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THEORETICAL METHODS FOR DETERMINATION OF CORE PARAMETERS IN URANIUM-PLUTONIUM 
LATTICES. 

The predict ion of plutonium production in power reactors depends essentially on how the change of 
neutron energy spectra in a reactor ce l l during burn-up is de termined . In the ep i thermal region, where 
the bui ld-up of plutonium occurs, the slowing down effects are part icular ly important , whereas, on the 
other hand, the the rmal neutron spectrum is strongly influenced by the low-ly ing plutonium resonances. 
For accura te analysis, mul t i -group numer ica l methods are required, which, applied to burn-up predict ion, 
are extremely laborious and t ime consuming even for large computers . This paper contains a compre ­
hensive review of the methods of core parameter de terminat ion in the uranium-plu tonium la t t ices developed 
in Yugoslavia during the last few years . Faced with the problem of using smal l computers , the authors 
had to find new approaches combining physical ev idence and m a t h e m a t i c a l e l egance . The main feature 
of these approaches is the tendency to proceed with ana ly t ica l t r ea tment as far as possible and then to 
include suitable numer ica l improvements . With this philosophy, which is general ly overlooked when 
using large computers , fast and reasonably accura t e methods were developed. The methods include 
original means for adequate t rea tment of neutron spectra and ce l l geometry effects, especial ly suitable 
for U-Pu systems. In part icular , procedures based on the energy dependent boundary conditions, the 
discrete energy representat ion, the improved coll is ion probabil i t ies 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 COEUR DE RESEAUX URANIUM -
PLUTONIUM. 

La prevision theorique de la production de plutonium dans un reacteur de puissance est essent ie l lement 
fonction de la facon dont on de te rmine la var ia t ion du spectre de neutrons dans la ce l lu le de reacteur au cours 
de 1'irradiation du combust ible . Dans la region des neutrons epi thermiques , ou le plutonium est produit, les 
effets de ralent issement sont par t icu l ie rement importants , tandis que les resonances basses du plutonium influent 
fortement sur le spectre des neutrons thermiques . Pour une analyse precise, on doit faire appel aux methodes 
numer iquesmul t i -g roupesqu idev iennen t ex t rSmement laborieuses et prennent beaucoup de temps lorsqu'on 
ca lcu le le taux d ' i r radiat ion, m&me a I ' a ide de grands ordinateurs. Le memoi re e tudie de maniereapprofondie 
les methodes elaborees en Yougoslavie au cours de ces dernieres annees pour le ca lcul des parametres de cceur 
d 'un reseau u ran ium-p lu ton ium. Ne disposant que de petits ordinateurs, les auteurs ont cherche a trouver 
d e nouvelles methodes combinant les donnees physiques disponibles et des moyens mathemat iques appropries. 
La caracter is t ique pr incipale de ces methodes est de pousser le t ra i t ement analyt ique l e plus loin possible et 
d'y inclure des ameliorat ions numeriques per t inentes . GrSce a ce t te tac t ique , genera lement negl igee par les 
utilisateurs des grands ordinateurs, des methodes rapides et suffisamment precises ont pu 6tre e laborees . 
Ce l l e s - c i , par t icu l ie rement adaptees aux systemes U-Pu, contiennent des techniques originales pour le 
t ra i t ement de l ' inf luence du spectre de neutrons e t de la geometr ie des ce l lu les . Les methodes elaborees 
portent no tamment sur les conditions aux l imites var iant avec l ' energ ie , la representation discontinue de 
1'energie, les probabili tes de choc amel iorees et l e calcul du ralentissement a I ' a ide des fonctions de Green. 
Les resultats obtenus par ces methodes sont presentes et compares avec l ' exper ience et avec les resultats 
obtenus a I ' a ide d 'autres methodes . 

T E O P E T H M E C K H E M E T O f l b J O n P E f l E J l E H H f l F I A P A M E T P O B A K T H B H O H 3 0 H B J , C O C T 0 5 J -
IHEH H3 y P A H - n J I Y T O H H E B b l X P E U I E T O K . 

PacMeT npOH3BOjjCTBa n/iyTOHHfr B SHepreTHnecKHX p e a K T o p a x cymecTBeHHo 3aBHcnT O T 
T O T O , KaK M3MeHfleTca 3HepreTHHecKHH cneKTp HeHTpoHOB B nqeHKe peaKTopa B n p o u e c c e Bb i ro -
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paHHA. HaKoruieHHe nnyTomin HjieT, B OCHOBHOM, B 3nnxen.noBofi o6;iacTH 3HeprHH, rae ocoSeH-
HO BaxcHti 3(Ji$eKTbi 3aMe^eHH3, Toraa KaK, c apyrofl CTOpOHW, pe30Hancbi njjyTOHHH B o6.nacTH 
HH3KHX 3Heprnfi OKa3biBaK)T 3aMeTHoe B/iHnHHe Ha Ten^OBOfi cneKTp. J\nn TOHHOTO aHa;iH3a Tpe-
6yeTcn Mcno^b30BaTb MHororpynnoBbie HHc/ieHHbie MeTo^bi pacneTOB, KOTOpbie B npHMeHeHHH K 
pacneTaM BbiropaHHfr ocoSeHHO rpy^oeMKH H 3aHHMa»T MHOTO BpeMeHH ^ajKe npn pa6oTe Ha 
KpynHbix 3^eKTpoHHO-BMHHC^HTe^bHbix MauiHuax. RoKnajx co^epwHT Bceo6'beM^iomHfl o630p Me-
T040B onpe^e/ieHHa napaMeTpoB aKTHBHofi 30HM, cocTonmefi H3 ypaH-n^yTOHweBbix pemeTOK. 
YKasaHHbie MeToabi 6bum pa3pa6oTaHbi B K)roc./iaBHH 3a noc/ie£HHe HecKOTibKo /ieT. OKa3ai3-
llJHCb nepea <|>aKTOM HCriOJIb30BaHHH He6o/IbIllHX BbIHHC/]HTe.TIbHbIX MaOIHH, aBTOpbl flO/IJKHbl 6hIJIH 
HCKaTb HOBbie nyTH pemeHHH, coMeTaiomne $H3HHecKyio HarJiarjHocTb H.MareMaTHHecKoe H3Hiue-
CTBO. OcHOBHan oco6eHHOCTb 3THX pemeHHii - aHa/iHTMHecKaa o6pa6oTKa pe3y;ibTaT0B c Hcno/ib-

30BaHHeM cooTBeTCTByiomHX ycoBepuieHCTBOBaHHH MHC êHHbix Mero^OB pacMeTa. B pe3y^bTaTe 
6biJiH pa3pa6oTaHbi cpaBHHTcnbHo HeTpyaoeMKHe MeTOflM, o6ecneMHBaioiiine pa3yMHyio TOMHOCTb 
pacqexa. Pa3pa6oxaHbi opHrwHajibHbie MeTo^bi o6pa6oTKH nefiTpoHHwx cneKTpoB H 3$$eKTOB 
reoMeTpHH RMefiKH, B OCHOBHOM npHMeHHTe^tHO K ypaH-n;ryTOHHeBMM cHCTeMaM. B MacTHocTH, 
6M/IH pa3pa6oTaHbi H npHMeHeHbi MeTO^HKH c Hcno/ib30BaHHeM SHepreTHnecKofi 3aBHCHMOCTM 
rpaHHMHbix yc/ioBHfl; jiHCKpeTHoro 3HepreTHMecKoro npe^cTaB^eHHn, pemeHHS ifjyHKqHH TpHHa 
Aim npoqecca saMe^/ieHHa. ripHBOjiflTCfl pe3y;ibTaTbi, nojiyneHHbie c Hcno^b3osaHHeM pa3pa6o-
TaHHblX MeTOJJOB. 3 T H pe3y/IbTaTbI CpaBHHBaiOTCH C 3KCnepHMeHTa/IbHMMH ^aHHblMH H pe3yjib-
TaxaMH 4pyrnx MeTOflOB. 

METODOS TEORICOS PARA LA DETERMINACION DE LOS PARAMETROS DEL NUCLEO EN RETICULOS DE 
URANIO-PLUTONIO. 

La prediccibn de la produccion de plutonio en los reactores de potencia depende esencialmente de como 
se determine la varlacibn del espectro energetico en una celda del mismo durante la irradiacion del combustible. 
En la region epitermica en la que tiene lugar la acumulacion del plutonio, son particularmente importantes los 
efectos de la moderacibn, mientras que por otra parte el espectro neutronico termico se ve considerablemente 
influido por las resonancias bajas del plutonio. Para un analisis preciso se necesitan metodos numericos en 
multigrupos, los cuales, cuando se aplican a la prediccibn del grado de quemado, son extremadamente 
laboriosos y consumen mucho tiempo incluso para maquinas calculadoras grandes. Esta memoria contiene una 
amplia resefla de los metodos desarrollados en Yugoslavia durante los recientes ultimos aflos para la determina-
cion de parametros del nlicleo en reticulos de uranio-plutonio. Enfrentados con el problema que supone contar 
unicamente con maquinas calculadoras pequeflas, fue preciso que los autores encontraran nuevos metodos en los 
que la evidencia fisica se combina con la elegancia matematica. La caracteristica principal de estos metodos 
es la tendencia a seguir un procedimiento analitico hasta donde sea posible para introducir entonces adecuados 
recursos numericos. Siguiendo esta llnea de pensamiento, que generalmente se pasa por alto cuando se 
utilizan maquinas calculadoras grandes, se desarrollaron metodos rapidos y de precision razonable. Los 
metodos utilizados comprenden tecnicas originales para tratar convenientemente los espectros neutronicos y 
efectos de la geometria de la celda, y son especialmente idoneos para sistemas U-Pu. En particular fueron 
desarrollados y aplicados procedimientos basados en las condiciones de contorno dependientes de la energia, la 
representacibn discreta de la energia, las probabilidades de colision mejoradas y el calculo de la moderacibn 
mediante funciones de Green. Se presentan los resultados obtenidos con estos metodos y se comparan con los 
de la experimentacibn y con los que resultan de aplicar otros metodos. 

1. INTRODUCTION 

The prediction of plutonium production in power r eac to r s depends 
essential ly on how the change of neutron energy spectra in a reac tor cell 
during burn-up is determined. In the epi thermal region, where the build-up 
of plutonium occurs , the slowing down effects a re part icular ly .important, 
while, on the other hand, the thermal-neut ron spectrum is strongly 
influenced by the low-lying plutonium resonances . Fo r accura te analysis , 
mult i -group numerica l methods a re required, which, applied to burn-up 
prediction, a re extremely laborious and t ime-consuming even for large 
computers . 



A/CONF.49/P/351 183 

There a re severa l plutonium recycling modes, and the decision on which 
is best for the specific reac tor in which plutonium is to be used depends 
pr imar i ly on the detailed nuclear design s tudies . However, it is usually the 
case that calculational schemes , used successfully for core parameter 
determination in UO2 or metall ic uranium lat t ices, resul t in systematic 
d iscrepancies , when extended and applied to U-Pu la t t ices , so that semi-
empir ica l nuclear data adjustments a re necessa ry . These discrepancies 
a re especially sensitive to the changes in 24PPu concentration and the lattice 
pitch, i . e . to thermalizat ion and t ranspor t effects. 

As i s known, plutonium cores , compared with uranium cores , a re 
expected to show improved stability and t ransient charac te r i s t i c s , because 
they have more negative Doppler and modera tor temperature coefficients 
due to plutonium resonances , increased resonance absorption and spectrum 
shift. On the other hand, the control-rod efficiency i s reduced as a resul t 
of thermal flux reduction, which necess i ta tes an increased number of 
control r o d s . Moreover, there is a reactivity penalty caused by intensified 
resonance effects and yield of fission product poisons. Because of al l these 
effects, more elaborate methods a re required for U-Pu lattice calculation, 
especially for prediction of adequate react ivi ty and power distribution control . 

This paper contains a comprehensive review of the methods for core 
pa ramete r determination in U-Pu lat t ices developed in Yugoslavia during 
the last few y e a r s . 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 t rea tment as far as possible and then to 
include suitable numerica l 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 t reatment of neutron spectra , cell geometry and core composition 
effects, especially suitable for U-Pu sys t ems . 

2. LATTICE CELLS 

2 . 1 . Thermal-neut ron region 

Thermal-neut ron spectra in plutonium-containing reac tor lattice cel ls 
a re strongly influenced by the 0.297-eV resonance of 239Pu and the 1.055-eV 
resonance of 2 4 0Pu. To t reat adequately both thermalizat ion and resonance 
effects, detailed mult i -group calculation i s usually required . In the course 
of Swedish-Yugoslav co-operation, a new idea was developed [ 1] to replace 
the standard mult i-group method by discre te representat ion of the neutron 
spec t ra according to the Gaussian quadrature scheme. The accuracy of the 
plutonium reaction ra te integration was improved by introducing different 
integration var iables in different pa r t s of the thermal -energy region and 
clustering the integration points around the plutonium resonance [ 2] . 
Fu r the rmore , the convergence of the method, as r ega rds the number of 
integration points, was improved by splitting the flux under the energy 
t ransfer integral into a Maxwellian par t and a hardening part with an energy 
dependent amplitude [ 3] . When the prel iminary guess of the hardening 
function is good, this approach can be fairly efficient, since only the in ter­
polation in the hardening function amplitude is to be performed. 
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FIG. 1. Thermal-neutron spectrum in fuel of a two-region reactor cell: fuel radius, 0.75 cm; cell 
radius, 2.25 cm; temperature, 500 "K; z39Pu and 240Pu enrichment, 0. V%. 

A system of multi-point equations, formally identical to mult i -group 
equations, was derived [ 4] . The applicability of the energy point method 
for heterogeneous sys tems 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 r a t e s 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 
i l lus t ra ted by Figs 1 and 2. The number of energy points needed to achieve 
the pre-ass igned accuracy of reaction ra te integration was shown to be 
considerably lower than the corresponding number of energy groups. 

To study the thermalizat ion effects in a reac tor 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 lat t ice cell, using ei ther the multi-group data calculated by 
program SIGMA or the multi-point data computed by program CAMP [ 8] . 
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FIG.2. Thermal-neutron spectrum in fuel of a two-region reactor cell: fuel radius, 0. 75 cm; cell 
radius, 3 cm; temperature, 500 °K; z39Pu and 240Pu enrichment, 0.5^0. 

In the program CAMP, a procedure was developed for the point 
scat ter ing matr ix construction based on the Lagrange interpolation scheme. 
Instead of splitting the neutron flux under the energy t rans fe r integral into 
the Maxwellian part and hardening par t , 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 i terat ive procedure of solving the system of multi-point P3 
equations, which makes this approach much s impler and more s traight­
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 i terat ive 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 proper t ies of U and Pu isotopes and a 
suitable integration procedure was proposed for each interval . The same 
integration functions were used for determination of scat ter ing m a t r i c e s . 
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FIG. 3. Neutron energy spectra for different plutonium enrichments. 
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FIG.4. Accuracy of the reaction rate calculation as function of the plutonium concentration. 

The Doppler broadening of Pu resonances was also taken into account. In 
this procedure , a thermalizat ion program PLUTON was developed and 
some of the resu l t s obtained a re presented in Figs 3 and 4. 

To take into account the space variat ion of the thermal flux inside the 
cel l , an investigation was ca r r i ed out on connecting the collision probability 
t rea tment 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] . Fo r every chosen space point, the integral t ranspor t 
equation was written and the flux between the points was interpolated by a 
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FIG.5. Thermal-neutron flux distribution in RA reactor cell 
(VESTERN and DISKRET computer programs). 

se r i e s inevenpowers of the r ad ius . The system of l inear algebraic equations 
obtained gives the flux at the desi red points. In F ig . 5 some of the resu l t s 
obtained by the method described a re compared with the standard collision 
probability t r ea tment . The application of the method to mult i -group 
calculations is straightforward, a s shown in Ref. [ 11] . The method is also 
adapted to c lus ter- type fuel e lements [ 12] . 

Another rapid and reasonably accurate procedure suitable for Pu 
lattice calculation is the program ANTER, based on the analytical method 
for calculating neutron thermalizat ion [ 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 Laguer re polynominal 
expansion in the modera tor [ 15] . In many burn-up p rog rams , for instance 
in the Swedish BOP and the Yugoslav TER [ 16] , the one-velocity ABH 
procedure [17] is used for disadvantage factor calculation. The accuracy 
of such p rograms may be improved by the substitution of ABH by ANTER, 
since the lat ter has been shown to give considerably be t te r r esu l t s [ 18] . 
Some comparisons of both methods with the THERMOS procedure and 
experiments can be seen in Fig. 6. 

2 . 2 . Resonance neutron region 

In treat ing the resonance effects in a reac to r cell , the usual assumptions 
a r e : a spatially flat flux in every cell zone and an asymptotic 1/E spectrum 
between the resonances . As a resul t , a number of semi-empi r ica l c o r r e c ­
tions a re necessa ry . In addition, an adequate connection with the usually 
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FIG. 6. Cell disadvantage factors for different lattice pitches of RB reactor cell. 

FIG.7. Lethargy distribution of the average flux in fuel (1) and the average flux in moderator (2) in the 
vicinity of the 6.7-eV resonance of !38U. 
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FIG.8. Space distribution of resonance-neutron flux for the energies denoted by a-e in Fig. 7. 

detailed t reatment of the t he rma l neutron region i s impossible . Moreover, 
more r igorous t rea tment of the resonance region i s par t icular ly important 
for adequate Pu build-up prediction. 

To overcome these shortcomings, a new procedure was developed to 
solve the space- , lethargy- and angle-dependent t ranspor t equation for 
resonance neutrons . In the resonance region, the neutron scat ter ing is 
isotropic, but, since the values of c ross - sec t ions in different zones of a 
reac tor cell are widely different, the neutron flux near the zone boundaries 
becomes very anisotropic. F o r this reason, the P3 approximation of the 
spherical harmonics method was applied, result ing in a system of in tegro-
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 reac tor cell [ 19] . The accuracy i s l imited practically 
only by input cross - sec t ion data, and the computing t ime is relatively short , 
so that it is convenient for incorporat ion in burn-up prog rams . Some 
resu l t s for resonance-neutron flux distributions in the centre of a fuel 
element and at i ts surface are shown in Figs 7 and 8. To investigate in 
detail the effects of 238U resonances (where the build-up of plutonium 
occurs) the flux distr ibutions near a giant 6. 7-eV resonance and the 
corresponding space and lethargy distribution in a cell a r e calculated and 
presented in Figs 9 and 10, respect ively . 
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FIG.9. Lethargy distribution of resonance-neutron flux in the centre of fuel element (1), at the surface of 
fuel element (2) and at the surface of the cell (3), in the interval 10 eV - 100 eV. 

13.3 13.5 

FIG. 10. Lethargy distribution of resonance-neutron flux in the centre of fuel element (1), at the surface 
of fuel element (2) and at the surface of the cell (3), in the interval 1 eV - 10 eV. 
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FIG. 12. Space distribution of the fast-neutron flux in the moderator of a natural uranium - D O cell, taking 
into account anisotropic elastic scattering; rod diameter, 1.626 cm; lattice pitch, 17.7 cm. 

2 . 3 . Fast -neut ron region 

The fast region i s relevant to the problem of Pu build-up, mostly through 
supplying adequate sources for resonance neutrons. Here the problem of 
fast-neutron t ranspor t 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 p roces s . By represent ing the collision density by a sum of 
collisions with different prior his tor ies and substituting Green functions by 
Dirac delta functions, the problem was reduced to determination of neutron 
scat ter ing functions. These functions were determined by factorization in 
le thargies (in t reat ing the inelast ic scat ter ing) as well as by expansions in 
cosine of the scat ter ing angle (in t reat ing the elast ic scat ter ing) . The 
expression obtained for collision density is valid for a rb i t r a ry dependence 
of cross - sec t ions on energy and angle. 
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With the Green function technique, the method was applied to a reac tor 
lattice cell [ 21] . The space energy distribution of fast neutrons in a 
reac to r cell was also determined by the mult i -group P3 procedure with the 
modified MULTI program [ 22] , as well a s by the mult i-group collision 
probability procedure [ 11] . Some of the resul t s obtained by these methods 
a re displayed in Figs 11 and 12. 

3 . REACTOR CORE 

3 . 1 . Material buckling 

U-Pu lat t ices represen t a typical example of the so-called mixed 
la t t ices , which contain different types of fuel. In the equilibrium state, by 
continuous fuel exchange, fuel e lements of different uranium and plutonium 
compositions a re uniformly ar ranged in the reac tor lat t ice. In some cases , 
e . g . in a reac to r with steam superheating, fuel elements of different 
geometr ies and compositions a re uniformly arranged in the lattice from the 
very beginning of the operation. To solve the cri t ical i ty problem, elaborate 
methods a re required, such as the heterogeneous method or the numerical 
three-dimensional calculation of the reac tor core . 

When treat ing the long- term fuel composition changes to determine the 
maximum fuel burn-up, it is necessa ry to solve the cri t ical i ty problem 
many t imes , so that application of the above-mentioned methods is 
laborious and time consuming, even for large-capaci ty computers . Since 
fuel e lements of different nuclear compositions a re uniformly arranged over 
the whole reactor lat t ice, it is possible to define the mate r ia l buckling for a 
uniformly mixed lattice and to reduce a cri t ical i ty problem to a problem of 
finding the roots of the two-group cr i t i ca l equation. 

With two types of fuel element, the validity of the definition of the 
mate r ia l buckling for the mixed reac to r core was experimentally investigated 
on the Yugoslav heavy-water zero-power reac to r RB [ 23] . Some of the 
resu l t s a re presented in Fig. 13. The validity of the adopted simple 
definition of the ma te r i a l buckling for mixed reac to r core , a s l inearly 
dependent on the configuration factor, was confirmed. 

3 .2 . Crit icali ty 

To be able to establ ish the best national fuel management policy, special 
efforts were devoted to the development of fast and reasonably accurate 
methods for overall r eac to r core calculation. In addition to the already 
mentioned burn-up program TER, a cr i t ical i ty program, REDIR, was 
developed [ 24] . Galanin's method of effective boundary conditions was used 
with a two-group calculated effective reflector th ickness . The program 
calculates rad ia l and axial m a c r o p a r a m e t e r s and fuel-element burn-up. 
To calculate U-Pu la t t ices , 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 
cri t ical i ty program HETERO [ 25] , as well as by the experiments described 
in Section 3 . 1 . 
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FIG. 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 Pontryagin1 s maximum 
principle or Bellman1 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. 
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FIG. 14. Optimal core configuration for high-flux reactor. 

The mathemat ical formulation of the above problem i s given in Ref. 
[ 28] and some applications to the optimization of reac to r core configuration 
a r e presented in Ref. [ 29] . For example, the optimal fuel configuration of 
the reac to r core, obtained in the case of a high-flux r eac to r , consists of a 
reflector in i ts centre , a zone of constant (permissible) power density, a 
zone of constant (maximum) fuel concentration, and a per iphera l reflector 
of infinite thickness (Fig. 14). 

The choice of an adequate model of the process in the optimization 
procedure developed plays an important ro le . The model presented here i s 
based on the two-group diffusion theory of neutrons, and is given for 
a rb i t r a ry core geometry. However, the same optimization procedure i s 
also applicable with the mult i -group diffusion model. 

In a s imilar way, with a corresponding model of the process , numerous 
problems in reac tor kinetics and the control of U-Pu cores can be solved. 
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