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ABSTRACT 

This document d e a l s wi th t h e e v a l u a t i o n of n e u t r o n and gamma-ray-

p r o d u c t i o n c r o s s s e c t i o n s f o r n a t u r a l i r o n . Improvements f o r ENDF/B-V 

MAT 1326 a r e d e s c r i b e d and g r a p h i c a l l y compared w i t h t h e p r e v i o u s v e r s i o n . 

A summary of t h e p r e v i o u s v e r s i o n and a g e n e r a l d e s c r i p t i o n of t h e c u r r e n t 

s t a t u s of t h e e v a l u a t i o n a r e a l s o g i v e n . 



I. INTRODUCTION 

Thi s document d e a l s w i t h t h e e v a l u a t i o n of n e u t r o n and gamma-ray-

p r o d u c t i o n c r o s s s e c t i o n s f o r n a t u r a l i r o n f o r ENDF/B. R e v i s i o n s of 

ENDF/B-IV MAT 1192 f o r ENDF/B-V MAT 1326 a r e d e s c r i b e d in S e c t i o n I I . 

Graphica l compar i sons of Vers ion V wi th Ve r s ion IV a r e shown where 

n e c e s s a r y . 

Because no d e t a i l e d documen ta t ion has been p rov ided f o r ENDF/B-IV, 

we g i v e in S e c t i o n I I I a summary of t h e ENDF/B-IV work t o b r i d g e t h e gap 

between Vers ion 1 1 a n d Vers ion V. Th i s gap i s s m a l l , however , s i n c e 

p a r t o f t h e work done f o r Vers ion IV was r e v i s e d a g a i n in Vers ion V and 
2 

p a r t o f t h e c a l c u l a t i o n s have been documented. 

A g e n e r a l d e s c r i p t i o n of ENDF/B-V MAT 1326 as i t now s t a n d s i s 

g iven in S e c t i o n IV. 

I I . REVISIONS FOR ENDF/B-V 

The f o l l o w i n g changes were made t o go f rom ENDF/B-IV t o ENDF/B-V. 

Resonance Parameters 

Resonance p a r a m e t e r s f o r 5 t f Fe , 5 6 F e , and 5 7 F e were t aken f rom a 
3 

comprehens ive e v a l u a t i o n of t h e s e p a r a m e t e r s by Perey and Pe rey . 

For ; ' J F e , t h e r e s o n a n c e p a r a m e t e r s were t a k e n f rom t h e proposed ENDF/B-V 
5 8 F e ( n , y ) d o s i m e t r y f i l e . ^ The r e s o n a n c e r ange was ex t ended f rom 60 keV 

in ENDF/B-IV t o 400 keV in ENDF/B-V. The number of r e s o n a n c e s was 

i n c r e a s e d f rom 29 t o 312 . 

The p r imary p u r p o s e of e x t e n d i n g t h e r e s o n a n c e range was t o g i v e a 

d e t a i l e d d e s c r i p t i o n of t h e c a p t u r e c r o s s s e c t i o n s between 60 keV and 

400 keV, an i m p o r t a n t r ange f o r f a s t b r e e d e r a n a l y s i s . 

Through t h e r e s o n a n c e p a r a m e t e r s , many narrow p- and d-wave r e s o -

n a n c e s , seen o n l y in c a p t u r e measurements , were i n t r o d u c e d t o t h e t o t a l 

c r o s s s e c t i o n s . 

The f o r m a t r e s t r i c t i o n of u s ing a s i n g l e c o n s t a n t s c a t t e r i n g r a d i u s 

r e s u l t e d i n some problems in g e n e r a t i n g t h e background c r o s s s e c t i o n s , 

as d i s c u s s e d be low. 
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Tota l Cross S e c t i o n s 

The F i l e - 3 S e c t i o n - ! da t a in t h e r e s o l v e d r e sonance range from 155 

eV t o 400 keV a r e background c r o s s s e c t i o n s and were chosen t o r ep roduce 

t h e broad s-wave s t r u c t u r e s in t h e ENDF/B-IV e v a l u a t i o n . Narrower s -waves 

and h i g h e r p a r t i a l waves were l e f t a s d e f i n e d by t h e p a r a m e t e r s w i t h o u t 

any background c o r r e c t i o n s . The e n e r g i e s , peak c r o s s s e c t i o n s and a r e a s 

of t h e l a t t e r r e s o n a n c e s a r e t h o u g h t t o be b e t t e r d e f i n e d now because of 

a d d i t i o n a l i n p u t t o t h e e v a l u a t i o n of t h e resonance p a r a m e t e r s f rom 

h i g h - r e s o l u t i o n c a p t u r e and e l a s t i c - s c a t t e r i n g d a t a . Comparisons of 

ENDF/B-V w i t h IV a r e d i s p l a y e d in F i g s . 1 - 4 - The background c r o s s 

s e c t i o n s a s e n t e r e d in F i l e 3 S e c t i o n 1 a r e l a r g e and become mos t l y nega -

t i v e above 200 keV. The 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 used i s 0 . 5 x TO - 1 2 

cm f o r a l l i s o t o p e s . We have t r i e d s m a l l e r and l a r g e r r a d i i , none of 

which gave b e t t e r r e s u l t s . A r a d i u s of 0 .65 x 1 0 " 1 2 cm y i e l d e d a good 

f i t t o t h e t o t a l c r o s s s e c t i o n s below 50 keV, whi le 0 . 4 x 10~ 1 2 cm gave 

good r e s u l t s f rom 300 t o 400 keV. So i t a p p e a r s t h a t an ene rgy -dependen t 

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 would h e l p . But such a r a d i u s i s p r e s e n t l y 

not a l l o w e d . 

We have s t u d i e d t h e i n t e g r a l t e s t by Maerker et al. and t h e pseudo-
c 

i n t e g r a l t e s t by Smith et al. f o r t h e t o t a l c r o s s s e c t i o n s of Fe from 1 

t o 5 MeV. Maerker et al. i n d i c a t e t h a t t h e t o t a l c r o s s s e c t i o n s of Fe 

from 1 . 5 t o 2 . 4 MeV a r e 4% t o o low, whi le Smith et al. say t h a t t h e y a r e 

5% t o o h i g h . This may no t be a c o n t r a d i c t i o n however, because t h e deep 

p e n e t r a t i o n (8 t o 19 i n c h e s ) measurement of Maerker et al. i s s e n s i t i v e 

t o t h e c r o s s - s e c t i o n minima wh i l e t h e b r o a d - r e s o l u t i o n t h i r - s a m p l e 

measurement of Smith et al. i s n o t . I t i s t h e r e f o r e p r o b a b l e t h a t t h e 

t o t a l c r o s s - s e c t i o n maxima f rom 1 .5 t o 2 . 4 MeV a r e not s h a r p enough and 

t h e minima a r e n o t deep enough. There a r e d e f i c i e n c i e s in o t h e r energy 

ranges t oo and a l l seem c o m p l i c a t e d . We d id no t a t t e m p t t o r e s o l v e t h i s 

problem f o r ENDF/B-V bu t a r e r e c o r d i n g t h e above as a r eminder f o r f u t u r e 

measurements a n d / o r e v a l u a t i o n s . 

E l a s t i c S c a t t e r i n g Cross S e c t i o n s 

In t h e new r e s o n a n c e range from 155 eV t o 400 keV t h e c a p t u r e c r o s s 

s e c t i o n s a r e small so t h e e l a s t i c c r o s s s e c t i o n s a r e n e a r l y t h e same as 
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t h e t o t a l c r o s s s e c t i o n s . Due t o d e c r e a s e s in t h e i n e l a s t i c s c a t t e r i n g 

c r o s s s e c t i o n s d e s c r i b e d below, +he e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s 

from 846 keV t o 1 . 3 MeV were c o r r e s p o n d i n g l y i n c r e a s e d . 

I n e l a s t i c S c a t t e r i n g to the 846-keV Level 

Kinney and Perey^ have r e p o r t e d h i g h - r e s o l u t i o n da t a f o r neut ron 

i n e l a s t i c s c a t t e r i n g t o t h e 846-keV leve l from t h r e s h o l d t o 2 .1 MeV by 

measuring t h e p e r t i n e n t gamma r ays a t 30, 90, and 125 d e g r e e s . The da t a 

a t t h e s e t h r e e a n g l e s a l low t h e d e t e r m i n a t i o n of t h e a 2 and ai, Legendre 

c o e f f i c i e n t s f o r t h e a n g u l a r d i s t r i b u t i o n of t h e outgoing gamma r a y s , 

and t h e r e f o r e the d e t e r m i n a t i o n of the i n t e g r a t e d c r o s s s e c t i o n s . The 
O 

125-degree d a t a ag ree well wi th a s i m i l a r measurement by Voss et al. a t 

t h e same ang le which was adopted as t he i n t e g r a t e d c r o s s s e c t i o n s f o r 

ENDF/B-IV. However, t he new i n t e g r a t e d c r o s s s e c t i o n s up t o 1 . 3 MeV a r e 

abou t 20% s m a l l e r . Smoothed r e s u l t s of t h e h i g h - r e s o l u t i o n da t a a l s o g 
a g r e e well w i th o t h e r a v a i l a b l e d a t a , i n c l u d i n g t h o s e of A. B. Smith and 

D. L. S m i t h , ^ as shown in d e t a i l in r e f . 7. We t h e r e f o r e adopted the 

h i g h - r e s o l u t i o n da ta f o r ENDF/B-V from t h r e s h o l d t o 1 . 3 MeV. F igure 5 

i s reproduced from F ig . 5 of r e f . 7. 
Other Neutron-Emiss ion Reac t ions 

The Monte Carlo a n a l y s i s 1 1 (us ing ENDF/B-IV) of a r e c e n t i n t e g r a l 
1 ? 

measurement " of t h e secondary neu t ron s p e c t r a wi th a whi te source 

(ORELA) (conc ludes t h a t t h e i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s of a few 

low- ly ing d i s c r e t e l e v e l s r i s e too f a s t j u s t above t h r e s h o l d , t h a t some 

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

wi th ene rgy , and t h a t t he (n ,2n ) c r o s s s e c t i o n s a r e too l a r g e from 

t h r e s h o l d ( 1 1 . 4 MeV) t o 12 .5 MeV. The f i r s t p o i n t i s d i f f i c u l t t o 

r e s o l v e f o r we have good model f i t to t h e a v a i l a b l e d a t a . The second 

p o i n t can probab ly be r e so lved by a model c a l c u l a t i o n wi th pre-compound 

e f f e c t s (ENDF/B-IV a l r e a d y has d i r e c t - r e a c t i o n c r o s s s e c t i o n s in 15 of 

t h e 26 d i s c r e t e l e v e l s ) . The t h i r d p o i n t i s c o n t r a d i c t o r y t o some newly 

a v a i l a b l e da t a d i s c u s s e d in t h e next p a r a g r a p h . 

No (n ,2n ) d a t a e x i s t e d below 14 MeV when we were e v a l u a t i n g f o r 

ENDF/B-IV, so c a l c u l a t e d c r o s s s e c t i o n s were used . A r e c e n t measurement 13 f o r 5 6 F e ( n , 2 n ) c r o s s s e c t i o n s by Frehaut et al. i n d i c a t e s t h a t our 
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e v a l u a t e d (n ,2n) c ros s s e c t i o n s a r e , c o n t r a r y to the above, too low from 

t h r e s h o l d t o 13 MeV a f t e r c o r r e c t i n g f o r t h e small c o n t r i b u t i o n s from 

t h e minor i s o t o p e s . The new d a t a show good agreement wi th t h e e v a l u a t i o n 

from 13 t o 15 MeV. 

J o h n s o n ^ r e p o r t e d c a l c u l a t e d and measured neut ron l eakage s p e c t r a 

from a D-T s o u r c e in an i ron sphere 76 cm in d i ame te r and 30 cm t h i c k . 

The c a l c u l a t e d s p e c t r a us ing ENDF/B-IV from 1 t o 12 MeV a r e f a c t o r s of 

3 -4 t o o IDW. This i n d i c a t e s t h a t t h e i s o t r o p i c assumption t aken f o r 

ENDF/B-IV f o r t h e i n e l a s t i c s c a t t e r i n g t o t h e continuum s t a t e s i s com-

p l e t e l y i n a d e q u a t e . Although we do have some a n g u l a r d a t a f o r 14-MeV 

i n c i d e n t n e u t r o n s , e x t r a p o l a t i o n to o t h e r e n e r g i e s r e q u i r e s e l a b o r a t e 

model c a l c u l a t i o n s which we d id not have t ime to do. Such c a l c u l a t i o n s 

a l s o a p p e a r n e c e s s a r y t o r e s o l v e some of t h e d e f i c i e n c i e s d i s c u s s e d in 

t h e above p a r a g r a p h s . 

Capture Cross Sec t i ons 

The e x t e n s i o n of t h e resonance paramete rs from 60 t o 400 keV has t h e 

l a r g e s t impact on the c a p t u r e c r o s s s e c t i o n s a s shown in F igs . 6 -16 . 

The ENDF/B-IV c r o s s s e c t i o n s from 60 keV t o 400 keV a r e smooth vary ing 

with e n e r g y , miss ing t h e broad peaks of s eve ra l l a r g e s-wave r e s o n a n c e s . 

Below 60 keV t h e r e a r e a l s o d i f f e r e n c e s due to changes in t h e c a p t u r e 

a r e a s and s e v e r a l a d d i t i o n a l r e s o n a n c e s . Between 400 keV and 500 keV, 

t h e c a p t u r e c r o s s s e c t i o n s were t h e same as in ENDF/B-IV. 
15 

From 500 to 850 keV, 50-keV averages r e p o r t e d by Allen et al. 
were used . These da ta were l a t e r found to be c o n s i s t e n t wi th t h o s e 1 c measured by Le R igo leu r et al. 

Above 2 MeV, t h e c a p t u r e c r o s s s e c t i o n s were i n c r e a s e d to go through 

a da t a p o i n t nea r 14 MeV.^ Comparison of t he c a p t u r e c r o s s s e c t i o n s 

from 500 keV t o 20 MeV wi th ENDF/B-IV va lues i s shown in F ig . 17. 

Angular D i s t r i b u t i o n s of Secondary Neutrons from E l a s t i c S c a t t e r i n g 

H i g h - r e s o l u t i o n d a t a on t h e angu la r d i s t r i b u t i o n s of secondary 
1 o 

neu t rons s c a t t e r e d e l a s t i c a l l y were measured by Kinney and Perey from 

40 keV t o 2 .1 MeV. These d a t a a r e i n t h e form of Legendre c o e f f i c i e n t s 

f o r over 5000 e n e r g i e s . These were t h i n n e d to about 400 energy p o i n t s 

f o r e n t e r i n g i n t o t h e f i l e . The t h i n n i n g was done wi th a code o b t a i n e d 
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1 9 from Young. The Legendre c o e f f i c i e n t s were c o n v e r t e d t o a n g u l a r 

d i s t r i b u t i o n s f o r t h i n n i n g t o a t o l e r a n c e of 50% wi th l i n e a r i n t e r p o l a -

t i o n . Because t h e a n g u l a r d i s t r i b u t i o n s c o n s i d e r e d here o f t e n f l u c t u a t e 

by one o r d e r of magnitude from resonance t o r e s o n a n c e , t h e main f e a t u r e s 

of t h e o r i g i n a l d a t a were r e t a i n e d . The f i r s t two c o e f f i c i e n t s a r e 

compared wi th ENDF/B-IV v a l u e s in F igs . 18-25. 

Gamma-Ray Produc t ion Cross S e c t i o n s 

When we were e v a l u a t i n g the gamma-ray p r o d u c t i o n c r o s s s e c t i o n s f o r 

ENDF/B-IV, t h e r e were two ma jo r s e t s of d a t a a v a i l a b l e , one by Orphan et 
20 21 al. and t h e o t h e r by Dickens et al. The i n t e g r a t e d c r o s s s e c t i o n s 

of t h e two s e t s d i v e r g e above 6 MeV, t h e Orphan s e t ave rag ing 1 .6 barns 

l a r g e r than t h e Dickens s e t from 11 to 15 MeV. Our c a l c u l a t e d r e s u l t s 

a r e in good agreement wi th t h e Orphan s e t up t o 11 MeV but g e t c l o s e r t o 

t h e Dickens da t a nea r 15 MeV. With some h e s i t a t i o n we took f o r ENDF/B-

IV t h e c a l c u l a t i o n as t h e i n t e g r a l gamma-ray p r o d u c t i o n c r o s s s e c t i o n 

and t h e Dickens da t a were normal ized to t h i s t o p rov ide t h e energy 

di s t r i b u t i o n s . 

To r e s o l v e the above d i s c r e p a n c y , a new measurement was under taken 
22 by Chapman and Morgan us ing ORELA. The new d a t a agree well with t h e 

Orphan d a t a , t h e r e f o r e i n d i c a t i n g t h a t t h e e a r l i e r ORELA d a t a taken by 
21 

Dickens et al. have some unknown e r r o r s . This a l s o i n d i c a t e s t h a t our 

c a l c u l a t e d c r o s s s e c t i o n s a r e too low above 11 MeV, a c a l c u l a t i o n a l 

f a u l t which we can overcome now by i n c l u d i n g t h e pre-compound c r o s s 

s e c t i o n s in t he gamma-ray ca scade c a l c u l a t i o n . So we f e e l t h a t t h e 

gamma-ray p roduc t ion c r o s s s e c t i o n s and s p e c t r a a r e now well known f o r 

i n c i d e n t neu t ron e n e r g i e s f rom 0 .85 t o 20 MeV, and we took t h e Chapman 

and Morgan d a t a f o r ENDF/B-V. De ta i l ed compar i sons of t h e s e da t a wi th 

o t h e r s and wi th ENDF/B-IV a r e given in r e f . 22. 

Because we did no t r e - c a l c u l a t e t he n e u t r o n c r o s s s e c t i o n s above 11 

MeV, the c a l c u l a t e d neu t ron d i s t r i b u t i o n s , which we s t i l l have in t h e 

f i l e , may be somewhat i n c o n s i s t e n t wi th t h e new gamma-ray d i s t r i b u t i o n s . 

The r e s u l t i n g energy imbalance cannot be e a s i l y c o r r e c t e d w i t h o u t a 

model c a l c u l a t i o n . 
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From 0 . 8 5 t o 2.122 MeV, t h e 0.864-MeV and t h e 1.408-MeV gamma r ays 

from i n e l a s t i c s c a t t e r i n g were removed from t h e Chapman and Morgan d a t a 

t o o b t a i n t h r e e energy d i s t r i b u t i o n s t h a t a r e r e p r e s e n t a t i v e of t h e cap -

t u r e components. Below 0 .85 MeV, t h e o r i g i n a l c a p t u r e gamma-ray e v a l u -

a t i o n was r e t a i n e d , bu t t h e energy d i s t r i b u t i o n s were r e - s t r u c t u r e d t o 

fewer p o i n t s by u s i n g v a r i a b l e energy b i n s . 

Covar iances f o r t h e Resonance Parameters 
3 

This f i l e was e v a l u a t e d and s e p a r a t e l y r e p o r t e d by Perey and Perey . 

Covar iances f o r F i l e 3 Data 

Covar iance d a t a a r e given f o r MF=32, MT=151 and MF=33, MT=1, 2 , 3 , 

4 , 16, 22 , 28, 51 -76 , 91 , 102-107. Derived s e c t i o n s (NC s u b s e c t i o n s ) 

r e f l e c t e x a c t l y t h e way the c r o s s - s e c t i o n f i l e s were g e n e r a t e d . 

In g e n e r a l , c o v a r i a n c e s were de termined from ±2a e r r o r bands . The 

e r r o r bands were ex tended and e n l a r g e d t o cover energy r e g i o n s l a c k i n g 

expe r imen ta l d a t a and then s p l i t up t o cover d i f f e r e n t c o r r e l a t i o n r a n g e s . 

Long range c o v a r i a n c e s r e f l e c t s y s t e m a t i c e r r o r s common to a l l d a t a 

s e t s . Medium range c o v a r i a n c e s r e f l e c t d i f f e r e n c e s in energy coverage 

by d i f f e r e n t d a t a s e t s and d i f f e r e n c e s in exper imenta l t e c h n i q u e s w i t h i n 

t h e same d a t a s e t s . Shor t range c o v a r i a n c e s r e f l e c t meaningfu l s t r u c t u r e s 

in t h e c r o s s s e c t i o n s a n d / o r t h r e s h o l d e f f e c t s . S t a t i s t i c a l e r r o r s a r e , 

in p r i n c i p l e , n o n e x i s t e n t in t h e e v a l u a t e d c r o s s s e c t i o n s . 

For a l l t h r e s h o l d r e a c t i o n c r o s s s e c t i o n s , c o v a r i a n c e s have a t l e a s t 

two components - - an a b s o l u t e and a f r a c t i o n a l . The a b s o l u t e component 

r e p r e s e n t s wi th few numbers t h e u s u a l l y l a r g e v a r i a t i o n of u n c e r t a i n t i e s 

near t h r e s h o l d and f o r t h e h igh -ene rgy t a i l . The f r a c t i o n a l component 

p i cks up t h e r e s t of t h e c o v a r i a n c e s . For t h e more impor tan t r e a c t i o n s , 

such as MT=51, two a b s o l u t e and two f r a c t i o n a l components were used . 

A c o n s t a n t u n c e r t a i n t y of 50 mb was used t o r e p r e s e n t t h e t o t a l c r o s s 

s e c t i o n minima. Th i s co r r e sponds to abou t 12% f o r t h e 24-keV minimum. 

Independent e v a l u a t i o n s and e r r o r e s t i m a t e s by a n o t h e r p a r t y , such 

as t h e e v a l u a t i o n f o r t h e i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s of t h e 
23 

846-keV l e v e l by Smi th , provided o b j e c t i v i t y . I n t e g r a l measurements 

and a n a l y s e s a l s o add o b j e c t i v i t y . 
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I I I . SUMMARY OF ENDF/B-IV 

This v e r s i o n , ENDF/B-IV MAT 1192, superseded t h e p r e v i o u s v e r s i o n , 

ENDF/B-III MAT 1180. One of t h e purposes of t h i s work was to r e v i s e t h e 

secondary neu t ron energy d i s t r i b u t i o n s from v a r i o u s n e u t r o n - p r o d u c i n g 

r e a c t i o n s . New da ta f o r t h e secondary neu t ron d i s t r i b u t i o n s had become 
O A 0C OC 

a v a i l a b l e ^ ' " and t h e pul s e d - s p h e r e measurements and r e l a t e d c a l c u l a -
t e py 

t i o n s ' i n d i c a t e d t h a t t he p r e v i o u s l y e v a l u a t e d d i s t r i b u t i o n s were 

poor . A r e e v a l u a t i o n of t h e gamma-ray-product ion c r o s s s e c t i o n s was 

a l s o c a l l e d f o r because newly a v a i l a b l e d a t a showed l a r g e d i s aq reemen t 
29 

with t h e d a t a s e t upon which t h e p r e v i o u s e v a l u a t i o n was based . In an 

a t t e m p t t o s o l v e t h e s e problems an e x t e n s i v e model analys> vas made. A 

t h i r d purpose of t h i s work was t o i n c o r p o r a t e t h e m u l t i - s a m p l e h i g h -30 
r e s o l u t i o n measurements of t o t a l c r o s s s e c t i o n s t h a t had j u s t become 

a v a i l a b l e . The r e s u l t i n g changes a r e summarized below. 

1. Total c r o s s s e c t i o n between 30 keV and 2 MeV — peaks and v a l l e y s 30 
were r e f i n e d based on t h r e e s e t s of ORELA measurements u s i n g 2 . 5 - , 1 0 - , 

and 30-cm samples . 

2. N o n e l a s t i c — o b t a i n e d by compromising t h r e e p i e c e s of i n f o r m a -

t i o n , namely, t h e measured n o n e l a s t i c c r o s s s e c t i o n , t h e d i f f e r e n c e 

between t h e e v a l u a t e d t o t a l c r o s s s e c t i o n and t h e a v a i l a b l e e l a s t i c 

s c a t t e r i n g c r o s s s e c t i o n , and the t h e o r e t i c a l i n t e r p r e t a t i o n of t h e 

t o t a l gamma-ray-product ion c r o s s s e c t i o n . The c a l c u l a t e d n o n e l a s t i c 

c r o s s s e c t i o n was normal ized t o t h i s r e s u l t f o r c o n s t r a i n i n g the s u b s e -

quent c a l c u l a t i o n s . 

3 . I n e l a s t i c s c a t t e r i n g - s i x more d i s c r e t e l e v e l s were added 

based on t h e Hauser -Feshbach 3 1 and DWBA32 c a l c u l a t i o n s in o r d e r t o 

i n c l u d e t h e 4.505-MeV c o l l e c t i v e s t a t e a s a d i s c r e t e l e v e l . The d i r e c t -33 i n t e r a c t i o n components were inc luded in 15 of t h e 26 d i s c r e t e l e v e l s . 

The d i r e c t - i n t e r a c t i o n component was i nc luded in t h e continuum us ing an 
34 empi r i ca l t r e a t m e n t . MT=51 (0.846-MeV l e v e l ) was changed between 2 

23 and 5 MeV a c c o r d i n g t o an e v a l u a t i o n by Smith which was based on a l l 
a v a i l a b l e da t a and h i s r e c e n t measurement. MT=52 ( t h e 1.408-MeV leve l 

35 in 5 4 F e ) was r e v i s e d based on r e c e n t l y a v a i l a b l e d a t a . 
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4 . The Hauser-Feshbach method was used t o c a l c u l a t e t h e [ ( n , n ' ) + 

( n , n x ) ] , [ ( n , p ) + ( n , p x ) ] , and [ ( n , c t ) + ( n , a x ) ] c r o s s s e c t i o n s . The [ ( n , n ' ) + 

( n , n x ) ] c r o s s s e c t i o n above 4 .531 MeV was s p l i t i n t o t h e ( n , n ' ) cont inuum, 

( n , 2 n ) , ( n , n p ) , and ( n , n a ) c r o s s s e c t i o n s us ing a s t a t i s t i c a l - e m p i r i c a l 
34 

model. The emp i r i ca l a s p e c t s i n c l u d e g i a n t - d i p o l e gamma-ray c o m p e t i t i o n , 

angular-momentum c o r r e c t i o n f o r t h e second ou tgo ing p a r t i c l e , and d i r e c t 

or p r e e q u i 1 i b r i u m emiss ion of t h e f i r s t p a r t i c l e . 

5 . The ( n , p ) c r o s s s e c t i o n was well d e f i n e d by measurements ' 

and t h a t of 5 6 Fe was wel l f i t t e d by c a l c u l a t i o n up t o 13 MeV. The (n ,pn ) 

c r o s s s e c t i o n was t aken t o be t h e d i f f e r e n c e between t h e c a l c u l a t e d 5 6 Fe 

C ( n > P ) + ( n , p x ) ] c r o s s s e c t i o n and t h e measured 5 6 F e ( n , p ) c r o s s s e c t i o n . 

The n e u t r o n d i s t r i b u t i o n f o r t h e (n ,pn ) r e a c t i o n was c a l c u l a t e d and was 

averaged wi th t h a t of t h e (n ,np) r e a c t i o n f o r MT=28. 

6 . There i s no measured 5 5 F e ( n , a ) c r o s s s e c t i o n . The c a l c u l a t e d 
5 6 F e ( n , a ) c r o s s s e c t i o n was r e s t r a i n e d by t h e 14-MeV e m p i r i c a l v a l u e and 

t h e n e a s u r e d f i s s i o n - s p e c t r u m a v e r a g e s . The 5 1 t Fe(n ,c ) c r o s s s e c t i o n was 38 
taken from a c a l c u l a t i o n by Kirouac and S l a v i k . The ( n , a n ) c r o s s s e c t i o n 

and n e u t r o n d i s t r i b u t i o n were c a l c u l a t e d and were combined wi th t h o s e of 

t h e ( n , n a ) r e a c t i o n f o r MT=22. 

7 . The ( n , d ) , ( n , t ) , and (n , 3 Ha) c r o s s s e c t i o n s were based on c a l c u -39 l a t i o n s u s i n g t h e Pear l s t e i n e m p i r i c a l model and p a r a m e t e r s . 
28 29 8 . The two major s e t s ' of gamma-ray-product ion c r o s s s e c t i o n s 

ag ree w i t h i n exper imenta l e r r o r s f o r i n c i d e n t neu t ron e n e r g i e s below 6 MeV 
28 

and then s t a r t t o d i v e r g e , t h e GRT s e t averag ing 1 . 6 barns l a r g e r than 
29 

t h e ORNL s e t i n t he 11 t o 15 MeV r e g i o n . Other a v a i l a b l e da t a were too 

l i m i t e d t o r e s o l v e t h i s d i s c r e p a n c y . The c a l c u l a t e d r e s u l t s a r e i n t e r -

media te between t h e two, be ing c l o s e r to t h e GRT measurement below 12 MeV 

and c l o s e r t o t h e ORNL d a t a above 12 MeV. We chose t h e ORNL d a t a f o r t h e 

energy d i s t r i b u t i o n s ( F i l e 15) as t h e s e were given in a d e q u a t e neu t ron 

b ins and were t h e only d a t a a v a i l a b l e from 15 t o 20 MeV. The gamma rays 

below 0 . 6 9 MeV were no t measured and were f i l l e d in us ing t h e c a l c u l a t e d 

v a l u e s . Up t o 10 MeV i n c i d e n t neu t ron energy t h e energy c o n s e r v a t i o n 

law r e l a t i n g t h e c a l c u l a t e d ou tgo ing p a r t i c l e energy and t h e e v a l u a t e d 

gamma-ray energy was a p p l i e d t o de t e rmine t h e gamma-ray m u l t i p l i c i t i e s . 
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From 1 0 t o 16 MeV t h e c a l c u l a t e d m u l t i p l i c i t i e s w e r e u s e d a n d w e r e 

e x t r a p o l a t e d t o 20 MeV a c c o r d i n g t o t h e s h a p e g i v e n by t h e ORNL m e a s u r e -

m e n t , 

I V . GENERAL DESCRIPTION FOR ENDF/B-V 

The f o l l o w i n g d e s c r i p t i o n f o r e a c h f i l e a n d s e c t i o n i s f o r ENDF/B-V. 

The r e f e r e n c e s g i v e n a r e o n l y t h e more i m p o r t a n t o n e s . Where a c o m p u t e r 

c o d e i s r e f e r r e d t o , i t m e a n s t h a t i n t e r p o l a t i o n a n d e x t r a p o l a t i o n o f t h e 

g i v e n e x p e r i m e n t a l d a t a w e r e b a s e d on c a l c u l a t i o n s . 

F i l e 2 . R e s o n a n c e P a r a m e t e r s 

M u l t i l e v e l B r e i t - W i g n e r p a r a m e t e r s a r e g i v e n f o r a l l i s o t o p e s 
3 4 

i n t h e e n e r g y r a n g e 1 5 5 eV t o 4 0 0 keV. 

F i l e 3 . N e u t r o n C r o s s S e c t i o n s 

S e c t i o n 1 . T o t a l I n t e r a c t i o n 

. 0 0 0 0 1 eV t o 3 3 0 k e V 3 0 ' 4 0 ' 4 1 

3 3 0 keV t o 2 0 M e V 3 0 ' 4 2 - 4 4 

S e c t i o n 2 . E l a s t i c S c a t t e r i n g 

D e r i v e d by s u b t r a c t i n g t h e n o n - e l a s t i c c r o s s s e c t i o n f r o m t h e 

t o t a l c r o s s s e c t i o n . 

S e c t i o n 3 . N o n - E l a s t i c I n t e r a c t i o n 

S e e S e c t i o n I I I a b o v e . 

S e c t i o n 4 . T o t a l I n e l a s t i c S c a t t e r i n g 

D e r i v e d by a d d i n g i n e l a s t i c s c a t t e r i n g c r o s s s e c t i o n s f o r 

e x c i t i n g d i s c r e t e l e v e l s a n d t h e c o n t i n u u m . 

S e c t i o n 1 6 . ( n , 2 n ) R e a c t i o n 

S e e S e c t i o n I I a b o v e a n d r e f . 4 5 . 

S e c t i o n 2 2 . ( n , n a ) R e a c t i o n 

S e e S e c t i o n I I I a b o v e . 

S e c t i o n 2 8 . ( n , n p ) R e a c t i o n . 

S e e S e c t i o n I I I a b o v e a n d r e f . 4 6 . 

S e c t i o n 5 1 . I n e l a s t i c S c a t t e r i n g E x c i t i n g F i r s t L e v e l i n 5 6 F e 

. 8 6 1 1 MeV t o 1 . 5 M e V 7 ' 8 

1 . 5 MeV t o 2 . 1 2 2 MeV8 

2 . 1 2 2 MeV t o 2 0 M e V
2 3 ' 3 1 " 3 3 ' 4 7 " 5 1 
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S e c t i o n 5 2 . I n e l a s t i c S c a t t e r i n g E x c i t i n g F i r s t L e v e l i n 5 l 4 F e 

S e e r e f . 3 5 . 

S e c t i o n s 5 3 - / 6 . I n e l a s t i c S c a t t e r i n g E x c i t i n g S e c o n d T h r o u g h 2 5 t h 
L e v e l s i n 5 6 F e 

S e e r e f s . 3 1 - 3 3 , 4 7 , a n d 5 0 . 

S e c t i o n 9 1 . I n e l a s t i c S c a t t e r i n g E x c i t i n g t h e C o n t i n u u m 

S e e ENDF/B-IV summary g i v e n a b o v e a n d r e f s . 2 4 , 2 5 , 3 4 , 3 6 , 4 9 , 

a n d 5 2 - 5 4 . 

S e c t i o n 1 0 2 . R a d i a t i v e C a p t u r e 

S e e r e f s . 1 5 - 1 7 . 

S e c t i o n 1 0 3 . (n,p) R e a c t i o n 

S e e S e c t i o n I I I a b o v e a n d r e f s . 36 a n d 3 7 . 

S e c t i o n 1 0 4 . ( n , d ) R e a c t i o n 

S e e S e c t i o n I I I a b o v e . 

S e c t i o n 1 0 5 . ( n , t ) R e a c t i o n 

S e e S e c t i o n I I I a b o v e . 

S e c t i o n 1 0 6 . ( n , 3 H e ) R e a c t i o n 

S e e S e c t i o n I I I a b o v e . 

S e c t i o n 1 0 7 . ( n , u ) R e a c t i o n 

S e e S e c t i o n I I I a b o v e and r e f s . 36 and 3 8 . 

F i l e 4 . A n g u l a r D i s t r i b u t i o n o f S e c o n d a r y N e u t r o n s 

A l l d i s t r i b u t i o n s a r e g i v e n i n t h e c e n t e r - o f - m a s s s y s t e m i n 

t h e L e g e n d r e p o l y n o m i a l r e p r e s e n t a t i o n . 

S e c t i o n 2 . E l a s t i c S c a t t e r i n g 

. 0 0 0 0 1 eV t o 1 . 2 3 M e V 7 ' 5 5 " 5 8 

1 . 2 3 MeV t o 4 M e V 7 > 5 5 > 5 9 - 6 3 

4 MeV t o 2 0 M e V 4 9 , 5 5 ' 6 4 

S e c t i o n 1 6 . ( n , 2 n ) R e a c t i o n 

B o t h n e u t r o n s a r e a s s u m e d t o b e i s o t r o p i c . 

S e c t i o n 2 2 . ( n , n a ) R e a c t i o n 

Assumed i s o t r o p i c . 

S e c t i o n 2 8 . ( n , n p ) R e a c t i o n 

Assumed i s o t r o p i c . 

S e c t i o n 5 1 . I n e l a s t i c S c a t t e r i n g E x c i t i n g F i r s t L e v e l i n 5 6 F e 

S e e r e f s . 3 1 , 3 2 , a n d 4 8 - 5 0 . 
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S e c t i o n 5 2 . I n e l a s t i c S c a t t e r i n g E x c i t i n g F i r s t L e v e l i n 5 ' ( F e 

Assumed i s o t r o p i c . 

S e c t i o n s 5 3 - 7 6 . I n e l a s t i c S c a t t e r i n g E x c i t i n g S e c o n d t h r o u g h 2 5 t h 
L e v e l s i n i f j F e 

S e e r e f s . 3 1 - 3 ° , a n d 4 8 - 5 0 . 

S e c t i o n 9 1 . I n e l a s t i c S c a t t e r i n g E x c i t i n g t h e C o n t i n u u m 

Assumed i s o t r o p i c . 

f J J < L 5 . E n e r g y P i s t r i b u t i o n s o f S e c o n d a r y N e u t r o n s 

S e c t i o n 1 6 . ( n , 2 n ) R e a c t i o n 

S e e summary g i v e n i i b o v e a n d r e f s . 4 5 a n d 5 4 . 

S e c t i o n 2 2 . ( n , n u ) R e a c t i o n 

S e e summary g i v e n a b o v e . 

S e c t i o n 2 8 . ( n , n p ) R e a c t i o n 

S e e summary g i v e n abo> ' e . 

S e c t i o n 9 1 . I n e l a s t i c S c a t t e r i n g E x c i t i n g t h e C o n t i n u u m 

S e e r e f s . 2 4 - 2 6 , 3 4 , 4 9 , and 5 1 - 5 4 . 

F i l e 1 2 . M u l t i p l i c i t i e s o f Gamma Rays P r o d u c e d by N e u t r o n R e a c t i o n s 

S e c t i o n 5 1 . I n e l a s t i c S c a t t e r i n g E x c i t i n g F i r s t L e v e l i n 5 6 F e 

N e u t r o n e n e r g y i s 0 . 8 6 1 1 t o 2 . 1 2 2 MeV. One d i s c r e t e gamma 

r a y i s g i v e n . 

S e c t i o n 5 2 . I n e l a s t i c S c a t t e r i n g E x c i t i n g F i r s t L e v e l i n 5 4 F e 

E n e r g y r a n g e i s 1 . 4 3 3 t o 2 . 1 2 2 MeV. One d i s c r e t e gamma r a y 

i s g i v e n . 

S e c t i o n 1 0 2 . R a d i a t i v e C a p t u r e 

T h e s e gamma r a y s a r e g i v e n f o r 19 d i f f e r e n t n e u t r o n e n e r g y 

r a n g e s . S e e S e c t i o n I I a b o v e a n d r e f . 6 5 . 

F i l e 1 3 . G a m m a - R a y - P r o d u c t i o n C r o s s S e c t i o n s 

S e e summary g i v e n a b o v e and r e f . 2 2 . 

F i l e 1 4 . A n g u l a r D i s t r i b u t i o n s o f S e c o n d a r y Gamma Rays 

Assumed i s o t r o p i c . 

F i l e 1 5 . E n e r g y D i s t r i b u t i o n s o f S e c o n d a r y Gamma Rays 

S e e summary g i v e n a b o v e a n d r e f e r e n c e s o f f i l e s 12 a n d 1 3 . 
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F i l e 3 2 . C o v a r i a n c e s f o r R e s o n a n c e P a r a m e t e r s 

S e e r e f . 3 . 

f i l e 3 3 . C o v a r i a n c e s f o r F i l e 3 D a t a 
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Fig. 1. Comparison of ENDF/3-V Fe total cross sections with ENDF/B-IV. 
The ENDF/B-IV values are divided by 2. 
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Fig. 2. Comparison of ENDF/B-V Fe total cross sections with "NDF/B-1V. 
The ENDF/B-IV values are divided by 2. 
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Fig. 3. Comparison of ENDF/B-V Fe total cross sections with ENDF/B-IV. 

The ENDF/B-IV values are divided by 2. 
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Fig. 4. Comparison of ENDF/B-V Fe total cross sections with ENDF/B-IV. 

The ENDF/B-IV values are divided by 2. 
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Fig. 6. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 



Fig. 7. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 8. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 9. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 10. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 11. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 12. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 



10' 

IRON CAPTURE 
2 

ioP 
.—. 5 
_Q 
1—' 2 

C , i 
0 10 

5 
u 

2 
CO 

Cfl if 
00 5 
o 
L 

LJ 2 

10 

5 

2 

104 
200-

U 

ro oo 

240. 245-205- 210- 215- 220. 225. 230. 235-

En (KeV) 
Fig. 13. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV 
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Fig. 15. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 16. Comparison of ENDF/B-V Fe Capture cross sections with ENDF/B-IV. 
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Fig. 18. Comparison of ENOF/B-V Al Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 100 keV to 500 keV. 
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Fig. 19. Comparison of ENOF/B-V Al Legendre coefficients for the angular distributions 

of elastically scattered neutrons with ENDF/B-IV from 100 keV to 500 keV. 
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Fig. 20. Comparison of ENDF/B-V A2 Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 1 MeV to 2.2 MeV. 
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Fig. 21. Comparison of ENDF/B-V A2 Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 1 MeV to 2.2 MeV. 
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Fig. 22. Comparison of ENOF/B-V Al Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 100 keV to 500 keV. 



Fig. 23. Comparison of ENOF/B-V Al Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 100 keV to 500 keV. 



Fig. 24. Comparison of ENOF/B-V Al Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 100 keV to 500 keV. 
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Fig. 25. Comparison of ENDF/B-V A2 Legendre coefficients for the angular distributions 
of elastically scattered neutrons with ENDF/B-IV from 1 MeV to 2.2 MeV. 


