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I . INTRODUCTION 

Members of the Cross Sec t i on  Eva lua t i on  Working Group (CSEWG) 

subcommittee on Normal iza t ion  and S tandards  have made a s tudy  of  t h e  

v a r i o u s  c r o s s  s e c t i o n s  t h a t  a r e  cons idered  t o  be s t anda rds  f o r  c r o s s  s e c t i o n  

measurements.  Various members of  t he  Subcommittee eva lua t ed  t h e  b e s t  

a v a i l a b l e  exper imenta l  d a t a  f o r  t he  s t anda rds .  The Subcommittee c a r e f u l l y  

reviewed t h e  e v a l u a t i o n s  and recommended t h a t  c e r t a i n  s e t s  of e v a l u a t e d  d a t a  

be i n c o r p o r a t e d  i n t o  t h e  ENDF/B-111 Lib ra ry  and t h a t  t h e s e  d a t a  be cons ide red  

a s  s t a n d a r d s  f o r  f u t u r e  work i n  t h e  a r e a  of exper imenta l  measurements and 

e v a l u a t i o n s .  

T h i s  r e p o r t  c o n t a i n s  b r i e f  s u m a r i e  s d e s c r i b i n g  the v a r i o u s  c r o s s  s e c t i o n  

s t a n d a r d s ,  I n  c e r t a i n  c a s e s  only l i m i t e d  documentation was a v a i l a b l e .  

D e t a i l e d  documentat ion,  when i t  was a v a i l a b l e ,  i s  g iven  i n  t h e  Appendices. 

The Normal iza t ion  and S t anda rds  Subcommittee have made recommendations 

on seven  s t a n d a r d s .  Not a l l  of t h e  s t a n d a r d s  a r e  known t o  t h e  d e s i r e d  accu racy .  

T a b l e  1 shows t h e  various s t anda rd  c r o s s  s e c t i o n s  which have been i n c o r p o r a t e d  

i n t o  t h e  r e g u l a r  ENDF/B-111 m a t e r i a l s .  Each m a t e r i a l  is  complete  i n  t h a t  i t  

c o n t a i n s  a l l  s i g n i f i c a n t  p a r t i a l  c r o s s  s e c t i o n s  cove r ing  e n t i r e  energy r a n g e s  

and a l l  secondary angu la r  and energy  d i s t r i b u t i o n s .  

S e c t i o n  II of t h i s  r e p o r t  c o n t a i n s  a b r i e f  d e s c r i p t i o n  of  each s t a n d a r d .  

Some g r a p h i c a l  d i s p l a y s  a r e  inc luded  which show the  recommended c r o s s  

s e c t i o n s  and r e c e n t  s e t s  of expe r imen ta l  d a t a .  I n  some i n s t a n c e s  (e .g., 

' ~ i ,  "'Au, and 2 3 5 ~ )  expe r imen ta l  d a t a  no t  shown on t h e s e  f i g u r e s  was g i v e n  

t h e  g r e a t e s t  weight  i n  t h e  e v a l u a t i o n s .  Hence t h e  e v a l u a t i o n s ,  c o n s i d e r i n g  

a l l  expe r imen ta l  d a t a ,  a r e  f a r  b e t t e r  t h a n  t h e s e  f i g u r e s  might sugges t .  - 
F i g u r e s  1 and 2 show t h e  r ecomended  s t a n d a r d  c r o s s  s e c t i o n s .  



Status of ENDF/B-111 Standa rds  

Accuracy 
Mat No. Material React t o n  Type Energy Rang? ~ e q u e s t e d *  Obta ined  

1148 
1 
H 

OT 
0.1 - 2 0 M e V  0.5 1 

do,/dn 3 - 20 MeV 0.5 - 

1 keV - 3 MeV 3 

t h r  - 100 keV 2 

(1.1 - 14 MeV 3 

t h r  - 100 keV 1 

0.1 - 1.0 MeV 4 

12c 
OT 

1 keV - 2 MeV L 

don/dO 1 keV - 2 MeV 1 

10 keV - 14 MeV 1 

*Desired accuracy  as r e q u e s t e d  by t h e  CSEWG Normal iza t ion  and Standards 
Subcommittee and the U.S. Nuclear  Data Committee ( t he  USNDC was f o rmer ly  t h e  
Nuclear  Cross  S e c t i o n  Advisory Committee (NCSAC) which was fo rmer ly  t h e  
Neutron Cross S e c t i o n  Advisory Group (NCSAG).) 



11. DESCRIPTION OF RECOMMENDED STANDARDS 

A .  Hydrogen To ta l  and D i f f e r e n t i a l  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  

MAT = L148 con ta ins  t h e  recommended s t anda rds  c r o s s  sect ions  f o r  

hydrogen.  T h i s  e v a l u a t i o n  was done by S t ewar t ,  La Bauve, and Young. (1 

The recommended t o t a l  c r o s s  s e c t i o n  covers  t h e  energy range from 0 . 1  t o  

2 0  MeV. The r e c o h e n d e d  d i f f e r e n t i a l  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  

i s  g iven  i n  F i l e  4 and cove r s  t h e  energy  range from 3 t o  20 M e V .  

The t o t a l  c r o s s  s e c t i o n  was taken  t o  be t h e  sum of t h e  e l a s t i c  

s c a t t e r i n g  and r a d i a t i v e  c a p t u r e  c r o s s  s e c t i o n s .  The 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  was obta ined  from a t h e o r e t i c a l  a n a l y s i s  of measurements 

made by Hopkins and Bre i t .  ( 2 )  A s e t  of phase s h i f t s  ob ta ined  by 

(3 )  Seamon e t  a l .  was used i n  t h i s  a n a l y s i s .  The d i f f e r e n t i a l  angu la r  

d i s t r i b u t i o n s  were ob t a ined  from the same analysis. 

Figure 3 shows a comparison between t h e  recommended t o t a l  cross 

s e c t i o n  and t he  r e s u l t s  from a measurement made by Davis and B a r s c h a l l .  (4 

The u n c e r t a i n t y  i n  t h e  recommended t o t a l  c r o s s  s e c t i o n  i s  be l i eved  t o  be 

about one p e r c e n t .  

B. 3 ~ e  (n ,p)  Cross  Sec t i on  

3 
MAT = 1146 c o n t a i n s  the e v a l u a t i o n  of He c r o s s  s e c t i o n s  by L.  Stewart 

(LASL). Although t h i s  m a t e r i a l  c o n t a i n s  a l l  of the  c r o s s  s e c t i o n  d a t a  f o r  

3 H e ,  on ly  t h e  (n ,p)  c r o s s  s e c t i o n  from 1 .0  x lod5 eV t o  50.0 keV r e p r e s e n t s  

t h e  recommended s t anda rd  c r o s s  s e c t i o n .  

Below one keV, t h e  (n,p)  c r o s s  s e c t i o n  was t aken  t o  be l / v  and 

normalized t o  5327 barns  a t  0.0253 eV. T h i s  va lue  was taken  from a 

measurement by Als -Nie lsen  and Dietr ich.  (5) The t h e rma l  cross  s e c t i o n  

i s  be l ieved t o  be known t o  w i t h i n  one percent.  

Between 50 keV and 1 keV, t h e  recommended s tandard  c r o s s  s e c t i o n  was 

based on t h e  c o r r e c t e d  r e s u l t s  from a measurement made by Gibbons and 

- 3 -  



Mackl in .  (6)  Below 10 keV, t h e  recommended (n,p)  i s  be l i eved  t o  be 

known t o  w i th in  3%. Above 10 keV, t h e  u n c e r t a i n t y  i n  t h e  recommended 

cross s e c t  i on  r a p i d l y  i n c r e a s e s  beyond t h e  d e s i r e d  t h r e e  p e r c e n t .  

F i g u r e  4 shows t h e  recommended c r o s s  s e c t i o n .  

C. 'LF (n ,q )  3~ Cross S e c t i o n  I 

The recommended s t a n d a r d  c r o s s  s e c t i o n  f o r  6 ~ i ( n , a )  cove r s  t h e  ene rgy  

r ange  f rom 1.0 x  eV t o  200 keV, and i s  conta ined  i n  MAT = 1115. 

Above 200 keV t h e  c r o s s  s e c t i o n  i s  not known t o  the accuracy  r e q u i r e d  

t o  be cons ide r ed  a c r o s s  s e c t i o n  s t a n d a r d .  The recommended c r o s s  

s e c t i o n  was t aken  d i r e c t l y  from an  a n a l y s i s  by U t t l e y  e t  a l .  (7)  of 

t h e  t o t a l ,  e l a s t i c  s c a t t e r i n g  and ( n p )  c r o s s  s e c t i o n  d a t a .  

Up t o  100 eV the  cross s e c t i o n  was c a l c u l a t e d  from t h e  formula  

The 2200 m/sec. c r o s s  s e c t i o n  va lue  of 940.25 b  was based on a t o t a l  

c r o s s  s e c t i o n  measurement of U t t l e y  and Diment. (8 

Between 100 eV and 500 keV, t h e  recommended (n,@) c r o s s  s e c t i o n  was 

o b t a i n e d  by a  resonance parameter f i t ( 8 )  t o  t h e  b e s t  measured r e s u l t s  

f o r  t h e  t o t a l ,  e l a s t i c  s c a t t e r i n g ,  and (n,@) c r o s s  s e c t i o n s .  A s  can be 

s een  i n  F igu re  5 ,  t h e  f i t t e d  curve  i s  n o t  i n  good agreement w i t h  t h e  

a v a i l a b l e  expe r imen t a l  r e s u l t s  f o r  t h e  6L,i(n,a) r e a c t i o n .  

The 2200 rn/sec. v a l u e  i s  b e l i e v e d  t o  be known t o  w i t h i n  0.5%. 

Between thermal  and 10 keV t h e  u n c e r t a i n t y  i s  about  one p e r c e n t  and 

i n c r e a s e s  t o  two pe r cen t  a t  100 keV. 

Although t h e  U t t l e y  and Diment a n a l y s i s  produced a t o t a l  c r o s s  s e c t i o n  

t h a t  was i n  e x c e l l e n t  agreement w i th  t h e  a v a i l a b l e  expe r imen t a l  d a t a ,  



t h e  d i s ag reemen t  i n  the  ( n , ~ )  c r o s s  s e c t i o n  ac ros s  t he  247 keV resonance  

p r e c l u d e s  t h e  ( n , ~ )  cross sect ion  From being cons idered  u a tandard  above 

100 keV a t  t h i s  t ime .  

D.  " ~ ( n , ~ )  Cross  S e c t i o n  

lo-- --- 
The B(n,a) s tandard  c r o s s  s e c t i o n  i s  p a r t  of MAT = 1155; t h e  

s t a n d a r d  i s  given f o r  t he  energy range from 1.0 x  eV t o  100 keV. 

The recommended c r o s s  s e c t i o n  was based on a n  ana ly se s  by  Sowerby 

e t  a l .  (9'10) The 2200 m/sec. va lue  of t h e  (n ,a )  c r o s s  s e c t i o n  was t aken  ' 

t o  be 3836.45 b (I1) and t h i s  va lue  i s  be l i eved  t o  be known t o  w i t h i n  one 

p e r c e n t .  

Above t h e  thermal  neu t ron  energy range ,  t he  recommended c r o s s  s e c t i o n  

w a s  obtained from the  formula (9910) 

where 0 i s  g iven  i n  barns  and E i n  keV. 

Sowerby e t  al . .  ob ta ined  the c o n s t a n t s  fo r  t h e  above e q u a t i o n  by 

making a least squa re s  f i t  t o  s e l e c t e d  d a t a  s e t s .  The a b s o r p t i o n  c r o s s  

s e c t i o n  measured by Mooring, Monahan and Huddleston (I2) was used .  The 

a b s o r p t i o n  c r o s s  s e c t i o n  r e s u l t i n g  from s u b t r a c t i n g  t h e  s c a t t e r i n g  c r o s s  

s e c t i o n  measured by Asami and Moxon (I3)  from t h e  t o t a l  c r o s s  s e c t i o n  

measured by Diment ( I 4 )  a l s o  was used.  The most impor tan t  d a t a  set used 

l o  
was t h e  B(n,ty) c r o s s  s e c t i o n  de r ived  from t h e  Sowerby e t  al. (9,101 

10 
%i(n,W)/ B(n,y) r a t i o  measurement. I n  t h i s  c a se  t h e  'I,i(n,*) c r o s s  

s e c t i o n  was t aken  t o  be t h e  same c r o s s  s e c t i o n  a s  was used i n  ENDF/B-111 

f o r  t he  s t anda rd .  The r e s u l t i n g  recommended c r o s s  s e c t i o n s  f o r  ' ~ i ( n , Q )  

and ''B(n,a) c r o s s  s e c t i o n  c o n t a i n  a h igh  degree  of c o n s i s t e n c y .  



The recommended s tandard  cross s e c t i o n  i s  be l ieved  t o  be known t o  

within one percent  for neutron ene rg i e s  l e s s  than one keV. T h i s  

u n c e r t a i n t y  r i s e s  from two percent  a t  10 keV t o  t h r e e  percent  a t  100 keV. 

E .  12c T o t a l  Cross Sec t ion  

The ''c, t o t a l  c r o s s  s e c t i o n  from ~ . O - ~ ~ V  t o  2.0 MeV has been 
i 

des igna t ed  a s  a  c r o s s  s e c t i o n  s tandard .  The d i f f e r e n t i a l  angular  

d i s t r i b u t i o n  d a t a  f o r  e l a s t i c  s c a t t e r i n g  i s  a l s o  a  p r e f e r r e d  s t a n d a r d ,  

however, t h e  ENDFIB d a t a  i s  no t  considered adequate a s  a s tandard  a t  

t h i s  t i m e .  The recommended c r o s s  s e c t i o n  i s  p a r t  of MAT = 1165 and was 
I 
I 

t aken  from an a n a l y s i s  made by F ranc i s  e t  a l .  (15) 

The recommended f r e e  atom s c a t t e r i n g  c r o s s  s e c t i o n  i s  4.729 barns .  

I 
T h i s  value i s  be l ieved  t o  be known t o  w i t h i n  0 .5  pe rcen t .  

F r a n c i s ,  e t  a l .  ( I 5 )  obta ined  the  recommended c r o s s  s e c t i o n  by 

(16,17 9 18 19) R - m a t r i x  and ana lyz ing  s e v e r a l  r ecen t  experimental  r e s u l t s .  

coupled channel  model c a l c u l a t i o n s  were used i n  t h e  a n a l y s i s .  The 

recommended c r o s s  s e c t i o n  i s  be l ieved  t o  be accu ra t e  t o  w i th in  one 
I 

percent  and l i k e l y  t o  wi th in  0 .5  pe rcen t .  

F .  1 9 7 ~ u ( n , y )  Cross Sec t ion  

MAT = 1166 c o n t a i n s  the recommended s t anda rd  c r o s s  s e c t i o n  f o r  

1 9 7 ~ u ( n 9 y )  which ex tends  from 10.0 keV t o  5.4 MeV. The resonance r e g i o n  

r a d i a t i v e  cap tu re  c r o s s  s e c t i o n  f o r  MAT = 1166 has  no t  been eva lua t ed  i n  

a manner neces sa ry  t o  be cons idered  a s t anda rd  c r o s s  s e c t i o n .  The 

recommended. c r o s s  s e c t i o n  f o r  t h e  above energy  range was obta ined  by 

F. J. Vaughn and M. A .  Grench '20) (Lockheed Pa lo  A l to  Research Labora tory) .  

Vaughn and Grench gnalyzed the  r e s u l t s  from 15 d i f f e r e n t i a l  c r o s s  

s e c t i o n  ineasurements. (21935) I n  a d d i t i o n  t h e y  used t h e  r e s u l t s  from 



19 d i f f e r e n t  monoenergetic measurements. The r e s u l t s  from each  experiment  

was examined and the  d a t a  s e t s  were renormal ized ,  when nece s sa ry  t o  t ake  

i n t o  a c c o u n t  in format ion  which became avai1,able a f t er  pubLic.at ion .  

Reno rma l i za t i ons  were based on new informat ion  about the  s t a n d a r d s  u sed ,  

i n  p a r t i c u l a r  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 .  

The comple te  energy range was d iv ided  i n t o  t h r e e  ove r l app ing  energy  

i n t e r v a l s ,  i . e . ,  10-150 keV, 123-560 keV, and 400-L80Q keV. A l e a s t  

s q u a r e s  po lynomia l  f i t  was made f o r  each energy i n t e r v a l .  An i t e r a t i v e  

procedure  was used t o  o b t a i n  a  "bes t  curvef1 through t h e  expe r imen t a l  d a t a .  

In t h e  i t e r a t i v e  procedure ,  a n  adjustment f a c t o r  f o r  each  d a t a  se t  was 

o b t a i n e d .  Each p o i n t  i n  a  p a r t i c u l a r  d a t a  s e t  was m u l t i p l i e d  by i t s  

ad ju s tmen t  f a c t o r .  The a d j u s t e d  d a t a  s e t s  were r e - f i t  and new ad jus tment  

f a c t o r s  o b t a i n e d .  T h i s  p roce s s  was cont inued  u n t i l  the r e s u l t s  converged.  

For example, the  f i n a l  ad jus tment  factors f o r  t h e  d a t a  s e t s  measured by 

F r i c k e  e t  ax . ,  (") P o e n i t z ,  (") and Kompe (35) were 1.01567, 1.07871, and 

1.11054 r e s p e c t i v e l y ,  

F i g u r e  6 shows the recommended s t a n d a r d  c r o s s  s e c t i o n  f o r  t h e  energy 

r ange  from 10 keV t o  5 MeV. Also shown a r e  s e l e c t e d  s e t s  o f  expe r imen t a l  

r e s u l t s  ( unad ju s t ed )  . 

G .  2 3 5 ~  F i s s i o n  Cros s  S e c t i o n  

The CSEWG Normal iza t ion  and S t anda rds  Subcommittee h a s  recommended 

t h a t  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  from MAT = 1157 be cons ide r ed  as an 

i n t e r i m  s t a n d a r d  f o r  t h e  energy range  from 1 .0  x el? to 15 MeV. It i s  

d i f f i c u l t  t o  e s t i m a t e  t h e  u n c e r t a i n t y  i n  t h e  recommended c r o s s  s e c t i o n ,  b u t  

it i s  c o n s i d e r a b l y  g r e a t e r  than t h e  p r e f e r r e d  u n c e r t a i n t y  o f  one p e r c e n t .  

The e v a l u a t i o n  of  t h e  f i s s i o n  c r o s s  s e c t i o n  f o r  the t h e rma l  ene rgy  r e g i o n  

was made by Leonard. ( 3 6 )  The 2200 m/sec va lues  f o r  t he  f i s s i o n  cross 



s e c t i o n  and the "Westcott-g f a c t o r "  were taken from the 1969 IAEA rev iew,  (37) 

i . e . ,  of = 580.2 ba rn s  and g = 0.9768. f 

The recommended single l eve l  resonance parameters  were ob t a ined  b y  

Snli t 1 1  ; I L I ~  Young (3R) for tile neut ron  energy range from 1.0 eV t o  82 e V .  

S e v e r a l  sets  of expe r imen t a l  d a t a  were used i n  t h e  f i t s ,  i n c l u d i n g  

de Saus su re ,  e t  a l , ,  (39)  Michaudon, ( 4 0 )  Blons e t  a l . ,  ( 4 1 )  and Cao e,t a1. ( 4 2 )  

I n  t h e  energy range from 80 e V  to s e v e r a l  keV the  f i s s i o n  c r o s s  

s e c t i o n  was based on the d a t a  of de Saussure  e t  a l .  (39 )  Between s e v e r a l  

keV and 100 keV t h e  r e s u l t s  measured by White,  ( 4 3 )  Pe rk in ,  (44 )  and 

S i l v e r  e t  a l .  ( 4 5 )  were used f o r  a b s o l u t e  v a l u e s .  A f i n e  s t r u c t u r e  was 

i n t roduced  i n t o  t h e  recommended d a t a .  T h i s  s t r u c t u r e  was taken from a 

measurement,  by Lemley e t  a1 . ( 4 6 )  
I 

Above 100 keV, t h e  recommended d a t a  were based on measurements by 

Whi te ,  ( 4 3 )  Szabo, (47) and S m i t h  e t  a l .  ( 4 8 )  (as c o r r e c t e d  b y  Hansen i n  

1968) .  F igu re s  7 ,  8 ,  and 9 show the  recommended f i s s i o n  c r o s s  s e c t i o n  

above 4 keV and s e l e c t e d  s e t s  of expe r imen t a l  r e s u l t s .  
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EVALUATED NUCLEAR DATA FOR HYDROGEN I N  THE ENDF/B-I I FORMAT 

b Y 

L. S tewar t ,  R. J. LaBauve, and P. G. Young 

ABSTRACT 

The f o l  l ow ing  nuc lea r  da ta  a r e  g i v e n  f o r  hydrogen i n  the energy range 
from 1.0 x 10-5 eV t o  20.0 MeV. 

F i l e  I. The genera l  i n fo rmat ion  f i l e  inc ludes a  b r i e f  d e s c r i p t i o n  o f  the 
da ta  t o  f o l l o w .  

F i l e  2. Value, f o r  nuc lea r  s p i n  and e f f e c t i v e  s c a t t e r i n g  rad ius  a r e  g i v e n  
i n  the resonance f i l e .  

F i l e  3. Smooth c ross -sec t ion  data a r e  g i v e n  f o r  the  t o t a l  c ross  s e c t i o n ,  
the f ree-atom 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 ,  and t h e  r a d i a t i v e  
cap tu re  c ross  sec t ion ;  da ta  f o r  E ,  5,  and y a r e  a l s o  inc luded .  

F i l e  4. The angu la r  d i s t r i b u t i o n s  f o r  e l a s t i c  s c a t t e r i n g  a r e  g i v e n  as 
p r o b a b i l i t y  vs  cos ine o f  the s c a t t e r i n g  angle. 

F i  l e  7. The f ree -a tom-sca t te r ing  cross s e c t i o n  i s  the o n l y  i n f o r m a t i o n  
p rov ided  a t  thermal. 

F i l e  ! 2 .  Secondary gamna-ray p r o d u c t i o n  n i u l t i p l i c i t i e s  f o r  cap tu re ,  which 
a re  equal t o  one, are g i ven  i n  t h i s  f i l e .  

F i l e  14. Gamma-ray angu la r  d i s t r i b u t i o n s  a r e  p rov ided  f o r  the s i n g l e  r a d i -  
a t  i v c  cap tu re  gamma ray.  

INTRODUCTION 

Th is  e v a l u a t i o n  f o r  hydrogen (MAT = 1148) d i f -  

f e r s  from t h e  p rev ious  ENDF/B e v a l u a t i o n  (MAT = 

1001) i n  t h a t  the e l a s t i c  s c a t t e r i n g  d a t a  were 

laken f rom recen t  work by Hopk i ns and ~ r e i  t  and 

the d a t a  f o r  r a d i a t i v e  cap tu re  were taken f rom r e -  

cen t  work by Hors ley  . 2  Also,  gamma-ray product  i on  

data,  no t  g i v e n  i n  the MAT = 1001 e v a l u a t i o n ,  a r e  

inc luded .  A complete l i s t i n g  f o r  MAT = 1148 i s  

g i v e n  i n  the  Appendix. 

FILE 1: GENERAL INFORMATION 

A b r i e f  summary o f  t h e  da ta  t o  f o l l o w  i s  g i v e n  

i n  F i l e  I .  The atomic mass f o r  hydrogen was faken 

to  be 1.007825 from the  May 1969 "Chart o f  the  

Nuc I ides . l 1 3  

FILE 2 :  RESONANCE l NFORMAT lQN 

Nuclear  s p i n  and 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  

a r e  g i v e n  i n  t h i s  f i l e .  An 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  o f  1.2756 x 1 0 " ~  cm i s  c o n s i s t e n t  w i t h  a  

p o t e n t i a l  s c a t t e r i n g  c ross  s e c t i o n  o f  20.449 b, as 
2 

determined from 4na . S i n g l e t  and t r i p l e t  s c a t t e r -  

i n g  r a d i i  a r e  n o t  i nc luded .  

F I L E  3: SMOOTH CROSS SECTIONS 

T o t a l  c ross  s e c t i o n s  (MT = 1) were o b t a i n e d  b y  

add ing  the  e l a s t i c  s c a t l e r j n g  and r a d i a t i v e  c a p t u r e  

cross s e c t i o n s  a t  a1 I energ ies  (1.0 x eV t o  

20.0 M ~ v ) .  The hydrogen t o t a l  cross s e c t i o n s  a r e  

shown i n  F i g .  1 .  

The e l a s t i c  s c a t t e r i n g  c ross  s e c t i o n s  (MT = 2 )  

were taken from an e x t e n s i v e  t h e o r e t i c a l  t rea tmen t  

of  f a s t  n e u t r o n  measurements by Hopkins and B r e i  t .  1 

I n  t h i s  work, a c o n s i s t e n t  s e t  o f  cross s e c t i o n s  

and angu la r  d i s t r i b u t i o n s  were o b t a i n e d  by  u s i n g  a 

s e t  o f  phase s h i f t s  p r e v i o u s l y  determined a t  Y a l e  

~ n i v e r s i t y . ~  Tabular  va lues  o f  the e l a s t i c  s c a t t e r -  

i ng  c ross  s e c t i o n  a r e  g i v e n  i n  Ref. 1 f o r  o n l y  a  



few energies, the  two lowest p o i n t s  being 100 and FILE 4: SECONDARY ANGULAR DISTRIBUTIONS 

200 keV. The phase s h i f t  program and the Yale Angular d i s t r i b u t i o n s  o f  secondary neutrons r e -  

in te rmed ia te  p o i n t s  cou ld  be ca lcu la ted .  At 0.1 1.0 x eV t o  20.0 MeV. ' D i s t r i b u t i o n s  a t  0.1, 5 ,  

keV, the lowest energy recommended f o r  running t h i s  10, 20, and 30 MeV are prov ldcd by Ref. I ; addi-  

This value i s  i n  e x c e l l e n t  agreement w i t h  the ther -  us ing the Hopkins-orei t  phase s h i f t  program and t h e  

ma1 cross s e c t i o n  (20.442 + 0.023 b )  der ived by Yale phase s h i f t s ,  As shown i n  Figs.  5 through 16, 

Davis and ~ a r s c h a l l ~  from a r e v i s e d  va lue  o f  the --- -. ------..-,-- -=----- 
the angular  d i s t r l b u t l o n s  above 100 keV a r e  n e i t h e r  

e f f e c t i v e  range o b t a i  nAd by determining the bes t  i s o t r o p i c  below 10 MeV, nor a re  they symmetric about 

values o f  the neu t ron  energies from many exper i -  90' a t  h igher  energies as assumed i n  t h e  e a r l  i e r  

ments below 5 MeV performed s ince  1950. Therefore, vers ion (MAT = 1001). A t  100 keV, the angular  d i s -  

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

s e c t i o n  i s  assumed t o  be constant  below 100 eV and 180/0° , r a t i o  i s  very n e a r l y  u n i t y  (1.001 1). A t  500 

equal t o  the v a l u e  c a l c u l a t e d  f rom the Yale phase keV, t h i s  r a t  Io approaches 1.005; therefore,  the 

s h i f t s a t 1 0 0 e V , g i v i n g a t h e r m a l c r o s s s e c t i o n o f  p o i n t w i s e n o r m a l i z e d p r o b a b i l i t l e s a s a f u n c t i o n o f  

20.449 b. At h i g h e r  energies,  these t h e o r e t i c a l  the cosine of  the s c a t t e r i n g  angle a r e  provided a t  

p r e d i c t i o n s a r e i n e x c e l I e n t a g r e e m e n t w i C h t h e r e -  l . 0 x l ~ ~ ~ e V ( i s o t r o p i c ) ,  1 0 0 k e V ( i s a t r o p i c ) , 5 0 0  

cent  measurements o f  v i n g  an average value keV, and a t  1-MeV i n t e r v a l s  from I t o  20 MeV. 

o f  0.84 f o r  the square o f  the d e v i a t i o n  f o r  ener- 
F l LE 5 :  THERMAL DATA 

g i e s  below 20.0 MeV. The e l a s t i c  cross s e c t i o n  f o r  
Free-atom crass sect  ions s p e c i f i e d  from 1.0 x 

hydrogen from l .0 x eV t o  20.0 MeV i s  shown 
10'' eV to 5 eV a r e  inc luded in t h i s  f i le. 

i n  F i g .  2. 

The cross s e c t  ions f o r  r a d i a t i v e  capture (MT = F l LE 12: PHOTON PRODUCT ION CROSS SECT IONS 

102) were taken f rom the 1966 p u b l i c a t i o n  of A m u l t i p l i c i t y  represen ta t ion  i s  used t o  de- 

t Iorsley where a va lue  of 332 mb was adopted f o r  
s c r i b e  the s i n g l e  hydrogen r a d i a t i v e  cap tu re  gamma 

the thermal value. Deuteron p h o t o d i s i n t e g r a t i o n  ray f rom 1.0 x l oh5  eV t o  20.0 MeV. The m u l t i p l i -  

cross sec t ions  were a l s o  employed i n  d e r i v i n g  r a d i -  c i t y  i s  r e f e r r e d  t o  MT = 102 i n  F i l e  3 and i s  u n i t y  

a t i v e  capture i n  Hors ley 's  repor t .  Although the a t  a1 l neutron energies . To adequate1 y represent  

2 Nut lear Data  t i c  le by Hers ley was referenced for the gama-ray energy MeV-i ncident neutrons* the 

MAT = 1001, the values were taken from an e a r l y  neutron energy reg ion  f rom 0.2 t o  20 MeV i s  d i v i d e d  

v e r s i o n  descr i ked  i n  AWRE 0-23/65, and these were i n t o  16 d i f f e r e n t  energy bands, and the  gamma-ray 

l a t e r  rev ised  f o r  the Nuclear Data a r t i c l e .  The energy i s  tabu la ted  f o r  each neutron energy band as 

l a t t e r  r e p o r t  (Ref. 2) has been used f o r  t h i s  eva l -  ly - 2.225 x l o6  + tn /2  (ev) , 
uat ion,  as suggested by Horsley. The r a d i a t i v e  

capture cross s e c t i o n  f o r  MAT = 1148 from 1.0 x where in i s  t h e  neu t ron  energy a t  t h e  midpo in t  of 
6 

lo- '  eV t o  20.0 MeV i s  shown i n  Fig.  3. the band i n  eV. The va lue  2.225 x 10 eV cor res -  

The average value of cosine i n  the labors- ponds t o  the deuteron b i n d {  ng energy; t h a t  i s ,  the 

t o r y  r y s  ten  (GL) f o r  e l a s t i c  s c a t t e r i n g  (*T = 2 5 1 )  5 ~ 1  1 energy change due t o  the  nuc lear  reco i  1 that  

was der ived  f rom the secondary angular d i s t r i b u -  accompanies gamma emission has been ignored. 

t i o n s i n F i l e 4 ( ~ ? ' - 4 ) .  V a l ~ e s f o r ~ ~ f r o r n I . 0 ~  F l L E 1 4 :  GAMMA-RAYANGULARDlSTRlBUTlONS 

lo'5 eV t~ 20.0 EIeV are  shown i n  F i g .  4 .  The gamna-ray angular  d i s t r i b u t i o n s  a r e  assumed 

Values f o r  6 ,  the average l o g a r i  thmic energy to  be i s o t r o p f c  a t  a l l  neu t ron  energies f rom 1.0 x 

change per c o l  l i s  i o n  (MT = 2 5 2 ) ,  and f o r  y, the to-' eV t o  20.0 MeV. 

Goertze I -Greu l ing  constant  (MT - 253) ,  are  taken 

equal t o  I over the range 1.0 x eV t o  20.0 HeV, 

f o l l o w i n g  the M f  * 1001 eva lua t ion .  



Pig. 1. Total cross section (MT = 1 ) .  

ENERGY-EY 

I: i f i .  2 .  Elastic scattering cross section (MT = 2).  



F i g .  3 .  Kadiative capture cross s e c t i o n  (M?' = 1 0 2 ) .  
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t ' i g .  ?. A ~ ~ g t ~ l i ~ r  d i s t r i I ~ u L i o r >  for  0 . 5  M P V .  

f ' i ~ .  f i .  Anp,ul;~r t l i s l . r i h u t i o r l  f o r  1 . 0  Mc%V . 



F ~ K .  7 .  Angu la r  d i s t r i b u t i o n  f o r  2.0 E1c.V. 

F I L C ~  SECONDRRY RNGULAR II ISTRILUTIONS 



Fig. 9 .  Angular distribution for 6.0 M e V .  

F ig .  10. Angular d i s t r i b u t i o n  for 8.0 MeV. 



nu 

Fig. 1 1 .  Angular d i s t r i b u t i o n  f o r  10.0 M e V .  



F i g .  13 .  A n g u l a r  distribution f o r  14.0 MeV - 

F i g .  14. Angular d i s t r i b u t i o n  f o r  16.0 MeV. 



F i g .  IS. Angular distribution f o r  18.0 MeV 
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SUMMARY MXMDJTATIOff FOR He-3 

L. Stewart and R. J. LaBauve 

Los Alamos Scientif ic  Laboratory 

ABSTRACT 

3 The following nuclear data are given f o r  He i n  t h e  energy range 
from 3.0 X 10'5 eV t o  20 MeV: 

F i l e  1. The general description of the data which follow 

File 2. Values of the nuclear spin and effect ive sca t ter ing  
radius 

File 3. Smooth point-wise data for  the to ta l ,  the free-atam 
e las t i c ,  (n,p), (n,d), and the radiative capture cross 
sections; data fo r  v, 5 ,  md y are also included 

Fi le  4. The angular distr ibutions f o r  e l a s t i c  scattering as 
probability vs cosine of the scattering angle i n  the 
center-of -mass system 

Fi le  7: The free-atom-scattering cross section at thermal 

I. INTRODUCTION 

These data were t ranslated from an unpublished evaluation completed 
by L. Stewart i n  1968. I n  1971, the Standards Subcommittee of CSEWG reviewed 
the file and concluded that the (n,p) cross section was still adequately rep- 
resented t o  be recornmended as a standard cross acctian. 

11. TOTAL CROSS SECTION 

The t o t d  cross section was obtained by slumnlng the  partials up t o  
100 keV. From 100 keV to  20 MeV, the LASL measurements1 were used exclusively 
i n  this evaluation. 

111. ELASTIC SCATrnRING 

Available ~ a s u r e m e n t s  of Seagrave, C r  berg, and simrnons2, of r' Sayres, Jones, and Mu , and of ~n to lkov i6  e t  al. were used. Also the p + T 
scat ter ing was used t o  fill the gaps i n  energy where no n + 3 ~ e  e l a s t i c  scat- 
te r ing  measurements exist The p + T experiments employed were those of Brol ley 

?5 e t  al.5, Rosen and &land , and of Vanetsian and ~edchenk07. Wick's Limit wss 
employed a t  all energies t o  insure the nonviolation of unitaxity. The angular 
distr ibutions are given as probabil i t ies  versus cosine of t h e  center-of-mass 
scat ter ing angle. 

* 
Work done under the auspices of the  United States Atomic Energy Commission 
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G a l l m a M ,  Kane, and Pixley8 have placed upper limits on the  thermal 
capture cross section of 100 pb and 10 ~-lb for gamma and pair. emission, respec- 
tively. Since these are upper limits and absolute measurements do not exist, 
no estimate is made here for  radiative capture. The gamma-ray production cross 
sections axe a lso  assumed t o  be negligible and are  therefore ignored. 

V. (n,p) CROSS SECTION 

The (n,p) cross section below 10 eV w a s  derived solely from t h e  
measurements of Als -Nielsen and ~ i e t r i c h g  giving 5327 fl? b at thermal. A 
l/v extrapolation was assumed t o  1.7 keV,  where the slope was changed t o  merge 
w i t h  the slope 05 the  curve given by t h e  data of Gibbons and ~ a c k l i n ~ O 9 ~ ~ .  
Many experiments ,12-17 have been performed at higher energies although, aU 
too often, t h e  cross sections were not obtained on an abso te basis. The most iY extensive absolute measurements were those of Perry e t  al, which have been 
heavily weighted i n  this  evaluation. 

V I .  (n,d) CROSS SECTION 

Only the Columbia d a t d  near 7.5 MeV were available on t h i s  reaction. 
Bradbury and stewsrt18, however, employed detailed balance and the LASL measure- 
ments on the  inverse reaction, that ia, t h e  ~ ( d , n ) h e  reaction, t o  predict the 
energy dependent cross section to 15 MeV. Above 15 MeV, these data were extra- 
polated. 

VII, THREE- AND FOUR-BODY BREAKUP 

The 3 ~ e ( n , n p ) ~  and 3~e(n,2n2p) reactions have Q values of -5.494 and 
-7.718 MeV, respectively. Only a few measurements exis t  on these reactions,  
and these are usually limited to a search for final-state phenomena. The spec- 
t rum is usually observed at one angle very close t o  zero degrees. Observation 
of the proton spectrum at 14.4 M e V  reveals no clear indication of n-d, two- 
nucleon, or  three-nucleon f ina l -s ta te  interaction. A strong n-p final s t a t e  
i s  evident from measurements of the deut ron spectrum at ed = 5O. An upper S limit of 12 mb has also been s e t  on the ~e(n,2n2p) reaction. I n  the absence 
of measurements of the absolute cross sections, these break-up cross sections 
have been assumed small and are therefore ignored i n  the present evaluation, 
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6 
The data, in the energy range of eV t o  20 MeV, fo r  Li (MAT 1115) 

were submitted t o  the  NNCSC in September 1971 for inclusion in  ENDF/B-111. These 
data represent an extensive revision of t he  earlier f i l e  (MAT 1005) which was ,  
f o r  the most part, based on a UKAEA eva1uation.l A major change was made in 
that below about 1.7 MeV the cross sections fo r  MAT1115 ref lec t  very strongly 
the detailed review of the available data by Vttley, Sowerby, Patrick and Rae. 2 

In choosing the latter data, consideration was also given t o  the  recommendation 
of the CSEWG Normalization and Standards Subcommittee that Vttley '8 (n,a) data 
be used i n  the l a t t e r  energy ra43ee3 The data above 1.7 MeV f o r  MAT 1115 w i l l  
be discussed in l a t e r  sections of this document, For th is  f i r s t  pass reeval- 
uat ion, the (n, y ) cross sections from the earlier UK evaluation were retained. 
Following Uttley et al., the data will be considered i n  the following energy 
intervals: (1) thermal, (2) thermal t o  10 keV, (3)  10 t o  500 keV, and (4) 500 
keV t o  1.7 MeV* Above 1.7 MeV, the data will be considered by reaction type. 

The cross sections given in t he  file at  0.0253 eV are  as follows: 

Total = 941.015 b 
Elast ic  = 0.72 

(n,a) = 940.25 
( n , y )  = 0.043 

It is estimated that  the (n,a)  cross section i s  known t o  f 0.3% The choice 
of ZFttley et al. for the (n, 7 )  cross section is 30 i 8 mb. 

THERMAL ENERGIES TO 10 keV 

The (n,a) cross sections up to 100 eV were calculated from the formula 

Above 100 eV, the p-wave absorption contribution from t h e  247-keV res-nce be- 
comes increasingly important, and at 10 keV the negative s-wave absorption 
( -0.024b) is largely cancelled. yttley e t  81. assign an uncertainty of f 1% 
t o  the (n,a) cross section from thennal t o  10 keV. Over t h i s  energy range, the 
data given i n  the f i l e  deviate from a s t r i c t  l/v dependence (14~.56/~) by a 
maximum of -0*4$* 

* 
Work done under the auspices of t h e  United States Atomic Energy Comission 
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The e las t ic  cross section is held constant a t  0.72 b up t o  2 keV 
with a monotonic increase thereafter t o  0.7221 b at 10 keV. The e las t i c  angu- 
lar distr ibution up t o  10 keV i s  specified as isotropic in  the CM system. 

me uncertainties estimated for  the (n,a) cross section are: 

* 2)'o a t  100 keV, f 5$ from 100 t o  300 keV, and 
* 10 'b at 500 keV. 

As can be seen from Fig. 2 o f  Ref .  2, there is great disagreement among the (n,a) 
measurements i n  this energy range. The (n,a) curve used i n  this evaluation is 
the one recommended by Uttley e t  al. based on t h e i r  careful review of the experi- 
mental data. In arriving at the recommended curve, the l a t t e r  authors have con- 
sidered the  following points: 

1 Errors i n  the energy scales of the measurements. 
2. The inadequacy of those experiments in  which the cross 

sections were measused relat ive t o  the * ~ ( J u  f i s s ion  
cross section. 

3. The inadequacy of those measurements in which the neutron 
flux was measured relat ive t o  a long counter. 

4. The inconsistency of measurements made using thick lithium 
detectors with total and scattering cross section measurements. 

2 W t l e y  et al. do, however, s t a t e  tha t  much experimental work remains t o  be done 
t o  confirm t h e i r  recommendations. 

In general, the t o t a l  cross sections are those reported by Uttley and 
niment .4 The scattering cross sections below and above 100 keV re f l ec t  the data 

6 of A s a m i  and ~oxon5 and Lane, Langsdorf, Monahan, and Elwyn , respectively. For 
the e las t i c  angular distributions, Legendre coefficients (from which the normal- 
ized probability d i  tributions are reconstructed) were inferred by f i t t i n g  the  
data of Lane e t  al. 

500 keV to 1.7 MeV 

The (n,u) data i n  t h i s  energy range were obtained by subtracting the  
scattering cross section from the t o t a l  cross section. The o t a l  cross section 
values were essential ly those reported by Diment a d Vttley.' For the scat ter -  
ing c m s s  sections the measurements of Lane et, al.' and Knitter and ~oppola7 
were considered. The (n,a) cross section uncertainties are estimated t o  be: 

* 1d at 500 keV, increasing t o  f 15$between 700 and 1000 keV, . 
and decreasing t o  f LC$ by 1.7 MeV. 

TOTAL CROSS SECTION 

From 2 t o  15 MeV, the primary reference f o r  the data i n  the f i l e  is  
the work of Foster and ~ l a s ~ o w . ~  The extrapolation t o  20 MeV was based on the  
measurements of Peterson, Bratenahl, and steering .9 
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ELASTIC CROSS, SECTICRI 

Data given be$ween 4 and 1 MeV are heavily weighted towards the 
Hupkins, Drake and Conde evaluaticm.fO A valw of 0.88 b a t  14 MeV was used 
and data smoothly extrapolated t o  20 MeV. 

Legendre coefficients f o r  the angular dietribution8up t o  2,5 MeV were 
determined from the data of' Lane c t  a lq6  Between 4.83 and 7.5 MeV coefficients 
were inferred from Hopkins e t  a l .  data .lo Baaed on lb-~ev elastic scattering 
data given in BIVL-~O, optical model calculations (ABACUS code) were performed 
to Infer Legmdre coefficient8 between 10 and 20 MeV. Dsta f o r  M t  225 (c ), 
252 (S ) ,  and 253 (1) were caluclatad us- the elaetic engular di8trlbuti$hs 
given i n  F i le  4. 

THE (n,2n)crp CROSS SECTION 

The cross sections and angular distributions for  this reaction (m = 24) 
are the same as in R e f .  1 up to  15 MeV with a smooth extrapolation t o  20 MeV. The 
secondary energy distributions given i n  Ref. 1 have been approximated by QIDF/B 
Law 9 with e = 0.21@ (M~v). 

THE (n,nt)7 and (n,nt )ad CROSS S;ECPfCeJS 

Tbe (n,nf)7 cross sections tabulated under MT = 52 are those measured 
by Presser, Bass, and lC*erl1 up t o  7 MeV, with a  constant 5 mb assumed there- 
af'ter. Isofmy in the CM sygtem is  specified for the angular distribution, 

The (n,nt )crd data, given under E(PP * 91 are the same as in Ref. 1 up to 
3 MeV, w i t h  the data of Hopkins et  aleL0 taken into account between 4 and 10 MeV. 
The value of 433 mb assigned at 14 MeV is higher than the 403 mb given in Ref. 1, 
which ie higher than the nominal 330 mb repo*ed experimentally. A more detailed 
evaluation of the lk-~ev cross sections will be re~uired t o  rceolve the  l a t t e r  
d i ~ c r ~ a ~ c y .  The extrapolation t o  20 MeV of the (n,nl)rd cross section was ob- 
tained by subtracting the sum of all other partials from.t;he total cross section. 
For the angular distributions, the tabulated values of Ref. 1, extrapolated t o  
20 MeV, were used. The secondary energy distributions of Ref. 1 were approxi- 
mated using ENDFIB Law 9 with 0 values obtained by linear intergohtion between 
the following points, 

The (n,p) cross sectionsup t o  7 MeV reflect  the data of Presser e t  al. 11 

Above 7 MeV the data of Ref. 1 were used and extrapolated t o  20 MeV. For the (+a) 
cross sections the data between 2 and 15 MeV are those of ef. 1. EXtrapolation 
to 20 MeV was based on the measureme~ts of Kern a,nd KregerP2 between 15 and 18 
MeV. 
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We are indebted to Leona Stewart for providing us with the  data belaw 
2 MeV and plots of the angular distr ibut ions of Lane et ale, and to P, Go Young 
for performing the optical model calculations. 
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Lo8 Alamos Sclentif i c  Laboratory 

ABSTRACT 

The following neutron Wta are given for B-10 in  the energy range 
1.0 x 10-5 eV t o  15 MeV; 

File 1. General description of data which follow. 

File 2. Values of nuclear spin and effective scattering radius only. 

File 3. Smooth cross sections fo r  to ta l ,  free-atom elas t ic ,  total in -  
elastic, the ine las t ic  level at  717 keV (MC = 51), the inelas- 
tic continuum, (n,d), (n,t), and (n,a). Also data for r, 5, 
and 7 a re  included. 

File 4. Angular distributions f o r  elastic scattering (expressed as 
Legendre polynomial coeff iciento in the center-of -mass system), 
the first inelast ic  level, and the inelastic continuum.  he 
inelastic distributions are g%ven as tabulated functions with 
the assllmgt ion of isotropy in center-of -mass system. ) 

F i l e  5. Secondary energy distr ibution f o r  the inelas t ic  continuum 
(law 9 - evaporation spectrum). 

This evaluation for (MAT 1155) is essentially the same as that given 
f o r  ~ F / B ,  Version I i n  MAT 1009 which was parformcd in October 1967 by Dm C . 
~ r v i n g l  of ORlVL. A t  the CSWG meeting of May 19-20, 1971, the Standards Subcom- 
mittee requested XASL to modify the (n ,a)  cross aectiona (MI! = 107) of l% (MAT 
1009) below 100 keV t o  conform t o  a recent evaluation of Sowerby et alm2 In car- 
rying out th ie  requeat, it was aleo decided to 1) extend the range of modifica- 
t ion  t;o 150 keV, and 2) chnge the elaetic scatter* cross sections (KT = 2) in 
the modif led energy range, and, of course, 3)  ohangc the total croas section t o  
be equal to (m2 + m107) . 

The MAT 1009 evaluation contained 15 datum points f m m  1.0 x eV to 
130 keV. A the Sowe by evaluation i s  based on qerimental maeurements of the f ra t io  ~ ~ , ~ ( % i ) / ~  a( %), the  modified c 08s sections were put on the same mesh t; (30 ~ o i n t s )  currenhy i n  use in the  USL Li (MAT 1115) evaluation. The energy 
range was also extended t o  150 keV as the MAT 1009 data were easier to  merge a t  
t h i s  point than a t  100 keV. Moreover, it was f e l t  that additional points were 
needed between 100 keV and 150 keV t o  compare w i t h  the  6Li data. 

2 The (n,a) modified cross sections, as recommended by Sowerby e t  al., are 
given by the  formula: 

* 
Work done under the  auspices of the Vnited States Atomic Energy Commission 
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w i t h  a in barns and E in keV. 

10 Incidentally, the on a data in the old ENDFIB B evaluation did not 
differ greatly from this  form&. The largest deviation from formula (1) for 
MAT 1009 was about 4% The most significant change was the use of a more de - 
scriptive mesh. 

This investigation did reveal a need to  change the elastic scattering 
cross section, however. The ENDF/B evaluation was based on 1966 data of Moor- 

wher as this modification was based on more recent (1969) data of Asami 
and Moxon. g 

A brief summary of these data is g5ven in F i l e  1. The atomic mass 
for was taken as 10.0130. 

A nuclear spin of 3 and effective scattering radius of 0.399 x lom1* em 
is given in File 2. 

FIIE 3: SMOOPH CROSS SECTIONS 

0 
4 - fram experimental data of Aeami and Moxon , with a 'lastic constant value of 2.2 barns belor 100 eV. 

0 
2 

n, a - given by formula (1) (sowerby et al. ) . 

From 150 to  500 keV: 

- from the smooth c w e  of ~ooring.~ This agrees 
Oelastic 

with the data of Lane e t  al. 

o - from a smooth curve through the (n,a) data of ~ o o r i n g ~  
IbCr: and ~ibbons,S with  l i t t l e  w e i g h t  placed on the data 

of cax.6 

"total   elastic 4 - 0  %a 1. 
Above 500 keV: 
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Q - from the data displayed in 8-25. 798 Some mtnor adjustments 
total  were made t o  remove apuriouu wiggles i n  the e last ic  

cross eection above 4 MeV. 

0 - from the data of Wvis increased by 11 nib as suggested by 
n, a a comparison to the data of Clbbonsg and ~lellis.~~ 

o - from a smooth c nwn by eye t ough the sparse 
(ntt)au dataofFrye ,  and Perkin. 1 y  

Q - a smooth curve was drawn through the Be(d,n) data of Bardes 14 
n, d and ~iernseonl? and detailed balance used t o  obtain l%(n,?)  

values. These were connected by a straight l i n e  to  a 
value at &4 M e V  obtained by integration of the data of 
valkovicl which i s  slightly higher than that of I3ibe.l7 

d 

was  connected by a smooth c w e  to  8 value at 14 MeV 
obtained by subtracting (n,d), and (n , t )  from 
the nonelastic value of MacGregor. 

The (n,n'd)&% reaction was neglected since it is contained for a l l  
pradica l  purposes in  the inelastic data. 

The experjmental data for e last ic  scattering angular distribution is 
spree, consisting of a few i n t s  between .5 and 2 MeV ( B N L ~ O ) ~ ~  and one at 
14 MeV (reported in  Val,kovi6f8), By a l l  rights an optical model should not be 
val id for boron. Hcnwer, the calculations of Agee21 compare beautifully with 
the experimental data and have been used i n  the evaluation. The angular distr i -  
bution was taken to  be isotropic below .5 MeV in agreement with BNL~OO and the 
data of Lane e t  al .  (see ~oor ing )  . 

The secondary angular distribution for Inelastic scatter- was assumed 
isotropic In the center-uf -mass system. 

FILE 5: SECCBVDAHY ENERGY DISTRIl3WICIMS 

Vp to  4.3 MeV, inelastic scattering was assumed t o  proceed via the 
first level at  .71 MeV, Above 4.5 MeV an evaporation 8pectrum was used wtth 
the temperature as determined by Weinberg and wignermn 
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T h e r m a l  Data 

The  c r o s s  sect ion shapes in  this evaluation were  derived, in general ,  by 

per turbing the r e su l t s  of a n  existing evaluation i n  o r d e r  to reproduce  thc dcs i r ed  

g values.  The r e su l t s  of cxisting precis ion experimental  differential  m c a s u r c -  

men t s  w e r e  used a s  a guide to the nature of the per turbat ions.  

An objective of the evaluation was to provide c ross -sec t ion  shapes which 

w e r e  smooth  in  the thermal  region and would not produce i r r egu la r i t i e s  i n  the 

behavior  of thermal ly  averaged quantit ies a s  a function, say, of neutron 

ternperatur  e. 

Point  represen ta t ion  of the data intended to be  in  the E N D F I B - I  f i les  were  
- 3 

received f r o m  C. R. Lubitz. These f i l es  covered the energy  range  10 to  

5 eV. It was  determined that these files contained apparent ly  unintended i r r e g u -  

l a r i t i e s  a s  l a r g e  a s  one percent  in the en t r i e s  below 4 meV, These  e n t r i e s  
-4 

werc  smoothed and  thc data f i les  extended to 10 eV. Calculation of " g "  f ac to r s  

showcd that thc valucl of g was about 0. 2 percent  g r e a t e r  than the dcs i r ed  valuc. 
i: 

The or ig ina l  evaluation of the low-energy f iss ion c r o s s  sect ion was repor ted  to 

have been made  by fitting af data of LRL and Hanford. Accordingly, a new f i t  

was made  including these data and a l s o  the f iss ion data  of Safford and Melkonian. 

A smooth f i t  was obtained, the ma in  difference f r o m  the or iginal  f i t  be ing the 

reduction of the r i s e  in  c r o s s  section a t  energ ies  below about 0.02 eV. The f i s -  

sion c r o s s  sect ion was  fitted simultaneously with the cap ture  c r o s s  sect ion using 

a n  alpha var ia t ion deduced by Westcott. In o rde r  to achieve a smooth f i t  to  the 

f i s s ion  data the f i l e  was modified slightly fo r  energ ies  up to 0.18 eV. The cap ture  

c r o s s  sect ion f i le  was modified for  ene rg i e s  up to 0.1 eV. 

The c ros s - sec t ion  shapes der ived for  sub- thermal  neutron ene rg i e s  a r e  

based in  l a r g e  p a r t  on precis ion total  c r o s s  section m e a s u r e m e n t s  of Safford, 

e t  al. and the 1 + 0 measu remen t  of Safford and Melkonian. The total  c r o s s  

sect ion data of Safford,  e t  a l .  obtained with liquid s amples  i s  shown below com-  

pared  with the ENDFIB values. 

0~ -G 
Neutron Ene rgy  Safford, e t  a l .  E N D F / B  

0.000818 eV 115.71 * 0.35 115.56 

0.00128 eV 115.79 * 0.29 11 5.49 



The ENDF/B scattering c ross  sections at  these energies is 16 b and a *3 b 

uncertainty in  this c ross  section contributes about AO. 1 b - e ~ ' "  to calcu- 

lated values. 

A summary  of the 2200 m / s  cross  section parameters i s  given below. 

580.2 

98. 3 

2.423 (Delayed + Prompt)  

V 2.07196 

Resolved Resonance Region 

The resolved resonance region for 2 3 5 ~  in ENDFIB-I11 extends f rom 1 to 

82 eV. The description uses  single level parameters plus a smooth file. 

Pa ramete r s  were derived from a simultaneous fit to the following se ts  of data: 

1 )  Simultaneous capture and fission measurements by desaussure,  

e t  al .  The strength of this experiment is that i t  measured the two 

most  important partial c ross  sections of uZ3 simultaneously, under 

the same conditions of resolution and background. Moreover, c a r e  

was taken to correc t  for  such effects a s  backgrounds, resonance 

self -shielding, and scattering in the fission chamber. These data 

were  used principally to indicate the rat io of capture to fission for 

the resonances. 

2 )  Total c ross  section measurements of Michaudon. These data were 

obtained a t  liquid nitrogen temperatures and fairly high resolution. 

They turned out to give in most cases  the best indication of the total 

widths of the resonances. The data were available only as  c r o s s  

section vs. energy, with resul ts  from several  samples mixed together. 

Total c ross  sections a r e  measured f rom transmission of samples,  

and the analysis should really be performed on the transmission data 

for each sample. 



3 )  Fission c ross  sections measured by Blons, et al. on the Saclay 

l inear accelerator. These data were obtained at  liquid nitrogen 

temperature, with resolutian similar  to that of Michaudon's total 

c r o s s  section measurement, The Blons data a r e  the best  resolution 

fission data, but below about 35 eV the normalization gets  progres-  

sively more  e r ra t i c  because of difficulty in interpreting the back- 

grounds in the presence of a 8 - 1  0 filter used to eliminate low energy 

overlap neutrons. 

4 )  Fission c ross  sections measured by Cao, et al. on the l inear acce le r -  

a tor  a t  C. B, N. M. (Geel). These data a r e  the highest resolution room 

temperature measurements of 0 for u ~ ~ ~ .  They a r e  useful for  corn- f 
paring with the Blons data to confirm the effectiveness of the Doppler 

correct ions in the analysis code. They go  to a lower energy than the 

Blons data, 6 eV vs. 17 eV. However, the Cao data a r e  troubled by 

e r r a t i c  background corrections in the vicinity of resonances in f i l te rs  

used to determine backgrounds. 

Cross  Section Normalization 

Since this analysis covered only the resonance region above 1.0 eV, i t  was 

necessary  to normalize al l  data to the existing ENDF/B-I1 low energy file. Of 

the principal data sets ,  only the desaussure measurements extends to this low 

energy. His f ission data were raised by 1.5% to bring their integral from 0.45 eV 

to 1.0 eV into better agreement with that f rom the ENDF/B low energy file. The 

difference in the capture integrals was 2.470. Nevertheless, the capture was 

raised only 1.5% in order that desaussure 's  a rat ios might be preserved.  

The Cao data were raised 7% to bring them into agreement with the renor-  

malized desaussure data. The Blons data, which already agreed well with the 

renormalized desaussure data above 40 eV, were given an energy-dependent renor-  

malization. The rat ios to desaussure values of a se r i es  of incremental reson- 

ance integrals were fit with a fourth degree polynomial. This polynomial was 

then used to normalize the Blons data. The resulting correct ion ranged from 

about 1970 a t  18 eV to zero  a t  40 eV. 

Single level parameters  were derived by fitting the experimental data by 

means of the automatic i terat ive fitting fea tu res  of the Automated Cross  Section 

Analysis Program (ACSAP). A value of 11.5 b was used for the potential 
I 

scattering cross  section. 



ACSAP will  upon reques t  print and plot the differences between exper imenta l  

points and  the c r o s s  sections calculated f rom pa rame te r s .  Such difference out- 

puts we re  u s e d  i n  constructing the smooth f i les .  In o r d e r  lo maintain proper  Q 

values,  the d e s a u s s u r e  data were  used as much a s  possible in  construct ing thcse 

different  f i l es .  However, this idea l  had to be abandoned above about 3 5 eV, a s  

degraded resolut ion sp read  the in t r ins ic  difference well away f r o m  the resonances  
I 

t o  which they apply. 

The  sca t te r ing  smooth fi le r ep re sen t s  the difference between the s ingle-  

l eve l  predict ion and a multi level calculation adjusted to  min imize  the effects  

of i n t e r f e r ence  imbalance a t  the two ends of the resolved resonance  region. 

The  p a r a m e t e r s  plus smooth fi le yield resonance  in tegra l s  between 1 and 

82 eV of 170.6 and 104.5 b for  f iss ion and capture ,  respect ively.  The a v e r a g e  

alpha is 0.613 in  this region, compared to a value of 0.617 calculated d i r ec t l y  

f r o m  d e s a u s s u r e ' s  data .  1 I I 

The roo t  m e a n  squa re  fract ional  difference between the f i t  and the individual 

data s e t s  ave rages  about 3.5%. This  f igure comes  f r o m  a n  ana lys i s  of pa r t i a l  

resonance  in tegra l s  f r o m  the fit and f r o m  the data.  Resonance ene rg i e s  a r e  prob-  
I 

ably good to 0.050 eV and resonance widths to 10%. Overa l l  e r r o k  i n  c r o s s  sec t ions  

is about 570, 
I 

F o r  fu r the r  detai ls  s e e  the full  r epo r t ,  ANCR-1044. 
I 

Unresolved Resonance Region 

The ENDFIB-I11 evaluation in the unresolved energy  r ange  i s  based p r i m a r i l y  

on the exper imenta l  data of desaussure .  At the t ime  of t h i s  evaluation, detai led 

resolut ion c r o s s  sect ions were  not available f r o m  the r ecen t  m e a s u r e m e n t s  of 

P e r e z ,  Blons o r  Lemley. F o r  this evaluation, a continuous cu rve  of the f i s s ion  

c r o s s  sect ion was  constructed s o  a s  to reproduce  the dec ima l  in te rva l  a v e r a g e s  

of the experimental  data.  

Differences between the presen t  and ENDF/B-I1 evaluations a r e  due to in- 

clusion of new exper imenta l  data,  renormal iza t ion  of the exper imenta l  data to 
10 

r ecen t  B(n, a ) c r o s s  sect ions and to differences in  methods  of construct ing a 

smooth curve.  The  ENDF/B-I11 evaluation was  obtained by  averaging the data of 

de saussu re  over  le thargy  in te rva ls  and by passing a continuous curve through 

the in te rva ls .  



The unresolved resonance pa ramete r s  in  the 2 3 5 ~  ENDF/B-111 f i le  were  

modified to yield the evaluated fission c r o s s  section and to reproduce the ENDFIB-I1 

alpha value a s  closely a s  possible. The parameters  were  obtained by adjusting 

the p a r a m e t e r s  to yield the desired fission and alpha values. 

The c r o s s  sections which were  fitted and the s-wave strength function and 

f iss ion widths resulting f rom the fitting procedure a r e  given in WARD-42lOT4-1. 

In this evaluation, the upper energy range for  the unresolved resonance param- 

e t e r s  was cut off a t  2 5  keV and pointwise data was used above this energy. 

Data Above 25 keV 

a ,  F i s s ion  Cross  Section 

Qualitatively, the experimental data in  the energy range  - 2 5  keV to 100 keV 

fa l l s  into two groups: the low fission values of Szabo and Lemley which use 

'L,i a s  a s tandard and the higher fission values such a s  White and DeSaussure 

which u s e  hydrogen and *B a s  a standard. However the recent  data of Gwin 

using a ' O B  standard supports the low fission values. The data of Blons tend 

to support the lower fission values while the data of Knoll a r e  in  good agree-  
6 

rnent with White's data.  The use of Li or  'OB a s  a standard does not appear  

to be the source  of the discrepancy because the 'OB c r o s s  sect ion used for  

normalizat ion i s  partially derived f rom the 6 ~ i  data consis tent  with Lernley's 

normalization. 

No c l e a r  choice based on the differential data can be made  a t  the present  

t ime between the low and high fission values. Integral testing against cr i t ica l  

a s sembl i e s  indicates that use of the lower f iss ion values would r equ i re  major 

c r o s s  section adjustments-  part icular ly very  low capture cross  sect ions for  

2 3 8 ~  in  o rde r  to obtain eigenvalues a s  close a s  1% l e s s  than unity. The l a t t e r  

i s  part icular ly t rue  for  soft spec t rum assembl ies  typical of i n t e re s t  i n  LMFBR 

design. F o r  this reason,  the choice for the present  evaluation i s  based on the 

data of P e r e z ,  White and Knoll. 

The experimental data fo r  the u~~~ fission c r o s s  section above 100 keV, 

a s  utilized in the present  evaluation i s  based on the measuremen t s  of White, 

Szabo and Smith a s  cor rec ted  by Hansen. The data of Poenitz indicates  notably 

lower f iss ion values than the other measurements  in  this energy  range. The 



principal new measurement  since the ENDFIB-I1 evaluation i s  that of Szabo. 

The measuremen t s  of Kappeler were  reported since the present  evaluation. 

The Szabo measurement  i s  the principal source of the differences between the 

present  and E N D F / B  evaluations between 0.15 and 1.0 MeV. 

Between 1.0 and 10.0 MeV, the only measurements  with a n  accuracy  of 

bet ter  than 5% a r e  those of White a t  2.25 and 5.4 MeV with relat ively poor shape 

determinat ion in this energy range. In the present  evaluation, the u~~~ fission 

c r o s s  sect ion between 1.0 and 10.0 MeV was evaluated within existing uncertain-  

t ies  in  o r d e r  to increase  the c r o s s  section by 1 to 370 pr imar i ly  to enhance the 

u~~~ f iss ion  c r o s s  section for  which the most  accura te  measuremen t s  a r e  

relat ive to u~~~ fission. Above 10 MeV, the present  evaluation is evaluated 

to obtain a 14 MeV c r o s s  section of 2 .13  barns.  
I 

23 5 
The detailed s t ruc ture  in the U fission c r o s s  section i s  impor tant  a s  i t  

l eads  to variat ions of up to about 3% between groups of multigroup c r o s s  sections 

averaged over  quar te r  le thargy widths typical of many LMFBR calculations and 

i t  significantly influences the P u  239 fission c r o s s  sections derived f r o m  ra t ios  

of 2 3 9 P u / 2 3 5 ~  fission. For  the present  evaluation, a compromise  s t ruc tu re  

was selected based on the measurements  of P e r e z  and Lemley. The evaluated 

s t ruc tu re  was  normalized to obtain the 10 keV evaluated average  c r o s s  section. 

This  s t ruc tu re  could possibly be improved when pointwise data f r o m  the measure -  

men t s  of P e r e z  and Lemley become available. 

b. Capture Cross  Section 

The capture c r o s s  sect ion above 25 keV was obtained by folding the newly 

evaluated f iss ion c r o s s  section into the ENDF/B-I1 alpha values. Resul ts  of 

discussions with desaussure  (ORNL) relat ive to the two se t s  of ORNL alpha 

data (the lower values of Weston e t  al. and the higher  values of desaussure ,  e t  al .  ) 

provided no bas is  of establishing one data se t  over  the other .  A weighted average  

of the two se t s  was used. The alpha evaluation i s  summarized  a s  follows: 15- 

40 keV (Schmidt evaluation); 40-60 keV (joining of new and Schmidt evaluation); 

60-200 keV (5-770 higher  than Schmidt evaluation); 200-400 keV (smooth joining 

of new and Schmidt evaluations);  above 400 keV (Schmidt evaluation). 



c. Total C r o s s  Section 

Above 2 MeV, the data of Glasgow and Foster  was used to represent  the 

total cross section, Below 2 MeV the total c ross  section of MAT 1044 was 

adopted. 

d. Elas t ic  Scattering Cross  Section 

The elast ic  scattering c ross  section was obtained by subtracting from the 

total c r o s s  section the sum of the remaining partial c r o s s  sections, 
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