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T h i s  i s  c o r r e c t  if  t he  h u m p  in  t he  s p e c t r u m  c o n -  
t a i n s  e s s e n t i a l l y  a l l  t h e  s t a t e s  t h a t  c a n  b e  r e a c h e d  
by  t he  k n o c k - o u t  of a p a r t i c u l a r  p r o t o n  [7].  T h e r e  
i s  e v i d e n c e  t ha t  t h i s  i s  a v a l i d  a s s u m p t i o n  fo r  
c l o s e d  s h e l l  n u c l e i  [12,  13], bu t  t h a t  p a r t i c u l a r l y  
f o r  d e f o r m e d  n u c l e i  f i na l  s t a t e s  wi th  h igh  e n e r -  
g i e s  of e x c i t a t i o n  h a v e  f a i r l y  h igh  p r o b a b i l i t i e s  of 
b e i n g  r e a c h e d .  T h e s e  would c e r t a i n l y  not  b e  i n -  
c l u d e d  in  t he  h u m p  in the  e x p e r i m e n t a l  s u m m e d  
e n e r g y  s p e c t r u m .  

T h e  o t h e r  po in t  c o n c e r n s  t he  e i g e n e n e r g i e s  of 
t he  s i n g l e  p a r t i c l e  w a v e f u n c t i o n s  t h a t  a r e  u s e d  to 
c a l c u l a t e  t he  ( T i ) .  T h i s  p r o b l e m  i s  d i s c u s s e d  in 
a r e c e n t  r e v i e w  of t he  whole  p r o b l e m  of s i n g l e  
p a r t i c l e  e n e r g i e s  in n u c l e i  [13] and  i t  i s  s h o w n  
t h e r e  t h a t  t h e s e  e i g e n e n e r g i e s  c a n  in f ac t  b e  i d e n -  
t i f i ed  wi th  the  e x p e r i m e n t a l  s e p a r a t i o n  e n e r g i e s  
even  when  the  r e - a r r a n g e m e n t  e n e r g y  i s  l a r g e ,  
p r o v i d e d  i t  i s  t a k e n  in to  a c c o u n t .  T h e  a r t i c l e  a l s o  
d r a w s  a t t e n t i o n  to t he  f a c t  t h a t  we h a v e  a t  p r e s e n t  
no  r e l i a b l e  e s t i m a t e  f o r  the  o t h e r  k i n d  of r e - a r -  
r a n g e m e n t  e n e r g y ,  due to o r b i t a l  r e - a r r a n g e m e n t .  
I t  m a y  be  a r g u e d  t h a t  t h i s  i s  l i k e l y  to be  l e a s t  f o r  
n u c l e i  wi th  one  ho l e  in a c l o s e d  s h e l l .  

We  c o n c l u d e  t h a t  t he  s i m p l e  t h e o r y  s h o u l d  b e  
u s e d  on ly  f o r  c l o s e d  s h e l l  n u c l e i .  Wi th in  t he  a c -  
c u r a c y  of t he  t h e o r y ,  t he  r e - a r r a n g e m e n t  e n e r g y  
t h e n  s h o w s  no v a r i a t i o n  wi th  A and  a v a l u e  of 5 -6  

MeV fo r  i n f i n i t e  m a t t e r  s e e m s  i n d i c a t e d .  

T h a n k s  a r e  due  to Dr .  D. F. J a c k s o n  and  D r .  
R. C. J o h n s o n  fo r  m o s t  he lp fu l  d i s c u s s i o n s ,  to 
Dr .  U. A m a l d i  fo r  a p r e p r i n t  of h i s  r e v i e w  a r t i c l e  
and  to M r .  A. Swift  f o r  p e r f o r m i n g  t he  c a l c u l a -  
t i o n s .  
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T H E  2 - P A R T I C L E  T R A N S F E R  R E A C T I O N  
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In cont rac t  to many types of reac t ions ,  the two-par t ic le  t r a n s f e r  react ion leading to T = 1 pa r t i c le -ho le  
s ta tes  shows an inhibition to the ground s ta te  and coheren t  enhancement  to exeited s ta tes .  

T h e  s p a c i a l  c o r r e l a t i o n s  b e t w e e n  v a l e n c e  n u -  
c l e o n s  can  h a v e  i m p o r t a n t  e f f e c t s  in  r e a c t i o n s ,  
We  s h o w  b e l o w  f o r  a s i m p l e  c a s e  of a n u c l e u s  
w i t h  c l o s e d  s h e l l s  and  one  n e u t r o n  and  o n e  p r o t o n  
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ho le ,  s u c h  a s  40K or  56Co,  t h a t  the  v a l e n c e  p - h  
p a i r  wi l l  t end  to b e  a n t i c o r r e l a t e d  in t h e  l o w - l y -  
ing  s t a t e s .  T h i s  s h o u l d  be  o b s e r v a b l e  in  t he  
2 - p a r t i c l e  t r a n s f e r  r e a c t i o n ,  s u c h  a s  5 4 F e  
( 4 H e , p )  56Co,  by  t he  d e p l e t i o n  of s t r e n g t h  to the  
low s t a t e s .  

J u s t  t h e  o p p o s i t e  h a p p e n s  wi th  T = 0 p - h  p a i r s .  
T h e s e  t e n d  to b e  s t r o n g l y  c o r r e l a t e d  in  t he  n u -  
c l e u s ,  and  b e c a u s e  of t h i s ,  n e a r  c l o s e d  s h e l l s  
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the col lect ive v ibra t iona l  s ta tes  also "collect"  
the 2-nucleon t r ans f e r  s t rength  [1-3]. 

In the T = 1 s tate  the pa r t i c l e -ho le  force is 
repu ls ive ,  being given by 

LV ~V VT=I(P h) = - ~  T = I ( P P ) - ~  T=0(PP) • 

Therefore ,  the co r re l a t ions  that a re  built  up in 
the ground state have the par t ic le  as far  away 
f rom the hole as poss ible .  F rom the perspec t ive  
of the shel l  model ca lcula t ions ,  this has two 
well-known impl ica t ions .  F i r s t ,  the ground state  
will not be the s tate  of lowest or highest  spin a l -  
lowed by the coupling of the pa r t i c l e -ho le  corgi-  
gurat ion,  but ra the r  will have some in t e rmed ia t e  
spin. This  is i l lus t ra ted  by 40K or 56Co, which 
both can have J vary  from 2 to 5 in the lowest 
configurat ion,  f i d t  -1 or p~.fz -1. For  both of 
these nuclei ,  J 2-- 42 and 3 a~r~ the lowest s ta tes .  

Second, when more  sophist icated wavefunc-  
t ions  for the low-lying s ta tes  a re  bui l t  by mixing 
conf igurat ions ,  the phase of the admixed a m p l i -  
tudes a re  always such as to dec rease  the p roba -  
bi l i ty  of the two pa r t i c l e s  being close together.  
The magni tudes  of the admixed ampli tudes  a re  
of course  de te rmined  by the Hamil tonian dyna-  
mics .  

Despite the large single-particle splitting of 
the orbitals, the effect is quite strong for T = 0 
particle-hole pairs (where they are attracted). 
The T = I particle-hole force is much weaker, 
so that the induced anticorrelations will not in 
general be strong. However, in the region with 
N, Z > 28 there are several orbitals close to- 
gether (p~, f~, pl_), allowing an t i co r re l a t ions  to 

2 2 2 
be produced even with a weak force.  

The mechan i sm whereby the two-par t i c le  
t r a n s f e r  s t rength  is pushed into the excited 
s ta tes  is s imple .  The s t r ipping  reac t ion  places  
the two par t i c les  close together in the nucleus .  
In the case of 54Fe (3He, p)56Co, the t r a n s f e r r e d  
proton fi l ls  one of the two proton holes in 54Fe. 
Since the holes a re  quite likely to be close to- 
gether • , the t r a n s f e r r e d  neutron is cons t ra ined  
to be close to the r ema in ing  proton hole. This 
p rocess  is depicted in fig. 1. But a neut ron  nea r  
proton hole is  unfavored energe t ica l ly ;  neu t rons  
a t t rac t  protons ,  not proton holes.  Thus the s ta tes  
populated in the reac t ion  would tend to lie at 
high excitat ions - in sharp cont ras t  to other r e -  
act ions.  

This r eason ing  was t r ied out with a DWBA 
calculat ion on 54Fe (3He, p)56Co which does i n -  
deed predic t  the above behavior .  A few deta i ls  

* Actually, they are only likely to be on the same axis, 
since the s.p. parity is almost pure. 

O0 0 

Fig. 1. 

of the computation,  which is s tandard ,  a re  given 
below. 

To de te rmine  the nuc lear  wavefunctions we 
used the same  par t ic le  energies  as Verv ie r  [4] 
and Kuo's  two-body mat r ix  e lements  which in -  
clude core polar iza t ion [5]. This  gives an en-  
t i r e ly  reasonable  spect rum and absolute  binding.  
The wavefunctions for the lowest s ta tes  a re  given 
in table 1. 

The mixing is s t ronges t  in the 2 + s ta tes  and 
weakest  in the 5 + . 

Having obtained the wavefunctions,  the form 
factor for two-body t r ans f e r  is  calculated ac -  
cording to Glendenning 's  procedure  [6], F i r s t  
the coordinates  of the core nucleons a re  in te -  
grated out of the mat r ix  e lement  

(~ (54 F e) 1 ~ (56 Co)) = 

: ~. aj ( ( f~-I  f~-l)0¢0(56Ni)l (j fT_-l)J¢(56Ni)> 
j 2 

: 2 a j  I ( J f~ ) J )  
] 

Next, the re la t ive  coordinate  of these two pa r t -  
ic les  is in tegrated out, taking an overlap with 
the re la t ive  coordinate  of the t r ans fe r r ed  pai r  in 
the 3He in t e rna l  wavefunction. This is ,  in Glen-  
denning ' s  notation, 

aj(Xnp(r p - rn)l (j f~)J =N~LGNLSJ UNL (R) 

where UNL (R) are  osc i l l a tor  functions of the 
center  of mass  coordinate,  and the coefficients 
GNL a re  de te rmined  numer ica l ly .  Woods-Saxon 
well wavefunctions were used for the s ing le -  
pa r t i c l e  orb i ta l s .  These  were expanded in t e r m s  
of harmonic  osc i l l a tor  wavefunctions to d e t e r -  

Table 1 

J Configurat ion p3fi  -1 p l f 1 - 1  f~fz -1 
22 22 22 

2+ 0.893 0.449 
3+ -0.951 -0.052 0.306 
4+ 0.952 0.059 0.298 
5+ -0.952 0.306 
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EXPERI MENTAL (d,o)  THEORY (He 3 p ) 
SPECTRUM REACTION CALCULATION 

Fig. 2. Comparison of theory with exper iment  on the 2-par t i c le  t r a n s f e r  r e -  
action to 56Co. In the (3He,p) exper iment  of ref .  7, counts at 8 == 15 ° a re  
plotted. For  the (d,ot) exper iment  of ref .  8. the maximum different ia l  c r o s s -  
sec t ions  in ~ b / s t .  is  given, along with the l - t r a n s f e r  deduced from the s t r i p -  
ping pa t te rn .  The theore t ica l  leve ls  were  calculated with Kuo's force [5] and 
have been shifted upward by 0.26 MeV to give the ground state  p rope r  binding. 

Ploted for the (3He,p) reac t ion  is ( d a / d ~ m a x .  in a r b i t r a r y  units .  

m i n e  t h e  G c o e f f i c i e n t s  *. As  m a n y  as  6 t e r m s  
w e r e  i n c l u d e d  in  t he  s u m  o v e r  N.  H o w e v e r ,  on ly  
one  o r  two t e r m s  w e r e  n e c e s s a r y  f o r  ca l cuLa t ing  
t h e  r e l a t i v e  c r o s s - s e c t i o n s .  

F i n a l l y ,  t h i s  f o r m  f a c t o r  w as  put  in  t h e  d i s -  
t o r t e d  w a v e  p r o g r a m  J U L I E ,  g i v i n g  f o r  a f i na l  
c r o s s  s e c t i o n  

d a  - ( 2 J + 1 )  (½ dcr(S=O) + - - - '  d a ( S = l )  ) 

d ~  d-~ JULIE ~ d ~ J U L I E  

T h e  e n e r g y  l e v e l s ,  and  p e a k  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  ( for  18 MeV 3He p a r t i c l e s )  a r e  p l o t t e d  
in  f ig .  2,  a l o n g  w i th  t h e  e x p e r i m e n t a l  d a t a .  

T h e  c o r r e l a t i o n  e f f e c t s  a r e  q u i t e  d r a m a t i c ,  
b o t h  in  t he  c o r r e l a t i o n  m a d e  by  c o u p l i n g  to J ,  
and  the  i n d u c e d  c o r r e l a t i o n  of c o n f i g u r a t i o n  m i x -  

W i t h o u t  m i x i n g ,  t h e  p~2f½ -1 c o n f i g u r a t i o n  ing .  
would  h a v e  s e v e r a l  t i m e s  the  s t r e n g t h  of t h e  
f ~ f ~ - I  c o n f i g u r a t i o n .  W h e n  t he  s t a t e s  a r e  m i x e d ,  
in e v e r y  c a s e  t he  p h a s e s  g i v e  a c a l c e l l a t i o n  f o r  
t h e  s t r e n g t h  to t h e  l o w e s t  s t a t e ,  so  t h a t  a m o n g  
s t a t e s  of t h e  s a m e  s p i n ,  t h e  c r o s s  s e c t i o n  t e n d s  
to go up wi th  e x c i t a t i o n .  T h e  5 + s t a t e s  d i d n ' t  g e t  
m i x e d  s t r o n g l y  e n o u g h  f o r  t h i s  to h a p p e n ,  b u t  
t h i s  s e e m s  to b e  t r u e  e x p e r i m e n t a l l y  a l s o .  

D a t a  h a v e  on ly  b e e n  r e p o r t e d  a t  o n e  a n g l e  [7J 
so  c o m p a r i s o n  wi th  e x p e r i m e n t  i s  not  c l e a r .  

v e r y  low. T h e  3 + 

* Help by Win. Gerace  on c o m p u t e r - p r o g r a m m i n g  here  
and e l sewhere  is grateful ly  acknowledged. 
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Fig. 3. The hole d is t r ibut ion in 
2p- lh  s ta tes  of 41Ca. The p r o b a -  
bility is plotted of the hole located 
at a given angle with r e spec t s  to 
the pa r t i c l e -pa r t i c l e  axis,  when 
the pa r t i c l e s  l ie along the same 
axis.  State A is the lowest  T - 
J = ~ s ta te ,  and B is the lowest  

T : ~-2 J = ~ s ta te  f rom ref .  9. 

H o w e v e r ,  a c o m p l e t e  a n a l y s i s  
h a s  b e e n  m a d e  on  a s i m i l a r  
r e a c t i o n  [8],  58Ni ( a , d ) 5 6 C o .  
H e r e  the  q u a l i t a t i v e  t r e n d  i s  
in  a g r e e m e n t  wi th  t h e  e x p e c -  
t a t i on .  In p a r t i c u l a r ,  t h e  c r o s s  
s e c t i o n  to the  g r o u n d  s t a t e  i s  
and  5 + a r e  s e e n  and  c o r r e s p o n d  

we l l  wi th  the  c a l c u l a t e d  l e v e l s .  T h e  c a l c u l a t e d  
s t r e n g t h  fo r  the  2 + s t a t e  i s  not  o b s e r v e d ;  e i t h e r  
t he  s t a t e  l i e s  h i g h e r  in  e n e r g y ,  o r  t he  m i x i n g  b e -  
t w e e n  t he  two 2 + s t a t e s  i s  s t r o n g e r  t han  c a l c u -  
l a t ed .  An e a r l i e r  s e t  of m a t r i x  e l e m e n t s ,  wh ich  
p r o d u c e d  on ly  s l i g h t l y  s t r o n g e r  m i x i n g  b e t w e e n  
t he  2 + s t a t e s ,  d id  in  f a c t  g ive  a l m o s t  c o m p l e t e  
i n t e r f e r e n c e  f o r  t h e  t r a n s i t i o n  to t he  l o w e r  s t a t e .  

We  c o n c l u d e  wi th  a s u g g e s t i o n  t h a t  t he  a n t i -  
c o r r e l a t i o n s  of p a r t i c l e s  and  h o l e s  m i g h t  b e  a 
m o r e  w i d e s p r e a d  p h e n o m e n o n ,  m a k i n g  t h e  
(3He,  p) r e a c t i o n  d i f f i c u l t  to do w h e r e  d i f f e r e n t  
o r b i t a l s  a r e  b e i n g  f i l l ed  s i m u l t a n e o u s l y .  T h e  
c o r e - p o l a r i z a t i o n  c o r r e c t i o n s  to t h e  p a r t i c l e -  
h o l e  f o r c e  g ive  i t  an  a n t i c o r r e l a t i n g  p a r t  i n  bo th  
t he  T = 1 and  T = 0 p a r t i c l e - h o l e  s t a t e s .  T h i s  
p a r t  of t he  f o r c e  i s  c o h e r e n t  a m o n g  m a n y  p a r t -  
i c l e s  and  m a n y  h o l e s ,  s o  t h a t  the  s i n g l e - p a r t -  
i c l e  s p l i t t i n g  can  b e  e v e n t u a l l y  o v e r c o m e .  T h e  
n u c l e u s  i s  t h e n  d e f o r m e d  o r  a l i g n e d ,  w i th  the  
p a r t i c l e s  a l o n g  o n e  a x i s  and  the  h o l e s  a l o n g  a 
p e r p e n d i c u l a r  a x i s ,  and  s h o u l d  b e  w e l l - d e s c r i b e d  
by  the  N i l s s o n  m o d e l .  I t  would now b e  d i f f i c u l t  
to p o p u l a t e  a g r o u n d  s t a t e  b y  t r a n s f e r r i n g  two 
p a r t i c l e s ,  one  to e a c h  a x i s .  F ig .  3 d e p i c t s  t h e  
w a v e f u n c t i o n  c a l c u l a t e d  fo r  2 p - l h  s t a t e s  of 4 1 C a  
[9]. T h e  t e n d e n c y  fo r  a l i g n m e n t  i s  a l r e a d y  q u i t e  
s t r o n g .  A t y p i c a l  r e a c t i o n  w h i c h  s h o u l d  i l l u s t r a t e  
t h i s  i s  4 0 A r  (3He,  p)42K. 
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T h e  a u t h o r  t h a n k s  R.  S h e r r  and  G. G a r v e y  f o r  
c a r e f u l  r e a d i n g  of t he  m a n u s c r i p t .  
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The potential  energy of a nucleus is expressed  as a function of p a r a m e t e r s  of the quadrupole and octupole 
deformat ion ,  The min imum for all  nuclei in the given region appears  at ~33 - 0 i .e.  t he re  exist  no nuclei 
with a s table  octupole deformat ion .  An a s s y m e t r y  is observed of the E(fi2./33) surface  towards the/32 : 
f lequil ibrium plane which should be in te rpre ted  as  an interact ion of]3-vibrat ions  and octupole v ibra t ions .  

T h e  d e p e n d e n c e  of p o t e n t i a l  e n e r g y  of n u c l e i  
on  t he  o c t u p o l e  d e f o r m a t i o n  p a r a m e t e r  i s  in  
p a r t i c u l a r  i m p o r t a n t  f o r  t he  e x p l a n a t i o n  of p r o -  
p e r t i e s  ( e n e r g i e s ,  m o m e n t s  of i n e r t i a ,  h i n d r a n c e  
f a c t o r s  of a - d e c a y  e t c .  ) of t h e  l o w l y i n g  n e g a t i v e  
p a r i t y  s t a t e s .  Such  s t a t e s  a p p e a r  s y s t e m a t i c a l l y  
in  e v e n - e v e n  n u c l e i  in  t h e  218 ~< A < 232 r e g i o n  
[e .g .1]  and  t he  r e f e r e n c e s  m e t i o n e d  t h e r e ) .  T h e  
m o s t  n a t u r a l  way of e x p l a n a t i o n  i s  to c o n s i d e r  
t h e s e  s t a t e s  a s  o c t u p o l e  h a r m o n i c  v i b r a t i o n s .  
T h e  r e s p e c t i v e  c a l c u l a t i o n s  [2] p e r f o r m e d  by  t he  
R P A  m e t h o d  g a v e  f o r  m o s t  of t he  n u c l e i  of t he  
a c t i n i d e  and  r a r e  e a r t h  r e g i o n s  good a g r e e m e n t  
wi th  the  e x p e r i m e n t .  T h e y  led ,  h o w e v e r ,  to i m a -  
g i n a r y  e n e r g i e s  f o r  n u c l e i  w i t h A  < 228.  T h e  
q u e s t i o n  of n u c l e a r  s t a b i l i t y  wi th  r e s p e c t  to o c t u -  
p o l e  d e f o r m a t i o n  was  i n v e s t i g a t e d  in  [ 3 - 5 ] .  By  
v a r i o u s  a p p r o x i m a t i o n s  ( u s u a l l y  p e r t u r b a t i o n  
t h e o r y )  t he  c o n c l u s i o n  w as  r e a c h e d  t h a t  in  t he  
r e g i o n  c o n s i d e r e d  n u c l e i  a r e  " s o f t " ,  bu t  do  no t  
h a v e  s t a b l e  o c t u p o l e  d e f o r m a t i o n .  

T h e  p u r p o s e  of t h i s  w o r k  i s  to o b t a i n  m o r e  
d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  d e p e n d e n c e  of  p o -  
t e n t i a l  e n e r g y  on  t he  p a r a m e t e r s  of q u a d r u p o l e  
and  o c t u p o l e  d e f o r m a t i o n s .  We s h a l l  u s e  t h e  
m e t h o d  w h i c h  a l r e a d y  h a s  p r o v e d  to b e  s u c c e s s -  
ful  in  c o n s i d e r i n g  t h e  q u a d r u p o l e  d e f o r m a t i o n s  

[6,  7]. In t h i s  m e t h o d  the  e n e r g y  of a n u c l e u s  i s  
t a k e n  as  t he  s u m  of e n e r g i e s  of i n d e p e n d e n t  n u -  
c l e o n s  m o v i n g  in t h e  d e f o r m e d  f i e ld .  T h e  p a i r -  
ing  c o r r e l a t i o n s  do  not  e f f e c t  the  p o s i t i o n  of e n e r -  
gy m i n i m u m  c o n s i d e r a b l y ,  u s u a l l y  c a u s i n g  on ly  
a " f l a t t e n i n g "  of t he  c o r r e s p o n d i n g  c u r v e s .  
T h e r e f o r e  we s h a l l  n e g l e c t  t h e m  in  o u r  c a l c u l a -  
t i o n s  a s  we l l  a s  t h e  C o u l o m b  i n t e r a c t i o n  wh ich  
fo r  s m a l l  d e f o r m a t i o n s  h a s  not  a g r e a t  i n f l u e n c e .  

L e t  t h e  e q u i p o t e n t i a l  s u r f a c e s  of the  a v e r a g e  
f i e ld  b e  a x i a l l y  s y m m e t r i c  and h a v e  the  f o r m  

r = Ro(1 + ]32Y20(0,cp) + ]33Y30(0,¢0) + 
(1) 

- 2 -  357r ]32, ]33Y10(0'cP))" k(]32' ]33), 

w h e r e  k(/32, f13) a s s u r e s  t he  c o u s e r v a t i o n  of v o l -  
u m e .  In a n a l o g y  to t h e  N i l s s o n  p o t e n t i a l  [8] we 
o b t a i n  t he  o n e - p a r t i c l e  H a m i l t o n i a n  in t he  l o w e s t  
a p p r o x i m a t i o n  in  82,  ]33 in t he  f o r m  

_ / i  2 1 . o 2  2 

- < />she l l  ) I , - 2 1 3 2 Y 2 0 - 2 f 1 3 Y 3 0 j  + C . I . s  + D - ( / 2  2 

T h e  o c t u p o l e  p o t e n t i a l  of the  ~ r 3 Y 3 0  type  e r a -  
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