pilate de fabrication. L'application fournit un inventaire permanent, 
mis a jour continuellement, permettant aux interesses de connaitre de 
fa~on detaillee et precise les quantites, qualites, localisations, 
mouvements, transformations et usages des matieres. Ce bilan-matieres 
est unique pour l'installation et par la meme les valeurs qu'il traite 
sont independantes du but (gestion, fabrication, securite, controle 
matieres) pour lequel elles y ont ete introduites. 

Le principe de realisation peut se resumer comme suit : l'application 
est divisee en trois parties consacrees respectivement aux lots (quantite 
et qualite), aux localisations et aux mouvements. Les programmes qui 
permettent l'execution des transferts en constituent les points impor
tants. Ces programmes executent en outre le nouveau bilan-matieres 
suivant la classification reprise ala figure 5. L'edition principale 
est celle des releves des pastes crediteurs pour les "zones physiques" 
et debiteurs pour les "zones comptables". 

·Le principe de fonctionnement est repris ci-apres : toute entree 
de matieres fissiles du "LOT INITIAL" correspondant a un transfert 
externe est enregistree au paste "TRANSIT" ou au paste "RECEPTION" 
selon que la matiere arrive dans l'installation avant ou apres recep
tion officielle. La matiere est introduite physiquement dans des 
unites de stockage. Toute matiere prelevee ent~aine un transfert interne 
du stockage vers les halls. Les fabrications exigent un "MELANGE" de 
matieres appartenant a des lots differents engendrant de la sorte un 
"LOT SECONDAIRE". La matiere traitee sera stockee ala sortie de 
l'installation suivant sa qualite. La sortie se fait par le paste 
"EXPEDITION". Le paste "PERTES" apure la comptabilite bilan-matieres. 

b) Inventaire physique 

L'inventaire comptable est double d'un controle physique permanent 
de la matiere, execute en des points clefs de controle, pouvant etre 
complete, en cas de necessite, par un inventaire physique complet. 
Ces endroits delimitent des unites bilan-matieres. Ils correspondent 
aux pastes reception-expedition de la matiere vers l'exterieur (faisant 
l'objet d'un transfert externe, critere : confinement) entree-sortie 
des halls de stockage et de controle (faisant l'objet d'un transfert 
interne de la matiere, critere : accessibilite), entree-sortie du melange 
(faisant l'objet d'un transfert interne, critere : dilution de plutonium). 

En ces points clefs de controle, la matiere est verifiee du point 
de vue qualite-quantite. Ces controles permettent de preciser le MUF 
du oilan. De plus, en ces pastes les quantites de matieres introduites 
dans la comptabilite sont exprimees directement en unites de compte. 

Les controles sont effectues soit par echantillonnage soit sur 
la matiere elle-meme. 

Le type et la frequence des controles sont choisis en fonction des 
proportions relatives des diverses classes de la matiere (fig. 5) pour 
garantir la precision requise sur le bilan total de l'installation. Pour 
tout ce qui concerne les transferts externes un controle a 100 % est 
effectue. Les types de controle choisis sent principalement des tests 
destructifs tels que composition isotopique et coulometrie a potentiel 
centrale pour les controles necessitant des valeurs absolues. 
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V. CONCLUSIONS 

Ce memoire montre les voies suivies pour atteindre les objectifs 
du controle des garanties. Les travaux sont axes sur les points 
suivants : 

1. l'analyse par simulation et developpement du symbolisme mathematique 
adequat correspondant aux installations considerees ; 

2. le developpement des techniques de mesure non destructives et even
tuellement destructives pour l'evaluation du bilan-matieres ; 

3. l 1 estimation de l'efficacite des procedures en se fondant sur les 
resultats des deux premiers points ; 

4. l'application dans le cadre d'experiences integrales limitees aux 
points clefs de controle. 

Pour renforcer la credibilite du systeme de controle des garanties 
base sur l'emploi d'instruments et autres moyens techniques en certains 
points strategiques, on a poursuivi l'effort entrepris dans le cadre 
de la campagne "Umpire Qualified Laboratories". On dispose ainsi de 
techniques de mesure deja eprouvees et comparables au niveau international. 

[1] 
[2] 

[3] 

[4] 
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Abstracr-Resume-AHHOTal.IMli-Resumen 

OPTIMIZED MATERIAL ACCOUNTING SYSTEM FOR SAFEGUARDS IN A NUCLEAR FUEL CYCLE. 

Of the three basic safeguards measures, material balance accountancy, containment and surveillance, 
the first-mentioned enables a safeguards organization to make objective and quantifiable statements with 
regard to a diversion. This measure is therefore expected to form an important component of any modern 
safeguards system. However, activities associated with the establishment of a credible material balance in 
different facilities of a nuclear fuel cycle are mainly manpower- and capital-intensive. Manpower and 
capital investments are interrelated with respect to the tamper-resistance of the system for generation, 
registration, processing and reception of information. For this reason, it is anticipated that many of the 
research and development activities in the field of safeguards will be directed towards investigation of means 
and methods to reduce efforts in establishing credible fissile material balances in a fuel cycle. 

In the present paper, a number of parameters are analysed which may cause such a reduction in efforts 
for safeguards. These parameters are: use of historical data, transparency of the safeguards information 
system, fuel cycle correlation and containment measures. They are so applied that the uncertainties in the 
material balance established are not increased. It has been shown with the help of some numerical examples 
that a significant reduction of efforts in establishing such a material balance can be achieved by using these 
parameters in a nuclear fuel cycle consisting of reactors, reprocessing plants and fabrication plants as well 
as conversion and isotope separation facilities. 

SYSTEM£ OPT!MAL!SE DE COMPTABIL!TE MAT!ERES D' UN CYCLE DE COMBUSTIBLE NUCLEA!RE AUX 
FINS DES GARANT!ES. 

Parmi les trois operations fondamentales de garanties, a savoir le calcul du bilan matieres, le confine
ment et !a surveillance, !a premiere est celle qui per met a l' organisme charge des garanties de consignee des 
observations objectives et quantifiees de detournements eventuels. Il faut done s' attendre qu' e!le constitue 
un element important d' un systeme moderne de garanties. En revanche, les activites afferentes ii 
1' etab!issement d' un bilan matieres digne de foi dans les differentes installations d' un milme cycle de 
combustible nucleaire demandent beaucoup de personnel et des d&penses consid&rables. Le personnel et 
les fonds sont etroitement ues en ce qui concerne la rigueur du systf~me de collecte, J' enregistrement, de 
traitement et de reception de l' information. Pour cette raison, on prevoit que !a plus grande partie des 
recherches et des etudes en matiere de garanties seront orientees vers les moyens et methodes capables de 
faciliter l' etablissement de bilans de matieres fissiles dignes de foi a l' interieur d' un cycle de combustible. 

Les auteurs analysent uncertain nombre de parametres qui peuvent permettre de rf.duire les moyens 
mis en reuvre pour les garanties. Ces parametres sont les suivants: les donnees «historiques», la transparence 
du systeme d' acquisition et de traitement de 1' information aux fins de garanties, la correlation du cycle des 
combustibles et les mesures de confinement. !ls sont appliques de maniere ii ne pas augmenter les 
InCertitudes du bilan matieres f.tabli. Les auteurs montrent,avec 1' aide de quelques exemples numf.riques, que 
l' on peut simplifier considerablement l' etablissement de ce bilan matieres en utilisant ces parametres pour 

un cycle de combustible comprenant des reacteurs, des usines de retraitement et des usines de fabrication, 
ainsi que des installations de transformation et de separation isotopique. 

OTITJ1MAJibHA5l CHCTEMA Yt.IET A 5l,UEPHh!X MATEPHAJIOB ,UJI>I CI1CTEMbl 1 APAHT 11H 
B OTHOIIIEHI111 5l,UEPHb!X TOTIJIJ1BHbiX UHKJIOB. 

ll3 Tpex OCHOBHhiX Mep CHCTeMLI rapaHTHi.:f - 6aJI8HC ,n;eJISII..UHXCH MaTepHaJIOB, one1..JaTLIB3-

HHe H H3,lt30p - TOJibKO nepBa.H Mepa n03BOJISieT opraHH38QHH CHCTeMbl rapaHTHfl .rteli8Tb o6'beK

THBHhle H .ztOCTOBepH1Ie B KOJIH1..JeCTBeHHOM OTHOllleHHH 33SIBJieHHSI 0 nepeKJIIOtteHHH M3TepH8.1Ia Ha 
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,n;pyrHe QeJIH. Il03TOMy OJKH.ll:8IOT 1 \.ITO :3Ta Mepa HBHTC51 B8JKHOii COCT8BHO:H: "18CTbiO JII060H COB

peMeHHOtl cHcTeMbi rapaHTHi1. O.n;HaKo pa6ora no no.nse.neHHIO HaH6onee sepoHTHoro 6anaHca B 
ycT3HOBK8X C pa3JIH\.IHLIM TOOllHBHLIM UHKJIOM onpe.ne.'lHeTCHJB OCHOBHOM, t.IHCJieHHOCTblO JIH\.fHOrO 

COCT8B8 H K80HT8JlOBJIOJKeHHHMH. JlH"4HhiH COCT8B H K80HT8JIOBJIOJKeHH51, B CBOIO Ol.lepe,llb 1 38BH

CHT OT CTeneHH OpraHH30B8HHOCTH CHCTeMbl Bhi60pKH 1 perHCTp8QHH 1 o6pa60TKH H XpaHeHIHl HH

q,opM8L{HH, Ilo 3TOii. npHYHHe OJKH,naeTCH, YTO 60Jiblll851 qacTb HCCJie)lOB8TellbCKOi1 H opraHH3a

TOpCKOii pa6oThi B o6nacTH CHCTeMbi rapaHTHH 6y.ner HanpaaneHa Ha pa3pa6orKy cnoco6os H Me

ro,n;oa, C OOMOIUbiO KOTOpbiX MOJKHO 6y.n;eT yMeHbliiHTb ycHJHHI, 38Tpat.IHBa€Mbi€ Ha no,n;se,n;eHHe 

6aJiaHCa .1l€!ISIIUHXCSI MaTepHaJIOB B TODJIHBHOM UHKJI€. 

B npe,n;cTaBJI€HHOM ,ll;OKJia.n;e aHaJIH3HpyiOTCSI H€KOTOpbl€ napaMeTpbl 1 KOTOpbi€ MOryT no

MOl.lb yMeHbiiiHTb TaKHe ycHJIHR .nnR ueneH: rapaHTHH. TaKHMH napaMeTpaMH RBJIRJOTCR: speMeH

Hbie DOCJI€)lOBaT€JlbHOCTH, npOCTOTa HH<fJOpMaUHOHHOH CHCT€Mbl rapaHTHH, KOppeJIHUHR M€)1{,ll;y 

TODJIHBHbiMH UHKJiaMH H H3MepeHHSI COXpaHHOCTH ,ll;€JI51IUHXCR MaTepHaJIOB. J1x npHM€H€HH€ JlQJI)I(

HO npOHCXOJlHTb TaKHM o6pa30M 1 4T06bl H€Onpe)leJI€HHOCTH B DO,ll;B€.Zl€HHOM 6aJiaHCe ,ll;€1JHIUHXCH 

MaTepHaJIOB He B03pacTaJJH. Ha H€CKOllbKHX 4HCJI€HHbiX npHMepaX OOKa3aH0 1 KaK MO)I{HO cymecT

B€HHO COKpaTHTb 3aTpaTbi yCHJIHH Ha DO.llB€Jl€HH€ TaKOrO 6anaHca, €CJIH TODJIHBHbiH UHKJI, BKJIJQ

YaJOIUHH peaKTOp, 3aBO.llbl 00 H3rOTOBJI€HHIO H nepepa60TK€ HJl€pHOrO TOnJIHBa, a TaK)I{€ o6oraTH

T€JibHbi€ ycTaHOBKH H ycTaHOBKH 00 pa3)l€JI€HHIO H30TOOOB paCC'-IHTaTb C OOMOIUbJO yKa3aHHbiX 

napaMeTpos. 

SISTEMA OPTIM!ZADO DE CONTABILIDAD DE MATERIALES PARA LA APLICAC!ON DE SALVAGUARDIAS 
EN UN C!CLO DE COMBUSTIBLE NUCLEAR. 

De las tres medidas basicas de salvaguardias, contabi!idad de balances de materiales, contencion y 
vigilancia, Ia contabilidad de balances permite a una organizacion de salvaguardias efectuar comprobaciones 
objetivas y susceptibles de ex presion cuantitativa en relacion con una desviacion de material. Se espera, por 
tanto, que esta medida constituya un componente importante de un sistema moderno de salvaguardias. Sin 
embargo, las actividades asociadas con el establecimiento de balances verosimiles de materiales en las 
diversas instalaciones de un c:iclo de combustible nuclear de pen den fundamentalmente del numero de personal 
y de las inversiones. El numero de personal y las inversiones estlm relacionados con el gtado de confianza del 
sistema en Ia produccion, registro, tratamiento y recepcion de Ia informacion. Por ese motivo, se espera que 
una gran parte de las actividades de investigacion y desarrollo en el campo de las salvaguardias este dirigida 
hacia Ia busqueda de procedimientos y metodos que reduzcan los esfuerzos para establecer balances verosimiles 
de materiales fisionables en un ciclo de combustible. 

En la presente memoria se analiza una serie de par3.metros que puede producir una disminuciOn de esos 
esfuerzos. Estos parametros son Ia utilizacion de datos del historial, Ia claridad y simplicidad del sistema de 
informacion para salvaguardias, correlacion del ciclo del combustible y medidas de contencion. Se aplican 
de manera tal que no aumente el grado de incertidumbre en el balance de materiales fijado. Se ha demostrado. 
con ayuda de algunos ejemplos numericos, que puede conseguirse una reducciOn considerable de los esfuerzos 
para fijar tal balance de material mediante Ia utilizacion de esos parametros en un ciclo del combustible 
nuclear constituido por reactores, instalaciones de reelaboracion de combustibles irradiados y de fabricacion 
de combustibles, asi como instalaciones de tratamiento y de separacion de isotopos. 

1. INTRODUCTION 

It is a well accepted fact that, of the three basic safeguards measures, 
material balance, containment and surveillance, the first mentioned will 
find maximum application in a modern safeguards system. At present, 
it is the only measure which enables a safeguards authority to make quanti
fiable statements in the case of a possible diversion. However, activities 
associated with the establishment of a credible material balance in different 
facilities of a nuclear fuel cycle are mainly manpower- and capital-intensive. 
For this reason, it is anticipated that many of the R. and D. activities in 
the field of safeguards will be directed towards the investigation of means 
and methods to reduce efforts in establishing credible fissile material ba
lances in a fuel cycle. These investigations include, among others, de
finitions of the effectivity of a safeguards system [ 1] and optimization with 
varying degrees of uncertainties in the material balance or by the use of 
game theoretical considerations [2]. In the present paper, a number of ad-
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ditional parameters have been investigated which may be considered for 
the same purpose. The main idea behind this approach is the utilization 
of those characteristics of a fuel cycle which are inherent, or which can 
be made inherent to it, and cannot be influenced easily or significantly by 
the operators of individual facilities in such a cycle. The results, which 
should be regarded as preliminary, indicate that, by using these parameters, 
not only is the credibility of the information improved, but the efforts re
quired to establish a credible material balance are reduced. 

It is to be noted in this connection that, in contrast to the investigations 
described in Ref. [2], in which a reduction in efforts was achieved mainly 
by increasing the uncertainties in the established material balance, the pre
sent investigation is directed towards reducing efforts without increasing 
such uncertainties. 

2. INPUT DATA 

2. 1. Fuel-cycle data 

To establish an optimized material accounting system for a given fuel 
cycle, the basic characteristics of the fuel cycle (e. g. number and charac
teristics of facilities, throughputs, inventories) have to be known to the 
safeguards organization. 

The reference fuel cycle considered here is shown in Fig. 1. The cycle 
data required for this purpose are presented in Table I. It is to be noted 
that the cycle consists of 12 light-water type reactors, and one reprocessing, 
one fabrication, one isotope -separation and three conversion plants for the 
uranium cycle. The plutonium produced has been assumed to be fabricated 
in an additional Pu fabrication plant with the fuel pins produced being stored 
in casks. 

Reactors 

UOz U02 

Pu-Fabrication 
U- Fabrication Reprocessing PuOz plant 

plant plant 
• Pu- Storage 

Yellow cake 
Supply 

U02 
J ADU 

U02 (N03 l2 

Conversion Conversion Conversion 
plant! plant][ plant m 

UF6 UF5 UF5 

Isotope 

separation 
plant 

FIG. 1. Reference fuel cycle with nuclear facilities. 
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Furthermore, the basic safeguards measures in the cycle (e. g. safe
guards units, numbers of units per year, random and systematic errors 
of the single measurement) and the time and costs for these measures 
should also be known so that the effect of the application of the parameters 
can be assessed. The relevant data are summarized in Table III. The de
tails on the inventory taking data presented here are the same as those in 
Ref.[2]. 

It is to be noted that the inspection time for other safeguards measures 
(data collection, verification of reports, etc. ) for each facility has been 
taken to be 80 man-hours/yr. The only exception made is for conversion 
plants II and III. Because of the simplicity of the system, 40 man-hours 
for each of these facilities have been assumed. 

2. 2. Records 

A prerequisite for a material accounting system is the records systeu1 
\i:ept by the plant operators at the facilities. The requirements for safe
guards purposes are laid down in Ref. [3]. The purpose of the record system 
for safeguards is twofold: 

(a) Verification of the data submitted in the accounting reports with those 
of the accounting records. 
(b) Verification and use of source data kept in the operating records for 
calibration of instruments, etc. , by the inspectors. 

The integral experiments [4, 5] carried out so far indicate that the 
records normally kept by the operators are also sufficient for safeguards 
purposes. 

The operating records for chemical analyses are a special case, as 
they are open-ended with respect to the primary information. They have 
to be kept within reasonable limits so as not to impose an undue burden on 
the plant operators. 

Records for reference cases, for example a reprocessing plant [6], 
a heavy water type reactor [7] and a fabrication plant [8], have been 
developed. 

3. CRITERIA FOR OPTIMIZATION AND RELEVANT PARAMETERS 

According to Ref. [3], the purpose of the accounting system is to come 
to a statement, in respect of each material balance area, of the amount 
of material unaccounted for over a specific period, giving the limits of 
accuracy of the amounts stated. 

To reach this objective in an optimum manner means reducing all the 
efforts required in establishing a material balance without reducing the 
quality of the statement. Two categories of parameters which are of 
importance in this connection have been considered. 

3. 1. Category I 

Parameters which reduce the efforts in a definite but, so far, not 
fully quantifiable manner, for example: 
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(a) historical data on material unaccounted for, measurement accuracies, 
etc.; 
(b) transparency of the information system. 

3. 2. Category II 

Parameters which reduce the efforts in a quantifiable manner, such as: 

(a) correlation techniques with the help of minor isotopes; 
(b) shipper-receiver- correlations. 

3. 1. Category I- details 

(a) Historical data 

A safeguards or:-ganization must be in a position to assess the implica
tion of MUF (material unaccounted for) after the establishment of a material 
balance in a nuclear facility. The MUF, as defined in Ref. (3], gives the 
difference between the book and the physical inventory. The safeguards 
organization should be able to decide whether the difference can be explained 
by the normal operating conditions of the facility in question or whether it 
corresponds to some unusual situation. For this purpose, the relevant 
historical operation data of a facility may be of great value. In case no 
such data are available, additional safeguards efforts may be required to 
explain the existence of the MUF. These historical data, besides adding 
credibility to the material balance, also lead to a reduction in effort in 
establishing a credible material balance. 

In a previous study [ 9], an attempt was made to analyse the MUF values 
for completed campaigns in various nuclear facilities. Such analyses have 
to be continued to up-date the MUF investigation results. Table II shows 
some of the results given in Ref. [9]. It can be seen that one of the most 
important factors influencing the MUF values is the systematic component 
of the measurement errors. Usually, such a component cannot be established 
in a single campaign. A possible method of establishing it is inter-lab 
tests. Such tests carried out on the international level [10] have shown 
that valuable information on the various error components of a method can 
be established. However, they have to be repeated continuously to generate 
historical data on different measurement methods. 

Although there is a clear indication that such historical data will reduce 
the efforts, at present no information is available to the authors on how 
such a reduction could be quantified. Therefore, the contribution of this 
parameter has not been taken into consideration in the numerical example 
given later. 

(b) Transparent information system 

A number of integral exercises [4, 5, 11] and analyses of lay-outs of 
some existing fabrication and reprocessing facilities [11, 12] have shown 
that a modern safeguards system based on material balance accountancy, 
supplemented by containment and some surveillance measures, can be 
applied to these plants with certain restrictions. However, the intensity 
and the extent of safeguards efforts could be reduced if transparent in
formation network systems were introduced in the plant lay-outs. Figures 2 
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TABLE II. NORMALIZED MUF VALUES (Mis) FROM A KNOWN 
TYPE OF FACILITY AND MATERIAL NORMALIZED WITH 
RESPECT TO INPUT/ FEED AND SYSTEMATIC ERRORS a 
Mean value (JJ.): + 0. 29 

Standard deviation (a): ± 0. 91 

Serial 
Mis 

Serial 
No. No. Mis 

5. 86 46 0.40 

4.78 47 0.39 

3.77 48 o. 38 

4 3.15 49 o. 38 

2.47 50 o. 36 

2.46 51 0.35 

2.46 52 o. 32 

2. 42 53 0.26 

2.35 54 0.25 

10 2.28 55 0.21 

11 2. 28 56 0.21 

12 2. 23 57 0.19 

13 2.09 58 0.19 

14 2.08 59 0.18 

15 1. 89 60 0.15 

16 1. 85 61 0.13 

17 1. 75 62 o. 13 

18 1. 67 63 0.12 

19 1. 63 64 0.12 

20 1. 62 65 0.11 

21 1. 58 66 0.11 

22 1.49 67 o. 09 

23 1.46 68 0.04 

24 1.44 69 o. 02 

25 1. 30 70 -0.11 

26 1. 22 71 -o. 16 

27 1. 09 72 -0.19 

28 0.98 73 -0.27 

29 0.98 74 -0.28 

30 o. 85 75 -0.81 

31 o. 79 76 -0.86 

32 0.78 77 -1.04 

33 o. 74 78 -1.09 

34 o. 71 79 -1.28 

35 o. 67 80 -1. 37 

36 o. 66 81 -1.47 

37 0.65 82 -1. 82 

38 0.63 83 -1. 82 

39 o. 56 84 -1.89 

40 o. 56 85 -2.35 

41 o. 54 86 -2.46 

42 0.48 87 -2.62 

43 0.47 88 -4.05 

44 0.47 89 -4.61 

45 0.42 

a Mis values greater than 2 and less than -2 are not within the systematic error range 
with 95"7o confidence. 
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and 3 are reproduced from Ref. [12] to illustrate this point. Figure 2 shows 
the information system in an existing reprocessing plant of the WAK 
(Wiederaufarbeitungsanlage fur Kernbrennstoffe, Karlsruhe) type. It 
is seen from this figure that: 

(1) the information relevant to safeguards (e. g. fissile material amounts 
for the feed, product and waste streams) is generated almost throughout 
the plant; 
(2) part of the information is received at the point of its generation (product 
stream) but a major part is registered at the control panel of the plant (e. g. 
level indication for feed and waste streams); 
(3) all information on fissile material concentration is generated in or near 
the relevant process steps (e. g. input accountability, product, waste tanks 
and sampling from the relevant tanks), processed at the laboratory and 
sometimes received at some other point (e. g. inspection room); 
(4) the different accountability tanks, sampling stations, the control panel, 
the analytical laboratory and the inspection room are located on different 
floors of the process building and are physically widely apart. 

In short, it appears that, in an existing reprocessing plant, the various 
process steps are arranged in a centralized manner, whereas the infor
mation system is decentralized. Particularly this point leads to a compli
cated, widespread information network system, which requires considerable 
efforts in ensuring the credibility of the information and accepting it for 
safeguards purposes. 

A conceptual reprocessing plant of the same type is shown in Fig. 3. 
The main characteristics of this plant are the decentralization of the 
different process buildings and a centrally located information building. 

Under normal conditions, all the safeguards measures can be executed 
by the inspectorate personnel in the various strategic areas in this building. 
The building is divided into two floors. The ground floor is partitioned into 
a number of strategic points (a) to (i), at which all the streams relevant 
to fissile material balance accountancy are identified, measured or stored. 
The upper floor is divided broadly into two areas lA and lB. In lA instru
ment panels, analytical facilities and records and reports offices are 
provided for safeguards and plant accountability purposes. Area lB con
tains control panels and analytical facilities required mainly for plant 
operation or process control purposes. 

It has been estimated that the actual inspection hours (not those re
quired for analysis, identification, sealing, etc. ) could be reduced by 
about 30% with this type of information system as compared with that 
required for the original lay-out. 

It is to be noted that part of the reduction caused by the transparency 
of an information system can be assessed, for example, by estimating 
the reduction in the inspection hours. However, another part in the reduc
tion, which expresses itself in the advantages of non-intrusiveness to the 
plant operator, is difficult to quantify at the present stage. 

For optimization purposes, the reduction of 30o/o in inspection man
hours in the reprocessing and Pu fabrication plant has been taken into 
consideration. 
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3. 2. Category II - details 

(a) Shipper-receiver correlations 

In a fuel cycle, the output from a given facility normally forms the 
input for the next facility. The transfers of nuclear materials usually 
take place in well defined containers. Typical containers are birdcages 
or bottles for plutonium transferred from the reprocessing to the fabri
cation plant, cylinders containing UF6 for isotope separation in a conversion 
or fabrication plant, and fuel elements transferred from the fabrication 
plant to the reactor and also from the reactor to the reprocessing plant. 
In such cases, when the nuclear material in a container has been measured 
to establish a material balance at the input or output of a facility, it need not 
be measured again at the output or input of the adjacent facility. The 
measurements at the latter points can be replaced completely by contain
ment measures, i.e. sealing and identification of the containers. As is 
shown in the numerical example, there is thus a significant reduction in 
effort. The quality of statement on a material balance is not reduced in 
any way, since the measurement values from the previous stage of the 
fuel cycle can be taken over fully. 

It should be noted that, with containment measures of this type, the 
information on material balance can be frozen in time and space for a 
limited period. This means that the information generated at one point 
of the cycle can be used without any significantly large additional effort 
at some other point of the cycle at a later date, and the credibility of the 
information remains intact during this period. 

(b) Isotopic correlations 

The inherent relationships between the formation of Pu and some 
reactor parameters such as depletion of U or built-up of 236 U and Pu 
isotopes have great potential for safeguards purposes. In some recent 
studies [13, 14], empirical relationships of the following types have been 
recommended (W6~i = initial, final enrichment): 

Pu/U 

It was found from Yankee data [13] that the first relationship could be 
reproduced for similar cores (e. g. same reactor, cladding material, 
initial enrichment, moderator to fuel ratio, fuel geometry) within 1%. 
Even different initial enrichments can be covered with an empirical 
equation of the type 

_ Pu/U 
R - w235 _ W235 a 0 - a 1 X initial enrichment 

0 1 

Investigations on reactors other than Yankee show similar results [14, 15]. 
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Several potentially valuable safeguards applications are: 

(1) Verification of operation data by a consistency check at the 
reprocessing plant 

The safeguards authority may evaluate operators' data with respect 
to the above-mentioned relationships and compare actual data with historical 
data which should correspond within the associated error bars if similar 
cores are reprocessed. The possibility of tampering with the reported 
input data consistently can be detected with high confidence by correlating 
input and product data on isotopic quantities of U and Pu. The recovery 
of each isotope should be equal and should correspond to historical recovery 
factors within accepted error bars. In addition, the so-called 'fingerprint' 
aspect (correlation of isotopic abundances of input and product batches, e. g. 
product isotopic abundances must lie within the maximum possible mixing 
area given by the isotope vectors of input batches) may help to detect un
controlled blending operations. 

(2) Verification of operators' data by measurement 

If the safeguards authority intends to perform independent measurements 
for comparison of reactor batches for which such relations have already been 
established and the initial total uranium amount and enrichment are known, 
the use of this technique is advantageous, since considerable reduction in 
the efforts can be achieved in the case of analyses and transfer measurements, 

Only relative measurements such as isotopic abundances of U and Pu 
are required. No isotopic dilution analysis (for the determination of plu
tonium amounts), with all associated problems such as spiking, sample 
stability, activity and transportation, is necessary, since the absolute plu
tonium amounts can be obtained with the help of the relation 

p = U X R ~ (W235 W235) u 0 u 0 - 1 
0 

The ratio U / U0 is a correction term and is a function of the burn-up, The 
value of this ratio can be established either by using very rough burn-up 
data (~± 15%) supplied by the reactor operator or by using some other burn
up parameters, such as the amounts of fission products measured at the 
reprocessing plant. 

The use of this relation enables the safeguards authority to dispense 
with the verification of tank volume and density measurements completely 
under certain conditions [16]. If the inspector finds an outlier in the course 
of the consistency check as described under (1 ), he should pay special atten
tion to it. Analysis of such outliers can provide valuable additional 
information. 

A further method of reducing efforts is provided by the composite 
sample technique [ 17, 18]. This method will permit verification of the 
U and Pu content and the isotopic abundances with (in principle) only one 
analysis without a significant reduction of the accuracy of the result, 
provided that the problems which are still associated with this method 
(e. g. aging effects) can be solved, However, an inspection regime should 
maintain its capability of establishing a material balance by independent 
measurements, particularly at this point in a fuel cycle. 
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4, OPTIMIZATION OF THE MATERIAL ACCOUNTING SYSTEM 

To optimize safeguards efforts, the criteria for the optimization have 
to be defined. Among the several concepts developed so far, the more 
important ones are: 

(1) The safeguards efforts have to be distributed in such a way that, for 
any facility for a given hazard value (in effective kilograms of fissile ma
terial), a given probability of detection will be reached [1, 19]. 
(2) The safeguards efforts have to be distributed in such a way that the 
operators of the different facilities are induced to act legally. This will 
be achieved if the expectation value of the gain in the case of any diversion 
is smaller than the expectation value in the case of no diversion [20, 21]. 

In the case of (2 ), some assumptions on the fraction of the pay-off para
meters in case of successful (denoted as d) and unsuccessful (denoted as c) 
diversion have to be made. 

TABLE III. REDUCTION OF SAFEGUARDS EFFORTS BY USE OF 
INHERENT CYCLE PROPERTIES FOR THE REFERENCE FUEL CYCLE 
AND FULL COVERAGE 
(1 insp. yr ~ 1600 insp. h ~ 50 000 DM) 

Costs of safeguards 
Net insp. time Total safeguards costs 

measures 
(103 h/yr) (106 DM/yr) 

(106 DM/yr) 

1. Conventional 3,119 39,41 4,292 

accountability 

2. UseofS-R 2.115 27.36 2,968 
correlations 

3, Use of S-R 1.99 27.11 2. 834 
cortelations + 
isotopic 
correlations 

4, Use of S-R 1. 99 26,43 2.814 
correlations + 
isotopic 
correlations + 
transparency 

5, Percentage 36 33 35 
reduction from 
1 to 4 
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In Ref. [ 2], a comparison between the case of full coverage, that is, 
the case where the hazard value is reduced to the measurement errors, 
case (1) for a hazard value of 10 eff kg and a probability of detection of 
0. 95 and case (2) for a fraction d/ c smaller than one has been carried out. 
It was shown quantitatively how the safeguards efforts were reduced by 
proceeding from the first case over the second to the third. 

As mentioned earlier, in this paper some inherent characteristics of 
the fuel cycle have been used to reduce the efforts in establishing a ma
terial accountancy system without reducing the quality of the material 
balance established. The results are given in Table III. The unit costs 
and safeguards efforts which have been used to estimate the total amount 
of effort are given in Table IV. In arriving at the relevant figures, a number 
of assumptions were made: 

(a) In the conventional accounting system, full measurements of fissile 
material have been assumed to be carried out at all the strategic points 
in the reference fuel cycle of Fig. 1. No sealing and identification will 
be carried out except for fresh sub-assemblies at the exit of a fabrication 
plant. 
(b) To estimate the influence of shipper-receiver correlations, the fissile 
material measurements were assumed to be replaced by sealing and identi
fication measures at the exit of conversion plant II and at the exits and 
entrances of conversion plants I and III, respectively, and at the entrance 
of the Pu fabrication plant. The remaining measures were the same as 
in the conventional method. 
(c) To assess the reduction through the isotopic correlation technique, 
it was assumed that some of the isotopic dilution analyses at the input 
of the reprocessing plant were replaced by simple isotopic abundance 
measurements and that some of the volume and density measurements 
were not verified by the inspector as they were in the preceding cases. 
(d) For the transparency of the information system, only the inspection 
hours were reduced by 30% and not the time and costs for analyses and 
containment measures. 
(e) The additional safeguards efforts for the plutonium storage at the 
fabrication facility and for the waste streams at all the nuclear facilities 
are negligible compared with the total safeguards efforts. They have not 
been considered for the optimization. 

It is to be noted from Table III that the total costs of the measures are 
reduced by 36% and the inspection efforts by 33%. However, it should 
be mentioned that the use of identification and seals is normal practice 
in safeguards even today. This component alone (point 2) causes a reduc
tion of 32% in the costs of safeguards measures. Therefore, the actual 
reduction resulting from the use of isotopic correlation techniques and 
transparency of information is about 4% for the costs of safeguards measures 
and about 3o/o in the case of inspection efforts. 

5. CONCLUSIONS 

An effort has been made in this paper to investigate the influence of 
some cycle-inherent parameters on the optimization of a material accoun
tancy system for safeguards purposes. It has been shown that, by using 
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containment measures (identification and sealing) instead of duplicating 
material balance measures at a number of points in the fuel cycle, a signi
ficant reduction in the efforts may be achieved, Further reductions may 
be obtained by using isotopic correlations in the system and making the 
information system transparent at the facilities. Although the use of histori
cal data on MUF and measurement accuracy may also cause a further reduc
tion in the efforts, collection of data on an international level is required 
before their use can be quantified, 

A further point in this connection is the recognition of the fact that these 
reductions in efforts do not reduce the quality of the material balance estab
lished. The uncertainty in the material balance remains the same. 
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Absrracr-Resume-AHHOTaJ.IHl!-Resumen 

A TECHNICAL BASIS FOR INTERNATIONAL SAFEGUARDS. 
Based on the consideration of light-water reactor fuel cycles of different levels of completeness, the 

major safeguards problems are singled out for the fuel cycle which includes thermal recycle of plutonium, 
namely verification that all plutonium produced in a power reactor reaches the reprocessing plant and is accounted 
for there; verification of plutonium quantities in fabrication facilities; verification of large amounts of 
plutonium in sealed stores or other contained uses, such as fast critical facilities. 

It can be shown that these problems will require by far the greater part of the safeguards inspection 
efforts, notwithstanding the remaining requirements for verification of uranium in conversion and fabrication 
plants and reactors, under the fundamental assumption of absence of enrichment facilities. The paper 
presents the technical safeguards objectives and the resulting verification requirements of an international 
system to meet the obligations arising from the Non-Proliferation Treaty. The paper considers the verification 
procedures which can be applied by the international system to material flows and inventories of the three 
types of facilities, using independent measurements complemented by containment and surveillance measures 
to achieve quantified accountability levels. The technical impact of the desired level of accountability, the 
amounts of flow and inventory, the point and the use of statistical sampling on the allocation of inspection 
effort is considered. The paper finally points out safeguards techniques that need to be developed, in particular 
in connection with independent measurements, the application of item accountability based on reactor fuel 
assemblies and the use of isotopic correlation data. 

LES BASES TECHNIQUES DE L' APPLICATION DE GARANTIES INTERNATIONALES. 
En partant d' une analyse de cycles du combustible plus ou mains complets pour reacteurs a eau Iegere, 

les auteurs cement les principaux problemes de gar an ties in diques ci -apnls pour le cycle du combustible qui 
comprend le recyclage du plutonium dans des reacteurs thermiques: verifier que tout le plutonium produit 
dans un reacteur de puissance parvient a 1' usine de retraitement et qu' il n' y a pas d' ecart entre les quantites 
produites et les quantites re~ues; verifier les quantites de plutonium dans les installations de fabrication; 
verifier les grandes quantites de plutonium contenues dans des magasins sous scelles ou dans d' autres installations 
all elles sent confinees, telles que les assemblages critiques a neutrons rapides. 

On peut montrer que ces verifications constitueront de loin la plus grande partie des activites d' inspection. 
m€me compte tenu des autres taches qu' impose Ia verification de 1' uranium dans les usines de transformation 
et de fabrication et dans les reacteurs, si 1' on fait 1' hypothese fondamentale d' une absence d' usines de 

separation. Les auteurs presentent les objectifs techniques des garanties et les operations de verification 
qu'exige unsysteme international visant a permettre a 1' Agence des' acquitter des obligations qui decoulent pour elle 
du Traite sur Ia non-proliferation. lls examinent les modalites de verification que 1' on peut appliquer aux 
flux et aux stocks de matieres des trois types d' installations, en faisant appel a des mesures independantes, 
complletees par le confinement et la surveillance, pour atteindre des objectifs comptables definis quantitative
men!. !ls examinent les incidences techniques de 1' objectif fixe, des quantites de matieres dans le flux et 
les stocks et de 1' utilisation de 1' echantillonnage statistique, sur l' allocation de moyens d' inspection. Pour 
conclure, ils indiquent les techniques de garanties qui doivent etre etudiees, notamment en ce qui concerne 
les mesures independantes, l' applica lion de Ia comptabilite par article fondee sur les assemblages combustibles 
et l' utilisation de la correlation avec les donnees isotopiques. 

TEXHI1'1ECKA51 OCHOBA ,IlJI51 I1Pl1MEHEH!151 ME)1(.UYHAPO,UHbiX r APAHTHH. 
HmKe nepellHCJISIIOTCSI OCHOBHbie npo6neMbi no rapaHTHSIM 1 OCHOB8HHbie H8 paCCMOTpeHHH 

TOnJIHBHbiX U:HKJIOB p83JIHlJHblX ypOBHei1 3aKOHlJeHHOCTH pa3pa60TKH JierKOBO,ltHOrO peaKTOpa, 

BLI)l;eJieHHble ,ltll.A: TOWIHBHOrO UHK.Jia C OOBTOpHhiM HCnOJib30B3HHeM nJiyTOHHSI: nposepKa TOrO, 

liTO BeCh nnyTOHH:H 1 npOl13Be.lteHHblii B 3HepreTHlJeCKOM peaKTOpe, .llOXO,llHT .llO 38BO.ll8 no nepe

pa60TKe TOnJIHB8 H YllHTbiB3eTCSI TaM; npoaepKa KOJIHlJeCTBa nnyTOHHH Ha ycTaHOBK8X no H3rQ

TOBJieHHIO TOOJIHBa; npOBepKa 60JiblliHX KOJIHlJeCTB nnyTOHHSI B oneqaT8HHblX CKJia,lJ.aX HJIH ,D.pyrHX 

npHMeHSieMLIX ycT8HOBK3X 1 T3KHX 1 KaK 6biCTpbie KpHTHlJeCKl.fe C60pKH. 
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MOJKHO DOK838Tb 1 1.1TO 3TH npo6neMLI noTpe6ytaT ropa3.z:tO 60JibWHX HHCneKQHOHHLIX ycHJIHfJ: 

no rapaHTHHM 1 HeCMOTpR Ha OCT810Iu;HeCH Tpe60B8HHH K npoaepKe ypaHa, H8XO,ZI;.SJII{erOCfl Ha 38BQ

,lJ;8X no o6pa60TKe H H3rOTOBJieHHil TOnJIHBa, H Ha peaKTOpax, npH OCHOBHOM npe,.o;nOJIQ.I<eHHH 1 1.1TO 

OTCyTCTBYIOT o6oraTHTeJibHLie ycTaHOBKH, B .ZXOKJia.z:te H3JJaraiOTC.SI TeXHHt{eCKHe l(eJIH rapaHTHii 

H BbiTeK8IOW:He H3 3TOrO Tpe60B8HHSI Me)K.l{yHapo.z:tHOi:f CHCTeMLI no npoaepKe, JlliH TOrO t.JT06LI 

COOTBeTCTBOB8Tb 06H38TeJibCTB8M 1 Bb1TeK8IOII{HM H3 ,llorOBOpa 0 HepacnpOCTpaHeHHH H,ll;epHOrO 

opyJI<HlL B )10KJ1a)1e paccMaTpHBai<YTCll npoQe.Qyphl npoaepKH, KOTOphte MOryT npHMeHl!TbCll MeJI<
.z:tyHapO,.ll;HOif CHCTeMOii K DOTOKy M8TepHaJia, H HHBeHT8pH38QHH Ha Tpex THD8X yCT8HOBOK C npH

MeHeHHeM He38BHCHMLIX H3MepeHHii, .llODOJIHeHHblMH MepaMH no COXpaHeHHJO H Ha6JIIO,zt;eHHIO ,zt;JISI 

,zt;OcTH)I(eHHSI y1.1eTHbiX yposHeH onpe,zt;eJieHHbiX KOJIH\.feCTB. TaKJK.e paccMaTpHaaeTCSI TeXHHqec

Koe BJIHSIHHe }l(eJiaeMOrO ypOBHSI y\.feTa, KOJIHqecTBa nOTOKa H HHBeHTapHoro KOJIHqecTBa, MeCTa 

H npHMeHeHHSI CTaTHCTHqecKOro B3HTHSI npo6 Ha pa3MeiUeHHe HHCneKLtHOHHblX ycHllH:i1. 11, HaKo

HeQ, B ,li;OKJia,D;e YK83biB810TCH MeTO,ll;bi rapaHTHii:, KOTOpbie Heo6XO,li;HMO pa3pa6aTbiB8Tb, OC06eH

HO B CBH3H C He3aBHCHMblMH H3MepeHHHMH 1 npHMHHeHHe QTqeTHOCTeii: no nyHKTaM, OCHOBaHHOe 

H3 TOllliHBHbiX c6opKax peaKTopa H npHMeHeHHH ..Q3HHbiX no H30TOnHOJ1: KOppeliSII..tHH. 

FUNDAMENTOS TECNICOS DE LAS SALVAGUARD!AS INTERNACIONALES, 
Basandose en el estudio de los ciclos del combustible de los reactores de agua ligera, completes en 

distinto grado, se abordan individualmente los siguientes problemas capitales referentes a las salvaguardias 
en el caso del ciclo del combustible que comprende el reciclado termico del plutonic: la verificacion de 
que todo el plutonic producido en un reactor de potencia llega a la planta de reelaboracion y se contabiliza 
en la misma; la verificacion de las cantidades de plutonic en las instalaciones de fabricacion; la verificacion 
de gran des cantidades de plutonio en instalaciones de almacenamiento precintadas, o utilizadas en otras 
condiciones de confinamiento como, por ejemplo, en instalaciones criticas rapidas, 

Puede demostrarse que esos problemas exigiran, con mucho, la mayor parte del volumen de las 
actividades de inspeccion relacionadas con las salvaguardias, pese a las restantes necesidades de verificar el 
uranio en las plantas de transformacion y de fabricacion y en los reactores, partiendo siempre del supuesto 
basico de Ia ausencia de instalaciones de enriquecimiento. En la presente memoria se exponen los objetivos 
tecnicos de las salvaguardias y los consiguientes requisitos de verificaciOn que debe reunir un sistema internacional 
para satisfacer las obligaciones dimanantes del Tratado sobre Ia no proliferacion. Se examinan los procedimientos 
de verificacion que pueden aplicarse en este sistema a! movimiento y existencias de materiales en los tres tipos 
de instalaciones, sirviendose de mediciones independientes complementadas por medidas de contencion y 
vigilancia para lograr resultados cuantitativos. Se consideran asimismo las consecuencias tecnicas que sobre 
el volumen que deben alcanzar las actividades deinspeccion imponenel grado de contabilizacion deseado, 
la magnitud del movimiento y de las existencias de materiales, el punto en que se efectue el muestreo 
estadistico, y el uso que se haga del mismo, Finalmente, se sei!alan las tecnicas de salvaguardia que han de 
desarrollarse. en especial en relaciOn con las mediciones independientes, con la aplicaciOn de la contabilizaciOn 
por partidas basada en los conjuntos de combustible de los reactores, y con el empleo de los datos de 
correlaci6n isot6pica. 

1 . INTRODUCTION 

The objective of IAEA safeguards has been defined [1] as "the timely 
detection of diversion of significant quantities of nuclear material from 
peaceful nuclear activities ....... ". It has been agreed that this objective 
be attained by " ..... the use of material accountancy as a safeguards 
measure of fundamental importance with containment and surveillance as 
important complementary measures" and that " ... ,. the technical con
clusion of the Agency's verification activities shall be a statement, in 
respect of each material balance area (MBA) of the amount of material 
unaccounted for (MUF) over a specific period giving the limits of accuracy 
of the amounts stated". 

The terms of primary importance for the technical implementation of 
Agency safeguards are: 

(a) 'Timely'. This term leads to requirements concerning the timings 
of provision of reports, the closing of the material balances, and the 
allocation of inspections. 
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(b) 'Detection'. This term means the ability to distinguish between 
the normal causes of MUF and large losses of material which could be 
diversions. 

(c) 'Significant quantities 1 • This term requires, in conjunction with 
a definition of the quantified 'levels of accountability', an analysis to 
determine the 'limits of accuracy' actually achieved in various situations 
with a given level of verification effort. 

In this paper a complete light-water reactor cycle (except isotope 
separation) has been chosen as an example to demonstrate the application 
of Agency safeguards. This example involves those facilities which will 
constitute a major part of the safeguards work-load for the Agency in the 
Non-Proliferation Treaty (NPT) situation. While other facilities, e. g. 
research centres and enrichment plants, may present different problems, 
the safeguards procedures described here should be typical for these other 
facilities and the safeguards objectives and general requirements will 
remain the same. 

All Agency safeguards applications involve the following fundamental 
elements: provision and review of design information, maintenance of 
accounting and operating records, the provision of accounting reports 
and inspections. These elements, with detailed requirements and 
constraints, are defined in the NPT Agreement [ 2] and have been described 
and analysed in another paper presented at this Conference [ 3]. This 
paper will thus concentrate on the verification procedures needed to meet 
the stated safeguards objective. In general, only the normal inspection 
situation is described, in which there is no particular reason to believe 
that significant material quantities have been lost. 

2. REFERENCE FUEL CYCLES 

For the purpose of this paper, a fuel cycle has been analysed (see 
Fig. 1) consisting of light-water reactors (LWR) together with a uranium 
conversion/ fabrication plant, a reprocessing plant, a plutonium storage 
and a mixed plutonium -uranium oxide fabrication plant for the production 
of recycle fuel. It is assumed that isotope separation is carried out in 
another State. The data for these facilities are given in Table I and a flow 
diagram is given in Fig. 1. 

The assumed designation of material balance areas and key measure
ment points (KMP) are shown in simplified form in Table II and the follow
ing remarks can be made: 

(a) An LWR comprises one MBA only with three key measurement 
points identified therein. 

(b) The conversion and fabrication plant consists of two MBAs: a 
feed storage (shipper-receiver difference) MBA, where the input material 
(UF6 ) is kept on shipper's values, and a process (MUF) MBA, comprising 
the remaining part of the plant; five KMPs for flow verification are 
designated. It may be noted that the verification of the product accountability 
would be carried out at two points, C and D. At C the weights and concen
trations would be verified whereas at D the necessary supplementary 
containment measures would be carried out as indicated in Table IV. 
This is due to the momentary lack of sufficiently accurate and reliable non
destructive technique (NDT) instruments. Once these instruments are 
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available, these weights and concentrations would be verified at a point 
where the fuel rods or the assemblies are finished. 

493 

The KMPs for inventory taking (IKMP) can hardly be fixed in advance, 
since their location depends on the procedures of the operator's physical 
inventory taking. Based on the results of a recent integral test, the 
number of points can be estimated to be about five. 

(c) The reprocessing plant comprises two MBAs: a feed storage 
(shipper-receiver difference) MBA and a process (MUF) MBA; seven 
KMPs are designated. The IKMPs are, in the case of a wash-out of the 
plant, the same as the FKMPs (Flow Key Measurement Points). If, how
ever, the inventory taking is done without complete clean-out of the plant, 
the appropriate accountability tanks would be designated as IKMPs for this 
inventory taking. 

(d) The storage comprises one MBA where item accountability and 
other containment measures may be applied and the whole area of this 
storage may be regarded as one KMP. 

(e) The mixed-oxide fabrication plant comprises two MBAs: a feed 
storage (shipper-receiver difference) MBA and a process (MUF) MBA; 
five KMPs are designated. If, however, instruments are available which 
enable the measuring of fuel rods or fuel assemblies, the verification of 
the plutonium concentrations and the weight of the pellets would not be 
needed. The KMPs for inventory taking are, in the case of a clean-out of 
the process, the same as the FKMPs. If, however, the inventory taking 
is carried out by partial clean-out of the process, the appropriate inventory 
locations where material remains would be designated as the IKMPs for 
the time of this inventory taking only. 

The batches identified for safeguards purposes are shown in Table II. 
These batches are the units for the inventory change reports to be pro
vided to the Agency. The size of the inventory batches normally cannot 
be determined in advance but depends on the actual situation. 

3. DESCRIPTION OF VERIFICATION PROCEDURES 

The purpose, scope and types of inspections are defined in the Agree
ment and possibilities for the technical implementation thereof are dis
cussed in the following paragraphs. 

Following Articles 76 to 82 of the Agreement, the inspections at 
facilities are to be carried out under two types of limitation: access 
limitations and limitations in the inspection effort. In respect of the 
access limitations to the strategic points and to the records, procedures 
for effective verification during inspections have been developed and de
scribed in several papers [ 4]. The Maximum Routine Inspection Effort 
(MRIE) can be calculated for facilities according to Article 80 of the 
Agreement and is shown in Table II. With this upper limit, an actual 
inspection effort may be determined taking into account the four criteria 
stated in Article 81. For t!1e purpose of the technical implementation of 
Agency safeguards it is necessary to define and specify the lower limit 
of routine inspection effort which may be called the 'Lowest Routine 
Inspection Effort' (LRIE) required for effective Agency safeguards. The 
LRIE can be generally defined to be that lower limit of inspection effort 
which enables the Agency to make a statement (see Fig. 2) in respect 
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of each MBA, of MCF and its related limits of error over a specific period 
of time under the ideal conditions that: 

(a) the Agency is able to make maximum possible use of the State's 
system of safeguards according to the criteria laid down in Article 81 of 
the Agreement, i.e. the form of nuclear material, the effectiveness of the 
State's accounting and control system, characteristics of the State's fuel 
cycle, international independence and other technical developments; 

(b) the State fulfils all Agency information requirements by provision 
of design information, maintenance of records and timely provision of 
reports. 

According to this definition of the LRIE the following observations can 
be made: 

(a) The actual routine inspection effort will be higher than the LRIE 
whenever the conditions mentioned above are not fulfilled. 

(b) If the actual routine inspection effort is below the LRIE the Agency 
will not be able to make a statement that effective safeguards have been 
applied. 

(c) The specification of the LRIE is to be made separately for each 
particular facility taking into account the actual situation. 

In the following paragraphs verification procedures to be applied during 
inspections are described and figures for the LRIE are evaluated for each 
of the facilities considered. The figures given are preliminary estimates 
based on the Agency's experience and publications and must be improved 
in the course of the future application of Agency safeguards. This pro
vides one of the reasons for the need to carry out integral tests. During 
such integral tests, an investigation has to be made, for instance, of 
whether the LRIE required for the verification of the input in a LWR can 
be assumed to be four man-days per year only, as shown in Table III. 

3. 1. Light-water reactors 

The safeguards procedures to be carried out at LWRs are summarized 
in Table III and are designed to enable the Agency to meet two objectives: 

(a) detection of unauthorized removal of single fuel sub-assemblies 
within the limit of the level of accountability of the nuclear material by 
application of item accountability; 

(b) acquisition of calculated burn-up, nuclear loss and production, and 
isotopic data for the purpose of application of isotopic correlations which 
are particularly useful for the safeguards of the reprocessing plant. It 
may be noted, however, that these data are not verified at the reactor by 
reviewing the burn-up calculations, etc., but the data are simply taken 
from the records or reports. 

In Table III an estimate has been made for the LRIE, as mentioned 
above in Sections 3 and 3. 1, which turned out to be 23 man-days per year. 
This figure has been estimated under the following assumptions: 

(a) Only one shutdown with subsequent opening of the vessel takes 
place during a year. For each additional shutdown an additional 1 2 days 
are required. 

(b) No seal is damaged in the intervals between inspections. 
(c) The records and reports are kept and provided according to the 

agreed requirements. 
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TABLE III. SUMMARY OF VERIFICATION PROCEDURES FOR 
LW REACTORS 

Principle of verification: 
Time between re-fuelling: 
Time for re-fuelling: 
MRIE: 

Event 

After receipt of fresh fuel 
(one visit) 

After shut-down but before 

re-fuelling 

After re-fuelling but before 
start -up 

Intermediate inspections 
(three visits) 

After completion of shipment 
of irradiated fuel 

TOTAL 

"/o of MR!E 

item accountability 
12 months 
21 days 
50 man-days/year 

Task 

Removal of seals at assemblies 
and identification, records 
audit, check of seal at vessel, 
routine identification of 
irradiated assemblies, 
maintenance of camera 

Removal of seal at vessel; 

identification and counting 
of fuel at reactor vessel, 
fresh fuel storage and spent 
fuel storage; records audit; 
maintenance of camera 

Identification and counting 
of fuel at vessel and 
storages, fixing of seal to 
vessel, maintenance of camera, 
records audit 

Identification and counting 
of fuel at storages, check 
of seal at vessel, records audit, 
maintenance of camera 

Identification and counting 
of fuel at storages, check 
of seal at vessel, records 
audit, isotopic data 
acquisition: maintenance of 
camera 

7 inspections/year 

LRIE 

4 

3 

4 

23 man-days/year 

46 

495 

(d) The fuel assemblies can be uniquely identified either directly by 
appropriate seals or instruments or indirectly by surveillance cameras. 

It may be noted that the stated inspection effort is independent of the 
reactor power, i.e. the same effort is required for 600-MW(e) and 
1000-MW(e) reactors. 

3. 2. Conversion and fabrication plant 

Two types of verification procedure would be applied at the uranium 
conversion and fabrication plant, those for flow verification and those for 
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inventory verification. The flow verification procedures are described 
in Table IV and the following remarks can be made: 

497 

(a) For the verification of the input stream, no sampling, weighing 
and chemical analysis would be carried out in the presence of inspectors 
but only the identification of the UF6 cylinders, the removal of seals and 
the necessary records audit. This procedure is based on the assumption 
that the measurement data of both shipper and receiver can be considered 
as mutually independent. Bias or diversions can be detected by the evalua
tion of the shipper-receiver difference using standard statistical techniques. 

(b) The verification of the product would be carried out at KMPs C and 
D. At C the pellets are loaded into the rods and D is the exit point of the 
plant. The verification at C would require the major fraction of the verifi
cation activity according to the following: 

{i) The overall objective is to enable the inspector to verify the 
UOz product: the weights, the concentration of uranium in the U02 , 

and the isotopic composition. 
(ii) The weight can be verified by using the print-outs of auto

matic scales, and the design of these scales is assumed to be such that 
a tamper-resistant print-out would be made for the inspector record
ing each transfer. 

(iii) For verification of the uranium concentration, use can be 
made of the fact that this concentration normally varies within narrow 
limits of tolerance for each re-load of a reactor. According to data 
available to the Agency, it is assumed that the concentration of uranium 
in the U02 may vary between 88.06 and 88.14%. The aim of the 
verification of that concentration is thus to verify that within a re-load 
of a reactor the average concentration lies de facto between these 
assumed limits. The number of pellets to be sampled can be deter
mined using standard statistical techniques. 
For the plant considered in this paper the number of pellets to be sampled 

from each re-load would be eight. The man-days required to observe this 
sampling and weighing for the assumed throughput of ten re-loads have been 
estimated to be 50 man-days per year. This takes into account, firstly, 
that, even if only 1 man-hour will be spent at the facility, a full man-day 
will be accounted for, and, secondly, that this sampling can take place 
parallel with the records audit and calibrations carried out at the other 
key measurement points. 

(c) The verification of the discards assumed to be assembled in 
330 drums per year would consist of records audit, selection of a random 
sample for gamma measurements of the selected drums, and sealing of 
all drums. According to the Agency's experience, no additional inspection 
man-days are required for this activity. 

The verification of the physical inventory taking would consist of 
observing the physical inventory taking as carried out by the operator and 
the taking of samples on a random basis. Based on recent integral tests, 
the manpower needed is estimated to be at least 30 man-days. 

It may be noted that a reduction of the above-mentioned inspection 
effort required for effective safeguards may be achieved in this type of plant 
once advanced and automated NDT instruments are available for the 
determination of the product stream. In the absence of such instruments, 
the LRIE required for verification of the nuclear material in this type of 
facility will thus be at least 124 man- days per year. 
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3. 3. Reprocessing plant 

The verification procedures of the nuclear material in the reprocessing 
plant can be sub-divided again into those for flow verification and inventory 
verification. The verification procedures are given in Table V and the 
following remarks can be made: 

(a) For the verification of the input, use is made of isotopic correla
tions in conjunction with observation of the volume measurements and 
sampling (to ensure representative sampling) as carried out by the operator. 
From each dissolver batch, one duplicate of the operator's sample is taken 
for the inspector. The inspector would keep these samples and would select 
those to be independently analysed, during random tables. 

(b) For plutonium product, a fraction or duplicate of the operator's 
sample of each batch would be taken for the inspector. From these samples, 
a random selection would be made for independent analysis. 

(c) For the determination of the LRIE, it should be noted that at least 
one inspection activity is needed for the dissolver, product, and waste 
batches. Assuming at least one input, product or waste verification 
activity per shift, 3 man-days per day would be required for the flow 
verification. During that time the verification of the wastes can also be 
carried out. The LRIE is estimated to be 759 man-days per year for flow 
verification. 

Two types of inventory taking are considered: firstly, clean-out of the 
plant at intervals of about half a year, and, secondly, inventory taking by 
the 'isotope step function technique 1 • The procedures for verifying the 
clean-out of the plant would be: 

(a) Review of the clean-out procedures to be used. 
(b) Verification of the resulting effluents washed out from the process. 
During the time interval between clean-outs, additional inventory 

takings would be arranged using the isotopic step function technique if the 
differences in the isotopic compositions between the different reactor 
campaigns are significant. For this paper, it has been assumed that about 
six inventory takings per year of this kind could be arranged. In addition 
to the randomly selected samples to be analysed for the normal flow 
verification, a sample from the batches immediately preceding and follow
ing the isotopic step change would have to be analysed. Further, a certain 
operating mode during the passage of the isotopic step would be arranged 
with the operator in order to keep the mixing of the material of the different 
campaigns at a minimum level. 

The inspection effort for inventory verification can be estimated to be 
7 man-days in the case of wash-out and 0 man-days in the case of inventory 
taking by means of the isotopic step function technique. The LRIE there
fore adds up to 764 man-days per year for this reprocessing plant. 

3. 4. Plutonium storage 

The procedures applied for the verification of the nuclear material in 
plutonium storage are based on item accountability. These procedures 
would consist of records audit and identifying and counting sealed bird 
cages containing plutonium. Assuming that not more than 2 man-days are 
required for item accountability for all items in the storagerlthe estimate 
of the total number of man-days required for the verificatioh"of the storage 
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is about 16 to 20 man-days per year. The same time intervals apply as 
for the reprocessing plant. 

3. 5. Mixed oxide fabrication plant 

The verification procedures for the plutonium fabrication plant again 
consist of those for flow verification and those for inventory verification. 
The flow verification procedures are summarized in Table VI. It is shown 
there that one of two different types of procedure may be applied, depend
ing on the operator's measurement system and the safeguarding technology, 
i.e. either procedures following the operator's weighing, sampling and 
chemical analysis or procedures to verify NDT measurements. The former 
procedures are based on the following objectives: 

(a) Verification of the operator's measurement uncertainty which can 
be done by random sampling and analysis and review of the quality control 
program. This random sampling would be carried out by taking a fraction 
or duplicate of the operator's sample for each input batch for the inspector. 
The inspector would randomly select from these samples for analysis. 

(b) Verification of the product output as mentioned for the product of 
the uranium fabrication plant in Section 3. 2. (b). Assuming that an auto
matic scale is used at the point where the pellets are loaded into the fuel 
rods, the inspector would require the print-outs of the weights and arrange 
for sampling of three pellets from each batch (8 or 30 kg plutonium per 
batch) to verify the concentration of plutonium in the mixed oxide. 

The safeguards procedures used when the operator's accountancy 
system is based on NDT techniques is also given in Table VI. The 
following remarks can be ma"de: 

(a) In using NDT techniques, stress is mainly placed on verification 
of the calibration runs (to avoid biases) and on obtaining accurate isotopic 
data. The actual measurements can be assumed to be automatically 
recorded. 

(b) The actual verification procedure as applied by the inspector varies 
with the NDT instruments available. The procedures given in Table VI 
may be regarded as an example only. 

When comparing the different procedures for verification of the 
plutonium fabrication plant, the main advantage of the accountancy system 
with NDT techniques is that, except for the preparation of standards, no 
independent sampling and expensive analyses are required. The accuracy 
of MUF is not expected to be different between the different procedures and 
it may be noted that, when the operator's accountancy system is based on 
NDT techniques, better cost/ effectiveness of Agency safeguards can be 
obtained. As far as the inspection effort is concerned, no difference be
tween the procedures is expected, since the number of inspector's activi
ties per day needed for sampling in the first case mentioned will approxi
mately match those needed for the calibrations of the instruments in the 
second case. The inspection effort required for effective safeguards of 
the material flow has been estimated on the basis that, for measurements 
of the input and the product, at least 2 man-days per day are required, 
assuming two shift operations. Two input batches and one output batch 
would be processed per day and at least one inspector's activity is required 
per batch. 

The physical inventory taking is assumed to consist of clean-outs of 
the lines where plutonium is processed, identification of the bird cages 



A/CONF. 49/P/773 503 

containing plutonium and audit of the depleted uranium kept in the feed 
storage MBA. Clean-outs are normally performed after the end of a par
ticular campaign, and thus the verification activities consist of weighing, 
sampling and analysing the scraps and clean-outs and identifying the items 
kept in storage as applicable. According to experience, these activities 
would require at least 10 additional man-days. For this facility, the LRIE 
adds up to 510 man-days per year. 

4. LEVEL OF ACCOUNTABILITY 

Material accountancy, which leads to the closing of material balances 
in the majority of material balance areas by a complete physical inventory 
taking, is the measure of fundamental importance for Agency safeguards [5]. 
The result of a material balance over a given period of time and for a 
particular MBA can be expressed by MUF and its related limits of 
accuracy. Limits of accuracy of MUF could be defined in several ways. 
In this paper, the accuracy of MUF is defined as the (absolute) standard 
deviation (aMuF) comprising the random and systematic measurement 
error components propagated over the time interval between two physical 
inventory takings. The limits of accuracy are consequently defined as the 
confidence limits of MUF at a chosen confidence level. From the design 
information provided to the Agency, the expected standard deviations of 
the batches and of MUF are known. The actual standard deviation, SMuF, 
would be verified by the comparison with the expected standard deviations 
and by the inspection procedures as described in former paragraphs in 
conjunction with the verification of MUF itself. Thus MUF and SMuF 
denote verified numerical values. The evaluation and analysis of MUF 
can be carried out following the different branches of the structure presented 
in Fig. 2 with the aim of detecting unusual losses or diversions of 
significant quantities. 

As shown in Fig. 2, two kinds of input are required for the evaluation 
of MUF: firstly, the results of the material balance MUF and SMUF• and, 
secondly, the information block which has been designated 'level of 
accountability'. The level of accountability consists of four components, 
two probabilities, a threshold amount and a time interval. The following 
general rules can be given for the quantification of these components: 

(a) The two probabilities are the confidence level and the power or 
probability of detection associated with the errors of type I and II, res pee
tively, as used in standard statistical inference techniques. These define 
both the risk of a false statement in the case of no material loss and the 
probability of detection of a given amount lost. Efforts have been made 
to introduce game theory and other statistical techniques, but, as a result, 
the quantification of the essential probabilities seems obscured by the 
problem of assuming pay-off functions. The simple approach suggested 
here has proved so successful in several integral tests that it is proposed 
to use it in future with a 95% confidence level or 5% probability of the 
type I error and at least 95% detection probability (type II probability 5%) 
for a given threshold amount. 

(b) The quantification of this threshold amount will give different 
numerical values depending on whether item accountability can be used 
or not: 
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(i) If accountability of sealed or otherwise identifiable items with 
proven integrity can be carried out in an MBA, no measurement error 
should occur and consequently the threshold amount should be one 
item and the probability of detection will come out as 100% for that 
item. This applies, for instance, to LWR fuel assemblies, sealed 
items in storage and normally in MBAs where shipper-receiver 
differences occur. 

(ii) In a process MBA the threshold amount, together with the two 
probabilities, will define the uncertainty in the MUF which can be 
accepted as adequate for international safeguards. One approach 1 is 
that the threshold amount should be of the same order of magnitude 
as the fast critical masses for plutonium and uranium-235, i.e. 
8 kg and 25 kg [6], respectively. These values are used in this paper. 
Thus the expected standard deviation for MUF, obtainable from the 
operator's routine accountability measurements, must be checked for 
each particular case during the examination of the design information, 
and the actual MUF and SMUF obtained during operation must be 
verified by the inspection procedures. Besides the quality of the 
measurement system, the operator's proposed timing of physical 
inventory takings in order to close the material balance is of particular 
importance, since the uncertainty in MUF is influenced by the 
frequency of inventory taking. 
(c) As stated earlier, timely detection is one of the safeguards objec

tives and thus a maximum time interval must be part of the level of 
accountability. This requirement for a time interval determines the 
minimum frequency of physical inventory taking where the throughput or 
inventory is not small in comparison with the threshold amount. The 
need to define a time interval has led to the concept of critical time, which 
was defined as a function of the physical and chemical state of the nuclear 
material. Several problems have arisen from this concept. For plutonium 
or highly enriched uranium, a critical time of ten days has been proposed; 
this would then require a physical inventory taking every ten days for 
MBAs processing these materials and such a verification requirement 
clearly hampers the operation of a plant. For low enriched or highly 
irradiated material, a critical time of one month is proposed, requiring 
a frequency of physical inventory taking of one per month; this may also 
be too burdensome. 

The critical time concept is thus not directly useful for defining 
a maximum time interval for closing material balances for international 
safeguards. Two possibilities can be identified to define a maximum time 
interval: the approach of partial physical inventory taking and a pragmatic 
approach, both of which are described below. 

(i) A partial physical inventory of materials kept in intermediate 
storages in a process MBA can be carried out if the remaining frac
tion of the material in process is less than the measurement uncertainty 
(times a probability factor) of MUF, and if the amount of material in 
the intermediate storage can be measured so that an independent 

1 Other approaches could be used. This paper does not examine the factors, both political and 
technical, that could be taken into account. The point to be stressed here is the importance of the level 
of accountability in the application of accountancy and the strong effect it can have on the inspection effort 
and the effectiveness of safeguards. 
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estimate of that storage inventory can be achieved. Under these 
conditions the in-process inventory can be roughly estimated and the 
material balance can be closed with this approach more frequently 
than when based on a complete physical inventory. The practical 
cases, however, where these conditions are fulfilled seem to be 
rather limited. Partial inventories may still be useful as an aid to 
evaluation of the running book inventory. 

(ii) The pragmatic approach is to verify a physical inventory taking 
whenever the plant operator takes a physical inventory for his own 
purposes but with a minimum frequency of at least once or twice per 
year. In a reprocessing plant, additional use can be made of the 
isotopic step function technique, which allows determination of the 
physical inventory by formation of so-called 'super batches' which 
have significantly different (in a statistical sense) isotopic compo
sitions. This technique reduces the burden on the operator compared 
with normal physical inventory taking but requires a slightly greater 
number of samples to be analysed by the Agency. The practical 
frequency for this method of inventory taking is estimated to be about 
six times per year. 
The level of accountability thus describes a defined amount of special 

fissile material, the loss or diversion of which is to be detected at a given 
level of confidence with a given probability of detection and within a given 
period of time. Following this definition of the level of accountability it 
is not possible to combir.e several MBAs and determine the level of 
accountability for that combination. Thus the level of accountability 
applies to single MBAs only. Proposals have been made to combine a 
number of facilities to a super MBA, e. g. a whole fuel cycle or all facili
ties in a State, and to detect diversion on the basis of a 'global' MUF or 
'country' MUF. This is not practical, since the physical inventory of that 
super MBA cannot normally be obtained at the same point of time and 
hence MUF and SMuF cannot be determined. 

Table VII shows the assumed limits of accuracy for each KMP and for 
MUF, the assumed time interval, the assumed probability of detection and 
the resulting amount of loss that would be detected under these assump
tions. The measurement uncertainties stated are based on the literature 
and the Agency's experience and are representative of performance ex
pected in industry today. The magnitude of the systematic errors is very 
critical with respect to the amount of loss that can be detected and these 
errors will have to be investigated further in the course of integral 
tests and inter-laboratory comparison tests to determine whether they 
can be made in practice. There are indications that many of the accura
cies stated in the literature tend to understate the accuracies that are 
actually achieved by industry. This appears to be largely due to a lack of 
data on and understanding of the systematic errors associated with sampling, 
calibration of methods and instruments and reference standards and 
whether reference standards are representative of process materials 
measured at KMPs. 

For reactors and sealed storages the loss of one item should, of 
course, be detectable with a probability of 100%. For uranium conversion 
and fabrication, a loss of 28.4 kg 235U could be detected with a probability 
of 95%. For reprocessing, the corresponding amount of plutonium detect
able with 95% probability is 8. 3 kg or 9.1 kg, depending on the inventory 
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taking technique and the assumed time intervals of six and two months, 
respectively. For the mixed oxide fabrication plant, a loss of 5. 7 kg 
plutonium would be detected with a probability of 95%. These results, 
which would seem to be of the right order of magnitude, are extremely 
sensitive to the magnitude of the systematic errors and it is clear that, 
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if the stated errors are not made in practice, the level of accountability 
will increase significantly. In such cases the Agency would have to in
crease the inspection effort to be able to explain the causes of the syste
matic errors and to make the relevant statements concerning the adequacy 
of the measurement system. 

5. DEVELOPMENT OF SAFEGUARDS TECHNIQUES 

The major development problems yet to be solved are associated with 
the verification of accounting data which have been reported. Inspections 
should be as unintrusive as possible. It would thus be of general interest 
to reduce the inspection effort needed to verify the limits of accuracy 
achieved by the operator and to ensure that the limits of accuracy are 
consistent with the level of accountability accepted as adequate for inter
national safeguards. This may be obtainable by developing measurement 
methods of higher accuracy or which require less effort for the same 
accuracy and by developing other advanced techniques that reduce the 
uncertainty in evaluations of MUF. 

The following areas should merit special attention at the present time: 
(a) The development of sealing and identification methods in order to 

establish item accountability in transit, storage areas and reactors. The 
requirements are for simple verification of item integrity and unique identi
fication, which are in principle- though not always in practice - easy to 
achieve. There is still no easy way to meet these requirements for reactor 
fuel assemblies, although several promising lines of development work are 
being pursued. 

(b) The development of automatic and tamper-resistant, non-destructive 
measurement techniques. In many cases, non-destructive techniques are 
the only ones available, and, in other cases, they have obvious advantages; 

for instance, in permitting concentration of flow measurements to a single 
process stage. Such techniques may reduce intrusiveness but may not 
reduce the inspection effort, and this is pointed out in the preceding text. 
In some cases, automated measurements may achieve some reduction in 
inspection effort, e. g. automatic scales with sealed print-outs. Some 
instruments may actually increase costs for the same accuracy and this 
will have to be balanced with the reduction of intrusiveness. 

(c) One important recent development has been the experimental 
proofs of the value of isotopic correlation techniques. At present there 
are still too few data available, but the technique gives hope that it will 
be possible to simplify the verification task, particularly at the head-end 
of reprocessing plants. 

The basic safeguards objective, that of achieving a quantitative state
ment of the results of the verification work, requires that both the safe
guards procedures and any new techniques be proven in an initial applica
tion under completely realistic conditions. This would mean that, for each 
new type of facility or each new facility which has significant differences 



510 GMELIN et al. 

from others of the same type, a greater verification effort would have to 
be spent in the initial safeguards stage in order to obtain the required 
assurances. Only after that will it be possible to define the LRIE for that 
plant. Part of this work can be performed in integral tests in which all 
elements of a safeguards system are applied. The experience gained from 
integral tests has been very important, not only in proving specific tech
niques in a practical case and providing clear statements of the performance 
of the verification procedures, but also by providing important information 
on the feasibility of inter-laboratory tests designed to determine the 
comparability of analytical results obtained at different laboratories. 
These tests indicate that great problems exist in achieving comparability 
between laboratories and in obtaining rapid transport and analysis of 
samples. 
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Abstract-Resume-AHHOTai\Hli-Resumen 

EXPERIENCE WITH A NUCLEAR MATERIALS INFORMATION SYSTEM. 
This paper describes the data -gathering functions and applications of the USAEC Nuclear Materials 

Information System (NMIS). The system encompasses the activities of approximately 1200 entities. The 
central system is highly automated but is sufficiently flexible in its accumulation of information and production 
of usable reports to accommodate and interface with USAEC contractor data, commerciallincensee data, 
and international data. The sources and types of information input into the system and the data elements 
concerning them are discussed. Distinction is made between elements essential for safeguards alone, those 
for nuclear-materials management alone, and those common to both functions. Areas where the system is 
designed to provide safeguards control include the timely recognition and analysis of shipper-receiver 
differences, loss data, and inventory variations. Safeguarding materials being transported relies completely 
on physical protection techniques; however, responding to incidents requires rapid communication about the 
shipment. This requirement will be dependent upon capabilities built into the NMIS system. Identifying the 
amount of nuclear materials in a transaction may be one of the strongest tools of an information system. The 
paper discusses the methods used by the USA and describes some evaluations being programmed into the 
NMIS. In the same vein, the identification of material unaccounted for (MUF) and normal operating loss 
(NOL) is essential. These will be reviewed, and some statistical evaluations will be presented. The paper 
discusses the evolutionary process that is envisioned and planned to bring reporting and subsequent analysis 
of safeguards data into the system on a more timely basis, together with related attention indicators and 
action limits. It concludes with a summary description of the many different types of reports presently 
generated by the NMIS and of how they serve many different aspects of materials management and safeguards. 
And, with a look to the future, the paper touches on the many new programs scheduled for NMIS. 

EXPERIENCE ACQUISE AVEC UN SYSTEME DE TRAITEMENT DEL' INFORMATION CONCERNANT LES 

MA TIERES NUCLEAIRES. 
Les auteurs decrivent les fonctionset les applications du NMIS (systeme de traitementdes informations sur les 

matieres nucleaires) de 1' USAEC, qui porte sur les activites d' environ 1200 etablissements. Le systeme central 
est extremement automatis€: tout en restant suffisamment souple quanta la manit~re dont il stocke les 
informations et produit des rapports pour recevoir les donnees des adjudications de 1' USAEC, les donnees des 
etablissements prives et les donnees internationales. Us enumerent les sources et les types de donnees d'entree 
et decrivent les elements qu' elles com portent. Parmi les el<Sments, on distingue ceux qui sent indispensables 
pour les garanties seulement, ceux qui son! destines uniquement a la gestion des matieres nucleaires et ceux 
qui son! communs a ces deux categories. Les operations de ce systeme qui interessent le controle aux fins des 
gar an ties consistent notamment a connaitre suffisamment a temps et a analyser les differences entre les chiffres 
de 1' expediteur et ceux du destinataire, les pertes et les variations du stock. L' application de garanties aux 
mati<lres transportees est entierement tributaire des methodes de protection physique; toutefois, en cas 
d' accident, une communication rapide est necessaire. Cette exigence dependra des possibilites incorporees 
dans le systeme NMIS. L' identification des quantites de matieres nucleaires faisant 1' objet d' une transaction 
peut ~tre un instrument puissant d' un systeme d' information. Lesauteursetudientlesmethodesutiliseesaux 
Etats-Unis et decrivent certains calculs programmes pour NMIS. De m~me, il imported' identifier les 
different cas d' inventaire et les pertes en cours d' exploitation normale. Les auteurs passentces methodes en 
revue et presentent certaines evaluations statistiques. Ils decrivent ensuite le processus d' evolution qui est envisage 
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pour faire entrer plus rapidement dans le systeme les rapports concernant les garanties et leur analyse, ainsi 
que les signaleurscorrespondants et les limites d' action. lis donnent enfin une description succincte de 
differents types de rapports actuellement produits par NMIS et montrent comment ils servent a differentes fins 
de gestion et de gar an tie des matieres. En ce qui concerne I' avenir, les auteurs disent quelques mots des nombreux 
nouveaux programmes prepares pour NMIS. 

OITb!T PAEOTbl C MH.POPMAUMOHHOH CMCTEMOH ITO 5l.D:EPHbiM MATEPMAJIAM. 
B ,.noKJia.z:te JJ;aeTcH onHcaHHe Ha3Ha'ieHHH H npHMeHeHHii: I1HtPopMaL(HOHHoi1 CHCTeMbi no H.nep

HbiM MaTepHaJiaM KOMHCCHH no aTOMHOi:J: 3HeprHH ClllA. 3Ta CHCTeMa OXB8TbiBaeT ,ll6HT€JibHOCTb 

npHMepHo 1200 o6'beKTOB. UeHTpanH30BaHHaH HCKJIJOliHTeJibHO aBTOM8TH3HposaHHaH cHcTeMa 

06JI8,li;86T .z:tOCT8TOllHOfr rH6KOCTbiO B H8KOOJ16HHH HH(pOpMaQHH H OOJiyt.teHHH OTY€TOB, npHrO.z:tHhiX 

,l(JIH cornacosaHJ.HI H pa3rpaHH4eHHH c .naHHhiMH nocTaBIQHKOB KoMHCCHH no aToMHoi1 sHeprHH 

Cl!IA, .naHHbiMH npoMhllllJieHHbiX opraHH38UHi1, KOTOpbiM 6biJIH Bhi.D;aHbi JIHQ6H3HH, H Me*.z:tyHapo.n;

HbiMH )J;8HHbiMH, PaCCM8TpHB81QTCH HCTO\.IHHKH H BH.llbl HH<PopMaltHH, BBO)lHMbie B CHCTeMy, H 

CBH38HHbie C HHMH 3JI€M€HTbl )l8HHbiX. flpOBO)lHTCH pa3rpaHH\.feHH€ Me}K)ly 31I€M€HT8MH 1 KOTO

pbl€ HM€10T Ba}KHOe 3H8\.f€HHe TOJibKO ,ZJ;JIH CHCTeMbl rapaHTHii, H 3JI€M€l-iT8MH 1 OTHOCHJU.HMHCJI 

liHIIIb K yqery H CH86X€HHIO H)lepHbiMH M8T€pHaJiaMH, a T8KJKe 3JieMeHT8MH, HeCyiU.HMH H8 ce6e 

q>yHKQHH K8K nepBbiX, T8K H BTOpbiX, 06JI8CTH, ,ll;JI~ KOTOpbiX CHCT€M8 ,ll;OliJKHa o6ecne\.IHB8Tb 

KOHTpOllb no rapaHTHHM, BK1IIO\.f810T B ce6~ CBOeBpeMeHHO€ YCT8HOBll€HHe H 8H81IH3 paCXOX,ll;eHHi:::J: 

MeJK,n;y .n;aHHhiMH rpy3oornpaaHren~ H rpy3ononyqaren.s, .naHHhie o norep~x H H3MeHeHHHX Mare

pHaJibHo-npoH3BO.ltCTBeHHhiX 3anacoa. OxpaHa nepeso3HMhiX MaTepHanoa noJIHOCTbiO ocHoBaHa 

H8 ljlH3H\.f€CKHX M€TO)l8X 381U.HTbi; O,li;H8KO B CJiyqae HHQH,ll;eHTOB Tpe6yeTCH 6biCTpO C0061.1..(HTb 

,llaHHbie o rpy3e. 3ro Tpe6oaaHHe 6y.rleT 3aBHCeTb OT B03MOJKHOCTei1, 3anoxeHHhiX a MHq,opMa-

1..\HOHHYIO CHCTeMy no SI,llepHbiM MaTepH8118M, YcTaHOBll€HHe KOJIH\.f€CTB8 H,llepHbiX M8T€pHaJIOB, 

CBH38HHbiX CO C)l€1IKO:i:::J: 1 MO}KeT 6b1Tb O)lHO:i:::J: H3 C8MblX CHJlbHbiX CTOpOH HH<POpM8L\HOHHO:i:::J: CHCTeMbl. 

B .noKJia)le paccMaTpHB810TC51 HcnOJib3yeMbie a CiliA MeTO.rlhi H onHCbiBaiOTCH HeKOTOpbie oueHKH, 

3811pOrpaMMHpoB8HHbl€ B 3Ty CHCTeMy. TaKHM )1(€ 06p830M B8JKHO€ 3H8\.f€HH€ HMeeT YCT8HOB

JI€HH€ H€Y1..JT€HHOrO MaTepHaJia H HOpMallbHbiX 110Tepb B npouecce npOH3BO,[lCTBa. )lJIH 110CJie,.Q

HHX ,.Q8€TCH 0630p H npe,l(CT8BJI€Hbl HeKOTOpbie CT8THCTH1..J€CKH€ Ol.l€HKH, B ,ll;OKJia,.Qe paCCM8TpH

B8eTCH 3B01110L\HOHHbi:i:::J: npouecc, npe.LtycMaTpHB8€MbiH H 3811Jl8HHpOBaHHbi:i:::J: ,llJUI TOro, \.fT06bi BBO

.ZU1Tb B CHCTeMy OT"'€THbi€ ,.QaHHbi€ H ,lt8HHbl€ 110CJI€,IJ;YIOI.I..(€rO 8H81IH38 110 rapaHTH51M H8 6onee 
CBO€Bp€M€HHOH OCHOB€ 1 BM€CTe C COOTB€TCTBYIDIUHMH CHrH8llbHbiMH HH,Il;HK8TOp8MH H npe,D;eJiaMH 

,n:eH:CTBHH. B 38KliiQ\j€HHe ,li;8€TCH KpaTKOe 011HC8HH€ MHOrHX pa3JIH\.fHbiX BH,llOB OT\.f€TOB 7 KOTOpbl€ 

B H8CT051ntee apeMH Bhl.ll8IOTCH I1HcilOpM8L\HOHHO:fi CHCT€MO:fl no 51.ztepHblM M8T€pHaJiaM, H K8KHM 

o6p830M OHH OTBe\.faiOT MHOrHM p83JlH\.fHbiM 8Cll€KT8M rapaHTHfl:, yt.JeTa H CHa6>KeHHH M8T€pH8118-

MH. l.ITO KacaeTCH nepcneKTHB H8 6y.z:tyruee, TO .z:tOKfla,ll 38TparHB8eT T8K)Ke MHOrO HOBbiX npor

paMM1 3811Jl8HHpOB8HHbiX .llll51 I1HIPOpM8l.lHOHHO:i:::J: CHCT€Mbl 110 H,ll;epHbiM MaTepHaJiaM, 

EXPERJENCJA ADQUIRJDA CON UN SISTEMA DE INFORMACION SOBRE MATERIALES NUCLEARES. 

En esta memoria se describen las funciones y aplicaciones del sistema de acopio de informaciOn sobre 
materiales nucleares (Nuclear Materials Information System, NMJS) de Ia Comision de Energia Atomica de los 
Estados Unidos (U SAEC). EI sistema abarca las actividades de aproximadamente 1200 entidades. El sistema 
central esta alta mente automatizado, pero es suficientemente flexible en su acumulacion de informacion y 
produccion de informes para adaptarse e integrar en si datos procedentes de los contratistas de Ia USAEC, de 
los usufructuarios de licencias comerciales, asi como datos internacionales. Se estudian las fuentes y tipos de 
informacf'on recogida en el sistema y los elementos de los datos a ellos concernientes. Se distinguen los 
elementos esenciales exclusivamente para las salvaguardias, solo para Ia gestion de materiales nucleares y los 
que son comunes a ambas funciones. Entre los sectores en los que el sistema sirve para el control de salvaguar
dias, se incluyen el reconocimiento oportuno y el analisis de las diferencias remitente-destinatario, los datos 
de perdidas y los cambios en el inventario. La salvaguardia de los materiales en transite se basan enteramente 
en tecnicas de protecciOn fisica; sin embargo, para hacer frente a los incidentes se requiere una comunicaciOn 
rapida acerca del envio. La satisfaccion de esta necesidad dependera de Ia capacidad que posea el sistema NMIS. 
La identificacion de Ia cantidad de materiales nucleares que intervienen en una transaccion puede ser uno de los 
elementos mas importantes de un sistema de informacion. El trabajo describe los metodos empleados en los 
Estados Unidos y presenta algunas valoraciones que se han introducido en el programa NMIS, En el mismo 
sentido, es esencial Ia identificacion de las diferencias inexplicadas y de las perdidas normales de explotacion. 
Estos elementos son objeto de un estudio general, presentandose ademas algunas evaluacionnes estadisticas. 
La memoria estudia el proceso evolutivo tal como se concibe y proyecta para conseguir que Ia recopilacion y 
ulterior analisis de los datos sobre salvaguardias se ajusten a limites temporales mas adecuados, inc!uyendo los 
apropiados indicadores y sus correspondientes limites de accion, Se concluye con un resumen descriptive de 
los numerosos y diferentes tipos de informes suministrados actualmente por el NMIS, y de Ia manera en que 
son utiles para muy diferentes aspectos de Ia gestion de materiales y de las salvaguardias, Por Jo que se refiere 
a! futuro, el trabajo menciona tambien numerosos programas previstos para el NMIS. 
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GENERAL 

The United States Atomic Energy Commission's development of its 
Nuclear Materials Information System (NMIS) is now well into its third 
decade. And while this paper will describe the system as it has evolved 
to date, it can readily be seen that the future will introduce many changes. 

As a point of reference, it is the NMIS, as utilized by the United States 
of America, or any similar system used by another responsible state, that 
gives substance, interpretation, and evaluation to a large part of their 
safeguards and materials management efforts. The better inventory 
techniques, the more accurate measurement methods, the more valid 
statistical sampling plans - all these serve to give more credibility to the 
quantitative values that flow into and through the NMIS. But first, there 
must be an information system that is receptive to the data and capable of 
presenting the appropriate safeguards and materials management reports 
to those whose function it is to control these activities. 

One of the principal guidelines that our experience has given us is the 
importance of recognizing and utilizing the dual capabilities of the NMIS. 
The system is designed to serve the needs of both safeguards and materials 
management efforts. The huge masses of data fed into the system and the 
use of computers to absorb the data and produce the reports dictate that full 
use be made of each piece of data; based on capturing it once and only once. 

To establish a reporting unit in the NMIS we have assigned an alphabetic 
Reporting Identification Symbol (RIS) to each entity within the AEC 's sphere 
of concern. At present there are approximately 1200 such facilities. These 
RIS's are an important control feature and are reflected in some manner 
in all NMIS programs. The symbols are organized so that those facilities 
subject to both materials·management and safeguards concern can be 
readily distinguished from those which are only of safeguards concern. 

The distinction made for RIS's begins to gain importance in con
sidering the materials covered by the NMIS. For, in addition to special 
nuclear materials and source materials (which are of dual concern to the 
AEC) we control several other materials, such as neptunium, deuterium, 
and tritium for management purposes only. 

The degree of concern which the NMIS brings to bear is based on 
several things. Although the United States in general deals in pounds and 
ounces, the NMIS is based on material quantities expressed in kilograms or 
grams. We believe that we are most fortunate in this regard. Having 
related the reporting unit to the materials being reported, the frequency 
and extent of reporting, inspecting, and monitoring information for each 
facility can generally be said to be governed by the functions of the facility 
in question and whichever of the dual concerns of the AEC it is subject to. 

One of the major evolutionary processes in the development of the 
Commission's Nuclear Materials Information System has been the tran
sition from a manual information system to a computer-based system. 
The source data originating in the individual facilities flows to the AEC 
Field Offices where the data is input to a central processing system. The 
central system performs the data input processing operations, maintains 
the NMIS data base, and produces the safeguards and materials manage
ment reports. These operations are accomplished on the modern, high
capacity computer facilities of the Computing Technology Center (CTC), 
operated by Union Carbide Corporation and located at Oak Ridge, Tennessee. 
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SEVEN MAGNETIC TAPE DRIVES 

FIG. 1, Primary CTC computer system. 

A graphic representation of the primary computer system serving the 
NMIS is shown in Fig. 1. The system consists of two computers inter
coupled in such manner that one processor is the scheduling processor for 
the total configuration. The system is equipped with a variety of mass data 
storage devices that provide the capacity for maintenance and active use of 
the high-volume data base. 

One of the characteristics of a centralized data base is the physical 
displacement from users that are geographically dispersed. The use of 
telecommunications technology is progressively improving the timeliness 
of information flows to and from the NMIS data base. A high-speed, 
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secure data transmission link provides computer-to-computer communications 
between the Computing Technology Center (CTC) and AEC Headquarters, 
which are separated by some 800 kilometers. Reports serving the Head
quarters organizations are transmitted via the link, and the link is used by 
Headquarters to input data to the system. 

A computer-based data transmission and message switching system 
is being utilized to transmit source data from some of the AEC Field 
Offices to the Computing Technology Center. This system utilizes a net
work of data terminals connected to a message switching center. The 
terminals are just now becoming operational in the other offices, thus 
the contribution this system will make to the input operations has not 
been fully realized. The existence of both the computer link and the data 
transmission network provides a significant back-up capability to some of 
the most important lines of information flow. 

Many contractors and licensees have in-house information processing 
systems that are utilized for their facility materials management and 
control operations. Much of the information required as the facility input 
to the AEC 's safeguards and materials management system is introduced 
into these local automated systems and we are continuously exploring the 
potential for improving the data cycles through more direct methods of 
input to the central system. 

INPUT TO THE NUCLEAR MATERIALS INFORMATION SYSTEM 

Those of us who work closely with the system are continuously amazed 
by the relatively few source documents used to provide input to the NMIS. 
But we are also continuously reminded of how dependent we are on getting 
good usable data as quickly as possible and the importance of carefully 
designed edit programs to screen the data when it enters the computer
ized portion of the system. To assure maximum credibility to the NMIS 
data the edit routines expose the prospective input to tens of compati-
bility checks. Some checks cause the data to be rejected while others only 
send along a warning message regarding it. Resolving the edit rejections 
is frequently very complex and requires control personnel in the NMIS 
with a broad understanding of both the computer system and the operations 
of the facilities. 

Very few of our facilities have serious problems in meeting our 
current deadlines for sending in their data. It is when the data is rejected 
by an edit program and must be corrected by organizations separated from 
our headquarters and each other by hundreds or even thousands of kilo
meters that we lose vital time. For, if a shipper codes his shipment as 1000 
units of normal uranium and the receiver codes it as 1000 units of plutonium 
we must determine which is right and then correct the data that was in error. 
Situations such as this necessitate our control personnel making dozens of 
contacts each day. They then must place the correct information into the 
data base before the report period can be closed and the output reports 
prepared. 

The most frequent type of data and possibly the backbone of the NMIS 
is that covering a transaction. In this category we have our Nuclear 
Material Transfer Report, Form AEC-741. In addition, we rely on an 
SS Material Transfer Receipt, Form AEC- 284; loss reports covering 
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normal operational losses, burn-up of uranium, decay, accidental losses, 
and material unaccounted for; journal entries; and reports from foreign 
entities. 

Transaction data will reflect the identification symbol of the shipper 
and receiver; the transaction number; the dates of shipment and receipt; 
the material type and form; container and batch numbers; and for both 
the shipper and receiver: their independently arrived at element and 
isotope weights, per cent enrichment, and related limits of error. Manage
ment needs also call for the nature of the transaction; ownership data; 
transfer authority; financial transfer date; project numbers; and for 
whose financial account the transfer is made from and to. 

A second type of NMIS input source document is the Material Status 
Report, Form AEC-742. While the 742 form still temporarily serves this 
source document function, it is a very good example of the evolutionary 
aspects of the system. The report is currently prepared by each RIS 
semiannually and has been in use for over twenty years. However, since 
we are making every effort to be more responsive to changes and more 
timely in our reporting, six months is clearly an unacceptable frequency 
of data input. 

In analysing the type of data being provided it was determined that 
by going to a monthly or 'event' level of reporting frequency for less than 
half a dozen data elements the full AEC-742 report would no longer have 
to be submitted to the AEC for input to the NMIS. However, the 'balancing' 
concept built into the report waS";ecognized to be such a useful safeguards 
and materials management tool that the NMIS now generates the same report 
data and presents the information as an output report. 

Composition of Ending Inventory (COEI) data represents an extremely 
important segment of input to the NMIS. The RIS's submit this information 
to us in varying degrees of frequency and detail. At present our management 
concerns, as distinct from safeguards, call for either monthly or quarterly 
submissions in substantial detail. And while safeguards needs are presently 
keyed to less detail and predominantly semiannual submission, we envision 
both of these criteria becoming more informative and timely in the future. 

Our COEI data follows both a usage and a physical form style of 
presentation to the NMIS. Inventories are reported as being in non
production research and development; as feed materials; as in process; 
as intermediate products; as inactive material; or as scrap material. 
E.ach of these major categories are detailed to reflect the related physical 
forms that the materials can take. 

The project requirements forecast and inventory data entering the 
NMIS is essentially of management concern, but does have overtones of 
safeguards interest. Those facilities engaged in non-production research 
and development activities must provide this information for any special 
nuclear materials that are involved. Each RIS submits a forecast of its 
material needs for several years in advance. This input reflects inventory 
levels, new material needs, and returns of material by each material 
type. This information is further broken down by each of several hundred 
research and development programs currently active within the AEC. 

As with any forecast or materials budget, they are subject to change 
as program interests shift, new programs are identified, or quantitative 
material values become better known. All of these events are fed into 
the NMIS at periodic intervals. 
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Once nuclear material is assigned to a research project any subsequent 
changes to its status must be reported to the system at least monthly. So, 
just as each RIS must report events related to it as a whole, it must report 
similar data for each of the dozens of projects it may be engaged in. 

With the system's heavy reliance on computers it follows that standard 
codes are used whenever practicable. Through the use of such codes it is 
possible for our larger facilities to program their own systems to provide 
reports in forms which interface with the NMIS to a high degree. There 
are three control codes which are particularly significant in this regard. 

The first is the unique three-letter Reporting Identification Symbol 
code given each entity in the NMIS. It assures positive facility identi
fication for any input. A standard two character numerical code is used 
to provide material type identification. The third major control code is 
the research and development project number. While the project numbers 
are used only for management programs, the other two codes serve a dual 
purpose. 

When we relate the interaction of 1200 RIS 1s, over 500 project numbers, 
and 12 major material types and then recall the many different data elements 
captured by the NMIS input as it concerns itself with transaction reports, 
material status reports, inventory reports and forecast and project reports 
one can readily see that the NMIS has a tremendous data base. 

REPORTS PREPARED BY THE NMIS 

From the data sources described and the data base that has evolved, 
the NMIS is routinely issuing about seventy different reports of safeguards 
and materials management concern. These reports are on frequency 
schedules varying from weekly to semiannually. Distribution itself en
compasses over forty major organizational units of the AEC in addition to 
the Office of Safeguards and Materials Management which administers the 
system. We have long been providing the IAEA with transaction and 
inventory data for selected facilities and are looking forward to broadening 
this interface in the future. 

When we consider the many RIS's and the diversification of the nuclear 
industry in the United States it will come as no surprise that our 'Trans
action' family of reports represents a substantial portion of the NMIS 
reporting structure. These reports are issued monthly and reflect all 
transfers of material, whether the transfer involves physical movement, 
or in-place programmatic or ownership change. Both the shipper's and 
receiver's weights are shown, as well as their respective limits of error, 
and if there is one, the shipper-receiver difference. Thousands of transfers 
are reported to the appropriate AEC field offices responsible for administering 
the safeguards and management functions. 

Other types of transaction reports cover the production of material, 
procurement of material, and loss mechanisms such as normal operating 
losses, approved inventory write-offs, and material unaccounted for. In 
addition, reports of transactions which have not been completed and of 
apparently missing transactions reports are distributed to operating 
organizations throughout the Commission so that they may take the necessary 
corrective action. 
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Composition of Ending Inventory statements from the individual RIS's 
are translated into dual use reports on a monthly and quarterly basis. 
Each of the twelve material types is the subject of separate handling. 
Summary reports may show only total amounts; others will literally show 
hundreds of lines of detail to describe the different physical forms, program 
usages, and isotopic enrichments. Our enriched uranium reports reflect 
nineteen ranges of 2:15U enrichment and our plutonium reports show seven 
ranges of isotopic content. 

A COEI is presented for individual RIS's; for clusters of RIS's; for 
research and development holdings; for assay ranges; and for scrap 
inventory holdings. Other reports serve to consolidate holdings by field 
offices; and finally we have those that consolidate on an AEC-wide basis. 

The many variations of our inventory reports are given wide dis
tribution. Some of the receivers use them for management planning and 
scheduling. Others are primarily concerned with the safeguards story 
they tell. For example, the quantity of scrap may represent a recovery 
problem for materials managers and indicate production inefficiencies. 
The same scrap inventory may be viewed with concern by safeguards staff 
because of the difficulties of obtaining accurate measurements of the scrap and 
the awareness of its potential for masking eli versions elsewhere in the process. 

Material Balance Reports serve a very useful purpose in assuring the 
inclusion of all transactions and events in evaluating the adequacy of 
controls. The balancing equation has the beginning inventory plus new 
production and receipts being equal to the ending inventory plus shipments 
and loss mechanisms. When this balance is reached, those responsible 
for materials management and safeguards know that all of the values which 
must be verified and evaluated have been included in the report. 

These reports are normally prepared semiannually. A separate report 
is prepared for each of the twelve material types held by each of the 
1200 RIS 's, which in turn are consolidated into twelve field office reports 
representing the sphere of concern of each office. And finally, the twelve 
reports are consolidated into a single report for the entire United States. 
It is not unrealistic to say that the effort to reduce 1200 individual 
plutonium reports to twelve reports and then to one report is uniquely 
suited to an automated system. This same operation is repeated for each 
of the other eleven material types. This same type of consolidating effort 
is applied to arrive at our composition of ending inventory reports. But 
while the task would be truly huge if undertaken by hand, the NMIS 
computers do it all in less than six minutes. 

Forecast reports are instrumental in the management and control of 
inventory levels in the specific projects and programs within the AEC 1s 
sphere of concern. The detailed forecast information provides a projec
tion of specific inventory quantities and the estimated schedule of material 
withdrawals and returns. Such information is a basic tool for both short
term and long-term budget and production planning. In the forecast 
reports, information is detailed and summarized in a variety of ways to 
present the specific organizations with the information needed for 
administration of the programs. Variations in reports include the clustering 
of data by program division, usage category and reporting location. Uranium 
quantities are reported by isotopic enrichment. 

The forecast information permits the schedule of material withdrawals 
to be balanced against the schedule of returns across all programs. 
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Production schedules can then be set to produce the quantities of material 
that cannot be supplied from the quantities being returned from the projects. 
The forecast is prepared annually and then adjusted at the midpoint of the 
year to reflect revisions from previous forecasts and add a new forecast for 
an additional six-month period. 

Allotment transaction reports are prepared each month and distri
buted to the program divisions, the field offices having programmatic 
responsibility and the field offices having jurisdiction over the facilities 
physically involved in the movement or processing of the materials. 
The transaction reports reflect activities that are directly related to the 
forecast of material requirements and usage. Material withdrawals, 
returns, losses, and transfers between projects are identified. 

Project inventory reports are produced quarterly, based on inventory 
data reported by the facilities. These reports, like the forecast reports, 
are created in the various forms and summarized levels needed to serve 
the many organizations involved in the administration of the programs and 
the control of the nuclear materials used by these programs. 

Project inventory reports also are available from the system records 
on a 1book 1 inventory basis at the close of each monthly cycle of the 
transaction data system. Currently, the reports are generated and issued 
quarterly. These reports are examples of the information available from 
interactive processing utilization of the different components of the 
centralized data base. Project inventory data is updated by transaction 
information to arrive at the current book value of the project inventories. 

In addition to the 'families' of reports which have been described, 
the NMIS prepares a number of others that are essential contributions to 
satisfying our dual concerns. One that is of extreme importance is our 
loss mechanism report that is prepared semiannually. This report exposes 
our losses and material unaccounted for values to several series of 
statistical evaluations involving standard deviations, linear regressions, 
multiple regressions and other sensitivity measurements. Besides being 
in tabular form, the more significant evaluations can be displayed graphi
cally for quick review. 

The NMIS maintains two Reporting Identification Symbol Directories; 
one covering Commission contractors, and the other covering commercial 
licensee facilities. In addition to identifying each facility and its related 
RIS, the directories provide mailing addresses, shipping addresses, 
and other items of administrative importance. 

In a primarily materials management vein, the system maintains an 
index of all of the Commission's Research and Development project numbers 
and titles. As with the RIS, these project numbers can be used to control 
the reporting format of our transaction reports, inventory reports, and 
many others. The nuclear materials held in a project inventory can be 
readily related by the project number to the appropriate project manager. 
This feature makes it possible for safeguards staff to monitor the inven
tories and quickly contact a project manager if imbalances are noted. 

Normally, the development of working papers by hand consumes a 
large part of an inspector's time, both at home and when in the field. The 
NMIS utilizes a program to prepare a basic set of some of the necessary 
working papers for any RIS or combination of RIS's. The schedules show 
all the transactions for the inspection period. The receipts and shipments 
are grouped by transfer parties and each series reflects monthly totals. 
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In addition to showing both shipper's and receiver's weights, respective 
limits of error are given as well as any shipper-receiver differences in 
weights. By comparing this information to the facility's records the 
inspector can identify differences and make the necessary reconciliations. 

As mentioned earlier, the system has the capability to generate a 
'book' material balance report for any facility at any time. This is very 
helpful in monitoring individual facilities inasmuch as the report can be 
scanned month by month to note any significant operating changes or 
inventory level changes that might warrant scheduling an inspection at once 
rather than waiting for some routine date in the future. 

Since our AEC -wide material balance reports and ending inventory 
reports are due fifteen days after the end of a report period, this ability 
to compute the 'book' material balance and 'book' ending inventory for a 
facility is essential. With such a large number of facilities required to 
report, some are always late. These are identified by the computer which 
then proceeds to prepare the corresponding 'book' reports and uses those 
values in developing the consolidated reports rather than waiting until 
the facility sends its values io. 

Each shipper and receiver of nuclear material is expected to make 
independent measurements of the amount of material involved and show 
the measurement limits of error on the copies of the transfer document 
sent to the NMIS. This data then serves as the basis for statistically 
analysing any shipper-receiver difference that results from the trans
action. This capability is one of safeguards strongest tools for control, 
yet frequently it is objected to by materials managers who for financial 
reasons wish to compromise on a single set of values for payment purposes. 
It should be clear that in such instances the safeguards concerns should 
prevail. 

NEW PROGRAMS 

We in the Office of Safeguards and Materials Management who are con
cerned with the administration of the Nuclear Materials Information System 
have some very definite ideas regarding new programs for the system. We 
also have more general ideas for some other programs, and then, still 
further out in our planning, lie a number of conceptual ideas. At present, 
we are working on, or scheduled to work on, twenty-four development 
modules for the system. Some of these are ready to be placed on an opera
tional basis now, others have not yet reached the program development 
stage. 

Frequently we find the future plans being dictated by the requirements 
of the many organizational units of the AEC that look to the NMIS for staff 
support. In these instances we must re-examine our development 
priorities to bring the new modules in at the proper points in time. 

A never-ending effort involves the conflicting goals of improving 
the accuracy of the data and increasing the timeliness of the data. There 
is no question but that substantial progress can yet be made in both areas 
within the existing technology. And while we work with the tools available 
today we will be continuously alert for future tools and techniques that will 
allow us to approach real time in our information system. A very high 
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percentage of the input is on a weekly cycle now and with the improved 
communications that are being developed there is no reason why we cannot 
obtain daily input within the next three years. 

Modifying and supplementing existing programs is going on constantly. 
Occasionally it involves input data and in those instances it is usually 
necessary to modify facility reporting requirements and input forms, with 
all the attendant delays of redesigning forms and instructing the facilities 
in their proper use and then reprogramming the many interlocking programs 
to accept and reflect the new data elements. Most frequently, however, 
it is our report presentation that is changed. A change may be a minor 
rearrangement of the information on an existing report or it may call 
for the development of completely new reports within the program module. 
Some specific modules that are scheduled for substantial buildup are the 
inspection working paper programs and the project control programs. By 
setting threshold levels in many of our existing programs we will be able 
to provide the inspectors with an array of operational and historical 
information for each facility. Project control will be expanded beyond 
the research and development activities to include all production activities 
and all twelve nuclear materials. 

One of the program development modules which has been brought from 
a relatively low priority level to the first priority level is that designed 
to generate financial reports based on quantitative data. As a result of 
close examination and some adjustments, the types of financial data needed 
by AEC management have been matched with a number of existing NMIS 
programs. By making a comparatively few changes to the NMIS and adding 
a data bank containing nuclear material unit cost information it appears 
that related financial data and reports can be obtained within the NMIS at 
practically no additional cost. This application of the single data input 
concept will benefit the AEC by avoiding the need of establishing a 
duplicate information system based on financial costs alone. 

While many of the details remain to be identified and the best methods 
searched out, we recognize that the pending application of the IAEA 1s 
Non-Proliferation Treaty safeguards in the United States will necessitate 
the development of very careful interface programs. Every effort will be 
made to assure the flow of data from our domestic facilities to the IAEA 
in consonance with their needs. At the same time, the integrity of the data 
flowing into the NMIS must remain intact. Since the IAEA 1s control level 
is the material balance area and the NMIS is based on the facility level we 
will be expanding our 1200 reporting entities, with a corresponding increase 
in data flow to the system. With the flexibility and capacity of our computer 
system, we do not envision any real problems in processing the data and 
preparing reports. Rather, we expect that most of the problems will arise 
in trying to bring the material balance area data to the quality levels required 
by our edit programs without causing unacceptable delays in closing the data 
base for the period. 

Both the computer industry and communications industry are devoting 
tremendous efforts toward research and development activities to improve 
their utility to everyone. We intend to take every advantage of their progress 
to further the responsiveness of our information system. The AEC is 
sponsoring considerable research and development in the betterment of 
nuclear materials measurement tools and techniques. As these many 
development programs become suited for operational application, we 
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expect to come closer to a national real time information system that 
will tie in our individual facilities to the NMIS by direct communication 
links. 

When the capability is available to us we can look toward daily in
ventory positions being reported and analysed by the NMIS and passed along 
to nuclear materials managers and safeguards staffs both in our head
quarters and in the field. And when it is necessary to transfer nuclear 
materials beyond the relative safety of processing plants we will monitor 
the movements through the use of relay points tied into a control program 
that will follow each shipment to its destination. 

We feel confident that our experiences in developing and operating a 
nuclear materials information system are not unlike those of many others, 
but to the extent that we can share our experiences in greater 
detail on a case-by-case basis, or as they may apply to specific problems, 
we would welcome the opportunity. 
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Abstract-Resume- AHHOTai.IMH -Resumen 

A REVIEW OF RESEARCH AND DEVELOPMENT IN JAPAN ON SAFEGUARDS FOR NUCLEAR MATERIALS IN 
FABRICATION PLANTS. 

The Japanese government has in the last three years made great efforts to establish a reliable nuclear 
material accounting system for safeguarding nuclear materials in fabrication plants. Plant operators have 
been working on the following items. 

For highly enriched plate-type fuel. a quick and reliable control system using a minicomputer has been 
developed. The system is designed so that real time data handling, large volume data storage and easy 
output of many different data can be achieved. The system is expected to increase the speed and accuracy 
of accounting control, and to improve process control, manufacturing techniques and safeguards inspection. 

A material control system for low-enriched U0 2 fuel has also been developed. In batch-type operation, 
a system has been designed to calculate plant inventory at any given time with a certain accuracy and 
confidence level by giving loss and scrap rates in each process operation. The system consists of SMODNUP 
which gives characteristics of plant and SBIDNUP which calculates plant inventory. In flow-type operation, 
a system has been designed to calculate plant inventory by giving loss rate in each material balance area 
and monitoring the throughput there. The system includes SBIDNUP-II which gives a warning and suggests 
operations for maintaining a given confidence level. 

To test the reliability of the accounting control system, it is very desirable for weighing data to be 
obtained automatically with sealed measuring equipment but such a procedure should not greatly complicate 
the fabrication process. To meet these requirements, prototype automatic weighing and recording equipment 
has been developed and tested for U0 2 pellets during the stacking, the last step in the fabrication process 
before introduction into the cladding. 

ETUDES ET REALISATIONS AU JAPON CONCERNANT LE CONTROLE DES MATIERES NUCLEAIRES DANS 
LES USINES DE FABRICATION. 

Le Gouvernement japonais deploie depuis trois ans beaucoup d' efforts pour mettre au point un systeme 
de comptabilite matiEres sUr pour assurer la garantie des math~res nucleaires dans les usines de fabrication. 
Les exploitants de ces usines trav aillen t principalement sur les deux questions suiv antes. 

Pour le combustible en plaques fortement enrichi, ils ant mis au point une methode rapide et sare 
comportant I' emploi d' un petit ordinateur. Elle est conyue de telle sorte que I' on peut proceder au traitement 
des donnees en temps reel, mettre en memoire un grand nombre de variables et calculer facilement de nombreux 
parametres. On pense qu' elle permettra d' augmenter la rapidite et I' exactitude de la comptabilite matieres 
et d' ameliorer le controle, les methodes de fabrication et les modalites de I' inspection aux fins de garanties. 

lis ant mis au point egalement un systeme de controle des matieres pour le combustible a I' uo, 
faiblement enrichi. Pour cela, ils ont elabore une methode permettant de calculer a tout moment le stock 
d' une usine fonctionnant en discontinu, avec une certaine precision et un certain degre de confiance, 
indiquant les taux de perte et de residu de chaque operation. Elle comprend deux parties: le «SMODNUP» 
qui donne les caracteristiques d' une installation et le «SBIDNUP» qui calcule son stock. Pour I' exploitation 
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en continu, ils ant mis au point une methode permettant de calculer le stock de 1' usine a partir du taux de 
perte pour chaque unite de bilan matiere, par controle du debit de 1' unite. Cette methode comprend le 
«SB!DNUP II» qui joue un r6le d' avertisseur et suggere les mesures a prendre pour maintenir le degre de 
confiance. 

Pour verifier la fiabilite de ce systeme de controle comptable, il est extr€mement souhaitable que les 
pesees soient faites automatiquement aux points strategiques au moyen d' appareils de mesure scelles; mais 
cette methode ne doit pas compliquer exagerement le processus de fabrication. A cette fin, on a mis au 
point et essaye un prototype de balance enregistreuse automatique pour la pesee des pastilles d' U02 avant 

gainage. 

0630P no .liCCJIE.D:OBAHlUIM .11 PA3PAEOTKAM, Bb!TIOJIHEHHbiM B HnOH.Ii.li no KOH
TPOJIIO 3A 5!.D:EPHbiM.I1 MATEP.HAJIAM.Ii HA 3ABO.D:E no .113f'OTOBJIEH.1110 TEnJIO
Bbi.D:EJI5!10IU.I1X 3JIEMEHTOB. 

B Tet~eHHe nocne,llHHX Tpex neT HnoHcKoe npaBHTellbCTBO aaTpa'iHBaeT MHoro ycHJIHH: Ha 
C03,ll8HHe H8,ll8JKHOJi CHCTeMLI yt.IeTa H,llepHbiX M8TepH8JIOB ,ltJIH KOHTpOJIH 38 Sl,llepHbJMH M8TepHa

JI8MH Ha aaso,zte no HaroToaneHHIO TenJIOBhi.z:ten.snonuix aneMeHTOB. Ha aToM aaao.n;e 6LIJIH paapa-
6oTaHbi Cll8,llYJOII.l;He CHCT8Mbl. 

,ll;JIH flJI8CTHHY8ThiX TenJIOBLIJl8llSIKHl(HX 3JieMeHTOB H8 OCHOBe BhiCOK0060rall\eHHOrO TOnJIH

B8 pa3pa60T8H8 fihiCTpO,n;eH:CTBYIOII.l;8H H H8,lle.!C.H8H CHCTeMa Tl1(8TeJibHOrO KOHTpOllH 38 H,llepHbiM 

MaTepHaJIOM C HCnOIIh30B8HHeM MHHH8Tl0pHOfi 3JleKTpOHHO-BLJ\.J:HCJIHTeJlbHOH: M8WHH:bl. 3a peaJib

HOe BpeMfl o6pa60TKH CHCTeMa n03BOJUJ€T Xp8HHTh H nerKO B:bl.ll8B8Th MHO.)KeCTBO pa31IHl·IH:biX 

.ll8HHhJX. 0JKH,ll8€TCH 1 t.JTO CHCTeMa OOBbiCHT CKOpOCTb H TOt.JHOCTb yt.JeTa H ynyt.JWHT KOHTpOllb 

38 TeXHOJIOrHt.JeCKHM npoQeCCOM, MeTO.llbl npOH3BO.llCTBa H C061IIO.ll€HHe rapaHTHH. 

Ebi118 T8KJK.e pa3pa6oTaHa CHCTeMa KOHTp01IH 38 MaTepHaJIOM .li;JIH TenliOBbi,ll€JIHIOII\HX 3Jie

MeHTOB Ha OCHOBe .llBYOKHCH ypaHa HH3KOrO o6oram;eHHH. B cnyqae nepHO.llHt.JeCKOrO npoae.n.e

HHSI npou,ecca CHCTeMa 003BOJISIJia Yt.JHTbiB8Tb npo,.n:yKT B JIJ06oH: MOM€HT BpeMeHH C onpe,lleJieHHOH: 

TOt.JHOCTbiO H CTeneHbiO Ha,D;e)I(HOCTH, yt.JHThiB8SI OOT€pH H OTXO,D;bl Ha JIKJ60H: CT8,llHH npou,ecca. CH

CTeMa cocTOHT H3 .zlByx '<acTeii: CMO.D:HAn, KoTopall BLI.zlaeT xapaKTepHcTHKH no sceMy aaso.zly, 
H CE.Ii.D:HAn, KOTopall se,lleT y'<eT npO.zlYKTa, B cnyqae HenpepLIBHoro npo1.1ecca, cHcTeMa y'<H
Tbiaana npo,D;yKT nyTeM KOHTpOJISI 38 noTepHMH Ha K8JK,ltOM 3Tane, Ha KOTOpOM nO,IJ;BO,IJ;HTCSI MaTe

pH8JlbHhifi 6anaHc, H nyTeM H3MepeHHH Hcxo,D;H:biX KOJIHt.JecTB. CHcTeMa BKJIIOt.JaeT CEH)lHAn-n, 

KOTOpaSI ,D;3€T npe,D;OCTepeJKeHHe H peKOMeH,D;8QHH no T€XH01IOrHqeCKHM YCJIOBHHM, He06XO.llHMbiM 

,IJ;JIH no,n;,n;ep)I(3HHH He06XO.ZUIMOrO ypOBHH Ha,IJ;e)I.HOCTH. 

)lJIH Ha,D;eJKHOH: pa60Tbl BbiWeOnHcaHHOH: CHCTeMbi BeCbMa .)KeJiaTellbHO, 4T06bl npou,e,n;ypa 

B3BeWHB8HHH npOBO,li;HJI8Cb C nOMOII\blO 8BTOM8TH4€CKOfi annapaTypbl 1 COOTBeTCTBYJOII\HM 06pa30M 

3arepMeTH3HpOB8HHOH:, 6e3 cym;eCTBeHHbiX noM eX ,li;JIH TeXHOJIOrHt.JeCKOrO npou;ecca. )lJIH y,n;oa

JleTBOpeHHll 3THX Tpe60BaHHH 6L!Jl paapa60T8H H HCnb!T8H npoTOTHn 8BTOM8TH'<eCKOro 06opy,llO
B8HHH ,ltJIH B3BeWHB8HHH H perHCTpaQHH T86JieTOK H3 )l;ByOKHCH ypaHa, HanpaBJIHeMbiX Ha onepa

l(HIO c6opKH - nocJie,llHHH '3T8fl B npouecce H3rOTOBJleHHH TenJIOBbl,li;€JISIIOID;HX 311€MeHTOB 1 nepe,n 

TeM, K8K OHH noMelll;aiOTCH B 060JI04Ky • 

INVESTIGACION Y DESARROLLO EN EL JAPON SOBRE LAS SALVAGUARDIAS DE MATERIALES NUCLEARES 
EN PLANTAS DE FABRICACION, 

Durante los ultimos tres aftos, el Gobierno japones ha tratado par todos los medias de crear un sistema 
exacto de contabilidad, para la salvaguardia de los materiales nucleares en las plantas de fabricacion. Los 
explotadores de las instalaciones han venido trabajando sabre los puntas que se indican a continuacion. 

Por lo que concierne a los combustibles muy enriquecidos del tipo de placas se ha elaborado un metoda 
de control rapido y eficaz, en el que se utilizan minicomputadoras. El sistema se ha concebido de modo que 
se pueda realizar el tratamiento en tiempo real, manteniendo una memoria de gran capacidad y facilitando 
la salida de muchos datos diferentes. Con este sistema se espera poder aumentar la velocidad y exactitud del 
control contable, mejorar el control del proceso, las tecnicas de fabricacion y la inspeccion de salvaguardias. 

Se ha elaborado asimismo un sistema de control de materiales, para los combustibles de UO., poco 
enriquecido. En funcionamiento discontinue, se ha ideado un metoda para calcular con cierta precision y 
fiabilidad el inventario de la planta en cualquier momenta, dando los coeficientes de perdida y de produccion 
de desechos en cada una de las operaciones del proceso. Este metoda comprende un « SMODNUP», que da 
las caracteristicas de Ia planta, y un «SBIDNUP», que calcula el inventario de la misma, En funcionamiento 
continuo, se ha concebido un metoda para calcular el inventario de la planta, dando el coeficiente de perdida 
en cada zona de balance de materiales y controlando el caudal en este punta. El metoda comprende un 
SB!DNUP-11 que da una sefial de alarma y sugiere las operaciones a efectuar para conseguir una fiabilidad 
determinada. 

Para ensayar la fiabilidad del sistema de control contable, es muy conveniente que los datos de las 
pesadas se obtengan automaticamente con equipos de medicion precintados y que el procedimiento no complique 
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excesivamente el proceso de fabricacion. Para ella se ha desarrollado y ensayado un nuevo equipo prototipo 
de pesada y registro para las pastillas de uo, durante el apilamiento, ultima etapa en el proceso de 
fabricacion antes de introducir el combustible en las vainas. 

1. INTRODUCTION 

It is becoming more and more important for fuel plant operators to 
use an effective and reliable safeguards system for nuclear materials, in 
view of the growing emphasis on applying an international safeguards sys
tem including international inspection procedures. 

The Japanese Government, aware of the situation as early as 1967, 
began analysing and developing a nuclear material accounting system for 
fuel cycles. Fuel manufacturers are concerned about this problem since 
the strict international inspection of nuclear materials may disrupt their 
commercial plant operations and may lead to the leakage of important 
commercial and technical information. To avoid any disparity between 
their standards and the standards set up by the international safeguards 
system for fuel plants, fuel plant operators are concentrating on establishing 
an effective and reliable nuclear material accounting system. 

It is natural for fuel plant operators to wish to simplify the inspection 
techniques of the safeguards system as far as possible. 

2. A NUCLEAR MATERIAL ACCOUNTING SYSTEM 

2. 1. A material control system for highly enriched plate-type fuel 

A rapid and reliable data acquisition/distribution system for nuclear 
materials, which utilizes a minicomputer, has been developed for plants 
manufacturing highly enriched uranium-aluminium alloy plate-type fuels. 
The system is designed to be especially precise in the accounting of highly 
enriched uranium. 

The function of the nuclear material accounting system is to acquire, 
evaluate and distribute information on the source data, such as location and 
form, of all the nuclear materials in the plant. The basic unit in the sys
tem is the subsidiary material accounting area (sub-area) in which the inputs 
and outputs of the nuclear material will be estimated by a suitable technique. 
The sub-area must be established to fit the requirements of an effective 
material accounting system and to take into account the physical location 
of equipment. Another consideration in defining sub-areas is the possi
bility of identifying the nuclear material entering, leaving or remaining 
in the sub-area. The entire plant can be considered as a single material 
balance area which combines all the sub-areas in the plant. It is possible 
in this way to account for the quantity of nuclear material at each stage of 
the sub-area by determining the material discrepancies in each sub-area. 

In the nuclear material accounting system, nuclear material will be 
transferred in batches between the sub-areas. The processing of the 
nuclear material corresponds to the passage of the material through one 
sub-area. The plant is represented by a network of interconnected sub
areas which are considered mutually exclusive. The flow of the nuclear 
material in the plant is equal to the sum of the transfers between sub-areas. 
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The sub-areas will be determined in a way which corresponds to the manu
facturing processes or to the storage of the materials. The inputs and 
outputs of nuclear material to and from the specified sub-areas are uniquely 
identified by the lot number in the sub- area. The weight of the nuclear 
material at the time of transfer between sub-areas cannot be determined 
at the exact time of transfer so the best estimated value must be used. 

When sufficient data are available for maintaining a proper nuclear 
material accounting system, the material balance concept is applied to 
trace the flow of nuclear material with the lot number in the sub-area. 
This results in the estimation of the process loss and MUF (material un
accounted for) in the sub-area. 

In this way, the system keeps track of the location, form, and quantity 
of all nuclear material in the plant. 

The design of the nuclear material accounting system is based on the 
following criteria: 

(a) All material must be located in certain sub-areas 
(b) All material should be assigned a lot number and belong to one 

and only one sub-area at any specified time 
(c) The sub-area must be truly representative of the current flow 

of the material in process 
(d) The material balance should be maintained at each transfer of the 

nuclear material through every sub-area or several sub-areas. 
The sub-areas are mutually exclusive. 

In this system, the process loss plus the MUF is equal to the product 
of the input and a (alpha), defined as the ratio of the difference between in
put and output to input. The value of a is determined empirically. The 
state of the operation is estimated on the basis of the difference between 
the empirically determined a and the actual a with respect to the specified 
lot number in the sub-area. The process loss and the MUF are controlled 
together because the accounting system is accurately maintained in the 
plant at all times and an inventory is conducted after every complete cycle 
in the manufacture of nuclear fuels. 

The data acquisition system is designed with the following points in 
mind: 

1. Economic considerations 
2. Real time data processing and data storage 
3, Large volume data storage 
4. Decrease of error of input data 
5. Data station for a large computer 
6. Output record for specified requirements. 
To satisfy these requirements, an M4-Databee system is used with 

a minicomputer (NEAC-M4) as the central processor unit, a magnetic drum 
(MD 400) as the memory, "Databee" as the terminal input source, and an 
input-output typewriter (150 B) as the input-output control device. 

In this system, the operator can supply accounting data of each trans
fer and change in the nuclear material to the central processor unit with 
"Databee". This is designed to decrease the volume of input data by using 
coded cards for fixed data, tokens for semi-fixed data, and slide keys for 
variables. 

The input data consists of the name of the campaign, the original 
location and the receiver's location of transfer, form, the number of lots, 
the quantity of the compounds and the U-contents. The name of the cam-
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paign corresponds to the enrichment (and the origin) of nuclear materials. 
The material balance is kept in the weights of both U and n5u. 

The input information is checked with the record of nuclear criticality 
and capacity stored in the memory bank of the magnetic drum, and the 
result is shown by the lamp of "Databee". The input data are punched on 
the paper tape and typewritten on the paper. The data and other informa
tion put in the system by the operator are stored in the magnetic drum. 
In addition to the above input method, there is a sub-program which evaluates 
the U-contents in uranium-aluminium alloys by measuring the specific gra
vity of the alloys. 

This program stored in the magnetic drum consists of nine sub
programs and is used as necessary. Its functions are as follows: 

1. Reading input data from the terminal input equipment, filing, and 
storing them in the memory bank of the magnetic drum 

2. Making an inventory list relating to the location, form, etc. of 
nuclear materials 

3. Evaluating the amount of throughput in a given process in a speci
fied lot number 

4. Making the material balance table in a specified material balance 
area 

5. Evaluating the loss, MUF, products, etc. in a specified process 
6. Providing necessary information for formal reports 
7. Adjusting and correcting the accounting data 
8. Critical control in the plant. 
The program is flexible enough to be widely used in various processes. 

For example, with minor changes it can be used in the manufacturing 
process of power reactor fuels as well as plate-type fuels. The program 
enables the accounting data to be recovered rapidly and precisely, and in 
addition is very useful, for example, for improving manufacturing tech
niques, process control of materials, and safeguards inspection. 

2. 2. A control system for low-enriched UOz fuel 

For low-enriched U02 fuel plants, the safeguards problem is very 
important because the annual throughput is increasing rapidly as the de
mand for power reactor fuels increases. According to theoretical consider
ations, the loss amount during processing can be estimated on the basis of 
various assumptions and by various monitoring procedures in the material 
flow. However, in practice, it is almost impossible to measure the actual 
loss amount since "Loss" is mainly due to the material which cannot be 
located and identified during processing. The term 'MUF' has been intro
duced to define the difference between the book inventory and the physical 
inventory. The MUF approach used in this accountability system for a 
fabrication plant for low-enriched U02 fuel is generally considered to be 
an indispensable part of any safeguards system. 

U0 2 fuel plants are classified into two types according to the mode 
of operation. One is operated according to the "batch-type" operation and 
the other according to the "flow-type" operation. A "batch-type" operation 
means that a nuclear material batch, such as a bottle of U02 powder, is 
maintained as a unit from the starting point through all the processes until 
it reaches the "pool" position where the identified batch will disappear 
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and a new batch will be created as the output from the "pool". As long as 
the material belongs to a specified batch, the material amount will be con
trolled and booked according to the specified batch itself, and the identi
fication of each batch and the border line between two batches will be main
tained exactly during the operation. 

The system developed for the "batch-type" operation process consists 
of two different computer programs, SMODNUP (System of Modeling for 
Nuclear Plant) and SBIDNUP (System of Booking for Inventory and Distribution 
in Nuclear Plant). SMODNUP has two different functions. One is to establish 
a calculation procedure for the confidence levels of the accounting system 
(mainly the confidence levels for the book inventory) under specific plant 
conditions and operation modes for one specific project operation. 

The plant conditions include such items as material flow sequence, 
equipment capacities in the process line such as throughput for the unit 
time operation, location and size of "pool" (usually similar to storage), 
and the same items in the recovery process line also. 

The operation modes are characterized by the various states of the 
material in the process line, such as interim products, recoverable scrap, 
unrecoverable scrap, accountable loss, and by various operational rules 
in each process, such as range of batch size, identification of each batch, 
quantitative restrictions on rejected material with statistical value, and 
weighing procedures. 

The other function of SMODNUP is to establish an accounting system 
by which the booking of the nuclear material in a plant can be performed 
and the book inventory and distribution in a plant can be calculated at a 
specific time with a certain confidence level and accuracy. The SBIDNUP 
program can calculate the book inventory and its distribution in the plant 
at a specified time with daily data from the plant by using the procedure 
set up by SMODNUP as mentioned above. 

The accounting system for the batch-type-operated fuel plant can also 
be used for analysing the nuclear material accounting system in commercial 
operations because if there is any deviation from the normal operation pro
cedure, as indicated by the calculations, an alarm will be given, thereby 
alerting the operator that a special survey of the process or accounting 
procedure should be conducted. In this way the safeguards accounting 
system can be combined with the control of the commercial operation of 
the plant. This is a basic consideration in the maintenance of an effective 
safeguards system and in the simplification of inspection techniques. 

SBIDNUP, in calculating the book inventory and its distribution in the 
plant, will report the estimated book values and the physically measured 
values at key measurement points in the plant. The key measurement 
points can be selected as the starting point of the process in the plant, 
such as the powder receiving point, and the last stage of the process, such 
as the shipment of the fuel assembly out of the plant. These key measure
ment points shall be specified before the plant operation starts on a project. 
Other measurement points may be required in order to perform temporary 
physical measurements in accordance with the mode of operation in the 
plant. These temporary measurements shall be performed at a time 
when some deviation from the normal operation, such as any delay or mal
function in the process, occurs. Another measurement may be necessary 
at the inlet or outlet point of the "pool". Whether or not the measurement 
is necessary will depend on the quality and quantity of the material. 
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FIG.l. Effect of balance sensitivity at "input point" on confidence level at weighing point. 

The confidence levels and the precision of the accounting system are 
mainly determined by plant characteristics and operational modes. For 
instance, at the weighing point at the end of the process line (such as the 
input to the pellet storage or the fuel assembly shipment point) a physical 
weighed value will be obtained. The accounting system will determine 
whether the difference between the calculated and the measured value is 
within the preset precision or not. The confidence levels of the accounting 
system will be reviewed at specified times. As long as the confidence levels 
and the precision are satisfactory, the accounting system is maintained 
and the nuclear material control in the plant is satisfactory both in terms 
of plant operation and safeguards. If these are found to be unsatisfactory, 
SBIDNUP will signal that a review of the process of the specified batch and 
the plant operation conditions should be carried out. This procedure is 
very effective when the plant operation is satisfactory, and the plant operator 
is assured that there has been no diversion of nuclear material for that 
period. There is some compromise between the application of the safe
guards system and the commercial operation of the plant in this system. 

Figure 1, an analysis by the SMODNUP program of balance sensitivity, 
shows that balance sensitivity at one weighing point will not affect the con
fidence levels of the accounting system to a significant degree. The con
fidence levels are affected mainly by the variance of loss and scrap rates, 
specified or assumed. This means that the loss and scrap rates and their 
variance should be analysed very carefully for each project operation if 
the system is to be maintained in operation. A slight increase in balance 
sensitivity would not improve the accounting system confidence levels 
under these conditions. 

For a U0 2 fuel plant with "flow-type" operation, different considera
tions are required in the accounting system. A "flow-type"-operated 
plant does not have "process" and "pool", but has some sub-material 
balance areas corresponding to individual process stages or series of 
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process stages. In each sub-material balance area, input, output, and 
rejected material such as scrap, loss and sample, are terms in the ma
terial balance equation. The accounting system makes use of a group of 
sub-material balance areas which may form one material balance area 
(MBA). The storage area and the process area can each be considered 
particular MBAs. It is not necessary to identify all materials in the MBA 
with a specific input batch. 

The SBIDNUP-Il program has been developed as an accounting system 
in "flow-type"-operated plants. The program will calculate the inventory 
both in each sub-material balance area and also the inventory in each group 
of sub-material areas (MBAs) and its distribution in the plant with the 
preset loss and scrap rates. The report consists of actual weighing values 
and calculated values. A check on the confidence level will be performed 
in each sub-material balance area. The confidence level of the accounting 
system in each sub-material balance area is previously determined and 
the system is designed to keep these areas in the preset range of the con
fidence level and precision. If the calculated values are worse than the 
preset values, a warning notice is printed out that a check of plant opera
tions should be conducted. The notice will identify the sub-material balance 
area concerned instead of the batch number as in SBIDNUP. The printed 
alarm notice advises the plant operator to begin the "reset operation" for 
the specified sub-material balance area, i.e. to stop the operation in order 
to take a physical inventory to determine the value of MUF, and to clean 
up the area. The SBIDNUP-Il program is more comprehensive than SBIDNUP 
because it provides the plant characteristics and calculates the inventory. 

In both cases, the reliability of the accounting system in the plant during 
the project operation is continuously reviewed and checked, by controlling 
the confidence levels and precision of the system; this includes the control, 
essential in any nuclear material accounting system, of the MUF values 
in the plant. 

Efforts to clarify the characteristics of MUF in regard to structure, 
dependency on other conditions, variance in the time sequence, causes 
and their relationship, still continue. Plant operators hope that in time 
more efficient ways will be found to implement the safeguards system and 
inspection techniques. 

Although SMODNUP and SBIDNUP have been developed as nuclear 
accounting systems for the batch-type-operated fuel plant and SBIDNUP-II 
for the flow-type-operated plant, these systems are based on purely mathe
matical considerations. Further trials using the systems in actual plants 
must be carefully carried out and evaluated. 

3. PROTOTYPE OF AN AUTOMATIC BALANCE FOR U02 PELLETS 

It is desirable in a material accounting control system for weighing 
data at key measurement points in a fabrication plant to be obtained auto
matically and also for the procedure not to interfere with the operation of 
the plant. 

To fulfil these requirements, a prototype of new weighing andre
cording apparatus has been developed and tested for uo2 pellets during 
the stacking process which is the last step in the fabrication of uo2 pellets. 
It includes both a balance and an instrument which is able to make a record 
stating the quantity of UO 2 treated in the process. 
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FIG.2. Block diagram of arrangement of the equipment. 

The pellet handling processes concerned must be automated to elimi
nate human error, thus ensuring the precision of the original data. Manual 
operations must be avoided. 

This equipment consists of a mechanism for transferring the pellets, 
instruments for measuring the length and weight of the pellets, a computer, 
controllers and a data recorder. The block diagram of the arrangement of 
the apparatus is given in Fig. 2. 

A pellet is conveyed from the hopper to the length-measuring stage 
every 5 seconds, and its length is measured automatically by the trans
ducer head (differential transformer) connected with the A-D converter. 
This information is then sent to the minicomputer. With the help of the 
computer, the stack length is calculated and controlled, and the pellet is 
transferred to the next stage where it is weighed. The computer controls 
the adjustment of the stack length by ordering specific pellets provided from 
the sub-hoppers. In the weighing step, several pellets are weighed together 
by the automatic balance. The weight information is then sent to the mini
computer, edited and typed out when required. The steps in which the length 
and weight are determined are under the control of the computer throughout 
the production process. Because the system must satisfy contradictory 
conditions, that is wide range and high precision, the measuring instru
ments are calibrated with master standards before every stacking operation. 
Their values are memorized by the computer cores and used to correct the 
data for each program. Every effort is made to ensure that correct data 
concerning both equipment and program is collected. 

To ensure the correctness and high reliability of the data, the area 
shown within broken lines in Fig. 2 should be completely automated. So 
several pre-tests have been carried out. After the equipment is assembled, 
a long-term test operation is carried out under various difficult conditions 
until standards of endurance, stability and controllability are fully satisfied. 

To use these automatic balances in providing an effective safeguards 
system, it is preferable for them not be applied at arbitrary points in the 
manufacturing line but to be installed at each key measurement point in the 
specified material balance area. This apparatus is only the first step in 
the above system. 
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The design philosophy and techniques acquired through the development 
of the prototype will be helpful in the development of an overall safeguards 
system. 

4. CONCLUSION 

Three different fuel plant operators in Japan are making great efforts 
to develop an effective safeguards system and a convenient inspection pro
cedure which avoids any unnecessary disturbance to commercial plant opera
tions. The clarification and understanding of the problems concerning MUF 
control are considered very important by plant operators, who are very 
anxious to continue their efforts to develop and perfect a nuclear material 
accounting system for fabrication plants. 
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Safeguards techniques and instrumentation 

DISCUSSION ON ALL THE PAPERS IN THIS AGENDA ITEM: 

P/842 USA Presented by G.R. Keepin 

P/809 FRG Presented by C. Weitkamp 

P/286 Belgium Presented by Ch. Beets 

P/415 FRG Presented by D. Gupta 

P/773 IAEA Presented by W. Gmelin 

P/101 USA 

P/265 Japan 

F. MORGAN: The papers presented by Mr. Keepin (P/842) and 
Mr. Weitkamp (P/809) deal with nuclear materials management and describe 
methods employed principally by the operator. Safeguards inspection, on 
the other hand, is a verification process. How is such verification to be 
carried out -by observing calibrations, by sending samples away for 
analysis or by cross-checking with the help of portable instruments? 

G. R. KEEPIN: Much of the emphasis of the United States program for 
developing non-destructive assay instrumentation is on materials manage
ment, quality and process control and safety in various types of nuclear 
facility. Verification by an international inspectorate (in this case the 
International Atomic Energy Agency) is seen as a cross-checking procedure 
superposed on an already existing on-line measurement and material balance 
system; the inspector would check on the calibration of instruments with a 
set of his own standards and by sending samples to a central analytical 
laboratory for independent assay. Such a laboratory could be controlled 
either by the international inspection organization or by a national govern
ment. 

At all events, it is clearly in the economic interest of nuclear facility 
operators to have an efficient materials control system, which in turn should 
facilitate the implementation of safeguards and render them more effective. 

C. WEITKAMP: There is little to add to Mr. Keepin' s answer. All the 
procedures mentioned by Mr. Morgan- including the use of portable 
instruments -have their place in safeguards, and the fact that we have not 
discussed them in greater detail in our paper does not mean that we discount 
them. 

M. DAVIS: The authors of Papers P/842, P/809 and P/286 speak with 
confidence of the instrumental methods which they have developed for 
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materials accounting and safeguards. Could they please give us their views 
regarding those problems which have not yet been solved? 

C. WEITKAMP: I think I can best answer this question by saying that 
every measuring problem can be solved if one is satisfied with the accuracies 
obtained or if one lets the instrument makers decide how much money is 
necessary in order to achieve the desired improvements. Perhaps 
Mr. Keepin, who presented paper P/842, would care to expand on my reply. 

G. R. KEEPIN: The poorly defined geometries which characterize 
typical scrap and waste configurations present what is probably the most 
difficult and challenging assay problem today, for they are the most suscep
tible to matrix and geometric perturbations, the most difficult to formulate 
standards for and- in many United States facilities -the greatest source of 
MUF. Accordingly, much of the United States research and development 
effort in the non-destructive assay field is directed towards the increasingly 
important problem of scrap and waste assay. At the same time, current 
concern about the environment has lent emphasis to the need for the tighter 
control and more accurate measurement of fissionable waste. 

Another area of current research and development effort which might 
be mentioned is the quantitative measurement of fuel sub-assemblies and 
complete fuel elements. 

A long-range goal of research and development in the field of non
destructive assay is to provide an economic means of increasingly accurate 
rapid measurement which is competitive with or superior to the more con
ventional methods of analysing fissionable materials. 

Ch. BEETS: In Belgium, we are co-operating with the International 
Atomic Energy Agency in trying to solve a number of outstanding problems. 
Our efforts are concentrated on the fuel cycle of the BR 2 reactor (a 
materials testing reactor) and on the fabrication of PWR fuel (slightly enriched 
UOz). So far, only passive assays have been carried out. 

D. GUPTA: In the range of accuracies mentioned in Paper P/842, are 
the systematic error components also included? 

G. R. KEEPIN: It is difficult to answer this question briefly. Let me 
say, however, that the range of accuracies achieved by non-destructive 
assay and cited in our paper includes not only the random errors (precision) 
but also an estimate of the systematic error component (bias), the latter 
being as a rule comparatively small. All non-destructive assay measure
ments are made relative to a standard, so that all quoted accuracies are 
based on comparison with the standard used. The standard itself is often 
extremely difficult to characterize accurately, due to problems inherent in 
the chemical analysis, the mass spectrometric measurements or whatever 
method is used to establish the fissionable material content of the standard. 
Thus, when we cite an accuracy of lo/o or better for small, well-characterized 
samples, we mean that the unknown can be determined to within 1"/o-
relative to the standard used. 

In the case of poorly defined samples, the errors can amount to several 
per cent (up to 20o/o, depending on the composition and geometrical configu
ration of the sample being assayed). 

Apart from problems of standards calibration, there are, of course, 
the errors inherent in the assay instrument itself (instabilities, drift, 
background, counting statistics and so forth); these may have both random 
and systematic components. Such error contributions are exclusive to a 
given type of instrument, the standard used and the assay problem under 
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consideration, so that it is very hard to generalize. Nevertheless, an 
attempt has been made to present the best estimate of the random-plus
systematic errors for each type of non-destructive assay instrument dis
cussed in the paper. 

F. MORGAN: Isotopic correlations such as those noted in Paper P/415 
have been studied extensively over the years and there can be little doubt 
that, for complete cores of a standard reactor, the correlations are fairly 
good- perhaps to within a few per cent. There are, however, pronounced 
flux variation and temperature effects which have to be taken into account, 
particularly in dealing with the partial reprocessing of a reactor core. 
Plutonium-240/239 can change by 10-20% as the temperature increases from 
580 to 660"K; similar effects occur with plutonium-241/239 and plutonium-
242/239. 

A more important point is that the paper introduces a generalization 
which may be misunderstood: that isotopic correlations 'enable the safeguards 
authority to dispense with the verification of tank volume and density 
measurements completely'. 

A fundamental question is involved here. In a reprocessing plant, there 
are two well-established and primary methods of estimating the material 
input: multiplication of the observed concentration and the volume; multi
plication of Pu/U and the weight of the uranium input. The paper really 
deals only with the second of these, and the above-mentioned generalization 
has little to do with isotopic correlation. The two methods are of almost 
equal validity, but may give different answers for total plutonium. A 
discrepancy requires a valid explanation, for neither one answer nor the 
other can be rejected out of hand; a weighted average might be appropriate. 
They have to be used to calibrate absolutely the method suggested, which 
can therefore be inherently of no better accuracy. Accordingly, I consider 
that isotopic correlations may be of assistance in resolving discrepancies, 
but cannot be regarded as prime data. 

D. GUPTA: It is true that the ratios mentioned by Mr. Morgan may 
change with the changing operating parameters of a reactor. It is also true 
that the accuracy of the isotopic correlation method cannot be better than 
that obtained by mass-spectrometric and volumetric measurements if these 
methods are used to calibrate the original correlation curves. 

However, the purpose of using correlation techniques was not to improve 
the accuracies of material balances but to reduce the safeguards effort at 
the same level of material balance accuracy - and this appears possible. 

There are other methods of calibrating the original correlation curves. 
One method, based on an approximate knowledge of conversion and burn-up 
factors, was elaborated in detail by Hafele and Nentwich at the IAEA 
Symposium on Progress in Safeguards Techniques held in Karlsruhe in 1970 
(Ref. [ 21] of our paper). When this method is used, volumetric and density 
measurements of the dissolved solution can in fact be dispensed with for 
safeguards purposes. 

Lastly, as is pointed out in the paper, the reduction in safeguards 
effort achieved by the use of isotopic correlations is low -less than 3o/o of 
the total safeguards effort. 

C. WEITKAMP: Was the NMIS system described in Paper P/101 set 
up mainly for safeguards? 

T. J. HAYCOCK, Jr.: The NMIS system was established initially for 
safeguards, but we soon found that, while safeguards people could use 
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information compiled for other purposes, others could also use information 
compiled for safeguards. For example, we supply data to the International 
Atomic Energy Agency and to many divisions of the USAEC (Production, 
Waste and Scrap Management, Reactor Development, Research, Forecasting 
and Analysis, Finance). However, the greatest need for timely and accurate 
data is in safeguards. 

The inventory and other information is not only supplied to users but 
also analysed and reviewed by computers. For example, all shipper
receiver differences and inventory variations are analysed, the results 
being made available in appropriate reports. 

W. HAFELE: Could Mr. Gmelin (P j 773) tell us the definition of LRIE? 
W. GMELIN: LRIE has been defined as the minimum level of inspection 

effort at a facility necessary to establish the international credibility of 
Agency safeguards. According to our approach, the specific situation at 
each facility has to be considered in order to determine the minimum number 
of activities needed for Agency verification, and especially to enable the 
Agency to evaluate statements on MUF and its related limits of uncertainty. 
LRIE is consequently the inspection effort necessary to carry out the 
minimum number of activities. 

D. GUPTA: Did you estimate the uncertainties in the establishment of 
a material balance for the two extreme cases (namely MRIE and LRIE)? 

W. GMELIN: The uncertainties mentioned in the paper reflect the 
present capability of measurement systems. In our paper, we considered 
that these uncertainties, together with the measurement values, would be 
verified according to the procedures described. For example, the input 
accountability at a reprocessing plant could be verified by the combination 
of isotope correlation techniques with a 95/95 random sampling scheme as 
described in the paper. 




