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TUNGSTEN NEUTRON ELASTIC- AND INELASTIC-SCATTERING 
CROSS SECTIONS FROM 4 . 3 4  TO 8.56 MeV 

W. E. Kinney and F. G .  Perey 

ABSTRACT 

Measured n a t u r a l  t u n g s t e n  n e u t r o n  e las t ic -  and 
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  are p r e s e n t e d  and 
shown t o  be i n  good agreement w i t h  t h e  r e s u l t s  of o t h e r s .  
An e v a p o r a t i o n  model of i n e l a s t i c  s c a t t e r i n g  w a s  found t o  
be a p p l i c a b l e  w i t h  n u c l e a r  tempera tures  i n  agreement w i t h  
p r e v i o u s  r e s u l t s  b u t  w i t h  t o t a l  i n e l a s t i c  c r o s s  s e c t i o n s  
l a r g e r  by as much as 20% t h a n  measured n o n e l a s t i c  c r o s s  
s e c t i o n s , .  ENDF/B W (Mat 1060-63) e l a s t i c  a n g u l a r  i i s t r i -  
b u t i o n s  a g r e e  w i t h  our  d a t a  a t  a n g l e s  less t h a n  5 0  b u t  
do n o t  a t  l a r g e r  a n g l e s .  The ENDF/B n u c l e a r  tempera tures  
are 10-15% lower t h a n  e x p e r i m e n t a l  t empera tures .  

INTRODUCTION 

W e  p r e s e n t  n e u t r o n  e las t ic -  and 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  n a t u r a l  t u n g s t e n  a t  4 . 3 4 ,  4 . 9 2 ,  6 . 4 4 ,  7 . 5 4  and 8.56 MeV. To  assist 

i n  t h e  e v a l u a t i o n  of our d a t a ,  w e  b r i e f l y  d i s c u s s  our  d a t a  a c q u i s i t i o n  

and r e d u c t i o n  t e c h n i q u e s .  

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

form where w e  compare w i t h  t h e  r e s u l t s  of o t h e r s  and w i t h  ENDF/B (Evaluated 

Neutron Data F i l e  B ) .  Tables  of our  numer ica l  v a l u e s  of t h e  c r o s s  s e c t i o n  

are g iven  i n  t h e  appendix,  

DATA A C Q U I S I T I O N  

The d a t a  w e r e  o b t a i n e d  w i t h  c o n v e n t i o n a l  t ime-of - f l igh t  techniques .  

Pulsed (2MHz), bunched (-1 nsec  f u l l  wid th  a t  h a l f  maximum, FWHM) d e u t e r o n s  

a c c e l e r a t e d  by t h e  ORNL Van d e  G r a a f f ' s  i n t e r a c t e d  w i t h  deuter ium i n  a 

g a s  c e l l  t o  produce n e u t r o n s  by t h e  D(d,n)3He r e a c t i o n .  The gas  c e l l s ,  

of l e n g t h  1 and 2 c m ,  w e r e  opera ted  a t  p r e s s u r e s  of approximately 1 . 5  atm 

and gave n e u t r o n  energy r e s o l u t i o n s  of  t h e  o r d e r  of - + 60 keV. 
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The n e u t r o n s  were s c a t t e r e d  from a s o l i d  r i g h t  c i r c u l a r  c y l i n d r i c a l  

sample of n a t u r a l  t u n g s t e n ,  0.953 c m  d iameter  and 2.56 c m  h i g h ,  p laced  

approximately 10 c m  from t h e  g a s  c e l l s  when t h e  d e t e c t o r  a n g l e s  w e r e  

g r e a t e r  t h a n  25 . For smaller d e t e c t o r  a n g l e s  t h e  cel l - to-sample d i s t a n c e  

had t o  b e  i n c r e a s e d  t o  as much as 30 c m  i n  o r d e r  t o  s h i e l d  t h e  d e t e c t o r  

from n e u t r o n s  coming d i r e c t l y  from t h e  g a s  c e l l s .  

0 

The s c a t t e r e d  n e u t r o n s  were d e t e c t e d  by 12.5-cm-diam NE-213 l i q u i d  

s c i n t i l l a t o r s  o p t i c a l l y  coupled t o  XP-1040 p h o t o m u l t i p l i e r s .  The s c i n -  

t i l l a t o r s  w e r e  normally 2 .5  c m  t h i c k .  Data w e r e  t aken  w i t h  t h r e e  d e t e c t o r s  

s imul taneous ly .  

a n g l e s  ranging  from 15 t o  1 4 0  . The g a s - c e l l  neut ron  product ion  w a s  

monitored by a t ime-of - f l igh t  system which used a 5-cm-diam by 2.5-cm- 

t h i c k  NE-213 s c i n t i l l a t o r  viewed by a 58-AVP p h o t o m u l t i p l i e r  p laced  about  

4 m from t h e  c e l l  a t  an  a n g l e  of 55' w i t h  t h e  i n c i d e n t  d e u t e r o n  beam. 

F l i g h t  p a t h s  w e r e  approximately 5 m w i t h  t h e  d e t e c t o r  

0 

For each event  a PDP-7 computer was given t h e  f l i g h t  t i m e  of a 

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

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

d e t e c t o r .  The e l e c t r o n i c  equipment f o r  supply ing  t h i s  i n f o r m a t i o n  t o  

t h e  computer c o n s i s t e d ,  f o r  t h e  most p a r t ,  of s t a n d a r d  commercial components. 

The e l e c t r o n i c  b i a s ,  determined by d e t e r i o r a t i o n  of gamma-neutron d i s c r i m i n a -  

t i o n ,  w a s  set  a t  approximate ly  700-keV n e u t r o n  energy .  

The d e t e c t o r  e f f i c i e n c i e s  w e r e  measured by (n,p)  s c a t t e r i n g  from 

a t h i n  (6-mm-dim) polye thylene  sample and by d e t e c t i n g  s o u r c e  D (d , n )  3 H e  

n e u t r o n s  . Both i n t e r a c t i o n s  gave r e s u l t s  which agreed w i t h  each o t h e r  

and which y i e l d e d  e f f i c i e n c y  vs energy c u r v e s  t h a t  compared w e l l  w i t h  

c a l c u l a t i o n s .  1 
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DATA REDUCTION 

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

t h e  PDP-7 computer o s c i l l o s c o p e  d i s p l a y  programs t o  e x t r a c t  peak areas from 

s p e c t r a .  

i n  t h e  c r o s s  s e c t i o n  caused by extreme b u t  p o s s i b l e  peak shapes .  

The l i g h t  pen made a compara t ive ly  e a s y  j o b  o f  e s t i m a t i n g  e r r o r s  

The r e d u c t i o n  p r o c e s s  s t a r t e d  by normal iz ing  a sample-out t o  a sample- 

i n  t ime-of - f l igh t  spectrum by t h e  r a t i o  of t h e i r  moni tor  n e u t r o n  peak a r e a s ,  

s u b t r a c t i n g  t h e  sample-out spectrum, and t ransforming  t h e  d i f f e r e n c e  spectrum 

i n t o  a spectrum of center-of-mass c r o s s  s e c t i o n  vs e x c i t a t i o n  energy .  This  

t r a n s f o r m a t i o n  allowed ready comparison of s p e c t r a  taken  a t  d i f f e r e n t  a n g l e s  

and i n c i d e n t  n e u t r o n  e n e r g i e s  by removing k i n e m a t i c  e f f e c t s .  It a l s o  made a l l  

s i n g l e t  peaks have approximate ly  t h e  same shape and width r e g a r d l e s s  of e x c i -  

t a t i o n  energy ( i n  a t ime-of - f l igh t  spectrum, s i n g l e t  peaks change shape d r a s -  

t i c a l l y  w i t h  f l i g h t  t i m e ) .  A spectrum o f  t h e  v a r i a n c e  based  on t h e  c o u n t i n g  

s t a t i s t i c s  of t h e  i n i t i a l  d a t a  w a s  a l s o  computed. 

The t ransformed s p e c t r a  were read  i n t o  t h e  PDP-7 computer and t h e  peak 

s t r i p p i n g  w a s  done w i t h  t h e  a i d  of t h e  l i g h t  pen. A peak w a s  s t r i p p e d  by 

drawing a background b e n e a t h  i t ,  s u b t r a c t i n g  t h e  background, and c a l c u l a t i n g  

t h e  area, c e n t r o i d ,  and FWHM of t h e  d i f f e r e n c e .  The v a r i a n c e  spectrum was 

used t o  compute a c o u n t i n g  s t a t i s t i c s  v a r i a n c e  cor responding  t o  t h e  s t r i p p e d  

peak. Peak s t r i p p i n g  e r r o r s  due  t o  u n c e r t a i n t i e s  i n  t h e  r e s i d u a l  background 

under  t h e  peaks o r  t o  t h e  t a i l s  of i m p e r f e c t l y  r e s o l v e d  nearby peaks could  

be inc luded  w i t h  t h e  o t h e r  e r r o r s  by s t r i p p i n g  t h e  peaks s e v e r a l  t i m e s  

cor responding  t o  h i g h ,  low, and b e s t  estimates of t h i s  background. Although 

somewhat s u b j e c t i v e ,  t h e  low and h i g h  estimates of t h e  c r o s s  s e c t i o n s  were 



h 

i d e n t i f i e d  wi th  95% conf idence  l i m i t s ;  t h e s e ,  t o g e t h e r  w i t h  t h e  b e s t  

estimate, d e f i n e d  upper  and lower e r r o r s  due t o  s t r i p p i n g .  When a 

spectrum w a s  comple te ly  s t r i p p e d ,  t h e  o u t p u t  i n f o r m a t i o n  w a s  w r i t t e n  

on magnetic t a p e  f o r  a d d i t i o n a l  p r o c e s s i n g  by a l a r g e  computer. 

I n e l a s t i c  c r o s s  s e c t i o n s  were s u f f i c i e n t l y  i s o t r o p i c  so t h a t  f i n i t e  

sample c o r r e c t i o n s  could b e  made a t  each a n g l e  independent ly  of r e s u l t s  

a t  o t h e r  a n g l e s .  C o r r e c t i o n  of t h e  e l a s t i c  c r o s s  s e c t i o n ,  however, had 

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

f i n i t e  sample e f f e c t s  could b e  t r e a t e d .  The c o r r e c t i o n s  w e r e  performed 

accord ing  t o  s e m i a n a l y t i c  r e c i p e s  whose c o n s t a n t s  w e r e  ob ta ined  from 

f i t s  t o  Monte Car lo  r e s u l t s . 2  

minimum of t h e  e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n ,  amounting t o  -30% i n  t h e  

f i r s t  minimum a t  4 . 3 4  M e V  b u t  d e c r e a s i n g  t o  -15% a t  8.56 M e V .  

The c o r r e c t i o n s  are l a r g e s t  i n  t h e  f i r s t  

The f i n a l  e r r o r  a n a l y s i s  inc luded  u n c e r t a i n t i e s  i n  t h e  geometr ica l  

parameters  ( s c a t t e r e r  s i z e ,  g a s  c e l l  t o  s c a t t e r e r  d i s t a n c e ,  f l i g h t  p a t h s ,  

e t c . )  and u n c e r t a i n t i e s  i n  t h e  f i n i t e  sample c o r r e c t i o n s .  

The ground s t a t e  w a s  f i t t e d  by least  s q u a r e s  t o  a Legendre series: 

t h e  p o i n t s  be ing  weighted by t h e  i n v e r s e  of t h e i r  v a r i a n c e s .  I n  o r d e r  t o  

p r e v e n t  t h e  f i t  from g i v i n g  t o t a l l y  u n r e a l i s t i c  v a l u e s  o u t s i d e  t h e  a n g u l a r  

range of our  measurements, w e  r e s o r t e d  t o  t h e  i n e l e g a n t  b u t  workable  

p r o c e s s  of adding t h r e e  p o i n t s  e q u a l l y  spaced i n  a n g l e  between t h e  l a r g e s t  

a n g l e  of measurement and 175 . The d i f f e r e n t i a l  c r o s s  s e c t i o n s  a t  t h e  

added p o i n t s  w e r e  chosen t o  approximate t h e  d i f f r a c t i o n  p a t t e r n  a t  l a r g e  

a n g l e s ,  b u t  were ass igned  50% e r r o r s .  

0 
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RESULTS 

E l a s t i c  S c a t t e r i n g  and I n e l a s t i c  S c a t t e r i n g  t o  Low-Lying Levels  

D i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  predominant ly  e l a s t i c  s c a t t e r i n g  a r e  

shown i n  F i g u r e  1 a l o n g  w i t h  t h e  Legendre f i t s  w e  used t o  i n t e g r a t e  t h e  

d i s t r i b u t i o n s  over  a n g l e .  Our r e s o l u t i o n  w a s  n o t  s u f f i c i e n t l y  good t o  

s e p a r a t e  i n e l a s t i c  s c a t t e r i n g  t o  l e v e l s  of energy up t o  0.123 MeV from e l a s t i c  

s c a t t e r i n g .  On t h e  b a s i s  of t h e  c o u n t s  i n  t h e  t ime-of - f l igh t  s p e c t r a  j u s t  

below t h e  ' e l a s t i c - s c a t t e r i n g '  peak,  assuming a s i m i l a r  c o n t r i b u t i o n  f o r  

i n e l a s t i c  s c a t t e r i n g  t o  levels  n o t  r e s o l v e d  from t h e  ' e l a s t i c - s c a t t e r i n g '  

peak,  w e  estimate t h a t  t h e  unreso lved  i n e l a s t i c  levels  c o n t r i b u t e  less t h a n  

6% t o  t h e  ' e l a s t i c - s c a t t e r i n g '  d a t a .  

Our d i f f e r e n t i a l  c r o s s  s e c t i o n s  are compared wi th  those  of  o t h e r s  i n  

+ Figure  2 .  The ENDF/B-I11 e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  Mat 1060 

through 1063 (le2W, lE3W l E 4  1 8 6  , W, and W ,  r e s p e c t i v e l y )  are  a l s o  shown. 

These were o b t a i n e d  by combining t h e  i n f o r m a t i o n  f o r  t h e  i s o t o p e s  le2W, Ia3W, 

and "'W, MAT 1060 through 1063. 184 

The ENDF/B Legendre c o e f f i c i e n t s  f o r  n a t u r a l  t u n g s t e n  w e r e  determined by 

where 

f = t h e  Rth Legendre c o e f f i c i e n t  f o r  n a t u r a l  t u n g s t e n ,  

ail = t h e  Rth Legendre c o e f f i c i e n t  f o r  t h e  i t h  i s o t o p e ,  

R 
i 

= t h e  n a t u r a l  i s o t o p i c  abundance f o r  t h e  i t h  i s o t o p e ,  P i  

5 = t h e  ENDF/B-I11 a n g l e - i n t e g r a t e d  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 i  

f o r  t h e  i t h  i s o t o p e .  

+Tungsten i s  c u r r e n t l y  b e i n g  r e e v a l u a t e d  by P. F. Rose a t  Atomics I n t e r n a t i o n a l .  
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101 /.L'-L---LL L-LL 120 L A  150 
1 180 C 30 60 90 

€la, ( D E G I  

F ig .  1. Our n e u t r o n  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  n a t u r a l  t u n g s t e n  
f o r  e l a s t i c  s c a t t e r i n g  and i n e l a s t i c  s c a t t e r i n g  t o  l e v e l s  - 0.123 MeV. 
The c u r v e s  are  Legendre f i t s  t o  t h e  d a t a .  
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E x =  ~0.0+0.100 
+0.111+0.1231MEV 

E,= 4 . 1 0  M E V  

B+W 
b H ILL  

ORNL 
- ENDFIB 1060-3 

i i 

30 GO 9C 120 150 18C e,-, [DEGI 

Fig .  2. Our n e u t r o n  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  n a t u r a l  t u n g s t e n  
f o r  e l a s t i c  s c a t t e r i n g  and i n e l a s t i c  s c a t t e r i n g  t o  l e v e l s  - < 0.123 MeV 
t o g e t h e r  w i t h  t h e  d a t a  of Beys ter  and Walt (B&W) and H i l l .  The c u r v e s  
are  ENDF/B e las t ic  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t h e  t u n g s t e n  i s o t o p e s  
(Mat 1060 through Mat 1063) combined w i t h  n a t u r a l  i s o t o p i c  abundances and 
normalized t o  t h e  exper imenta l  i n t e g r a l s .  
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The ENDF/B a n g u l a r  d i s t r i b u t i o n s  were normalized t o  exper imenta l  i n t e g r a t e d  

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 .  

Our r e s u l t s  appear  t o  be c o n s i s t e n t  w i t h  those  of BeYster and Walt 

3 (B+W) 

of  H i l l  

h i g h e r  i n  t h e  second maximum. The ENDF/B-I11 a n g u l a r  d i s t r i b u t i o n s  a g r e e  

w i t h i n  e r r o r s  a t  a n g l e s  less than  5 0 , e x c e p t  p o s s i b l y  a t  8.56 MeV.  A t  a n g l e s  

g r e a t e r  than  60°, however, ENDF/B-I11 a n g u l a r  d i s t r i b u t i o n s  r a r e l y  a g r e e  w i t h  

t h e  d a t a  w i t h i n  exper imenta l  e r r o r s  and a l s o  show s t r u c t u r e  n o t  e v i d e n t  i n  

t h e  d a t a .  

a t  4.10 - + 0.04 MeV. 

3 who measured a t  5 .0  - + 0 . 1  MeV;  b u t  our d a t a  a r e  about  a f a c t o r  of two 

A t  a n g l e s  less t h a n  60°, our  d a t a  a g r e e  w i t h  t h a t  

0 

An i n t e r e s t i n g  comparison of our  e l a s t i c  d i f f e r e n t i a l  c r o s s  s e c t i o n s  

f o r  n a t u r a l  t u n g s t e n  (Z=74,A=193.6) i s  made w i t h  s i m i l a r  d a t a  of Holmqvist 

and Wiedling f o r  n a t u r a l  t an ta lum (Z=73,A=181) i n  F igure  3.  The c u r v e s  

a r e  our  Legendre f i t s  t o  our  d a t a  and Holmqvist ' s  and Wiedl ing ' s  Legendre 

f i t s  t o  t h e i r  d a t a .  I t  would b e  expected t h a t  ne ighbor ing  n u c l e i  i n  t h i s  mass 

r e g i o n  should have very  s i m i l a r  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 s  

and ,  a l though our d a t a  i n t e g r a t e  t o  v a l u e s  approximately 20% h i g h e r  than  do 

t h e  d a t a  of Holmqvist and Wiedl ing,  t h e  shapes are v e r y  much t h e  same. The 

e v o l u t i o n  of what a t  8.56 MeV i s  t h e  f i r s t  minimum i s  most s t r i k i n g  w h i l e  

t h e  occurrence  of t h e  o t h e r  minima a t  smaller a n g l e s  w i t h  i n c r e a s i n g  energy 

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

6 

Our a n g l e - i n t e g r a t e d  d i f f e r e n t i a l  c r o s s  s e c 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  

and i n e l a s t i c  s c a t t e r i n g  t o  levels < 0.123 M e V  are  compared w i t h  t h e  e l a s t i c  

c r o s s  s e c t i o n  of ENDF/B i n  F i g u r e  4. The e v a l u a t i o n  l i e s  w i t h i n  our e r r o r s  

except  a t  6.44 MeV where i t  i s  1 2 %  h i g h e r .  

- 
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Fig .  3 .  Our neu t ron  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  n a t u r a l  t u n g s t e n  
f o r  e las t ic  s c a t t e r i n g  and i n e l a s t i c  s c a t t e r i n g  t o  l e v e l s  < 0.123 MeV 
compared w i t h  neu t ron  d i f f e r e n t i a l  c r o s s  s e c t i o n s  of Holmqvist and 
Wiedling (H&W) f o r  n a t u r a l  t an ta lum.  
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i o 3  II I I I I 

5 6 7 8 9 

ORNL-DWG 72-4085 

E,= (0 .0 +O. 100+0.111+0.1231MEV 

1 

Fig. 4 .  Our angle-integrated differential cross sections for natural 
tungsten for elastic scattering and inelastic scattering to levels 
< 0.123 MeV compared with ENDF/B Mat 1060-63. - 
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I n e l a s t i c  S c a t t e r i n g  t o  Levels > 0.123 MeV 

The r e l a t i v e l y  h i g h  energy l e v e l  d e n s i t y  of t h e  t u n g s t e n  i s o t o p e s ,  t h e  

presence  of f o u r  i s o t o p e s  i n  n a t u r a l  t u n g s t e n  w i t h  abundances from 1 4  t o  

30%, and our  r e s o l u t i o n  of - - +60 keV combined t o  p r e v e n t  our  r e s o l v i n g  in-  

e l a s t i c  s c a t t e r i n g  i n t o  c r o s s  s e c t i o n s  f o r  s c a t t e r i n g  t o  p a r t i c u l a r  l e v e l s  

o r  s m a l l  groups of few leve ls .  R a t h e r ,  i n e l a s t i c  s c a t t e r i n g  appeared a s  

s c a t t e r i n g  t o  a continuum of  levels as  shown i n  F i g u r e  5 where our  angle-  

averaged double  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  i n e l a s t i c  s c a t t e r i n g  are 

p l o t t e d  v e r s u s  e x c i t a t i o n  energy f o r  our  f i v e  i n c i d e n t  n e u t r o n  e n e r g i e s .  

A s  t h e  i n c i d e n t  n e u t r o n  energy i n c r e a s e s  t h e  number of l e v e l s  open f o r  

d e e x c i t a t i o n  of t h e  compound n u c l e u s  formed i n c r e a s e s ,  d e c r e a s i n g  t h e  

p r o b a b i l i t y  of i n e l a s t i c  s c a t t e r i n g  t o  a p a r t i c u l a r  l e v e l .  I n  f a c t ,  s c a t t e r -  

i n g  t o  t h e  lower l y i n g  l e v e l s  i n  t h e  t u n g s t e n  i s o t o p e s  becomes s o  s m a l l  a t  

t h e  h i g h e r  i n c i d e n t  n e u t r o n  e n e r g i e s  so  as t o  tecome of t h e  o r d e r  of magnitude 

of  t h e  background. Rather  than  quote  v e r y  l a r g e ,  and p o s s i b l y  meaningless ,  

e r r o r s  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  t o  t h e s e  low-lying l e v e l s ,  

w e  on ly  r e p o r t  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  t o  t h e  continuum a t  i n -  

c r e a s i n g l y  h i g h e r  e x c i t a t i o n  e n e r g i e s  as t h e  i n c i d e n t  n e u t r o n  energy i n c r e a s e s .  

An e v a p o r a t i o n  model h a s  been a p p l i e d  by o t h e r s  t o  t u n g s t e n  continuum 

7 9 8  i n e l a s t i c  s c a t t e r i n g  t o  o b t a i n  n u c l e a r  t e m p e r a t u r e s .  

I n  t h i s  model 

-E' / T  a ( E , E ' )  = K E ' e  



1 2  

1 I I I I I 

Fig. 5. Our angle-averaged double differential cross sections for 
inelastic scattering to the continuum. 
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where 

a ( E , E ' )  = t h e  c r o s s  s e c t i o n  f o r  s c a t t e r i n g  from n e u t r o n  energy E t o  

energy d E '  about  E ' ,  

K = a p r o p o r t i o n a l i t y  c o n s t a n t ,  

T = t h e  n u c l e a r  tempera ture .  

F i g u r e  6 shows p l o t s  of o ( E , E ' ) / E '  v e r s u s  E '  w i t h  least  s q u a r e s  f i t s  

t o  t h e  d a t a .  

4.34 and 4.92 M e V ;  E' < 2.5 MeV f o r  E = 6.44 M e V ;  E '  < 3 MeV f o r  E = 7,54 

and 8.56 MeV. 

I n  t h e  f i t t i n g  o n l y  d a t a  w i t h  E '  < 2 MeV w e r e  used f o r  E = 

The tempera tures  and t h e i r  l e a s t  s q u a r e  e r r o r s  are i n d i c a t e d .  

The n u c l e a r  tempera tures  deduced from our  d a t a  are  compared w i t h  t h o s e  

from o t h e r   investigation^^'^ i n  F i g u r e  7 .  

f i t  t o  a l l  t h e  e x p e r i m e n t a l  p o i n t s  g i v i n g  a dependence of tempera ture  on 

i n c i d e n t  n e u t r o n  energy of 

The d o t t e d  l i n e  i s  a l eas t  s q u a r e s  

T = 0.223 + 0.055 E 

where 

T = t h e  tempera ture  i n  M e V ,  

E = t h e  i n c i d e n t  energy i n  MeV.  

The ENJIF/B tempera tures  are g iven  by t h e  s o l i d  l i n e  and are  seen  t o  be 

10-15% lower t h a n  t h e  f i t  t o  exper imenta l  v a l u e s .  

The e v a p o r a t i o n  spectrum, E q .  

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  

( 2 ) ,  may be i n t e g r a t e d  t o  g i v e  a t o t a l  

2 
0 = o(E,E')dE'  dR - - ~ T K T  , i n  ( 3 )  

assuming an  i s o t r o p i c  a n g u l a r  d i s t r i b u t i o n .  The c o n s t a n t s  K and T we ' r e  

o b t a i n e d  from t h e  l eas t  s q u a r e  f i t s  shown on F i g u r e  6 .  The e r r o r  on t h e  
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ORNL-DWG 72-11040 lUir 

10'  c 

E y 4 . 3 4  M E V  
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" IV 
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Fig .  6 .  N a t u r a l  t u n g s t e n  average  n e u t r o n  d i f f e r e n t i a l  c r o s s  
s e c t i o n s  f o r  s c a t t e r i n g  from energy E t o  s c a t t e r e d  energy d E '  about  E '  
d i v i d e d  by E '  v e r s u s  E ' .  
t o  t h e  d a t a .  
d a t a ,  i s  t h e  n u c l e a r  tempera ture  c h a r a c t e r i z i n g  each spectrum. 

The s t r a i g h t  l i n e s  are least  squares  f i t s  
T ,  t h e  r e c i p r o c a l  of t h e  p l o t  of t h e  b e s t  f i t  l i n e  t o  t h e  
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0.2 

ORNL-DWG 72-4194A 

A BUCCINO et a/. 

o OWENS AND TOWLE 
-ENDF/B 4060-3 
--LEAST SQUARES FIT 

Fig .  7 .  Our n u c l e a r  t e m p e r a t u r e s ,  T ,  f o r  n a t u r a l  t u n g s t e n  v e r s u s  

The s o l i d  l i n e ,  
i n c i d e n t  energy E compared w i t h  r e s u l t s  of o t h e r s .  
i s  a leas t  s q u a r e s  f i t  to a l l  t h e  e x p e r i m e n t a l  d a t a .  
l y i n g  10-15% below t h e  d o t t e d ,  i s  t h e  ENDF/B tempera ture  v a r i a t i o n  
w i t h  energy.  

The d o t t e d  l i n e  



1 6  

t o t a l  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  computed u s i n g  E q .  ( 3 )  i s  l a r g e r  

t h a n  t h e  one d e r i v e d  only  from t h e  e r r o r s  on K and T ,  ob ta ined  from t h e  

f i t s  of F igure  6 ,  s i n c e  one i s  assuming t h a t  t h e  unobserved p a r t  of t h e  

spectrum at  low and h i g h  e n e r g i e s  obey t h e  same e v a p o r a t i o n  l a w .  A t  t h e  

lower i n c i d e n t  n e u t r o n  e n e r g i e s  of 4.34  and 4.92 MeV t h e  use  of  Eq .  ( 3 )  

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

s e c t i o n  would come from t h e  unmeasured energy r e g i o n  of t h e  s p e c t r u n .  A t  

t h e s e  two low e n e r g i e s  w e  believe t h a t  t h e  i n e l a s t i c  s p e c t r a  can o n l y  be 

used t o  o b t a i n  an  estimate on t h e  tempera ture  T ,  t o  c h a r a c t e r i z e  t h e  measured 

p a r t  of t h e  spectrum and should n o t  be used t o  d e r i v e  a meaningful  t o t a l  

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

Table  I l i s t s  t h e  v a l u e s  we o b t a i n  from our  d a t a  u s i n g  E q .  ( 3 )  a t  

6 . 4 4 ,  7.55 and 8.56 M e V .  

due t o  t h e  u n c e r t a i n t i e s  on K and T from t h e  l e a s t  s q u a r e s  f i t  t o  t h e  

measured s p e c t r a .  For comparison w e  a l s o  show t h e  v a l u e s  of 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 s  obta ined  by s u b t r a c t i n g  our  t o t 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 s  from t o t a l  c r o s s  s e c t i o n s ,  as w e l l  as n o n e l a s t i c  c r o s s  s e c t i o n s  

from Ref. 10. The r e s u l t s  of Owens and Towle f o r  t o t a l  i n e l a s t i c  s c a t t e r i n g  

and t h e  v a l u e s  ENDF/B 1060 f o r  n o n e l a s t i c  s c a t t e r i n g  are a l s o  i n c l u d e d .  A t  

t h e  n e u t r o n  e n e r g i e s  g iven  i n  Table I ,  t h e  n o 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  

are only  t h e  sum of t h e  i n e l a s t i c - s c a t t e r i n g  and c a p t u r e  c r o s s  s e c t i o n s .  S ince  

t h e  c a p t u r e  c r o s s  s e c t i o n s  are r e l a t i v l e y  s m a l l  i n  t h i s  energy r e g i o n ,  a few 

m i l l i b a r n s ,  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 s  should be approximately e q u a l  t o  

t h e  i n e l a s t i c  c r o s s  s e c t i o n s .  Table I shows a s y s t e m a t i c  d i s c r e p a n c y  between 

n o n e l a s t i c  and i n e l a s t i c  c r o s s  s e c t i o n s .  A l l  of t h e  da t a  given f o r  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  i n  t h i s  t a b l e  w e r e  o b t a i n e d  by u s i n g  Eq.  ( 3 ) .  

The e r r o r s  shown o n l y  i n c l u d e  t h e  c o n t r i b u t i o n s  

9 

8 
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Table  I. A Comparison of Tungsten T o t a l  I n e l a s t i c  and N o n e l a s t i c  
Cross S e c t i o n s .  A l l  Cross  S e c t i o n s  are Given i n  Barns. 

T o t a l  
0 -0 

b 
‘non I n e l a s t i c  T S  E ,  MeV CTa non 

d 2.6+0.3 2.53 2.94i-O. - 1 5  

2.5+0.3 2.34 2.89+0.13d - 

- 5.00 

6.00 - 

6.44  2.5+0.3 - 2.28 2 .6  - +0.3 - 

7.00 2.5+0.3 - 2.32 - 

7.54 2.5+0.3 - 2.32 2.7 - +0.3 - 

8.56 2.5+0.3 - 2.29 - 

2.5+0.2 5,40+0.1 - 

2.87+0. 17d 

2.3+0.2 5.13+0.1 - 

3.0 +0.3 2.4i-O.2 - 5.08+0.1 - 

a 
R e f .  10 (BNL-325) 

bENDF/B 1060 

C 
R e f .  9(LASL e v a l u a t i o n )  

R e f .  8 ( d i r e c t  measurements) 
d 
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8 For t h e  d a t a  of Owens and Towle 

v a l u e s  of t h e  i n e l a s t i c  c r o s s  s e c t i o n s  are obta ined  from t h e  u s e  of E q .  

( 3 ) .  We have not  i n v e s t i g a t e d  i n  d e t a i l  t h i s  problem. It  could  b e  t h a t  t h e  

low-energy p a r t  of t h e  i n e l a s t i c  spectrum, which w e  do not  o b s e r v e ,  h a s  fewer 

n e u t r o n s  than  p r e d i c t e d  by t h e  e v a p o r a t i o n  l a w  based on t h e  tempera ture  T 

determined a t  h i g h e r  e n e r g i e s .  O r  more l i k e l y ,  t h e  e r r o r  e s t i m a t e  which 

w e  o b t a i n  on t h e  i n t e g r a l s  u s i n g  Eq. ( 3 )  do n o t  p r o p e r l y  r e f l e c t  t h e  uncer- 

t a i n t i e s  i n  t h e  d a t a .  F u r t h e r  exper iments ,  w i t h  p a r t i c u l a r  a t t e n t i o n  g iven  

t o  background r e d u c t i o n  and d e t e r m i n a t i o n ,  would be r e q u i r e d  t o  c l e a r  up t h i s  

p o s s i b l e  d i s c r e p a n c y .  W e  b e l i e v e  i n  t h e  meantime t h a t  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 s  obta ined  by s u b t r a c t i n g  t h e  i n t e g r a t e d  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 t h e  t o t a l  c r o s s  s e c t i o n s  are more r e l i a b l e  and t h e i r  e r r o r  

estimates r ea l i s t i c .  

and our  8.56 MeV r e s u l t s ,  too- la rge  

CONCLUSIONS 

The ENDF/B W (Mat 1060-63) e l a s t i c - s c a t t e r i n g  a n g u l a r  d i s t r i b u t i o n s  a r e  

0 
i n  agreement w i t h  our d a t a  a t  a n g l e s  less t h a n  SO b u t  d i s a g r e e  a t  l a r g e r  

a n g l e s .  The ENDF/B a n g l e - i n t e g r a t e d  e l a s t i c  c r o s s  s e c t i o n s ,  however, a r e  

i n  g e n e r a l  agreement w i t h  our d a t a .  

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 i s  adequate ly  d e s c r i b e d  by a 

s imple e v a p o r a t i o n  model employing a n u c l e a r  tempera ture ,  b u t  t o t a l  i n e l a s t i c  

c r o s s  s e c t i o n s  o b t a i n e d  from i n t e g r a t i n g  t h e  e v a p o r a t i o n  spectrum a r e  h i g h e r  

t h a n  measured n o n e l e a s t i c  c r o s s  s e c t i o n s  by as much as 20%. 

M a t  1060-63 n u c l e a r  tempera tures  lie 10-15% below exper imenta l  v a l u e s  from 

4 t o  9 MeV. 

The ENDF/B 
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APPENDIX 

Tabulated Values of N a t u r a l  W Neutron Elast ic-  and I n 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  from 4.34 t o  8.56 MeV 

I n  t h e  f o l l o w i n g  t a b l e s  we g i v e  our  r e s u l t s  f o r  n a t u r a l  t u n g s t e n  

n e u t r o n  e las t ic -  and 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 .  W e  f i r s t  

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

i n e l a s t i c  s c a t t e r i n g  t o  l e v e l s  - < 0.123 M e V .  The t a b u l a t e d  U n c e r t a i n t i e s  

are r e l a t i v e  and do - n o t  i n c l u d e  a - + 7% u n c e r t a i n t y  i n  d e t e c t o r  e f f i c i e n c y  

which is  common t o  a l l  p o i n t s .  The a n g l e  u n c e r t a i n t y  i s  - + 1 . The un- 0 

c e r t a i n t y  i n  i n t e g r a t e d  c r o s s  s e c t i o n s  - do i n c l u d e  t h e  2 7% s t a n d a r d  e f f i c i e n c y  

e r r o r .  

Cross  s e c t i o n s  f o r  i n e l a s t i c  s c a t t e r i n g  t o  levels  > 0.123 M e V  are given 

i n  t h e  continuum t a b l e s  as  angle-averaged d o u b l e - d i f f e r e n t i a l  c r o s s  s e c t i o n s  

which are c o n s t a n t  over  25 keV i n t e r v a l s  as shown i n  F igure  5. The v a l u e  

i n  t h e  Q column is t h e  upper l i m i t  of t h e  25 keV i n t e r v a l  i n  Q v a l u e  ( t h e  

lower l i m i t  of  e x c i t a t i o n  e n e r g y ) .  

N 

The continuum c r o s s - s e c t i o n  u n c e r t a i n t i e s  

do n o t  i n c l u d e  t h e  - + 7% s t a n d a r d  e r r o r  i n  d e t e c t o r  e f f i c i e n c y .  -- 



Table A l .  A Table of Contents  f o r  t h e  W Neutron Cross  
S e c t i o n  Tables 

Quan t i ty  Page N o .  

E l a s t i c  S c a t t e r i n g  P l u s  I n e l a s t i c  S c a t t e r i n g  2 3  - 2 7  
up t o  Levels < 0.123 MeV - 

Continuum 28 - 3 4  
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SCgTTERING OF 4 .34  +@R-0.117 MEV NEUTRONS FROM W 

LEVEL IS) 0.0 MEV h E i  I 141 18 HNCLES 
0.100 
0.111 
0.123 

FlNGLE X-SEC. ERROR l0/01 RUN 
CM MB/STR + - 

MULTIPLE SCFlTTERING CORRECTION DONE 

10.08 
17.62 
25.14 
25.15 
32.68 
40. 21 
47.74 
55.26 
62.78 
70.30 
77.81 
85.31 
95.32 

102.81 
110.30 
121.77 
129.25 
136.73 

5568.92 
3950.79 
2284.66 
2418.84 
1120.87 
463.98 
205.91 
103.15 
60. 93 
67.82 
70.78 
97.76 

126.81 
105.06 
70.32 
37.97 
34. 15 
38.48 

FlVERFlGE X-SEC 

L4.0 7.0 
6.1 9. 6 
4.6 6.4 
6.0 1 1 . 1  
5.2 9.3 
7.2 13.4  
7.3 9.7 
9.5 15.8 

14.0 23.9 
14.7 18.7 
9.7 19.9 
9.7 17.4 
7.8 9.1 
7.6 10.6 

1 3 . 4  14.2 
13.7 16.4 
18.3 19.8 
21.4 23.6 

0.0 MB/STR 

2670 I 
26705 
1040 1 
26 70 3 
10405 
10403 
1550 1 
15505 
15503 
1090 1 
10905 
10903 
14401 
1 4405 
14403 
1250 1 
12505 
12503 

0 NOTE 

INTEGRFlTED X-SEC 4432.75 MB ERROR 7 .4  F E R  CENT 

F 9 F I 1  

L 2OEF. ERROR CO/irl 

0 705.49536 
1 525.88 184 
2 
3 

422.14502 
333.76416 

4 24 1.92575 
5 143.97 35 1 
6 79.75507 
7 47.38870 
8 21.09935 
9 5.68121 

2.5 
3.0 
3 .3  
3.4 
4.1 
5.6 
8.0 

10.7 
16.3 
40. L l  
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SCQTTERING OF 4.92  +OR-O.06 MEV NEUTRONS FROM W 

LEVELIS1 0.0 MEV hET I 141 21 FlNGLES 
0.100 
0.111 
0.123 

QNGLE X-SEC. ERROR l O / O )  RUN 
CM MB/STR + - 

MULTIPLE SCFlTTERING CORRECTION DONE 

10.06 
15.09 
17. GO 
22. G4 
25.14 
25.14 
30.17 
32.68 
40.20 
47.74 
55.26 
62.78 
70.30 
77.81 
85 .32  
95.32 

102.81 
110.30 
121.77 
129.24 
135.72 

5164.44 
4115.61 
3727.87 
2431.48 
1863.92 
1909.34 
l O G l .  56 
812.08 
322.76 
195.00 
126.19 
70.70 
66. 46 
87.82 

120.61 
117.77 
88.66 
52.89 
23.23 
30.23 
43.49 

I4VERQCE K-SEC 

3 .9  
4.  6 
4. 6 
7. II 
6.0 
4 .5  
8 . 9  
6.5 
8. 1 
7 .0  

10.1 
11.0 
12.9 
12.4 
I O .  3 
8.5 
8 . 4  

11.8 
25. G 
20.5  
15.9 

5.2 2590 1 
6 . 7  2490 1 
7.9 25905 
7. 4 24905 
9 .2  25903 
5 . 3  9101 
9. 6 24903 
8 .7  9105 

14.0 3103 
8 . 3  220 1 

10.0 2205 
16. 1 2203 
15.7 360 1 
13.1 3605 
10.8 3603 
8 . 9  720 1 
8 . 3  7205 
8 . 4  720 3 

13.1 G301 
13 .4  6 305 
11.8 6303 

0.0 MB/STR 0 NOTE 

INTEGRQTED x-SEC 3923.41 MB ERROR 7 .2  PER SENT 

P10 F I T  

L COEF. ERROR I0/01 

0 624.43066 1.9 
1 460. 44873 2 . 3  
2 367.57446 2 .5  
3 296.88379 2 . 6  
4 229.01265 3 .0  
5 151.29405 4 .0  
G 90.5929 1 5 .7  
7 62.68361 6 .7  
8 36. loll61 9 .3  
9 1 II. 85574 15.9 

10 4.30727 37.3 
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SCRTTERING OF 5.44 +OR-0.07 MEV NEUTRONS FROM W 

LEVEL IS1 0.0 MEV hE'I I 141 17 QNGLES 
0.100 
0.111 
0.123 

RNGLE X-SEC. ERROR (0/01 RUN 
CM MB/STR + - 

MULTIPLE SCRTTERING CORRECTION DONE 

15.08 3562.83 6.6 5.6 50502 
22.63 1536. 6G 6.2 7.2 30502 
27.65 853.64 4.7 6.1 5020 3 
35.18 263.98 8. 1 7.4 30203 
42.71 180.24 8.1 9.2 10203 
Y7.73 193.51 6.8 5.9 50 187 
55.26 151.49 8.6 6.9 30187 
62.78 79.811 10.4 7.6 10187 
70.30 43.85 25.6 11.8 50 1 26 
77.80 50.211 12.9 9.6 30 126 
85.31 68.2U 10.6 7.3 10126 
92.81 87.02 8.2 10.5 50142 

100.31 66.03 10.5 6.8 30 142 
107.80 Y3.Y2 17.7 8.4 10142 
119.77 19.49 24.3 21.5 50 156 
127.25 18.14 35.9 13.9 30 156 
134.72 32. 60 1 3 . 8  8.4 10156 

FlVERRCE X-SEC 0.0 MB/STR 0 NOTE 

INTEGRRTED X-SEC 2912.43 MEi ERROR 7.6 PER CENT 

P11 F I T  

L COEF. 

0 463.52608 
1 351.02710 
2 2 8 3 . 2 3 3 ~  
3 233.18773 u 186.09500 
5 139.27782 
G 100.47435 
7 77.3781 7 
8 49.72864 
9 24.0367 1 

10 9.65919 
1 1  2.05970 

ERROR 10/c71 

3.0 
3.9 
4.3 
4.8 
5.3 
5.9 
7.0 
6.9 
8.5 

12.2 
20.4 
67.2 
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SSQTTERINC~ OF 7.5U +UR-0.06 MEV NELITRONS FROM W 

LEVEL IS) 0.0 MEV tiET I 1 4 1  I 7  FINCLES 
0.100 
0.111 
0.123 

QNGLE X-SEC. ERROR 10/01 RUN 
CM MB/STR + - 

MULTIPLE SCQTTERING CORRECTION DONE 

15.09 3554. 19 u.5 4 . 0  50525 
22.62 14118.98 5 .2  6.4 30525 
27.64 539.10 6 .6  5.4 501 1 1  
35.18 1113.97 10.5 7.9 301 1 I 
112.71 208.13 7.2 6 .8  101 1 I 
Y7.73 223.48 6 .5  7.0 501 10 
55.26 156.73 8.8 7.7 301 10 
62.78 GO. 03 12.4 11.9 101 10 
70.30 37.911 18.3 12.6 50 107 
77.81 65.07 12.5 8 .6  30 107 
85.31 72.12 10.3 7.6 10107 
92.81 67.27 12.2 7 .6  50 102 

100.31 112.39 111.4 9 .7  317 102 
107.80 21.45 17.9 14.7 lll102 
119.77 20.64 23 .3  17.1 50099 
127.25 22.23 26.11 12.6 30093 
134.73 26.45 14.11 111.2 1009'3 

FIVERQCE X-SEC 0.0 MB/STR 0 NOTE 

INTEGEQTED X-SEC 2813.24 MB ERROR 7 . 5  FER 1:ENT 

F12 F I T  

L 

5 
G 
7 
8 
9 

10 
1 1  
12 

COEF. 

W7.74219 
348.54272 
287. 14600 
238.8068 1 
200.2026 1 
162.08463 
125.31064 
101.31007 
74.65388 
45.94987 
21,71886 

7.99819 
2.27529 

2.  G 
3.1 
3.5 
3.8 
4.0 
4 . q  
4.G 
5 .1  
5 . 3  
7.0 

1 1 . 4  
20.9 
51 . G  
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SCQTTERING OF 8.56 +@R-0.06 MEV NEUTRON5 FROM W 

LEVELcSI  0.0 MEV hET 141 21 RNGLES 
0.100 
0.111 
0.123 

FINGLE X-SEC. ERROR l0/01 RUN 
CM MB/STR + - 

MULTIPLE SCQTTERING CORRECTION DONE 

10.06 4975.68 4.9 8.3 50554 
15.09 3379.45 5.4 7.0 50548 
22.62 1219.54 6.8 8.6 30548 
27.65 359.12 8.1 9.2 50204 
31.67 1110.78 11.6 8.5 5032 1 
35.18 133.58 10.0 8.4 30204 
39.20 187.qO 9.5 7.0 3032 1 
42.72 241.9q 7.3 7.9 10204 
46.72 239.40 8.5 6. 1 1032 1 
47.73 266.93 8.8 5.7 5026 7 
55.26 168.Y2 8.7 6.5 30267 
62.78 57.28 14.3 6.7 10267 
70.29 43.09 11.6 8.9 50234 
77.80 71.79 9.3 8.3 30234 
85.32 81.56 13.6 8.2 10234 
92.81 64.30 12.0 13.1 50285 

100.31 31.06 14.2 10.3 30285 
107.80 19.110 13.9 14.6 10285 
119.77 211.59 111.6 17.5 50239 

302 33 127.25 23.74 1q.8 21.9 
134.73 21.22 16.4 18.4 10239 

QVERFIGE X-SEC 0.0 MBISTR 0 NOTE 

INTEGRQTED X-SEC 2632.13 MB ERROR 7.5 PER CENT 

P13 F I T  

L COEF. ERROR l0/01 

0 4 18.9 1699 2.8 
1 326.69092 3.3 
2 260.81812 3.9 
3 2 10.84280 4 .3  
4 185.71 191 4.5 
5 153.97954 4.7 
6 125.28264 11. 8 
7 102.55858 4.8 
8 82.04819 5.0 
9 54.11766 5.9 

10 27.88792 9.2 
1 1  11.61932 16.6 
12 11.43031 31.9 
13 1.37465 6 3 . 3  
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SCATTERING OF 6.44 +OR-0.07 M E V  NEUTRONS FROM w 

CONTTNUUM X-SEC A V E R A G E  O F  12 SPECTRA 50 LINES 

EN (LAB) C N  X-SEC 
M EV MEV MB/S T R/M EV 

3.287 
3.262 
3.237 
3.212 
3.188 
3.1E3 
3.138 
3.113 
3.088 
3,063 
3.038 
3.014 
2.989 
2.964 
2.939 
2.914 
2.889 
2. € E 4  
2.839 
2.815 
2.790 
2.765 
2.740 
2.715 
2.690 
2-665 
2.641 
2.616 
2.591 
2.566 
2.541 
2.516 
2.491 
2.467 
2.442 
2.417 
2.392 
2.367 
2.342 
2.377 
2.292 
2.268 
2.243 
2.2 18 
2.193 
2.168 
2.143 
2.118 
2.094 
2,069 

-3.100 
-3.125 
-3.lSO 
-3.175 
-3.200 
-3 .225  
-3.250 
-3 .275  
-3.300 
-3.325 - 3.35 0 
-3.375 
-3. Y O 0  
-3.425 
-3.450 
-3.475 
-3.500 
-3.525 
-3 ,550  
-3.575 
-3.600 
-3. f 2 5  
-3.650 
-3.675 
-3.700 
-3.725 
-3.750 
-3.775 
-3.800 
-3 .825 
-3.850 
-3.875 
-3.900 
-3.925 
-3,950 
-3.575 
-4.000 
-4.025 
-4.050 
-4. c 7 5  
- 4 . 1 0 0  
- 4 . 1 2 5  
-4. 150 
-4 .175  
-4.200 
-4.225 
-4.250 
-4.275 
-4.300 
-4.325 

9.7 
11.2  
9.8 
9.6 

13.1 
14.3 
13.4 
15 .5  
11.4 
10.5 
11.7 
11.7 
15.8 
15.2 
13-9  
14.6 

9.4 
10.4 
13.3 
14.7 
13.8 
13.2 
1 4 . 8  
15.2 
12.6 
12.8 
14.9 
18.0 
19.4 
1 9 . 1  
18.3 
17.4 
18.6 
21.5 
23.5 
24.4 
24.9 
25.9 
28.0 
29.2 
28.8 

28.8 
3 0 . 3  

34.9 
36.2 
36.1 
36.3 
36.4 

28.5 

32.8 

EEKOR 
MB/S TR/MEV 

6.0 
6.0 
5.6 
5.6 
5.6 
5 - 6  
5.6 
5 . 2  
4.0 
3.6 
3 - 6  
3.6 
3 - 6  
3.6 
3.2 
3.6 
2.8 
2.8 
3.2 
2.8 
2.8 
2.8 
2.8 
2.8 
2.4 
2.4 
2.4 
2.4 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2. e 
2.8 
2 .8  
2.8 
3.2 
3.2 
3.2 
3 - 2  
3.2 
3.2 
3.2 
3.6 
3.6 
3.6 
3.6 
3.6 
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S C A T T E R I N G  OF .6.4U +OR-0.07 M E V  NSUTRONS FROM w 

CONTINUUM X-SEC AVERAGE O F  12 S P X T R A  38 LINES 

E N  (LAB) C N  X - S E C  
M EV MEV IIB/S'IR/#EV 

2.044 
2.019 
1.994 
1.969 
1.944 
1.920 
1.895 
1.870 
1.845 
1 , 820 
1.795 
1.770 
1.745 
1.721 
1.696 
1.671 
1.646 
1.621 
1,596 
1.571 
1.547 
1.522 
1.497 
1.472 
1.447 
1.422 
1.397 
1.372 
1.348 
1.323 
1.298 
1.273 
1.2U8 
1.223 
1.198 
1.174 
1-1u9 
1.124 

-4.350 
-4,375 
-U.  400 
-4.425 
-4. u50  
-4.475 
-4.500 
-4.525 
-4.550 
-4, 575 
-4.500 
-4.625 
-4.650 
-4. 675 
-4.700 
-4.725 
-4.750 
-4.775 
-4.800 
-4.825 

-4.875 
-4.900 
-4.925 
-4.950 
-4.975 
-5.000 
-5.025 
-5.050 
-5.075 
-5.100 
-5.125 
-5.150 
-5.175 
-5,200 
-5.225 
-5.250 
-5,275 

-4. e50 

37.5 
39 .6  
40.1 
38.6 
37.9 
39.8 
43.9 
45.8 
45.5 
47.1 
49.8 
53.2 
55.7 
57.2 
56.5 
53.8 
52.4 
54.6 
60.4 
6 5.6 
6 8 . 9  
6 9 . 6  
6 9.7 
71.1 
73.9 
78.2 
78.2 
77.9 
81.6 
90-5 
95.2 
95.2 
98.4 
99.9 
99.2 
108.9 
101.1 
117.4 

E R E O R  
HB/STR/MEV 

3.6 
3.6 
4.0 
3.6 
3.6 
4.0 
4 .O 
4.0 
4.4 
4.4 
4.4 
4.8 
u - 8  
5.2 
5.2 
5.2 
5.2 
5.2 
5.6 
6.C 
6.U 
6.e 
7.2 
7.2 ' 

8.0 
8.4 
8.8 
9.2 

10.0 
11.2 
12.4 
13.2 
14.0 
1u.e 
15.6 
18.8 
20.4 
25.6 
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S C A T T E R I N G  OF 7.54 +OR-0.06 M E V  N E U T R O N S  FRCR W 

C O N T I N U U M  X-SEC AVERAGE O F  13 SPECTRA 5 0  L I N E S  

E N  (LAB) CN X-SEC ERROR 
M EV MEV MB/S TR/M E V  MB/S'IB/MEV 

3.629 
3.604 
3.579 
3.555 
3,530 
3.505 
3.480 
3.455 
3,430 
3.405 

3.356 
3.331 
3.306 
3.281 
3.256 
3,231 
3.206 
3.182 
3,157 
3.132 
3.107 
3.082 
3.057 
3.032 
3.008 
2,983 
2.958 
2.933 
2,908 
2,883 
2,858 
2.834 
2.809 

2.759 
2.734 
2.709 
2.684 
2.659 
2.635 
2.6 10 
2.585 
2.560 
2.535 
2.510 
2.4e5 
2.461 
2,436 
2,411 

3.381 

2,7a4 

-3. a50 
-3.875 
-3.900 
-3.925 
-3.950 
-3.975 
-4.000 
-4.025 
-4.050 
-4.075 
-4.100 
-4.125 
-4.150 
-4. 175 
-4. 200 
-4.225 
-4.250 
-4.275 
-4.300 
-4. 325  
-4.350 
-4.375 
-4.400 
-4.425 
-4.450 
-4.475 
-4.500 
-4.525 
-4.550 
-4.57s 
-4.600 
-4. 6 2 5  
-4.650 
-4.675 
-4.700 
-4.725 
-4.750 
-u, 7 7 5  - 4.800 
-4. 825 
-4. E50 
-U. 0 7 5  
-4.900 
-4.925 
-4.950 
-4.975 
-5.000 
-5.025 
-5. C50 
-5. c 7 5  

10.5 
22.2 
10.4 

9.5 
9.1 

10.0 
11.8 
11.6 

8.5 
7.4 
9.0 
6.3 
9.4 

10.3 
11.9 
13.8 
11.4 

8.6 
9.6 

9.6 
10.5 
12.4 
16.2 
13.7 
10.4 
12.0 
13.0 
16.5 
16.8 
16.0 
1 7 - 2  
17.7 
15.8  
15.6 
15.7 
18.0 
22.6 
23.5 
18.1 
17.9 
21.6 
25.6 
24.8 
22.8 
23.7 
26.8 
26.5 
24.8 
27.0 

a, 5 

10.4 
10.c 

7.2 
5.6 
5 . 2  
4.4 
4.4 
4.4 
u.4 
4.e 
5.2 
4-0 
u.4 
4.0 
4.4 
4.0 
3.6 
3.6 
4.0 
4-0 
4.0 
3.6 
3.6 
4.0 
3.6 
3.2 
3.6 
3.6 
3.6 
3.2 
3.6 
3.2 
3.2 
3.2 
3.6 
3.6 
3.6 
3.6 
4.0 
3.6 
3.6 
3.6 
3.6 
3.6 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
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SCATTERING OF 7.54 +OR-0.06 MEV N E U T R O N S  FROM W 

CONTINUUM X-SEC A V E R A G E  O F  13 SPECTRA 50 L I N E S  

EN (LAB) C N  X-SEC E fi SO!? 
H EV MEV NB/S TR/M EV MB/S’XR/MEV 

2.386 
2,361 
2.336 
2.311 
2.287 
2.262 
2.237 
2.212 
2.187 
2.162 
2.137 
2.112 
2.088 
2.063 
2.038 
2.0 13 
1.988 
1.963 
1.938 
1.914 
1.889 
1.864 
1.839 
1.814 
1.789 
1.764 
1.740 
1.715 
1.690 
1.655 
1.640 
1.515 
1 . 590 
1.565 
1.541 
1.516 
1.491 
1.466 
1.441 
1.416 
1.391 
1.367 
1.342 
1.317 
1.292 
1,267 
1.242 
1.217 
1.192 
1.168 

-5.100 
-5.125 
-5.150 
-5.175 
-5.200 
- 5 .  225 
-5.250 
-5.275 
-5.300 
-5.325 
-5.350 
-5.375 
-5.400 
-5.425 
-5.450 
-5.475 
-5.500 
-5.525 
-5.550 
-5.575 
-5.60 0 
-5. E25 
-5,650 
-5.675 
-5.700 
-5.725 
-5.750 
-5.775 
-5.800 
-5. P25 
-5.850 
-5.875 
-5.900 
-5.925 
-5.950 
-5.975 
-6.000 
-6.025 
-6.050 
-6. c75 
-6.100 
-6.125 
-6.150 
-6.175 
-6.200 
-E. 225 
-6.250 
-6.275 
-6.300 
-€.325 

32.7 
34.2 
29.2 
27.8 
30.3 
33.6 
32.3 
30.4 
35.3 
40.4 
37.9 
33.1 
33.0 
39.1 
45.7 
47.0 
46.2 
44.4 
46.8 
53.1 
57.9 
54.2 
46.6 
46.5 
53.2 
61.3 
61-0 
59.2 
63.1 
66.3 
69.2 
69.8 
71.6 
72.5 
71-2 
70.5 
71.5 
71.1 
72.4 
79.3 
86.6 
86.2 
81.5 
83.4 
92.5 
100.8 
101.5 
98.6 
97.0 
103.9 

4.4 
4.4 
4.0 
4.4 
4.4 
4.4 
4.4 
u.4 
u.4 
4. 4 
4.4 
u.4 
4.4 

4.8 
4.e 
4.e 
5.2 
5.2 
5.6 
5.6 
5.6 
5.2 
5.2 
5.6 
6.0 
6.C 
6.0 
6.4 
6.4 
6.e 
6.8 
7.2 
7.6 
7.6 
8.0 
8.4 
5.4 
8.8 
9.6 
10.4 
10.8 
11.2 
11.6 
13.2 
14.8 
25-2 
15.6 
16.4 
19.6 

u.a 
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S C A T T E R I N G  OF 8.56 +CR-0.06 MEV NEUTRONS FROM W 

CONTINUUM X-SEC AVERAGE O F  15 S P E C T R A  50  L I N E S  

E N  ( L A B )  CN X - S E C  ERROR 
MEV ME V P B / S T R / H E V  MB/S'IR/MEV 

4.340 
4.315 
4.290 
4.265 
4.240 
4.2 15 
4.191 
4.166 
4. 1 4 1  
4.116 
4,091 
4.066 
4.041 
4.0 17 
3.992 
3.967 
3.942 
3.917 
3.892 
3.867 
3.842 
3.818 
3.793 
3.768 
3.7 43 
3.718 
3.693 
3.668 
3.6 4U 
3.619 
3.594 
3.569 
3.544 
3.5 19 
3.494 
3.470 
3.445 
3.420 
3.395 
3.370 
3.3u5 
3.320 
3.2S5 
3.271 
3.246 
3.221 
3.196 
3.171 
3.lUrj 
3.121 

-4.150 
-4.375 
-4.200 
-4.22 5 
-4.250 
-4.275 
-4.300 
-4.325 
-4.350 
-4.37s 
-4.400 
-4.425 
-4.450 
-4.475 
-4.500 
-4.525 
-4.550 
-4.575 
-4.600 
-4.625 
-4.650 
-4.675 
-4.700 
-4.725 
-4.750 
-u. 7 7 5  
-4.800 
-4.025 
-4. E50 
-4.875 
-4.900 
-4.925 
-4.950 
-4.975 
-5,000 
-5.025 
-5.C50 
-5.075 
-5.100 
-5 .125  
-5.150 
-5. 175  
-5,200 
-5.225 
-5.250 
-5.275 
-5.300 
-5.325 
-5.350 
-5.375 

8.3 
10.2 

9.0 
11.6 
11.8 

9.7 
11.4 
10.8 

7.3 
6.2 
6.7 
7.8 
7.8 
9.0 
9.6 
8.3 

11.0 
11.6 

9.0 
7.5 
7.0 
7.7 

11.4 
10.9 
11.3 
11.9 
12.5 
13.1 

9.5 
10.2 
12.1 
11.7 
12.6 
10.7 
12.2 
10.5 
12.6 
14.8 
18.0 
19.0  
16.1 
13.Q 
14.9 
17.8 
18.6 
16.4 
14.6 
16.7 
16.9 
1 5 . 2  

6.0 
6.0 
4.8 
4.8 
5.2 
5.2 
4.8 
4.8 
4.0 
4.0 
4 - 0  
4.0 
4.0 
3.2 
3.6 
3.6 
4.0 
4.0 
3.6 
3.6 
3.6 
3.2 
3.2 
2.8 
2.0 
2.0 
2.8 
2.e 
2.0 
2.8 
2.8 
2.4 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2.8 
2 . e  
2.e 
2.8 
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S C A T T E R I N G  OF 8.56 +OR-0.06 M E V  NEUTRONS FROM w 

CONTINUUM X-SEC AVERAGE OF 15 S P E C T R A  50 LINES 

EN ( L A B )  CN X-SEC EBFOR 
M EV HEV MB/STR/MEV NB /S 'I R/M EV 

3.097 
3.072 
3.047 
3. 0 22 
2.997 
2.972 
2.947 
2.922 

2.873 
2.848 
2.823 
2.798 
2.773 
2.748 
2.724 
2,699 
2.674 
2.649 
2,624 
2,599 
2.574 
2,550 
2.525 
2.500 
2.475 
2.450 
2,425 
2.400 
2.375 
2.351 
2,326 
2,301 
2.276 
2.251 
2.226 
2.201 
2.177 
2.152 
2.127 
2.102 
2.077 
2.052 
2.027 
2.0 03 
1.978 
1 . 953 
1.928 
1.903 
1.878 

2 .898  

-5. 400 
-5.425 
-5. US0 - 5.475 
-5.500 
-5.525 
-5.550 
-5.575 
-5.60 0 
-5.625 
-5.650 
-5.075 
-5.700 
-5.725 
-5.750 
-5.775 
-5.800 
-5.825 
-5. e 5 0  
-5. e75 
-5.900 
-5.925 
-5.950 
-5.575 
-6.000 
-6.025 
-6.050 
-6. C75 
-6. 100 
-6.125 
-6.150 
-6.175 
-6.200 
-6.225 
-6.250 
-6.275 
-6.300 
-6.325 
-6.350 
-6.375 
-6.400 
-6.425 
-6.450 
-6.475 
-6.500 
-6.525 
-6.550 
-6.575 
-6.600 
-6.625 

13.4 
18.2 
23.4 
25.6 
23.3 
22.2 
24.6 
26.9 
27.7 
27-7 

26.6 
25.0 
24.3 
27.8 
28.1 
27.6 
27.2 
20-8 
31.3 
33.0 
32.1 
33.3 
34.9 
35.0 
32.7 
31.7 
3U. 1 

37.1 
35.8 
35.2 
36.9 
41.1 
43.Q 
41.6 
40.8 
42.1 
45.7 
49.4 
52.8 
53.7 
52.4 
49.2 
47.8 
49.6 
53.3 
55.4 
55.9 
55.9 

28.2 

36.8 

2.8 
2.8 

2.8 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.2 
3.6 
3.2 
3.0 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
4.0 
4.0 
4.0 
4.0 
1r.0 
4 ..c 
0.4 
4.4 
b.4 
4.4 
u.4 
4.0 
u.4 
4.e 
4.8 
4.e 
4.8 

2.8 
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S C A T T E R I N G  OF 8.56 +OR-0.06 MEV N E U T R O N S  FROM kl 

CONTINUUM 

E N  ( L A B )  
M EV 

1.853 
1.828 
1.804 
1.779 
1,754 
1.729 
1.70U 
1.679 
1.654 
1.630 
1.605 
1.580 
1.555 
1.530 
1.505 
1.480 
1.456 
1.431 
1.406 
1.381 
1.356 
1.331 
1.306 
1.281 
1.257 
1.232 

X-SEC AVERAGE O F  15 S P E C T R A  

CN X-SEC 
NEV MB/S'I R/H EV 

-6.650 
-6.675 
-5.700 
-6.725 
-6.750 
-6.775 
-6.800 
-6.825 
-6.850 
-6. e75 
-6.900 
-6.925 
-6,950 
-6.975 
-7.000 
-7.025 
-7.050 
-7. c75 
-7.100 
-7. 125 
-7.150 
-7.175 
-7.200 
-7.225 
-7.250 
-7.275 

57.3 
60.2 
63.6 
66.2 
69.4 
72.3 
74.5 
75.1 
77.6 
79.6 
83.3 
86.1 
89.e 
92.3 
92.4 
90.9 
90.6 
93.6 
96.3 
98.8 
103.2 
110.8 
1 1  6.2 
1 1  3.9 
112.0 
124.8 

26 L I N E S  

ERROR 
MB/S 'I R/MEV 

5.2 
5.2 
5.6 
5.6 
6.0 
6.0 
6.4 
6.4 
6.8 
6 - 8  
7.2 
7.6 
8.0 
8.8 
8.8 
9.2 
9.6 
10.0 
10.4 
11.2 
12.4 
13.6 
15.2 
15.2 
16 .O 
18.0 
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