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CALCULATIONS OF k FOR SOME SMALL 
U"3_^ U"^-, AND Pu"'-FUELED 

FAST REACTORS 

by 

W . G. Davey 

ABSTRACT 

Values of the mult ipl icat ion constant, k, have been 
calculated for a number of smal l U"^- , U"^- , and Pu^^''-
fueled fast r eac to r s through use of a c ross -sec t ion set p r e ­
viously used by the author for investigation of a number of 
U"^-fueled ZPR-III a s sembl ie s .(^ "3) The r eac to r s consid­
ered in the p resen t r epor t a r e (a)GODIVA, TOPSY, JEMIMA, 
J E Z E B E L , POPSY, and U"^ as sembl ie s constructed at Los 
Alamos; (b) th ree plutonium-graphi te c r i t i ca l a s sembl i e s 
const ructed with the r eac to r VERA at AWRE, Aldermaston, 
England; (c) the plutonium-fueled Mark-IV loading of the 
EBR-I r eac to r at Idaho Division of ANL; and (d) a plutonium-
and U^^^-fueled mockup in ZPR-III of a proposed French r e ­
ac tor , RAPSODIE. 

I. INTRODUCTION 

A compar i son of m e a s u r e d and calculated p a r a m e t e r s of U 
fueled ZPR-III fast c r i t i ca l a s sembl ie s v/as previously c a r r i e d out by the 
author^ '' through use of a 16-group c r o s s - s e c t i o n set w^hich is a modi ­
fication of the set of Yiftah, Okrent , and Moldauer (YOM).^"*' In that study, 
which covered core volumes ranging from 50 to 660 l i t e r s and c r i t i ca l 
m a s s e s from 130 to 580 kg of U^^^, the c r i t i ca l m a s s e s could be calculated 
to an accuracy not worse than 6 | % . In the p resen t study, the same c r o s s -
section set and computational methods have been used to calculate the values 
of k for a number of smal l , dense , U - and U -fueled r eac to r s con­
s t ruc ted at Los Alamos and for eight Pu -fueled sys tems constructed at 
Los Alamos , Aldermas ton , and the Idaho Division of Argonne National 
Labora tory . 

II. DERIVATION OF THE CROSS-SECTION SET 

The der ivat ion of the c r o s s - s e c t i o n set has been descr ibed in de ­
tail^ ^̂  (also Appendix I of re fe rence 3). Briefly, it consis ts of the YOM Set 



with: (a) values of a for U^^ ,̂ U"^, and P u " ' modified to agree with the 
m e a s u r e m e n t s of Hopkins and Diven;^^^ (b) the values of v for U^̂ ^ modi­
fied in accordance with recent measurements ;^""^ / and (c) the t r anspor t 
and elast ic removal c r o s s sections of steel and aluminum modified in an 
approximate manner to allow for the effects of strong resonances in these 
mate r i a l s . (9> 10) 

In addition to these data, l6 -group c ro s s sections for copper have 
been added.^•'•^/ These a r e given in Appendix I. 

III. REACTOR COMPOSITIONS AND CALCULATIONS 

The values of k were calculated by converting (when necessary) the 
exper imenta l c r i t i ca l configuration to the equivalent, idealized spherical 
geometry and then finding k for this geometry by means of the DSN neu­
tron t r anspo r t code. When neces sa ry , cor rec t ions to the cr i t ica l m a s s were 
applied for core heterogenei ty and some other small effects, thus obtaining 
c r i t i ca l m a s s e s of homogeneous sys tems of regular geometry . The shape 
factor used to c o r r e c t for the core geometry is defined as the rat io of the 
cr i t ica l m a s s e s of spher ical and cyl indrical r e a c t o r s of identical composi­
tion, and it is a function of both the core size and the length- to-d iameter 
ra t io of the cyl indrical co r e . The method of est imating the shape factors 
was identical with that used in re fe rence 1 and will not be d iscussed h e r e . 

In the previous study^ '' all calculations were made with the DSN 
code in the 54 approximation. This approximation was accura te for the 
l a rge r r e a c t o r s previously considered, but is inaccurate for some of the 
smal l r e a c t o r s examined h e r e . Some S4 and S8 calculations were ca r r i ed 
out to es t imate the effect of the degree of approximation upon the calculated 
value of k. All the values of k were then cor rec ted to those that would be 
obtained by means of S8 calcula t ions . 

The r eac to r composit ions and geomet r ies a re d iscussed more fully 
below. 

A. The Los Alamos Assembl ies 

All these r e a c t o r s have been considered by Roachv^^) and, when 
neces sa ry , he has es t imated the c r i t i ca l m a s s e s of homogeneous spher ical 
s y s t e m s . The idealized composit ions and dimensions derived by Roach 
have been used h e r e . They a r e given below. 

1. GODIVA: A b a r e highly enriched uranium sphere . 

The composit ion is 93.8% U^̂ ^ and 6.2% U^^^ the effective den­
sity of U^^^ is 17.59 g/cm^; the cr i t ica l m a s s is 48.7 kg U^^ ,̂ and the core 
radius i s 8.71 cm. S4 and S8 calculat ions were run. 



2. TOPSY: A na tura l u ran ium reflected highly enriched uranium 
sphere . 

The core was 94.1% U^̂ ^ and 5.9% U " ^ the effective U^̂ ^ den­
sity is 17.60 g/cm^; the cr i t ica l m a s s is 16.28 kg U^^ ,̂ and the core radius 
is 6.04 cm. The ref lector is 9.0 in. of natural uranium at a density of 
19.0 g / c m ^ 

3. JEMIMA 53.6: A b a r e 53.6% enriched uranium cyl inder . 

The idealized composit ion is a sphere of 53.6% U , and 46.4% 
U^^ ;̂ the effective U^̂ ^ density is 10.02 g/cm^; the cr i t ica l m a s s is 75.0 kg 
U^''^, and the core radius is 12.14 cm, 

4. JEMIMA 37,7: A b a r e 37.7% enriched uranium cylinder . 

The idealized composit ion is a sphere of 37.7% U^ and 62.3% 
U^̂ ®; the effective U^̂ ^ density is 7.07 g/cm^; the cr i t ica l m a s s is 92.4 kg 
U , and the core radius is 14.61 cm. 

5. JEMIMA 29.0: A b a r e 29.0% enriched uranium cylinder. 

The idealized composit ion is a sphere of 29.0% U and 71.0% 
U^^*; the effective U^̂ ^ density is 5.45 g/cm^; the cr i t ica l m a s s is 109.3 kg 
U^^ ,̂ and the core radius is 16.85 cm. 

6. J E Z E B E L : A ba re plutonium sphere . 

The core is ent i re ly Pu^''^ at a density of 15.56 g/cm^. The 
c r i t i ca l m a s s is 16.22 kg Pu^^', and the core radius is 6.29 cm. 34 and S8 
calculat ions were run. 

7, POPSY: A na tura l u ran ium-re f lec ted plutonium sphere . 

The core is Pu ''' at a densi ty of 15.67 g /cm ; the c r i t i ca l m a s s 
is 5.74 kg Pu^'*', and the core radius is 4.44 cm. The reflector is 9,5 in, of 
na tura l u ran ium at a density of 18,97 g/cm' ' . S4 and S8 calculat ions were run. 

8. Pu/U: A reflected heterogeneous cylinder of plutonium and 
depleted u ran ium. 

The idealized composit ion is a homogeneous Pu^ y N i c k e l / U 
sphere with p ( P u " ' ) = 3.81 g / c m ^ p(Nickel) = 0.174 g/cm^ and p{\J^^^) = 
13.87 g / c m . The c r i t i ca l m a s s is 20.09 kg Pu^^', and the core radius is 
10.80 cm. The ref lector is 7.5 in, of U^^^ at a density of 19.0 g/cm^. 



9. U^^yu^^^: A natural uranium-ref lec ted U^̂ ^ sphere . 

The core is a 5 .04-cm-rad ius sphere of 9.705 kg of U^̂ ^ and 
0.172 kg of U^^*. The ref lector is 0,885 in, of natural uranium at a density 
of 18.9 g / c m ^ 

10, U^^yu^^^. y ^ enriched uranium-reflected U^" sphere . 

The core is identical with the U / U core . The reflector is 
0,458 in. of 93.3% enriched uranium at a density of 18.8 g/cm^. 

B, The VERA Assembl ies 

The composit ions and cr i t ica l dimensions of a number of U^ - and 
Pu^^'^-fueled fast c r i t ica l a s sembl ies have been repor ted recently by 
Weale et al,'!-^) Of these a s sembl i e s , numbers 9A, lOA, and H A were r e ­
flected cr i t ica l a s sembl ies whose major core constituents were plutonium 
and carbon. Assembly 8A was fueled with plutonium but did not reach 
cr i t ica l i ty . The core and blanket compositions of VERA 9A, lOA, and H A 
a re given in Table I, The blanket was the same composition for each 
assembly . 

T a b l e I 

C O R E AND B L A N K E T C O M P O S I T I O N S IN V E R A 
A S S E M B L I E S 9A lOA, AND U A 

R e g i o n 

C o r e 9A 
C o r e lOA 
C o r e l l A 
B l a n k e t 

U235 

0.000 
0.000 
0.000 
0 .025 

U238 

0.000 
0.000 
0 .000 
3.440 

C o m p o s i t i o n of R 

P u " ' 

1.071 
0 .866 
0 .724 
0.000 

p^Z40 

0 .055 
0 .044 
0 .037 
0 .000 

e g i o n ( a t o m s / c m ^ ) x 10 

Cu 

1.164 
0 .941 
0 .796 
0.000 

F e 

0.607 
0.607 
0.607 
0.646 

C r 

0 .158 
0 .158 
0 .158 
0.168 

22 

Ni 

0 .0665 
0 .0665 
0 .0665 
0 .071 

C 

3.437 
4 .170 
4 .606 
0.000 

The quoted c r i t i ca l m a s s e s of VERA 9A, lOA and H A a re not co r ­
rected for core i r r egu l a r i t i e s and edge effects, and these were est imated 
from the quoted cor rec t ions for the VERA U^^^-fueled assembl ies as about 
2 1 % . 

The VERA Assembl ies were cyl indrical . Shape factors to convert 
the cylindrical m a s s e s to equivalent spherical m a s s e s were est imated by 
the method descr ibed by Davey,^-^z The uncorrected cr i t ica l m a s s e s and 
cor rec t ions a r e given in Table II, 

In all cases the outer radius of the blanket was assumed to be 
55.0 cm. 



Table II 

VERA CRITICAL MASSES AND CORRECTIONS 

A s s e m b l y 
Nunnber 

9A 
lOA 
l l A 

U n c o r r e c t e d 
C r i t i c a l 

Mass 
(kg) 

24.1 
28.4 
33.1 

C r i t i c a l M a s s 
C o r r e c t e d for 
He te rogene i ty , 

e t c . (kg) 

24.7 
29.1 
33.9 

Shape 
F a c t o r 

0.98 
0.97 
0.97 

Spher ica l 
C r i t i c a l 

Mass 
(kg) 

24.2 
28.2 
32.9 

Spher ica l 
Core 

Radius 
(cm) 

11.08 
12.52 
13.98 

C. E B R - I M a r k IV 

E B R - I i s a s m a l l , f a s t power r e a c t o r whose four th c o r e loading 
c o n s i s t s of p lu ton ium fuel rods.^-*-^) The M a r k - I V c o r e i s a f a i r l y r e g u l a r 
p s e u d o c y l i n d e r , bu t t h e r e a r e a n u m b e r of b l anke t r e g i o n s of d i f fe ren t c o m ­
pos i t ion ; the r e g i o n s a r e of d i f fe ren t c o m p o s i t i o n and t h i c k n e s s in the 
r a d i a l , b o t t o m ax i a l , and top a x i a l d i r e c t i o n s . C o n v e r s i o n of such a c o m ­
p lex r e a l g e o m e t r y to an equ iva l en t s p h e r i c a l g e o m e t r y i s of dubious 
va l id i ty , but an a t t e m p t to e s t i m a t e k w a s m a d e by c a r r y i n g out t h r e e 
s p h e r i c a l DSN c a l c u l a t i o n s . The c o r e c o m p o s i t i o n and d i m e n s i o n s w e r e 
the s a m e in e a c h of t h e s e c a l c u l a t i o n s , but the t h r e e r e f l e c t o r connposi t ions 
c o r r e s p o n d e d to the b l a n k e t c o m p o s i t i o n s in the r a d i a l , top ax ia l , and b o t ­
t o m ax ia l d i r e c t i o n s . No c o r r e c t i o n to the c o r e c r i t i c a l m a s s w a s app l i ed 
b e c a u s e of h e t e r o g e n e i t y e f fec t s , but a shape f ac to r of 0.98 w a s used.^ •' 

The c o m p o s i t i o n s and d i m e n s i o n s of the v a r i o u s s p h e r i c a l r e g i o n s 
u s e d in the c a l c u l a t i o n s a r e g iven in T a b l e s III and IV. 

Table III 

EBR-I MARK-IV CORE COMPOSITION AND DIMENSIONS 

Core 
Radius 

(cm) 

10.70 

Compos i t ion ( a toms /cm^) x 10"^^ 

P u " 9 

1.274 

p^240 

0.069 

F e 

0.425 

Ni 

0.065 

C r 

0.107 

Al 

0.151 

Z r 

0.910 

N a 

0.178 

K 

0.377 

The t h r e e s p h e r i c a l DSN S4 c a l c u l a t i o n s wi th the r a d i a l , top ax i a l , 
and b o t t o m ax ia l r e f l e c t o r s gave v a l u e s of k of 1.044, 1.022 and 0.999, 
r e s p e c t i v e l y . S ince the c y l i n d r i c a l c o r e h a s a l e n g t h - t o - d i a m e t e r r a t i o of 
a p p r o x i m a t e l y uni ty , the p o r t i o n of the c o r e s u r f a c e bounded by each of the 
above r e f l e c t o r s w a s in the r a t i o 4 : 1 : 1 ; the k v a l u e s w e r e we igh ted in t h i s 
p r o p o r t i o n . Th i s c r u d e c a l c u l a t i o n gave a we igh ted m e a n va lue of k of 
1.033, 



T a b l e IV 

E B R - I M A R K - I V B L A N K E T C O M P O S I T I O N S AND D I M E N S I O N S 

O u t e r 
R a d i u s of 

R e g i o n ( cm) 

C o m p o s i t i o n ( a t o m s / c m ' ' ) x 10"^^ 

u"= U238 F e Ni C r Al Z r Na K 

R a d i a l B l a n k e t 

12 .00 
18 .54 
2 4 . 5 9 
4 1 . 0 7 

0 .004 
0 .017 
0 .000 
0 .029 

1.686 
2 .330 
0 .000 
4 . 0 5 6 

0 . 4 5 8 
0 .462 
3 .457 
0 .264 

0 .069 
0 .070 
0 .525 
0 .040 

0 .116 
0 .117 
0 .875 
0 .067 

0 .000 
0 .000 
0 .328 
0 .000 

0 .871 
0 .774 
0 .000 
0 .000 

0 .184 
0 .126 
0 .064 
0 .000 

0 .389 
0 .268 
0 .136 
0 .000 

T o p A x i a l B l a n k e t 

3 0 . 4 0 
4 4 . 5 0 

0 .004 
0 .000 

1.695 
0 .000 

0 .435 
4 . 0 3 7 

0 .066 
0 .613 

0 .110 
1.021 

0 .000 
0 .000 

0 .897 
0 .214 

0 .181 
0 .110 

0 .383 
0 .232 

B o t t o m A x i a l B l a n k e t 

19 .74 
32 .80 
4 4 . 1 3 

0 .004 
0 .000 
0 .029 

1.695 
0 .000 
4 . 0 5 6 

0 .435 
1.783 
0 .264 

0 .066 
0 .270 
0 .040 

0 .110 
0 .451 
0 .067 

0 .000 
0 .296 
0.000 

0 .897 
0 .147 
0 .000 

0 .181 
0 .175 
0 .000 

0 .383 
0 .370 
0 .000 

D. The RAPSODIE A s s e m b l y in Z P R - I I I 

Th i s a s s e m b l y is a s impl i f i ed m o c k u p of the p r o p o s e d F r e n c h o x i d e -
fueled r e a c t o r RAPSODIE . The c o r e i s fueled wi th both p lu ton ium and U^^^ 
and the e x p e r i m e n t a l c r i t i c a l vo lume i s 38.6 l i t e r s . ' ^ ^ ) Using a 2% c o r ­
r e c t i o n for h e t e r o g e n e i t y and an e s t i m a t e d shape f ac to r of 0.97, we d e r i v e 
a s p h e r i c a l , h o m o g e n e o u s c r i t i c a l volunne of 38.2 l i t e r s . The c o r e and 
b l anke t d i m e n s i o n s u s e d in the DSN c a l c u l a t i o n a r e given in Table V. 

T a b l e V 

R A P S O D I E M O C K U P C O M P O S I T I O N AND D I M E N S I O N S 

O u t e r 
R a d i u s of 

R e g i o n ( cm) 

2 0 . 9 
3 2 . 8 
6 5 . 8 

C o m p o s i t i o n ( a t o m s / c m ' ' ) x 10"^^ 

UZ35 

0 .504 
0 .005 
0 .006 

U238 

0 .336 
2 . 1 6 3 
2 .977 

P u " ' 

0 . 156 
0 .000 
0 .000 

P u ^ « 

0 .007 
0 .000 
0 .000 

F e 

1.420 
0 .857 
0 . 4 4 6 

C r 

0 .181 
0.222 
0 .115 

Ni 

0 .092 
0 .113 
0 .059 

Mo 

0 .000 
0 .652 
0 .000 

Al 

1.029 
0 .767 
0 .693 

O 

1.957 
0.000 
0 .000 

IV. R E S U L T S 

The r e s u l t s of the DSN c a l c u l a t i o n s a r e given in Table VI. S4 and 
S8 c a l c u l a t i o n s w e r e p e r f o r m e d for GODIVA, J E Z E B E L , and POPSY. The 
d i f f e r ence in the v a l u e s of k ob ta ined by m e a n s of t h e s e two a p p r o x i m a t i o n s 
d e c r e a s e d with i n c r e a s i n g c o r e r a d i u s . T h e s e da ta w e r e then u s e d to e s t i ­
m a t e the v a l u e s of k tha t would be ob ta ined for the o the r r e a c t o r s if S8 
c a l c u l a t i o n s w e r e u s e d . 



Table VI 

C A L C U L A T E D V A L U E S OF k 

R e a c t o r 

GODIVA 
TOPSY 
JEMIMA, 53 ,6 
JEMIMA, 37 ,7 
JEMIMA, 29 .0 

J E Z E B E L 
P O P S Y 

Pu/u 
V E R A 9A 
V E R A lOA 
V E R A U A 
E B R - I Mark IV 

RAPSODIE 

U233/u238 

U233/u235 

F u e l 

U235 

i 
Pu 

\ ' 

P u + U " 5 

U233 

k(S4)(a) 
- k(S8) 

0 ,003 
0 .007 
0 .001 
0 .000 
0 .000 

0 .007 
0 ,012 
0 .001 
0.001 
0 .001 
0 .000 
0,001 

0 .000 

0 .010 
0 .010 

k(S4 ca lc ) 

1,015 
1,029 
1,015 
1,001 
0,991 

1.029 
1,062 
1,014 
1,054 
1,039 
1,032 
1.033 

1,030 

1,044 
1,037 

k(S8 ca lc ) (a ) 

1,012 
1,022 
1,014 
1,001 
0,991 

1.022 
1.050 
1.013 
1.053 
1.038 
1.032 
1,032 

1.030 

1,034 
1,027 

( a ) c a l c u l a t e d for GODIVA, J E Z E B E L , and POPSY, and 
e s t i m a t e d for the o ther r e a c t o r s 

V. D I S C U S S I O N A N D C O N C L U S I O N S 

(a) T h e v a l u e s of k f o r t h e s m a l l a s s e m b l i e s f u e l e d e n t i r e l y w i t h 
U a r e c a l c u l a t e d w i t h a b o u t t h e s a m e a c c u r a c y a s fo r t h e l a r g e r , d i l u t e d 
Z P R - I I I a s s e m b l i e s p r e v i o u s l y examined.*-^ ' •^ ' ' T h i s i s t r u e fo r t h e b a r e 
J E M I M A a n d G O D I V A r e a c t o r s a s w e l l a s f o r t h e r e f l e c t e d T O P S Y . In 
t e r m s of c a l c u l a t i o n of c r i t i c a l m a s s , t h i s i n d i c a t e s an a c c u r a c y of a b o u t 
6% o r b e t t e r fo r a l l r e a c t o r s f u e l e d s o l e l y w i t h U u p to a m a s s of 580 k g . 
T h i s d o e s n o t i m p l y t h a t t h e n u c l e a r d a t a a r e f r e e f r o m s i g n i f i c a n t e r r o r s . 

(b) T h e v a l u e s of k fo r a l l t h e r e a c t o r s f u e l e d w i t h p l u t o n i u m a r e 
g r e a t e r t h a n u n i t y , b e i n g o n a v e r a g e a b o u t 3 ^ % g r e a t e r . S o m e w h a t s u r ­
p r i s i n g l y , a n d p e r h a p s f o r t u i t o u s l y , t h i s i s t r u e fo r t h e R A P S O D I E r e a c t o r , 
w h i c h i s f u e l e d w i t h b o t h U a n d p l u t o n i u m . F o r t h e s m a l l r e a c t o r s c o n ­
s i d e r e d h e r e , a n e r r o r of 3-2% in t h e c a l c u l a t e d v a l u e of k m e a n s p r e d i c t i o n 
of c r i t i c a l m a s s e s t h a t w o u l d b e a b o u t 6% to 10% s m a l l e r t h a n w o u l d b e o b ­
t a i n e d b y e x p e r i m e n t . If t h e s a m e d i s c r e p a n c y of a b o u t 3 j % in k a l s o o c c u r s 
in l a r g e p l u t o n i u m - f u e l e d r e a c t o r s , t h i s c o u l d r e s u l t in e r r o r s of c r i t i c a l 
m a s s v a r y i n g f r o m a b o u t 2 0 % t o 3 0 % . 

(c) T h e v a l u e s of k f o r t h e t w o U ^ - f u e l e d r e a c t o r s a r e a b o u t 3% 
g r e a t e r t h a n u n i t y . 
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APPENDIX I 

GROUP CROSS SECTIONS FOR COPPER (in barns) 

Group 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 

Otr 

2.3 
2.4 
2.45 
3.0 
3.5 
4.15 
5.0 
5.75 
6.6 

22.0 
7.8 
7.9 
8.9 
11.5 
9.05 
8.1 

0n7 

0.00 
0.00 
0.01 
0.01 
0.01 
0.015 
0.02 
0.03 
0.04 
0.054 
0.079 
0.109 
0.163 
0.227 
0.562 
0.390 

Oer 

0.047 
0.076 
0.12 

0.19 
0.23 
0.28 
0.33 
0.36 
0.40 
3.00 
0.47 
0.44 
0.53 
0.45 
0.34 
0.00 

C'n.n' j-k 

k = 0 

0.124 
0.172 
0.144 
0.054 

1 

0.347 
0.371 
0.218 
0.059 

2 

0.444 
0.373 
0.175 
0.039 

3 

0.356 
0.137 
0.104 
0.021 

4 

0.212 
0.064 
0.051 
0.010 

5 

0.105 
0.027 
0.023 
0.004 

6 

0.076 
0.018 
0.015 
0.003 

The group boundaries a re those of Yiftah et al.'.'*) 


