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ABSTRACT 

T h i s  memo d e s c r i b e s  an  e v a l u a t i o n  of t h e  232Th neu t ron  c a p t u r e  

c r o s s  s e c t i o n  i n  t h e  n e u t r o n  energy r ange  from 3 keV t o  20 M e V .  Most 

e x i s t i n g  d i f f e r e n t i a l  measurements a r e  reviewed,  and some d a t a  are 

renormal ized  t o  c u r r e n t  v a l u e s  of  the s t a n d a r d s .  S e v e r a l  expe r imen ta l ly  

determined sets of ave rage  r e sonance  parameters are a l s o  d i s c u s s e d .  

From 3 t o  50 keV t h e  e v a l u a t e d  c r o s s  s e c t i o n  is  d e s c r i b e d  by a se t  

of ave rage  s t a t i s t i c a l  r e sonance  parameters. Above 50 keV t h e  eva lua ted  

c a p t u r e  c r o s s  s e c t i o n  i s  a smooth cu rve  which follows t h e  t r e n d  of t h e  

most recent measurements. 

The e v a l u a t e d  c a p t u r e  c r o s s  s e c t i o n  i s  compared w i t h  many measurements 

and u n c e r t a i n t y  estimates are g iven .  





I. INTRODUCTION 

The r e p r e s e n t a t i o n  of t h e  232Th c r o s s  s e c t i o n s  i n  t h e  p r e s e n t  

v e r s i o n  of ENDF/B, Vers ion  I V ,  i s  probably inadequate  f o r  t h e  c a l c u l a -  

t i o n  of r e a c t o r  performance. Indeed,  most of t h e  Version TV Th 

e v a l u a t i o n  w a s  t a k e n  unchanged from the 1966 Vers ion  I e v a l u a t i o n  

of Wittkopf e-t a2.l and, hence, i g n o r e s  t h e  r e s u l t s  of several 

measurements done i n  t h e  p a s t  10 y e a r s . 2  

This  n o t e  d e s c r i b e s  an  e v a l u a t i o n  of t h e  2 3 2 T h  n e u t r o n  c a p t u r e  

c r o s s  s e c t i o n  above 3 keV, which i s  p a r t  of a l a r g e r  e f f o r t  a t  ORNL 

and e l sewhere  t o  r e e v a l u a t e  t h e  c r o s s  s e c t i o n s  of Th and 2 3 3 U .  

In  the next s e c t i o n  w e  review t h e  d i r e c t  measurements of t h e  232Th 

c a p t u r e  c r o s s  s e c t i o n  above 2 keV. S e v e r a l  measurements are renorma- 

Lized t o  c u r r e n t  v a l u e s  of t h e  s t a n d a r d s ;  t h e  r e s u l t s  of o t h e r  measure- 

ments are r e j e c t e d .  

I n  S e c t i o n  I11 w e  review several  exper imenta l  d e t e r m i n a t i o n s  of 

t h e  232Th average  resonance  parameters  and w e  e v a l u a t e  a b e s t  se t  o f  

parameters  f o r  t h e  n e u t r o n  energy range  0 t o  50 keV. 

I n  S e c t i o n  I V  w e  e v a l u a t e  t h e  c a p t u r e  c r o s s  s e c t i o n  above 3 keV. 

Below 50 keV, t h e  c r o s s  s e c t i o n  should  b e  r e p r e s e n t e d  b y  “ s t a t i s t i ca l  

parameters”  s o  t h a t  t h e  s e l f - s h i e l d i n g  may b e  p r o p e r l y  computed; i n  

t h a t  r e g i o n  t h e  b e s t  parameters e v a l u a t e d  i n  S e c t i o n  I I I  appear  t o  

y i e l d  a n  a c c e p t a b l e  compromise between s e v e r a l  i n c o n s i s t e n t  d i r e c t  

c a p t u r e  measurements. Above 50 keV t h e  e v a l u a t e d  c a p t u r e  c r o s s - s e c t i o n  

1 
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i s  a smooth curve  which follows t h e  t r e n d  of t h e  most r e c e n t  measure- 

ments.  

I n  S e c t t o n  V w e  a t t e m p t  t o  estimate t h e  e r r o r s  i n  t h e  e v a l u a t e d  

c r o s s  s e c t i o n  and d i s c u s s  some of t he  assumptions u s e d .  

11. REVIEW OF THE DIRECT C A P T U S  MEASUREMENTS ABOVE 2 keV 

We have examined some 20 measurements, r e p o r t e d  over  a p e r i o d  of 

and l i s t e d  i n  Table  I.3-24 We w i l l  d i s c u s s  f i r s t  more t h a n  30 y e a r s  

the measurements done w i t h  " 2 4  keV" n e u t r o n s  from Sb-Be s o u r c e s  o r  from 

F e - f i l t e r e d  beams, t h e n  t h e  a c t i v a t i o n  measurements done w i t h  monoener- 

g e t i c  neut rons  produced by charged p a r t i c l e  r e a c t i o n s  u s i n g  an e l e c t r o -  

s t a t i c  a c c e l e r a t o r ,  f i n a l l y  t h e  measurements done by t h e  t ime-of-Elight 

technique  o r  by t h e  lead-slowing-down technique .  

Measurements a t  24 ICeV A .  --._ 

Sone v a l u e s  of  t h e  24 keV c a p t u r e  c r o s s  s e c t i o n  f o r  232Th a s  w e l l  

as f u r  l Z 7 1 ,  lg7Au and 2 3 A U  are  compared i n  T a b l e  11. 

T h e  measurements of Belanuva'7 9 were done w i t h  Sb-Be n e u t r o n s  

and by t h e  s p h e r i c a l  s h e l l  t r a n s m i s s i o n  method. The d i f f e r e n c e s  between 

the 1958 arid 1964 v a l u e s ,  f o r  b o t h  232Th and 2 3 8 U ,  exceed 

t h e  e r r o r s  quoted .  The s e l f - s h i e l d i n g  and m u l t i p l e  s c a t t e r i n g  cor rec-  

t i o n s  t o  t h e  measurements are impor tan t ,  must h e  o b t a i n e d  by a Monte 

Car lo  c a l c u l a t i o n  and are s e n s i t i v e  f u n c t i o n s  of t h e  p o o r l y  known 

n e u t r o n  t r a n s p o r t  parameters  around 24 keV. It is  beyond i h e  scope 

of our  e v a l u a t i o n  t o  recompute t h e s e   correction^,^^ 

s i x  t i m e s  

On t h e  o t h e r  hand, 
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i t  i s  d i f f i c u l t  t o  choose between t h e  v a l u e  w i t h  a s m a l l  e r r o r  r e p o r t e d  

i n  1958 and t h a t  w i t h  a much l a r g e r  e r r o r  r e p o r t e d  i n  1964,  and i t  does 

n o t  make much s e n s e  t o  average  between two values so i n c o n s i s t e n t .  For 

t h e s e  r e a s o n s ,  w e  d e c i d e d  t o  i g n o r e  t h e  r e s u l t  of t h e  s p h e r i c a l  s h e l l  

t r a n s m i s s i o n  method a l t o g e t h e r .  

The a c t i v a t i o n  measurements of Macklin e t  a7..4 and of  Chaubey and 

S e h g a l l a  were a l s o  done w i t h  Sb-Be n e u t r o n s ,  and were done r e l a t i v e  t o  

t h e  1271 c a p t u r e  c r o s s  s e c t i o n  which w a s  t aken  t o  b e  .82 t .06 b ,  

f o l l o w i n g  a s e p a r a t e  measurement of Macklin.  Macklin e t  u Z .  determined 

t h e  amount of 233Th produced by d e t e c t i n g  w i t h  a Nal c r y s t a l  t h e  .310 M e V  

gamma r a d i a t i o n  from t h e  233Pa d a u g h t e r ;  t h e y  assumed .9 y r a y s  of .310 

MeV p e r  d i s i n t e g r a t i o n  and a p p a r e n t l y  d i d  n o t  c o r r e c t  f o r  t h e  f a c t  t h a t  

approximate ly  50% of t h e  t r a n s i t i o n s  are i n t e r n a l l y  conver ted  and, hence,  

could n o t  have been d e t e c t e d . 2 6  

Macklin e t  aZ. f o r  t h e  r e d u c t i o n  i n  e f f i c i e n c y  due t o  t h e  i n t e r n a l  con- 

v e r s i o n ,  w e  o b t a i n  a c r o s s - s e c t i o n  v a l u e  n e a r  1 b . ,  which i s  c o n s i d e r a b l y  

h i g h e r  t h a n  a l l  t h e  o t h e r  r e p o r t e d  v a l u e s .  We f u r t h e r  n o t e  t h a t  t h e  

c r o s s - s e c t i o n  o b t a i n e d  by Macklin e t  aZ.4 f o r  Au i s  a l s o  l a r g e r  by a 

f a c t o r  of two t h a n  t h e  p r e s e n t l y  accepted  v a l u e .  For t h e s e  r e a s o n s  

w e  dec ided  t o  a l s o  i g n o r e  t h e  232Th measurement of Macklin e t  aZ. 

If w e  c o r r e c t  t h e  v a l u e  r e p o r t e d  by 

Chaubey and Sehgal  measured t h e  Th a c t i v a t i o n  by d e t e c t i n g  t h e  

$-rays fKom 233Th i n  a t h i n  window b e t a  c o u n t e r .  

of t h e  233Th B-rays are e i t h e r  t o  t h e  ground s t a t e  o r  t o  v e r y  l o w  energy 

states of 233Pa ,  t h e r e  is no impor tan t  e f f i c i e n c y  c o r r e c t i o n . 2 6  W e  a l s o  

n o t e  t h a t  t h e  v a l u e  of  t h e  Au c a p t u r e  c r o s s - s e c t i o n  r e p o r t e d  by Chaubey 

S i n c e  more t h a n  97% 



Table I. Direct Measurexects of the 232Th C a p t m s  Cross Sect lo r ,  above 2 KeV 

Cmaen t s Yeas Au t h o  Î  s Energy Razge Points 
(keV) 

1946 
1957 
1958 
1958 
1958 
1959 
4959 
1960 
i 9 6 1  
1961 
1962 
1963 
1963 
1963 
1964  
1965 
1966 
1971 
1971 
1971 
1976 
1977 

r inenberger  and ~ i ~ k ~ 1 ~  3-390 
Macklin, Lazar and Lyon4 24 
Belanova 5 25.,220.,830 
Lelpunski e t  aZ.6 
Perkin, O’Connor and Coleman7 14500. 
Barry, O’Connor and Perkin’ 300-1200 
lranna and Roseg 100-1230 
Block and Slaughter’ 

Stavisskii e t  aZ. 

~oistikov e t  aZ. 

up to 6. 

30-964 
Miskel e t  al. l 3  32-3970 

5.5-102. 

3elanova’ 220. 
1 2  

1 %  

,”loxon and Chaffeyl’ 3 - 1 4 3 .  

Macklin, Pasma anci Gibbons’ 18-40 
Chau5ey and seeh alla 

Stupegia, Smith and lhm’6 191-1170 

2 4 
3elsnoira e t  a5. 9 9  2L 
Lindner e t  aZ. ‘O 121-2730 
Fornail  e t  CLZ. 2 1  

yamasriuro e t  aZ. 23 24 

up to 30. 
Stavisskii e t  aZ.22 

Macklin and Halper in2  2-800. 

up to 35. 

7 
1 
3 
i 
1 
10 
13 
10 
1 
25 
26 
10 
96 
22 
136 
1 
1 
30 
28 
l a  
1 

(95) 

Act iva t ion 
Sb-Be Source, Activatioc 
Spherical S h e l l  Transmission 

Activation 
Activarion 
Activation 
Time-of-flight 
Spherical Shell Transmission 
Activation 
Activation 
Activation 
Time-of-flight 
Activation 
Time-of-flight 
Sb-Be Source, Activatlon 
Spherical Shell Transxission 
Activation 
Time-of-flight 
Lead-slowing-down Spectrometer 
Fe-f iltered beam 
Time-of-flight 

AC I: i ~ a  t i o n  



Table 11. Neutron Capture Cross Sections near 24 keV 

Author (year) Method 1271 7 A ~  * 2Th 2 3 e u  

cn 
.45 72.004 .572+. 007 Belanova (1958) Sb-Be, Shell Transmission 

.57+.03 .615k. 025 .412+. 018 Belanova (1964) * Sb-Be, She l l  Transmission 
( .82+.06)  1.. 125 * 11 .5?.1 .61+. 061 Macklin e t  aZ. (1957)4 Sb-Be, Activation 
(.82+.06) .5+. 035 .48+.05 Chaubey and Sehgal (1965) Sb-Be, Activation 
.75+. 045 .68+. 05 .49+. 04 .50+. 035 Yamamuro et a l .  ( 1 9 7 6 f 3  Fe-filtered beam 
.769 .664 4 9 1  ENDF/B-IV (evaluation) 

~ ~~ - - ~- ~ ~ _ _ ~ ~  

Values in parenthesis were taken as standard. 
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and Sehgal a g r e e s  much be t te r  w i t h  p r e s e n t  estimates t h a n  d i d  t h a t  of 

Macklin ct aZ. Hence, w e  a c c e p t  t h e  v a l u e  of Chaubey and Sehgal as 

g iven .  

The measurements of Yamamuro a t  aZ. 2 3  were done w i t h  2 4  keV n e u t r o n s  

from an  e l e c t r o n  Linac  f i l t e r e d  through 1 5  c m  of i r o n . 2 7  

c a p t u r e  gamma rays w e r e  d e t e c t e d  by two C6F6 s c i n t i l l a t o r s ,  u s i n g  t h e  

pulse h e i g h t  weight ing  technique  t o  de te rmine  t h e  a b s o l u t e  c a p t u r e  

p r o b a b i l i t y .  

232Th c a p t u r e  c r o s s  s e c t i o n  r e p o r t e d  by Yamamuro e t  aZ. a g r e e s  w e l l  w i t h  

t h a t  of Chaubey and Sehgal .  However f o r  1-127 and Au-197, t h e r e  are  

s m a l l  d i s c r e p a n c i e s  between t h e  values r e p o r t e d  by the two groups;  

thPs s u g g e s t s  t h a t  t h e  good a g r e m e n t  f o r  233Th may be  somewhat f o r t u -  

i t o u s ,  It m u s t  b e  remembered, t o o ,  Lhat t h e  energy d i s t r i b u t i o n  of t h e  

F e - f i l t e r e d  n e u t r o n s  i s  n o t  e x a c t l y  t h a t  of t h e  %-Be s o u r c e .  

The prompt 

The f l u x  was measured by u s i n g  a t h i c k  'OB sample. The 

. A c t i v a t i o n  --- Mensureqsnts w i t h  Neutrons from Pa r t i c l e  Reac t ions  

1. Linenberger  and J4iskel ( 1 9 4 6 ) p  -*- , .  .. > *  

This w a s  probably the first 232Th c a p t u r e  c r o s s - s e c t i o n  measure- 

ment i n  t h e  keV range .  The n e u t r o n s  were produced by the L i ( p , n )  and 

D(d,n) r e a c t i o n s ,  t h e  c a p t u r e  c r o s s - s e c t i o n s  a t  7 n e u t r o n  e n e r g i e s  

were measured r e l a t i v e  t u  t h e  'U f i s s i o n  c r o s s - s e c t i o n .  The c r o s s -  

s e c t i o n  r a t i o  w a s  normalized a t  thermal  e n e r g i e s  u s i n g  n e u t r o n s  from 

a g r a p h i t e  thermal  column. The r e s u l t s ,  as r e p o r t e d ,  are l i s t e d  i n  

t h e  f i r s t  t h r e e  columns of Table  T I . 1 .  Col. 4 h a s  t h e  r a t i o  of 232Th 

c a p t u r e  c r o s s - s e c t i o n  ( c o l .  3 )  to t h e  2 3 5 ~  f i s s i o n  c r o s s - s e c t i o n  

( c o l .  2 ) .  This r a t i o  was normalized t o  a v a l u e  6 . 0 3 / 5 4 5  = .01106 a t  



7 

Table 111. Renormalization of the Data of Linenberger and Miske13 

(1) (2) (3) (4)  (5) ( 6 )  (7)  

(keW (b 1 (b 1 (b) (b 1 

u 2 5  0 (Th) Ratio Renormalized Of2 5 Ony(Th) 
f nY 

E 

3t 3 6.32 .958 -15% .174 5.00 ,870 

2.80 .568 .203 .233 2.48 .578 
7 

16+ 

35 2.44 .574 .235 ,270 1 .98  ,535 
20 

33+ 

67t35 40 2.10 .414 .197 .226 1.74 .393 

35 1.94 .363 . l a 7  .215 1.57  .338 
30 

9 8 t  

1 .65  . 2 7 8  .168 .193 1 .30  ,252 
5 
20 

195+ 

390t20 1.46 .167 .ll4 ,131 1.19 .156 

(4) 
(5) 
(6) From M. R. Bhat32 
(7)  Obtained using c o l .  (5) and 0 2 5  from ( 6 ) .  Errors estimated at f 

i s  normalized to a thermal ratio3 6.03/545 = .OB106 
i s  renormalized to a thermal ratio2' 7.4/582.8 = .01270 

- f 10%. 
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thermal .  I n  c o l ,  5 WE g i v e  t h e  same r a t i o  renormalized t o  a thermal  

v a l u e  7.4/582.8 = .01270. T h i s  l a s t  r a t i o  was o b t a i n e d  by u s i n g  t h e  

c ross  s e c t i o n s  a t  .0253 e V  reconmended i n  t h e  1973  

S i n c e  t h e  Wescott  g-factorsZ9 f o r  2 3 5 U  f i s s i o n 3 0  and 232Th 

near K O O ~  temperal i t re  are of t h e  o r d e r  of .98 ,  t h e  r a t i o  of  t h e  c r o s s  

s e c t i o n s  a t  ,0253 eV i s  w i t h i n  2% o f  t h e  r a t i o  averaged o v e r  a thermal  

spectrum, I n  c o l .  6 of Table  LII, we l i s t  ENDF/B-V 2 3 5 U  f i s s i o n  CKOSS- 

s e c t i o n s  o b t a i n e d  from an  e v a l u a t i o n  of M. R. Rhat.  3 2  The renormalized 

232Th c a p t u r e  c r o s s - s e c t i o n s  are l i s t e d  i n  t h e  l a s t  c o l .  o f  Table  111. 

No e r r o r s  are  reported f o r  t h e  measurement, b u t  i n  a p l o t  of t h e i r  da ta ,  

t h e  authors  show 10% e r r o r  b a r s .  T h i s  probably r e p r e s e n t s  t h e i r  es t i -  

m a t e  of t h e  e r r o r s ,  

d i t i o n  of BNL-325. ’’ 

2. Miskel ,  _q Marsh, Lindner  and Nagle (19Q2)-13 

The Tb a c t i v a t i o n  w a s  determined by measurement of the B - a c t i v i t y  

of i t s  27.4-day daughter  ’ 3Pa, wi th  a c a l i b r a t e d  end-window p r o p o r t i o n a l  

counter .  

and the 7 3 5 U  f i s s i o n  c r o s s - s e c l i o n s  r e p o r t e d  by A l l e n  and 

used ,  I n  T a b l e  I V  w e  show how F J ~  have renoriiiaIized t h e  r e p o r t e d  232Th 

c a p t u r e  CFOSS s e c t i o n  from t h e  235U f i s s i o n  c r o s s - s e c t i o n  of A l l e n  and 

Henkel t o  t h a t  r e c e n t l y  evaluated by Bhat.37. 

mated their maximum e r r o r  t o  b e  10%. 

The n e u t r o n  f l u x  was measured w i t h  a 2 3 5 U  f i s s i o n  chamber, 

were 

The a u t h o r s  have esti-  

3 ,  Lindner ,  ..... ~ Nag1-5.. and Landrum l.l_llllll (1.975) 2 o  

I n  t h i s  experiment  t h e  T h  a c t i v a t i o n  w a s  measured by d e t e c t i n g  

t h e  233Pa  6 - a c t i v i t y  i n  a c o u n t e r  calibrated w i t h  a s o u r c e  of 233Pa i n  

eqiii.l.ibrium with  a known quant i - ty  of 237Np.  T h e  n e u t r o n  f l u x  w a s  
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Table IV. Renormalization of t h e  Data of Miskel e t  ail. l 3  

322 9 
42+11 
59-L-13 
6 9 t 4  
84 t16  

118t18 
112+11 
176521 
240540 
24 72 24 
255+10 
430t23  
580t70  
710t15 
790521 
850520 
870280 
990t50 

1000t90  
1610-L-40 
1790+80 
2000r90 
2720-L-40 
3000t40 
3650t70 
3970+70 

819 
615 
409 
363 
350 
306 
21  7 
204 
177  
219 
14  1 
148 
15 3 
145 
1 5  7 
112  
148  
133 
138 
99.7 
84  
6 1  
28 
23 .1  
1 5 . 1  
13.5 

2.66 
2.46 
2.21 
2.10 
1.97 
1 . 7 6  
1 .79  
1 .56  
1 .45  
1.44 
1 . 4 3  
1 .27  
1 . 2 1  
1.18 
1.18 
1 .17  
1 . 1 7  
1 .28  
1 . 2 6  
1 .30  
1 .30  
1.31 
1 .27  
1 .24  
1 .21  
1 .20  

.308 

.250 

.185 

.173 

.178 
,174 
. 1 2 1  
.131 
,122 
.152 
.0986 
.117 
-126 
- 1 2 3  
.133 
.0957 
.126 
. l o 6  
.110 
.0767 
-0646 
.0466 
.0220 
.0186 
.0125 
.01125 

2.00 616 
1.94 485 
1 .78  329 
1 .72  297 
1 .56  277 
1.526 265 
1 . 5 4  187  
1 .36  178  
1.254 1 5 3  
1.25 190 
1.24 122 
1 .17  136 
1 .12  142 
1 .095  135 
1.098 146 
1 .119  107  
1 . 1 4  144  
1.213 128 
1.214 133 
1 . 2 6  96.6 
1.275 82.4 
1 .284  59.8 
1 .240  27.3 
1 .224  22.8 
1.185 14.8 
1.165 13.1 

(3) 

(5 )  

( 6 )  

Errors estimated at +lo% 

o f z 5  f rom R. L .  He11ke1~~ 

o f Z 5  from M. R. Bhat32 

Gny(Th) corrected to the 1976 Values of the o f 2 5  Standard 
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determined w i t h  a 2 3 5 U  f i s s i o n  chamber, us ing  t h e  EWIIF/B-IV f i s s i o n  

c r o s s - s e c t i o n s .  3 4  

w i t h  t h e  a b s o l u t e  count ing  system. We have n o t  renormalized t h o s e  

d a t a ,  though, i n  the energy range  of t h e  measurement ( . l  t o  2 . 7  MeV) 

t h e  prel imi-nary ENDF/B-V v a l u e s  of t h e  235U f i s s i o n  CKOSS s e c t i o n s  a r e  

i n  p laces  as much as 4% below t h e  Version I V  v a l u e s .  " ' 9  3 5  

There may be a 5% s y s t e m a t i c  u n c e r t a i n t y  a s s o c i a t e d  

4 .  Basry,  O'Connor and P e r k i n  (1959)_8 

I n  t h i s  experiment the  n e u t r o n  €lux w a s  monitured by a Banson- 

McKibben type  long c o u n t e r .  

t o  t h e  a c t i v a t i o n  of a s i m i l a r  sample of 238U, and t h e  232Th c a p t u r e  

c r o s s - s e c t i o n  w a s  normalized a t  600 keV r e l a t i v e  t o  t h e  238U c a p t u r e  

cross-sect i -on assumed t o  be 1 3 2  mb. The e r r o r s  w e r e  e s t i m a t e d  t o  be 

about  8%, I n  T a b l e  V we have renormalized t h e  v a l u e s  of t h i s  measure- 

ment t o  t hc  ENDF/B-IV v a l u e  of t h e  238U c a p t u r e  c r o s s - s e c t i o n  a t  G O O  keV 

(114,7 mb) , 

The 732Th a c t i v a t i o n  w a s  measured re la t ive  

5. Hanna and -I I Rose (1958j9 

r h i s  mrasuremcnt w a s  done b e f o r e  1955. The a c t i v i t y  produced i n  a 

232Th s a m p l e  by a f l u x  of f a s t  neut rons  was compared w i t h  t h a t  produced 

ill a r e l a t e d  sample by thermal  neut rons .  The thermal  neut ron  f l u x  

WAS determined by a c t i v a t i o n  oE gold and measurement of  i t s  a b s o l u t e  

d i s i n t e g r a t i o n  ra te  by co inc idence  count ing .  The f a s t  n e u t r o n  f l u x  

w a s  measured by a p r o t o n  r p c o i l  p r n p o x t i o n a l  countcJr.  The r a t i o  of 

t h e  232Th c a p t u r e  c r o s s - s e c t i o n  t o  t h a t  of lg7Au f o r  thermal  n e u t r o n s  

w a s  t aken  from t h e  work of C r ~ c k e r ~ ~  a d  of Myasicheva e t  a2.37 

aiit.hors r e p o r t  a v a l u e  ,0741 5 .0011 f o r  Lhis r a t i o .  This i s  c o n s i s t e n t  

Those 
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T a b l e  V. Renormalizat ion of t h e  Data of Barry e t  U Z . ~  

E 0 (Th) Renormalized 
nY 

(keV) (mb 1 h b  1 

300 t90  
400t80 
500+75 
600+73 
700+69 
8OQk67 
900266 

1 0 0 0 t 6 5  
1 1 0 0 t 6 4  
1200+62 

206+17 
1 9 0 t l l  
172+11 
195+12 
187+12 
172+_11 
173510 
120_+8 
120t8  
118+8 

179k15 
165+10 
149+10 
169t10 
162+10 
149+10 
150-+9 
1 0 4 t 7  
1 0 4 t 7  
1 0 3 t 7  

S tandard  d e v i a t i o n s  are  g i v e n ;  s y s t e m a t i c  e r r o r s  are 
e s t i m a t e d  a t  8%. 



w i t h  t h e  p r e s e n t l y  accepted  v a l u e z 8  ( 7 . 4 0 / 9 8 . 8  = . 0 7 4 9 ) .  Hence, no 

r e n o r m a l i z a t i o n  of t h e  v a l u e s  of Hanna and Rose i s  r e q u i r e d .  The e r r o r s  

r e p o r t e d  are between 8 and 10%. 

6 .  S t a v i s s k i i  and Tolsti-kov (1961) l 2  

This  a c t i v a t i o n  measurement was done r e l a t i v e  t o  t h e  c a p t u r e  c r o s s -  

s e c t i o n  of ’’ 71, and,  i n  e f f e c t ,  o r i g i n a l l y  normalized a t  thermal  e n e r g i e s  

t o  a v a l u e  of t h e  1271 thermal  c a p t u r e  c r o s s - s e c t i o n  5.66 b .  3 8  

Table  V I ,  G J ~  have renormal i zed t h e  ’ %h c a p t u r e  c r o s s - s e c t i o n s  as r e p o r t e d  

i n  r e f .  38 t o  ENDF/B-IV v a l u e s  of t h e  lZ7I  s t a n d a r d .  

I n  

7 .  T o l s t i k o v ,  Sherman and -.-.- S t a v i s s k i i  (1963) l 4  -- ___.... ~ ..-. 

1 0  This  a c t i v a t i o n  measureiiient w a s  made r e l a t i v e  t o  t h e  B(n,a)  

c r o s s - s e c t i o n ,  assumed t o  b e  l/v i n  t h e  n e u t r o n  energy range  1-200 keV. 

The 2 3 2 T h  c r o s s  s e c t i o n  w a s  normalized t o  a value o f  390 5 59 mb o b t a i n e d  

i n  t h e  measurement of S t a v i s s k i i  and T o l s t i k o v .  l 2  

have renormalized t h e  c ross  s e c z i o n  t o  a v a l u e  of .49  -t _._. .04 b a t  24 keV, 

from t h e  measurements of  Chaubey and S e h g a l ”  and Yamamuro et ~ 2 . ‘ ~  

d i s c u s s e d  p r e v i o u s l y .  

I n  Table  V I I ,  w e  

8 * -_L. StuDegia ? Smith and ~ a m m  (19621~6 

I n  t h i s  a c t i v a t i o n  measurement, t h e  ’ 3Th produced w a s  determined 

by d e t e c t i n g  the 

c o u n t e r .  

The a u t h o r s  do n o t  r e p o r t  what v a l u e s  of t h e  2 3 5 U  f i s s i o n  c r o s s - s e c t i o n  

were u s e d ,  b u t  t h o s e  were probably39 t h e  v a l u e s  of t h e  1965 E d i t i o n  o f  

BNL-325. ‘ With t h i s  assumption,  w e  have renormalized t h e  %h c a p t u r e  

c r o s s - s e c t i o n s  t o  t h e  ENDF/H-V v a l u e s  of t h e  ’U fission c r o s s  s e c t i o n s  

3Th @-rays i n  a c a l i b r a t e d  end-window p r o p o r t i o n a l  

The n e u t r o n  f lux  was m e a s u ~ e d  w i t h  a 235U f i s s i o n  chamber. 
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Table VI. Renormalization of the Data of Stavisskii and Tols t ikov  12,38 

(1) (2)  (3) (4)  (5) 

(keW (mb) (mb 1 (mb I -- (mb ) 
30414 596554 920 6 9 1  4 06 & 5 5 
41+14 547+55 800 590 367 t53  
55+14 569534 670 502 308246 
76+15 4 0 2  26 530 396 2731t34 

100& 1 5  33% 18 400 309 232530 
133t18 274k 1 4  285 250 218+27 
1 8 5 t  22 21& 1 6  233 220 187223 
221+22 2142 11 200 185 180+27 
296527 198+14 1 7 5  147  158220 
33% 5 1  167+12 157  150  145220 
3135 23 168+ 7 1 6 7  154  1 4 1 t  1 6  
403t  24 173511 1 4 5  1 4 0  1 5 1 t 1 8  
33L+ 23 1 6 1 t 6  162  1 5 1  1 3 5 t 1 5  
42% 24 1 6 6 t  8 1 4 1  138 148+17 
49@ 25 1 5 e  4 130 .5  1 2 8  134-t- 16 
5132 26 164+ 7 1 2 8  126  1462 1 7  
58@ 26 167-f 5 1 1 9  1 2 0  152+18 
6 0 2  27 156F 1 2  116 .5  1 1 7  142+ 2 0  
677t 28 1655 10 105  109 155k 1 9  
696t 29 167 t  7 1 0 3  10 7 1582 28 
77@ 28  1 7 3 1 0  88 98 1885 24 
86% 10 1 6  E 10 8 2  88 16% 20 
8 8 3  30 1 5 3  7 81 87 153517 
9 6 4  31 14% 5 81 84 1412 1 7  

CI (1-127) U (1-127) u (Th) 
nY nY *Y E 0 (Th) ny 

(2) Thorium cross section measured 
(3)  1-127 cross sec t ion  standard used 

(5) Renormalized Th-cross section: .908 x (col. 2) x (col.  4 ) / ( c o l .  3 ) .  
(4)  1-127 ENDF/B-IV 

The factor .908  correction is employed in ref. 38. 



1 4  

1 4  Table VII, Renormalization of the Data o f  ToLstikov et aZ. 

5.5k4.7 
11.5k4.8 
16.724.9 
19.725.0 
2 5 .7 k 5 .I.. 
30.9k5.2 
40.725.4 
51.125.6 
71.526.1 
102.M. 7 

i64a+272 
1112+183 
807+141 
80 9 k1.4 I 
764t124 
616_+117 
5912109 
370f-52 
390+60 
262145 

1038+171 
7012115 
509k89 
509+89 
480t78 
388274 
372k69 
233k39 
246+38 
165i28 

The d a t a  r e p o r t e d  by Tolstikov e t  aZ.,14 col. 2 ,  were normalized 
to a value 390 mb at 71.5, from the measurement of Stavisskii 
e t  aZ. l 2  The data o f  col. 3 are renormalized to an evaluated 
value of 490+40 mb at 24 keV. 
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T a b l e  VIII. Renormalization of the Data of S t u p e g i a  e t  a l .  l 6  

(keV) 

191k38 
290236 
394+36 
482235 
491t37 
493536 
493536 
523250 
590236 
684238 
689+39 
705250 
785537 
791232 
809+-50 
885238 
887+43 
978238 
988538 
1086239 
1091+39 
1170543 

(mb 1 
217+15 
183213 
164+11 
167+11 
193t13 
178212 
182f.12 
180517 
188513 
220t15 
197214 
2 10520 
213rt14 
196213 
180217 
176212 
195213 
165+12 
152211 
152211 
156klO 
152211 

(b 1 
1.42 
1.32 
1.25 
1.23 
1.22 
1.22 
1.22 
1.21 
1.20 
1.20 
1.19 
1.19 
1.17 
1.17 
1.17 
1.20 
1.20 
1.24 
1.25 
1.27 
1.27 
1.27 

(b  1 
1.32 
1.22 
1.19 
1.14 
1.14 
1.14 
1.14 
1.14 
1.11 
1.10 
1.20 
1.09 
1.10 
1.10 
1.10 
1.16 
1.16 
1.21 
1.21 
1.22 
1.22 
1.23 

(mb I --- 
202k15 
169213 
156511 
155tll 
180213 
166+12 
170512 
170+17 
174213 
202215 
182214 
192520 
200514 
184213 
1.6 9 17 
170512 
189k13 
161512 
147511 
146511 
150210 
147211 

235U fission cross  sections of col, 3 
Ref. 32; col. 5 has the renormalized 132Th capture cross sections. 

from Ref. 40, of Col. 4, from 
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as e v a l u a t e d  by Bhat.  3 2  This  r e n o r m a l i z a t i o n  i s  shown on Table  VIII. 

C .  Measurements by2i i i ie  of Fli.ght 

1. Block and S l a u g h t e r  (1960) l o  

The c a p t u r e  c r o s s  s e c t i o n  w a s  measured up t o  6 keV w i t h  a 2 3 2 T h  

sample of  588 b/atom i n  a l a r g e  3.iquid s c i n t i l l a t o r  tank  l o c a t e d  on a 

11.5 m f l i g h t  p a t h  a t  t h e  ORNL f a s t  chopper.  Only p r e l i m i n a r y  v a l u e s  

were given ,  n o t  c o r r e c t e d  f o r  mul t i -p le  s c a t t e r i n g  o r  resonance  s e l f -  

s h i e l d i n g .  Because f i n a l  d a t a  have never  been r e p o r t e d ,  t h e  r e s u l t s  

of t h i s  measurement w i l l  b e  d i s r e g a r d e d .  

2 .  Moxon and Chaffey (1963)" 

The measurement w a s  done a t  t h e  H a r w e l l  L inac ,  t h e  c a p t u r e  gamma 

r a y s  were d e t e c t e d  w i t h  a "Moxon-Rae" d e t e c t o r  on a 30 m f l i g h t  p a t h ;  

t h e  n e u t r o n  spectrum w a s  determined by measuring t h e  c a p t u r e  y-rays 

from t h e  "B(n,a) r e a c t i o n ,  assumed t o  b e  l / v .  

done w i t h  t h e  "black-resonance technique".  

t h e s e  d a t a .  

The n o r m a l i z a t i o n  w a s  

We have n o t  r e n o n n a l i z e d  

3 .  Macklin,  Pasma and Gibbons ( 1 9 f 1 3 . ~  

The measurement w a s  done w i t h  a Moxon-Rae d e t e c t o r  a t  t h e  ORNL 3- 

MeV Van d e  G r a a f f ,  r e l a t i v e  t o  t h e  T a  c a p t u r e  c r o s s - s e c t i o n  which was 

taken  as 8 . 6  E-. 6 9  7, where E i s  t h e  n e u t r o n  energy i n  keV and where 

t h e  c r o s s  s e c t i o n  i s  g iven  i n  b a r n s . 4 1  

of several n u c l e i  w e r e  measured, b u t  t h e  d a t a  on 238U and 2 3 2  Th w e r e  

never  publ i shed  because t h e  h i g h  a c t i v i t y  due  t o  t h e  a s s o c i a t e d  r a d i o -  

a c t i v e  decay c h a i n s  produced l a r g e  backgrounds which made t h e  r e d u c t i o n  

o f  t h e  d a t a  u n r e l i a b l e .  P r e l i m i n a r y  v a l u e s  t r a n s m i t t e d  t o  the NNCSC i n  

The c a p t u r e  c r o s s  s e c t i o n s  
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T a b l e  I X .  Renormalization of the data of S t a v i s s k i i  a t  

( 3 )  ( 4 )  

3 4 . 6  
24 .2  
17.3 
1 2 . 5  

9.5 
7.5 
6.0 
5.0 
4.0 
3.2  

_. 

0.20Xl.03 
0.21m.03 
0.24-tO.03 
0.25t0.03 
0.26+0.03 
0.2SXl.03 
0,2750.03 
0.27+Q. 03 
0.28+-0.03 
0 29i.O. 03 

1 . 9 7 7  
2.127 
2.39 
2.75 
3.025 
3.165 
3.60 
4 - 0 0  
4.40 
5.00 

395t60 
4 4 7 t 7 0  
.574-+60 
688+70 
786-+80 
790+80 
970+100 

10801t110 
1230tl25, 
1450+150 
- 

The 23sU fission cross-section values of c o l a  3 were taken from 
the  work of Rhat. 3 2  
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1964 have been much used,  b u t  w i l l  b e  ignored  i n  t h i s  e v a l u a t i o n .  (For 

'U,  t h e s e  p r e l i m i n a r y  d a t a  are approximately 20% h i g h e r  t h a n  ENDF/B-IV) 

4 .  Forman, Schelberg,  Warren and Glass (1971.121 

The 232Th c a p t u r e  c r o s s - s e c t i o n  was measured from 20 e V  t o  30 keV, 

us ing  neut rons  from a n  underground n u c l e a r  e x p l o s i o n  (Phys ics -8) ,  a 

250 in f l i g h t  p a t h ,  modif ied Moxon-Rae d e t e c t o r s  f o r  t h e  y-cascade 

measurement and t h e  6 L i ( n , a )  r e a c t i o n  f o r  t h e  n e u t r o n  f l u x  d e t e r m i n a t i o n .  

The a b s o l u t e  u n c e r t a i n t i e s  are  e s t i m a t e d  t o  b e  I f 15%. 

s e c t i o n  w a s  normalized t o  a c a p t u r e  area f o r  t h e  l e v e l  a t  129 e V  c o r r e -  

sponding t o  a n e u t r o n  wid th  of  3 .5  + .- . 2  mV. 

The c a p t u r e  c r o s s  

5. Macklin and Halper in  ( 1 9 7 7 ) 2 4  

The 2 3 2 T h  c a p t u r e  c r o s s - s e c t i o n  was measured from 2 . 5  t o  800 keV, 

u s i n g  n e u t r o n s  from ORELA. The p u l s e  h e i g h t  weight ing  method was 

used w i t h  s m a l l  l i q u i d  s c i n t i l l a t o r s  t o  measure t h e  prompt gamma r a y  

energy release fo l lowing  n e u t r o n  c a p t u r e .  The neut ron  f l u x  w a s  

measured w i t h  a t h i n  Li6 g l a s s  d e t e c t o r ,  u s i n g  a p r e s c r i p t i o n  of U t t l e y  

s l i g h t l y  modif ied f o r  t h e  L i 6  (n ,a )  c r o s s  s e c t i o n .  42 

normalized a t  low energy by t h e  s a t u r a t e d  resonance  technique .  

The d a t a  were 

6.  S t a v i s s k i i ,  T o l s t i k o v ,  Chelnokov, Samsonov and Beraman (1971):' 

T h i s  measurement w a s  done w i t h  a lead-slowing down p i l e .  The 

c a p t u r e  c r o s s - s e c t i o n  o f  "Tl1 was measured r e l a t i v e  t o  t h e  5U 

f i s s i o n  c r o s s - s e c t i o n ,  and normalized a t  l o w  energy.  I n  Table  I X ,  

w e  have renormalized t h e  r e s u l t s  of t h e  measurement t o  t h e  ENDF/B-V 

v a l u e s  of t h e  235U f i s s i o n  c r o s s - s e c t i o n s ,  as e v a l u a t e d  by M .  R .  Bhat .  3 2  
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S e v e r a l  of the measurements of t h e  32Th c a p t u r e  c r o s s - s e c t i o n  below 

1 M e V ,  renormal ized  as d e s c r i b e d ,  are compared i n  F i g .  1 t o  4 .  It i s  

clear t h a t  even a f t e r  some poor ly  documented d a t a  have been r e j e c t e d ,  

and t h e  remaining d a t a  have been renormal ized ,  t h e r e  are s y s t e m a t i c  

d i s c r e p a n c i e s  of t h e  o r d e r  of 50% i n  t h e  magnitude of t h e  c r o s s - s e c t i o n  

and c o n s i d e r a b l e  d i f f e r e n c e s  i n  shape.  One could hope t h a t ,  as e x p e r i -  

menta l  t echniques  improve, t h e  more r e c e n t  measurements would converge 

towards t h e  real v a l u e s ,  b u t  t h i s  does n o t  seem t o  b e  t h e  case: below 

30 keV, f o r  i n s t a n c e ,  t h e  two most r e c e n t  measurements of  Forman e t  i z l .  

(71)'' and Macklin and H a l p e r i n  (77)'' b r a c k e t  t h e  v a l v e s  of  all o t h e r  

measurements. From 600 keV t o  800 keV, t h e  c r o s s  s e c t i o n s  of Macklin and 

H a l p e r i n  i n c r e a s e  w i t h  energy whereas t h o s e  of Lindner  e t  aZ.20 (76)  

d e c r e a s e  w i t h  i n c r e a s i n g  energy. 

111. AVERAGE 32Th RESONANCE PARAMETERS 

T a b l e  X l i s t s  some exper imenta l  v a l u e s  of t h e  232Th average  

resonance  parameters  f o r  s-wave and p-wave n e u t r o n s .  T h e  v a l u e s  of 

Ashgar e t  c z l .  ,43 R i b c ~ n ~ ~  and Rahn e t  aZ.45 were o b t a i n e d  by s t a t i s t i c a l  

a n a l y s i s  o f  t h e  parameters  of t h e  l o w  energy r e s o l v e d  resonances .  The 

v a l u e s  o f  S e t h  @t 

a n  a n a l y s i s  of t r a n s m i s s i o n  curves  through s e v e r a l  t h i c k n e s s e s  of 

f o r  n e u t r o n s  i n  t h e  keV energy range .  We have n o t  i n c l u d e d  i n  Table  X 

o l d e r  Columbia U n i v e r s i t y 4  and H a r w e l l  v a l u e s ,  which w e  c o n s i d e r  

superseded by t h e  more r e c e n t  v a l u e s .  W e  have n o t  inc luded  e i t h e r  t h e  

v a l u e s  of t h e  average  parameters  o b t a i n e d  by Forman et az.21 and by 

Macklin and H a l ~ e r i n ~ ~  by f i t t i n g  t h e i r  c a p t u r e  d a t a ,  s i n c e  t h e  c o r r e -  

U t t l e y  e t  aZ. 4 7  and Camarda48 were d e r i v e d  from 

2Th, 
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Fig. 1. Comparison of several measurements of the 232T1~(n,y) cross 
section with t h e  present evaluation in the range 3 to 50 keV. 
have been renormalized as described in the text. 

The data 



21 

I 

2 

x 
i 0.5 
v 

0.2 

4 

-THIS EVALUATION 

SYSTEMAT I C 
UNCERTAINTY 

10% LINENBERGER et QI. 
4 MISKELet 01. 40% 

40 20 50 5 
INCIDENT NEUTRON ENERGY (keV)  

F i g .  2. Comparison of several measurements of the 237TEi(n,y) c ross  
section with the present evaluation in the range 3 to 50 keV. 
have been renormalized as described in the text. 

The data 
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... \ 
ESTIMATED 
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x LINENBERGER AND MISKEL 10% 
e BARRY et 01. 8 70 
* HANNA AND ROSE io% 
x TOLSTIKOV et 01. 20% 
z STUPEGIA et al. 8 90 

-THIS EVALUATION 

INCIDENT NEUTRON ENERGY (keV) 

.... 

Fig. 3. Comparison of several measurements of the 232Th(n,y) cross 
section w i t h  the present evaluation in the range 10 keV to 4 MeV. 
data have been renormalized as descr ibed  in the text. 

The 
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Table XI. Evaluated Average Resonance Parameters f o r  32Th 

R JP D nr r r 
Y 

eV mV mV 

0 1/2' l7+1 1.511.15 21.3L . 3  

1 1/2: 1 7  2 .72 t  .34  21.33-3 
312 8 .5  1.36 2 1 . 3  

2 3/ 2, 8.5 .75 
+ 

5/ 2 5.7 .5  
21.3 
21.3 

The values O F  D are proportional to (25 + l)-'. F o r  a given ,  
p a r i t y ,  the values of I? are equal. The uncertainties in the 
resonance parameters arx co r re l a t ed  as described in the text, 
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sponding c a p t u r e  c r o s s - s e c t i o n s  have a l r e a d y  been cons idered .  

of a r e c e n t  measurement by Kobayashi e t  a 2 . 5 1  i s  most ly  s e n s i t i v e  t o  t h e  

v a l u e  oE t h e  e f f e c t i v e  s c a t t e r i n g  r a d i u s ,  and hence i s  n o t  v e r y  h e l p f u l  

i n  e v a l u a t i n g  average  s t r e n g t h  f u n c t i o n s .  The s-wave parameters  g i v e n  

i n  p a r e n t h e s e s  i n  Table  X were assumed by U t t l e y  e t  nZ.47 and by Camarda4' 

i n  d e r i v i n g  t h e  corresponding p-wave parameters. 

f u n c t i o n  S '  is approximately i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of  t h e  

n u c l e a r  r a d i u s ,  a ;  s i n c e  t h e  s e v e r a l  a u t h o r s  u s e  d i f f e r e n t  v a l u e s  f o r  a ,  

t h e  corresponding p-wave s t r e n g t h  f u n c t i o n s  have been c o r r e c t e d  t o  t h e  

ENDF/B v a l u e  of a.52 

column of t h e  Table .  

The r e s u l t  

The p-wave s t r e n g t h  

Those c o r r e c t e d  v a l u e s  are l i s t e d  i n  t h e  l a s t  

4 6  We s h a l l  d i s r e g a r d  t h e  s t r e n g t h  f u n c t i o n s  g iven  by S e t h  et aZ., 

because  (1) f o r  b o t h  238U and 2 3 2 T h 9  t h o s e  a u t h o r s  o b t a i n  v a l u e s  of t h e  

p-wave s t r e n g t h  func t i -on  a t  l e a s t  a f a c t o r  of two samller t h a n  t h o s e  

r e p o r t e d  by o t h e r s ,  and ( 2 )  S e t h  e t  aZ. g i v e  i n s u f f i c i e n t  i n f o r m a t i o n  

about  t h e i r  experiment  and i t s  a n a l y s i s  t o  e v a l u a t e  t h e  v a l i d i t y  of 

t h e i r  r e s u l t s .  

I n  Table  X I ,  w e  l i s t  e v a l u a t e d  resonance  parameters  f o r  t h e  un- 

r e s o l v e d  energy range  3 t o  50 keV. These parameters  were obta-ined as 

fo l lows  : 

(1) The s - w a v e  average  reduced neut ron  w i d t h  and average  s p a c i n g  o f  

Ribonft4 were adopted i n  p r e f e r e n c e  t o  t h o s e  of Ashgar el; a l . 4 3  

and Rahn e t  aZ.45 f o r  r e a s o n s  t h a t  are  d i s c u s s e d  i n  some d e t a i l  

i n  Uerrien's 1374 e v a l u a t i o n . 5 3  The reduced n e u t r o n  w i d t h s  of 

Ashgar e t  aZ. and of Rahn et- aZ. and t h e  average  s p a c i n g  o f  
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Rahn e t  aZ. are c o n s i s t e n t  w i t h  our  adopted v a l u e .  

Our e v a l u a t e d  c a p t u r e  w i d t h  i s  a weighted a v e r a g e  of t h e  v a l u e s  

r e p o r t e d  by Ashgar e t  nZ., Ribon and Rahn e t  aZ. 

c a p t u r e  w i d t h  i s  assumed t o  b e  independent  of p a r i t y  and of 

a n g u l a r  momentum. 

W e  have o b t a i n e d  a p-wave s t r e n g t h  f u n c t i o n  as t h e  weighted average  

of t h e  c o n s i s t e n t  v a l u e s  r e p o r t e d  by Ribon, UttZey e t  al. and Camarda. 

T h i s  average  

(10~s' = 1.6 + - .2). 

To d e r i v e  p-wave and d-wave average  parameters ,  w e  have assumed t h a t  

t h e  l e v e l  d e n s i t y  w a s  p r o p o r t i o n a l  t o  25 .f I and independent  of 

p a r i t y .  W e  have  f u r t h e r  assumed t h a t  t h e  s t r e n g t h  f u n c t i o n  was o n l y  

p a r i t y  dependent ( i * e . ,  t h e  same f o r  s-wave and d-wave n e u t r o n s ) .  

IV. EVALUATION OF A "BEST" CAPTURE CROSS SECTION ABOVE 3 keV 

Fig .  5 ,  from t h e  paper  of Macklin and H a l ~ e r i n , ~ ~  i l l u s t r a t e s  t h e  

behavior  of t h e  232Th c a p t u r e  c r o s s  s e c t i o n  i n  t h e  r e g i o n  from 2.5 t o  

10.4 keV. W e  see on t h e  f i g u r e  t h a t  above t h e  r e s o l v e d  resonance  

r e g i o n  (which w e  t a k e  h e r e  a t  3 keV) t h e r e  i s  s t i l l  c o n s i d e r a b l e  re- 

sonance s t r u c t u r e .  T h i s  s t r u c t u r e  becomes r e l a t i v e l y  less i m p o r t a n t  

as t h e  energy i n c r e a s e s ,  because  t h e  Doppler e f f e c t  broadens t h e  peaks ,  

and because  t h e  s p a c i n g  between l a r g e  peaks d e c r e a s e s  as t h e  p-wave 

levels become more i m p o r t a n t .  Around 50 keV, t h e  room tempera ture  

Doppler w i d t h  becomes comparable w i t h  t h e  p-wave leve l  s p a c i n g  (5 e V )  

and t h e  c r o s s - s e c t i o n  i s  expec ted  t o  b e  much smoother.  

J u s t  above t h e  r e s o l v e d  r e g i o n ,  t h e  c r o s s - s e c t i o n  must b e  r e p r e s e n t e d  

by unreso lved  resonance  parameters  so  t h a t  resonance  s e l f - s h i e l d i n g  may 
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be p r o p e r l y  computed. A t  h igh  e n e r g i e s ,  t h e  c r o s s  s e c t i o n  may be r e p r e -  

s e n t e d  by a smooth curve .  The t r a n s i t i o n  between t h e  unresolved resonance  

r e p r e s e n t a t i o n  and t h e  smooth c r o s s  s e c t i o n  r e p r e s e n t a t i o n  i s  convenient ly  

taken  a t  SO keV, because ,  as s t a t e d  above, t h e  c r o s s  s e c t i o n s  are  expec ted  

t o  b e  smooth above t h a t  energy,  and t h e  f i r s t  i n e l a s t i c  l eve l  of 232Th 

b e i n g  a t  50 keV, t h e  average  c r o s s  s e c t i o n s  below t h a t  energy can b e  

r e p r e s e n t e d  by a p a r t i c u l a r l y  s imple  formalism,  as t h e  sum of s ,  p and 

d wave c o n t r i b u t i o n s .  52 

momentum i s  c l e a r l y  n e g l i g i b l e  below 50 keV) 

(The c o n t r i b u t i o n  o f  neut rons  of h i g h e r  a n g u l a r  

In Fig .  1 and 2 ,  w e  compare t h e  average  c a p t u r e  c r o s s - s e c t i o n  computed 

w i t h  t h e  e v a l u a t e d  average  resonance parameters  of T a b l e  X I  w i t h  several 

of  t h e  d a t a  d i s c u s s e d  i n  S e c t i o n  11. The c a p t u r e  cross s e c t i o n  was com- 

puted by t h e  l?NDF/B formula g iven  on p .  D 15  o f  r e f e r e n c e  52;  Table  X I 1  

l i s t s  v a l u e s  of t h e  average  c a p t u r e  c r o s s - s e c t i o n  computed a t  s e v e r a l  

e n e r g i e s .  The d a t a  shown on t h e  f i g u r e s  are  renormalized as i n d i c a t e d  

i n  Sect:i.on 11, and t h e  t ime-of - f l igh t  d a t a  of Moxon and Chaffey15 and 

Macklin and H a l p e r i n 2  

f o r  t h e  c l a r i t y  of t h e  f i g u r e s .  

have been averaged over  convenient: energy i n t e r v a l s  

The computed average  c r o s s  s e c t i o n  i s  i n  good agreement w i t h  t h e  

lead-slowing-down d a t a  of Chelnikov e t  A t  24 keV, t h e  computed 

c r o s s - s e c t i o n ,  501 mb, is  i n  very good agreement w i t h  t h e  v a l u e s  r e p o r t e d  

by Chaubey and Sehgal ,  * 480 __ 4 50 iiib , and by Yamamuro e t  a l .  

The d a t a  of T o l s t i k o v  e t  shown i n  F ig .  2 ,  w e r e  normalized t o  a 

v a l u e  490 mb a t  24 keV, as expl-ained i n  S e c t i o n  II; t h o s e  d a t a  a l s o  

a g r e e  reasonably  well w i t h  t h e  computed c r o s s  s e c t i o n .  The d i f f e r e n c e s  

490 5 40 mb. 
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Table XII. Evaluated Average C a p t u r e  Cross Section 
in the Unresolved Resonance Range 

E (keV) <u (b)>  
ny 

3 . 0  
5 .O 

10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40 .0  
45 .0  
50.0 

1.278 
. 9 8 2  
.730 
.618 
.545 
.491  
.450 
.416 
.389  
, 3 6 6  
.346 
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between t h e  computed c r o s s  s e c t i o n  and t h e  a c t i v a t i o n  d a t a  of Jdinenberger 

e h  aZ. and Miskel  e t  al. l 3  i s  n o t  thought  t o  be v e r y  s i g n i f i c a n t ,  because 

t h e  a c t i v a t i o n  measurements are f a i r l y  o l d ,  and t h e  i n c i d e n t  n e u t r o n s  have 

a wide and p o o r l y  known energy spectrum. 

T h e  t ime-of - f l igh t  d a t a  of Forman e t  aZ. '' are s y s t e m a t i c a l l y  h i g h e r  

t h a n  o u r  computed c r o s s - s e c t i o n ,  by 10 t o  20%. On t h e  o t h e r  hand, t h e  

t i m e - o f - f l i g h t  d a t a  o f  Moxon and ChaEfey15 and Macklin and H a l p e r i n Z 4  are 

s y s t e m a t i c a l l y  lower than  our  computed c r o s s - s e c t i o n  w i t h  a d iscrepancy  of 

t h e  o r d e r  of 30% below 5 keV, d e c r e a s i n g  w i t h  i n c r e a s i n g  energy up t o  

40 keV o r  s o ,  where t h e  two sets of  d a t a  a g r e e  w i t h  t h e  c a l c u l a t e d  c r o s s -  

s e c t i o n .  Those d i s c r e p a n c i e s  are d i f f i c u l t  t o  understand.  A t  t h e  same 

t i m e  t h a t  t h e y  measured t h e  2 3 2 T i i  c a p t u r e  c r o s s  s e c t i o n ,  Moxon and Chaffey 

a l s o  iiieasured t h e  238U c a p t u r e  c r o s s  s e c t i o n .  

were l a t e r  r e v i s e d  upward by Moxon, because h e  found a b e t t e r  method t o  

estimate t h e  resonance sei-f-protection c o r r e c t i o n .  5 5  This  r e v i s i o n ,  f o r  

238U, w a s  of  t h e  o r d e r  of 10% below 6 keV and 4% from 6 t o  10  keV, becoming 

n e g l i g i b l e  above t h a t  energy.  Presumably a s i m i l a r  r e v i s i o n  should have 

been done on t h e  232Th d a t a  which have a resonance s t r u c t u r e  comparable 

t o  t h a t  of  238U . 
t h e  agreement between our  computed c r o s s - s e c t i o n  and t h e  Moxon Chaf f e y  d a t a .  

15, 5 4  

The 238U c s o s s  s e c t i o n s  

A c o r r e c t i o n  i .n t h a t  d i r e c t i o n  would c o n s i d e r a b l y  improve 

The d iscrepancy  between t h e  d a t a  of Forman e t  aZ. 2 1  and t h o s e  of  

Mack1 i n  and H a l ~ e r i n ~ ~  i s  extremely puzz l ing :  

a r e a  a n a l y s i s  o f  t h e  l a r g e  s-wave resonances .  Forman e t  aZ. have done 

t h i s  a n a l y s i s  i n  t he  range 1 t o  2 keV u s i n g  rib on'^^^ v a l u e s  of r and 

f i n d  a n  average r a d i a t i o n  wid th  of 20.9 rnV. Macklin and H a l p e r i n  have 

Both groups have performed 

n 
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done t h e i r  a n a l y s i s  i n  t h e  range  2 .6  t o  4 keV, u s i n g  R a h n ' ~ ~ ~  v a l u e s  of 

T n ,  which are e s s e n t i a l l y  c o n s i s t e n t  w i t h  t h o s e  of Ribon, and f i n d  an  

average  r a d i a t i o n  wid th  of 19.8 mV. S i n c e  b o t h  groups f i n d  e s s e n t i a l l y  

t h e  same a v e r a g e  v a l u e  of t h e  r a d i a t i o n  wid th ,  t h e y  presumably measure 

t h e  same area under  t h e  l a r g e  s-wave l e v e l s ,  and t h e  40% d i f f e r e n c e  

between t h e  c r o s s  s e c t i o n s  o b t a i n e d  by t h e  two groups must b e  due t o  

d i f f e r e n t  estimates of  t h e  c r o s s  s e c t i o n  inbetween t h e  l a r g e  resonances .  

F ig .  5 s u g g e s t s  t h a t  t o o  much background could have been s u b s t r a c t e d  

from t h e  d a t a  of Macklin and Halper in .  For i n s t a n c e ,  i n  t h e  i n t e r v a l  

3480 t o  3500 e V ,  t h e  c a p t u r e  c r o s s  s e c t i o n  s e e m s  t o  b e  almost  z e r o  (perhaps 

even n e g a t i v e ) .  I n  such an  i n t e r v a l ,  t h e r e  s o u l d  b e  3 t o  4 p-wave levels ,  

s i n c e  t h e  average  p-wave s p a c i n g  i s  of t h e  o r d e r  5 . 7  e V ,  and i f  w e  b e l i e v e  

t h e  parameters  of Table  X I ,  t h e  average  c o n t r i b u t i o n  of t h o s e  levels 

should  be of t h e  o r d e r  of .4 b.  However, even i f  w e  w e r e  t o  d i s p l a c e  t h e  

zero- l ine"  by .4  b . ,  t h e  average  c r o s s  s e c t i o n  of Macklin and H a l p e r i n  I 1  

n e a r  3.5 keV would become 1.06 b which i s  s t i l l  30% below t h e  v a l u e  of 

1 . 4 3  b of Forman e t  aZ. 

It seems t h a t  somewhat ' 'unreasonabler '  m o d i f i c a t i o n s  of t h e  average  

resonance  parameters  shown on Table  X would be r e q u i r e d  t o  f i t  e i t h e r  

t h e  d a t a  of Forman e t  a l . ,  o r  t h o s e  o f  Macklin and H a l p e r i n .  

parameters  e v a l u a t e d  i n  t h e  preceeding  s e c t i o n  y i e l d  a n  average  c r o s s  

s e c t i o n  which is  i n t e r m e d i a t e  between t h o s e  two measurements, and which 

i s  c o n s i s t e n t  w i t h  t h e  measurement of  Chelnokov et w e  s h a l l  adopt  

t h e  cross s e c t i o n  computed w i t h  t h o s e  average  parameters  as t h e  "bes t  

estimate" of  t h e  average  c r o s s  s e c t i o n  below 50 keV. 

S i n c e  the 
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Above 50 keV, c a l c u l a t i o n s  of t h e  average  c a p t u r e  c r o s s - s e c t i o n  must 

t a k e  i n t o  account  t h e  c o n t r i b u t i o n  of h i g h e r  a n g u l a r  moments and t h e  

p o o r l y  known c o m p e t i t i o n  o f  t h e  i n e l a s t i c  s c a t t e r i n g .  Rather  than  u s e  

such  a c a l c u l a t i o n ,  we have e v a l u a t e d  t h e  c a p t u r e  c r o s s  s e c t i o n  from 50 

keV t o  1 MeV by t r a c i n g  a smooth c u r v e ,  s p l i t t i n g  t h e  d i f f e r e n c e  between 

t h e  d a t a  of Macklin and H a l p e r i n Z 4  and t h o s e  of Lindner  e t  a l . 2 0  Those 

two measurements are t h e  most r e c e n t  and appear  t o  u s  as be ing  t h e  most 

r e l i a b l e .  Above 1 M e V ,  our  e v a l u a t i o n  f o l l o w s  t h e  measurements of Lindner  

e t  aZ. 2 o  and of Miskel  e t  aZ. 

m e n t .  Above 4 M e V ,  the only  measurement a v a i l a b l e  i s  that  of P e r k i n  

e t  a1.7 a t  14.5 MeV. 

sugges ted  by t h e  work o f  Q a i m , s 6  i s  probably  more c o r r e c t  t h a n  t h e  v a l u e  

of 5.2 - + .8 mb a t  14.5 MeV g i v e n  by P e r k i n  e t  al. 

t h e  v a l u e  g iven  by P e r k i n  e t  a l . ,  3 . 3  - + . 5  m b ,  i s  a l s o  c o n s i d e r a b l y  

h i g h e r  t h a n  t h a t  la ter  measured by Drake et aZ., 57 o r  t h a t  e v a l u a t e d  i n  

ENDF/B-IV, 1 mb. The e v a l u a t e d  c r o s s  s e c t i o n  above 50 keV i s  g i v e n  i n  

Table  X I 1 1  and i l l u s t r a t e d  i n  F i g s .  3 ,  4 and 6 .  

which from 1 t o  4 MeV are i n  good agree-  

We b e l i e v e  t h a t  t h e  v a l u e  of 1 mb a t  1 4  M e V ,  

We n o t e  t h a t  f o r  238.[1., 

V. ESTIMATED UNCERTAINTIES I N  THE EVALUATED CAPTURE CROSS SECTION 

From t h e  technique  used i n  d e r i v i n g  t h e  resonance  p a r a m e t e r s ,  which 

d e s c r i b e  t h e  e v a l u a t e d  average  c a p t u r e  cross s e c t i o n  below 50 keV, we 

estimate t h e  f o l l o w i n g  u n c e r t a i n t i e s :  

(1) 6% u n c e r t a i n t y  i n  t h e  level s p a c i n g s ,  c o r r e l a t e d  o v e r  t h e  s p i n  and 

p a r i t y  v a l u e s  

10% u n c e r t a i n t y  i n  t h e  reduced n e u t r o n  wid ths  of t h e  p o s i t i v e  

p a r i t y  levels 

(2) 
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Table  X L I I .  Eva lua ted  Capture  Cross  S e c t i o n  above 50 keV 

1-- 

E (keV) 0 (b) *Y 

50.0 
110.0 
190.0 
300.0 
430 .0  
600.0 
700.0 
800.0 
900.0 

1600.0 
2000.0 
4000.0 
4500.0 

1 4 , 0 0 0 . 0  
10,000.0 

20,000.0 

.346 

.190 

.150 
,135  
0 135 
.150 
.160 
.160 
.150 
.10 
.060 
.0130 
.010 
.0020 
.OOlO 
.00050 

The i n t e r p o l a t i o n  between p o i n t s  should  b e  log-log i . e .  h ( u n y )  
i s  l i n e a r  i n  Rn(E). 
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Fig .  6. 232Th(n,y) cross section. Comparison of t h i s  evaluation with 
ENDF/B-IV. 
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( 3 )  12.5% u n c e r t a i n t y  i n  t h e  reduced n e u t r o n  wid ths  of t h e  n e g a t i v e  

p a r i t y  l e v e l s  

( 4 )  0 .3  rnV u n c e r t a i n t y  i n  t h e  average  c e p t u r e  wid th  of t h e  p o s i t i v e  

p a r i t y  l e v e l s  

(5) 3 rnV u n c e r t a i n t y  i n  t h e  average  c p a t u r e  wid th  of t h e  n e g a t i v e  

p a r i t y  l e v e l s  

We n o t e  t h a t  a number of assumptions w e r e  made i n  d e r i v i n g  t h e  p a r a -  

meters, as s t a t e d  i n  S e c t i o n  111, and w e  made t h e  f u r t h e r  i m p l i c i t  

assumptions t h a t  t h e  n e u t r o n  wid ths  and l e v e l  spac ing  fol lowed t h e  u s u a l  

d i s t r i b u t i o n  l a w s  and t h a t  t h e i r  average  v a l u e s  d i d  n o t  vary  s i g n i f i c a n t l y  

w i t h  energy below 50 keV. We d i d  n o t  raise t h e  u n c e r t a i n t i e s  t o  account  

f o r  those  assumptions.  

We a l s o  n o t e  t h a t  t h e  unreso lved  resonance parameters r e p r e s e n t a t i o n ,  

w i t h  which w e  d e s c r i b e  t h e  average  c r o s s  s e c t i o n ,  i s  a s t a t i s t i c a l  r e p r e -  

s e n t a t i o n ;  hence ,  a t  any energy o r  over  any energy group,  t h e  a c t u a l  

c r o s s  s e c t i o n  may b e  v e r y  d i f f e r e n t  from t h e  computed average  cross s e c t i o n ,  

even i f  t h e  average  resonance parameters  are correct . .  

From 50 keV t o  1 M e V ,  w e  estimate a - C 15% u n c e r t a i n t y  c o r r e l a t e d  

o v e r  t h e  e n t i r e  energy range .  This  i s  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  

s y s t e m a t i c  u n c e r t a i n t i e s  claimed by most of t h e  measurers ,  b u t  c o n s i d e r i n g  

t h a t  t h e r e  i s  a 20% s y s t e m a t i c  d i f f e r e n c e  between t h e  two most r e c e n t  

measurements, 2 0 ’ 2 4  i t  seems u n j u s t i f i e d  t o  reduce  t h e  e v a l u a t e d  u n c e r t a i n t y  

below t h e  v a l u e s  g i v e n .  

Above l . 5  M e V ,  w e  estimate a - 1- 30% u n c e r t a i n t y  c o r r e l a t e d  from 1 . 5  
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t o  20 MeV.  Such a l a r g e  v a l u e  r e s u l t s  from t h e  s m a l l  number of  independent  

measurements. However, i n  t h a t  energy r e g i o n  t h e  c r o s s  s e c t i o n  dec reases  

r a p i d l y  and t h e  s e n s i t i v i t y  of most r e a c t o r  c a l c u l a t i o n s  t o  t h e  cross 

s e c t i o n s  above 1 . 5  MeV is  expec ted  t o  be small .  

V I .  CONCLUSIONS 

We have eva lua ted  t h e  c a p t u r e  c r o s s - s e c t i o n  of 232Th from 3 keV t o  

20 M e V .  Below 50 keV, t h e  e v a l u a t i o n  i s  i n  terms of unreso lved  resonance  

parameters .  Those parameters  were d e r i v e d  from an  a n a l y s i s  of t h e  r e so lved  

resonances  from measurements of t h e  t o t a l  c r o s s  s e c t i o n ,  hence,  presumably 

they will a l s o  y i e l d  a r easonab le  r e p r e s e n t a t i o n  of t h e  t o t a l  c r o s s  s e c t i o n .  

I n  F igs .  3 and 4 ,  w e  show comparison of our  eva lua ted  c r o s s  s e c t i o n  

w i t h  v a r i o u s  expe r lmen ta l  d a t a .  I n  F ig .  6 ,  w e  compare our  e v a l u a t i o n  t o  

ENDF/B-IV,  MAT 1296. 

format .  There are l a r g e  s y s t e m a t i c  d i s c r e p a n c i e s  among t h e  d i f f e r e n t  

d a t a  sets, which exceed t h e  u n c e r t a i n t i e s  quoted by t h e  expe r imen te r s .  

These d i s c r e p a n c i e s  l e a d  u s  t o  a s s i g n  u n c e r t a i n t i e s  of f 15% t o  -I- 30% t o  

t h e  eva lua ted  c r o s s  s e c t i o n s .  

I n  t h e  Appendix, w e  g i v e  t h e  e v a l u a t i o n  i n  ENDF/B 

I 



VII, ACKNOWLEDGMENTS 

The a u t h o r s  would l i k e  t o  acknowledge h e l p f u l  d i s c u s s i o n s  w i t h  

M. R. Rhat (NNCSC) and R .  W .  P e e l l e  (ORNL) concern ing  t h e  c u r r e n t  v a l u e s  

of  t h e  s t a n d a r d s .  L .  Forman (LASL) and W .  S. Lyon (ORNL) s u p p l i e d  

unpubl i shed  in fo rma t ion  about  t h e i r  measurements. M .  A .  Bje rke ,  J .  E .  White 

and R .  Q .  Wright (ORNL) provided s e v e r a l  ENT)F/B average  c r o s s - s e c t i o n s  

and set  t h e  e v a l u a t i o n  i n  t h e  ENDF/B-Format. C .  W. Fu ,  R.  Gwin and 

J. Ha lpe r in  (ORNL) gave p a r t i c u l a r l y  v a l u a b l e  adv ice .  



39 

REFERENCES 

1. W. A. Wi t tkopf ,  D .  H. Roy and A.  L i v o l s i ,  "Th-232 Neutron Cross 
S e c t i o n  Data f o r  ENDF/B,"  BAW-317, Babcock and Wilcox Co. (Nov. 1966) .  

2. D .  F.  Newman, B .  R.  Leonard J r . ,  T. J .  Trapp, E .  F. Core,  1). A. K o t t w i t z ,  
J .  K .  Thompson, W .  L .  P u r c e l l  and K .  B. S t e w a r t ,  "Evalua t ion  of Temper- 
a t u r e  C o e f f i c i e n t s  of R e a c t i v i t y  f o r  ' 3U-Thorium Fueled HTGR Lat t ices , "  
EPRI-NP-222 (May 1977);  a l s o  B ,  R. Leonard,  J r .  and J .  K.  Thompson, 
"Evalua t ion  of 3 2 T t i  B e l o w  50 keV," p r i v a t e  communication, S p r i n g  1976.  

3 .  G .  A.  Linenberger  and J. A .  Miskel ,  "Capture Cross-Sect ions of  S e v e r a l  
Subs tances  f o r  Neutrons of Various Energ ies , "  LA-467, January  3 ,  1946. 

4 .  R.  L .  Macklin,  N .  H ,  Lazar  and W. S .  Lyon, "Neutron A c t i v a t i o n  Cross 
S e c t i o n s  w i t h  Sb-Be Neutrons,"  Phy. Rev. _I 107 ,  504 (1957);  and p r i v a t e  
communication from W. S. Lyon (1977).  

5. T .  C .  Belanova, "Measurement of F a s t  Neutron Absorp t ion  Cross  S e c t i o n s , ' '  
Zhur. E k s p . i  Theore t .  F i z .  34, 574  ( i958) .  

6. A.  I ,  Leipunsky, 0 .  D. Kazachkovsky, G .  Y .  Artyukhof ,  A. 1. Baryshnikov, 
T .  S. Belanova, V .  N .  Galkov, Y .  Y. S t a v i s s k y ,  E .  A .  Stumbur and 
L. E .  Sherman, "Measurements of R a d i a t i v e  Capture  Cross  S e c t i o n s  f o r  
F a s t  Neutrons,"  P/2219, Proceedings  of t h e  Second I n t e r n a t i o n a l  
Conference on t h e  P e a c e f u l  Uses of Atomic Energy (Geneva, 1958) Vol.  1, 
p. 136. 

7 .  J .  L .  P e r k i n ,  L. P .  O'Connor and R .  F .  Coleman, "Kadia t ivz  Capture  
Cross  S e c t i o n s  f o r  14.5  MeV Neutrons,"  Proc .  Phys. SOC. 
505 (1958). 

(London) 12, 

8. J. F. Bar ry ,  L .  P.  O'Connor and J .  L .  P e r k i n ,  "The R a d i a t i v e  Capture  
Cross  S e c t i o n  of 232Th f o r  Neutrons i n  t h e  Energy Range 300 t o  1200 
keV," Proc .  Phys. Soc. (London) -- 7 4 ,  685 (1959).  

R. C .  Hanna and B. Rose,  "Fast  Neutron Capture  i n  2 3 8 U  and 2 3 2 T h , ' r  
J .  Nucl. Energy 8, 197 (1959);  see a l s o  J .  Nucl. Energy 2, 310 9 (1959).  

10. R.  C .  Block and G .  G .  S l a u g h t e r ,  "Neutron R a d i a t i v e  Capture  Measurements 

9. 

with t h e  Fast-Chopper Time-of-Flight Neutron Spec t rometer , ' '  i n  P h y s i c s  
D i v i s i o n  Annual P r o g r e s s  Report  f o r  P e r i o d  Ending Feb. 10, 1960,' '  
QRNL-2910 (1960).  

11. T.  S .  Belanova, "Absorpt ion Cross S e c t i o n  of F a s t  Neutrons,"  Atomnaya 
Energiya 8, 549 (1960).  

12.  Y .  Y .  S t a v i s s k i i  and V .  A .  T o l s t i k o v ,  "Radia t ion  Capture  Cross S e c t i o n s  
of Neutrons w i t h  E n e r g i e s  of 0.03-2 M e V  by t h e  I s o t o p e s  55Mn, 6 5 C u ,  13*Ba 
and 32Th," Atomnaya Energ iya  E, 508 (1961).  



40 

13. 

14. 

15. 

16. 

17. 

18. 

1 9 .  

20. 

21" 

22 % 

J .  A .  Miskel ,  K. V .  Marsh, M .  Lindner  and X. J .  Nagle,  "Neutron- 
A c t i v a t i o n  Cross S e c t i o n s , "  Phys. Rev. =, 2717 (1962).  

V .  A .  T o l s t i k o v ,  L .  E.  Sherman and Y .  Y .  S t a v i s s k i i ,  "A Measurement 
of t h e  Capture  Cross-Sect ions of 238U and 2 3 7 T h  f o r  5-200 keV 
Neutrons,"  Atomnaya Energiya ll., 414 (1963);  t r a n s l a t e d  i n  J o u r n a l  
of  Nuclear  Energy, P a r t s  A / B ,  1964, Vol. 18 ,  p. 599. 

M.  C .  Moxon and C .  M .  Chaffey,  TRDWP/P-8 (1963) ,  W a r w e l I ,  U K ,  "The 
Neutron Capture  Cross S e c t i o n s  of Fe ,  Rh, Ag, I n ,  Au, Th and U." 

D. C .  S t u p e g i a ,  A.  8 .  Smith and K. Hamm, "Fas t  Neutron Capture  i n  
232Th,"  J. I n o r g .  Nucl. Chem. .- 25,  627  (1963).  

R. J.,. Macklin,  P.  J .  Pasma and J .  H. Gibbons, "Neutron Capture ,"  i n  
"Reports t o  t h e  AEC Nuclear  Cross S e c t i o n s  Advisory Group," WL4SH-1044, 
(1963);  a l s o  p r i v a t e  communication of J .  H .  Gibbons t o  NNCSC (1964).  

A .  K .  Chaubey and M .  L .  Sehgal ,  "Neutron A c t i v a t i o n  Cross-sec t ions  a t  
24 keV," Nucl~ear  Phys ics  6 6 ,  267 (1965) .  

T .  S .  Belanova, A.  A.  Van'kov, F .  F .  Mikhai lus  and Y .  Y .  S t a v i s s k i i ,  
"Absolute Measurements of t h e  Absorp t ion  Cross  S e c t i o n s  of 24 keV 
N c u ~ ~ o R ~ , "  Atoinnaya Energiya,  19, 3 (1965);  t r a n s l a t e d  i n  J o u r n a l  
of Nuclear  Energy, P a r t  A/R, 1966,Vol. 20, p .  411; see a l s o  Belanova 
e t  az., "Measurement of Absorpt ion Cross S e c t i o n s  f o r  Neutrons w i t h  
a Mean Energy of  24 keV, by Transmission i n  S p h e r i c a l  Geometry" i n  
"Nuclear Data f o r  Reac tors , "  Vol. 2 ,  p .  455, (IAEA-1966) and d i s -  
c u s s i o n s  on p .  477 and 503 of  t h e  same volume. 

M .  L indner ,  R .  J .  Nagle and J .  H. Landrum, "Neutron Capture  Cross- 
S e c t i o n s  from 0 .1  t o  3 McV by A c t i v a t i o n  Measurements," Nucl.  Sci. 
and Eng. 55, 381 (1976) ,  a l s o  UCRL-75838, Lawrence Livermore Labora- 
t o r y ,  1974, same t i t l e ,  and R. J .  Nagle,  J .  H.  Landrum and M .  L indner ,  
"Neutron Capture  Cross S e c t i o n s  i n  t h e  MeV Range" i n  Proceedings  of 
'Third Conference on Neutron Cross-Sect ions and Technology, Knoxvi l le ,  
Tenn.,  March 15-17, 1971, Conf. 710301, Vol. 1, p .  259 (1971).  

L. Forman, A .  D .  She lberg ,  J. A .  Warren, M. V .  Harlow, H. A .  Grench 
and N .  W. Glass, "Thorium-232 Neutron Capture  i n  t h e  Region 20 e V  - 
30 keV," i n  Proceedings of Thi rd  Conference on Neutron Cross S e c t i o n s  
and Technology Conf. 710301, Vol.  2 ,  p .  735 (1971) ,  see ref.  20, and 
L .  Forman, A .  D .  Sche lberg ,  J .  H .  Warren and N .  W .  Glass, "Evidence 
f o r  V i o l a t i o n  of the  Porter-Thomas P o s t u l a t e  i n  2 3 2 T h 9 "  Phys. Rev. 
L e t t .  _I 2 7 ,  117 (1971);  a l s o  p r i v a t e  communication of L .  Forman t o  
G .  d e  Saussure ,  O c t ,  5 ,  1977. 

Y .  Y .  S t a v i s s k i i . ,  V .  A.  T o l s t i k o v ,  V .  B .  Chelnokov, A.  E .  Samsonov 
and A. A .  Bergman, "Neutron R a d i a t i v e  Capture  Cross-Sect ion i n  
S i lve r ,  197Au, 232Th and 2 3 e U  Atomnaya Energ iya ,  3, 107,  ( 1 9 7 l ) ,  
t r a n s l a t e d  i n  U. S .  document lJ13C 539.172,4 (1972);  a l s o  V .  B.  
Chelnokov et d., USSR Obninsk Report  J a d e r n o - F i z i c h e s k i i  I s s l e d o v a n i j a  - 
13, p .  1 6  ( O c t .  1972) and INDC (CCP)-43/LY p .  225 ( IBEA - Nuclear  
Data S e c t i o n ,  Vienna, J u l y  1974) .  



41 

23. N. Yamamuro, T. Miyakawa, Y. Fujita and K. Kobayashi, 'weasurement 
of Neutron Capture of In, Cs, Ta and Th at 24 keV," in Progress 
Report of Japanese Nuclear Data Committee," INDC(JAP) - 30 "L" and 
NEANDC(J) - 44 "L", August 1976. '. 

24. R. L. Macklin and J. Halperin, tr232Th (n,y) Cross Section from 2.6 
to 800 keV," accepted for publication in Nucl. Sci. and Eng. (1977) 
and private communication from the authors (1977). 

25. An extensive discussion of the corrections to the spherical shell 
transmission measurement may be found in the following papers: 
D. Bogart and T. T. Selmer, "A Monte Carlo Interpretation of the 
Sphere Transmission Experiments for Average Capture Cross Sections 
at 24 keV," in Proceedings of the Conference on Neutron Cross-Section 
Technology, Washington, D.C., March 22-24, 1966, CONF-660303 Book 1, 
p. 502 (1966) and F. H. Frzhner, "Re-Evaluation of Gold Transmission 
Data at 24-keV Neutron Energy," in Proc. of Second International 
Conf. on Nuclear Data for Reactors, Helsinki 15-19, June 1970, Vol. 1, 
p .  197 (1970). 

26. "Nuclear Level Schgmes A = 45 through A = 257 from Nuclear Data 
Sheet," edited by Nuclear Data Group, D. 3 .  Horen, Director, (1973). 

27. N. Yamamuro, T. D o t ,  H. Hayase, Y. Fujita, K. Kobayashi and R. C. Block, 
"Measurement of Neutron Capture Cross Sections near 24 keV," in 
Proceedings of a Conference on Nuclear Cross Sections and Technology, 
Washington, D.C., March 3-7, 1975, NBS Special Publication 425, Vol. 2, 
p .  802 (1975). 

28. S. F. Mughabghab and D. I. Garber, "Neutron Cross Sections Vol. I, 
Resonance Parameters," BNL-325 Third Ed., Vol. I (June 1973). 

29. C. H. Wescott, "A Study of the Accuracy of g-factors for Room 
Temperature Maxwellian Spectra for U and Pu Isotopes," AECL-3255, 
Atomic Energy of Canada, LTD., Chalk River (1969). 

30. B. R. Leonard, Jr., I). A. Kottwitz and J. K. Thompson, "Evaluation 
of the Neutron Cross Sections of 2 3 5 U  in the Thermal Energy Region," 
EPRI NP-167 (Feb. 1976). 

31. N. M. Steen, "An Evaluation of the Radiative Neutron Capture Cross 
Sections of Thorium-232 for the Range 0.0 eV to 15 MeV," WAPD-TM-971 
(Dec. 1970); (Wescott factors f o r  capture in Th are given in Table VI, 
p. 16). 

32. M. R. Bhat, "Evaluation of the U-235 Fission Cross Section from 100 eV 
t o  20 keV," in Proceed. of the NEANDCjNEACRP Specialists Meeting on 
Fast Neutron Cross Sections of U-233, U-235, U-238, and Pu-239," 
June 28-30, 1976, Argonne National Lab. AML-76-90 (1976) p. 307. 
Also private communication from M. R. Bhat and R. W. Peelle. 



42 

33 * 

34 a 

35. 

36. 

37. 

38. 

39. 

4 0 .  

41. 

43. 

44. 

R .  L.  I lenkel,  "Summary of Neutron-Induced F i s s i o n  Cross S e c t i o n s , "  
Los Alamos S c i e n t i - F i c  Lab. Report  J.,A-2114 (May 1957) .  

ENDF/B-IV, MAT 1261, a v a i l a b l e  from t h e  NNCSC i n  Brookhaven Nat iona l  
Lab. 

W.  P.  P o e n i t z ,  "The U-235 F i s s i o n  Cross S e c t i o n  from 0 .1  t o  20.0 M e V , "  
paper  p r e s e n t e d  a t  t h e  " I n t e r n a t i o n a l  S p e c i a l i s t s  Symposium on Neutron 
Standards  and A p p l i c a t i o n s , "  NBS,  Gai thersburg ,  Maryland, March 1977, 
Proceedings t o  bc publ i shed  

2 3 B U  
V .  S .  Crocker ,  "The Thermal Neutron A c t i v a t i o n  Cross-Sect ion of 
and 2 3 2 T h , t '  J.  Nucl. Energy - 1, 3,  324 (1955).  

G .  G .  Myasicheva, M. P .  Anikina,  L .  L .  Goldin and B. V .  K r s h l e r ,  
"Measurement of t h e  E f f e c t i v e  Cross  S e c t i o n  of 'I'h-232 f o r  Thermal 
Neutrons and t h e  Resonance I n t e g r a l  ? o r  Neutron Absorpt ion,"  J .  Nucl. 
Energy - 5 ,  230 (1957).  

For a d d i t i o n a l .  in format ion  on t h e  measurements done i n  t h e  USSR, see 
A. N.  Davle tsh in ,  V .  A. T o l s t i k o v  and A .  I. Abramov, "Radia t ive  
Capture  of Neutrons by t h e  Th Nucleus i n  t h e  Energy Range 0.01-15 
M e V , "  TNDC(CCP)-2O/L (1971).  

2 3 2  

CSISRS Re-Eerence Accession No. 12260. 

J .  R .  S tehn ,  M. D .  Goldberg, R .  Wiener-Chasinari, S .  F. Mughahghab, 
B.  A. Magurno and V .  M. May, "Neutron Cross S e c t i o n s , "  Vol. 111, 
Z = 88 t o  98 ,  BNL-325 Second E d i t i o n  (1965).  

R. L. Nackl in ,  P .  J .  Pasma and J. 11. Gibbons, "Resonance Neutron 
Capture  and Transmission i n  S u l f u r ,  I r o n  and Lead," Phys. Rev. I_ 136 
B695 (1964) .  

R. I,, Macklin,  J.  H a l p e r i n  and R .  R.  Winters ,  "Gold Neutron-Capture 
Cross  S e c t i o n  Erom 3 t o  550 keV," Phys. Rev. C 1 1 ,  1270 (1975);  
C .  A .  U t t l e y ,  M. G .  Sowerby, B. H.  P a t r i c k  and E .  R .  Rae, "A R e v i e w  
o f  t h e  Data on t h e  6 L i  Cross-Sect ions Below 1 . 7  MeV,"  Proceed. 
"Third Conf . Neutron Cross S e c t i o n s  and Technology, Knoxvi l le ,  
Tennessee,  March 15-17 ,  1971, CONF-710301, Vol. 7 ,  p .  551 (1971).  

M. Ashgar, C .  M. ChnEEey, M. C .  Moxon, N .  J.  Pa t tenden ,  E. R. R a e  and 
C.  A.  I J t t l e y ,  "The Neutron Cross S e c t i o n s  of Thorium and t h e  Analys is  
of t h e  Resonances up t o  1 keV," N u d e a r  Phys ics  76, 196 (1966).  - 

P.  Ribon, "Etudes de  qzielques p r o p r i e t 6 s  d e s  niveaux e x c i t g s  d e s  noyaux 
compos& form& p a r  l ' i n t e r a c t i o n  d e s  neut rons  1-ents avec  l o  3Rh, X e ,  

(1969).  

155Gd, 232Th , I !  Thesi-s, CNRS, A.0.3.560 (1969) ,  a l s o  CEA Note N-1149 

45. F. Kahn, 11. S.  Camarda, G .  Hacken, W .  W.  Havens, J r . ,  H. I. Liou, 
J .  Rainwater ,  M .  Sl-agowitz and S .  Wynchank, "Neutron Resonance 



Spectroscopy X 232Th and 2 3 E U  , Phys. Rev. C, I 6, 1854 (1972). 

46. K. K. Seth, R. H. Tabony, E. G. Bilpuch and H. W. Newson, ' I s - ,  p-, 
and d-wave Neutron Strength Functions," Physics Letters 13, 70 (1964). 

47. C. A. Uttley, C .  M. Newstead and K. M. Diment, "Neutron Strength 
Function Measurements in the Medium and Heavy Nuclei," Nuclear Data 
for Reactors I, 165(1966). 

48. H. S. Camarda, "p-wave Neutron Strength-Function Measurements and the 
Low-Energy Optical Potential," Phys. Rev. C - 9, 28 (1974). 

49. J. B. Garg, J. Rainwater, J. S. Petersen and W. W. Havens, Jr., "Neutron 
Resonance Spectroscopy 111 Th-232 and U-238," Phys. Rev. __ 134, B985 (1964). 

50. C. A.  Uttley, Comptes Rendus du Congrgs International de Physique 
Nucleaire, Paris 1964, Vol. 2, p. 700 (1964). 

51. K. Kobayashi, 'I. Fujita, T. Oosaki and R. C. Block, "Neutron Total Cross 
Section Measurement of Thorium Averaged Near 24 keV with a Fe-filtered 
Beam," Preprint (1976). 

a = .123(AWRI)'/3 f .98, see ENDF-102, Data Formats and Procedures 
for the Evaluated Nuclear Data File, ENDF; D. Garber, C. Dunford 
and S. Pearlstein (Oct. 1975). 

52. 

53. H. Derrien, "Evaluation of 232Th Resonance Parameters," and H. Derrien 
and P. Ribon, "On the Shape Analysis of Various 232Th and 238U 
Transmission Data," in Specialists Meeting on "Resonance Parameters of 
Fertile Nuclei and 239Pu," Saday, 20-22 May 1974, NEANDC(E) 163 U. 

54. M. C. Moxon, "The Neutron Capture Cross-Section of 23EU in the Energy 
Region 0.5 to 100 keV," AERE-R 6074 (June 1969). 

55. Private communication from M. C .  Moxon to L. Stewart, September 1971. 

56. S ,  M. Qaim, "A Survey of Fast-Neutron Induced Reaction Cross-Section 
Data," in Proceed. of a Conf. on Nuclear Cross Sections and Technology, 
March 3-7, 1975, Washington, D.C.; NBS Special Publication 425 Vol. 11, 
p. 664 (1975). 

57. Drake e t  aZ., Physics Letters/B 36, 557 (1971). 



44 

-... .... --- ., .. 

.-.. I___ _-.-..... -_-- -...I. ... - ______.__ ~ .......... ^ _________- -_I__ 

r) _II~ 0 r) ..... 07296-3 0 947  I ..... ! .o .... .- 0. G 
I_ 



ORNL / TM-6 16 1 
ENDF-- t 0 
D i s t .  Category UC-79d 

1-3. 
4 .  
5 .  

6-25 I 

26 e 
2 7 .  
2 8  
29, 
30. 
31 
32 e 

33.  
34 * 
35 .. 
36 I 

37-46 I 

47 
48 D 
49 * 
50 * 

1.N T ERNAL 

L. S. Abbott  
M. A ,  Bjerke  
G .  T. Chapman 
G. de  Saussure  
J .  K. Dickens 
C.  Y .  Fu 
H. G o l d s t e i n  ( c o n s u l t a n t )  
R. &.in 
J. H a l p e r i n  
J. Harvey 
N .  W. H i l l  
R. W. I n g l e  
C.  H. Johnson 
D .  C .  Larson 
W, S, Lyon 
R. L .  Macklia 
F.  C .  Maienschein 
G. L. Morgan 
D. K. Olsen 
K. W. P e e l l e  

DISTRIBUTION 

51. 
52. 
53. 
54. 
55. 
56. 
57. 
5 8 .  
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67.  
6 8 .  

69-70 a 

71. 

72-73. 
74. 
75. 

F .  @. Perey 
R .  B. Pe rez  
S. Raman 
E. G. S i lve r  
R. R. Spencer 
P. H.  S t e l s o n  
M. 1,. Tobias  
J. H. Todd 
H . Weaver 
C .  R. Weisbin 
L.  W. Weston 
J .  E. White 
R. 9 .  Wright 
A .  Zucker 
P. Greebler  ( c o n s u l t a n t )  
W .  W .  Havens, . J r .  ( c o n s u l t a n t )  
A .  F. Henry ( c o n s u l t a n t )  
R. E. Uhrig ( c o n s u l t a n t )  
C e n t r a l  Research L i b r a r y  
ORNL Y-12 'Technical L i b r a r y  

Document Reference S e c t i o n  
Labora tory  Records Department 
OWL P a t e n t  O f f i c e  
Labora tory  Records (RC) 

EXTEKNAL DISTRIBUTlON 

76. DOE Oak Ridge O p e r a t i o n s ,  Research and Technica l  Support  

7 7 .  DOE Oak Ridge O p e r a t i o n s ,  Reac tor  D i v i s i o n ,  I?. 0. Box E ,  Oak. 

78-79. DOE D i v i s i o n  o f  Reactor  Research and Development, Washington, DC 

D i v i s i o n ,  1). 0. Box E ,  Oak Ridge, Tennessee 37830:  D i r e c t o r  

Oak Ridge, Tennessee 37830:  Director  

20545 : D i r e c t o r  
For d i s t r i b u t i o n  as shown i n  TID-4500 D i s t r i b u t i o n  Category 
UC-79d, L i q u i d  N e t a l  F a s t  Breeder  Reactor  P h y s i c s  - Base (62 
c o p i e s  - ENDF d i s t r i b u t i o n )  

88-368, 


