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Abstract The e l e c t r o f i s s i o n  angular d i s t r i b u t i o n  f o r  2 3 4 ~  i n  the energy 
range 5.5 t o  13 MeV were measured and a r e  analyzed together w i t h  those 
obtained prev ious ly  f o r  2 3 6 ~  and 2 3 8 ~ .  The compet i t ion  between the K=O 
and K=l f i s s i o n  channels f o l l ow ing  E2 e x c i t a t i o n  i s  establ ished,  sho- 
wing adominance o f  the K=O channel f o r  near- bar r ie r  f i s s ion .Asubs tan -  
t i a 1  concentrat ion o f  E2 s t rength  near the f i s s i o n  b a r r i e r  i s  found, 
i n  good agreement .w i th  e a r l i e r  pho to f i ss ion  a n g u l a r - d i s t r i b u t i o n  s tu-  
d ies.  

Recent e lec t ron-  and hadron- induced f i s s i o n  measurements f o r  

2 3 8 ~ ,  i n  the reg ion o f  the isosca lar  g i a n t  quadrupole resonance (GQR), 

have yielcled con t rad i c to ry  r e s ~ l t s " ~ .  In  a d d i t i o n  t o  the controversy 

concerning the t o t a l  amount o f  E 2  s t rength  concentrated i n  the f i s s i o n  

decay chame1 f o r  a c t i n i d e  nuc le i ,  another po in t  o f  c o n f l i c t  concerns 

the d i s t r i b u t i o n  o f  E2 s t rength  over the exc i ta t ion- energy  reg ion i n  

which the GQR i s  found. I n  t h i s  regard, we note here t h a t  from the ha- 

dron-induced r e s u l t s  the GQR peaks sys temat ica l ly  a t  - 1 1  MeV and vani- 

shes below -8.5 MeV 3. Therefore, i t i s  necessary t o  study ca re fu l  l y  

the E 2  s t rength  d i s t r i b u t i o n  c lose t o  the f i s s i o n  b a r r i e r  ( 5  8 M ~ V )  

by means c,f an anambiguous experimental technique, such as the measu- 

rement o f  the  e lec t ro f iss ion- f ragment  angular d i s t r i b u t i o n s ,  which 

can he lp  t o  de l ineate  the low- ly ing  f i s s i o n  l eve l s  populated by E 2  pho- 

to-absorpt ion
4
.  I n  so doing, we hope t o  show t h a t  the p i c t u r e  drawn 

from the hadron-induced r e s u l t s ,  namely, zero E 2  f i s s i o n  s t rength  a t  

e x c i t a t i o n  energies 5 8 MeV f o r  a c t i n i d e  n u c l e i ,  i s  phys i ca l l y  unrea- 

sonable. 

A formalism f o r  the ana l ys i s  o f  e lec t ro f iss ion- f ragment  angu- 

l a r  d i s t r i b u t i o n s ,  u t i l i z i n g  the v i r t u a  

developed recent l  y4 .  The appl i c a t  ion o f  
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t h i s  formalism t o  2 3 8 ~  l ed  t o  
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t h e  i d e n t i f i c a t i o n  o f  t h e  l o w- l y i n g  l e v e l s  o f  t h e  t r a n s i t i o n  nuc leus ;  

a l s o ,  t h e  c o m p e t i t i o n  between t h e  K=O and K=l channels  o f  t h e  f i s s i o n  

decay f o l l o w i n g  E2 e x c i t a t i o n  i n  2 3 8 ~  was d e l i n e a t e d .  I n  t h i s  paper we 

extend t h e  appl  i c a t i o n  o f  t h i s  fo rma l  ism t o  t h e  s tudy  o f  2 3 4 ~  and 2 3 6 ~ .  

A lso,  we e x t r a c t  t h e  E2 s t r e n g t h  f u n c t i o n s  f o r  2 3 " 2 3 6 ' 2 3 8 ~  a t  IOW ex- 

c i t a t i o n  energ ies  (near t h e  f i s s i o n  b a r r i e r ) ;  by comparing them t o  t h e  

a n g u l a r - d i s t r i b u t i o n  da ta  we e s t a b l i s h  l i m i t s  f o r  t h e  E2 s t r e n g t h  f o r  

t h e  K=0 and ~ = l  f i s s i o n  channels .  

I n  t h e  p resen t  work we have measured e l e c t r o f i s s i o n  a n g u l a r  

d i s t r i b u t i o n s  f o r  2 3 4 ~  and analyzed them j o i n t l y  w i t h  those f o r  2 3 6 ~  

and 2 3 8 ~ .  The exper imenta l  techn ique  and procedures were t h e  sane as  

f o r  oUr p r e v i o u s  work and a r e  descr ibed  a t  l e n g t h  i n  Refs.  4 and 5.The 

e l e c t r o f i s s i o n  d i f f e r e n t i a l  c r o s s  s e c t i o n s  da /dí2 f o r  2 3 4 ~ ,  i n  t h e  
e f 

energy range f rom 5.5 t o  13 MeV, w e r e o b t a i n e d  b y  i r r a d i a t i n g  255 

i-ig/cm2 t a r g e t s  o f  2 3 4 U  e n r i c h e d  t o  99.1% w i t h  an e l e c t r o n  bem f rom t h e  

Un ivers  i t y  o f  São Paulo L i n e a r  A c c e l e r a t o r .  The f i s s i o n  f ragments were 

d e t e c t e d  w i t h  m i c a - f o i 1  t r a c k  d e t e c t o r s  l o c a t e d  a t  up t o  t w e l v e  d i f f e -  

r e n t  ang les  between 10' and 100° (e leven,  usual  l y ,  a r e  p l o t t e d  i n  F i g .  

1 ; t h e  t w e l f t h ,  a t  100°, i s  redundant,  and serves as an exper 

check) .  The u n c e r t a i n t i e s  i n  do /da a r i s i n g  b o t h  f rom s t a t  
e f '  

f l u c t u a t i o n s  and f rom sys temat i c  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  

t r y  and t a r g e t  th i ckness  d e t e r m i n a t i o n ,  a r e  t y p i c a l l y  -5%. 

f i s s i o n  channel (J',K) i s  de f  

The e l e c t r o f i s s i o n  d i f f e r e n t i a l  c ross  s e c t i o n  f o r  a  par  

ined  a s 4  

men t a  1 

s t i c a l  

geome- 

i c u l a r  

For even-even n u c l e i  (ground s t a t e  f = 0 + )  J ' ; - I ;~,  where L i s  t h e  mul-  

t i p o l a r i t y  o f  t h e  absorbed photon;  K  and M a r e  t h e  p r o j e c t i o n s  o f  t h e  

n u c l e a r  a n g u l a r  momentum J o n  t h e  symmetry a x i s  o f  t h e  nuc leus and on 

t h e d i r e c t i o n o f  t h e . i n c i d e n t  e l e c t r o n ,  r e s p e c t i v e l y ;  and d ( 8 )  i s  
MK f 

t h e  a n g u l a r - d i s t r i b u t i o n  f u n c t i o n .  The c o e f f i c i e n t s  o f  t h e  angu la r  d i s -  

t r i b u t i o n s  $e c o n s t i t u t e  t h e  l i n k  between t h e  e l e c t r o -  and photoex-  

c i t a t i o n  processes and a r e  g i v e n  by 4 
( i n  what f o l  lows we consider  o n l y  

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



12.66 MeV 
1.0 

F i g .  1 - E l e c t r o f  i ss ion- f ragment  a n g u l a r  d i s t r i b u t i o n s  1 

da Ãx? - ( % , O  ) f o r  "'u, f o r  i n c i d e n t  e l e c t r o n s  hav ing  energ ies  
dof f 
f rom 5.5 t o  12.7 MeV. The curves  a r e  leas t- squares  f i t s  o f  

t h e  f u n c t i o n  d e f i n e d  i n  eqn. (3 )  t o  t h e  exper imenta l  p o i n t s .  

Both sys temat i c  and s t a t i s t i c a l  u n c e r t a i n t i e s  a r e  inc luded  

i n  t h e  e r r o r  f lags íand were used i n  t h e  f i t t  i n g  procedure)  . 
S i m i l a r  f i g u r e s  f o r  2 3 6 ~  and 2 3 8 ~  appear i n  Refs. 5 and 8, 
respec t  i v e l  y.  



dB where i s  the nuclear s t rength  func t ion ,  N (EL'M) i s  the  v i r t u a l  -pho- 

ton spectrum (ca lcu la ted i n  D W B A ~ )  f o r  an EL- t rans i  t i o n  wi t h  magnetic 

substate M ,  and C ( L )  = ( 2 ~ )  a (L+1 ) . The nuclear photoabsorp- 
L[(2L+1)!!J2 

t i o n  near the f i s s i o n  b a r r i e r  takes place i n  the energy region cor res-  

ponding t o  the low-energy t a i l s  o f  the GDR and GQR; thus the  product 

@. Sf r e f l e c t s  mainly the p rope r t i es  o f  the low- ly ing  f i s s i o n  ievels.  
d W  r 

The (e,f) i n c l u s i v e  reac t ions  fo r  a c t i n i d e  nuc le i  a re  domina- 

ted by nuclear t r a n s i t i o n s  having L=l  and 2. Therefore, from eq. (1) 

one has 

+ where the  c o e f f i c i e n t  C which contains con t r i bu t i ons  from the 2  l e -  
e '  

ve l s  on ly ,  i s  g iven by4 ( f o r  K=O and 1) 

An angular d i s t r i b u t i o n  having the  form given by Eqn. (3) has 

been assumed ( s o l i d  curves i n  F i g . l ) ,  and the c o e f f i c i e n t s  A 
e* Be,. 

were obtained by least-squares f i t t  ing t o  the experimental dae/& da- 
f 

ta .  A  simple v i sua l  inspect ion  o f  Fig.1 reveals the presence o f  a  ma- 

j o r  E2 component i n  the e l e c t r o f i s s i o n  cross sect ion,  a t  l eas t  a t  low 

energies, as ind ica ted by the systematic enhancement found i n  dae/& 
f 



near 50'. F ig .  2 d isp lays  the C c o e f f i c i e n t  ( represent ing con t r i bu -  

t i o n s  from E2 t r a n s i t i o n s  alone) obtained here f o r  'j4u and from pre- 

v iou? ~ o r k ' ' ~  f o r  2 3 6 ~  and 2 3 8 ~ .  The f i s s i o n  s t r e n g t h  f u n c t  i o n s  
a~ r C (FL) . rf (2+,K) which were obtained from the E2-  p h o t o f i s s i o n  

K 
cross sect ions are  a l s o  p l o t t e d  i n  Fig.2.  I f t h e  p h o t o n  energy 

+ 
~2 [B~(Z+) + A ] ,  where B (2') i s  the 2 f i s s i o n  b a r r i e r  and A i s  the 

f 
p a i r i n g  gap, then the K-values appearing i n  the above summation arere-  

presentat  i ve  on l  y o f  the corresponding r o t a t i o n a l  bands (and a r e  domi - 
nated by the K=O and K=l bands). The sol  i d  curves i n  F ig .  2 were obtai- 

ned by numerical i n t e g r a t  ion  ,of 

?2 

using the exper imenta l ly  determined E2 pho to f i ss ion  

u (w), from Refs. 5, 7 and 8, de f ined as 
Y 9 f  - 

cross sect  ions 

(7) 

+ E2 
Comparingt:q. ( 4 ) a n d ( 6 ) w e s e e t h a t C e = C é i f  ~ , ~ ( 2 , 0 ) = 0  , 

y * f  
tha t  i s ,  i11 a s i t u a t i o n  where the K=O channel i s  the on l y  one open t o  

f i s s i o n .  The opening o f  the K=l channel causes a d iminut ion  o f  the  

cross-sect íon kernel o f  the i n teg ra l  Ce [eqn. (h)] and as a consequence 

r e s u l t s  i n  a change o f  i t s  slope, as shown i n  F ig .  2 by the dashedcur- 

ves. Therefore, the comparison o f  Ce and C '  c l e a r l y  e s t a b l  i s h e s  the  e + 
energy B ( 2  , I )  corresponding t o  the l o c a t i o n  o f  the f i s s i o n  b a r r  i e r  

f 4- 
f o r  the  (2 , I )  l e v e l .  The s t r u c t u r e  observed i n  (EZ) . (2') near +W 
6 MeV r e s u l t s p a r t l y  from the l oca t i ons  o f  the (2 ,O) l e v e l s  and p a r t l y  

from the neutron-emission compet i t ion.  The t o t a l  amount o f  E2 f i s s i o n  

s t rength  concentrated i n  the  K=O channel near the  b a r r i e r  i s  substan- 

t i a l ,  and i s  i n  good agreement w i t h  e a r l i e r  pho to f i ss ion  angular-  d i s -  

t r i b u t i o n  data9;  these r e s u l t s  a re  l i s t e d  i n  Table 1 ,  and the E2 f i s -  

s ion  s t rength  i s  expressed as a percentage o f  the isosca lar  132 energy 



-weighted- sum- rule (EWSR) , namel y  

where B ( E ~ )  i 

PWTON OU ELECTRON ENERGY (Mevi 

F i g . 2  - Abso lu te  va lues  f o r  t h e  c o e f f i c i e n t s  o f  t h e  s in2(2ep)  

terrn i n  t h e  e l e c t r o f  i s s i o n  d i f f e r e n t i a l  c ross  s e c t i o n  c ( E ~ )  
[eqn. (3) -1 ,  obta ined  from t h e  measured angu la r  d i s t r i b u t i o n s  

dB 
f o r  23% (data p o i n t s ,  s c a l e  on l e f t ) ,  a l o n g  w i t h  C - ( ~ 2 ) .  K dw 
. 2 ( 2 + , ~ )  o v e r  t h e  sarne energy range (so l  i d  cu rve ,  s c a l e  on  

r i g h t ) .  The s o l i d  c u r v e  C '  i s  de f ined  i n  t h e  t e x t .  The shaded 

bands (whose w i d t h s  represen t  t h e  u n c e r t a  i n t y  i n  t h e i  r d e t e r -  

rn ina t ion )  and arrows represen t  t h e  l o c a t i o n  o f  t h e  f i s s i o n  

b a r r i e r s  as determined i n  t h i s  work and i n  Ref.  9, r e s p e c t i -  
+ 

v e l y .  The l o c a t i o n s  o f  B (2  ,O) were ass igned s i m p l y  f r o r n  
f 

c o n s i d e r a t i o n  of t h e  c o n c e n t r a t i o n  o f  t h e  E2 s t r e n g t h  b e l o w  
+ 

a p  ,'I. 



PHOTON OR ELECTRON ENERGY IMeV) 

F i g .  28 - Sane as i n  F i g .  2A, for 2 3 6 ~  

PHOTON OR ELECTRON ENERGY íMeV) 

F i g .  2C - Sane as  i n  F i g .  ZA, f o r  2 3 8 ~ .  



Table 1 - E2 s t r e n g t h  concenti-ated i n  t h e  (2+,0) f í s s i o n  channel and 
+ 

t h e  2  f i s s i o n - b a r r i e r  h e i g h t s .  

1 E2 S t r e n g t h  
Nucleus 2 

(J',K) = (2+, O )  

a )  Present  work. 

b)  Der ived f rom t h e  c ross  s e c t  

I n  c o n c l u s i o n :  our  resu  

ions  p u b l i s h e d  i n  Ref .  9. 

I t s  show t h a t  t h e  f i s s i o n  p r o c e s s  i s  

s t r o n g l  y  favored  i n  t h e  decay o f  t h e  GQR ( f o r  these  a c t i n i d e  n u c l e i )  

a t  e x c i t a t i o n  energ ies  c l o s e  t o  t h e  f i s s i o n  b a r r i e r ,  because o f  t h e  
+ 

f a c t  t h a t  t h e  2  f i s s i o n - b a r r i e r  h e i g h t s  a r e  c o n s i d e r a b l y  lower  than  

t h e  va lues  f o r  B ( t h e  neu t ron  e v a p o r a t i o n  t h r e s h o l d ) ,  whereas t h e  1- n 
b a r r i e r  h e i g h t s  a r e  much c l o s e r  t o  t h e  Bn va lues  (more d e t a i l s  can be 

found i n  Ref . I ) .  However, f o r  energ ies  >B,+A, where i n t r i n s i c  e x c i t a -  
r 

t i o n s  become i n c r e a r i n g l y  impor tan t ,  i t  w&ld be expected t h a t  f (2+ ) ;  r r f  ( I - )  = t h e  f i s s i o n  p r o b a b i l i t y  o f  t h e  compound nuc leus .  F i n a l l y ,  

t h e  p resen t  r e s u l t s  s tand i n  sharp c o n t r a s t  w i t h  those  o b t a i n e d  f o r t h e  

hadron- induced f i s s i o n  o f  2 3 8 ~  i n  t h e  energy r e g i o n  o f  t h e  GQR, where 

no E2 f i s s i o n  s t r e n g t h  was d e t e c t e d  a t  energ ies  2 8 MeV. 
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RESUMO 

As d i s t r i b u i ç õ e s  angulares de e l e t r o f i s s ã o  do 2 3 4 ~ ,  na f a i x a  
de energias de 5,5 a 13 MeV, foram medidas e a seguir  analisadas con- 
juntamente com as d i s t r i b u i ç õ e s  angulares do 2 3 6 ~  e 2 3 8 ~  obt idas  ante- 
r iormente neste ~ a b o r a t ô r i o ;  Foi  estabelecida a competição en t re  osca- 
na i s  de f i ssão  K=O e K= l ,  mostrando o domínio do canal K=O per to  da 
b a r r e i r a  de! f i s são .  F o i  d e t e t a d a  uma c o n c e n t r a ç ã o  a p r e c  i ã v e l  
de "strengt:hC1 E2 pe r to  da b a r r e i r a  de f issão, em excelente acordo com 
dados an te r i o res  de d i s t r i b u i ç ã o  angular de f o t o f  i ssão. 


