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ABSTRACT 

7 3 8  The neu t ron  c a p t u r e  c r o s s  s e c t i o n  of U was measurer! f o r  Lnci.dent 

neutr-oil e n e r g i e s  between 5 e V  and 1.00 kcV i.isi.ng a e l e c t r o n  l i n a c  

neutron source  arid t h e  t ime-of - f l ighL technique , Capture gamma r a y s  were 

detected by a l a r g e  I - iq i i id  s c i n t % l l a t o r  l o c a i e d  on a f l i g h t  p a t h .  

The i n c i d e n t  neu t ron  f l u x  was monitored by a ''BF i o n i z a t i o n  chamber. 

The c r o s s  s e c t i o n  was normalized by t h ~  s a t u r a t d  resonance  technique .  

3 

T h i s  memmrandum c o n t a i n s  a b r i e f  d r s c r i p  t b n  of t h e  experimental 

t echnique  and a d i s c u s s i o n  of t h e  results. 1? complete t a b u l a t i o n  of 

one o f  t h e  measurements i s  giver, i r i  t h e  app2ndi.x. 
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I:. INTRODUCTION 

The c a p t u r e  c r o s s  s e c t i o n  of 2 3 8 U  i n  t h e  energy  range  from 1 t o  100 keV 

i s  one of t h e  most impor tan t  n u c l e a r  parameters of the  Llquid Meta l  F a s t  

Breeder Reactor Program. 

of t h e  e f f e c t  of n u c l e a r  u n c e r t a i n t i e s  on t h e  d e s i g n  parameters  of f a s t  

b reede r  r e a c t o r s .  From t h i s  s tudy  the  s e n s i t i v i t y  of t y p i c a l  r e a c t o r  param- 

e ters  t o  v a r i o u s  nuc lea r  c r o s s  s e c t i o n s  can be  o b t a i n e d .  The s e n s i t i v i t y  

of the  breedfng r a t i o  t o  t h e  six most impor tan t  cross s e c t i o n s  i s  g iven  i n  

Table I. As t h e  t a b l e  i n d i c a t e s ,  t h e  b reed ing  r a t i o  I s  much more s e n s i t i v e  

t o  < f o r  239Pu  and t o  t h e  c a p t u r e  c r o s s  s e c t i o n  o f  238U from 1 to 100 keV 

t h a n  t o  any o t h e r  n u c l e a r  d a t a .  When t h e  p r e s e n t  u n c e r t a i n t i e s  i n  t h e  param- 

eters are c o n s i d e r e d ,  i t  i s  clear t h a t  most of t h e  u n c e r t a i n t y  i n  t h e  predictec 

breeding  r a t i o  i s  c o n t r i b u t e d  by t h e  u n c e r t a i n t y  i n  t h e  2 3 8 U  c a p t u r e  cross 

s e c t i o n .  

s e c t i o n  would be r e q u i r e d ;  t h e  p r e s e n t  u n c e r t a i n t y  is  of t h e  o r d e r  of 15%. 

l Greeb le r  -- e t  - a l .  have performed an e x t e n s i v e  s t u d y  

Greeb le r  -- e t  a l .  i n d i c a t e d  t h a t  a p r e c i s i o n  of 2 %  f o r  t h i s  c r o s s  

S ince  1945 many measurements of t h e  238U c a p t u r e  c r o s s  s e c t l o n  have 

been performed.2 

D a ~ e y , ~  V. A, K0nshi1-1,~ L. P. Abagyan e t  a l .  ,5 T. A. P i t t e r l e  s- &-. 
and others.7 I n  s p i t e  of t h e  many measurements, the  u n c e r t a i n t y  i n  t h i s  

parameter i s  s t i l l  v e r y  l a r g e ;  t h e  d i s c r e p a n c i e s  between t h e  most r e c e n t  

measurements are t y p i c a l l y  of t h e  o r d e r  of 10 t o  ’15%. 

These measurements have r e c e n t l y  been reviewed by W. G. 

6 

One reason  f o r  t h e  p e r s i s t i n g  l a r g e  u n c e r t a i n t y  i n  t h e  c a p t u r e  c r o s s  

s e c t i o n  of 

c a p t u r e  c r o s s  s e c t i o n s  of heavy e lements  i n  t h e  keV r e g i m e 8  A s i t u a t i o n  s i m i  

l a r  t o  t h a t  of 238U e x i s t s  w i t h  r e s p e c t  t o  t h e  neu t ron  c a p t u r e  c r o s s  s e c t i o n  o 

g o l d , f o r  instance.’  

3 8 U  i s  t h e  well-known g r e a t  expe r imen ta l  d i f f i c u l t y  i n  measuring 

Another r eason  i s  t h a t ,  i n  s p i t e  of t h e  l a r g e  number of 
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TABLE 1. SENSITIVITY OF THE BREEDING RATIO OF A ‘LYZ’ICAL L I Q [ J I D  
MZTAL FAST RREEDKK REACTOR TO SEVEML CROSS SECTIONS (a )  

S e n s i t i v i t y  C r o s s  S e c t i o n  B r e e d i n g  Ra t io  

l3BR U n c e r t a i n t y  b) ...... fin ^ Uncer ta in tyc)  ~ B R  bK‘ iJ 
Cross Sec. t i  on 

239Pu3 above 1 keV 1 . 5 4  .02 .Oh0 

238U1 cr(n,y) 1 - B Q 0  keV .46 .15 .09Q 

.13 .03 .005 

.13 .06 .010 2 38, 

238L!, cr(n,y> above 100 keV . 1 2  .10 .015 

23t& - , v above 1 M e V  

, o ( n , f )  above 1 M e V  

2 3 9 ~ ,  cs(n,f) 20-300 keV .12 .10 .015 

a) Th i s  t a b l e  i s  de r ived  from Table  111 of t h e  p a p e r  of Greebler, Hutchins  
and Cowan. 

b )  ‘rhe u n c e r t a i n t i e s  assumed by Greebler et: al. were used here except  f o r  
2 3 8  LJ 0 (n ,y) , 1-1.00 keV, where t h e  u n c e r t a i n t y  ~ 7 . 3 ~  r a i s e d  f r o m  0.1.0 t o  
0.15, a more r e l i a b l e  estimate i n  view of t h e  d i s c r e p a n c i e s  d i s c u s s e d  
i n  t h i s  pape r .  

c )  Rased on an es t ima ted  Breeding R a t i o  o f  1.3.  
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measurements performed, on ly  s i n c e  1969 have good r e s o l u t i o n  t ime-of - f l igh t  

measurements been done. 'O"' 

two good r e s o l u t i o n  measurements over  a l a r g e  energy range  have been c a r r i e d  

o u t ,  t h e  r e s u l t s  €o r  one of which are s t i l l  p re l imina ry .  

I n  f a c t ,  o t h e r  than  t h e  one desc r ibed  h e r e ,  on ly  

In  t h i s  r e p o r t  w e  d e s c r i b e  a measurement o f  t h e  c a p t u r e  c r o s s  s e c t i o n  

of 2 3 8 t J  i n  t h e  range from 5 e V  t o  100 keV, u s i n g  a l a r g e  l i q u i d - s c i n t i l l a t o r  

gamma-ray- d e t e c t o r  and t h e  t ime-of - f l igh t  technique  on a 40-m neu t ron  f l f g h t  

pa th .  

r e s u l t s  are compared wi th  t h e  r e s u l t s  of o t h e r  measurements and wi th  v a r i o u s  

The exper imenta l  c o n d i t i o n s  and d a t a  a n a l y s i s  are d i s c u s s e d ,  and t h e  

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

11. DESCRIPTION OF THE EXPERIMENT 

A.  P r i n c i p l e  of t h e  Measurement 

A pulsed beam of  neu t rons  is  co l l ima ted  on a sample o f  2 3 E U ,  The neut ron  

c a p t u r e  r a t e  i n  t h e  sample is  measured, as a f u n c t i o n  of t i m e  of f l i g h t ,  by 

d e t e c t i n g  t h e  gamma r a y s  from the 

r a y  d e t e c t o r  sur rounding  the  ?38U sample. The spectrum of t h e  neu t ron  f l u x  

i n c i d e n t  upon the  sample  i s  obta ined  w i t h  a t h i n  d e t e c t o r  of known r e l a t i v e  

e f f i c i e n c y  p laced  i n  f r o n t  of t h e  sample .  A t  each energy,  t h e  p r o b a b i l i t y  of  

2 3 8  U(n,y)239U r e a c t i o n  w i t h  a l a r g e  gamma- 

c a p t u r e  i n  t h e  sample is  p r o p o r t l o n a l  t o  the  observed captxre rate d iv ided  

by t h e  measured i n t e n s i t y  of t h e  i n c i d e n t  neu t ron  beam. Thls p r o b a b i l i t y  

can be  normalized on t h e  peak of a low-energy "black" resonance where t h e  

t r ansmiss ion  van i shes  and where t h e  p r o b a b t l i t y  of c a p t u r e  i s  almost  u n i t y .  

The c r o s s  s e c t i o n  f u r  t h e  r e a c t i o n  2 3 8  U ( r ~ , y ) ~ ~ ' l J  can be de r ived  from t h e  

measured p r o b a b i l i t y  of c a p t u r e  i n  a sample of f i n i t e  t h i c k n e s s  by applying 

a p p r o p r i a t e  c o r r e c t i o n s  f o r  m u l t i p l e  s c a t t e r i n g  and resonance s e l f  s h i e l d i n g .  
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B. E x p r i m e n t a l  ... Arrangement .-. 

1 2  The Oak Ridge E l e c t r o n  Linear A c c e l e r a t x r  (ORELA) was used C o  produce 

a pulsed s o u r c e  of neut rons  e P u l s e s  of approximate ly  140-MeV e l e c t r o n s  of 1.2A 

peak i n t e n s i t y  impinged on a water-cooled tan ta lum t a r g e t  w h e r e  t hey  produc:ed 

f a s t  neutrons by the (y,n)  r e a c t i o n .  Some of thzse neu t rons  were slowed down 

t o  t h e  e n e r g i e s  of in terest  f o r  the measurement by a 2.5-cm-thick, 15-cm- 

d i ame te r  water moderator  sur rounding  t h e  t an ta lum t a r g e t .  '9315s w a t e r  moderator  

w a s  canned i n  a 2.4  --im-.thick aluminum housing.  The fa rge t -modera tor  assembly 

i s  ske tched  i n  Fig.  I, It has  been d e s c r i b e d  i n  some d e t a i l  by K. L,  

Mack1i.n. 1 3  

The c a p t u r e  ga~rma-ray d e t e c t o r  was p o s i t i o n e d  i n  t h e  40-m s t a t i . o n  ( > E  

f l i g h t  pa th  6 of ORELA. This  f l i g h t  p a t h  i s  normal t o  t h e  s u r f a c e  of t h e  

moderator ,  

r a p  d e t e c t o r . a t  a d i s t a n c e  of 39.7 m from t h e  neu t ron  source. The incid.ent- 

neu t ron  d e t e c t o r  was loca ted  helrwc?.en the 2 3 8 U  s a i p l e  and the neu t ron  s o u m e  

a t  a. d i s t a n c e  of 37 .9  m from the neut ron  sourcee  

The 238U samplz was p l a c e d  a t  t h e  center of t h e  c a p t u r e  gamma- 

The neu t ron  c o l 1 i m t o - r  system of  f l i g h t  pa th  6 has  Seen d e s c r i b e d  i n  

d e t s i l  by E .  G.  S i l v e r  et_ and i s  ske tched  i n  F ig .  2 ,  The c o l l i m a t o r s  

are made of copper and l e a d  to  avoid  tile energy degrada t ion  caused by n e u t r o n  

scatteri-xig i n  1 i .gh ter  mater ia l s  such as boron,  l i t h i u m  o r  p a y a f f i n .  T l w  

beam i s  co1l.imate.d t r o  a 6.6-cmAj-arneter un73ra at t h e  s a m p l e  p o s i t i o n  w i t h  a 

8.3-cm---diame~er penumbra. A shadow b a r ,  r e c t a n g u l a r  i n  c r o s s  s e c t i o n :  made 

of 6 1  CTO o E  copper  failowed by 1 6  cm of l e a d  l o c a t e d  2 - 5  m from the l i n a c  

target :  s h i e l d s  t h e  238U sample fir-oni t h e  gamma rays  genera ted  by t h e  elec-t:rons 

iniiptngf.ng upon the t an ta lum of this targef: T h i s  b a r  cons iderab1.y reduces  Che 

gamma f l a s h "  due t o  t he  gamma r a y s  and unmoilt?r,atc?-d aeutmtxs a r r i v t n g  a t  the 

-- 

1 1  

d e t e c t o r  a few microsecconds after t h e  e l e c t r o n  3u r s t  . 
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ORNL DWG 67-!012R2 
I 

\ 

\ 
\ 

1.114-in -wide, 2.000-in.-hiqh 

THICKNESSES FROM .06O TO .310 in. 
///” TANTALUM PLATES - 

,--ALUMINUM HOUSING 
0.08-in-ALUMINUM WALLS 

W A T E R O U T 1  f WATERIN 

F i g .  1. The h i g h  power (50  kW) water-cooled t an ta lum neu t ron  t a r g e t  
and moderator assembly f o r  ORELA. Note t h a t  a1.l the  neu t rons  which leave 
the assembly are f i l t e r e d  through t h e  .OB-in-thick aluminarm housing.  
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O R N I - D I G  i2-1338R 

I COLLIMATOR n 
COLLIMATOR B k> 

' I  

i 
COLLIMATCR C 3. w$,> I 

ALUMINUM GRATING 

F i g .  2 .  T h e  c o l l i m a t i o n  system f o r  the  40-m s t a t i o n  of t he  f l i g h t  
p a t h  No. 6 .  The Cigure shows, i n  p a r t i c u l a r ,  t h e  coppe r  and l e a d  shadow 
b a r ,  t h e  beam s t o p p e r ,  t h e  f i l t e r  p o s i t i o n e r ,  and t h e  the  f o u r  copper 
and l e a d  co l  1 iinators. 
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C. The D e t e c t o r s  

The ORELAST c a p t u r e  gamma--ray d e t e c t o r  used i n  t h i s  experiment  has  been 

d e s c r i b e d  i n  d e t a i l  by E .  G. S i lve r  I.-_. e t  I aL. l4 

shown i n  F ig .  3 .  Fig .  4 shows a p i c t u r e  of the d e t e c t o r  a t  t h e  40-m s t a t i o n  

of f l i g h t  p a t h  6 b e f o r e  t h e  i n s t a l l a t i o n  of the 25-cm-thick marble s h i e l d  

which w a s  pl-aced around t h e  ORELAST d u r i n g  t h e  measurements. This  s h i e l d  

reduced t h e  background by a f a c t o r  of about  12 .  The d P t P c t o r  i s  f i l l e d  wi th  

3500 l i t e rs  of t h r e e  p a r t s  NE-224, a commercial l i q u i d  s c i n t i l l a t o r , "  and 

one p a r t  t r i m e t h y l b o r a t e .  The t r i m e t h y l b o r a t e  is  added so t h a t  t h e  s c a t t e r e d  

neu t rons  thermal ized  i n  t h e  s o l u t i o n  can be  cap tu red  i n  boron r a t h e r  t han  

hydrogen; t h i s  reduces  t h e  background due t o  t h e  2.25-P.IeV c a p t u r e  gama 

A s k e t c h  of  t h i s  d e t e c t o r  i s  

r a y  of hydrogen by a f a c t o r  of 2 0 .  The l i q u i d  s c i n t i l l a t o r  i s  viewed by 

th i r ty - two  5-in.-diam RCA-4522 p h o t o m u l t i p l i e r s  whose g a i n s  are i n d i v i d u a l l y  

a d j u s t e d  so as  t o  op t imize  t h e  o v e r a l l  pu lse-he ight  r e s o l u t i o n  of t h e  de t ec -  

t o r .  ?%e ORELAST i s  t r a v e r s e d  by a n  aluminum tube through which t h e  neutron 

beam p a s s e s  and i n  which t h e  This  "'through tube" 

is of  17 .8  c m  i n t e r n a l  d i ame te r  w i th  1-mm-thick walls. A l52.4-cm-l.ong, 

2.5-cm-thick l i n e r  of 6J,iII (12.5 c m  I D )  i s  i n s e r t e d  i n  t h i s  through tube .  

'rhr purpose of t h i s  l iner  was t o  d e c r e a s e  tlic: backgroernd i n  the s c i n t  i l  l a t o r  

due t o  n e u t r o n s  s c a t t e r e d  by the 7 3 a U  sample 31x1 t o  i n h i b i t  f a s t  neu t rons  

s c a t t e r e d  by t h e  s c i n t i l l a t o r  from coming back t o  the 2 3 b U  sample.  

"U. s a m p l e  i s  p laced .  

16  

The Liquid s c i n t i l l a t o r  tank w a s  s epa ra t ed  o p t i c a l l y  i n t o  two equal 

h a l v e s  by a 2-mil- thick aluminized-mylar b a r r i e r  i n  t h e  ver t ica l  p l ane  con- 

t a i n i n g  t h e  beam axis.  This  a l lowed r e q u i r i n g  co inc idences  between t h e  

s i g n a l s  from t h e  two h a l v e s .  The signal-to-background r a t i o  i s  approximately 

e i g h t  t i m e s  h ighe r  €or such co inc idences  t h a n  f o r  the " s ing le s"  because 
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ORML- DWG 68-l0873R 

/ 
/' 
, 

< 3 

F i g .  3 .  Skctch of t h e  OREJ,A l i q u i d  s c i n t i l l a t o r  tank  (ORELAST). 
The tank i s  viewed by t h i r ty - two  5-in.  -diameter  RCA 4 5 2 2  phot -omul t ip l ic rs  ; 
it was s e p a r a t e d  into two e q u a l  h a l v e s  w i t h  an aluminum r e l f e c t o r  l o c a t e d  in 
t h e  ve r t i ca l  p l ane  c o n t a i n i n g  t h e  beam axis.  This separation i s  n o t  shown on 
t h e  f i g u r e .  
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t h e  gamma rays  from c a p t u r e  i n  2 3 8 U  have a h i g h  m u l t i p l i c i t y  and hence a 

high p r o b a b i l i t y  p e r  evenL t o  be  sccn  i n  bo ih  h a l v e s  of the s c i n t i l l a t o r ;  

whereas much of t he  background i s  caused by s i n g l p  gamma r a y s ,  u n l i k e l y  

t o  be seen i n  bo th  ha lves  of t h e  s c i n t i l l a t o r .  

Thp neu t ron  d e t e c t o r  used t o  measure t h e  i n c i d e n t  neu t ron  beam spectrum 

w a s  a 12.5-cm-QD, 3-em-thick p a r a l l e l - p l a t e  i o n i z a t i o n  chamber f i l l e d  wi th  

BF3 (96% ’ O B )  t o  a p r e s s u r e  of 1 a t m . ”  

0.38-mm-thick be ry l l i um.  Beryl l ium w a s  s e l e c t e d  because  i t  has  no known 

neu t ron  resozianees below 100 keV. 

The p l a t e s  of t h i s  chamber were of  

The l i -nac t a r g e t  c e l l  and t h e  ent:i.re c o l l i m a t i o n  system u p  t o  t h e  neu t ron  

d e t e c t o r  were evacuated t o  reduce t h e  energy d e g r a d a t i o n  and l o s s  of beam i.n- 

Cens i ty  a s s o c i a t e d  wi th  neut ron  s c a t t e r i n g  i n  a i r .  

and the  beam dump ( t h e  neu t ron  beam e x i t  behind the  ORELAST) were f i l l e d  

wi.th hel ium because hel ium has  a s m a l l e r  s ca t t e r i -ng  c r o s s  s e c  t iori  than  a i r .  

The b a r e  7.6-cm-diarn 2 3 B U  sample was he ld  i n  p o s i t i o n  i n  t h e  c e n t e r  o f  

The ORELAST through--tube 

t h e  capture-gamma-ray d e t e c t o r  by a l i g h t  l u c i t e  ho lde r .  

D.  The E l e c t r o n i c s  _..̂  

A s i m p l i f i e d  b lock  diagram of t h e  e l e c t r o n i c s  a s s o c i a t e d  wi.t:h t h e  expe r i -  

ment i s  shown i n  F ig .  5. The t i m e  o f  f l i g h t  w a s  measured ~ i t h  a Model 5 4 1  

Eldorado d i g i t a l  time i n t e r v a l  c o u n t e r .  l8 This  “cIock“ measured t h e  t h e  

i n t e r v a l s  between a s ta r t  s i g n a l  frorn a g a m - f l a s h  d e t e c t o r  t r i g g e r e d  by 

the a r r iva l  of t h e  e l e c t r o n  b u r s t  on t h e  l i n a c  t a r g e t  and s t o p  s i g n a l s  from 

e i t h e r  t h e  c a p t u r e  gamma-ray d e t e c t o r  o r  t h e  neu t ron  d e t e c t o r .  l3 The t iming  

r e s o l u t i o n  of approximate ly  6 n s  w a s  determined by t h e  East s i g n a l s  f r o m  t h e  

photoniul t i .p l ier  anodes.  The p u l s e s  from the  c a p t u r e  gamma-ray d e t e c t o r  were 

d iv ided  i n t o  two pulse-he ight  groups  cor responding  t o  e q u i v a l e n t  t o t a l  gamma- 

r a y  energies between 2 . 8  and 4.5  and between 4.5 and 10 MeV r e s p e c t i v e l y .  

P u l s e s  below 2 . 8  M e V  o r  above 1.0 MeV were r e j e c t e d  by a fast/slow co inc idence  

c i r c u i t .  I n  t u r n ,  each of t h e s e  pulse-he ight  groups w a s  d i v i d e d  into two 

subgroups accord ing  t o  whether  o s  n o t  a co inc idence  occurred  between t h e  

h a l v e s  of t h e  ORELAST. The r e s o l v i n g  t i m e  of t h e  co inc idence  c i r c u i t  was 

100 n s ,  t h e  b i a s  on each  ha l f  o f  t h e  s c i n t i l l a t o r  w a s  300 kcV e q u i v a l e n t  

gamma-ray energy. The fou r  types  of e v e n t s  from t h e  c a p t u r e  gamma-ray 

d e t e c t o r  w e r e  recorded s e p a r a t e l y  i n  o r d e r  t o  observe  whether  a p p r e c i a b l e  
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on an IEM/360 coxputer  by b a t c h  p rocess .  

The time-of- 

They were l a t e r  unloaded on magnetic t ape  and analyzed 
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changes i n  pulse-hei-ght d i s t r i . b u t i o n  o r  i n  m u l t i p l i c i t y  occurred  as a 

f u n c t i o n  o f  t i m e  of f l i g h t .  

t r o n i c  b i a s  s h i f t s  o r  by an  energy dependence of  the  average p r o p e r t i e s  

o f  t h e  cascade  fo l lowing  neu t ron  c a p t u r e .  

Such changes cou ld  be  caused e i t h e r  by elec- 

The l i q u i d  s c i n t i l l a t o r  has  a suf f ic ien t1 .y  l a r g e  volume t o  absorb  

most of t h e  gamma-ray energy o r i - g i n a t i n g  a t  t h e  sample p o s i t i o n ;  a f t e r  

a c a p t u r e  i n  2 3 8 U  t h e  gamma-ray energy r e l e a s e d  i s  e q u a l  t o  t h e  sum of 

t h e  b ind ing  energy ( 4 . 8  MeV) and t h e  k i n e t i c  energy (<0.1 MeV) of t h e  

neu t ron .  However, because of t h e  poor  pulse-he ight  r e s o l u t i o n  of t h e  

detzector and because some r a d i a t i o n  is  absorbed i n  t h e  sample and s t r u c t u r e ,  

the.  a c t u a l  pulse-hei-ght spectrum cor responding  t o  a c a p t u r e  i n  

froin 0 t o  approximately 5.5 MeV and peaks nea r  4.5 M e V .  

set at: 2 .8  MeV t o  d i s c r i m i n a t e  a g a i n s t  gamma r a y s  from neut ron  i n e l - a s t i c  

s c a t t e r i n g  i n  38U and from neu t ron  c a p t u r e  i n  hydrogen. 

38U extends  

A low b i a s  was 

The f i v e  t ime-of - f l igh t  s p e c t r a  ( fou r  from the  gamma-ray c a p t u r e  d e t e c -  

t o r  and one from t h e  neu t ron  d e t e c t o r )  were measured s imul . taneously,  u s ing  

t h e  s a m e  d i g i t a l .  t ime- in t e rva l  coun te r  and " tags"  t o  i d e n t i f y  t h e  v a r i o u s  

types  o f  even t s .  The t ime-o f - f l i gh t  d a t a  were accumulated on a l a r g e  

c a p a c i t y ,  r a p i d  random-access magnet ic  d i s k  s t o r a g e  d e v i c e  a t t a c h e d  t o  an 

SEL-810B computer.  2o The s t o r e d  d a t a  w e r e  l a t e r  t r a n s f e r r e d  v i a  magnetic 

t a p e  t o  be  ba tch  processed on an  TBM--360/9l. 

Pulse-he ight  s p e c t r a  froin t h e  c a p t u r e  gamma-ray d e t e c t o r  gated over 

fou r  ti.me-of-f l . igh t  i n t e r v a l s  were taken  s imul t aneous ly  w i t h  the  time-of- 

f l i g h t  spec t r a .  These t i i i ie-of-f l fght  i n t e r v a l s  w e r e  changed from r u n  t o  

run  and t h e  pulse-he ight  s p e c t r a  obta ined  were compared t o  de t e rmine  whether  

s i g n i f i c a n t  chailges of t h e  pulse-he ight  spectrum occurred  wi th  t i m e  o f  

f l i g h t .  
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I)ur:ing accuniulat.ion t h e  average  count  ra tes  of the  c a p t u r e  gamma-ray 

d e t e c t o r ,  of t h e  neu t ron  d e t e c t o r ,  and of a beam monitor  w e r e  con t inuous ly  

recorded ,  and t h e  d a t a  t a k i n g  p rocess  w a s  h a l t e d  a u t o m a t i c a l l y  whenever 

t h e s e  coimt rates d i f f e r e d  by more than  10% from t h e  set  level.  

E. The M e a s u r e m e 3  

Neasurements w e r e  c a r r i e d  ou t  w i t h  s a m p l e s  of 1, 3 and 25 m i l s  nominal 

t h i ckness .  The  a c t u a l  dimensions of t h e s e  s a m p l e s  are g iven  i n  Table  11. 

The i s o t o p i c  composi t ion of t h e  uranium i s  given i n  Table  111. 
2 1  

Tn t h e  measurements w i t h  t h e  t h i c k  samples ,  t h e  signal-to-background 

r a t i o  i s  b e t t e r ,  p a r t i c u l a r l y  where the c r o s s  s e c t i o n  is  low, O n  t h e  o t h e r  

hand, w i t h  t h e  t h i n  samples  t h e  s e l f - s h i e l d i n g  and m u l t i p l e - s c a t t e r i n g  

c o r r e c t i o n s  r equ i r ed  t o  d e r i v e  the  c r o s s  s e c t i o n  from t h e  measurements are 

r e l a t i v e l y  less impor tan t  I Furthermore , a comparison of t h e  d a t a  from the. 

t h i c k  and t h i n  samples can be made t o  v e r i f y  the  v a l i d i t y  of t h e  technique  

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

d a t a  from t h e  one-mil-thick sample had a very  poor signal-to-background 

r a t i o  and could n o t  be f u l l y  reduced;  t h e s e  measurements w i th  t h e  one-mil 

s a m p l e  will no t  be d i scussed  i n  t h i s  paper .  

For  each sample t h i c k n e s s  fou r  sets of measurements w e r e  performed : 

measurements w e r e  done w i t h  and wi thout  a set of "resonance f i l t e r s "  i n  

t h e  beam. The resonance f i l t e r s  se rved  to moni tor  t h e  background a t  t i m e -  

o f - f l i g h t  i n t e r v a l s  cor responding  t o  the  l o c a t i o n  of b l a c k  resonances i n  

t h e  f i l t e r s .  Measurements were a l s o  performcad (both wi th  and wi thou t  t h e  

resonance f i l t e r s )  w i th  an  e q u i v a l e n t  sample of l e a d  i n  place of t h e  238U 

sample .  These measurements made i t  p o s s i b l e  t o  i n t e r p o l a t e  t h e  background 
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TABLE Ii. DIMKNSLONS OF 238U CAPTURF S M P L E S  

Nominal Thickness 25 mil 3 mil 1 m i l  

Mean diameter, c m  7.65-t .  I 04 7.65+. 04 7.65+. - 04 

44.3.5+. 5 45.92-k. - 5 46.06-b. -- 5 
2 A r e a ,  cm 

Weighr grams 51. 842-t. I 01 7.1831-.01 _- 2 "  549-t-. __.. 01 

A r e n l  density,g/ciii 1.118-k. - 01. .1564+.002 - .0553+. I 0006 
2 

Areal density, atoms/barn .00283+.00003 I .000396+.000004 I .O001405.000001 - 

Inverse density, barns/atom 353-l-4 - 25 24i-2 - 5 7137-e-7% - 
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TABLE TIL. ISOTOPIC COMPOSITION OF 2381J SASlfPLES-(BATCN 169-C) 

._ - 

< 1 PPM 

< 1 PPM 

< 5 PPM 

< 1 PPM 

233u 

234u 

235u 

236u 

23Su 
99.99% 

The a n a l y s i s  was performed May 20,  1959 for H. Gwinn, 
0RNL Isotopes Div i s ion .  
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between the resonance f i . l t e r  no tches .  

each measurement t o  p reven t  o v e r l a p  between neu t rons  from successive p i l l s e s  

of t h e  l i n a c .  

by 6% of epoxy r e s i n .  

of the pu l se  r e p e t i t i o n  ra te  of t h e  l i n a c .  

F i l t e r s  oE 'OB we1-e a l s o  used i n  

These ove r l ap  f i l t e r s  were made of pressed  'OB powder bound 

The t o t a l  t h i c k n e s s  of "€3 was a d j u s t e d  as a f u n c t i o n  

Most i n d i v i d u a l  measureinents l a s t e d  from 10 t o  15 hours .  For each 

sarnp1.e th i ckness  the complete se t  o f  four  measurements was r epea ted  a t  

least  t w i c e  t o  compensate f o r  p o s s i b l e  d r i f r s  i n  t h e  e l e c t r o n i c s  and i n  

t h e  beam spec t runi ,  t o  o b t a i n  good s ta t : is t ics ,  and t o  permit. c o n s i s t e n c y  tests 

on t h e  d a t a .  

In a d d i t i o n  t h e  entire set  of measurements w a s  r epea ted  w i t h  d i f f e r e n t  

l i n a c  beam co i id i t i ons ,  p rov id ing  a v e r i f i c a t i o n  t h a t  t h e  E i n a l  r e s u l t s  w e r e  

i n d r p n d e n t  o f  such beam c o n d i t i o n s  as t h e  r e p e t i t l o n  r a t e  and t h e  b u r s t  

w id th  (except  f o x  r e so lu t jon  e f f e c t s ) .  Table  IV l i s t s  rhe  experimental  

c o n d i t i o n s  common to a l l  sets of measurements,  Table  V l i s t s  t h e  beam c o n d j -  

t i o n s  f o r  f i v e  t y p i c a l  runs and Table  V T  l i s l s  t h e  channel-width s t r u c t u r e  

used fo r  t h e s e  measurements. 

iiI. ANALYSIS OF THE DATA 

The purpose of t h e  a n a l y s i s  of t h e  d a t a  i s  t o  o b t a i n  Che p r o b a b i l i t y  

o f  neu t ron  abso rp t ion  as a f u n c t i o n  of energy f o r  each 2 3 8 U  sample used.  

From t h i s  p r o b a b i l i t y  the c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  

can be ob ta ined  by resonance a n a l y s i s  o r  by app ly ing  t h e  a p p r o p r i a t e  

c o r r e c t i o n s  f o r  resonance self-shielding and m u l t i p l e - s c a t t e r i n g  e f f e c c s .  

The s u c c e s s i v e  s t e p s  t o  o b t a i n  t h e  p r o b a b i l i t y  of  a b s o r p t i o n  i n  a given  

sample  are l i s t e d  i n  Table V I 1  and b r i e € l y  d i scussed  below, 

38U(n,y) 3 9 U  
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TABLE IV. EXPERIMENTAL PAMMETERS FOR THE ORELA MEASUREMENT 
OF CAPTURE IN 38u AT 40 rn 

238U sample f . l i g h t  p a t h  39.70+.04 - m 

Neutron d e t e c t o r  flight p a t h  37.86+.04 I m 

Moderator composi t ion  H2° 

Moderator t h i c k n e s s  2.54+.5 - c m  

2 3 8 ~  sample composi t ion  U-238 m e t a l  

2 9 7+5OK Sample tempera ture  - 
Overlap f i l t e rs  

Background f i l t e rs  

‘OB powder p re s sed  w i t h  6 wt% 
epoxy 

2 
1) A 1  14 g/cm 
2 )  NaF 1.41 g/cm 

3) s 10 g/cm 

2 

2 
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TABLE V. EXPERIMENTAL PARAMETERS FOR FIVE SETS OF MEASTURFMENTS 

Run Number ROO33002 ROO31901 R0101401 K O 1 1 0 1 0 1  R0110601 

Linac R e p e t i t i o n  Rate (1Iz) 450 450 900 900 4 5 0  

E l e c t r o n  burst w i d t h  ( n s )  5 5 5 5 40 

'OB o v e r l a p  filter lg/crn 

238U sample thickness  (at/barn) ,0004 .0028 ,0004 .0028 .0028 

. I87 . I 8 7  . 550  .550 . 550  2 
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238u TABLE VI. TIME-OF-FLIGHT PROGRAM FOR MEASUREMENT OF oC FOR 

Number of Channels Channel Width T i m e  of F l i g h t  Energy - 
1 6 3 8 4  

2048 

2048 

1024 

1024 

5 1 2  

5 1 2  

5 1 2  

256 

256 

5 nsec  0-81.92 psec >1.3 keV 

10 nsec 81.92-102.4 usec 1.3 keV-800 eV 

2 0  nsec 102.4-143.36 psec 800-400 eV 

4 0  nsec  143.36-184.32 p s e c  400-250 e V  

8 0  nsec  184.32-266.24 p e c  250-120 e V  

160 nsec  266.24-348.16 p e c  120-70 e V  

320 nsec  348.16-512 p e c  70-32 e V  

640 n s e c  512-840 usee 32-12.5 eV 

1 , 2 8  ysec 8 4 0  usec-1.167 msec 12.5-8 eV 

2.56 usee 1,167-1 .823  msec 8-2.5 e V  
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TABLE VII. SUCCESSIVE STEPS I N  DATA REDTJCTLON 

Magnitudp of Cor rec t ion  Unce r t a in ty  Assoc ia ted  
With t h e  Cor rec t ion  Nature of Cor rec t ion  Maximum Average 

:Dead t i m e  Cor rec t  i o n  252 2% 0.1% 

Background S u b t r a c t i o n  40 b.eV ’I2 6 b.eV 112 3 b.evJ-’2 

Energy Dependence 01 No energy dependence observed 3% 
E f t‘ic i enc  y 

Determina t ion  of Neutron 6% 2% 
Spectrum (Background Correc-- 
t i o n  and Cor rec t ion  f o r  imi~ 

1 - Dependence cpf ‘OB cross 

Sec t ion .  ) 
V 

Nor ma li z a t i on ( M u l t i p l e  
S c a t t e r i n g  Cor rec t ion )  

2 7: 2% 

S e 1 f s h i e  I d  i n g  and M u 1  t i p  l e  40% 8% 
S c a t t e r i n g  (above .5  keV) 

4% 

2% 

4% 



2 1  

A .  Deadtime Cor rec t ion  

A s  s t a t e d  above , the  f i v e  t ime-o f - f l i gh t  s p e c t r a  were t aken  s imul t aneous ly  

us ing  t h e  s a m e  d i g i t a l  t i m e - i n t e r v a l  coun te r .  

( l a r g e r  t h a n  t h e  dead-time of any of t h e  e l e c t r o n i c  componcnts) w a s  a r t i f i c a l l j  

imposed on the  equipment. 

c a l c u l a t i o n  of t h e  deadtime c o r r e c t i o n  which w a s  t h e  s a m e  f o r  a l l  f i v e  

s p e c t r a  f o r  any g iven  t ime-o f - f l i gh t  channel .  

of t h e  o r d e r  o f  2% and neve r  exceeded 25%. 

A f i x e d  deadtime of 1 0 . 2 4  us 

This  arrangement pe rmi t t ed  a s t r a i g h t - f o r w a r d  

The c o r r e c t i o n  was u s u a l l y  

B.  Background S u b t r a c t i o n  

The background i n  each  of t h e  f o u r  t ime-o f - f l i gh t  s p e c t r a  a s s o c i a t e d  

w i t h  t h e  c a p t u r e  gamma-ray d e t e c t o r  h a s  a c o n s t a n t  component arid a t i m e - o f -  

f l i gh t -dependen t  component. The time-of-flight-dependent c o n t r i b u t i o n  i s  

produced by t h e  prompt g a m a  r a y s  fo l lowing  t h e  c a p t u r e  of a beam neu t ron  

o r  a s c a t t e r e d  neu t ron  i n  t h e  d e t e c t o r  o r  i n  any material  around the d e t e c -  

t o r  excep t  t h e  'U sample; t h e  t ime-of - f l igh t - independent  c o n t r i b u t i o n  i s  

produced by cosmic r a y s  and by long- l ived  r a d i o a c t i v i t i e s  p r e s e n t  i n  t h e  

d e t e c t o r  and sur rounding  material ,  i n c l u d i n g  t h e  3 a U  sample. 

The spectrum of the  time-of-flight-dependent p a r t  of t h e  background w a s  

ob ta ined  from measurements f o r  which t h e  238U sample had been r ep laced  by 

a l e a d  sample o f  equivalent :  t h i c k n e s s .  

background w e r e  determined from t h e  count rates a t  t i m e s  o f  f l i g h t  co r re -  

sponding t o  t h e  beam f i l t e r s '  b l a c k  resonances. 

s t a t i s t i c a l  accuracy  of t h e  background measurement and to i n t e r p o l a t e  under 

t h e  few i s o l a t e d  resonances  of l e a d ,  t h e  s p e c t r a  ob ta ined  wi th  t h e  l ead  

sample w e r e  f i t t e d  w i t h  an a p p r o p r i a t e  polynomial f u n c t i o n  of t h e  energy.  

The magnitudes of bo th  t y p e s  of 

I n  o r d e r  t o  improve t h e  
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Fig .  6 shows an example of t he  r a w  d a t a ,  

t h e  

The "notches" due t o  t h e  b l a c k  resonances of t h e  f i l t e r s  a r e  c l e a r l y  seen. 

Fig .  7 i l l u s  trat:es the  de t e rmina t ion  and no rma l i za t ion  of  t h e  background. 

The l-ower cu rve  on t h e  f i g u r e  shows t h e  spectrum obta ined  w i t h  t h e  2 3 8 U  

sample r ep laced  by an  e q u i v a l e n t  lead sample and t h e  polynomial f i t  to 

t h e  d a t a ;  t i is  upper  curve  shows a spectrum obta ined  w i t h  t h e  " 3 - m i l "  2 3 8 T J  

sample and the  background curve  normalized a^i t h e  b l a c k  resonances .  

The measurement w a s  don2 w i t h  

2.5-mil 238U sample  and w i t h  f i l t e r s  of S ,  A I ,  N a  and 'OB i n  t h e  beam. 

The background a s s o c i a t e d  w i t h  t h e  neu t ron  d e t e c t o r  w a s  o f  t h e  o r d e r  

of 2% of t h e  count  r a t e .  This  background could  be  aiialyzed i n t o  a cons t an t  

p a r t  and a t ime-of-f l ight-dependent  p a r t  p r o p o r t i o n a l  t o  t h r ?  foreground.  

S ince  o n l y  t h e  r e l a t i v e  count  ra te  of  the. .neutron d e t e c t o r  was used i n  

ana lyz ing  t h e  dal:a, the tFme- .o f - f l i gh t -dependen t  p a r t  of ~ h c  backgrovnd 

w a s  n o t  s u b t r a c t e d  from t h e  d a t a .  Fi.g. 8 shows t h e  count  ra te  of the 

neutlroii monitor  as a €unct ion  of i n c i d e n t  neutrori energy ,  'The uppe? curve 

was ob ta ined  wi th  no f i l t e r  i n  the beam o t h e r  t h a n  the  

The lower curve  was obta ined  by p l a c i n g  f i l t e r s  of N a ,  A 1  aud S i n  t h e  beam 

i n  a d d i t i o n  t o  t h e  ove r l ap  f i l t e r .  The s t r u c t u r e  i n  the upper cu rve  

m a r  6 keV and above 2 0  keV i s  caused by the resonance s t ruc tuz-e  of aluminum. 

(The neu t rons  l e a v i n g  t h e  l i n a c  t a r g e t  water moderator a r e  f i l t e r e d  through 

t h e  2,4--mm--alurninum housing c o n t a i n i n g  t h e  moderator ( see  Fig.  1) .) 

l o ~  l'overla,p fj-l-terll.  

C .  Reductj.on of Data from the Capture  Gamma-Ray De~ectior ... . .. ... . . . .~. -. 

A s  p r e v i o u s l y  i n d i c a t e d  four  t ime-of - f l igh t  spec t r a  w e r e  t aken  simul- 

t aneous ly  wi th  t h e  c a p t u r e  gam-la-ray d e t e c t o r .  These corresponded t o  two 

pulse-he ight  groups:  between 2 .8  and 4.5 MeV and berwee.n 4 . 5  and 10 MeV. 
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F i g .  6. Count ra te  observed w i t h  a 25-mil 238U sample i n  t h e  ORELAST. 
Each of t he  t h r e e  s e c t i o n s  i s  i n d i v i d u a l l y  normalized by an a r b i t r a r y  scale 
f a c t o r .  Resonance f i l t e r s  were loca ted  in t h e  neut ron  beam, and Some of  
t h e  f i l t e r  notches  are i d e n t i f i e d .  



24 

O R N k D W G  70-7t350 
- 

A I  
35.2 keV 
S 

keV 5.8 keV 2.85 keV 

\ I N O R M A L I Z E @  BACKGROUND SHAPE 

TYE SOl..ln LINE IS A POLYNOMIAL FIT 
ABOVE C H A N N E L  600 

40% 
C H ANN E !. NU M B E R 

F i g .  7.  Detcirmination o f  Lhe background i n  t h e  238U c a p t u r e  c ros s -  
s e c t i o n  measuremen:. 
of 2 3 8 U  i n  the  s c i n t i l l a t i o n  tank.  The no tches  d u e  t o  the resonance E i l t P r  
i n  the beam can be  observed.  The lower c u r v e  w a s  ob ta ined  3y r e p l a c i n g  
the  3-mil 38U sample by a Pb sample of e q u i v a l e n t  t h i ckness  
curve d e f i n e s  t h e  shape of the background. It i s  f i t t e d  by a polynomial 
t o  reduce t h e  s t a t i s t i c a l  f l u c t u a t i o n s  and e l i m i n a t e  t h e  c o n t r i b u t i o n  of 
t h e  f e w  Pb r e sonances ,  

The upper curve w a s  ob ta ined  with a 3-1nil sample 

This  lower 
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Fig .  8. Neutron count r a t e s  observed wi th  a BF 3 i o n i z a t i o n  chamber 
wi th  and without  resonance f i l ters .  
c a l  f i t  t o  t h e  d a t a  obtained wi thout  f i l t e r s .  
curve ;  nea r  6 keV and above 20 keV, i s  due t o  t h e  f i l t e r i n g  of  t h e  beam 
neut rons  by t h e  .08-in. alirminum housing of the  ORELA target-moderator  
assembly (see F ig .  1). 

The s o l i d  l i n e s  r ep resen t  an a n a l y t i -  
The s t r u c t u r e  f n  t h e  upper 
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Each pulse-he ight  group was d iv ided  i n t o  two s e c t i o n s ,  t h e  s i n g l e s  and t h e  

co inc idences ,  depending on whether  o r  n o t  a coirnr:idence had been d e f e c t e d  

between t h c  ttro ha lves  of t h e  c a p t u r e  gamma-ray tletecr_o-r. The f o u r  t i m e -  

o f - f l i g h t  s p e c t r a  were  compared t o  see i f  changes i n  the pulse-he ight  spec t ra .  

o r  i n  t h e  coincidence p r o b a b i - l i t y  could  be  observed ,  e i t h e r  as a f u n c t i o n  

of energy o r  f rom resonance t o  resoxianre.  No s i g n i f i c a n t  syslrematic changes 

w e r e  observed below 100 keV w l t h i n  t h e  s t a t i s t i c a l  accuracy of  tiict. measure- 

m e n t s .  'This accuracy  w a s  about 5% f o r  t h e  r a t i o  of singles t o  co inc tdencec  

and 8% f o r  the r a t i o  of t : h  high-pulse-height  group t o  t h e  low-pulse-height 

group when the d a t a  weye averaged ove r  decimal  i n t e r v a l s  (100 e V  i n t e r v a l s  

up t o  1 keV, 1 keV i n t e r v a l s  up t o  10  keV and 10 keV i n t e r v a l s  l ip t o  100 keV). 

The signal-to-background r a t i o  was approximately e i g h t  t i n e s  b e t t e r  f o r  t h e  

co inc idence  d a t a  than  for  t h e  s i n g l e s ;  t h i s  i s  i l l u s t r a t e d  i n  F i g .  9 which 

shows t h e  t i -me-of-f l ight  s p e c t r a  of the s i n g l e s  (upper curve)  and coinc1denr:es 

( lower  curve)  f o r  a few low-energy resonances .  

D. Determina t ion  of  t h e  Neutron Beam SJec t rurn  
.l_-_lll.l_ . 

Since   he neu t ron  d e t e c t o r  i s  ve ry  t h i n  ( i t s  t r ansmiss ion  i s  g r e a t e r  

t han  0.98 above 5 e V )  , t h e  neu t ron  beam transmiti:ed through t h i s  d e t e c t o r  

and hence inc.i.dent upon t h e  2 3 8 U  sample,  $ ( E )  ~ m a y  be r e l a t e d  t o  t h e  count  

rate of t h e  d e t e c t x r ,  S ( E )  a t  energy E by: 

1 0  
w h e r e  K 

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

p ropor t iona l  t o  E s o  ihat  t h e  term R ( i ? )  i n  t h e  l a s t  exp res s ion  i s  v e r y  

and K2 are p r o p o r t i o n a l i t y  constants and u ( h )  i s  the B abso rp t ion  1 

B e l o w  100 keV the 'OB absolpt- ion r r o s s  s e c t t o n  i s  n c 2 r l y  
-1/2 
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Fig .  9. Count rates observed w i t h  a 2 5 - m i l  s ample  o f  238U i n  t h e  
ORELAST. The upper curve  r e f e r s  t o  those  e v e n t s  which w e r e  observed i n  
one-half of t h e  ORELAST, but n o t  t h e  o t h e r .  The lower cu rve  r e f e r s  t o  
t h e  co inc idences  between t h e  two h a l v e s  o f  t h e  ORELAST. The s i g n a l  t o  
background r a t i o  i s  approximate ly  8 t i m e s  b e t t e r  i n  t h e  co inc idences  
(lower cu rve )  t han  i n  t h e  s i n g l e s  (upper c u r v e ) .  
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22 
c l o s e  t o  u n i t y .  The e v a l u a t i o n  of S0werb.y -I e t  a l .  w a s  used t o  conipute 

R ( E ) .  

~ o w e r b y ~ ~  has  r e p o r t e d  t h a t  t h e  branching  r a t i o  of a lpha  p a r t i c l e s  

going t o  t h e  ground s ta te  t o  those  going to t h e  f i r s t  e x c i t e d  sta[:e i n  

7 L i  appears  c o n s t a n t  below 130 keV; consequent ly  no c o r r e c t i o n  t o  t h e  

e f f i c i e n c y  of the  neu t ron  d e t w t o r  was tilade f o r  changes i n  t h i s  b.cmc:hing 

r a t i n .  The e f f e c t  of t h e  s c a t t e r i n g  0.F neu t rons  by t h e  0.38-mm-thick 

b e r y l l i u m  end-p la t e s  o f  t h e  neutron d e t e c t o r  was cons idered  and found negli-  

g i b l e  e 

The count  ra te  S ( E )  had t o  be i n t e r p o l a t e d  because o f  t he  d i f f e r e n c e  

i n  f l i g h t  pa ths  p e r t a i n i n g  to  Che neutron d e t e c t o r  and t h e  238U samp1.e. 

For C h i s  i n t e r p o l a t i o n ,  and i n  o r d e r  to reduce  e r r o r s  a s s o c i a t e d  w i t 1 1  

s t a t i s t i c a l  f l u c t u a t i o n s ,  t h e  count ra te  was " f i t t e d "  by a smooth f isnct lon,  

shown as t h e  sinootrh l i n e  i n  F i g .  8. B e l o w  5 keV t h e  f i t  h a s  the form: 

w h ~ r e  K i s  a c o n s t a n t ,  c1 = 0.16 r e p r e s e n t s  t h e  "hardening" of t h e  neu t ron  

f l u x  dup t o  t h e  f i n i t e  s i z e  of t h e  neu t ron  muderator ( i t  ro r r e sponds  t o  a 

f l u x  @(EjdkI - E dC), and (3 i s  t h e  macroscopic c r o s s  s e c t i o n  of tlir ''13 

overlap f i l t e r  at 1 e V .  

-0.84 

E a Norriiali z a t i o n  ____ ...... 

The p rubab i l - i t y  P(E:) of neut ron  captu-re  i n  the  2 3 8 U  sample i s  p r o p o r t i u n a l  

t o  t h e  n e t  c a p t u r e  r a t e  i n  the  2 3 8 U  sanlple  ob ta ined  w i t h  t h e  c a p t u r e  gamma-ray 

d e t e c t o r ,  d iv ided  by t h e  i n t e n s i t y  of t h e  i n c i d e n t  neu t ron  beam, ob ta ined  

wi t11  t h e  neii tron de t ec to r .  S ince  t h e  absol-ute efficiencies of t h e  c a p t u r e  

gamma-ray d e t e c t o r  and of t h e  neut ron  deisectcru are n o t  aeeurately known, t h e  



29 

p r o b a b i l i t y  of c a p t u r e  P ( E )  must be  normalized a t  some energy where i t  can 

b e  computed. For t h i s  no rma l i za t ion  t h e  sa tu ra t ed - re sonance  technique  

w a s  used. A t  t he  resonance  energy  6.67 e V  t h e  25-mil-thick 

about  20 mean-free p a t h s  t h t c k  so t h a t  t h e  t r ansmiss ion  of t h i s  sample is  

e f f e c t i v e l y  ze ro .  Hence t h e  p r o b a b i l i t y  of  c a p t u r e  of a 6 .67  e V  neu t ron  i n  

t h e  25-mil 2 3 8 U  .;ample 1s a lmost  u n i t y .  

the neu t ron  has  a f i n i t e  p r o b a b i l i t y  t o  be b a c k s c a t t e r e d  or t o  escape  t h e  

sample by m u l t i p l e  s c a t t e r i n g . )  The m u l t i p l e  s c a t t e r i n g  and b a c k s c a t t e r i n g  

e f f e c t s  are a v e r y  s m a l l  c o r r e c t i o n  t h a t  can b e  computed by the  Monte Car lo  

t echn ique  o r  by a t r a n s p o r t  c a l c u l a t i o n .  S ince  the  r a t i o  of t h e  neu t ron  

wid th  t o  t h e  c a p t u r e  wid th  is  small, f o r  t h e  6.67 eV resonance ,  t h e s e  co r rec -  

t i o n s  are q u i t e  f n s e n s i t i v e  t o  t h e  u n c e r t a i n t i e s  i n  t h e  resonance  parameters . '  

18 

3e1J  sample i s  

(Tt i s  somewhat s m a l l e r  because 

I n  r i g .  10 w e  compare t h e  computed p r o b a b i l i t y  of c a p t u r e  Cor a 25-mil 

238U sample wi th  t h e  measurement, i n  t h e  v i c i n i t y  o f  t h e  6 .67  e V  resonance.  

'(a where P(E) is  t h e  p r o b a b i l i t y  of "lie q u a n t i t y  I n  t h e  o r d i n a t e  i s  - 

neu t ron  c a p t u r e ;  N is t h e  sample th i ckness  i n  a toms/barn and E t h e  5nc ident  

neu t ron  energy.  The c a l c u l a t i o n  w a s  done by t h e  Monte Car lo  t echn ique ,  

u s i n g  t h e  ENDF/B-III parameters. 2 5 9 6  It y i e l d e d  f o r  P a v a l u e  of  .979+.01 -_ 

a t  t h e  resonance  energy.  The e r r o r  on t h i s  v a l u e  was ob ta ined  by assuming 

a 3% e r r o r  i n  r' and a 10% e r r o r  i n  r and r e p e a t i n g  t h e  c a l c u l a t i o n .  The 

measurement w a s  normalized t o  t h e  v a l u e  P = .979  a t  6.67 e V .  It i s  e s t i m a t e d  

t h a t  t h e  t o t a l  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h i s  n o r m a l i z a t i o n  i s  2%. 

N 

n Y 

F. ----.- S e l f - s h i e l d i n g  and -~ M u l t i g l e - S c a t t e r i n g  --- C o r r e c t i o n s  

I n  o r d e r  t o  d e r i v e  t h e  c r o s s  s e c t i o n s  f o r  t h e  r e a c t i o n  238U(n,y)239U 

f rom t h e  measured neu t ron  c a p t u r e  p r o b a b i l i t y  i n  a sample a f  f i n i t e  t h i c k n e s s  
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i t  is  necessa ry  t o  c o r r e c t  t he  r e s u l t s  of  t h e  measurement fo r  t h e  resonance 

s e l f - s h i e l d i n g  and m u l t i p l e - s c a t t e r i n g  e f f e c t s .  

In  t h e  r e so lved  resonance  r e g i o n  (below 4 keV) t h e  resonance parameters 

of ENI)F/B-I11 w e r e  used t o  compute t h e  c a p t u r e  p r o b a b i l i t y  i n  samples of 

25 m i l  and 3 m i l  t h i c k n e s s .  The r e s u l t  of t h e  c a l c u l a t i o n  w a s  t hen  compared 

d i r e c t l y  w i t h  t h e  measurement. The c a l c u l a t i o n  was done by  the  Monte Car lo  

t e c h i q u e  w i t h  t h e  computer code MULTSCA developed f o r  t h i s  purpose.  Neutron 

h i s t o r i e s  w e r e  fol lowed i n  t h e  sample u n t i l  a s t a t i s t i c a l  accuracy  of 0.1% 

w a s  ach ieved .  

S ince  t h e  c a p t u r e  p r o b a b i l i t y  f o r  a sample of f i n i t e  t h i c k n e s s  computed 

w i t h  t h e  ENDF/B-lII parameters a g r e e s  q u a l i t a t i v e l y  w i t h  the  measiirements, 

the s e l f - s h i e l d i n g  and m u l t i p l e - s c a t t e r i n g  c o r r e c t i o n  can b e  computed u s i n g  

t h e  ENDF/B-LIT resonance  parameters .  The average  c r o s s  s e c t i o n  i s  then  

g iven  by the  p roduc t  o f  t h e  measured average  c a p t u r e  p r o b a b i l i t y  and t h e  

r a t i o  of t h e  average  c r o s s  s e c t i o n  t o  the  average  c a p t u r e  p r o b a b i l i t y  computed 

w i t h  t h e  ENDF/B-I11 parameters .  I n  t h e  unreso lved  resonance  r e g i o n  (above 

4 keV) t h e  resonance  s e l f - s h i e l d i n g  and m u l t i p l e - s c a t t e r i n g  c o r r e c t i o n s  

w e r e  computed wi th  a s t a t i s t i c a l  technique  developed by I,. Dresner*' and 

coded by R. L. Macklin.  27 For t h i s  s t a t i s t i c a l  c a l c u l a t i o n ,  t h e  average  

resonance parameters  l i s t e d  i n  Table  VI11 were used .  Table  I X  l i s t s  t h e  
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TABLE VJ 11. AVEKAGE *U RESONANCE PARAMETERS USED CN COMTUTlNG 
RESONANCE SELF-PROTECTION AND MULTIPLE SCATTEK CNG 

COKRECTIUNS ABOVE 4 keV 
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TABLE IX. RESONANCE SELF-PROTECTION AND MULTIPLE-SCATTERING CORRECTION 
FACTORS FOR THE DECIMAL INTERVALS FROM . h  TO 100 keV* 

N cs(n,y) = RSP * - (see t e x t )  

Energy 
I n t e r v a l  .0028 atoms/barn .0004 atoms/barn 

W V )  RSP KSP 

. l - . 2  

.2-.3 

. 3 - . 4  

.4-.5 

.5-.6 
a 6-. 7 
.7-. 8 
.8-. 9 
.9-1 

1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 

2.886+.090 
1.698T. 090 
1.581T. 060 

1.36&. 050 
L.257T.050 
1 e 021'T. 030 
1.159T. 030 
1.335T. - 040 

1. OSlT. 010 

1.087+.035 
1.022T. 020 
3 .  OOOT. 010 

992T. 008 
.9843.006 
.979T.006 
,9767.008 
.97 37.008 
.971+. - 009 

.966+. 010 

.962T. 010 
.962'7.011 
.962+. 011 
961T. 012 

.961T. 012 

.961y. 012 
,961T. 012 
.960'7.014 - 

; , I '  r ' 1.388+.080 
: ;  1.0997.050 

I - .  . 1.09lT. 040 
;. ; $ t. I. O04-?.005 

1.04 731.008 
1.0337.002 
1.0057.006 
1.01 67.006 
1.05G. 1 014 

1.005+.018 
1,0007.008 
1,000T. 005 

.998+.004 

.9 9 7T. 004 
'997:. 004 
, 9  96+. 004 
.996+. 004 
.995+. 1 004 

a 995+.004 
.9 95;. 004 
.99471.004 
. 9  9 4:. 004 
.994+. 004 
,994T. 004 
.9 9 4'r. 004 
.9  94T. 004 
.994+. - 004 

* 
B e l o w  4 keV t h e s e  c o r r e c t i o n  f a c t o r s  w e r e  computed by t h e  
Monte Carlo technique using ENDF/B-I11 resonance pa rame te r s ;  
above 4 keV t h e  s t a t i s t i c a l  method of  L. W. Dresner w a s  used. 
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m u l t i p l e - s c a t t e r i n g  and s e l f  -shi  e l d i n g  c o r r e c t i o n s  for t h r  3 - m i 1  and 25-mil 

s a m p l e s  f o r  t h e  decimal  i n t e r v a l s  up t o  100 keV. 

-..........I- G.  E n e x C a l i b r a t i o n  ~. and Reso lu t ion  ._ 

The neu t ron  energy E can be  obta ined  from the  t ime-of - - f l igh t  T axid 

t h e  e f f e c t i v e  f l i g h t  p a t h  L by the r e l a t i o n :  

( 3 )  
2 L2 E = p  2 

( T - T  ) 
0 

where 1-1 = 72.3  Usec/n and where T i s  t h e  i n i t i a l  d e l a y  o f  t h e  tirne-of- 

f l i g h t  "clock" duP to d e l a y s  i n  the  e l ec t - ron ic s  cha in .  Rather  than rtleasure L 

0 

and yo, t hose  two parameters  w e r e  ob ta ined  by s o l v i n g  E q .  ( 3 )  f o r  p a i r s  of 

resonances  whose t Ime-of-fl ight could  be rnea.;ured accu ra t e1  y and wliuse ene rg ie s  

. 
were assumed known e 

The p r i n c i p a l  f a c t o r s  a f f e c t i n g  t h e  r e s o l u t i o n  broadening w e r e  the 

Doppler broadening ,  t h e  broadenfng a s s o c i a t e d  with t h e  moderat ion time 

and t h e  f i n i t e  t h i c k n e s s  of t h e  moderator ,  and t h e  broadening  due t o  the 

l i n a c  p u l s e  wid th  and t ime-o f - f l i gh t  channel  w id ths .  The r e s o l u t i o n  broaden- 

i n g  may thus  be approximated by a Gaussian convo lu t ion  of wid th  g iven  by 2 8 .  . 

where the f i r s t  term, -- ltkT E ,  r e p r e s e n t s  t h e  Doppler broadening.  

Roltzrnann's c o n s t a n t ,  A t h e  mass of t h e  t a r g e t  nuc leus ,  and T t h e  " e f f e c t i v e  

temperature"29 of t h e  sample,  which i n  t h i s  case shou1.d be t aken  equal. t o  

k i s  A 

The second t e r m  r e p r e s e n t s  t h e  hroaden- 30 t h e  p h y s i c a l  t empera ture  of 300°K. 

i n g  e f f e c t  of t h e  modera tor ;  L i s  t h e  f l i g h t  pa th  l e n g t h  (3979.3 cn> ; R i.s 
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3 1  t h e  "equ iva len t  l eng th"  cor responding  t o  t h e  s lowing  down t i m e  (2.5 em) 

and S i s  t h e  t h i c k n e s s  of t h e  moderator (2.5 cm), The t h i r d  term r e p r e s e n t s  

t h e  t i m e  r e s o l u t i o n ,  1-1 i s  d e f i n e d  under E q .  ( 3 ) ,  T i s  t h e  p u l s e  wld th  of  

t h e  l i n a c  (it is  l i s t e d  f o r  each  set  of measurements on Table V ) ,  and '5 i s  

t h e  channel  w id th  which i s  g iven  i n  Table V I  as  a f u n c t i o n  of energy. 

; 

b 

H. U n c e r t a i n t i e s  i n  t h e  Measurements 

Two types  of e r r o r s  i n  t h e  measurements must be  cons ide red :  t h e  

s t a t i s t i c a l  e r r o r  which i s  u n c o r r e l a t e d  from one t ime-o f - f l i gh t  channel 

t o  t h e  nex t  and t h e  s y s t e m a t i c  e r r o r .  

The s t a t i s t i c a l  e r r o r  ca.n b e  approximated by t h e  fol.lowing paramet r iza-  

t i o n  : 

hP 
P where - i s  t h e  re la t lve u n c e r t a i n t y  i n  t h e  c a p t u r e  p r o b a b i l i t y  for  a 1 eV 

i n t e r v a l  a t  energy E ,  i n  eV, for a sample t h i c k n e s s  t i n  m i l s  and CI i s  t h e  

c a p t u r e  cross s e c t i o n  i n  b a r n s  a t  energy  E. This  r e l a t i o n  based  on t h e  shapes 

of t h e  foreground and background and of  t h e  neu t ron  beam spectrum approximates 

t h e  s t a t i s t i c a l  u n c e r t a i n t y  f o r  each o f  t h e  measurements l i s t e d  i n  Table V. 

The major sys t ema t i c  e r r o r s  i n  t h e  measurement are es t ima ted  t o  be 2% 

a s s o c i a t e d  w i t h  the  n o r m a l i z a t i o n  and 3 b .,VIi2 a s s o c i a t e d  w i t h  t h e  backnround 

s u b t r a c t i o n .  An a d d i t i o n a l  u n c e r t a i n t y  must be cons ide red  when t h e  c a p t u r e  

c r o s s  s e c t i o n  i s  d e r i v e d  from t h e  measured c a p t u r e  p r o b a b i l i t y ;  t h i s  i s  

t h e  u n c e r t a i n t y  i n  t h e  resonance s e l f - s h i e l d i n g  and m u l - t i p l e - s c a t t e r i n g  

c o r r e c t i o n s  given in Table IX. 

e r r o r s  i s  ve ry  d i f f i c u l t  t o  estimate r e a l i s t i c a l l y ,  and t h e  o n l y  d e c i s i v e  

However, t he  magnitude of t h e  s y s t e m a t i c  
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t e s t  of p r e c i s i o n  of t he  d n t n  must come from a c a r e f u l  comparison w i t h  

r e s u l t s  ob ta ined  independen t ly ,  and when poss ib l e ,  by o t h e r  t echn iques .  

IV. RESULTS AND COMPARISON W I T H  OTHER DATA 

A t a b u l a t i o n  of  t he  r e s u l t s  ob ta ined  from rim R0031901, d e s c r i b e d  i n  

Table V ,  i s  given i n  the  Appendi-x. Fo r  each t ime-o f - f l i gh t  channe l ,  t he  

t a b u l a t i o n  l i s t s  t h e  correspond:i.ng energy E ,  i n  e V ,  and t h e  measured nor- 

, i n  barns-eV , where N i s  t h e  sample  P (E)  v% malized c a p t u r e  p r o b a b i l i t y  - - ~  N 

thi.ckaess i n  a toms /ba rn .  A s i m i l a r  l i s t - i n g  of  t he  d a t a  from t h e  o t h e r  r u n s  

d e s c r i b e d  i.n Table V may be  ob ta ined  f rom the  a u t h o r s .  The quanti.tty -- 

can  be  r e l a t e d  t o  t h e  c r o s s  s e c t i o n s  by t h e  expres s ion :  

1./2 

P (e) JF 
N 

where CT and 0 are the capt i i re  ailtl t o t a l  c r o s s  sectj.t:ms? and P i s  t h e  nY t C 

mean c o l l i s i o n  p r o b a b i l i t y ,  For  an inf i .ni  te1.y t h i n  sample (N+O) t h e  expi-essio 

reduces t o  0 Jk. 
nY 

I n  t h e  T ~ S o ~ V e ~ . - r e s o n a r i c ~ ~  r e g i o n  below 4 keV, t he  resonance parameters 

of K N D F / B - I I I  w r r e  used t o  compuLe t h e  c a p t u r e  p r o b a b i l i t y  i n  the  t w o  samples  

u s e d ,  I'he r e s u l t  o f  this computation i s  compared wi th  Lhe d a t a  i n  F i g s ,  1 1  

t o  1 6 .  The f i g u r e s  show t h e  c a p t u r e  pi-obdbili  t y  

as .a f u n c t i o n  of energy.  The s o l i d  l i n e  r e p r e s e n t s  t h e  r e s u l t s  of t h e  c a l -  

, def ined  p r e v i o u s l y  , P (E)  JE 
N 

c u l a t i o n ;  t h e  p o i n t s  r e p r e s e n t  t h e  d a t a  from the  f i r s t  and l a s t  riieasureiiients 

l i s t e d  i n  Table I V .  F igu res  11 t o  1 6  a l low a v i s u a l  q u a l i t a t i v e  comparison 

between the  resonance c a p t u r e  as computed f rom the parameters of  ENDk'/B-Tl I 

anJ as measured i n  t h i s  experimrnt, It i s  appa ren t  t h a t  mosi  o f  t h e  I e v a J s  

c l e a r l y  observed i n  t h e  measucelwnts a r c  l i s t e d  i r a  ENDF/R- l  IT, where:rs some 
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F i  11. Comparison of t h e  measured aild computed c a p t u r e  p r o b a b i l i t i e s  
f o r  a '"LJ sample of ,0028 atoms/barn and €or  i n c i d e n t  neut ron  e n e r g i e s  
up t o  1 . 2  keV. The o r d i n a t e  i s  t h e  p r o b a b i l i t y  of c a p t u r e  m u l t i p l i e d  
by t h e  square  r o o t  of t h e  energy and d iv ided  by t h e  sample th i ckness  in 
atomsfbarn.  The c a l c u l a t i o n  was done wi th  the  Monte Carlo code MULTSCA 
us ing  t h e  resonance parameters 
l i n e a r  from -10 t o  +20 barn*e8172 and loga r i thmic  above 20 barn.eV 

f ENDFIB-111. Note that t h e  ordin?)? i s  
I 
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Fig ,  13. Conparison of t h e  measured and computed c a p t u r e  p r o b a b i l i t i e s  
f o r  a 2 3 8 U  sample of  ,0028 atoms/barn and f o r  i n c i d e n t  neut ron  e n e r g i e s  
from 2.5 t o  4 keV. The o r d i n a t e  i s  t h e  p r o b a b i l i t y  of c a p t u r e  m u l t i p l i e d  
by t h e  squa re  r o o t  of t h e  energy and d iv ided  by t h e  sample th i ckness  i n  
a tons /ba rn .  The c a l c u l a t i o n  w a s  done wi th  t h e  Monte Car lo  code MULTSCA 
us ing  t h e  resonance parameters  of ENDF/B-111. 
l i n e a r  from -10 t o  +2(3 barn*eV1/2 and loga r i thmic  above 20 barn*eV1/2. 

Note t h a t  the o r d i n a t e  is 
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F i g .  1 4 .  Comparison of she measured and coxputed c a p t u r e  p r o b a b i l i t y  
f o r  a 2 3 6 .  iT sample  of .0004 atoms/barn and for i n c i d e n t  neut ron  e n e r g i e s  

up t o  1 . 2  keV. The o r d i n a t e  i s  t h e  p r o b a b i l i t y  of c a p t u r e  m u l t i p l i e d  
by the  square r o o t  of the energy and d iv ided  by t h e  sample tk:ickness in 
atoms/barn. The c a l c u l a t i o n  w a s  done w i . t h  the Monte Carlo cod2 PKJLYSCA 
using the resonarice parameters 98 i?NDF/B-ITL. 
linear f rom -10 t o  1-20 5arn.eV'" and l c g a r l t h m i e  above 20 barneev' 

Note t h a t  t h e  o r d i n q F 5  is . 

+' 
0 
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F i  15. Comparison of  t h e  measured and computed c a p t u r e  p r o b a b i l i t i e s  
f o r  a 2’;iU sample o f  .0004 a toms/barn  and f o r  i n c i d e n t  neut ron  e n e r g i e s  
from 1 t o  2.5 keV. The o r d i n a t e  i s  t h e  p r o b a b i l i t y  of c a p t u r e  m u l t i p l i e d  
by t h e  squa re  r o o t  o f  t he  energy and d iv ided  by t h e  sample  t h i ckness  i n  
atoms/barn.  The c a l c u l a t i o n  w a s  done wi th  t h e  Monte Car lo  code MULTSCA 

l inear  from -10 t o  +20 b a r n ~ e V ” ~  and l o g a r i t h m i c  above 2 0  barn*eV 
us ing  t h e  resonance parameters  ENDF/B-111. Note t h a t  t h e  
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4 3  

l e v e l s  l i s t e d  i n  ENDF/B-TI1 are n o t  observed expe r imen ta l ly ,  f o r  example, 

those a t  494.6 e V ,  528.2 e V ,  598.2 e V  and 602.2 e V .  It i s  a l s o  appa ren t  

t h a t  t h e r e  i s  good agreement between the computed and measured c a p t u r e  area 

f o r  t h e  l a r g e  S-wave l e v e l s  which are s t r o n g l y  se l f - sh j e lded ,  whereas t h e r e  

a r e  ve ry  sys t ema t i c  d i s c r e p a n c i e s  f o r  t h e  smaller l e v e l s  f o r  which the  

measured c a p t u r e  area i s  always la rger  than  the  computed area. 

One of t h e  i n t e r v a l s  ove r  whlch t h e  d i sc repancy  between the  measured 

c a p t u r e  area and t h e  c a p t u r e  area computed wi th  ENDF/B-TI1 parameters  i s  

wors t  i s  i n  t h e  i n t e r v a l  from 500 eV t o  600 e V .  A more d e t a i l e d  i n v e s t i g a -  

t i o n  o f  t h e  n a t u r e  of t h e  d i sc repancy  w a s  done over  t h i s  i n t e r v a l .  The 

d a r a  from t h e  3-mil and 25-mil sample measurements w e r e  "least  squa res  

f i t t e d "  s imul t aneous ly  t o  o b t a i n  b e s t  v a l u e s  f o r  t h e  resonance parameters .  

For t h i s  f i t t i n g  a program developed by PI. Green -- e t  a l ,  

computed m u l t i p l e  s c a t t e r i n g  e f f e c t s  by t h e  t r a n s p o r t  code ANISN. 33 

r e s u l t  of t h e  least  s q u a r e s  f i t  t o  t h e  d a t a  i s  compared i n  Table  X w i t h  

t h e  parameters  of ENDF/B-111 and w i t h  t h e  resonance parameters publ i shed  

by Rahn -I e t  - al.34 and Car ra ro  e t  al.35 

computed wi th  t h e  parameters  de r ived  from t h e  f i t  t o  t h e  d a t a ,  as w e l l  as 

wi th  t h e  parameters  of ENDF/B-I11 and of Rahn -- e t  a l . ,  are compared w i t h  t h e  

d a t a  from t h e  measurement w i t h  the  2 5 - m i l  sample. I n s p e c t i o n  of  T a b l e  X 

and of F i g s .  17-19 i n d i c a t e  t h a t  some l e v e l s  c l e a r l y  shown i n  t h e  d a t a  are 

n o t  observed by Rahn -I e t  a l .  (as  t h e  levels a t  532 e V  and 551  eV). 

observed by Rahn e t  a l . ,  and l i s t e d  i n  ENDF/B-111, a t  527 e V  and 592 e V  are 

not  seen  o r  r e so lved  i n  t h e  p r e s e n t  measurements. F i n a l l y ,  t h e  neu t ron  and 

r a d i a t i o n  wid ths  ob ta ined  from f i t t i n g  t h e  d a t a  are c o n s i s t e n t  w i th  those  

32 w a s  used which 

me 

In F i g s .  17-19 t h e  c a p t u r e  p r o b a b i l i t i e s  

Two l e v e l s  



Fi 1 7 .  Comparison of t h e  measured and computed c a p t u r e  proba3iiities 
for a 2’’Rrj sanple of .0028 atoms/barn and f o r  incident neut ron  e n e r g i e s  
f rom 500 t o  6GO e V .  
parametzrs  of Table X, 

a ,3334 a tonrs /barn  sample.  

The c a l c u l a t i o n  w a s  done with t h e  ORELA resonance 
These parameters  were obtained by  a l eas t - squzre-  

=,) + of t h e  d a t a  shown i n  t h i s  f i g u r e  and cor responding  d a t a  c b t s i n e d  wi th  
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F i g .  18. Comparison of the. measured and computed cap tu re  p r o b a b i l i t i e s  
f o r  a 2 3 * U  sample of .0028 atoms/barn and f o r  i nc iden t  neutron ene rg ie s  
from 500 t o  600 e V .  
parameters.  
observed i n  t h e  da ta .  

The c a l c u l a t i o n  was done wi th  the  ENDF/B-III resonance 
Note t h a t  t he  l e v e l s  a t  528 eV, 566.5 eV and 595 e V  are not  
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-, 1 9 .  C o z p a r i s o n  o i  t h e  neasured and computed c a p t u r e  p r o b a b i l i t i e s  
for a' '5iU s a m p l e  O S  . D O 2 8  a toms / ' ba r r ,  ana 5o.r f r i c i d e E t  neutron e n e r g i e s  
f rm  503 t o  600 eV. 
of Rahn et al. 

The c a l c u l a t i o n  was dor,e w i t h  zhe  r e s m z n c e  parameters 
X 3 t e  t h a t  t h e  levsl a t  551 e V  i s  n o t  o5served b y  Rahn e t  a i .  
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r e p o r t e d  by Car ra ro  .. e t  . -. .. . al.. . .. . . . h i i t  sys temat i -ca l  ly l a r g e r  t han  t h e  wid ths  given 

by Rahn e t  a l .  _. . . - . . . . . .- 

For a q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  d i s c r e p a n c i e s  between v a r i o u s  

sets of d a t a  and evaluat i .ons,  i t  i s  useful.  to compare ave rages  of t-he capture 

p r o b a b i l i t y  and of %he capture  c ross  s e c t i o n  (mer s e l e c t e d  i n t e r v a l s .  

In  'Table XI t h e  c a p t u r e  p r o b a b i l i t i e s  are given f o r  t h e  f i v e  mensuir'ernents 

l i s t e d  i n  Table V ,  as w e l l .  as average c a p t u r e  probabi1 . i . t i . e~  f o r  t h e  3-mil 

and 2 5 - m i l  samples t h a t  are  averages ove r  the  v a r i o u s  measurements w i th  

the two sample  t h i c k n e s s e s .  I n  Table XI11 t h e  average v a l u e s  o1)ta:inec-l from 

Table X I  a re  compared below 4 keV w i t h  v a l u e s  computed usi-ng t h e  resonance 

parameters  of EN-DF/B-III. 

The c a p t u r e  c r o s s  s e c t i o n  was obtai.ned by mult3plying the measi-ired 

c a p t u r e  p r o b a b i l i t y  by the  raulti.ple s c a t t e r i n g  and s e l f - s h i e l d i n g  col-rec- 

t i o n s  l i s t e d  i-17 'Table Ix. 'Vhe v a l u e s  of  t h e  capture  c r o s s  s e c t i o n  obta%ned 

from t h e  t w o  sample  t h i c k n e s s e s  are l i s t e d  s e p a r a t e l y  i n  Table XI%:[ w i t h  rile 

average of t h e  two seri.es of r e s u l t s .  The good agreement between t h e  r e s u l t s  

ob ta ined  for the t w o  sample t h i c k n e s s e s  i s  an indicaliiori t h a t  t h e  sample 

t h i c k n e s s  c o r r e c t i o n  i s  o f  t h e  r i g h t  magnitude. 

There are two o ther  r e c e n t  h igh  r e s o l u t i o n  t ime-o f - f l i gh t  measurements 

of  t h e  ca.pture c r o s s  s e c t i o n  of 238U: 

and S .  Fr iesenhahn e t  al, a t  Gulf Gener;il Atomic. lo The r e s u l t s  1-1 ar w e 11 

f r o m  thes2  two measuremsntx are compared w i t h  the d a t a  of t h e  p r e s e n t  experi- 

menc i n  Table XIIV and i n  Fig.  2 0 ,  The 1:abl.e shows l a r g e  s y s t e m a t i c  d i s c r e p -  

a n c i e s  between tihe t h r e e  sets o f  d a t a  bo th  i n  t h e  magnitude of t h e  c r o s s  

section and i n  i t s  shape w i t h  r e s p e c t  t o  energy. The p r e s e n t  d a t a  are 

t h e  measurements by M. Moxon a t  

- 
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TABLE XI[. MEASUmD CAPTURE PROBABILITIES IN 238U FOR TWO SAMPLE THICKNESSES 

Energy .0004 atoms/barn .0028 atorns/barn 
I n t e r v a l  ROO33002 R0101401 Average ROO31901 ROllOlOl R0110601 Average 

(keV) Capture  P r o b a b i l i t y ,  Barns Capture  P r o b a b i l i t y ,  Barns 

. l - .2 

.2-. 3 

.3-.4 
.4-.5 
.5- .6 
.6-.7 

.8-.9 
.9-1 

1- 2 
2-3 
3-4 
4 -5 
5- 6 
6- 7 
7 -% 
8-9 
9-10 

10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 

.7-.  a 

1 3 . 5 2  
8 - 8 8  
3 . 1 2  
3 . 1 1  
5.15 
3.87 
2.07 
3.24 
4 .34  

2.09 
1.59 
1.29 

1 .05  
1.03 

.999 

.864 

.777 

.766 

.691 
,564 

.422 

.341 

.296 

.254 
,229 
.201 

.4a9 

13.36 
8.77 
3.20 
3 . 2 1  
5.05 
3 . 9 1  
2 .15  
3.26 
4 .30  

2.17 
1.56 
1.31 
1.01 

,994 
.977 
.855 
.769 
.745 

,686 
.547 
.496 
.429 
.352 
.302 
.263 
.241 
.2P9 

13.44+. 6 0  
8 .822 .40  
3.16+. 20 
3 . 1 6 y .  1 8  
5 . l G .  20 
3.89T. 16 
2.11T. 15 
3.25T.  15 
4.327.20 I 

2.13+.10 
1.57:. 0 9  
1.3&. 0 9  
1. O G .  0 8  
1.027.07 
1. OOT. 07 

8 6 G 1 .  05 
.773T.O4 
.755+. - 04 

.688+. 03 . S56T. 03 

.4937.03 

.426+. 03  
,3462.02 
.299+. 0 2  
.2597.02 
.235+.02 
.210+. - 0 2  

6.55 
5.82 
2.13 
2.82 
4.04 
3.20 
2.03 

3 . 4 1  
2.81 

6.46 
5.78 
2.09 
2.84 
3.98 
3.19 
2.05 
2.84 
3.42 

1 . 9 2  1.93 
1 . 5 3  1 . 5 3  
1.33 1.32 
1.05 1.05 
1.06 ' 1 . 0 5  
1 .02  ' 1 . 0 4  

.893 .893 

.799 . .802 

.803 . .805 

.724 

.585 

.520 

.450 

.367 

.319 

.278 

.253 

.224 

.725 

.588 

.522 

.448 
,362  
.313 
.274 
.245 
.222 

6 .53  
5.81 
2.15 
2.87 

3 . 2 1  
2.05 
2 .83  
3 .41  

1 . 9 3  
1 . 5 3  
1 .31  
1.05 
I .OS 
1.02 

3.98 

. a m  

.790 

.795 

.696 
,544 
.473 
.408 
e 327 
.285 
.252 
,229 
.203 

6.51+. 5 0  

2.12T.18 
2.84T.  16  
4 .  OM-. 18 
3.207.14  
2.04:. 1 3  

3.4% I 1 5  

1.93+. 0 9  
1.537.08 
1.32T.  08  
1.05t. 07 
1.05+.06 
1.03:. 06 
.889+.05 
.797'7.04 
.799+. - 0 4  

.715+. 03 

.572+. 0 3  

.505+. 0 3  

.35 2 z .  0 2  

.306T. 0 2  

.2687.02 

.242T. 0 2  

.216T. - 0 2  

5. aG. 30 

2 .  a 3 X  13 

.435+. 0 2  

The quantity t a b u l a t e d  is [P(E)]/N where [ P ( E ) ]  i s  t h e  average  c a p t u r e  p r o b a b i l i t j  
i n  the sample and N is t h e  sample t h i c k n e s s  i n  a toms/barn.  
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'TAi3i.K X I 1  . C O W A K T S O N  OF MEASURED CAPTURE P R O B A B I L I T I E S  WITH CAP'l'UKE 
P R O B A B I L I T I E S  COMPUTED W I T H  END P/H-I  L 1  RESONANCE PA'KAM3'CEKS 

IN '11W RANGE FROM .1 TO 4 kcV 

Capture P r  ob ab i li t i.e s C a p t u r e  P r o b a b i l i t i e s  
Energy (bar  ii ) (barn)  

In te rva l  N=.0004 a t /barn s a m p l e  N= .0028 . ._...-. .- atj'barn .- sample l.l.._.. _.I- 
(keW E x p e r i m e n t  ENDF/B-111  R a t i o  Experiment ENDF/R-IYI R a t i o  

.l-- . 2 

.2-.3 
,3- .  4 
.4-. 5 
.5.-. 6 
.6-. I' 
.7-. 8 
.8-. 9 
.9-1 

1-2 
2-3 
3-4 

13.44-b. 60 1 2  e 77 
8 . 8 2 7 . 4 0  7 .97  
3.16T.  2 0  2 , 8 7  
3 . 1 6 7 . 1 8  2 .65  
5. I&. 2 0  4 . 8 7  
3.89T.  1.6 3 . 6 0  

3.25T.  1 5  3.15 
4 32:;. - 2 0  4 . 1 7  

2 .lit. 15 1 . 9 6  

2 . 1 3 " .  10 1.86 
1 . 5 7 7 . 0 9  1 . 4 1  
1.307. - 09 1 . 2 5  

1.05 
1.11 
1,10 
1 . 1 9  
1.05 
1.08 
1.88 
1.03 
l " 0 4  

1.15 
1,11 
1.04  

6.51.+. 5 0  
5.807.30 
2 I) 1 27- 1 8 
2 . 8 4 7 . 1 5  
4.0@. 18 
3.20-k. 1 4  
2 .04+,13  
2.83T.  13 
3 a 417.15 __ 

1.93-b.09 
1. 5 3T. 08 
1 .32T.  - 08 

6.14  
5 . 1 6  
1 . 9 8  
2 , 4 6  
3.75 
2 .96  
1 92 
2 .76  
3 . 2 8  

1 . 7 2  
1 , 3 7  
1 . 2 5  

1 .06 
1 . 1 2  
1 . 0 7  
1 .1.5 
1 .07  
1.08 
1.. 06 
1.. 03 
1 .04  

1 . 1 2  
1 . 1 2  
1.06 
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TABLE X I I I .  MEASUKED 23817 CAPTURE CROSS SECTIONS AVERAGED OVER DECIMAZ I N E R V A L S  

.0004 atoms/barn sample .- .0028 atoms/barn sample __ 
Resonance Resonance Average 

Energy S e l f  -Sh ie ld ing  Self -Shielding Between 
Tnterval an3 and the two 

W V )  Capture  Mul t ip l e  Capture  Capture  M u l t i p l e  Capture  S a m p l e  
P r o b a b i l i t y  S c a t t e r i n g  Cross  S e c t i o n  P r o b a b i l i t y  S c a t t e r i n g  Cross  S e c t i o n  Thickness  

(ba rn )  C o r r e c t i o n  (barn) (barn)  Cor rec t ion  (barn) (barn)  

.l-.2 

.2-.3 

.3-.4 

.4-.5 

.5-.6 

.6-.7 

.7-.8 

.8-.9 

.9-1 

1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-20 
20-30 
30-40 
40-50 
50-60 
60-79 
70-80 
80-90 
90-100 

13.44 

3.16 
3.16 
5.10 
3.89 
2.11 
3.25 
4.32 

2.13 
1.57 
1.30 
1.00 
1.02 
1.00 

8.82 

. R60 

.773 

.755 

.668 

.556 

.493 

.426 

.346 

.299 
.25Y 
.235 
. 2 1 0  

1.388 
1 . 0 Y Y  
1.091 
1.004 
1.047 
1.033 
1.005 
1.016 
1.050 

1.005 
1 * 000 
1.000 

.998 

.997 

.997 

.996 

.996 

.495 

.995 
3 9 5  
.994 
.994 
.994 
.994 
.994 
.994 
.994 

18.65 
9.69 
3.45 
3.17 
5.34 
4.02 
2.12 
3.3c 
4.54 

2.14 
1.57 
1 .30  

1.02 
.998 

.997 
.a57 
.770 
.751 

.685 

.553 

.490 

.423 

.344 

.797 

.257 

.234 

.209 

6.51 
5.80 
2.12 
2.84 
4.00 
3.20 
2.04 
2.83 
3.41 

1.93 
1 . 5 3  
1.32 
1.05 
1.05 
1.03 

.889 

.797 

.799 

: 713; 
.572 
. 505 
.435 
.352 
.306 
.268 
.242 
.216  

2.886 
1.698 
1.581 
1.081 
1.360 
1.257 
1 .021  
1.159 
1.135 

1.087 
1.022 
1.000 

.992 

.984 

.979 

.976 

.973 

.971 

.966 

.962 

.952 

.962 

.961 

.961 

.961 

.961 

.960 

18.79 
9.85 
3.35 
3.07 
5.44 
4 .0? 
2.08 

4.55 

2.10 
1.56 
1 . 3 2  
1.04 
1.03 
1.01 

3.28 

.868 

.775 

.776 

.691 

.550 

.486 

.419 

.338 

.?94 

.257 

.2?3 

.207 

18.722.44 
9.77-t.. 30 
0 . 4 E . 1 7  
3.125.15 
5.395.17 
4.02k.. 14 

3.295.12 
2 . 1 E . 1 2  

4.54f. 14 

2.12%. 09 

1.025.06 

1.00+.03; 

1.. 562.08 
1.715.07 

1.022.05 

,8622.04 
. 7  72+. 04 
.764%.04 

.688+. 03  

.5515.03 

.421+. 02 

.341+. 02  

.296+. 0 2  

.25 75.02 

.488+.02 

.234+.02 

.208+.02 
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TABLE X I V .  COMPARISON OF EXPERSHENTAL 238U CAPTURE CROSS SECTIONS 
AVERAGE0 OVER DECIMAL INTERVALS FROM 500 eV TO 100 keV 

R a t i o s  
Energy Friesenhairn ORELA ORELA ORELA 

(keV) (barn) I (a) 11 (barn)  Moxon I Moxon I1 Friesenhahn e t  a l .  

Moxon 
(barn)  I n t e r v a l  ORELA ( b )  e t  al. vs v s  vs  

.5- .6  5 . 3 9 t . 1 7  

.6- .7  4 . 0 2 + . 1 4  

.7-. 8 2.109.. 1 2  

. 8 - .9  3 . 2 9 t . 1 2  

.9 -1  4 . 5 4 1 . 1 4  

1-2 2 . 1 2 5 . 0 9  
2 - 3 ;  ,_ 1 . 5 6 + . 0 8  
3-4.' , 1 . 3 1 k . 0 7  
4-5 ' 1 . 0 2 + . 0 6  
5-6 1.02A. 0 5  
6-7 1. OW. 05  
7-8 .862%.04 
8-9 .772+.04  
2-10 .764+. 0 4  

10-20 
20-30 
30-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 

.688+.  0 3  

.551+. 0 3  

. 4 2 1 + . 0 2  

. 3 6 1 9 . 0 2  

.296+. 02  

. 2 5  7 9 . 0 2  

.Z08+. 0 2  

. 4 8 a 2 . 0 2  

. 2 3 4 2 . 0 2  

4 . 9 7 9 . 1 3  
3 . 7 5 5 . 1 1  

2.105+.08 
3 . 3 7 2 . 1 0  
3.64%. 11 

1 . 9 7 2 . 0 8  
1. 4 8 t .  07 
1 . 2 3 + .  06 
.964+. 0 6  
.940+.05 
. 8 2 4 2 . 0 5  
.793+. 0 5  
.723+. 0 4  
- 7 2 2 t . 0 4  

, b12-t. 0 3  
.462+.  0 3  
.369+. 0 2  
.3493-. 0 2  
.301_?. 02 

. 2 1 5 5 . 0 1  

.256+. 02 

.185+. 02 
. 1 8 3 + . 0 2  

4 . 8 6  
3 . 6 3  
1 . 8 5  
3 . 2 4  
3 . 9 3  

1 . 9 5  
1 . 4 5  
1 .23  

1 . 7 1 w .  2 0  
1.333.. 1 3  
1 . 0 6 3 . 0 8  
.816?. 06 
.792+.05 
. 7 0 8 5 .  04 
.684+.04 
.608+. 0 3  
.667+.04 

.550>;. 0 3  

.476+.03  . 4 3 62 .02  

. 3 2 7 5 . 0 2  

. 3 7 4 3 . 0 2  

.250+_. 01 

. 2  2 7 5 . 0 1  
.212+. 01 

.298+*01 

1.08 
1 . 0 7  

.998  

.976  
1 . 2 5  

1.08 
1.05 
1 . 0 7  
1 . 0 6  
1 . 0 9  
1 . 2 1  
1 . 0 9  
1 . 0 7  
1 . 0 6  

1 . 1 2  
1 . 1 3  
1 . 3 2  
1 . 2 1  
1 . 1 3  
1 . 1 6  
1 . 2 0  
1 . 2 6  
1 . 1 4  

1.11 
1 .I1 
1.14 
1 . 0 2  
1 . 1 6  

1 . 0 9  
1 . 0 8  
1 . 0 7  

1 . 2 5  
1 . 1 7  
1 . 2 4  
1 - 2 5  
1 .29  
1 . 4 1  
1 . 2 6  
1 . 2 7  
1 . 1 5  

1 . 2 5  
1 . 1 6  
1 . 1 2  
1 . 1 3  
1. o/+ 

.99  
1.n3 
1 . 0 3  

. 9 8  
..___.. 

The v a l u e s  given i n  t h i s  column a r e  t h o s e  obta ined  by Xoxon u s i n g  t h e  resonance 
s e l f . - p r o t e c t i o n  c o r r e c t i o n s  computed b y  t h e  method of Dresner .  These va lues  
were given t o  L. Stewart  i n  a p r i v a t e  i..ouiiniinciation da ted  September 1 9 7 1 .  

The val l ies  given h e r e  were obta ined  by us ing  t h e  measurements of Floxon and 
resonance s e l f - p r o t e c t i o n  c o r r e c t i o n s  coiriputed by t h e  Monte Car lo  technique 
u s i n g  t h e  ENDF/B-111 resonance parameters  - the  same technique t h a t  was u s e d  
on t h e  ORELA d a t a ,  below 4 keV, 

Friesenhahn e-t &. give a t a b l e  of  c ross -sec t ion  v a l u e 5  a t  s e l e c t e d  e n e r g i e s .  
The c r o s s  s e c t i o n  w a s  i n t e r p o l a t e d  l i n e a r l y  between the  p o i n t s  given t < J  o b t a i n  
t h e  averages  given i n  t h i s  c o l u m n  An add; t i o n a l  " c o r r e c t i o n " ,  alway5 smiILer  
than 4 % ,  was appl ied  t o  r e f e r  t h e  d a t a  t o  the  same 'OB c r o s s - s e c t i o n  shape t h a t  
was used f o r  t h e  ORELA and Moxon d a t a .  
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0.1 
0.5 1 2 5 IO 20 50 100 

INCIDENT NEUTRON ENERGY (keV)  

F i g .  
of 23*u .  

20. Comparison of  3 sets o f  d a t a  on t h e  c a p t u r e  c r o s s  s e c t i o n  
The 3 sets of d a t a  have been avera ed over  t h e  dec imal  i n t e r v a l s  

and are r e l a t ive  t o  t h e  same s t a n d a r d ,  t h e  "B(nu) c r o s s  s e c t i o n  ( see  
t e x t ) .  The e r r o r s  on t h e  t h r e e  measurements are g iven  i n  Table  X I V .  



5 4 

s y s t e m a t i c a l l y  h ighe r  than  bo th  previous measurements ; t he  d i sc repancy  w i t h  

t h e  d a t a  of Moxon i s  abaii t  8% below 10 keV and 20% above, whereas t h e  

p r e s e n t  d a t a  are c o n s i s t e n t  w i th  those  oE Friesenhahn e t  a l .  above 50 keV 

b u t  h i g h e r  by about  25% below 50 keV. 

-I 

rhe re  are many o l d e r  measurements of t he  c a p t u r e  c r o s s  s e c t i o n  i n  2 3 8 U  

7 below 100 keV. Many o f  t h e s e  were done nea r  30 kpV u s i n g  the  Li ( p , n )  

r e a c t i o n  near  t h re sho ld  o r  nea r  65 keV u s i n g  the  D ( t , n )  r e a c t i o n .  These 

measurements have been reviewed and Tee-valuated by D a ~ e y . ~  

and F i g .  2 1  t he  resul ts  of some of t h e s e  ea r l i e r  measurements are compared 

with t h e  p r e s e n t  r e s u l t s .  

I n  T a b l e  XV 

It  j.s c l e a r  froin F ig .  20  and F ig .  21. t h a t  t h e m  are s t i l l  d i - sc repanc ie s  

of t h e  o r d e r  of 20% even among t h e  most r e c e n t  measurements o f  t he  2 3 a U  

c a p t u r e  cross s e c t i o n .  These d i s c r e p a n c i e s  are sys t ema t i c  and invo lve  t h e  

shape of t he  c r o s s - s e c t i o n  curve  as we7.J. as  t h e  magnitude. The cause  of 

t h e  d i s c r e p a n c i e s  i s  ilot unders tood ,  as will be  d i s c u s s e d  bel.ow. 

Various e v a l u a t i o n s  of t h e  3 8 U  c r o s s  sections have r e c e n t l y  been 

performed; t h e s e  e v a l u a t i o n s  a r e  ba.sed on the  e x i s t i n g  measurements and 

sometimes on o t h e r  i n fo rma t ion  such as the  s t a t i s t i c s  of t h e  resonance 

parameters  o r  t h e  r e s u l t s  of ' 'fnteRra1' '  measuremei;-ts. ~n Table m~ 

we compare our  r e s u l t s  w i t h  the ENDF/H-IIZ e v a l u a t i o n  as we .11  as w i t h  t h e  

UK e v a l u a t i o n  by Sowerby .- e t  - a h . 3 7  and t h e  USSR e v a l u a t i o n  by Abagyan ___I et a l .  

I t  is perhaps s u r p r i s i n g  t h a t  t h e  e v a l u a t i o n  by Ahagyari I_- e c  . a l , ,  .. which d i d  

n o t  c o n s i d e r  t he  d a t a  p re sen ted  h e r e ,  a g r e e s  b e t t e r  with t h e s e  d a t a  than  d o  

t h e  o t h e r  t w o  e v a l u a t i o n s  which d i d  eonvi.der t h e s e  d a t a .  

5 
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TABLE XV. COMPARISON OF 238U CAPTURE CROSS-SECTION MEASUREMENTS AT 30 keV 

(The d a t a  i n  tshis t a b l e  have been r e e v a l u a t e d ,  and sometimes 
e x t r a p o l a t e d  t o  30 keU, fo l lowing  Davey and Konschin; t h e s e  
r e f e r e n c e s  should be consu l t ed  f o r  d e t a i l s )  

REFERENCE VALUE (mb) 

Macklin,  Lazar  and Lyon; Phys. Rev. ___ 107,  
504 (1957) 

556+56 - 

Hanna and Rose; J. Nucl. Energy I 8,  197 3761-77 - 

461+46 Bilpuch ,  Weston and Newson; Ann. Phys. 

(1959) 

- 10, 455 (1960) 
- 

Gibbons, e t  a l . ;  Phys. Rev. 122,  182 (1961) 473+47 - 
d e  Sa i i s su re , e t  a l .  ; ORNL-3360, 6 1  (1962) 4703.38 I 

Macklin,  Gibbons and Pasma; WASH-1046, 88 
(1963) 

5074-51 - 

B e r g u i s t ;  Arkiv fb'r F y s i k  23, 425 (1963) 394+85 - 
Belonova, e t  a l . ;  J. Nucl. Energy I 20, 411 

Miessner  and Aray; Nukleonik - 8,  428 (1966) 

Menlove and P o e n i t z ;  Nucl. Sci. and Eng. 

P o e n i t z ;  Trans.  ANS I 1 2 ,  279 (1968) 

Moxon; AERE R-6064 (1969) 
Fr iesenhahn,  e t  a l . ;  GA-10194 (1970) 

This  work 

(1966) 

- 3 3 ,  24 (1968) 

422+34 - 

5404-60 

479-t-14 - 

467+18 

4 18+2 I 9 

46.3-l-23 - 
528-l-30 - 
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CPOSS section in the energy range froin lo keV t o  100 keV. 
was obtained by averaging the  d a t a  from r u n  20031901 over  500 eV i n t e r v a . l s  
and app ly i -ng  a sample t h i c k n e s s  c o r r e c t i o n  of 0.962. 
t akec  from Table XIX of Davey's e v a l z a t i o n .  

The s o l i d  line 

The other data y e r e  
3 
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TABLE X V I .  COMPARISON OF PRESENT MEASUREMENTS W I T H  THREE WCENT EVALUATIONS 

Energy Sowe r b  y Abagyan 
I n t e r v a l  Data ENDF/B-111 e t  al. e t  a l .  

(keV) (barn)  (ba rn )  R a t i o  (barn)  R a t i o  (barn)  Ra t io  

.5-.6 

.6-.7 

.7-• 8 
*8-. 9 
.9-1 

1-2 
2-3 
3-4 
4-5 
5-6 
6-7 
7-8 
8-9 
9-10 

10-20 
20-30 
30-40 
40-50 
5 0-6 0 
60-70 
70-80 
80-90 
90-100 

5.39+. 1 7  
4.02f. 14  

3.29T. 1.2 
2 .lo+. 1 2  

4.54T. - 1 4  

2.12+.09 
1.56T. 08 
1.317.07 
1.. 02y. 06 
1.02T. 05 
1. OOT. 05 
.862'i. 04 
.7  7 27.04 
.7647.04 I 

.688+. 03 
,5517.03 
,4887.02 
.4217. 02 
.341+. 02 
.296T. 02 
.257T.O2 
.2 34T. 02 
.208+. - 02 

5.10 
3.72 
1.97 
3.20 
4.38 

1 . 8 7  
1 .40  
1.24 

.992 

.972 

.909 
,828 
.758 
.743 

.645 

.505 
, 4 3 1  
.380 
.326 
.280 
.237 
.212 
.199 

1.06 
1.08 
1.07 
1.03 
1.04 

1.13 
1.11 
1.06 
1.03 
1.05 
1.10 
1 .04  
1.02 
1.03 

1.07 
1.09 
1.13 
1.11 
1.05 
1 .06  
1.08 
1.10 
1.05 

2.02 
1 . 5 3  
1 .28  
1.00 

a 979 
.880 
.822 
.755 
.754 

.616 

. 4 9 1  
:436 
-374 
.321 
.275 
.233 
.220 
.208 

1.05 2 .10  
1.02 1.52 
1.02 1.28 
1.02 1.15 
1.04 1.04 
1.14 .96 
1.05 .90 
1.03 .86 
1.01 e 82 

1.12 ,68  
1.12 .54 
1 . 1 2  -46 
1.13 .40 
1.06 .35 
1.08 .304 
l .10 ,259 
1.06 .228 
1.00 .208 

1.01 
1.03 
1.02 

.89 

.98 
1 .04  

.96 

.90 

.93 

1.01 
1.02 
1.06 
1.05 

.97 

.97 

.99 
1.03 
1.00 

Note: The r e s u l t s  of t h e  p r e s e n t  measurement w e r e  cons idered  i n  t h e  
ENDF/B-I11 e v a l u a t i o n  and i n  t h e  e v a l u a t i o n  of Sowerby e t  al .  
They w e r e  n o t  cons idered  i n  t h e  e v a l u a t i o n  of Abagyan e t  a l .  which 
w a s  completed before our  measurements were i n i t i a t e d .  

-- 
-- 
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V.  CONCIAUSIONS AND D I S C U S S I O N  

Although t h e  accuracy  requirement  f o r  t h e  'U c a p t u r e  c r o s s  s e c t i o n s  

i s  of t h e  o rde r  of 2%,1'5 i t  i s  clear from Tables  X I V  and XV t h a t  the  

u n c e r t a i n t i e s  of t1i:i.s parameter  are cons ide rab ly  l a r g e r .  Some of  t h e  

p o s s i b l e  causes  of e r r o r s  i n  t h e  measurements comple.t:d b e f o r e  1969 have 

been d i scussed  i n  d e t a i l  i n  file e x c e l l e n t  review of Davey, and t1ii.s d i s -  

cuss ion  need n o t  be repented  he re .  It  i s  more d i f f i cu1 . t  t o  understand 

t h e  reason f o r  t h e  d i s c r e p a n c i e s  among t h e  t h r e e  r e c e n t  t : h e - o f - f l i g h t  

3 

measurements which a r e  cotnpared i n  F ig .  20  and Table X I V ;  t h e s e  d i s c r e p a n c i e s  

are a t  l ea s t  15% and i n d i c a t e  t h a t  1-arge,  unrecognized systema1:ic e r r o r s  

must be p r e s e n t  i n  a t  l ea s t  two of  t h e  t h r e e  measurements. It may be i.n- 

s t r u c t i v e  t o  compare b r i e f l y  some of the f e a t u r e s  of t h e s e  measurements. 

The t h r e e  measurementis were each done wi th  a p u l s e d  sou rce  of neu t rons  

produced by a l i n a c  and used t h e  t ime-of -€ l igh t  technique  t o  cove r  a l a r g e  

enesgy range i n  one experiment .  

Fr iesenhahn _- e t  -- a l .  w a s  ve ry  s i m i l a r ,  i n  p r i n c i p l e ,  t o  t h e  one used i n  t h e  

measurements presented  he re .  The c a p t u r e  gamma-ray d e t e c t o r  used by Moxon, 

a Moxon--Rae d e t e c t o r ,  o p e r a t e s  on a somewhat t l i - f fe ren t  p r i n c i p l e ;  bu t  

bo th  types  of d e t e c t o r s  have been used e x t e n s i v e l y  i n  o t h e r  c a p t u r e  c ros s -  

s e c t i o n  measurements. Below 80 keV a l l  t h r e e  measurem-ents were done re la t ive  

to t h e  "B(n,a) c r o s s  s e c t i o n ,  and the s a m e  e v a l u a t i o n  was used f o r  t h e  

shape of t h a t  c r o s s  s e c t i o n .  

m e i i t s  was done by t h e  s a m e  method, t h e  s a t u r a t e d  resonance  technique ,  and 

t h e  technique  i s  p a r t i c u l a r l y  w e l l  s u i t e d  f o r  2 3 8 U  which has  a l a r g e  resonance 

a t  6 .67  eV w i t h  a l a r g e  r a t i o  of t he  r a p t u r e  wid th  to t h e  neutron width.  

The c a p t u r e  gama- ray  d e t e c t o r  used by 

24 

The no rma l i za t ion  of a l l  t h r e e  measure- 22 ,38  
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The m u l t i p l e - s c a t t e r i n g  and resonance  s e l f - s h i e l d i n g  c o r r e c t i o n s  i n c r e a s e  

i n  magnitade wi th  i n c r e a s i n g  sample t h i c k n e s s .  The sample t h i c k n e s s e s  used 

i n  t h e  t h r e e  measurements w e r e  as fo l lows ,  i n  atoms p e r  ba rn :  Moxon - ,0016, 

Fr iesenhahn -- e t  a l .  - .00555, and p r e s e n t  experiment - ,0028 and .0004. Above 

4 keV t h e  s a m e  technique  w a s  used by Moxon as w a s  used here. t o  estimate t h e  

sample t h i c k n e s s  c o r r e c t i o n s .  Below 4 keV d i f f e r e n t  t echn iques  w e r e  used i n  

t h e  two exper iments  , and t h e  c o r r e c t i o n  f a c t o r s  ob ta ined  were s i g n i f i c a n t l y  

d i f f e r e n t ;  however, as i s  shown i n  Table X I V ,  t h e s e  d i f f e r e n c e s  do not  h e l p  

i n  e x p l a i n i n g  t h e  d i s c r e p a n c i e s  between our  results and Moxon's. 

Fr iesenhahn -- e t  a l .  have used a Monte Car lo  technique  wi th  s t a t i s t i c a l l y  

s e l e c t e d  resonance  parameters  t o  compute t h e  mul t ip le .  s c a t t e r i n g  and s e l f -  

p r o t e c t i o n  c o r r e c t i o n s .  It appea r s  p o s s i b l e ,  b u t  u n l i k e l y ,  t h a t  a d i f f e r e n c e  

i n  t h e  e v a l u a t i o n  of t h i s  c o r r e c t i o n  i s  one r eason  €or the d i s c r e p a n c i e s  

between t h e  d a t a  of Fr iesenhahn e t  al. and our own data .  Y e t  the two sets 

of  d a t a  a g r e e  w e l l  above 50 keV where t h e s e  sample  t h i c k n e s s  c o r r e c t i o n s  

are n e g l i g i b l e ,  and t h e  d i s c r e p a n c i e s  between t h e  two sets of d a t a  i n c r e a s e  

as t h e  energy  d e c r e a s e s  and the  sample t h i c k n e s s  c o r r e c t i o n s  become more 

impor t an t ,  p a r t i c u l a r l y  f o r  t h e  r e l a t i v e l y  t h i c k  sample used by Fr iesenhahn 

e t  a l .  

-I 

-- 
Probably t h e  most e f f e c t i v e  method of uncover ing  unknown s y s t e m a t i c  

e r r o r s  i s  t o  compare the  d a t a  ob ta ined  by d i f f e r e n t  expe r imen te r s  i n  d e t a i l  

i n  t h e  r e s o l v e d  resonance  r eg ion .  I n  t h i s  energy  r e g i o n  s e v e r a l  p o s s i b l e  

s o u r c e s  of s y s t e m a t i c  e r r o r s  (such as a wrong energy  s c a l e ,  a n  e r r o r  i n  

background estimate, an impur i ty  i n  t h e  sample) can b e  i d e n t i f i e d  by an 

examinat ion  of t h e  resonance  s t r u c t u r e  (see F i g s .  11 t o  19) .  Zlrifortunately 
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channel-by-channel d a t a  from t h e  measurements of Moxon and Fr iesenhahn -^_ e t  a l ,  

are not  a v a i l a b l e  t o  the a u t h o r s  so t h a t  d e t a i l e d  comparisons between r e s u l t s  

of t h e s e  measurements and r e s u l t s  of  t h e  p r e s e n t  experiment  cannot  be done, 

However, a d e t a i l e d  comparison i n  t h e  r e s o l v e d  re:;onance r e g i o n  between 

the da ta  from t h e  p r e s e n t  experiment  and t h e  ENDF/B-111 e v a l u a t i o a  was done 

and i s  presented  i n  F i g s .  11 t o  1 9 .  From Fig .  18 ,  f o r  i n s t a n c e ,  t h e  f o l l o w i n g  

can be concludzd:  

1. t h e r e  i s  agreement between the energy  scales of EPJDF/B-I11 

and t h e  p r e s e n t  experiment ,  

2 .  t h e  background i n  t h e  present: experiment  cannot have been 

underes t imated  by more 1:ha.n 3 b,eV1'* (even t h i s  extreme v a l u e  would 

produce an  e r r o r  of l ess  than 2 %  i n  the  i n t e g r a t e d  cross s e c t i o n  o v e r  t h e  

inrervnl  500 t o  600 e V j  , 

3 ,  all l e v e l s  observed i n  tine measiaremenlis are  l i s t e d  i n  ENDF/B-111, 

and some l e v e l s  l i s t e d  i n  ENDF/B-ITi are n o t  observed c l e a r l y  i n  tl'ie d a t a ;  

hence t h e  samples used i n  t h e  measurements could n o t  have i.mpur:it iea  w i t h  

an a p p r e c i a b l e  c o n t r i b u t i o n  in t h e  res~nance r e g i o n ,  

4 .  t h e  area of most of t h e  s m a l l  l eve ls  which are observed in t h e  

weasurement i R u n d e r p r e d i c t e d  by t h e  e v a l u a t i o n  , and 

5.  i n  the  range from 500 t o  600 eV most of t h e  d i f f e r e n c e  i n  area 

between t h e  [ue;>.surement and t h e  e v a l u a t i o n  i s  a s s o c i a t e d  w i  til the two 1.evels 

a t  5 3 5 . 4  e V  and 595.2 e V ;  f o r  t h e s e  two levels the capture  width o b t a i n e d  

f r o m  t h e  measurements i s  about  10% l a r g e r  than t h a c  given i n  t h e  e v a l u a t i o n .  

The s y s t e m a t i c  d i . f f s r e n c e s  between the p r e s e n t  [neasurernent and t h e  

I.:NIlF/K-LLI e v a l u a t i o n ,  which have been descr-ibed l o r  t h e  i n t e r v a l  500 c V  
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t o  600 e V ,  are apparent  throughout t he  reso lved  resonance range and are  

more pronounced a t  the high energy end of t h a t  range (near  4 keV). 

course ,  t h e s e  sys temat ic  d i f f e r e n c e s  are a r e f l e c t i o n  of t he  d i f f e r e n c e s  

among t h e  measurements a v a i l a b l e  t o  the  eva lua to r ;  t he  procedure used t o  

eva lua te  the resonance parameters  has been descr ibed  i n  d e t a i l  by the  evalu- 

a t o r s ,  

t u r e  areas obta ined  i n  the  measurements. For t hese  reasons t h e  d e t a i l e d  com- 

par i son  between the measurement and the  eva lua t ion ,  presented  i n  F i g s .  11 

t o  1 9 ,  can e l imina te  some p o s s i b l e  sources  of sys temat ic  e r r o r ,  but  cannot 

r e s o l v e  t h e  d i sc repanc ie s  between d i f f e r e n t  measurements. 

Of 

6 and one of the requirements  is t h a t  t h e s e  parameters y i e l d  t h e  cap- 

The b e s t  method of uncovering p o s s i b l e  sys temat ic  e r r o r s  i s  probably 

t o  perform a d d i t i o n a l  measurements wi th  d i f f e r e n t  techniques,  o r  d i fEe ren t  

experimental  cond i t ions .  A new series of measurements i s  being undertaken 

by the  au thors  of t h i s  paper on a f l i g h t  path of 150 m. The t i m e  of f l i g h t  

corresponding t o  a given energy w i l l  then  be increased  by a f a c t o r  of 3.75 

wi th  respect t o  what i t  w a s  a t  40 m. Any time-of-flight-dependent e r r o r  

w i l l  then  be  apparent  from a d e t a i l e d  comparison of the  (lata taken a t  t h e  

two d i f f e r e n t  f l i g h t  pa ths .  Furthermore, a d i f f e r e n t  type of neutron f l u x  moni- 

t o r  w i l l  be used i n  t h e  new measurements i n  a d d i t i o n  t o  the  

measurements w i l l  be done of t h e  f i s s i o n  c r o s s  s e c t i o n  oE 235U , 

permit t h e  direct: de te rmina t ion  of  the  r a t i o  of the  cap tu re  c r o s s  s e c t i o n  

of 1 3 8 ~  t o  tIie f i s s i o n  c r o s s  s e c t i o n  of 2 3 5 ~  and to o t h e r  s tandard c r o s s  sect ions 

and w i l l  reduce .the p o s s i b i l i t y  of sys temat ic  e r r o r s  a s soc ia t ed  wi th  t h e  

neutron monitor.  

BF3, and add i t iona l  I O  

This w i l l  

It is  un l ike ly  t h a t  t hese  new measurements w i l l  y i e l d  the 2% p rec i s ion  

requi red  by the  r e a c t o r  des igne r s ,  bu t  i t  is  hoped t h a t  they w i l l  c o n t r i b u t e  
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t o  t-he i d e n t i f i - c a t i o n  of some o f  t h e  unknown s y s t e m a t i c  errors which cause  

the  l a r g e  d i s c r e p a n c i e s  observed i n  t h e  e x i s t i n g  measurements. 
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This appendix c o n t a i n s  t h e  t a b u l a t e d  v a l u e s  of  t h e  e f f e c t i v e  c r o s s  

s ec t ion  of 238U from Run R0031901. 

The q u a n t i t i e s  t a b u l a t e d  are  t h e  e n e r g y  i n  eV and t h e  e f f e c t i v e  

1 / 2  i n  barn.eV . cross  s e c t i o n  I--..-- 
1 (E)  

N 

P(E)" and f o r  a d i s c u s s i o n  of t he  u n c e r t a i h t i e s ,  F o r  a deE:i.nition o f  .- N 

see the t e x t .  
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