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CRITICAL STUDIES OF A 450-LITER 
URANIUM OXIDE FAST REACTOR CORE 

(ZPR-III Assembly 29) 

by 

A. L. Hess , W.Gemimell, 
J. K. Long, and R. L. McVean 

ABSTRACT 

Resul ts of studies with ZPR-III Assembly 29, a mockup 
of a typical, dilute UOg-fueled fast reac tor , a re reported. 
The as sembly consisted of a 454- l i te r cylindrical core , blan­
keted with depleted uranium, with a c r i t ica l m a s s of 421 kg 
U ^ .̂ Exper iments included measu remen t s of fission r a t e s , 
m a t e r i a l react ivi ty wor ths , and Ross i alpha. The resu l t s of 
mult igroup calculations using the present Argonne c r o s s -
section sets a r e presented, and d iscrepancies between exper­
imental r esu l t s and calculations a r e discussed. 

INTRODUCTION 

It is anticipated that the use of oxides and carbides of uranium and 
plutonium in reac tor fuel e lements will overcome the low fuel-burnup 
l imitat ions p resen t with meta l l ic fuels. It has been found that UOj can s u s ­
tain economic burnups (>5 a/o) without showing evidence of radiation 
damiage. 

Some p re l imina ry design studies of oxide-fueled fast reac tor s y s ­
tems have been published, based on cu r ren t c ros s - sec t ion data. The e a r ­
l iest study was conducted in 1957(1) with a mixed PUO2-UO2 fuel, and this 
work has lately been extended.(2) The reac tor considered would use 
500 kg or more of plutonium to operate at 1000 t 200 Mw. Physics ca l ­
culations for large u ran ium and plutonium oxide r eac to r s have been made 
by Okrent and Loewenstei-n.^-^-' and recent ly data on 800- to 1500-Mw oxide 
r e a c t o r s have been given by Okrent.(4) However, no experimental data have 
been available to supplement the p a r a m e t r i c surveys . To provide such data 
and to evaluate the theore t ica l des igns , a s e r i e s of studies was begun in 
September I96O with the ZPR-III c r i t i ca l facility to determine the proper t ies 
of uranium-oxide and -carb ide composi t ions . 

The f i r s t of these studies, known as Assembly 29, was a mockup of 
a dilute, UOz-fueled fast r eac to r . This paper p resen ts a descript ion of the 
assembly and the exper iments per formed with it. Included a r e comparisons 
of measu remen t s with SNG predict ions and c r i t i c i sms of the mult igroup sets 
used. 



I. DESCRIPTION OF ASSEMBLY 

A. P r e l i m i n a r y Des ign: In i t i a l C o m p o s i t i o n 

The a s s e m b l y w a s to r e p r e s e n t a h y p o t h e t i c a l UOz-fueled power 
r e a c t o r : a l a r g e c y l i n d r i c a l c o r e , wi th a c o m p o s i t i o n of about 25 v / o UO2, 
25 v / o s t e e l , and 50 v / o coo lan t (Na), b l a n k e t e d with d e p l e t e d u r a n i u m . 
The s i z e of the a s s e m b l y bu i l t w a s l i m i t e d only by the m a t e r i a l a v a i l a b l e . 
In v iew of t h i s , and for c o n v e n i e n c e of c o n s t r u c t i o n , the c o m p o s i t i o n c h o s e n 
w a s 30 v / o UO2, wi th the uraniunn 3 1 % e n r i c h e d . 

The Z P R m a c h i n e , shown in F i g . 1, c o n s i s t s of one f ixed and one 
m o v a b l e half, e a c h an a r r a y of s q u a r e m a t r i x t u b e s in to wh ich a r e i n s e r t e d 
d r a w e r s conta in ing the m a t e r i a l s to be u s e d in the r e a c t o r . 

' I . 

! 

_ . \ 

1 * 

F i g . 1. Z e r o P o w e r R e a c t o r No. I l l ( Z P R - I I l ) C r i t i c a l F a c i l i t y 

T y p i c a l l y loaded d r a w e r s a r e shown in F i g . 2. (A c o m p l e t e d e s c r i p t i o n of 
the Z P R i 
C e r u t t i el 
the Z P R fac i l i ty and m e t h o d s of a s s e m b l y c o n s t r u c t i o n has b e e n g iven by 

it a l . (5) 



F i g . 2. T y p i c a l A s s e m b l y D r a w e r s 

C o n s t r u c t i o n of t h i s a s s e m b l y involved v a r i o u s a p p r o x i m a t i o n s . 
U r a n i u m oxide, wh ich was u n a v a i l a b l e , w a s s i m u l a t e d by having p l a t e s of 
s i n t e r e d a l u m i n u m oxide ad j acen t to u r a n i u m p l a t e s . Two a l u m i n a p l a t e s 
p e r p l a t e of u r a n i u i n gave an a t o m i c r a t i o for u r a n i u m to oxygen of 1:1.90. 
Also , the s o d i u m coo lan t w a s m o c k e d with a l u m i n u m to s i m u l a t e the c h a r ­
a c t e r i s t i c s of s o d i u m . P r e v i o u s f a s t c r i t i c a l s t ud i e s had shown that 
48 v / o Na could be r e p r e s e n t e d by about 25 v / o Al. 

It was p lanned to c o n s t r u c t the c o r e en t i r e ly of d r a w e r s loaded as 
shown in F i g . 3, wi th a r e s u l t i n g compos i t i on , including s t e e l of the d r a w e r s 
and m a t r i x t u b e s , a s g iven in T a b l e I. Using th i s compos i t i on , an 54 c a l ­
cu la t ion p r e d i c t e d a c r i t i c a l v o l u m e of 380 l i t e r s , and for the g e o m e t r y i n ­
t ended ( L / D = 0.9) the c o r e length was s e t at 28 in. The a r r a n g e m e n t of 
m a t e r i a l in the d r a w e r s a p p r o x i m a t e d tha t in a power r e a c t o r : the fuel, 
UO2, i s c lad in s t a i n l e s s s t e e l and s u r r o u n d e d by coolant . The b lanke t 
t h i c k n e s s w a s chosen a s 12 in. r a d i a l l y and ax ia l ly . 

1 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
STAINLESS STEEL 

ALUMINUM OXIDE 
DEPLETED URANIUM 
ALUMINUM OXIDE 
ALUMINUM 0X1DF 
ENRICHED U235 

ALUMINUM OXIDE 
ALUMINUM OXIDE 
DEPLETED URANIUM 
ALUMINUM OXIDE 
STAINLESS STEEL 

STAINLESS STEEL 

45 v/o ALUMINUM 

45 v/o ALUMINUM 
45 v/o ALUMINUM 

45 v/o ALUMINUM 

' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 

J , 1 . h 1 . I , i 1 
\ • / 

/ 

DEPLETED URANIUM 

/ \ 
/ \ 

/ \ 
, 1 . 1 1 1 . 1 . 1 , 1 1 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Inches from Front of Drawer 

F i g . 3. S t a n d a r d C o r e D r a w e r - Top View 



Table I 

INITIALLY PLANNED CORE COMPOSITION 

Mater ia l 
Number of -|--in. 

Columns per Drawer 

93% Enriched Uranium 
Depleted Uranium 
Stainless Steel 
45 v / o Al (perforated) 
AI2O3 

Mater ia l 
UZ35 

U238 

Steel 
Al 
0 

Density 
(gm/cc) 

0.873 
1.957 
1.937 
0.658 
0.370 

1 
2 
3 
4 
6 

Volume Percen t 

4.66 
10.30 
24.67 
24.38 
14.52 

It is es t imated that about 10% of all fissions in the core occur in 
Û ^®. Using the delayed-neutron data given by Keepin,(D) the following 
p a r a m e t e r s were adopted throughout the study for converting measu red 
periods to react ivi ty values: 

Peff = 0.0073 
1 - 8 

$1.00 = 327 inhours 
1 inhour =̂  2.23 x lO'^Ak/k. I K 8 x 10"^ sec 

The per iod- to- inhour conversion curve used is shown in Fig. 4. 

I I 

> 
2 L 

Fig. 4 

Inhour Curve 

I , I 
too 

PERiOD.s 



B. A p p r o a c h to C r i t i c a l : I n c r e a s i n g E n r i c h m e n t 

s 
i 

^1 

After loading the b l a n k e t ou t l ine , the a p p r o a c h to c r i t i c a l was b e ­
gun by s t e p w i s e r a d i a l add i t ions of c o r e d r a w e r s of the type shown in 
F i g . 3. The loading s u r p a s s e d the 332-kg e s t i m a t e , and d r a w e r addi t ion 
w a s d i s c o n t i n u e d when the loading r e a c h e d 396.6 kg U^^^. At th i s po in t , the 
a s s e m b l y w a s s t i l l s u b c r i t i c a l and the supply of AI2O3 w a s u s e d up. 

It w a s then dec ided to a p p r o a c h c r i t i c a l i t y by 
i n c r e a s i n g the u r a n i u m e n r i c h m e n t . Th i s was a c ­
c o m p l i s h e d by s u b s t i t u t i o n of e n r i c h e d u r a n i u m for 
d e p l e t e d u r a n i u m in ~ co lumn p e r d r a w e r of a u n i ­
f o r m d i s t r i b u t i o n of d r a w e r s . A front view of th i s 
type of d r a w e r wi th I— c o l u m n s e n r i c h e d u r a n i u m 
is shown in F i g . 5. The n u m b e r of d r a w e r s thus 
" s e e d e d " w a s i n c r e a s e d in s t e p s . C r i t i c a l i t y was 
ob ta ined when 56 of the 416 c o r e d r a w e r s w e r e 
s e e d e d . The U^^^ loading was 422.9 kg. 

The a p p r o a c h to c r i t i c a l above 300 kg is 
shown in F i g . 6, w h e r e the i n v e r s e count r a t e of BF3 
c o u n t e r s i s p lo t t ed v e r s u s the U^^^ loading. E x t r a p ­

o la t ion f r o m the c u r v e be low 400 kg i n d i c a t e s tha t the c r i t i c a l m a s s wi th 
the i n i t i a l c o m p o s i t i o n (Tab le l) would be in e x c e s s of 450 kg. 

3< 
•5 

Fxg. 5. "Seeded" Core 
Drawer - Front 
View 

D BF3 COUNTER, CHANNEL* I 

O BF3 COUNTER, CHANNEL #2 

Fig. 6 

Approach to Critical ADDING INCREASING 
DRAWERS ENRICHMENT 

S 0 1 0 -

300 320 340 360 380 400 •*20 440 460 
FUEL LOADING, kg U^^' 

C. D i m e n s i o n s of A s s e m b l y 

F i g u r e s 7 and 8 a r e m i d p l a n e d i a g r a m s of h a l v e s 1 and 2 of the 
a s s e m b l y at the c r i t i c a l loading , and F i g . 9 shows the ax ia l g e o m e t r y . 
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-I4in.-

HALF-2 

DEPLETED URANIUM 
BLANKET 

CORE 

-14 in.-
-Ze 'Ain. -

0 2 4 6 8 10 

HH-

F i g . 9 

V e r t i c a l Sect ion t h r o u g h 
A s s e m b l y Axis 

D i m e n s i o n s a r e g iven in T a b l e II; t h e s e w e r e ca l cu l a t ed with the aid of the 
Z P R - I I I s p e c i f i c a t i o n s g iven in Appendix A. 

T a b l e II 

DIMENSIONS OF ASSEMBLY 29 

C o r e : 

B lanke t : 

Leng th 

D i a m e t e r ( a v e r a g e ) 

L/D 

Volume 

Axial T h i c k n e s s 

R a d i a l T h i c k n e s s 
( a v e r a g e ) 

28.06 in. (71.27 cm) 

35.48 in. (90.12 cm) 

0.792 

454.3 l i t e r s 

12.0 in. (30.48 cm) 

11.8 in. (29.97 cm) 

D. C o m p o s i t i o n of C r i t i c a l Loading 

The a v e r a g e c o m p o s i t i o n of the a s s e m b l y , a s shown in F i g s . 7, 
8, and 9, is given in Tab le III. 



Table III 

FINAL COMPOSITION OF ASSEMBLY 29 

C 

a te r i a l 

U235 

U238 

Steel 

Al 

O 

g m / c c 

0.931 

1.896 

1.932 

0.658 

0.370 

E. Cr i t ica l Mass : Fuel Worth at Core Edge 

The 422.9-kg loading of the assembly was 42.8 + 0.4 inhours super ­
cr i t i ca l with al l rods in. The worth of two standard d rawer s re la t ive to the 
blanket at the core edge was found to be 37.7 i 0.4 inhours . Also, a sub­
stitution of depleted uranium for enriched uran ium in two s tandard d rawers 
at the core edge gave a (34.4 t 0.4)-inhour loss . F r o m these data, an ave r ­
age worth of 19.65 1 0.21 inhours /kg U *̂̂  is der ived for average core 
ma te r i a l at the core edge. 

The clean c r i t i ca l m a s s then calculated is 420.73 i 0.04 kg U ; the 
c r i t i ca l volume is 452 l i t e r s . Also, for the relat ion Ak/k =(l/f)AM/M (fuel 
addition) at the core edge, a value of f = 5.42 is obtained. This compares 
favorably to a value of 5.2 calculated by means of a one-group theory 
appr oximation. 

II. MULTIGROUP CRITICALITY CALCULATIONS 

A. SNG Predic t ion of Cr i t ica l Mass with Initial Composition 

P r i o r to the construct ion of the assembly , an SNG-S4 problem was 
run, using the 11-group c r o s s - s e c t i o n Set 58,w) to predic t the c r i t i ca l 
s ize. The calculation de termined the c r i t i ca l volume of a homogeneous 
spher ica l core , blanketed by 12 in. of depleted uranium, with the composi ­
tion indicated in Table IV. This table cor responds to the initially planned 
composition (see Table l) except for slight differences in U^^ ,̂ Al, and O 
core-vo lume fract ions, and a s ta in less s tee l value that is +9% in e r r o r . 

/Ore 
position 

v / o 

4.97 

9.98 

24.6 

24.4 

14.5 

Blanket 
Compos 

g m / c c 

0.036 

15.8 

0.574 

lition 

v / o 

0.19 

83.3 

7.31 



T a b l e IV 

SNG COMPOSITION INPUT 

M a t e r i a l 

U235 

U238 

S t a i n l e s s S tee l 

Al 

O 

The c r i t i c a l v o l u m e for the s p h e r e g iven by the c a l c u l a t i o n w a s 
387 l i t e r s , e q u i v a l e n t to a c r i t i c a l miass of 339 kg. F o r the a c t u a l a s s e m b l y 
a - 5 % a d j u s t m e n t i s u s e d to a c c o u n t for heterogenei ty,^^ '^ and for the p r o ­
p o s e d c y l i n d e r ( L / D = 0.9) a +3% s h a p e f a c t o r i s needed . (9 ) The p r e d i c t e d 
c r i t i c a l m a s s for the i n i t i a l c o m p o s i t i o n was then 332 kg, and the c r i t i c a l 
v o l u m e 379 l i t e r s . 

The a c t u a l c r i t i c a l m a s s t ha t would have b e e n ob ta ined wi th the 
i n i t i a l c o m p o s i t i o n can be r o u g h l y d e t e r m i n e d f r o m the a p p r o a c h c u r v e s . 
The s u b c r i t i c a l i t y of the load ing w h e r e fuel e n r i c h m e n t w a s begun (397 kg) 
can be e s t i m a t e d f r o m the c u r v e s a f t e r 397 kg. Then , u s ing the r e l a t i o n ­
s h i p Ak /k ~ ( l / f ) A M / M for fuel add i t ion a t the c o r e edge , and the e x p e r i ­
m e n t a l " f - v a l u e " of 5.4, the t r u e c r i t i c a l m a s s would be about 460 kg U ^ . 

The SNG p r e d i c t i o n of 332 kg i s thus low by 28%, equ iva l en t to 
about 5.2% Ak. T h i s d i s c r e p a n c y i n d i c a t e s i n a c c u r a c i e s in the c r o s s - s e c t i o n 
s e t u s e d . A d j u s t m e n t s to t h i s s e t a r e be ing sought . 

B . SNG k C a l c u l a t i o n s for F i n a l A s s e m b l y 

B a s e d on the f inal c o m p o s i t i o n of the a s s e m b l y and i t s c r i t i c a l 
v o l u m e , a few SNG-S4 k 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 u s ing t h r e e d i f fe ren t 
c r o s s - s e c t i o n se ts^ ' ' •^ '̂•'• •'•/ to o b s e r v e w h e t h e r or not s u p e r i o r p r e d i c t i o n 
of the c r i t i c a l m a s s of the a s s e m b l y cou ld have b e e n p o s s i b l e . The p r o b ­
l e m inpu ts p r e s c r i b e d a h o m o g e n e o u s s p h e r i c a l c o r e of 4 7 . 7 - c m r a d i u s , 
w i th a c o m p o s i t i o n g iven in T a b l e III, b l a n k e t e d by about 12 in. of dep le t ed 
u r a n i u m . The r e a c t i v i t y e i g e n v a l u e s c a l c u l a t e d a r e p r e s e n t e d in T a b l e V. 
Al l the c a l c u l a t i o n s u s e d the s a m e n u m b e r of m e s h po in t s excep t the l a s t 
(denoted by the a s t e r i s k ) , in w h i c h the n u m b e r of m e s h poin ts w a s i n ­
c r e a s e d by a f a c t o r of four to s e e wha t effect the change m i g h t h a v e . 

Again , e r r o r s in the c r o s s - s e c t i o n s e t s a r e i n d i c a t e d by the r e s u l t s . 
F o r p r e v i o u s d i lu te a s s e m b l i e s , nau l t ig roup t h e o r y h a s p r o v i d e d c r i t i c a l 
m a s s e s wh ich c o r a p a r e to e x p e r i m e n t a l v a l u e s to wi th in +2.5%Ak. 

C o r e (v /o) B l a n k e t (v /o) 

4 .68 0.19 

10.31 83.3 

26.93 7.31 

24.10 

14.29 
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Table V 

REACTIVITY FACTOR k FOR FINAL ASSEMBLY 

Multigroup Theory 

11-group 10-group l6 -g roup l6-group* 
Exper imenta l Set #58 Set #89 Set #135 Set #135 

1.000 1.058 1.045 1.051 1.050 

III. CONTROL ROD CALIBRATION 

Drawers used for reac to r control rods were of the "seeded" type, 
with 1— columns of enriched uraniumi. Control Rod No. 1 was in drawer 
2N-18 and Rod No. 10 was in l -N-14 . Rod No. 10 was cal ibrated for r e a c ­
tivity m e a s u r e m e n t s by observing per iods corresponding to changes in rod 
position. These per iods were then t rans la ted into react iv i ty in inhours 
using the conversion curve given in Fig. 4. The cal ibrat ion is presented 
in Table VI and graphed in Fig. 10. 

T able VI 

CONTROL ROD CALIBRATION 

Rod No. 10 Posi t ion 
Fromi Ful l Inser t ion 

(in.) 

0.000 

1.000 

2.000 

4.000 

6.000 

7.668 

9.690 

Inhours 

0.00 

7.07 

14.84 

32.27 

49.77 

63.72 

79.8 

Reactivity 

Ak/k X 10'̂  

0 

15.77 

33.09 

71.96 

110.99 

142.10 

177.95 



F i g . 10 

C o n t r o l Rod C a l i b r a t i o n 

10 20 30 4 0 50 60 70 80 90 10 0 
ROD POSITION, in from Full Insertion 

IV. M E A S U R E M E N T OF ROSSI A L P H A 

R o s s i a lpha , a ~ ~hefi/^ > '^^^ d e t e r m i n e d for t h i s a s s e m b l y a t 
de l ayed c r i t i c a l u s ing the m e t h o d d e s c r i b e d by B r u n s o n et al. '- '-^' F r o m 
the v a l u e s of 3 m e a s u r e d at 1 5 s u b c r i t i c a l po in t s , the e x t r a p o l a t e d de layed 
c r i t i c a l va lue w a s a = ( -3 .17 t 0.10) x 10*. A s s u m i n g |2eff - 0 .0073, the 
n e u t r o n l i f e t ime w a s then (23.0 t 0.7) x 10 s e c . 



V. REACTIVITY WORTHS OF MATERIALS 

For the exper iments measur ing changes in react ivi ty due to ma te r i a l 
subst i tut ions, the following procedure was used: the position of Control Rod 
No. 1 0 at c r i t ica l i ty was de termined both before and after the substitution; 
during each run the determinat ion of the cr i t ica l rod position was augmented 
by a period measu remen t with the rod inse r ted a few inches from the c r i t i ca l 
posit ion. The substitution worths were found from the rod cal ibrat ion and 
considered to be accura te to +0.4 inhour or 10" Ak, a l imit set by the r e p r o ­
ducibility in c losure of the machine ha lves . 

A. Worth of Blanket Mater ia l at Core Edge 

A substitution of void for depleted uran ium was made in the f i rs t 
inch of axial blanket (14 to 15 in. in F igs . 3 and 5) of the cent ra l nine d rawer s 
in each half. A total of 10.112 kg of depleted uran ium was removed; the r e ­
sulting loss of react iv i ty was 9.98 inhours , indicating a worth of 
0.987 t 0.04 inhour /kg . Taking the U^̂ ^ content (using data in Table XV la ter) 
into consideration, a react iv i ty coefficient of 0.921 t 0.04 inhour/kg U or 
0.489 + 0.02 x 10"^ Ak/mole U^^^ was obtained. 

B. Distr ibuted Worths of Al and O 

The average worths of a luminum and oxygen throughout the core 
were determined from react iv i ty changes resul t ing from slight changes in 
the average aluminum and oxygen composit ions of the c o r e . Substitutions 
were made of 45 v /o Al for AI2O3, and then 100 v /o Al for 45 v /o Al, in one 
column per drawer of 1 0 d rawer s dis t r ibuted evenly in one-half of the a s ­
sembly. The d rawer s of the distr ibution (shown in Fig . 11) have a r m s d i s ­
tance from the core axis of 12.74 in. compared to 12.53 in. for all of the 
core d r a w e r s . The re su l t s of the substitution thus should provide average 
worths over the whole co re . The exper imenta l r esu l t s were : 

Substitution Worth 

-1 .432 kg AlzOs"! -9.20 ± 0.4 inhours 

+6.59 kg Al J 

+0.8272 kg Al +3.45 + 0.4 inhours 

F r o m these data were der ived the dis t r ibuted worths given in Table VII. 
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T a b l e VII 

DISTRIBUTED R E A C T I V I T Y WORTHS 

Worth 

M a t e r i a l I n h o u r s / k g A k / m o l e x 10^ 

Al 4 .17 + 0.49 
AI2O3 8.34 i 0.32 
O 13.05 + 0.57 

0.251 + 0.029 
1.897 + 0.073 
0.466 - 0.020 

C. C e n t r a l R e a c t i v i t y Coef f ic ien ts 

R e a c t i v i t y w o r t h s of v a r i o u s e l e m e n t s w e r e m e a s u r e d at the c o r e 
c e n t e r . S a m p l e s of f i s s i l e and n o n f i s s i l e m a t e r i a l s w e r e s u b s t i t u t e d for 
vo id in the f ron t end of the two c e n t r a l d r a w e r s (l - and 2 - P 1 6 of F i g s . 7 
and 8). The effect on the m a t e r i a l w o r t h s of naaking the fuel m o r e h o m o ­
geneous in the c e n t r a l c o r e r e g i o n w a s a l s o d e t e r m i n e d . 



1. F i ss i l e m a t e r i a l s , 2 x 2 x -j--in. samples : The reference loading 
for the sinall fissile samples had 45% aluminum and 63% aluminum in the 
f i r s t - J - in . of the cent ra l d r awer s 1- and 2 -P -16 . The fissile ma te r i a l s were 
substituted ei ther clad in or sandwiched between 100% aluminum such that 
the net aluminum change was negligible. In Table VIII the exper imental 
resu l t s a re presented , along with the isotopic react ivi ty coefficients derived 
from the data. 

Table VIII 

CENTRAL WORTHS OF FISSILE MATERIALS 

Material 

Depleted Uranium 
93% Enriched Uranium 
Pu (95% P u " ' . 5% Pu^*") 
U"^ (2.4% U^ 

Sample Mass , Worth of Sample, 
(kg) (inhours) 

0.2965 
0.2878 
0.1860 
0.2265 

-2.15 
+34.9 
+38.6 
+54.1 

Material Worth, 
(inhourS/ kg) 

-7.25 
+121.2 
-^207.5 
+238.9 

Isotope Worth 
Ak/mole x 10^ 

U"* .3.89 + 0.72 
U^^' 68.4 t 0.8 

Pu^^' 116.5 + 0.8 
U233 j^27.z + 0.9 

2. Nonfissile m a t e r i a l s , 8-cu-in. samples , no rmal c o r e : For the 
l e s s react ive m a t e r i a l s , l a rge r samples were needed to attain reasonable 
accuracy . An 8-cu-in. void was c rea ted at the core center by recess ing the 
core ma te r i a l one inch in the center drawer of each half of the assembly . 
Samples, 2 x 2 x 1 in., were substi tuted in these spaces and the react ivi ty 
change was measu red . The exper imenta l r esu l t s a r e given in Table IX. 

Table IX 

CENTRAL WORTHS OF U"^, Al, C, AND Fe; NORMAL CORE 

Material Worth 

Material 

Aluminum 
Depleted Uranium 
Graphite 
Stainless Steel 

Sample Mass , Worth of Sample,* 
(kg) (inhours) 

0.3508 
2.460 
0.1964 
1.017 

+1.05 
-15.55 

+7.75 
-1.35 

Inhours/kg 

2.99 i 1.1 
-6.32 + 0.16 

+39.5 +2.0 
-1.33 + 0.40 

Ak/mole x lO'̂  

(UZ3B^ 

(Fe) 

0.18 + 0.07 
-3.50 + 0.09 

1.06 + 0.05 
-0.16 + 0.05** 

•Accura te to ±0 .4 

** Considering Cr and Ni like Fe 

3. Nonfissile m a t e r i a l s , 8-cu- in . s amples . Effects of fuel h e t e r o ­
geneity: An effort was made to determine the effects of fuel heterogenei ty 
on the neutron spectrumi and ma te r i a l wor ths . The fuel in the cent ra l region 
of the core was made more homogeneous by splitting the — -in. enr iched 
uranium columns into two separa te —7 -in. columns in the nine cent ra l 
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d r a w e r s of e a c h half. The "unbunched" d r a w e r a r r a n g e m e n t s a r e shown in 
F i g s . 12 and 1 3 . With the c o r e t hus "unbunched , " t he w o r t h s of the s a m p l e s 
l i s t e d in Tab le IX w e r e r e m e a s u r e d . The r e s u l t s , h o w e v e r , w e r e i n c o n c l u ­
s i v e . Tab le X p r e s e n t s the e x p e r i m e n t a l da t a . 
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Table X 

CENTRAL WORTHS OF U^^^ Al, C AND Fe; FUEL "UNBUNCHED" IN CENTR.^L CORE REGION 

M a t e r i a l Wor th 

M a t e r i a l 

A l u m i n u m 
D e p l e t e d U r a n i u m 
G r a p h i t e 
S t a in l ebS S t e e l 

Sa Tiple M a s s , 
(kg) 

0 .3508 
2.4t>0 
0.1 Q64 
1 .017 

J-0.45 
-16.10 

^8.20 
- 1 . 9 0 

W o r t h of S a m p l e , 
[ i n h o u r s ( a c c u r a c y of 10.4) j I n h o u r s kg / .k m o l e X 10^ 

+ 1.28 t 1.1 0 .077 t 0 .068 
- 6 . 5 2 2 0 .16 'U^'*^) - 2 .61 r O.Qo 

+41.6 i 2.0 1.11 I 0 .05 
- 1 . 8 7 r 0.40 ( F e ) - 0 . 2 3 1 0.05 



It can be seen that the values in Table X differ slightly fromi those in 
Table IX. However, the deviations could be at tr ibuted to exper imental 
e r r o r , and it cannot be concluded with cer ta inty that the heterogenei ty change 
affected the ma te r i a l wor ths . Included in Tables IX and X a re the react ivi ty 
coefficients in Ak/mole for the major consti tuents of the ma te r i a l s measured 
The values for iron a re approximat ions; it was assumed that the Cr and Ni 
in the steel have the same worth as Fe . 

Substitution of samples at the center was continued with the 
"unbunched" co re , measur ing the worths of numerous ma te r i a l s associa ted 
with fast r e a c t o r s . The resu l t s a re tabulated in Table XI. Some of these 
samples were clad in s ta in less s teel , but the sample worths l is ted have 
been cor rec ted for the steel effects. 

T a b l e XI 

C E N T R A L W O R T H S O F N O N F I S S I L E M A T E R I A L S ; 
F U E L " U N B U N C H E D " IN C E N T R A L C O R E R E G I O N 

M a t e r i a l W o r t h 

M a t e r i a l 

Ag 
AI2O3 
B (92 a, 0 B ' « ) 

B4C (90 a 0 B^") 
Ba 
Be 
Bi 
C H 2 

C o r e M a t e r i a l 
Hf 
Hg 
Mo 
Na 
Nb 
P b 
P h y s i c u m I* 
P h y s i c u m I I* 
Ru 
S 

•Sn 
Ta 
Th 
V 
Y 
Z r 

S a m p l e M a s s , 
(kg) 

0 .6831 
0 .3237 
0 .024 
0 .0321 
0 .3324 
0 .1204 
1.276 
0 .0146 
0 .7783 
1 .654 
1.383 
1.280 
0.091 
0 .4896 
1 .475 
0 .252 
0.210 
0 .228 
0.19'^8 
0 .9477 
0 .507 
1.488 
0 .5272 
0 .5821 
0 .846 

W o r t h of S a m p l e , 
[ i n h o u r s ( a c c u r a c y of +0.4)] 

- 3 8 . 1 5 
+4.40 

- 5 4 . 8 
- 5 2 . 6 

•J-2.81 
•^12.85 + 2 

+0.80 
+ 17.70 
+ 15 .12 
- 3 3 . 5 8 

- 7 . 7 3 
- 1 5 . 0 5 

+1.61 
- 9 . 3 6 
- 0 . 2 5 
- 4 . 6 4 
- 3 . 1 4 
- 7 . 2 2 
- 2 . 0 3 
- 0 . 3 8 

- 1 6 . 5 0 
- 2 2 . 2 5 

+2.75 
0 .45 

- 1 . 3 S 

I n h o u r s / k g 

- 5 5 . 8 + 0.5 
+13.6 + 1.2 
- 2 2 8 4 + 17 
-1640 + 12 
+8.70 :;: 1.24 
+106.8 J 16 
+0.63 + 0 .32 
+1214 i 27 
+19.5 + 0.5 
- 2 0 . 2 7 + 0 .24 
- 5 . 5 8 + 0 .29 
- 1 1 . 7 8 + 0.31 
+17.7 + 4 .4 
-1Q.15 - 0 .82 
- 0 . 1 7 + 0 .27 
- 2 0 . 0 1 1.7 
- 1 5 . 0 I 1.9 
- 3 1 . 8 + 1.8 
- 1 0 . 2 + 2.0 
- 6 . 7 3 t 0 .42 
- 3 2 . 5 j - 0 .8 
-14.Q5 t 0 .27 
+5.21 ; 0 .76 
+0.77 + 0 .67 
- 1 . 6 0 + 0.47 

A k / m o l e 

(O) 
(Bi») 
(B'O) 

(H) 

- 1 3 . 4 3 
0.97 

- 5 9 . 4 
- 5 9 . 2 

2 .67 
2.15 
0.29 

18 .42 

- 8 . 0 8 
- 1 . 0 2 
- 2 . 5 2 

0.91 
- 3 . 9 7 

X 10-^ 

i 0 .14 
+ 0.10 
+ 0.4 
+ 0.4 
+ 0 .38 
t 0 .34 
+ 0.15 
+ 0.42 

+ 0.10 
t 0 .05 
+ 0 .06 
: 0 .23 
+ 0 .17 

- 0 . 0 7 8 t 0 .13 

-7 .21 
- 0 . 7 3 
- 1 . 7 8 

- 1 3 . 1 1 
- 7 . 7 5 

0 .59 
0 .15 

- 1 . 4 6 

+ 0.40 
+ 0 .15 
t 0.11 
+ 0 .32 
t 0 .14 
+ 0 .08 
I 0 .14 
1 0 .43 

* M i x t u r e of t y p i c a l f i s s i o n p r o d u c t e l e m e n t s ( R e f e r e n c e 13) . 

The mate r i a l worths a re expressed as Ih/kg of the sample ma te r i a l 
and also as the .Ak/mole derived for the principal element or isotope con­
tained in the ma te r i a l . In deriving the B ' ° worth from the enriched B and 



e n r i c h e d B^C w o r t h s , i t w a s a s s u m e d tha t only B and C c o n t r i b u t e d r e ­
a c t i v i t y e f f e c t s . The m a k e u p of t h e s e m a t e r i a l s i s a s fo l lows : 

E n r i c h e d B = 9 4 w / o B, 6% i m p u r i t i e s ; 
B = 92 a / o B^° 

E n r i c h e d B4C = 69.3 w / o B, 30.7% C; 
B = 90.7 a / o B " 

D. R e a c t i v i t y Coeff ic ient Axia l T r a v e r s e s 

The r e a c t i v i t y w o r t h s of U^^^, U^^^, Pu^^* ,̂ and B " a s a function of 
a x i a l pos i t i on w e r e d e t e r m i n e d by t r a v e r s i n g s m a l l s a m p l e s of t h e s e m a t e ­
r i a l s a long the c o r e a x i s . The c e n t e r d r a w e r s w e r e modi f ied to a l low i n ­
s e r t i o n of a guide tube t h r o u g h which the sanaples w e r e m o v e d r e m o t e l y . 
C o n t r o l r o d p o s i t i o n s a t c r i t i c a l i t y w e r e r e c o r d e d for the v a r i o u s ax ia l 
p o s i t i o n s of the s a m p l e . T r a v e r s e s a l s o w e r e m a d e of the d r i v e r o d wi thout 
a s a m p l e and with a b lank r e p r e s e n t i n g the Pu^'^' and B^° canning m a t e r i a l . 
Saaxiple s p e c i f i c a t i o n s a r e g iven in Tab le XII, and Tab le XIII p r e s e n t s the 
e x p e r i m e n t a l d a t a . The c r i t i c a l rod p o s i t i o n s a r e c o n s i d e r e d to be a c c u r a t e 
to +0.010 in . o r about +0.08 i n h o u r ; c l o s u r e of the h a l v e s i s not involved in 
t h e s e m e a s u r e m e n t s . 

Tab le XII 

S P E C I F I C A T I O N S O F T R A V E R S E REACTIVITY S A M P L E S 

R e a c t i v e M a t e r i a l 

E n r i c h e d U r a n i u m 

N a t u r a l U r a n i u m 

P l u t o n i u m * 

E n r i c h e d B* 

M a s s , 

(g) 

22.93 

64.39 

24.09 

3.25 

C o m p o s i t i o n 

9 3 . 1 % U22^ 
6.9% U23 8 

99.3% U238, 
0 . 7 % U235 

94.9% P u ' ' ^ 
0.3% Pu^\ 
4.8% Pu^*' 

97.5% B , 
B = 84.6 a . o g l O 

Length , 
(in.) 

I 
2 

2 

1 

D i a m e t e r , 
( in.) 

7 
16 

3 
8 

1 
2 

1 
2 

* In s t a i n l e s s s t e e l can 
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Table XIII 

AXIAL TRAVERSES OF REACTIVITY SAMPLES 

Rod No. 10 Position at Criticality 
(in. from full insertion) 

Sample Distance 
from Core Center 

(in.) 

Reference 

-26 

-21 

-20 

-14 

-12 

-10 

-8 

-7 

-6 

-4 

-2 

0 

2* 

4 

6 

7 

8 

10 

14 

20.45 

No 
Sample 

5.610 

5.590* 

5.594* 

5.610 

5.630 

5.640 

5.655 

5.670 

5.675 

5.675 

5.670 

5.665 

5.663 

5.670 

5.672 

5.672 

Enriched 
Uranium 

5.565 

5.585 

5.598 

5.688 

5.745 

5.805 

5.853 

5.890 

5.930 

5.945 

5.940 

5.935 

5.925 

5.895 

5.857 

5.835 

Natural 
Uranium 

5.655 

5.685 

5.685 

5.700 

5.690 

5.685 

5.685 

5.690 

5.700 

5.685 

5.685 

5.695 

5.695 

5.695 

5.715 

5.725 

Blank 

5.644 

5.643 

5.678 

5.700 

5.705 

5.705 

5.749 

5.750 

Plutonium 

5.630 

5.632 

5.821 

6.099 

6.240 

6.125 

5.895 

5.750 

Enriched 
Boron 

5.630 

5.615 

5.440 

4.945 

4.710 

4.945 

5.500 

5.720 

* Questionable values. 

In Tab le XIV a r e l i s t e d the r e a c t i v i t y coe f f i c i en t s of U 235 U 238 

2*59 ] Q 

P u , and B c o r r e s p o n d i n g to ax i a l pos i t i on a s d e r i v e d f r o m the da ta in 
Tab le XIII. In obta in ing the w o r t h s of Pu^^ , it w a s assumied tha t the r e ­
ac t i v i t y of the s a m p l e was due only to the P u and P u ^ p r e s e n t , tha t the 
effect of P u would not be d i s c e r n i b l e , and tha t P u ^ w a s w o r t h a s miuch 239 a s P u . A l s o , the w o r t h of the b o r o n s a i n p l e w a s t a k e n a s t ha t of the B 
p r e s e n t . The v a l u e s in Tab le XIV a r e p lo t t ed in F i g s . 14 and 15. 

10 



Table XIV 

AXIAL REACTIVITY COEFFICIENTS 

Distance from 
Interface 

(in.) 

-26 
-21 
-20 
- 14 
-12 
-10 

-8 
-7 
- 6 
- 4 
- 2 

0 
2 
4 
6 
7 
8 

10 
14 
20.45 

Isotope Worth, (Ak/mole x 10^) 

U' 235 

8 . 6 * * 

* Accuracy 

* * Doubtful value s. 

U 238 

(i"3.0)* (+1.0)^ 

3 . 6 * * 

10.4 
26.3 
34.2 

44 .9 
51.9 

56.6 
64.1 
67.3 
67.3 
67.3 
65.6 
58.2 

49 .1 
44 .5 

3.2 
3.1 
0.8 

- 0 . 3 
- 1 . 5 

- 2 . 2 

- 1 . 9 
- 3 . 0 
- 2 . 7 
- 1 . 6 
- 1 . 4 
- 1 . 8 

- 0 . 5 
+0.5 

Pu"^ 
(+2.9)* 

0.2 

31.8 

g l U 

(+1.0)* 

-1.03 

-16.6 

83.6 

111.2 

87.9 

32.4 
2.8 

-54.7 

•77.0 

-55 .1 

•19.8 
- 1 . 2 

F i g . 14 

P u " ' and U"^ R e a c t i v i t y 
Coeff ic ien ts Along Axis 

80 — 

o 

1 
BLANKET 1 

! 

) -J - / 

CORE 

/pu^SS \ 

A''' \ 

1 

i BLANKET 

1 

V\ 

\ 

1 1 
-10 0 10 20 

DISTANCE FROM INTERFACE, m 
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Fig. 15. 

B " and U^^^ Reactivity 
Coefficients Along Axis 

- 2 0 -10 0 10 
DISTANCE FROM INTERFACE, in 

It i s in teres t ing to compare the worths at the core center obtained 
from these t r a v e r s e s with those repor ted in previous t ab les . A summary 
of the different measu remen t s is presented in Table XV. 

Table XV 

COMPARISON OF CENTRAL WORTHS FROM 
TRAVERSE AND SUBSTITUTION DATA 

Central Reactivity Coefficient, (Ak/mole x 10^) 

Isotope 

U235 

U238 

P u " ' 
• Q I O 

Central Substitutions 
T r a v e r s e 

2 X Z X 2 in. 2 x 2 x ^ in. (y in. dia.) 

68.4 + 0.8 67.3 + 3.0 
- 3 . 5 0 + 0 . 1 - 3 . 8 9 + 0 . 7 -2.7 + 1.0 

116.5 +0 .8 111.2 + 2.9 
-59.3 - 0.4 -77.0 + 1.0 

For the fissionable ma te r i a l s the agreement is good, indicating that 
the t r a v e r s e mechan ism introduces no appreciable per turbat ion due to 
s t reaming . The re su l t s suggest that, within the accuracy of the exper i -
ments , the worth of U is independent of sample s ize . The difference 
between the B^° values is considered r ea l . In the l a rge r boron sample , the 
smal le r react ivi ty effect is what would be expected due to self-shielding. 
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VI. S P E C T R A L INDICES 

N u m e r o u s e x p e r i m e n t s w e r e p e r f o r m e d to d e t e r m i n e the c h a r a c t e r 
of the n e u t r o n flux wi th in the r e a c t o r . S p e c t r a l i nd i ce s d e t e r m i n e d f rom 
the da ta w e r e c o m p a r e d with t h o s e d e r i v e d f rom m u l t i g r o u p c a l c u l a t i o n s . 

A. F o i l I r r a d i a t i o n s 

F o i l s of n a t u r a l u r a n i u m and 93% e n r i c h e d u r a n i u m w e r e p l aced on 
top of fuel n e a r the f ront of d r a w e r s a t the c e n t e r and r a d i a l edge of the 
c o r e . T h e s e w e r e i r r a d i a t e d du r ing a 2 0 - w a t t - h o u r r u n and then a n a l y z e d 
r a d i o c h e m i c a l l y . The n u m b e r of f i s s i o n s w e r e d e t e r m i n e d by a n a l y s i s for 

Mo , and the n u m b e r of c a p t u r e s by a n a l y s i s for Np . The r e s u l t s w e r e 
a s fo l lows: 

E n r i c h e d u r a n i u m , f i s s i o n s / g 
N a t u r a l u r a n i u m , f i s s i o n s / g 
N a t u r a l u r a n i u m , c a p t u r e s / g 

C o r e C e n t e r 

8.57 ± 0.40 X 10^ 
3.78 ± 0.09 X 10 8 

1.04 ± 0.02 X lO' 

C o r e R a d i a l Edge 

3.65 ± 0.33 X lO' 
1.50 ± 0.3 X 10^ 
5.01 ± 0.32 X 10^ 

The c r o s s - s e c t i o n r a t i o s d e r i v e d f rom t h e s e da ta a r e g iven in 
T a b l e s XXII and XXIII (q .v . ) . 

At the s a m e t i m e , gold foils and c a n s of sod ium w e r e i r r a d i a t e d 
in the c e n t r a l d r a w e r , l - P - 1 6 , a t 2 - in . i n t e r v a l s f r om 1 in. to 19 in. The 
a c t i v a t i o n s w e r e found f r o m count ing o v e r s e v e r a l d a y s . Re l a t i ve a c t i v a ­
t ions a s a funct ion of a x i a l pos i t i on a r e shown in F ig . 16. 

F i g . 1 6 

Ac t iva t ion of Sodium 
and Gold along Ax i s 

4 8 12 16 
DISTANCE FROM CORE CENTER, in 
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B. Fiss ion Chamber Measurements at Core Center 

Measurements of fission r a t e s of var ious fissile ma te r i a l s at the 
core center were made with fission chambers of para l le l -p la te- type con­
struction, because the well-defined geometry a s s u r e s accura te m e a s u r e ­
ments of effective c ro s s - s ec t i on ra t ios . The coating of fissile mass in 
these counters was known to within ±1%. A descript ion of these counters 
has been given by Kirn , l l4) g_ĵ jj their specifications a r e given in Table XVI. 
To insure accura te r e su l t s , the operating point for each counter was 
obtained as descr ibed by the Zeus group.(15) 

Table XVI 

FISSION CHAMBER SPECIFICATIONb 

Counter 
No. 

16 
11 

5 
24 

2 

21 

Fiss i le 
Coating 

U233 

U234 

u'" 
jjZU 

U238 

Pu^^' 

Fiss i le 
Mass 
(mg) 

0.498 
0.496 
0.804 
0.777 
0.499 
0.490 

Threshold 
(Mev) 

0.3 

0.7 
1.35 

12 P u ' 0.398 0.35 

98.30 

Isotopic Analysis, w/'o 

U"̂  

0.70 
93.44 

1.07 
4.87 

93.41 
3.00 
0.04 

96.37 

0.20 

5.52 
0.63 

99.96 

P u ' 

99.97 

Pu^ 

0.03 

Pu-' 

19.09 79.71 1.08 

Chamber Dimensions - 2-in. diameter (5.08 cm) 
1-in. length (2.54 cm) 

The two centra l d rawers , 1- and 2 -P-16 , each were modified to 
allow positioning of a counter at the front of the drawer . The U^̂ ^ chamber, 
counter No. 5, was used as a s tandard and placed in l - P - 1 6 . The other 
chambers were set in 2 -P-16 , and were thus adjacent to the reference 
counter at the core center during a run. For a l l measure inents except 
that for Pu^ , fuel in the cent ra l nine d rawers in each half had been 
unbunched (as in Figs . 12 and 13). With the reac tor at constant power, 
counts were taken, with the counter in 2 -P-16 , corresponding to a s tandard 
number of counts on the U^̂ ^ counter. The exper imenta l r esu l t s a r e sum­
mar ized in Table XVII. Fiss ion c ro s s - s ec t i on ra t ios obtained from these 
data a r e presented in the compiled Table XXII (q.v.) 

Counter 
No. 

16 
11 
24 

2 
21 
12 

Coating 

U233 

U234 

U236 

U238 

Pu^' ' 
Pu^« 

Table XVII 

CENTRAL FISSION CPIAMBER MEASUREMENTS 

No. of 
Trials 

4 
5 

10 
3 
5 
5 

Average Count 
Per No. 5 Count 

0.963 
0.193 
0.111 
0.0233 
0.676 
0.224 

Experimental 
Standard 
Deviation 

0.003 
0.004 
0.002 
0.0001 
0.015 
0.005 

2 

0.33 
5.3 
7.01 
5.6 

18.0 
8.30 

Probability 
of y^ 

0.93 
0.25 
0.65 
0.45 
0.002 
0.08 



A s ta t i s t i ca l evaluation of the measurenaents is included in Table XVII and 
it indicates that all the r e su l t s except that for Pu ' were s ta t is t ica l ly 
acceptable . Power supply instabil i ty might have been responsible for the 
deviations in the Pu^^' counts . 

An effort was made to de te rmine the effects of inhomogeneity on 
the spec t rum by observing effects on fission r a t e s . With the centra l core 
region unbunched, an ex t r a - j - co lumn of enriched U was added to each of 
d r a w e r s 1 and 2 -P-16 (as in F ig . 13). The Û ™ fission ra te was then 
measu red . The core was re turned to the normal "bunched" configuration 
and a count ra t io again taken with the U counter . The comparat ive 
resu l t s a r e as follows: 

Core Condition u236y'̂ 235 Q^^^^^ Ratio 

Normal 0.110 + .002 
Centra l Region Unbunched 0.111 + .002 
Centra l Region Unbunched, 

1 and 2 -P-16 "Seeded" 0.111 + .002 

To within exper imenta l accuracy , then, no change in fission rat ios 
resul ted from localized changes in fuel heterogenei ty. Ideally, the exper i ­
ment should be done with the ent i re core unbunched. Also, any per turbat ion 
would be be t te r detected from the U^^Yu^^^ ra t io . However, the U^̂ ^ 
counter was found to be defective at the t ime . 

C. Axial Counter T r a v e r s e s 

The fission r a t e s of U"^, U"^, U^^ ,̂ and Pu^^^ and the B^°(n,a) 
react ion ra te were m e a s u r e d along the axis of the assembly . The detec­
to r s (2 in. long and -^ in. in d iameter) were moved remote ly through the 
same thimble used during the t r a v e r s e s of react ivi ty coefficient samples . 
At each axial position counts were accumulated from the t r a v e r s e counters 
corresponding to a 10* count from a U^̂ ^ fission chamber (counter No. 5) 
placed in l - P - 1 7 at the core-b lanket in terface. The exper imenta l data a re 
presented in Table XVIII. The react ion ra t e s a re plotted ve r sus axial 
position in F i g s . 17 through 21 . Axial position was taken as the distance 
from the r eac to r center to what was judged as the center of the sensit ive 
volume at the counter . The fissi le coatings a re not neces sa r i l y uniform 
and homogeneous, due to their method of prepara t ion and a close o b s e r ­
vation of F i g s . 17 to 21 revea ls slight deviations in the es t imated sensi t ive 
volume c e n t e r s . 

A qualitative p ic ture of the var ia t ion of the spec t r a along the 
assembly axis can be obtained from the ra t ios of the count r a t e s re la t ive 
to the Pu ^' count r a t e s . This is poss ible because the Pu^^' fission c ros s 
section va r i e s only slightly with energy in the fast region. 



Table XVIII 

AXIAL TRAVERSE COUNTER DATA 

Axial Counts per 10* Counts on U^̂ ^ Standard (Counter No. 5) 
Posi t ion 

(in.) U"* U"5 u " ^ Pu"9 3^° 

-30 

-26 

-22 

-18 

-16 

-14 

-12 

-10 

-8 

-6 

-4 

-2 

-1 

0 

1 

2 

4 

6 

8 

10 

12 

14 

16 

18 

21 

iterial 

vlass 

53 

147 

650 

2033 

3558 

7022 

9930 

12069 

13927 

15024 

16312 

17151 

16994 

16949 

17257 

17017 

16277 

15213 

13975 

12006 

10364 

7285 

3993 

2210 

1056 

89.3% U"* 
7.7% U"5 

3.15 mg 

1126 

2611 

9896 

24998 

62508 

79951 

94163 

106716 

116567 

124320 

127835 

128956 

129722 

129584 

129381 

124825 

117952 

107922 

96564 

81935 

65697 

28592 

12500 

93.2% 
Enriched U 

5.1 mg 

7 

10 

61 

265 

661 

2080 

3553 

4455 

5158 

5817 

6064 

6251 

6251 

6319 

6433 

6360 

6128 

5785 

5230 

4620 

3674 

2392 

578 

311 

92 

Depleted U 

602 

2340 

5821 

9571 

14909 

19568 

23362 

26347 

28659 

30231 

31086 

31786 

31757 

31748 

31614 

30554 

28166 

26505 

23232 

20151 

15628 

10329 

6384 

3354 

95% Pu"9 
5% Pû "̂ 

1.96 mg 

7416 

12584 

40611 

103359 

163386 

247061 

314063 

353931 

408142 

442517 

456018 

464599 

472504 

486989 

479940 

473199 

460802 

440023 

395272 

358698 

307669 

244308 

100090 

Enriched I 
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The normal ized ra t ios of the U , U , and U count r a t e s relat ive to 
the Pu^ count r a t e s v e r s u s axial position a r e shown in Figs . 22 and 23. 
The graphs show essent ia l ly the var ia t ion of the effective fission c ross 
sect ions, but cor rec t ions for isotopic impur i t ies have not been made. 
Included in Fig. 23 is a plot of the normal ized ra t io of the activation of 
gold to the Pu^^ fission ra te . Values used in obtaining the rat ios in 
Figs . 22 and 23 were taken from the curves in F igs . 17 to 21 by taking 
the geometr ic centers of the curves as corresponding to the core center . 
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D. Multigroup Spectra 

The SNG calculations for k, as descr ibed in Section II, B, provide 
multigroup fluxes in the reac tor under study at the problem mesh points. 
F rom the spec t ra obtained the effective fission and capture c ro s s sections 
can be predicted. The problems p resc r ibed a reflected spher ica l core . 
The group par t ia l fluxes at the core center and core-blanket boundary 
obtained from two of the k calculations a r e given in Table XIX. The 
effective c r o s s sections derived a r e presented in Table XXI. Multigroup 
fission cross-sec t ion values for Û "̂* and U^̂  , which a r e not included in 
sets 58 and 135, have been constructed using BNL-325 '^° ' as a source; 
these a r e l isted in Table XX. 



Ej^(Mov) 

3.67 
2.^5 
1.35 
0.825 
0.500 
0.300 
0.180 
0.110 
0.067 
0.041 
0 .025 
0.015 
0.0091 
0.0055 
0.0020 
0.000 

T a b l e XIX 

M U L T I G R O U P S P E C T R A F R O M 

C o r e 

1 6 - g r o u p ;. 

0 .0185 
0.0384 
0.0673 
0.0975 
0.1412 
0.137 
0.138 
0.108 
0.081 
0.081 
0.032 
0.039 
0.0135 
0.004o 
0.0026 
0.0004 

C e n t e r 

l l - g r o u p I-

0.0516 
0.0674 
0.0884 
0.136 
0.117 
0.132 
0.107 
0.097 

0.108 

0.067 

0.0276 

SNG CALCULATIONS 

Core 

1 6 - g r o u p ,^ 

0.0145 
0.0280 
0.0478 
0.0782 
0.1332 
0.1449 
0.1507 
0.1280 
0.0869 
0.0970 
0.0320 
0.0404 
0.0129 
0.0037 
0.0017 
0.0001 

Edge 

1 ] . - g r o u p •:. 

0.0393 
0.0503 
0.0711 
0.1326 
0.1273 
0.1388 
0.1146 
0.1083 

0.1215 

0.0699 

0.0265 

Tab le XX 

MU.LTIGROUP Û -̂"- AND U" '̂̂  FISSION CROSS SECTIONS 

Ej^(Mev) O r 

3.67 
2.25 
1.35 
0.825 
0.500 
0.300 
0.180 
0.110 

o u p 

1 

2 

3 

4 
5 

6 
7 

8 

E F F E C T I V E 

Cros.^ Sec t ion 

•:f(U^^^) 
(UZ34) 

cf(U^") 
.f(U^^«) 
Cf(Pu^^') 
.:,-(Pu^«) 

N o 

1 6 - g r o u p 

. o,-(U^3*) 

1.56 
1.53 
1.45 
1.20 
0.90 
0.24 
0.063 
0.034 

•^{U^^^) G r o u p 

1.10 
0.87 
0.74 
0.43 
0.06 

Tab le XXI 

CROSS SECTIONS (IN BARNS) 

C o r e 

1 6 - g r o u p 
(Set 135) 

2.48 
0.474 
l . b l 
0.153 
0.065 
1.83 
0.473 
0.201 

C e n t e r 

1 1 - g r o u p 
(Set 58) 

2.54 
0.44o 
1.77 
0.143 
0.061 
1.88 
0.423 
0.228 

1 
1 

3 
4 

5 
6 

/ 

11-

N o . 

- g r o u p 

; f(U^^1 

1.54 
1.45 
1.20 
0.90 
0.24 
0.0b3 
0.034 

'^{V''') 

0.90 
0.74 
0.43 
0.06 

FROM SNG S P E C T R A 

C o r e - B l a n k . - t 

1 

i 
b - g r o u 
Set 135 

0.397 
1.63 

0.048 
1.82 
0.388 
0.212 

P 
,) 

Pioundary 

11 - g r o u p 
(Set 53) 

0.381 
1.79 

0.046 
1.88 
0.354 
0.237 



E. Cross - sec t ion Ratios 

In Tables XXII and XXIII a r e compiled the calculated and exper i ­
mental effective c ros s - sec t ion ra t ios derived from the various m e a s u r e ­
ments and calculat ions. For al l of the exper imental values the effects of 
isotopic impuri t ies have been accounted for. The ra t ios of the c ros s 
sections in Table XXI a r e used for comparison, although the validity of the 
mult igroup spect ra from which these were obtained is uncertain because 
of the poor determinat ions of k. 

T a b l e XXII 

C R O S S - S E C T I O N RATIOS A T C O R E C E N T E R 

:f (U^ '^) / - f (U^ ' ' ) 
j.(U^^V-'(U'") 
r.(U^^ )̂/ct(U«=) 
: (U^ '« ) / - (U"5) 
Bpa^^V'f(U^«) 
r (Pu^^V4(U''n 
^^(U^^«)/r^iu^2S) 

-,(U^^n/-.(Pa^^') 

4(U^^ )̂/a (Pu^ '̂) 
r f (U"^ ) /o (Pu^^9) 
/f(u"«)/a (Pu^^') 
rf(Pu^Vc,(Pu^^') 
:^(U^58) /?^(Pu« ' ) 

*U5ing - / V 

E x p e r i m e n t a l 

F i s s i o n 
ChaiTibers 

1.470 ± 0.015 
0.259 i: 0.005 
0.084 i 0.002 

0.0356 ± 0.0004 
1.06 ± 0.02 

0.Z89 t 0.006 

1.39 - 0.03 
0.244 I 0.005 
0.944 ± 0.02 
0.079 1 0.002 

0.0336 t 0.0006 
0.273 ± 0.006 

~/= = 1 . 0 6 

U-fo i l 
I r r a d i a t i o n s 

0.035 ± 0 . 0 0 7 

.115 i 0.006 

(0 .033 - 0 .007)* 

(0.108 - 0 .006)* 

T h e o r e ' 
SNG Sp 

1 6 - g r o u p 
(Set 135) 

1.537 
0.295 
0 .095 
0 .0404 
1.139 
0 .294 
0.125 

1.353 
0.259 
0.879 
0 .0834 
0 .0355 
0.258 
0.110 

t i ca l : 
e c t r a 

l l - g r o u p 
(Set 58) 

1.435 
0.252 
0.081 
0.0345 
1.062 
0.239 
0.129 

1.351 
0.237 
0.942 
0.0758 
0 .0324 
0.225 
0.122 

Ra t io : 

16-g ro i ip 

1.05 
1.14 
1.13 
1.13 
1.08 
1.02 
1.09 

0.97 
1.06 

.93 
1.06 
1.06 
0.94 
1.02 

C a l c / E x p 

1 1 - g r o u p 

0.98 
0.97 
0.96 
0.97 
1.00 
0.83 
1.12 

0.97 
0.97 
1.00 
0.96 
0.96 
0.82 
1.13 

T a b l e XXIII 

CROSS SECTION RATIOS A T C O R E - B L A N K E T BOUNDARY 

R a t i o 

-(u"«)/-;.(u^^=) 
-t(Pu^^')Bf(U^'5) 
-JU"«)/:^(U^«) 

Bu^^S)/ {(Pu^^9) 
^ ( U ^ ^ Y B P " ' " ) 
•;(U^^«)/ , - (PU^^ ' ) 

E x p e r i m e n t a l 

F i s s i o n C h a m b e r F o i l I r r a d i a t i o n 
A x i a l B o u n d a r y R a d i a l B o u n d a r y 

0.200 ± 0.004 
0.0252 ± 0.005 0.032 - 0.008 

1.029 - 0.020 
0.130 ± 0 . 0 1 6 

0.194 ' 0 .004 
0.972 ± 0.02 

0.0245 ± 0 . 0 0 2 (0.031 J: 0 .008)* 
(0.126 ± 0 . 0 1 5 ) * 

k - C a l c u l a t i o n S p e c t r a , 
Bounda 

S p h e r i c a 

1 6 - g r o u p 
(Set 135) 

0.218 
0.0292 
1.119 
0 .1305 

0.195 
0.896 
0 .0261 
0.117 

r y of 
1 C o r e 

1 1 - g r o u p 
(Set 58) 

0.213 
0.0258 
1.049 
0.1325 

0.203 
0.952 
0.0245 
0.126 

*Using v (Pu ' ^« )B , (U" '5 ) ^ 1^029 
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C r o s s - s e c t i o n rat ios at the core center , obtained from the absolute 
f ission chamber m e a s u r e m e n t s and the uranium foi l - i r radia t ion data, a re 
p resen ted in Table XXII with the mult igroup values. The rat ios a re taken 
with r e spec t to the f ission c r o s s sect ion of U^̂ ^ and also that of Pu^^'. In­
cluded a r e the ra t ios of the calculated values to the exper imental values. 

One would expect the ca lcu la ted- to-exper iment rat ios to lie close 
to one, with smal l random e r r o r s on each side. In the l6 -group l is t , this 
is not the case . Here the high ra t ios with respect to U^̂ ^ suggest that the 
f ission c r o s s sect ion for U^̂ ^ is calculated about 10% low. The rat ios to 
the Pu^'^ fission c r o s s section a r e slightly bet ter . It would be thought that 
CT£ for U^̂ ^ is known more accura te ly , and the rat ios suggest that-. 

(a) The 1 6-group spec t ra does not give enough flux to the groups 
of lower energy; this would account for the low af for U^̂ ^ and U^^ ,̂ and 
threshold-f iss ion isotopes . 

(b) The 16-group values of ac(U^^®) might be generally high; since 
a^ for U^^s i nc rea se s m o r e rapidly than af(U^^^) with decreasing energy, 
the ra t io 0^{\J ^^)/o'£(Pu^^^) should be calculated as lower than exper iment , 
but it is not. 

(c) Ei ther the Pu^*° or the U^^^ fission chamber measu remen t is 
in e r r o r . Both Pu^^° and U^̂ * have about the same fission threshold and 
asymptotic af j hence the i r f ission rat ios should be near ly equal. It is 
possible that for one of the counters the value of the fissionable m a s s was 
inaccura te . 

The ra t ios calculated from the l l - g r o u p spec t rum are in good 
agreement with the m e a s u r e d ra t ios , although it is to be noted that: 

(a) The capture c r o s s section for U^̂ ^ is calculated high by about 
12%, Such an e r r o r would contr ibute to what has been suspected from 
pas t a s s e m b l i e s , viz. , that Set 58 provides an underreac t ive U^^ .̂ 

(b) There is a l i t t le indication that the spec t rum provides slightly 
too few neutrons in the groups of higher energy. 

Table XXIII p r e sen t s exper imenta l and calculated values for 
c r o s s - s e c t i o n ra t ios at the core-b lanke t boundary. The exper imental 
values a r e those m e a s u r e d in the assembly at the axial core-blanket 
interface and at the core radia l boundary near the midplane. Compared 
to these a r e the ra t ios given by the spec t ra at the core-blanket boundary 
of the spher ica l core of the k calculat ions . Due to the differences in 
geometr ic situation, an in t e rcompar i son can only be approximate . 
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The fission ra t ios for the core axial edge were found from the 
counter data for the axial t r a v e r s e , (with the aid of the count r a t e s re la t ive 
to the count r a t e s at the core center) and the c r o s s - s e c t i o n ra t ios obtained 
for the center with the absolute coun te r s . Ratios for the core radial 
boundary come from the uran ium fo i l - i r rad ia t ion r e su l t s ; these were l ess 
accura te because of fine flux var ia t ions a c r o s s the columns at the fuel 
d r awer s in which the foils were placed. 

Considering the na ture of the spher ica l model used for the k ca lcu­
la t ions, the l l - g r o u p values in Table XXIII agree quite well with exper iment . 
The values for the 16-group set , however , exhibit the same deviations noted 
for the cen t ra l c r o s s - s e c t i o n r a t i o s . 

F . Calculated Reactivity Worths 

Additional information regarding the quality of the mult igroup 
p a r a m e t e r s is provided by a compar ison of m a t e r i a l worths calculated 
by means of the group set with the m e a s u r e d values . The methods used to 
calculate the worths a re (1) one-group per turbat ion theory; (2) mult igroup 
per turbat ion theory; and (3) two- reg ion -co re k-ca lcu la t ions . 

One-group Per tu rba t ion Theory 

In recent y e a r s a per turbat ion theory has been developed\l '"-l-^; to 
de te rmine the react iv i ty changes produced by introduction of smal l ainounts 
of m a t e r i a l into a r e a c t o r . This theory is of considerable impor tance to 
fast r e a c t o r s , in which a per turbat ion causes no significant changes in the 
spec t rum or flux shape. In the s imples t form, the one-group case , the 
react iv i ty change produced by introduction of a per turbat ion m a t e r i a l M 
in a region S of a r eac to r is given byi-*-") 

Ak ^ /s[(^MgfM + ^ S M ) - g(gfM + ^cM + Q'SM)] ^^ NMdV ^^ ^j 

where 

g = 1 V (V 0/0)' 
3 Z , \ 

and N|^ is the atomic density of the m a t e r i a l . In equation 6,1 , v^, ^£M.' 
^sM' 2-̂ <i ^cM ^^® the mic roscop ic c r o s s sect ions (for fission neutron 

yield, f ission, sca t te r ing , and capture) for the atoms of the per turba t ion 
m a t e r i a l . The p a r a m e t e r s v, 2f and Str a r e the fission yield and total 
macroscop ic fission and t r anspo r t c r o s s sections in the region of integra­
tion. The numera to r is in tegrated over the sample volume while in the 
denominator the integrat ion extends over the whole r eac to r . 



When we a r e only c o n c e r n e d wi th s m a l l s a m p l e s p l aced a t the 
r e a c t o r c e n t e r , w h e r e the flux g r a d i e n t is z e r o , equa t ion 6.1 r e d u c e s to 

Ak / S [ ( ^ " D^f " ^ c l M N M ^ ' d V 

k " /Ri 'Sf^^dV • ^ ^ ^ 

Th i s o n e - g r o u p a p p r o x i m a t i o n does no t accoun t for r e a c t i v i t y 
effects due to s p e c t r u m c h a n g e s induced by e l a s t i c and i n e l a s t i c s c a t t e r i n g . 
Hence i t s u s e f u l n e s s is r e s t r i c t e d to the f i s s i o n a b l e e l e m e n t s for which 
{v - l )af = O^ ^^'^s' Us i^g the m u l t i g r o u p f luxes in Tab le XIX, the f lux-
a v e r a g e d v a l u e s of {v ~ 1)CT£ - a^ for U^^^, U^^^, and Pu^^^ have b e e n con ­
s t r u c t e d , and t h e s e a r e p r e s e n t e d in T a b l e XXIV t o g e t h e r wi th the 
m e a s u r e d r e a c t i v i t y w o r t h s . 

T a b l e XXIV 

C E N T R A L WORTHS AND (v - l)a£ - 0^ VALUES 
F O R U " ^ U^^^ AND Pu^^^ 

„ . , , F l u x - a v e r a g e d 
E x p e r i m e n t a l / , \ /, \ 

Wor th ^ ( v - l ) a £ - a , ( b a r n s ) 
M a t e r i a l ( A k / m o l e x 10^) l l - g r o u p 1 6 - g r o u p 

U^^^ 127.2 3.688 3.648 
U^^^ 68.4 2.262 2.0.57 
Pu^^' 116.5 3.303 3.250 

The d e n o m i n a t o r of equa t ion 6,1 i s i ndependen t of the n a t u r e of the 
p e r t u r b a t i o n , and we can expec t the v a l u e s of [v - l)o"^ - a^ to be p r o p o r t i o n a l 
to the e x p e r i m e n t a l w o r t h s p e r m o l e , i . e . , {v•- l)o'£ - O^ ~ AAk, Va lue s of A, 
the r a t i o of c a l c u l a t e d to e x p e r i m e n t a l v a l u e s , a r e g iven in Tab le XXV. 

RATIOS O F 

M a t e r i a l 

U233 

U235 

Pu239 

(v-1) 

11-

af-̂  

T a b l e XXV 

• a, TO THE E X P E R I M E N T A L WORTH 
c 

- g r o u p V a l u e s 
E x p e r i m e n t a l V a l u e s 

2895 
3308 
283 5 

16--g roup Va lues 
E x p e r i m e n t a l Va lues 

2866 
3006 
2790 

The e x p e r i m e n t a l m . e a s u r e m e n t s a r e c o n s i d e r e d a c c u r a t e to ±2%. It 
is s u r p r i s i n g to find the U^^^ v a l u e s dev ia t i ng a s m u c h as they do f rom the 
o t h e r s . 



In the case of the 16-group r a t i o s , it appears that the {v - l)cj£- a^ 
value for U^̂ ^ is over-ca lcula ted by about 6%. We have seen (Sect. VIE) 
that the U^ fission c ros s section der ived by means of the 16-group 
spec t rum was about 7% low. Since ^^(U^^^) has only minor influence, the 
analysis suggests that v(U^^^) may possibly be in e r r o r by 10% on the bas i s 
of this c r o s s - s e c t i o n set. 

Similar ly, for the l l - g r o u p set we find {v - l)af~o^ for U^̂ ^ calcu­
lated apparent ly high by 15% and conclude that this d iscrepancy most likely 
or iginates in the group l v a l u e s . 

The m a t e r i a l buckling is la rge ly dependent on the value of 
(v •- l ) a£ - 0^ for the fuel ma te r i a l . Increas ing the average fuel density of the 
r eac to r core gave a react iv i ty change approximately given by 

Ak/k = 0 . 4 A M / M 

Hence, over the whole core Ak/k ~ 0.40 A[(7.'- l)a£ - a^,]. The l l - g r o u p 
calculation for k gave an excess of about 6% Ak/k, which could be due most ly 
to the postulated +15% e r r o r in {v~ l)af - a^ for U^^ .̂ 

For the 16-group set, however, a value of {v~ l ) a£- o^ 6% high would 
contribute only about 2 of the 5% excess k given by the 16-group calculation 
for k cited in Sect. I IB. The r e s t of the e r r o r needs to be at t r ibuted to the 
p a r a m e t e r s for the nonfissile e lements in the assembly . This was inves t i ­
gated as far as possible by the mul t igroup per turbat ion theory analysis and 
the two-region core calculat ions. 

Multigroup Per turba t ion Theory 

According to the mult igroup theory descr ibed by Glas stone and 
Edlund,^-*-"^ a m a t e r i a l per turbat ion in a r eac to r yields a react iv i ty change 
of 

Ak - / / / s ' * ^ S Q * i v / / / / R 0 + v 2 f 0 d V , (6.3) 

where 0 is a m a t r i x of the group fluxes (column vector) , (p is the adjoint 
m a t r i x (row vector) , 6Q is the per turbat ion m a t r i x opera tor , and the product 
is a sca la r quantity. For a region where the flux gradient is ze ro , the 
opera tor 6Q is constructed from the m a t e r i a l c r o s s sections involving f is ­
sion, capture , and between-group sca t te r ing . 

This approach was used for f issi le and nonfissile m a t e r i a l s , using 
the 16-group c ro s s - s ec t i on set and the fluxes and adjoints l isted in 
Table XXVI. For each elenaent, the numera to r of equation 6.3 was d e t e r ­
mined and then converted into an effective reac t iv i ty c ros s section using the 
value of {v ~ l ) a£ - o for Pu^ as a normal iz ing factor. The re su l t s a r e 
compared in Table XXVII with the exper imenta l c ro s s sections derived from 
the m e a s u r e d worths , again using Pu^ as a re fe rence . 



Tabic ; XXVI 

1 6 - G R O U P SNG C E N T R A L F L U X E S AND ADJOINTS 

G r o u p 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

L o w e r E n e r g y 
L i m i t (Mev) 

3,668 
2.225 
1,350 
0 .825 
0.500 
0.300 
0.180 
0.110 
0.067 
0 .0407 
0.025 
0.015 
0 .0091 
0,0051 
0.0021 
0 ,0005 

T a b l e 

P a r t i a l F l u x 

(%) 

1,85 
3,84 
6.73 
9.75 

14,12 
13,7 
13.8 
10.8 

8.1 
8.1 
3.2 
3.9 
1.35 
0.46 
0.26 
0.04 

XXVII 

Adjoint 

3,407 
3.354 
3.143 
3.009 
3,012 
3,142 
3.222 
3.341 
3.415 
3.407 
3.486 
3,430 
3.626 
3.694 
3.614 
3.402 

RESULTS OF MULTIGROUP PERTURBATION CALCULATIONS 

M a t e r i a l 

P u " 9 
U " 5 

U " 3 

U238 

c 
Na 
Al 
F e 
C r 
Ni 
S t ee l 

Exp e r i m e n t a l 
Wor th 

( A k / m o l e X 10^) 

1165 
684 

1272 
- 3 5 , 5 * 

10 .8* 
9.1 

1.28* 

- 1 . 9 5 * 

P e r t u r b a t i o n 
T h e o r y 

N u m e r a t o r , 
Eq . 6.3 

10263 
6525 

11385 
- 3 0 9 
57.0 
31,1 
8,24 

- 2 6 . 9 
- 4 7 . 9 
- 2 0 . 3 

E x p e r i m e n t a l 
CTr (mb) 

3250 
1908 
3548 

-99 .0 
30,1 
25,4 
3,57 

5.44 

P e r t u r b a t i o n 
T h e o r y 

1 6 - g r o u p 
a J. ( m b ) 

3250 
2066 
3606 

-97 ,9 
18.1 
9.85 
2.61 

-8 .52 
-15 .2 
- 6 , 4 3 
- 9 . 5 7 * * 

* A v e r a g e of w o r t h s in n o r m a l c o r e and in c o r e wi th "unbunched" 
c e n t r a l r e g i o n . 

**Us ing s t e e l of c o m p o s i t i o n 19 a / o C r , 10 a / o N i . 



The mult igroup per turbat ion analysis is seen to provide react ivi ty 
c ro s s sections for Pu^^', U^^ ,̂ and U^^ ,̂ which a re s imi la r to those found 
from the one-group method. This shows the validity of the one-group 
t rea tment . It may be concluded that V for U^ ŝ ^^ given too high by Set 135. 

The calculated and exper imenta l c r o s s sections for the light e l e ­
ments C, Al, Na, and Fe (SS) differ noticeably. In each case the react ivi ty 
effects of the m a t e r i a l a r e underes t imated . Moderation and self-shielding 
in the exper imenta l samples a r e not considered strong enough to explain 
the differences. Accuracy of the calculated values depends on the factors 
involved, the fluxes, adjoints, c ro s s sections for capture , and group- to-
group sca t te r ing . It is suspected, and will be evidenced la te r , that the 
c r o s s - s e c t i o n se ts for AL and Fe a r e incor rec t . However, with poor 
values given by the per turba t ion theory for C and Na, it appears that the 
fluxes and adjoints used a r e also in e r r o r . 

Two-region Calculations 

A m o r e d i rec t way of calculating m a t e r i a l worths would be to 
recalcula te k for the r eac to r including a per turbat ion region containing 
the ma te r i a l . This would account for any g ros s spec t rum changes or 
self-shielding effects, if any, due to the l a r g e r sample s ize . A few SNG 
cr i t ical i ty calculat ions were per formed in which the core had two regions : 
(a) an 8-cu-in. cen t ra l region occupied by the react ivi ty ma te r i a l , (b) the 
remainder of the core with the normal fuel composit ion. For these p rob­
l ems , the Yiftah 16-group p a r a m e t e r s were again used. The resu l t s a re 
compared in Table XXVIII with exper imenta l values computed using the 
exper imenta l wor ths of Table XXVII and the atomic densi t ies supplied 
with the 16-group set. 

Table XXVIII 

CENTRAL WORTHS OF 8-CU-IN. SAMPLES 

E x p e r i m e n t a l W o r t h C a l c u l a t e d W o r t h 
M a t e r i a l ( A k x l O ^ ) ( A k x l O ^ ) 

U23§ ™37.1 -39-0 
C 4-19.7 +24.0 
Na + 4.36 + 6.0 
Al + 1.68 +10.3 
F e - 3.60 +10.2 

E x c e p t fo r the v a l u e s for Al and F e , the a g r e e m e n t w i t h e x p e r i m e n t 
i s r e a s o n a b l y good. Both Al and F e a r e c a l c u l a t e d h igh ly o v e r r e a c t i v e , 
and th i s l e n d s s u p p o r t to the c o n t e n t i o n tha t they a r e r e s p o n s i b l e for the 
e x t r a 3% in the k - o v e r e s t i m a t e g iven by the l 6 - g r o u p s e t . It is p o s s i b l e 
tha t t he c a l c u l a t e d v a l u e s a r e in e r r o r b e c a u s e of l i m i t a t i o n s of the m a c h i n e 
c o d e , but they a r e m o r e l i ke ly due to e r r o r s in the c r o s s - s e c t i o n s e t . 
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This so r t of calculation depends on the ma te r i a l c ros s sections for total 
scat ter ing as well as for capture and between-group scat ter ing, but at 
the core center posit ive reac t iv i ty effects a r e principally re la ted to the 
g roup- to -g roup sca t te r ing . That the two-region calculations overes t imate 
worths for nonfissile ma te r i a l s at the core center seems to indicate that 
the scat ter ing p a r a m e t e r s a r e too high, giving excess t ranspor t of neutrons 
to energies of higher worth. 

The r e su l t s of the two-region calculations a r e general ly different 
from the r e su l t s of per turbat ion theory. For a comparison, the exper imental 
and calculated c r o s s sections a r e summar ized in Table XXIX. 

Table XXIX 

EFFECTIVE REACTIVITY CROSS SECTIONS 

M a t e r i a l 

Pu^^9 
U235 

U233 

U238 

C 
N a 
A l 

F e 
S t e e l 

Oj. ( m b ) 

E x p e r i m e n t 

3250* 
1908 
3548 

-99 .0 
30.1 
25.4 
3.57 

- 5 . 4 4 

0^ (mb) 
P e r t u r b a t i o n 

T h e o r y 

3250* 
2066 
3606 

-97 .9 
18.1 
9.85 
2.61 

-8 .52 
-9 .57 

a J. (mb) 
2 - r e g i o n 

Ca lcu l a t i on 

(3250)* 

- 1 0 4 
36.7 
34.9 
21.9 

+15.4 

*A11 values taken re la t ive to ( v - 1)0: - a for Pu 239 

c 

It is in teres t ing to note that the e r r o r s in the resu l t s of per turbat ion 
theory a r e in the opposite direct ion from the e r r o r s of the two-region calcula­
t ions . Information regarding spec t rum effect and self-shielding was also ob­
tained from the two-region p rob l ems . The cent ra l flux and adjoint spec t ra from 
the two-region calculations were found to be a lmost the same as for the 
no rma l core , and only in the case of carbon is it considered that the use of 
the no rma l core spec t ra for the per turbat ion calculation may be invalid. 
The cen t ra l flux spec t rum of the Al two-region core is compared in 
Table XXX with that of the no rma l core . Also, a plot of the spatial total 
flux of the two-region core along with that of the normal core , (see 
Fig. 24) shows no centra l flux depress ion . Therefore, as mentioned before, 
d i sc repanc ies between experim.ent and per turbat ion theory cannot be 
a t t r ibuted in any large degree to spec t ra l changes or sample -s ize effects. 
Rather , it is thought that the initial fluxes and adjoints used do not 
r ep re sen t the actual r eac to r . 
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0 2 

- - 0 - - PERTURBED, TWO-REGION CORE, 
ALUMINUM IN CENTRAL 8 cu in 

If f i s s ion p a r a m e t e r s a- and 
V for the fuel w e r e i n c o r r e c t , t h i s 
would of c o u r s e g ive a s o u r c e - t e r m 
e r r o r and thus affect the flux and 
adjoint s p e c t r a . However , the r e l a ­
t ive g r o u p f luxes a r e a l s o l a r g e l y 
dependen t on s c a t t e r i n g . The t w o -
r e g i o n r e s u l t s s u g g e s t the A l - and 
F e - s c a t t e r i n g p a r a m e t e r s a r e too 
high. At the c o r e c e n t e r , th is would 
a c c o u n t for o v e r c a l c u l a t e d w o r t h s 
of F e and Al due to e x c e s s m o d e r a ­
t ion . Over the whole r e a c t o r any 
e x c e s s in to t a l s c a t t e r i n g ( e s s e n ­

t i a l ly i^^j.) would d e c r e a s e l e a k a g e , t h e r e b y i n c r e a s i n g r e a c t i v i t y , and a l s o 
a l t e r the s p e c t r a l c h a r a c t e r i s t i c s . 

10 15 20 25 30 
RADIUS(SPHERICAL GORE^ cm 
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Fig . 24. F l u x Shapes f rom SNG 
C a l c u l a t i o n s 

G. C o n c l u s i o n s 

We have r e s t r i c t e d our a n a l y s i s to the u s e of the v a r i o u s A r g o n n e 
c r o s s - s e c t i o n s e t s . H o w e v e r , the 1 6 - g r o u p Los A l a m o s set'* -' ha s b e e n 
used for a r e a c t o r of th i s s i z e and c o m p o s i t i o n , giving a k va lue of 1.008. 
A c o m p a r i s o n of the A N L and LASL s e t s shows m a j o r d i f f e r e n c e s in the 
t r a n s p o r t c r o s s s e c t i o n s for Al and F e in the e n e r g y r a n g e f rom 10 to 
300 kev , i . e . , the two s e t s '>. -p and a^ AT differ by f a c t o r s of f rom 
t h r e e to f ive. 

Table XXX 

COMPARISON OF CENTRAL SPECTRA OF Al TWO-REGION 
CORE AND NORMAL CORE 

Group No. 0j^|, Normal Core (%) 
(i)]\j, 2-region Core Al in 

Center 8 cu in. (%) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

1.85 

3.84 
6.73 
9.75 
14.12 
13.68 
13.75 
10.84 
8.11 
8.15 
3.21 
3.91 
1.35 
0.46 
0.26 
0.04 

1.56 
3.55 
6.44 
9.63 
13.82 
13.80 
13.58 
10.67 
8.10 
8.40 
3.23 
4.44 
1.61 
0.67 

0.49 
0.01 
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In finding the wi th in-group-average c r o s s sect ions, a flux-weighting 
is used at Argonne, i .e. , 

1 / * ^ ^ ) ^ ^ ^ 

/ 
•^tr / 0(E) dE 

where 0 ( E ) is a represen ta t ive flux within the group. On the other hand 
for medium Z elements the LASL group de termines averages as follows: 

0(u) —J- du 
a t r 

Ĉ tr 

arguing that this method accounts for fine i r r egu la r i t i e s in the flux due to 
sca t te r ing r e sonances . Thus the ANL set possibly overes t imated the 
effects of the resonances , whereas the LASL values might underes t imate 
them slightly. 

If the c ro s s sections in the Argonne sets a r e modified in the LASL 
manner , it is believed that e s t imates of c r i t i ca l m a s s would be in bet ter 
ag reement with exper imenta l r e s u l t s . At the same t ime, the multigroup 
flux and adjoint solutions of the t r anspor t equations should provide niore 
accura te c r o s s - s e c t i o n ra t ios and cent ra l ma te r i a l s worths . 

We deduce, then, the need of some modifications in the Yiftah 
c r o s s - s e c t i o n set . The T.'values for U in this set, as well as for Set 58, 
a r e apparent ly too high in genera l . The values of ar(U ) might also be 
off in the 16-group set . As previously stated, the t r anspor t c ross sections 
should be re -eva lua ted . It would be profitable to investigate this situation 
further, to obtain information on the a -̂j. of medium-Z elements by m e a s u r ­
ing cen t ra l and edge reac t iv i ty worths in some future a s sembl i e s . It a lso 
appears des i rab le to s t r ive for higher accuracy in react ivi ty measuremen t s 
with the ZPR. 
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A P P E N D I X A 

Z P R - I I I , A s s e m b l y 29 S p e c i f i c a t i o n s 

Z P R M a t r i x T u b e s 

F r o n t D r a w e r s 

B a c k D r a w e r s 

C o n t r o l D r a w e r s 

2 .18 X 2 .175 X 3 3 . 5 - i n . , 
c r o s s s e c t i o n 4 ,75 in,^ 

2 .06 X 2 .03 x 2 1 . 2 5 - i n . 

2 .06 X 2 .03 x 1 1 . 2 5 - i n . 

2 .06 X 2 .03 x 3 2 . 5 - i n . 

C o r e D r a w e r C o m p o s i t i o n s : C o r e S e c t i o n 1,0921 l i t e r s 

D r a w e r T y p e U " ^ (g) u " ^ (g) SS* (g) Al (g) 0 ( g ) T o t a l d r a w e r s 

S t a n d a r d 9 5 3 . 4 
S t a n d a r d C o n t r o l 9 5 3 . 4 
" S e e d e d " 1422.9 
" S e e d e d " C o n t r o l 1422.9 

2137 .0 2115 .2 718.9 404 .4 
2137 ,0 1880.6 719.0 404 .5 
1644.7 2115 .2 718 .9 4 0 4 . 4 
1644.7 1880.6 719.0 404 .5 

353 
7 

53 
3 

• I n c l u d i n g m a t r i x and SS d r a w e r 

B L A N K E T C O M P O S I T I O N 

R e g i o n 

14 i n . to 21 i n . 
of f r o n t d r a w e r s 

0 to 5 in . of 
b a c k d r a w e r s 

14 to 2t>^ i n . of 
C o n t r o l d r a w e r s 

0 to 21 i n . of r a d i a l 
b l a n k e t d r a w e r s 

V o l u m e 
( l i t e r s ) 

0 .545 

0 .392 

0 .954 

1.637 

U " 8 (kg) 

8 ,621 

6 .168 

13.50 5 

25 .862 

U " ^ (g) 

17.3 

12.4 

27 .3 

51.9 

S ta in l e s s S t ee l (g) 

385 

285 

82fa 

l l o o 

0 to 26 i n . of c o a r s e 
r a d i a l b l a n k e t : .023 32 ,030 64,3 UbO 

D E N S I T I E S USED T O C O M P U T E V O L U M E F R A C T I O N S 

M a t e r i a l 

U' •E35 

U' 
SS 
Al 
O 

•238 

D e n s i t y for 100 v / o 

18.75 g / t c 
19.00 g / c c 

7.85 g / c c 
Z.70 g / c c 
2 .55 g / c c 

= ,09b X 10^* a t o m s / c c 




