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The deformation energies for fissioning nuclei in the actinide region are calculated using the Strutinsky 
shel l -correct ion method. Instability of the second ba r r i e r s  against an asymmetr ic  shape degree of f ree-  
dom is found in agreement with Mb[ier "rod Nilsson. The inclusion of these asymmetr ic  deformations im- 
proves the agreement between calculated and experimental ba r r i e r  heights. The asymmetr ies  found have 
the correct  magnitude in order to explain the experimental  mass ratios of the fission fragments.  

S t r u t i n s k y ' s  s u g g e s t i o n  [1] to spl i t  the  n u c l e a r  
b inding  e n e r g y  into a smoo th  a v e r a g e  and a 
r ap id ly  v a r y i n g  she l l  c o r r e c t i o n  e n e r g y  p r o v i d e s  
a p o w e r f u l  tool  fo r  the c a l c u l a t i o n  of n u c l e a r  
g round  s t a t e  and d e f o r m a t i o n  e n e r g i e s .  The  fac t ,  
that  the she l l  c o r r e c t i o n  e n e r g y  def ined  in th i s  
me thod  depends  ma in ly  on the  s i n g l e - p a r t i c l e  
l e v e l s  n e a r  the  F e r m i  e n e r g y ,  a l l ows  the u s e  of 
r e l a t i v e l y  s i m p l e  s i n g l e - p a r t i c l e  mode l s .  Such 
c a l c u l a t i o n s  have  b e e n  p e r f o r m e d  by s e v e r a l  
g r o u p s  us ing  qui te  d i f f e r en t  p o t e n t i a l s  [2-6].  The  
g round  s ta te  d e f o r m a t i o n s  of the nuc le i  in the  
r e g i o n s  of the l an than ides  and a c t i n i d e s  c a l c u l -  
a t e d  by the  d i f f e r e n t  g r o u p s  a g r e e  qui te  we l l  and 
a l so  r e p r o d u c e  the e x p e r i m e n t a l  r e s u l t s  in a 
s a t i s f a c t o r y  way. F o r  l a r g e r  d e f o r m a t i o n s ,  the  
r e s u l t s  a g r e e  q u a l i t a t i v e l y  in as  much  as  a l l  
a u t h o r s  obta in  a second  loca l  m i n i m u m  in the 
d e f o r m a t i o n  e n e r g y  fo r  the  nuc l e i ,  of which a 
f i s s i o n  i s o m e r  has  been  o b s e r v e d .  In s o m e  
c a s e s ,  h o w e v e r ,  the s econd  b a r r i e r  t u rned  out 
to be too high as  c o m p a r e d  to the f i r s t  b a r r i e r ,  
when c o m p a r i s o n  was  m a d e  to e x p e r i m e n t s  [7]. 

So f a r ,  a l l  c a l c u l a t i o n s  m e n t i o n e d  above  [2-6] 
have  been  done for  shapes  of the  nuc l eus ,  which 
a r e  s y m m e t r i c  unde r  r e f l e c t i o n  at a p l ane  p e r -  
p e n d i c u l a r  to the f i s s i o n  ax i s .  R e c e n t l y ,  M 5 l l e r  
and N i l s s o n  [8] have  r e p o r t e d  on c a l c u l a t i o n s  
with r e f l e c t i o n - a s y m m e t r i c  shapes .  They  found 
f o r  m o s t  of the ac t in ide  nuc le i  the o u t e r  sadd le  
point  of the  e n e r g y  s u r f a c e  to be uns t ab le  aga ins t  
a su i t ab le  c o m b i n a t i o n  of 1)3 - and P 5 - d e f o r m a -  
t i ons ,  whi le  the i nne r  b a r r i e r  as  we l l  a s  the  
s econd  m i n i m u m  w e r e  s t ab le  aga ins t  t h e s e  d e -  
f o r m a t i o n s .  

In the  p r e s e n t  l e t t e r ,  we p r e s e n t  s o m e  s i m i l a r  
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and m o r e  c o m p l e t e  c a l c u l a t i o n s  which suppor t  
the  r e s u l t s  ob ta ined  by M(~ller and N i l s s o n  [8]. 

We c a l c u l a t e  the  d e f o r m a t i o n  e n e r g y  W of a 
nuc l eus  a c c o r d i n g  to the p r e s c r i p t i o n  of 
S t ru t i n sky  [1] as  

W = E L D  + 5 U +  5P.  (1) 

E L D  is  the  l iqu id  drop e n e r g y  of the  d e f o r m e d  
nuc l eus  - n o r m a l i z e d  to be  z e r o  at s p h e r i c a l  
shape  - and 5U and 5 P  a r e  the e n e r g y  she l l  
c o r r e c t i o n  and the B C S - p a i r i n g  c o r r e c t i o n ,  r e -  
s p e c t i v e l y ,  both be ing  s u m s  of p r o t o n -  and 
n e u t r o n  con t r i bu t i ons .  The  s ing le  p a r t i c l e  e n e r -  
gy l e v e l s  needed  f o r  the c a l c u l a t i o n  of 5 U and 5P  
w e r e  ob ta ined  by she l l  mode l  c a l c u l a t i o n s  with a 
d e f o r m e d  W o o d s - S a x o n  po ten t i a l  [9]. F o r  de t a i l s  
of the  l iqu id  drop  m o d e l  and fo r  s o m e  changes  of 
the  me thod  d e s c r i b e d  in re f .  [9] f o r  the c a l c u l a -  
t ion  of the s i n g l e - p a r t i c l e  l e v e l s ,  we r e f e r  to a 
l a r g e r ,  f o r t h c o m i n g  pub l i ca t ion  which c o l l e c t s  
and r e p o r t s  the  r e s u l t s  of the  work  done by the  
g roup  in Copenhagen  dur ing  the  l a s t  two y e a r s  
[10]. 

The  shape of the  n u c l e a r  s u r f a c e ,  which is  
supposed  to be ax i a l l y  s y m m e t r i c  a round  the 
f i s s i o n  ax i s  ( z - a x i s ) ,  i s  d e s c r i b e d  by the  e q u a -  
t ion  

2 p = (C 2 - Z u ) [ A + B ( Z / ' C )  2 + ~(Z/C)]  (2) 

i s  the  usua l  c y l i n d r i c a l  c o - o r d i n a t e s  p, z , ¢  ; p, z 
and c a r e  m e a s u r e d  in un i t s  of the  n u c l e a r  r a d i u s  
R o = f o a l / 3 .  F o r  ~ = 0, the  p a r a m e t e r s  A , B , c  
d e s c r i b e  shapes  which a r e  s y m m e t r i c  unde r  r e -  
f l e c t i o n  at the p l ane  z =0,  2cR o be ing  the  length  
of the  nuc l eus  a long the  z - a x i s .  If ~ : B = 0 ,  eq. (2) 
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Fig.1. Potent ia l  energy sur faces  of 240pu in the (c, h)- 
plane, calculated for symmet r i c  shapes  (or-0) .  Above: 
Liquid drop energy ELD, normal ized  to zero  at spher i -  
cal shape (c = 1, h = 0). Below: Total deformat ion ene r -  
g5 ~ W[eq. (1)]. The equidistance of the solid l ines is 

2 MeV. regions below +2 MeV are  shadowed. 

Pu 240 (along h=O) o.o  ,\ 
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Fig .2 .Deformat ion  energy W of 240pu in the (c,Ot)- 
plane, calculated for  h=0. The equidistanee of the con- 
tour l ines is 1 MeV. The dashed line shows the path, 
along which the energy is minimal  in the ~ -d i r ec t ion .  

d e s c r i b e s  p u r e  e l l i p s o i d a l  s h a p e s  wi th  t he  two 
h a l f - a x i s  cR  o a n d  c R o ~ - A .  B > 0 l e a d s  to  n e c k e d -  
in  a n d  B < 0 to l e m o n - l i k e  s h a p e s .  F i n a l l y ,  f o r  
A ~< 0 and  B > 0, t he  n u c l e u s  i s  s e p a r a t e d  in to  
two f r a g m e n t s .  T h e  p a r a m e t e r  a d e s c r i b e s  r e -  
f l e c t i o n - a s y m m e t r i c  s h a p e s .  T h e  v o l u m e  c o n s e r -  
v a t i o n  c o n d i t i o n  r e d u c e s  t he  n u m b e r  of f r e e  
s h a p e  p a r a m e t e r s  f r o m  f o u r  to  t h r e e  by t h e  r e l a -  
t i o n  

1 / C  3 = A + ~ B  . (3) 

A s  t h e  t h r e e  f r e e  s h a p e  p a r a m e t e r s  we c h o o s e  

t he  e l o n g a t i o n  p a r a m e t e r  c ,  t he  n e c k  p a r a m e t e r  
h ,  d e f i n e d  by  

1 1 ( C  - 1)  (4 )  h = ~ B - ~  

a n d  t he  a s y m m e t r y  p a r a m e t e r  a .  T h e  n e c k p a r a -  
m e t e r  h (4) i s  c h o s e n  in s u c h  a way,  t h a t  t h e  l i n e  
h = 0 in t h e  (c,  h ) - p l a n e  a p p r o x i m a t e l y  f i t s  t he  s o -  
c a l l e d  l i q u i d  d r o p  v a l l e y  fo r  the  n u c l e i  in  t he  
a c t i n i d e  r e g i o n  [10].  T h i s  c a n  b e  s e e n  in  f ig .  1, 
a b o v e ,  w h e r e  we show the  l i q u i d  d rop  e n e r g y  
s u r f a c e  of 2 4 0 p u ,  c a l c u l a t e d  f o r  s y m m e t r i c  
s h a p e s  (a  = 0) 

T h e  l o w e r  m a p  in f ig .  1 s h o w s  t he  t o t a l  d e f o r -  
m a t i o n  e n e r g y  of t h e  s a m e  n u c l e u s ,  i n c l u d i n g  t he  
s h e l l  c o r r e c t i o n s  a c c o r d i n g  to  eq. (1). One r e c -  
o g n i z e s  t he  g r o u n d  s t a t e  r e g i o n  wi th  a l o c a l  
m i n i m u m  of -2 .5  MeV,  t he  i s o m e r  m i n i m u m  a t  
~ 0 . 0  MeV and  t he  two b a r r i e r s  wi th  s a d d l e p o i n t s  
a t  +3 and  +5 MeV.  T h e  b a r r i e r  h e i g h t s  m e a s u r e d  
f r o m  the  g r o u n d  s t a t e  a r e  t h u s  5.5 MeV a n d  
7.5 MeV f o r  t he  i n n e r  and  o u t e r  b a r r i e r ,  r e s p e c -  
t i v e l y ,  w h e r e a s  a n  a n a l y s i s  of t he  e x p e r i m e n t a l  
r e s u l t s  by  B j 0 r n h o l m  [7] c l a i m s  5.8 MeV a n d  
5.4 MeV,  t h u s  t he  o u t e r  b a r r i e r  b e i n g  e v e n  s o m e -  
wha t  s m a l l e r  t h a n  t he  i n n e r  one .  T h i s  d i s c r e p -  
a n c y  r e s u l t s  f o r  m o s t  of t he  c a l c u l a t e d  a c t i n i d e  
n u c l e i :  t he  o u t e r  b a r r i e r  i s  s y s t e m a t i c a l l y  too  
h igh .  It s h o u l d  be  n o t i c e d ,  t h a t  t he  b a r r i e r  
h e i g h t s  a r e  m a i n l y  d e t e r m i n e d  by t he  s h e l l  c o r -  
r e c t i o n s ,  t he  l i qu id  d r o p  e n e r g y  on ly  a m o u n t i n g  
to a b o u t  one  t h i r d  o r  l e s s  of t he  t o t a l  f i s s i o n  
t h r e s h o l d s .  T h e r e f o r e ,  t h e  d i s c r e p a n c y  m e n -  
t i o n e d  a b o v e  c a n n o t  b e  r e m o v e d  a b o v e  c a n n o t  be  
r e m o v e d  by a new f i t  of t he  l i qu id  d r o p  m o d e l  
p a r a m e t e r s .  

The  p i c t u r e  c h a n g e s  a p p r e c i a b l y ,  if t he  r e -  
f l e c t i o n - a s y m m e t r i c  d e f o r m a t i o n s  ( a ¢  0) a r e  a l s o  
t a k e n  in to  a c c o u n t .  In f ig.  2 we show t h e  c o n t o u r  
m a p  of t he  e n e r g y  s u r f a c e  in  t he  (c,  a ) - p l a n e ,  
c a l c u l a t e d  f o r  a c o n s t a n t  v a l u e  of t he  n e c k  p a r a -  
m e t e r  (h=  0). It c a n  b e  s e e n  t h a t  the  s h a p e s  wi th  
c < 1.4 a r e  s t a b l e  a g a i n s t  a s y m m e t r y  ( l owes t  
e n e r g y  a t  a = 0). A t  c ~ 1 . 4 ,  c o r r e s p o n d i n g  to a 
p o i n t  n e a r  t he  s e c o n d  m i n i m u m ,  t he  i n s t a b i l i t y  
o n s e t s  and  i n c r e a s e s  s t r o n g l y  on t he  way up to 
t h e  s e c o n d  b a r r i e r .  T h e  d a s h e d  p a t h  in t he  l a n d -  
s c a p e  of fig.  2 s h o w s  t he  l o c u s  of m i n i m a l  d e f o r -  
m a t i o n  e n e r g i e s .  It l e a d s  a r o u n d  the  s e c o n d  
s a d d l e  po in t ,  l o w e r i n g  t he  m a x i m u m  by a b o u t  
2.5 MeV.  T h i s  r e s u l t  i s  q u a l i t a t i v e l y  in a g r e e -  
m e n t  wi th  t he  r e p o r t  by M ~ l l e r  and  N i l s s o n  [8]. 

It i s ,  h o w e v e r ,  not  c e r t a i n  a t  a l l ,  t h a t  t he  
p o s i t i o n  of t he  s e c o n d  s a d d l e  p o i n t  in  t he  s u b -  
s p a c e  of s y m m e t r i c  s h a p e  d e g r e e s  of f r e e d o m  
r e m a i n s  t he  s a m e  when  t he  a s y m m e t r i c  d e g r e e  
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Fig.3. Deformation energy of 240pu in the (c.h)-plane.  
Above: Par t  of the energ3' surface shown in fig.1 (below) 
for symmet r i c  shapes.  Below: The same part  of the 
surface,  but the energy is minimized in each point (c,h) 
with respect  toff .  Equidistance of the contour lines: 
1 MeV. The outer  saddle ooint is lowered by the a sym-  
met ry  by 2 MeV and shifted in the (c. h )-plane from the 

point (1.62, -0.05) to the point (1.55. 0.02). 

Pu 240 saddle point shapes 

t t ~t 

- -  c< = 013, c=1.55, h=0B15 

. . . . .  tx= 0.0, c=1.62, h= -0.04 

F ig .4 .  Shape of the nucleus 240pu at the second sadd|e 
point, Full curve: calculated for a symmet r i c  deforma-  
tions: dashed curve:  for symmet r i c  deformations.  The 
values of the deformation p a r a m e t e r s  are given in the 

figure. 

i s  t a k e n  in to  a c c o u n t .  T h u s  one  h a s  to p e r f o r m  
the  s a m e  c a l c u l a t i o n s  f o r  a l l  v a l u e s  of the  n e c k  
p a r a m e t e r  h wi th in  the  r e g i o n  of i n t e r e s t ,  i . e . ,  
one  h a s  to  m i n i m i z e  the  e n e r g y  with r e s p e c t  to  
c~ in a l l  p o i n t s  of t he  p l a n e  (c, h) of s y m m e t r i c a l  
d e f o r m a t i o n s .  In fig.  3 we p r e s e n t  the  r e s u l t  of 
s u c h  a c a l c u l a t i o n  f o r  2 4 0 p u .  T h e  u p p e r  m a p  
s h o w s  a p a r t  of the  e n e r g y  s u r f a c e  f o r  s y m m e t r i c  
s h a p e s  (a-~ 0). A r e g i o n  of d e f o r m a t i o n  i s  c h o s e n  
which c o n t a i n s  the  s e c o n d  m i n i m u m  and  the  
o u t e r  b a r r i e r .  T h e  l o w e r  p a r t  of fig.  3 s h o w s  the  
s a m e  p a r t  of the  e n e r g y  s u r f a c e ,  but  h e r e  the  
e n e r g y  is  m i n i m i z e d  wi th  r e s p e c t  to c~ in e a c h  

po in t  (c, h). The  m i n i m u m  r e g i o n  i s  not  a f f e c t e d  
by the  a s s y m m e t r y ,  i . e . ,  i t  i s  s t a b l e .  At l a r g e r  
d e f o r m a t i o n s ,  h o w e v e r ,  t he  e n e r g y  i s  l o w e r e d  
by s e v e r a l  MeV. Due to t he  a s y m m e t r y  of the  
s h a p e ,  the  o u t e r  s a d d l e  po in t  d e c r e a s e s  by 
abou t  2 MeV and  h a s  now - wi th  2.8 MeV - abou t  
t he  s a m e  e n e r g y  a s  t he  i n n e r  s a d d l e  po in t ,  wh ich  
is  in  c l o s e  a g r e e m e n t  wi th  r e f .  [7]. It s h o u l d  a l s o  
be  r e a l i z e d  t ha t  the  p o s i t i o n  of the  o u t e r  s a d d l e  
po in t  in the  (c, h ) - p l a n e  is  s h i f t e d  by the  a s y m -  
m e t r y  t o w a r d s  a d e f o r m a t i o n  with s m a l l e r  e l o n -  
g a t i o n  a n d  s m a l l e r  n e c k  r a d i u s .  

In fig.  4 we p r e s e n t  t he  two s h a p e s  at  the  s e c -  
ond  s a d d l e  po in t  of t he  2 4 0 p u  n u c l e u s ,  a s  c a l c u l -  
a t e d  fo r  s y m m e t r i c  ( d a s h e d  l ine)  and  a s y m m e t r i c  
(full  l ine )  d e f o r m a t i o n s ,  r e s p e c t i v e l y .  

We did  the  s a m e  c a l c u l a t i o n s  fo r  a s e r i e s  of 
o t h e r  n u c l e i  in the  a c t i n i d e  r e g i o n .  S u m m i n g  up 
the  r e s u l t s ,  we c a n  s t a t e  t he  fo l lowing  p o i n t s :  

(i) The  s y m m e t r i c  s h a p e s  in the  whole  r e g i o n  
f r o m  the  g r o u n d  s t a t e  up to the  i s o m e r  s t a t e  
( s e c o n d  m i n i m u m )  a r e  s t a b l e  a g a i n s t  o u r  a s y m -  
m e t r i c  d e f o r m a t i o n s  fo r  a l l  a c t i n i d e s .  

(ii) T h e  s h a p e s  in t he  r e g i o n  of the  s e c o n d  
b a r r i e r  and  b e y o n d  it  ( s c i s s i o n  r eg ion )  a r e  u n -  
s t a b l e  a g a i n s t  a s y m m e t r i c  d e f o r m a t i o n s  f o r  a l l  
a c t i n i d e s  h e a v i e r  t h a n  228Ra.  The  s a d d l e  p o i n t  
e n e r g y  i s  l o w e r e d  by up to 3 MeV. The  p o s i t i o n  
of the  o u t e r  s a d d l e  po in t  in the  (c, h ) - p l a n e  i s ,  
t h r o u g h o u t  the  a c t i n i d e  r e g i o n ,  s h i f t e d  t o w a r d s  
a d e f o r m a t i o n  wi th  s m a l l e r  e l o n g a t i o n  (c) and  
s m a l l e r  n e c k  r a d i u s  ( l a r g e r  h). 

(iii) T h e  r e l a t i v e  h e i g h t s  of the  two b a r r i e r s  
a r e  now in m u c h  b e t t e r  a g r e e m e n t  wi th  e x p e r i -  
m e n t  t h a n  fo r  s y m m e t r i c  s h a p e s  a lone .  

(iv) F o r  228Ra ,  t he  r e g i o n  of a s c e n t  b e t w e e n  
the  s e c o n d  m i n i m u m  and  the  s e c o n d  b a r r i e r  i s  
s l i g h t l y  u n s t a b l e  a g a i n s t  a s y m m e t r y ,  but  t he  
s e c o n d  s a d d l e  p o i n t  i s  a l m o s t  and  t he  r e g i o n  
b e y o n d  it i s  c o m p l e t e l y  s y m m e t r i c .  T h e  s a m e  
is  the  c a s e  fo r  210Po ,  bu t  t h e r e  the  s e c o n d  s a d -  
d le  po in t  i s  c o m p l e t e l y  s t a b l e .  

(v) T h e  v a l u e  of the  a s y m m e t r y  p a r a m e t e r  c~, 
a t  wh ich  the  e n e r g y  i s  m i n i m a l ,  i s  in a l l  c a s e s  
not  l a r g e r  t h a n  ~ = 0.2.  

It s h o u l d  be  no ted ,  tha t  the  i n s t a b i l i t y  of the  
o u t e r  b a r r i e r  f o r  t he  a c t i n i d e s ,  found  in o u r  
c a l c u l a t i o n s  a s  we l l  a s  in  r e f .  [8], i s  due on ly  to 
s h e l l  e f f e c t s .  It i s  a w e l l - k n o w n  f e a t u r e  of the  
l i qu id  d rop  m o d e l  to f a v o u r  r e f l e c t i o n - s y m m e t r i c  
s h a p e s  ( s e e ,  eog., r e f s .  [11 ,12] ) .  

It i s  an  i m p o r t a n t  po in t  to i n v e s t i g a t e ,  how 
t h e s e  r e s u l t s  a r e  r e l a t e d  to t he  m a s s  r a t i o s  of 
t he  f i s s i o n  f r a g m e n t s .  A r i g o r o u s  a n s w e r  to  t h i s  
q u e s t i o n  can ,  of c o u r s e ,  on ly  be  g i v e n  in a 
d y n a m i c a l  t r e a t m e n t  of the  f i s s i o n  p r o c e s s .  
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Fig.5. Es t imated  mass  ra t io  X [eq. (5)] of 240pu. pLot- 
ted against  c along a s t ra igh t  line f rom the second 
minimum through the outer  saddle in the minimized  
energy surface  (lower map in fig. 3). A t r iangle  marks  
the saddle point; the c ros s  on the r igh t -hand  side shows 
the exper imenta l  mass  ra t io  (mH/mL)ex p of the f iss ion 

f ragments .  

N e v e r t h e l e s s ,  one  c a n  t r y  to  e s t i m a t e  r o u g h l y  
t h e  m a s s  r a t i o s  u s i n g  o u r  r e s u l t s  of t he  p o t e n t i a l  
d e f o r m a t i o n  e n e r g y  only .  T h e r e  a r e  r e a s o n s  to 
b e l i e v e  t h a t  s c i s s i o n  of t he  n u c l e u s  o c c u r s  a t  
d e f o r m a t i o n s  wi th  a n  e l o n g a t i o n  c ~ 1 . 6 -  1.7 
[10, 12]. F o r  t h e s e  s h a p e s ,  the  m a s s  r a t i o  of t he  
f o r m i n g  f r a g m e n t s  m a y  r o u g h l y  be  a p p r o x i m a t e d  
by  t he  q u a n t i t y  

cP2(Z)  d Z 0 ~ P  c3),  
3 2(Z) dZ  = (1 + 83-a c3 ) / (1  -~- a X = 

w h i c h  i s  d e f i n e d  a s  t h e  r a t i o  of t h e  two p a r t s  of 
t h e  n u c l e u s  o b t a i n e d  by  i n t e r s e c t i n g  i t  by t h e  
p l a n e  z = 0. F ig .  5 d i s p l a y s  X a s  a f u n c t i o n  of c, 
e v a l u a t e d  a l o n g  a s t r a i g h t  l i ne  in  t h e  a s y m m e t r i c  
e n e r g y  s u r f a c e  of 2 4 0 p u  ( l o w e r  m a p  in f ig.  3), 
w h i c h  c o n n e c t s  t he  s e c o n d  m i n i m u m  wi th  t he  
o u t e r  s a d d l e  po in t .  T h e  c u r v e  r i s e s  s t e e p l y  f r o m  
i t s  i n i t i a l  v a l u e  × = 1.0 to  t he  v a l u e  a t  t he  s a d d l e  
p o i n t  - m a r k e d  by a t r i a n g l e  - a n d  t h e n  f l u c -  
t u a t e s  weak ly  a r o u n d  a v a l u e  of X = 1.43,  b e i n g  in 
r e a s o n a b l e  a g r e e m e n t  wi th  t he  e x p e r i m e n t a l  
v a l u e  of ( m H / m L )  , m a r k e d  by  a c r o s s .  S i m i l a r  
c a l c u l a t i o n s  w e r e  done  f o r  10 o t h e r  f i s s i o n i n g  
n u c l e i .  T h e  r e s u l t s  a r e  c o m p i l e d  in t a b l e  1. T h e  
s e c o n d  c o l u m n  s h o w s  t he  v a l u e s  of × found  a t  t he  
o u t e r  s a d d l e  p o i n t ,  t h e  t h i r d  c o l u m n  c o n t a i n s  t he  
a v e r a g e  v a l u e s  of × o b t a i n e d  in t he  s c i s s i o n  
r e g i o n  (1.6 ~< c < 1.7).  T h e  f l u c t u a t i o n s  a r o u n d  
t h e s e  v a l u e s ,  due  to v a r i a t i o n s  of the  t r a j e c t o r i e s  
c h o s e n  in  t he  e n e r g y  s u r f a c e ,  a r e  i n d i c a t e d  by  
t he  e r r o r  l i m i t s .  T h e  e x p e r i m e n t a l  v a l u e s  in  
c o l u m n  4, t a k e n  f r o m  r e f .  [13],  l i e  w i t h i n  t h e s e  
l i m i t s  f o r  a l l  t h e  i n v e s t i g a t e d  n u c l e i  e x c e p t  
232Th .  H o w e v e r ,  t h e  a b s o l u t e  v a l u e s  of t he  
e s t i m a t e d  m a s s  r a t i o s  m a y  b e  l e s s  s i g n i f i c a n t  
t h a n  t h e i r  s y s t e m a t i c s :  T h e  s u d d e n  t r a n s i t i o n  
f r o m  s y m m e t r y  to a s y m m e t r y  a r o u n d  2 2 8 R a  a n d  
t he  s low d e c r e a s e  of t he  m a s s  r a t i o s  of t he  

1 March  1971 

Table 1 

Nucleus X saddle X sc i s s ion  (rnH/mL)exp 

210po 1.0 1.0 1.0 

228Ra 1.11 1.0 1.0/1.5 

232Th 1.40 1.37 ± 0.06 1.46 

236U 1.39 1.43 i 0.09 ] .46 

240pu 1.44 1.43 ± 0.09 1.40 

244Cm 1.42 1.39 i 0.07 1.32 

248Cf 1.37 1.37 ±0.06 1.31 

252Cf 1.33 1.33 i 0.03 1.33 

252Em 1.20 1.34±0.05 1.29 

256No 1.10 1.32 ~ 0.04 

260Ku 1.0 1.32 ± 0.04 - 

Theore t ica l  e s t ima tes  and exper imenta l  values of the 
mass  ra t ios  of f iss ion f ragments  in the actinide region. 
Column 2: Values of X [eq. (5)] evaluated at the second 
saddle point in the minimized energy, surface.  Column 
3: Average values of X in the sc iss ion  region (see text). 
Column 4: Exper imenta l  peak- to-peak  rat ios  of the 
f ragment  mass  dis t r ibut ions ,  taken from ref. [13]. {No 
difference has been made between p re -  and pos t -neu-  

tron emiss ion  measurements . )  

n u c l e i  h e a v i e r  t h a n  2 4 0 p u  a r e  we l l  r e f l e c t e d  in  
t h e s e  r e s u l t s .  

A s  a c o n c l u s i o n ,  we c a n  say ,  t h a t  t h e r e  i s  a 
c l e a r  s h e l l  s t r u c t u r e  in  d e f o r m a t i o n  e n e r g y  a l s o  
wi th  r e s p e c t  to r e f l e c t i o n - a s y m m e t r i c  s h a p e  
d i s t o r t i o n s .  I n c l u d i n g  t h i s  e f f ec t ,  t h e  c a l c u l a t e d  
h e i g h t s  of the  f i s s i o n  b a r r i e r s  in  the  a c t i n i d e  r e -  
g ion  c a n  b e  a p p r e c i a b l y  i m p r o v e d .  An  e s t i m a t e  
s h o w s ,  t h a t  t he  a s y m m e t r i c s  found  h a v e  a l s o  t h e  
c o r r e c t  m a g n i t u d e  in  o r d e r  to  e x p l a i n  t he  e x p e r -  
i m e n t a l  m a s s  r a t i o s  of t h e  f i s s i o n  f r a g m e n t s .  

Two of u s  (H .C .P .  and  M.B.)  a r e  g r e a t f u l  to  
P r o f e s s o r  V. S t r u t i n s k y  f o r  m a n y  s t i m u l a t i n g  
d i s c u s s i o n s  d u r i n g  t h e i r  s t a y  a t  the  N i e l s  B o h r  
I n s t i t u t e  in  C o p e n h a g e n .  We t h a n k  the  SANDOZ 
A . G . ,  B a s e l ,  f o r  t h e  g r a n t  of c o m p u t a t i o n a l  t i m e  
on  an  UNIVAC 1108. 
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