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ABSTRACT 

A measurement of the 'U neutron-induced f i s s i o n  cross  s e c t i o n  has  

been performed a t  t h e  ORELA Linac f a c i l i t y  i n  the  neutron energy range 

between 5 eV and 3.5 M e V .  The favorable signal-to-background r a t i o  and 

high re so lu t ion  of t h i s  experiment resul ted  i n  the  i d e n t i f i c a t i o n  of 85 

subthreshold f i s s i o n  resonances o r  c l u s t e r s  of resonances i n  the  neutron 

energy region between 5 eV and 200 keV. The f i s s i o n  da ta  below 100 keV 

a r e  characteristic of a weak coupling s i t u a t i o n  between Class I and 

Class 11 l e v e l s .  The s t r u c t u r e  of the  f i s s i o n  l e v e l s  a t  the 720 eV and 

1210 e V  f i s s i o n  c l u s t e r s  is  discussed.  There i s  an apparent enhancement 

+ 
of the f i s s i o n  cross  sec t ion  a t  t h e  opening of t h e  2 neutron i n e l a s t i c  

channel i n  U-238 a t  45 keV. An enhancement of the  subthreshold f i s s i o n  

cross  sec t ion  between 100 keV and 200 keV has been t e n t a t i v e l y  i n t e r -  

pre ted  i n  terms of t h e  presence of a  Class  11, p a r t i a l l y  damped v ibra-  

t i o n a l  level. There i s  a marked s t r u c t u r e  i n  t h e  f i s s i o n  c ross  section 

above 200 keV up t o  and including the  p la teau  between 2 and 3.5 MeV. 



I ,  INTRODUCTION 

Narrow in t e rmed ia t e  s t r u c t u r e s  i n  t h e  sub threshold  r eg ion  of t h e  

neutron-induced f i s s i o n  c r o s s  s e c t i o n  were f i r s t  observed i n  7 ~ p  by 

Paya e t  al. ' and i n  'OPU by Migneco and ~ h e o b a l d .  An i n t e r p r e t a t i o n  

of t he se  s t r u c t u r e s  was given independent ly  by weigmann3 and by Lynn, 4 

i n  terms of t h e  double humped f i s s i o n  b a r r i e r  proposed by S t r u t i n s k y .  

According t o  t h i s  model t h e  observed i n t e rmed ia t e  s t r u c t u r e  a r i s e s  from 

t h e  coupl ing between t h e  Class  I s t a t e s  corresponding t o  t h e  ground-s ta te  

deformation of t h e  nucleus  and t h e  Class  I1 s t a t e s  i n  t h e  second minimum 

of t h e  double humped f i s s i o n  b a r r i e r .  Hence a  s t udy  of sub threshold  

f i s s i o n  y i e l d s  in format ion  on t h e  shape of t h e  p o t e n t i a l  b a r r i e r  and on 

t h e  nuc l ea r  s t a t e s  a t  h igh  deformat ion,  as d i s cus sed  f o r  i n s t a n c e  i n  a  

r e c e n t  review of neutron-induced f i s s i o n  by Michaudon. 6 

The 2 3  *U(n,f)  sub threshold  f i s s i o n  i s  an i n t e r e s t i n g  ca se  of weak 

coupl ing between t h e  l e v e l s  of t h e  two p o t e n t i a l  w e l l s .  Although t h e  

e x i s t e n c e  of sub threshold  f i s s i o n  i n  "U has  been known f o r  a long 

t i m e ,  only r e c e n t l y  ha s  t h e  i n t e rmed ia t e  s t r u c t u r e  been observed w i t h  

good r e s o l u t i o n  and over an extended energy range .  8-1 2 

The 'U (n ,  f )  measurements p r e sen t ed  h e r e  cover  t h e  energy r e g i o n  

from 5 eV t o  3.5 MeV wi th  an  energy r e s o l u t i o n  e q u a l  t o  o r  b e t t e r  t han  

t h a t  of most p rev ious  measurements. More s i g n i f i c a n t ,  i n  o rde r  t o  

d e t e c t  very  weak f i s s i o n  l e v e l s ,  i t  is  important  t o  have a f avo rab l e  

s i g n a l  t o  background r a t i o .  Most of t h e  background a s s o c i a t e d  w i th  

measurements of sub threshold  f i s s i o n  i n  2 3 8 ~  a r i s e s  from f i s s i o n s  of 

2 3  5~ impur i t i e s  i n  t h e  2 3 8 ~  sample. The 'U sample used i n  the 

measurements p resen ted  h e r e  had an e x c e p t i o n a l l y  h igh  'U i s o t o p i c  

p u r i t y 1 3  and had less than  2 ppm 2 3 5 ~ .  



The measurements were done by t he  t ime-of-f l ight  t echnique ,  u t i l -  

i z i n g  t h e  ORELA f a c i l i t y 1 4  a s  a  pulsed neu t ron  source.  The shape of 

t h e  2 3 8 ~  t o  2 3 5 ~  f i s s i o n  r a t i o  was obtained from t h e  count r a t e s  of 

s e c t i o n s  of t h e  f i s s i o n  chamber conta in ing  e i t h e r  2 3  'U o r  2 3 5 ~ .  Thi s  

f i s s i o n  r a t i o  was normalized t o  a va lue  ,435 * ,004 f o r  t h e  i n t e r v a l  

from 2.35 t o  2.95 MeV, t h e  va lue  obtained i n  a  s epa ra t e  experiment 

descr ibed  elsewhere.  ' The ENDFIB-IV d e s c r i p t i o n  of t h e  5~ (n ,  f ) -  

c r o s s  s e c t i o n 1 6  was used t o  o b t a i n  t he  2 3 8 ~ ( n , f ) - c r o s s  s e c t i o n  from 

t h e  f i s s i o n  r a t i o .  

A f i r s t  experiment was done wi th  a  f l i g h t  path of 20 m .  The r e s u l t s  

of t h a t  measurement, t h e  equipment and experimental  t echniques  u t i l i z e d  

have a l r e a d y  been desc r ibed I2  and hence w i l l  n o t  be  d i s cus sed  h e r e .  I n  

t h e  p r e sen t  experiment t h e  energy r e s o l u t i o n  was improved by t h e  follow- 

ing :  (1) t h e  f l i g h t  pa th  was extended from 20 t o  40 m,  and ( 2 )  t h e  

t ime-of - f l igh t  s p e c t r a  from t h e  e i g h t  'U s e c t i o n s  of t h e  f i s s i o n  

chamber were s t o r e d  s e p a r a t e l y  and combined a f t e r  c o r r e c t i o n  f o r  

d i f f e r e n c e s  i n  f l i g h t  pa th ,  whereas i n  our  20 m experiment1 one 

common s i g n a l  had been used for a l l  eight s e c t i o n s .  

The computed r e s o l u t i o n  width as a f u n c t i o n  of neu t ron  energy f o r  

t h e  40 m experiment is given in Fig .  1. The e f f e c t  of the improved 

r e s o l u t i o n  i s  i l l u s t r a t e d  i n  F ig .  2 where t h e  d a t a  from our  20 and 40 m 

experiments a r e  compared, i n  t h e  range 700 t o  870 e V .  

I n  s e c t i o n  11 the  r e s u l t s  of our  40 m experiment a r e  p r e sen t ed  i n  

some d e t a i l  and compared w i th  p r ev ious ly  r e p o r t e d  d a t a  and wi th  a  r e c e n t  

eva lua t i on  of t h e  2 3 8 ~  f i s s i o n  c r o s s  s e c t i o n .  l 7  I n  s e c t i o n  I11 we 

d i s c u s s  some of the  f e a t u r e s  of t h e  observed c r o s s  s e c t i o n .  
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Fig.  2.  The ' ~ ( n ,  f ) - c ro s s  s e c t i o n  f o r  i n c i d e n t  neu t ron  
ene rg i e s  between 700 and 870 eV. The upper curve  ( r i g h t  s c a l e )  
shows our  p r ev ious ly  publ i shed  low r e s o l u t i o n  d a t a ;  ' the lower 
curve ( l e f t  s c a l e )  shows the p r e s e n t  h igh  r e s o l u t i o n  d a t a .  The 
improved r e s o l u t i o n  permi t s  an unambiguous s e p a r a t i o n  of t h e  
Class  I resonances  of t h e  c l u s t e r  c en t e r ed  a t  720 eV. 



RESULTS 

The 2 3 8 ~ ( n , f ) - c r o s s  s e c t i o n  between 5 eV and 100 keV is shown i n  

F ig .  3. The l e v e l s  a t  6 .7 ,  20.9, and 36.7 e V  had a l r eady  been observed 

by Slovacek et a1. ,' b u t  t h e  good s i g n a l  t o  background r a t i o  of the 

pre sen t  measurement permits  t h e  i d e n t i f i c a t i o n  of 13 a d d i t i o n a l  f i s s i o n  

resonances  between 40 and 600 eV. A l l  t h e  Class  I l e v e l s  i n  t h e  c l u s t e r s  

c en t e r ed  around 720 eV and 1 .2  keV are well-resolved.  Between 5 and 

100 keV 36 l e v e l s  o r  c l u s t e r s  of l e v e l s  have been i d e n t i f i e d .  

In Fig.  4 t h e  reg ion  10 t o  400 keV is  shown i n  more d e t a i l .  A n  

enhancement of f i s s i o n  near  1 2 0  keV is t e n t a t i v e l y  i n t e r p r e t e d  as a 

c o n t r i b u t i o n  from a p a r t i a l l y  damped v i b r a t i o n a l  l e v e l  c en t e r ed  near 

145 keV wi th  a width of about 65 keV. A s i m i l a r  s t r u c t u r e  was observed 

i n  t h e  2 3 4 ~ ( n , f ) - c r o s s  s e c t i o n  by James e t  a1. l 8  

The f i s s i o n  c r o s s  s e c t i o n  between 100 keV and 1 MeV and between . 4  

and 3.6 M e V  i s  shown i n  F igs .  5 and 6 .  A l a r g e  number of measurements 

have been r epo r t ed  i n  t h a t  range,  which have recently been reviewed by 

Poeni tz  e t  a1.  l 7  who eva lua ted  t h e  f i s s i o n  c r o s s  s e c t i o n  shown a s  t h e  

s o l i d  l i n e  i n  F ig s .  5 and 6. The comparison i n d i c a t e s  a  good o v e r a l l  

agreement between our d a t a  and t h e  e v a l u a t i o n ,  however, our  d a t a  show 

cons iderab ly  more s t r u c t u r e .  This  i s  n o t  s u r p r i s i n g  because the  evalua- 

t i o n  i s  based on s e v e r a l  d a t a  s e t s  where t h e  c r o s s  s e c t i o n s  were averaged 

over i n t e r v a l s  comparable t o  t h e  widths  of t h e  s t r u c t u r e s .  Our d a t a  

agree  q u a l i t a t i v e l y  w i t h  t hose  of Blons e t  a l .  , ' h a s  r e p o r t e d  by 

C ie r j acks ;  ' bu t  t h e  measurement of Blons e t  a l .  ha s  a somewhat b e t t e r  

r e s o l h t i o n  i n  the h i g h  energy r eg ion  and hence shows more s t r u c t u r e .  
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Fig.  3 .  The 2 3  8 ~ ( n , f ) - c r o s s  s e c t i o n  between 5 eV and 100 keV. The 

f i s s i o n  cross s e c t i o n  has been m u l t i p l i e d  by JZ1I2 t o  keep the  o r d i n a t e  
s c a l e  more uniform. Note that t h e  o r d i n a t e s  change from l i n e a r  t o  
logar i thmic  s c a l e s .  A few n e g a t i v e  va lues ,  n e a r  35 keV, r e s u l t  from a 
background ove rco r r ec t i on  where aluminum has a l a r g e  resonance d i s t o r t i n g  
t he  i nc iden t  neu t ron  f l u x ,  and should be  ignored .  
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F i g .  6 .  The 238~(n,f)-cross section between 0.4 and 3.6 MeV. The 
smooth curve is an evaluation of Poenitz et a1. based on a number of 
recent and older measurements (see text). 



The measured 'U (n, f )  -cross sec t ion  averaged over decimal energy 

i n t e r v a l s  between 700 eV and 3 MeV is given i n  Table I .  A t o t a l  of 85 

f i s s i o n  resonances or c l u s t e r s  of resonances have been i d e n t i f i e d  below 

200 keV. The f i s s i o n  areas  of the 27 resolved resonances below 2 keV 

a r e  l i s t e d  i n  Table 11. The areas  of the  36 l e v e l s  o r  c l u s t e r s  observed 

between 2 and 100 keV a r e  l i s t e d  i n  Table 111, and the a r e a s  of t h e  22 

c l u s t e r s  i d e n t i f i e d  between 100 and 200 keV a r e  l i s t e d  i n  Table I V .  I n  

Table I11 we have a l s o  l i s t e d  the  f i s s i o n  a r e a s  obtained i n  our previous 

experiment1 a t  20 m. The values given i n  Table I V  of r e f .  12 were 

renormalized upward by 37%, f o r  t h e  following reason:  a s  explained i n  

r e f .  12 t h e  f i s s i o n  a reas  were based on the  assumption t h a t  t h e  f i s s i o n  

e f f i c i e n c i e s  of t h e  3 B ~  and 5~ s ec t ions  of t h e  chamber were t h e  same. 

No measurement of t h i s  f i s s i o n  r a t i o  e f f i c i e n c y  was then a v a i l a b l e .  I n  

t h e  present  experiment t h e  f i s s i o n  areas  could be obtained i n  abso lu te  

value by normalizing the  2 3 8 ~  t o  2 3 5 ~  f i s s i o n  r a t i o  i n  t h e  i n t e r v a l  

2.35 t o  2.95 MeV and t h i s  yielded t h e  value of t h e  e f f i c i e n c y  r a t i o . 1 5  

The comparison of Table 111 shows t h a t  t he re  is cons is tency  between our 

present  r e s u l t s  and t h e  renormalized 20 rn r e s u l t s ,  but  more c l u s t e r s  a r e  

observed with t h e  b e t t e r  r e so lu t ion  a v a i l a b l e  a t  40 m. 

The f i s s i o n  widths r of t h e  27 resolved f i s s i o n  resonances below f  

2 keV have been obtained from t h e  measured f i s s i o n  a r e a s  A us ing  t h e  f 

r e l a t i o n  

where the  symbols have t h e  usua l  meaning.20 For t h i s  c a l c u l a t i o n  t h e  

values of t he  neutron width I' and t o t a l  width r were taken  from our n  



Table I. The 'U (n, f) -cross sect ion averaged over 
decimal intervals between . 7  keV and 3 MeV 

a 
Energy Interval o f ,  Fission Cross Section Statistical Error 

b 

(keV) (mb (mb 1 

100. - 200. ,099 < ,005 

a ~ h e  'U fission cross section was obtained from the measured ( 2 3 8 ~ / 2 3  5 ~ )  

fission ratio, and the ENDF/B-IV representation of the 2 3 5 ~  fission cross 
sect ion. 

b ~ t  is estimated that systematic errors amount to about 6%. These arise 
from uncertainties in normalization, in background substraction, and 
correction for scattering in the structural material of the detector. 



Tables 11. Measured f i s s i o n  areas  and corresponding fission widths of 26 l e v e l s  below 2 keV 

a 
Resonance Energy Fiss ion  Area N e u t r o n ~ i d t h s ~  Tota l  widthsa F i s s ion  Widths b 

eV b x e~ meV meV neV 

a~esonance  energies ,  neutron widths and t o t a l  widths taken from re fe rence  21. 
b ~ i s s i o n  a r eas  and f i s s i o n  w i d t h s  obtained from t h i s  experiment. Unce r t a in t i e s  given are 

s t a t i s t i c a l  only. 



Table 111. F i s s i o n  a r e a s  of c l u s t e r s  observed between 2 and 100 keV 

T h i s  work Reference 12' 

F i s s i o n  Area 
b F i s s i o n  Area 

b 
0 E 0 

' ~enormal ized :  see t ex t  b S t a t i s t i c a l  e r r o r  only 
*Clus te r  not  observed i n  t h e  work of R e f .  12 
?cluster n o t  observed i n  t h e  p resent  work. 
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Table I V .  Fission areas  of c l u s t e r s  observed between 100 and 200 keV 

I2 o Area ~ r r o r '  
(keV) (b x ev) (b x ev) 

a s t a t i s t i c a l  e r r o r  only, systematic e r r o r s  a r i s i n g  from u n c e r t a i n t i e s  i n  
normalizat ion,  background co r r ec t ion  and i d e r d i f i c a t i o n  of the c l u s t e r  l i m i t s  
a r e  est imated t o  amount t o  8%. 



r e c e n t  eva lua t i on .  The va lues  used f o r  t h e  neutron and t o t a l  wid ths  

and t h e  va lues  ob ta ined  f o r  t h e  f i s s i o n  widths  a r e  a l s o  l i s t e d  i n  

Table 11, 

I n  Table  V t h e  f i s s i o n  c r o s s  s e c t i o n  a r e a s  ob ta ined  by s e v e r a l  

exper imenters  a r e  compared. The d i s c r epanc i e s  between t h e  v a l u e s  a r e  

somewhat l a r g e r  than expected. 

111. DISCUSSION 

Fig .  7 shows t h e  cumulative sum of observed f i s s i o n  c l u s t e r s  as a 

f u n c t i o n  of neu t ron  energy, up t o  75 keV. Below 35 keV t h i s  cumulat ive 

sum can be  f i t t e d  reasonably w e l l  by a s t r a i g h t  l i n e  whose i n v e r s e  s l o p e  

corresponds t o  a spac ing  of  1.1 2 .1 keV. Between 45 and 55 keV t h e  

cumulative sum can aga in  be  f i t t e d  by a l i n e  of i n v e r s e  s l o p e  correspond- 

i ng  t o  a spac ing  of 1 . 3  ' .2 keV. The u n c e r t a i n t i e s  quoted are only  

sampling e r r o r s  assuming a Wigner -d i s t r ibu t ion  of l e v e l s 2 2  [ i . e . ,  (0.27 

D~ /N) 2 ]  . Between 37  and 45.5 keV t h e r e  is a s u r p r i s i n g l y  l a r g e  gap 

of about 8 keV wi th  no  observable  level, see Figs .  3 and 4.  ( I n  f a c t  

t h e  "gap" starts nea r  35.7 keV, b u t  w e  e s t i m a t e  t h a t  between 35.7 and 

3 7  keV smal l  l e v e l s  could be "obscured1' by a l a r g e  aluminum resonance 

which i n t roduces  a p e r t u r b a t i o n  i n  t h e  neu t ron  f l u x  i n c i d e n t  upon our 

d e t e c t o r ,  s e e  Fig.  4.) Above 60 keV t h e  s l o p e  of t h e  cumulat ive sum 

shown i n  Fig .  7 suggests t h a t  many l e v e l s  a r e  below t h e  d e t e c t i o n  

th reshold  of our  measurements. Above 100 keV a new type  of s t r u c t u r e  

appears  w i th  r e l a t i v e l y  l a r g e r  resonances  hav ing  an  average  spac ing  of 

3.3  2 .4 keV; we have a l r eady  commented on t h i s  s t r u c t u r e  c l e a r l y  

v i s i b l e  i n  Fig. 4. 



Table V .  Comparison of f i s s i o n  areas  obtained by seve ra l  experimenters1 

Resonance RP I RP I Gee1 O R N L ~  9 This work3 
Energy (eV) ( r e f .  8) ( r e f .  9 )  ( r e f .  11) ( r e f .  12) 

. llf 

N . o . ~  
.008 k.001 

- 0 4 3  t.002 

N.O. 

N . O .  

. 3 4 1  k.006 

' ~ l l  a reas  are given i n  b x eV 
2~enorma l i zed  (see t e x t )  
3 ~ n c e r t a i n t y  given i s  s t a t i s t i c a l  only ( 1  SD) 
4 ~ . ~ .  f o r  not  observed 
 his l e v e l  was not f u l l y  resolved i n  t h e  work of r e f .  12, see  Fig. 2. 
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F i g .  7 .  Cumulative number of f i s s i o n  c l u s t e r s  observed 
ve r sus  i n c i d e n t  neu t ron  energy. The 38 c l u s t e r s  a r e  l i s t e d  
i n  Tables  I1 and 111 and i n d i c a t e d  on F ig .  3 .  The experimen- 
t a l  r e s o l u t i o n  does n o t  permit  t o  r e s o l v e  t h e  C la s s  I l e v e l s  
above a few keV. The s l o p e s  correspond t o  C la s s  I spac ings  
of  1.1 keV below 35 keV and 1 .3  keV above 45 keV. Above 55 
keV a l a r g e  number of c l u s t e r s  are probably n o t  d e t e c t e d  o r  
no t  reso lved .  Note t h e  d i s c o n t i n u i t y  between 35 and 45 keV. 



From t h e  cumulative sum shown on Fig ,  7 we es t imate  t h a t  t h e  average 

Class  I1 l e v e l  spacing i s  of t h e  order  of 1 keV. We es t ima te  t h a t  w e  may 

m i s s  a s  much a s  25% of the  l e v e l s  and t h a t  a r e a l i s t i c  e s t ima te  of t he  

Class  I1 spacing a t  low energy may be  D = 1 + .25 keV. 
11 

I n  F ig .  8 the  2 3  8 ~ ( n , f ) - c r o s s  sec t ion  is compared t o  t h e  2 3 8 ~ ( n , y ) -  

c ros s  s e c t i o n Z 3  over the range 20 t o  100 keV. There is  cons iderable  

evidence of intermediate  s t r u c t u r e  i n  t h e  8 ~ ( n , y ) - c n o s s  s e c t i o n ,  2 4  and 

t h e  comparison shown on the  f i g u r e  was an attempt t o  determine i f  t h e  

in termedia te  s t r u c t u r e s  i n  t h e  f i s s i o n  and capture  c r o s s  s e c t i o n s  could 

be  c o r r e l a t e d .  No s i g n i f i c a n t  " f ine  co r re l a t ion ' '  could be  observed. 

Above 45 keV the  capture c ross  sec t ion  decreases because of t h e  competi- 

t i o n  with t h e  i n e l a s t i c  s c a t t e r i n g  channel corresponding t o  t h e  f i r s t  

+ 
2 l e v e l  i n  2 3 8 ~ ;  a t  45 keV, t h e r e  i s  a d i scon t inu i ty  i n  t h e  d e r i v a t i v e  

of t he  c ross  sec t ions  (Wigner cusp2') r e s u l t i n g  i n  a  rounded step26 i n  

t h e  capture  c ross  sec t ion  ( the  c ross  s e c t i o n  is  s l i g h t l y  enhanced j u s t  

below 45 keV and depressed j u s t  above.) I n t u i t i v e l y  one would expect a  

s i m i l a r  behavior i n  t h e  f i s s i o n  c ross  sec t ion .  The d a t a  of F ig .  8 show 

t h a t ,  on t h e  cont rary ,  the  f i s s i o n  i s  weak below 45 keV and inc reases  

sharp ly  near  45 keV, a r a t h e r  s u r p r i s i n g  r e s u l t .  It is  a l s o  poss ib l e ,  

of course,  t h a t  t h e  behavior of t h e  subthreshold f i s s i o n  near  45 keV is  

not  r e l a t e d  t o  t h e  opening of the  i n e l a s t i c  channel.  

I V ,  INTERPRETATIONS OF THE CLUSTERS NEAR 720 AND 1210 eV 

In  t h i s  s e c t i o n  w e  d iscuss  s e v e r a l  poss ib l e  i n t e r p r e t a t i o n s  of t he  

two c l u s t e r s  centered  near  720 and 1210 eV, r e s p e c t i v e l y .  
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Fig. 8. Comparison of the  2 3 8 ~ ( n , f )  c ros s  s e c t i o n  (lower curve,  r i g h t -  
hand s i d e  sca l e )  with t h e  'u(n,y) c ross  s e c t i o n  (upper curve,  lef t -hand 
s i d e  s c a l e ) .  Both c ross  sec t ions  have been mul t ip l i ed  by E ' / ~  t o  keep t h e  
ord ina te  s c a l e  more uniform. The capture  c ross  s e c t i o n  i s  shown averaged 
over two d i f f e r e n t  energy widths: the  cap tu re  data averaged over 3 keV wide 
i n t e r v a l s  i l l u s t r a t e  the  "long-range behavior" of t h e  c ross-sec t ion  . Above 
45 keV the  capture  decreases because of t h e  corn e t i t i o n  with t h e  i n e l a s t i c  
s c a t t e r i n g  channel corresponding t o  t h e  f i r s t  2' l e v e l  i n  2 3  8~ . Ins tead  t h e  
f i s s i o n  is enhanced above 45 keV (see  t e x t ) .  



Back et a1. 2 7  have estimated the parameters of the double hump 

fission barrier of actinides on the basis of measurements of fission 

probabilities and of a study of the systematic trends of these param- 

eters with respect to A and Z. For the compound nucleus 2 3 9 ~  their 

estimates are-given in the second and third columns of Table VI. The 

last column of the table gives the transmission of each barrier for 

neutrons of total energy near the binding energy S = 4.81 MeV. These 
n 

transmissions were computed by the usual expression: 

In the following discussion we shall assume the values of the barrier 

parameters given in Table VI. 

In Figs, 9, 10, and 11 the fission cross section is compared to the 

effective capture cross section2 over the ranges 5 to 400 eV, 600 to 

900 eV and 1.1 to 1.3 keV respectively. The purpose of showing the 

capture data in these figures is to locate the position of the large 

s-wave levels. Great care was taken in "aligning" the energy scales 

of the two measurements. This was done using the 6.67 eV level and the 

dip near 5.9 keV due to an aluminum resonance. We estimate that the 

relative energy alignment of our capture and fission data cannot be in 

error by more than 1 eV at 1 keV. This alignment is confirmed by the 

observation that the 27 fission resonances below 2 keV, listed in Table 

11, all line up to better than + 1 eV with resonances in the capture 

data. 

If we assume the nominal values of the barrier parameters given by 

Back et al. to be correct, then the transmission through the intermediate 



Table VI. ~ s t i m a t e d ~ ~  barr ier  parameters f o r  'U 

2Tr 
V / M ~ V  hw/MeV 

-(v-S ) 
Barrier hw n Transmission 

Inner 6.55 5 0.30 0.90 1 2 . 1 4  + 2.10 5 .3 x lo-6 

Outer 6.30 5 0.30 0.65 14 .40  + 2 .90  .5 

(Sn = 4 . 8 1  MeV,  neutron b i n d i n g  energy) 
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Fig .  10. Comparison of t he  2 3 8 ~ ( n , f )  and 2 3 8 ~ ( n , y )  c ross  s e c t i o n s  
f o r  inc ident  neutron energ ies  between 600 and 900 eV. The e f f e c t i v e  
capture  c ross  sec t ion2  is not  cor rec ted  f o r  s e l f  - sh ie ld ing  and mul t ip l e  
s c a t t e r i n g  and has been mul t ip l i ed  by E'/'. The resonance energ ies  i n  
eV and neutron widths i n  meV a r e  from our r ecen t  eva lua t ion .  Note 
t h a t  a l l  the f i s s i o n  resonances a r e  al igned wi th  well-known s-wave l e v e l s .  
The areas  of t he  f i s s i o n  resonances a r e  given i n  Table 11. 
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Fig .  11. Comparison of the 238~(n,f) and 238~(n,y) cross section for 
incident neutron energies between 1.1 and 1.3 keV. The effective capture 
cross section2 is not corrected for self-shielding and multiple scattering 
and has been multiplied by ~ ' 1 ~ .  The resonance energies in eV and neutron 
widths in meV are from our recent evaluation. The areas of the fission 
resonances are given in Table 11. 



b a r r i e r  i s  much l a r g e r  than t h a t  through the  outer  b a r r i e r ,  hence the  

spreading width i s  much l a r g e r  than the  escape width. In  t h i s  s i t u a t i o n ,  

a s  indica ted  by Weigmann e t  a1. , a central resonance in each c l u s t e r  

c a r r i e s  most of t h e  f i s s i o n  width and i s  predominantly Class 11. 

A s  i nd ica t ed  i n  Table 11 and i l l u s t r a t e d  i n  Figs.  10 and 11, i n  

both c l u s t e r s  one l e v e l  c a r r i e s  indeed more than 85% of t h e  f i s s i o n  

width. 

~ ~ n n ~ ~  has used per turba t ion  theory t o  es t imate  the  neutron width 

m, II of t h e  predominantly Class I1 s t a t e :  

'V ,., 
where D - 25 eV and DII 1 keV a r e  the  Class  I and Class  I1 l e v e l  I 

spacings r e spec t ive ly ,  r 90 meV is  t h e  Class I average neutron 
n , I  

width and TA = 5 is t h e  t ransmission of t he  in termedia te  b a r r i e r .  

A value  m,,, ' .005 meV i s  obtained,  which i s  about 300 times smal le r  

than t h e  neutron width of t he  722 eV l e v e l  and 2000 times smal le r  than 

t h a t  of t h e  1211 eV l e v e l .  

Block e t  a1. had a l ready observed t h e  c l u s t e r s  near  720 and 1210 

eV with an  energy r e s o l u t i o n  of about 10 eV near  720 e V ,  and had assigned 

the  main f i s s i o n  resonances t o  t h e  well-known s-wave l e v e l s  a t  722 and 

1211 eV. Commenting on t h e  d i f f e rence  between the  va lue  of t h e  neutron 

width of those two l e v e l s  and the est imated magnitude of a  predominantly 

Class  I1 l e v e l ,  tynn2' suggested t h a t  t h e  f i s s i o n  resonances near  720 

and 1210 eV were no t  t h e  well-known s-wave l e v e l s  t o  which they had 

been assigned but  were in s t ead  resonances with smal le r  neutron widths,  

so  far  unobserved i n  capture  or  t ransmiss ion  measurements. 



T h i s  hypothes i s  seems however d i f f i c u l t  t o  r e c o n c i l e  wi th  t h e  d a t a  

p r e sen t ed  h e r e ;  i t  would r e q u i r e  t h a t  i n  bo th  c l u s t e r s  t h e  predominantly 

Class I1 l e v e l  be very c l o s e  (EII- E < 1 eV) t o  a well-known s-wave I 

l e v e l .  

It seems more l i k e l y  t h a t  t h e  predominantly Class  I1 l e v e l s  a r e  no t  

observed because t h e i r  smal l  neutron widths  r e s u l t  i n  f i s s i o n  a r e a s  

below t h e  d e t e c t i o n  th reshold  of our  measurement. W e  e s t i m a t e  t h i s  

t h r e sho ld  f o r  a narrow resonance (r < .5 eV) around 700 eV t o  b e  5 

b-eV, hence,  from E q .  (1) i t  can be seen  t h a t  we  could probably no t  

d e t e c t  a l e v e l  wi th  a neutron width smal le r  than e V ,  r e g a r d l e s s  of 

t h e  v a l u e  of t h e  f i s s i o n  width.  Such a va lue  f o r  t h e  neu t ron  wid th  of 

a predominantly Class  I1 s t a t e  is n o t  unreasonable;  i t  i s  50 t imes 

sma l l e r  than t h e  p e r t u r b a t i o n  theory  e s t i m a t e ,  Eq.  ( 3 ) ,  bu t  t h e r e  a r e  

l a r g e  u n c e r t a i n t i e s  i n  t h a t  e s t ima te .  I n  p a r t i c u l a r  i t  was based on a 

p i c k e t  fence  model of Class  I states wi th  uniform wid th  of 90 meV 

(corresponding t o  a n  average reduced neu t ron  width21 of  3 meV) whereas 

t h e  Class  I l e v e l s  nea r  720 e V  happen t o  have neu t ron  wid ths  averag ing  

on ly  about 14  meV.  

Another p o s s i b l e  i n t e r p r e t a t i o n  of t h e  c l u s t e r s  n e a r  720 and 1210 

eV i s  based on the assumption t h a t  t h e  t r ansmis s ion  through t h e  o u t e r  

p o t e n t i a l  b a r r i e r  is l a r g e r  than  t h a t  through t h e  i n n e r  b a r r i e r .  Th i s  

assumption i s  i n c o n s i s t e n t  w i th  t h e  nominal va lue s  of t h e  b a r r i e r  pawam- 

e t e r s  es t imated  by Back e t  a l .  and g iven  i n  Table  V I ,  b u t  can b e  made 

c o n s i s t e n t  w i th  t h e s e  e s t ima te s  w i t h i n  t h e  u n c e r t a i n t i e s  g iven .  I f  t h e  

t ransmiss ion  through t h e  o u t e r  p o t e n t i a l  b a r r i e r  is  l a r g e r ,  then  t h e  

escape width is  l a r g e r  than  t h e  sp read ing  wid th  and t h e  predominantly 



Class I1 l e v e l s  decay mostly by f i s s i o n  and a r e  e s s e n t i a l l y  unobservable 

i n  t h e  c ross  s e c t i o n  because of t h e i r  broad width and low peak va lue .  

Weigmann e t  a1. have argued t h a t  t he  gamma-ray spectrum of neutron 

capture i n  a predominantly Class  I1 l e v e l  should be s o f t e r  than t h a t  of 

a Class  I l e v e l .  Their  s tudy of t h e  gamma-ray s p e c t r a  of t he  l e v e l s  a t  

722 and 1211 eV indica ted  t h a t  these  spec t r a  were cons i s t en t  wi th  those 

of o the r  Class  I l e v e l s  and incons i s t en t  with the  s p e c t r a  expected from 

Class I1 l e v e l s ;  hence these  au thors  concluded t h a t  the l e v e l s  nea r  722 

and 1211 eV were e s s e n t i a l l y  Class  I l eve l s .  Browne3 has a l s o  inves-  

t i g a t e d  t h e  gamma-ray spectrum of t h e  722 eV l e v e l  and, cont rary  t o  

Weigmann e t  a l . ,  he  f inds  t h i s  spectrum s i g n i f i c a n t l y  s o f t e r  than t h a t  

of nea r ly  Class  I l e v e l s  and concludes t h a t  t h e  722 eV l e v e l  is  almost 

pure Class  11. 

There is  c l e a r l y  a need f o r  a d d i t i o n a l  work t o  r e so lve  t h i s  

discrepancy. I f  we accept  t h e  pe r tu rba t ion  e s t ima te  of t h e  predominantly 

Class I1 neutron width, our i n t e r p r e t a t i o n  of t h e  c l u s t e r s  is c o n s i s t e n t  

with t h a t  of Weigmann e t  a l . ,  and f o r  t h e  l e v e l  a t  722 eV i t  is  i n  

con t rad ic t ion  with t h e  conclusion of Browne. 

A s  can be seen i n  Fig .  9 and i n  Table 11, s e v e r a l  s-wave l e v e l s  

dispersed throughout t h e  resolved resonance reg ion  e x h i b i t  subthreshold 

f i s s i o n  with small  bu t  s i g n i f i c a n t  f i s s i o n  widths.  The width correspond- 

ing t o  d i r e c t  pene t r a t ion  through t h e  double humped f i s s i o n  b a r r i e r  was 

est imated using t h e  expression given by Gai e t  a l . ,  3 1  I' = D T T / B T ,  
min I A B 

where T and TB represent  t h e  t ransmission through t h e  f i r s t  and second A 

b a r r i e r  r e spec t ive ly .  These t ransmiss ions  were computed using t h e  

parameter of Back e t  a l .  given i n  Table V I  and t h e  express ion  given 

i n  Eq .  (2) . 



The va lue  obtained, 
rmin = 2 . 8  10-'I eV i s  a  few orders  of magni- 

tude smal le r  than t h e  values of t he  f i s s i o n  widths observed which range 

from t o  25 eV, i n  the  i n t e r v a l  5 t o  600 eV. It seems a l s o  

un l ike ly  t h a t  these  l e v e l s ,  p a r t i c u l a r l y  the  l e v e l s  between 400 and 500 

eV, would have such a  l a r g e  f i s s i o n  width through coupling t o  t h e  Class  

I1 l e v e l  near  720 e V  o r  t o  a Class I1 l e v e l  near  t h e  neutron binding 

energy. A t  t h e  present  t ime, w e  have no s a t i s f a c t o r y  explanat ion  f o r  

t he  magnitude of these  f i s s i o n  widths. 

V.  CONCLUSIONS 

W e  p resent  t h e  r e s u l t s  of good r e so lu t ion ,  low background measurements 

of t h e  2 3 8 ~ ( n , f )  c ros s  s e c t i o n  from 5  eV t o  3.5 MeV. The subthreshold  

region of t h e  c ross  s e c t i o n  is r i c h  with s t r u c t u r e s  which vary with t h e  

inc ident  neutron energy. A t  t h e  opening of t h e  i n e l a s t i c  s c a t t e r i n g  

channel near  45 keV t h e r e  i s  a d i scon t inu i ty  i n  t h e  d e r i v a t i v e  of t h e  

c ross  sec t ion .  One would expect t h e  subthreshold f i s s i o n  t o  decrease 

j u s t  above 45 keV, due t o  t h e  competition with t h e  new channel;  i n s t ead  

a  marked and sudden inc rease  is  observed. 

Below 30 keV t h e  subthreshold f i s s i o n  c ross  s e c t i o n  shows t h e  charac- 

t e r i s t i c  p a t t e r n  of a very weak coupling between t h e  Class  I and Class  11 

s t a t e s .  A value  DII = 1 5 .25 keV i s  obtained f o r  t h e  Class  11 l e v e l  

spacing. 

Several  poss ib l e  i n t e r p r e t a t i o n s  of t h e  well-known c l u s t e r s  centered 

near  720 and 1210 eV a r e  discussed.  The predominantly Class  I1 l e v e l  of 

these  c l u s t e r s  may be below t h e  de tec t ion  threshold  of t h e  measurements, 

e i t h e r  due t o  t h e  small  va lue  of i ts  neutron width,  o r  due t o  t h e  l a r g e  

value of i t s  t o t a l  width (mostly escape width) .  



A small  b u t  s i g n i f i c a n t  f i s s i o n  width can be measured f o r  many of 

the low energy s-wave l e v e l s .  These widths appear too l a r g e  t o  b e  due 

t o  d i r e c t  pene t r a t ion  through t h e  double humped b a r r i e r .  
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