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INTERMEDIATE STRUCTURE IN LIGHT ION REACTIONS 

H. Feshbach 

Massachusetts Institute of Technology, Cambridge, Mass. 

Résumé.- Une revue de la théorie et de l'expérimentation concernant la présence ou l'ab
sence de la résonance et de la structure intermédiaire observées dans les sections effi
caces de collision des ions légers est présentée. 

Abstract.- A. review of the theory and experiment regarding the presence and absence of 
the resonance and intermediate structure presented in the cross-sections for the colli
sion of light ions is presented. 

This paper will present a review of the inter

mediate structure and doorway states which have been 

discovered in the reactions induced by collision of 

the light ions 12C + 12C and 12C and 1 60. An inter

pretation of the C + C data will be presented 

as well as arguments explaining the absence of in

termediate structure in the interaction of other 

light ions. It is found that the model proposed by 

Imanishi and Nogami [l] provides a qualitative un

derstanding of the data. This theory needs further 

development. A calculation of the total reaction 

cross-section is particularly required in response 

to the criticism that the potentials employed by 

Imanishi have imaginary terms which are too small. 

However as is pointed out below this does not neces

sarily mean that the resulting reaction cross-sec

tion will be too small because it is necessary to 

take into account the effects of the coupling of the 

incident channel to the other channels considered 

by Imanishi and Kondo, Matsuse and Abe [2] The 

reader is referred to several excellent review arti

cles by Bromley [3] , Cindro [4] , Siemssen [5] and 

Stokstad [6] which I found to be very helpful in the 

preparation of this paper. 

12 12 
We begin with the C + C system which provides 

the best and nearly unique examples of resonant 

structure in the collision of light nuclei. Fig. 1 
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Fig. l - The to ta l gamma radia t ion yield in the 
12C + 12C system. The levels a t the top of the f i 
gure are those predicted by Kondo et a l . S i s de f i 
ned by 

a = S/E exp [- (2irn + gE) ~\ where , ._ 
T) = Z,Z2e2/%v and g = 1/3 (mR3/2ZjZ2) ' 

shows the results of a measurement of the y-yield in 
12 12 

the C + C reaction as obtained and collected by 

Spinka et al. [7], The ordinate is the cross-section 

divided by the Sommerfeld factor to remove the ef

fects of the Coulomb barrier. This figure summarizes 

the experimental situation as of the time of the 

Maryland Conference. The three resonances between 
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5.5 and 6.5 MeV were f i r s t  seen by the  Chalk River 

group [8] i n  1960 and 1961 while t h e  resonances be- 

low were es tab l i shed  considerably l a t e r  by Pa t te r son  

e t  a l .  [g] and by Stephens e t  a l .  [IO]. The sp ins  of 

a few of the l e v e l s  had been determined. It i s  im- 

por tan t  t o  note  t h a t  the  widths a r e  small. For exam- 

p l e  the  2' resonance a t  5.6 MeV has a width of 130 

keV while the 4' resonance a t  6.0 MeV width i s  100 

keV. A t  t h e  top of the  f i g u r e  a r e  the  p o s i t i o n s  of 

the resonances on the  b a s i s  of the  extended Imanishi 

model a s  ca lcu la ted  by Kondo e t  a l .  [2] . The predic- 

ted resonances i n  the  region of 7 t o  8 MeV have s t i -  

mulated experimental measurements i n  t h i s  reg ion  by 

both the  Saclay and Yale groups.Erb e t  a l .  [l11 a t  

Yale have looked a t  t h e  angular  d i s t r i b u t i o n  of the 

t r a n s i t i o n s  t o  low ly ing  s t a t e s  of 2 0 ~ e  while Basrak 

e t  a l .  [12,13] have used both t h i s  r e a c t i o n  and the  
23 r e a c t i o n  1 2 ~ ( 1 2 ~ , p )  Na. Let  us  review the  d a t a  of 

Erb e t  a l .  I t  w i l l  provide a n  example of the s o r t  

of a n a l y s i s  employed by most experimental is ts .  I n  

f i g .  2, the  angle in tegra ted  cross-sect ions f o r  

t r a n s i t i o n s  t o  t h e  indicated low ly ing  2 0 ~ e  s t a t e s  

a r e  p lo t ted .  P a r t i c u l a r  a t t e n t i o n  should be paid t o  

the sum of the cross-sect ions a t  the  top of t h e  

f i g u r e .  The sum i s  usefu l  s ince  it tends t o  average 

out  ' q s t a t i s t i c a l "  f l u c t u a t i o n s  a 1  though t h i s  method 

w i l l  po in t  up the resonances only i f  the re  i s  a 

s u b s t a n t i a l  branching r a t i o  t o  most of the  l e v e l s  

involved. There i s  considerable  s t r u c t u r e .  The 

authors  se lec ted  t h r e e  of t h e  anomalies a t  7.71, 

9.84, 10.59 MeV t o  examine a s  poss ib le  resonances 

because t h e i r  angular d i s t r i b u t i o n  t o  the  ground 

s t a t e  of 2 0 ~ e  exhib i ted  pure [pL (cos o)] d i s t r i b u -  

t ions  ( f i g .  3) .  I n  Fig. 4 two of these a r e  p l o t t e d ;  

curve (a) f o r  the  7.71 resonance i s  j u s t  
2 

[p4 (COB o)] given by the  s o l i d  l i n e  while the  

9. 84 MeV resonance angular d i s t r i b u t i o n  f i t s  the  

[p8 (COS 0)12. The resonance a t  7.71 MeV with a 

width of 145 keV seems secure because of the s t rong  

c o r r e l a t i o n s  i n  t h e  energy dependence, see  f i g .  2, 

£0; the  four  e x i t  channels. The evidence i s  q u i t e  

s t r o n g ' f o r  the 9.84 MeV case where three of t h e  four  

channels e x h i b i t  anomalies. The author  did not  l i s t  

the  10.59 MeV case  a s  a resonance. It showed anoma- 

l i e s  i n  two of the  four  cross-sect ions.  

The summed curve shows o ther  anomalies. The Saclay 

group i n  an independent i n v e s t i g a t i o n  has reported 

resonances a t  7.50, 8.45 and 8.85 MeV. The anomalies 

which could be assoc ia ted  with t h e  l a s t  two a r e  

Fig. 2 -Angle  i n t e  r a t e d  cross-sect ions a s  func t ion  
of energy the  1 2C(13C ,a) r e a c t i o n  populat ing low- 
l y i n g  l e v e l s  of 20Ne. 

p resen t  i n  the  Yale d a t a  b u t  the  7.5 resonance does 

no t  seem t o  be presen t .  The Saalay group r e p o r t s  a 

minimum on the  summed in tegra ted  cross-sect ions 

including the  g.s. ,  the  1.63, 4.25, 4.97 and 6.72 

MeV e x c i t a t i o n  i n  2 0 ~ e . ~ h e y  a l s o  r e p o r t  a peak i n  
23 t h e  1 2 ~ ( 1 2 ~ , p )  Na reac t ion .  They a s s i g n  a s p i n  of 

6' t o  the 7.50 MeV anomaly, 6+ f o r  the  resonance a t  

8.45 MeV, and 6+ o r  8+ f o r  the  8.85 MeV case. Clear- 

l y  f u r t h e r  work needs t o  be d k e  before  one can be 

sure  of the  r e l i a b i l i t y  of the  r e s u l t s  reported.  But 

i t  i s  apparent t h a t  there  i s  considerable  s t r u c t u r e  

and t h a t  t h e  widths a r e  narrow. 

Encouraged by the  ex i s tence  of the  4' resonance 

a s  predicted by Kondo e t  a l . ,  the  Yale group has  

attempted t o  see i f  the  o ther  resonances, the 6' 

and S+, a r e  p resen t  a s  well .  These resonances would 

not  make t h e i r  appearance i n  the a lpha  p a r t i c l e  da ta  

because of t h e  b a r r i e r  e f f e c t s  of the  l a r g e r  spin. 

They have ins tead  looked a t  the  y-ray y i e l d  depopu- 



INTERHEDIATE STRUCTURE C5- 179 

F ig .  4 - The I 2 c ( l 2 c  , a ) 2 0 ~ e  a n g u l a r  d i s t r i b u t i o n s  
a r e  compared w i t h  a r b i t r a r i l y  normal ized Legendre 
f u n c t i o n s  [P ( cos  0)]2 ( a )  a t  E = 7.71 MeV (L = 4 )  
and (b)  EcSm'=  9.84 MeV (L = 8 ) .  

F ig .  3 - Legendre $olynomial f i t s  t o  t h e  measured 
ground s t a t e  1 2 ~  ( l  c,a)20Ne a n g u l a r  d i s t r i b u t i o n .  
The c r o s s - s e c t i o n  s c a l e  is  l i n e a r  w i t h  a maximum of 
25 mblsr .  Peaks r i s i n g  above t h i s  v a l u e  a r e  shown 
a s  p l a t e a u s .  The a n g u l a r  d i s t r i b u t i o n s  of Ec*m.= 7.7 
9.84 and 10.59 a r e  drawn w i t h  wider l i n e s .  

l a t i n g  t h e  f i r s t  e x c i t e d  s t a t e  of 2 0 ~ e ,  2 3 ~ a ,  and 

2 3 ~ g .  Th i s  sum r e f l e c t s ,  a cco rd ing  t o  t h e  a u t h o r s ,  

most of t h e  c ros s - sec t ion .  The r e s u l t s  a r e  shown i n  

F ig .  5 .  Note t h a t  t he  Coulomb b a r r i e r  f a c t o r  used i s  

f o r  a f i n i t e  nuc l eus  whereas t h a t  f o r  F ig .  1 i s  f o r  

a p o i n t  nucleus .  The p re sence  of t h e  resonance  a , t  

7.71 keV is  c l e a r .  But t h e r e  is  c o n s i d e r a b l e  addi-  

t i o n a l  s t r u c t u r e  between i t  and the  Chalk River  

resonance  a t  rough ly  6.5 MeV which needs  f u r t h e r  in- 

v e s  t i g a t i o n .  

New in fo rma t ion  i s  a l s o  a v a i l a b l e  i n  t h e  r eg ion  

below t h e  Chalk  R ive r  resonances .  The d a t a  p re sen ted  

i n  F i g .  1 below E = 4 MeV shows a s t r o n g  r i s e  
c.m. 

which was o f  conce rn  t o  t h e  a s t r o p h y s i c i s t s .  It was 

v e r y  d i f f i c u l t  t o  unders tand.  Michaud and Vogt [l41 

E,,, (MW) 

Fig.  5 - I2c + I2c ganuna r a y  y i e l d  depopu la t ing  the  
f i r s t  e x c i t e d  s t a t e s  of 2 0 ~ e ,  23Na, and 2 3 ~ g .  The 
n u c l e a r  s t r u c t u r e  f a c t o r  i s  de f ined  by 

10 
E o ( E ) / Z  (2L + I)TL where TL a r e  t he  pene t r ab i -  

T =n - 
l i t i e s  e v a l u a t e d  a t  R = 1.4 ( 1 2 ~ 1 ~  + 1 2 ~ 1 ~ )  f e rmi  
(K. Erb ,  p r i v a t e  communication).  

proposed a n  "abso rp t ion  under  t h e  b a r r i e r "  mechanism 
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Fig.  6 - 12c + 12c gamma r a  y i e l d  from f i r s t  exci ted s t a t e s  3: of ~ O N ~ ( E  = 1634 keV) and % a ( ~  = 440 keV . The connected 
p o i n t s  a r l  extracted from the  pen%. d a t a  [ I O j .  

which leads  t o  high fus ion  cross-sect ions a t  low 

energy. A group from Munster [l51 has c a r e f u l l y  exa- 

mined t h i s  region by observing the  gamma ray  t rans i -  

t i o n s  from a l a r g e  number of exc i ted  s t a t e s  i n  2 0 ~ e  

and 2 3 ~ a .  They r e p o r t  the r e s u l t s  f o r  t r a n s i t i o n s  

from the  f i r s t  exc i ted  s t a t e s  i n  2 0 ~ e ( ~  = 1634 keV) 
Y 

and 2 3 ~ a ( ~ Y  = 440 keV). Their r e s u l t s  a r e  presented 

i n  Fig. 6. The s u b s t a n t i a l  d i f fe rence  from t h e  or i -  

g i n a l  Pennsylvania d a t a  [l61 below 3 MeV is apparent.  

The r i s e  i n  the  energy decreased turned ou t  t o  be an 

a r t i f a c t  of t h a t  experiment which was of importance 

a t  low energy. This obviates  the  need f o r  "under 

the b a r r i e r  absorption". I n  a d d i t i o n  considerable  

s t r 'uc ture  'below t h a t  v i s i b l e  i n  Fig. 1 i s  apparent 

i n  t h a t  peaks a r e  common t o  both the 2 0 ~ e  and 2 3 ~ a  

channels. 

Resonances of high sp in  a r e  a l s o  seen a t  conside- 

rab ly  higher energies .  I n  t h i s  energy domain there 

is  a non-tr ivial  d i f f i c u l t y  of proving t h a t  the peaks 

a r e  resonances. There a r e  many cases f o r  which peaks 

a r e  f l u c t u a t i o n s .  One can usua l ly  e l imina te  these 

i n  view of the  absence of c o r r e l a t e d  peaks i n  o ther  

channels - t h a t  i s  by showing t h a t  o ther  channels 

do not  e x h i b i t  anomalies a t  approximately the same 

energy. One should bear  i n  mind a number of com- 

p l i c a t i o n s .  Because of t h e  na ture  of the  s tages  

involved, the branching r a t i o s  t o  some channels may 

be small so t h a t  not  a l l  channels need t o  e x h i b i t  

cor re la ted  resonances. Secondly there  i s  general ly  

a background non-resonant amplitude which can in- 

t e r f e r e  with the resonant amplitude and s h i f t  the  

peak (or  v a l l e y )  and change i t s  charac te r .  Of cour- 

s e  a s h i f t  l a r g e r  than the  width would be very 

surpr i s ing .  This  e f f e c t  may cause some d i f f i c u l t i e s  

a s  the coherence length which s c a l e s  the f luc tua-  

t i o n s  i s  of the same order  a s  the width, permi t t ing  

the  presence of acc iden ta l  c o r r e l a t i o n s .  However it 

would be remarkable i f  t h i s  acc iden t  were t o  occur 

i n  several  channels simultaneously. 

Another technique which he lps  t o  separa te  the 
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s igna l  from the noise i d e n t i f i e s  the  quantum number ''C + I2c RESONANCES IN 2 4 ~ g  
of the  resonance. Angular co r r e l a t i on  experiments 

a r e  an example and we have seen e a r l i e r  the use of 

the unique [pL (cos @)l2 angular d i s t r ibu t ions .  This 
g+ - 

c r i t e r i o n  i s  on the one hand too severe i f  reso- S+ - 
nances overlap and on the  o ther  hand not  s u f f i c i e n t  

i n  i t s e l f .  It can be the  case  ( t h i s  object ion 
4' - 

appl ies  t o  a l l  the  t e s t s )  t h a t  we may be deal ing 3'- 

with an entrance channel phenomenon. The transmis- 

s ion  coe f f i c i en t  may exh ib i t  o s c i l l a t i o n s  because - - - ' Z C + ~ ~ C  p 

Thresh 
of shape resonances. However these o s c i l l a t i o n s  a r e  

of the order  of a  few MeV. Hence we can dispose of 
C( +"Ne 

the case i f  the widths of the  resonance a r e  much 

smaller, e.g., of the order  of a  few hundred keV. 

A second problem was pointed out  by Rolf Siemssen 

i n  a  dsicussion e a r l i e r  t h i s  week. I f  a  new channel 

open up with an  amplitude which has a  rap id ly  increa- 

s ing  energy dependence, a s  w i l l  be the  case when 

l a rge  angular momenta a r e  involved, and then compe- 

t i t i o n  s e t s  i n  rap id ly  a s  w i l l ,  a  peak w i l l  be gene- 

rated.  However we can dispose of t h i s  problem i f  

there  a r e  severa l  such peaks. 

An ana lys i s  of the type which emphasizes channel 

c o r r e l a t i on  has been performed f o r  example by a group 

from M. I.T., BNL, Argonne and Copenhagen [l 71 i n  

which they measure the exc i t a t i on  funct ion f o r  

I2c(l2c,p)  t o  a  number of s t a t e s  including four  of 

high sp in  i n  2 3 ~ a .  They have a l s o  co l lec ted  the da t a  

obtained by o ther  authors. The open channels invol- 

ving emission of l i g h t  p a r t i c l e s  up t o  and including 

alpha p a r t i c l e s  a r e  shown i n  Fig. 7. We sha l l  l a t e r  

be a l s o  discussing the product channel of ' ~ e  + 160. 

I n  Fig. 8  the r e s u l t s  a r e  presented. One immediately 

sees s troug cor re la t ions  f o r  the l eve l s  a t  19.3 MeV, 

a t  14.3 and 11.4 MeV. By comparing the various bran- 

ching r a t i o s  these authors  concluded t h a t  these 
+ + 

l e ve l s  had a sp in  of 12 , 10 and 8+ respect ively.  

From the exc i t a t i on  curves f o r  Ex = 14.7, 15.9 + 

16.0, and 17.3 one suspects  a  l eve l  a t  almost 25 MeV. 

From E = 12.30, 8.94, 13.82, 14.40, a  l eve l  a t  about 
X 

22.5 MeV. Similar ly there  i s  possibly a  leve l  a t  

18.5 MeV. The existence of the l a t t e r  has been ver i -  

f i ed  by Eberhard e t  a l .  [l81 using the 
16 

12c(12c, 8 ~ e  ) 0 g. S. react ion.  They obta in  a  
g. S. 2  

[pL = 12  (COS e)] d i s t r i b u t i o n  these iden t i fy  the 
+ 

sp in  of the resonance a t  12 . The Flor ida  group [l91 

has done a very extensive study using the  same reac- 

-Fig. 7  - Open channels permit t ing emission of l i g h t  
p a r t i c l e s  from exci ted s t a t e s  of 2 4 ~ ~ .  

TABLE I 

Exi t  channel Ec.m. Tc.m. J~ 

(MeV) (keV) 

'Be + 160 11.43 200 8+ 

Fletcher e t  a l .  [l91 (11.78) ... (8') 

12.0 200 8+ 

12.35 300 8' 

12.86 350 8' 

13.35 350 10+ 

13.85 260 10' 

14.3 280 10' 

15.3 600' 10+ 

16.2 800* 10' 

17.15 350 10' 

17.75 500 12' 

(18.4) ... 12' 

18.8 400 12' 

18.8 < 400 10' 

19.45 250 12' 

a + " ~ e *  17.9 340260 

Fortune e t  a l .  [20] 18.4 400230 

18.6 3752100 

19.0 310260 

19.4 320+_30 

'Be + 160  18.5 12+ 

Eberhardt e t  a l .  Cl4 
p + 2 3 ~ a *  11.4 8+ 

Cosman e t  a l .  [l71 14.3 1 O+ 

19.3 12+ 

da S i l v e i r a  [ZI] 26 (12+) 

a + " ~ e *  7.71 145 4' 

Erb e t  a l .  [l l] 9 .84 small 8' 

Basrak e t  a l .  b 2 , 1 4  8 .85  (6+,8+) 
t ion.  Their r e s u l t s  together with the ones discussed 

e a r l i e r  a r e  co l lec ted  i n  Table 1 .  
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Fig.  8 - Exci ta t ion  funct ions of se lec ted  "C + 12C r e a c t i o n  channels. The 12c + "C 
and 2 0 ~ e  + a reac t ion  s c a l e s  a r e  aligned t o  correspond t o  the  same E ( 2 4 ~ g )  va lues  i n  

X 
the f i g u r e .  

Clear ly  the  i s s u e  of why some resonances a r e  seen 

i n  one r e a c t i o n  and not  i n  another and which ones 

a r e  i d e n t i c a l  although s h i f t e d  i n  energy needs t o  be 

resolved. But there  appears t o  be much s t r u c t u r e  

with a considerable  grouping of l e v e l s  of a par t icu-  

l a r  sp in  and p a r i t y .  The l e v e l  spacing omit t ing the 

possibly unresolved resonances a t  15.3 and 16.2 MeV 

i s  about 0.5 MeV while the widths a r e  somewhat l e s s ,  

of the o rder  of a few hundred keV. The 10+ resonan- 

ces a r e  spread over about 3.8 MeV while the 12+ reso- 

nances extend over about 1.7 MeV but  there  may be 

o thers  above the energy range inves t iga ted  by the  

F lor ida  group. These d a t a  a r e  co l lec ted  i n  Fig.  9. 

The s t r a i g h t  l i n e  appropriate  t o  a r o t a t i o n a l  band 

provides a good average f i t  bu t  i t  is  apparent t h a t  

there  a r e  severa l  resonances a t  each values of J 

r a t h e r  than j u s t  one. We s h a l l  come back t o  t h i s  

po in t  l a t e r .  

I n  cdmparison t o  the "C + "C case ,  the  deter-  

mination and na ture  of the  resonances of the system 

"C + 160 have formed more d i f f i c u l t  problems. A 

resonance a t  19.71 MeV, width 300 keV, has been 

found by severa l  groups [22] . The d a t a  of the Yale 

group shown i n  Fig. 10 includes both elastic and 

i n e l a s t i c  s c a t t e r i n g  t o  exci ted s t a t e s  of 60. The 

resonance i s  n o t  seen i n  t h e  e x i t  channel 
24 * 12 16 27 8 ,  1 2 ~ ( 1 6 0 , a )  Mg but  i t  i s  s e e n i n  C( 0,p) A 1  

The l a t t e r  r e a c t i o n  was s tudied by the  M.I.T. - 
B.N.L. groups. Halbert e t  a l .  [23] have seen an 

24 
anomaly a t  13.7 MeV i n  the  12C(160,a) Mg reac t ion .  

The Saclay group (Charles e t  a l .  [24]), has seen a 
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12c + I2c 

Thresh. 

Fig.  9 - A summary of t h e  r e p o r t e d  I 2 t  + I2C resonances  

resonance a t  22.7 MeV. They have r e p o r t e d  new remains t o  be done. 

l e v e l s  a t  17.3 and 20.8 MeV a t  t h i s  conference C251 

from an  a n a l y s i s  of t he  e l a s t i c  s c a t t e r i n g .  These 

need t o  be observed i n  o t h e r  channels .  Two l e v e l s  a t  

20 and 22.5 MeV, F ig .  I 1 , a r e  r e p o r t e d  by ~ a l m i n  and 

Paul [26]. Branford e t  a l .  [27] have seen  one l e v e l  

a t  16.0 MeV and r epor t '  o t h e r  l e s s  c e r t a i n  examples. 

Recent ly  the  F l o r i d a  group 1181 s tudy ing  t h e  
2 7 

1 2 ~ ( 1 6 0 , p )  A1 r e a c t i o n  has  found resonances  a t  

11.83 MeV and 14.36 MeV w i t h  wid ths  of t h e  o r d e r  of  

300 keV. James e t  a l .  [22] sugges t  a 12' resonance 

a t  19.92 MeV. S t r u c t u r e  i n  t h e  neighborhood of t h e  

Coulomb b a r r i e r  (8.5 MeV) [29], Fig .  12, i s  n o t  a s  

pronounced a s  t h a t  observed i n  t h e  + "C r e a c t i o n  

( see  Fig .  1). O s c i l l a t i o n s  i n  t h e  t o t a l  r e a c t i o n  

c ross - sec t ion  (Fig.  13) [30] a r e  c l e a r l y  v i s i b l e .  

No o s c i l l a t i o n s  a r e  seen i n  t h e  "C + 180 r e a c t i o n  

(Fig.  14) ,  b u t  f o r  "C + "C t h e  o s c i l l a t i o n s  a r e  

c l e a r l y  v i s i b l e  and c o r r e l a t e d  wi th  known resonances  

a s  i n d i c a t e d  by arrows. F i n a l l y  we mention Argonne 

exper iments  1311, P i g .  15, which seems t o  show a 

broad resonance i n  the  160 + I3c system wi th  a width  

of 1 MeV. The r e p o r t e d  resonances  a r e  summarized i n  

F i g .  16. However t h e  s p i n  and p a r i t y  of  many of t h e s e  

a r e  n o t  known o r  a r e  u n c e r t a i n  i n h i b i t i n g  any d i scus -  

s i o n  of t h e i r  s i g n i f i c a n c e .  Much work obviously  

For  t h a t  r eason  i n  d i s c u s s i n g  t h e  i n t e r p r e t a t i o n  

of  t h e  above exper imenta l  r e s u l t s  we s h a l l  focus  on 

t h e  12c + "C system. As u s u a l  we need f i r s t  t o  

o b t a i n  t h e  i n s i g h t s  o f f e r e d  by t h e  e l a s t i c  s ca t e -  

r i n g .  The e l a s t i c  s c a t t e r i n g  f o r  a number of l i g h t  

i o n  systems compiled by  Siemssen [5] is  shown i n  

Fig .  17, [32]. We observe  r a t h e r  wi ld  o s c i l l a t i o n s  

i n  t h e  + "C case .  Some of t h e  f l u c t u a t i o n s  a r e  

smoothed o u t  i n  t h e  + 160 system and p rogres s i -  

v e l y  d i sappea r  a s  we proceed t o  t h e  180 + 180 

system. The behavior  of  t h e  "C + "C s c a t t e r i n g  

near  t h e  Coulomb b a r r i e r  [33] i s  shown i n  F ig .  18. 

There is  some c o r r e l a t i o n  of t h e  peaks i n  t h i s  

f i g u r e  w i t h  the  observed resonances .  It should  be  

noted a s  w e l l  t h a t  t h e  o s c i l l a t o r y  behavior  c o n t i -  

nues unabated t o  a r a t h e r  h igh energy [34] ,Fig .  19. 

The Yale  group has  f i t t e d  the  s c a t t e r i n g  [35] w i t h  

a combination of Woods-Saxon o p t i c a l  forms f o r  t h e  

r e a l  and imaginary p a r t s .  The r e s u l t s  a r e  : 

TABLE I1 
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Fig. 10 - I2c + 160 reac t ions  i n  the v i c i n i t y  of the 
19.7 MeV resonance. 

The f i t s  obtained with these p o t e n t i a l s  have the 

c o r r e c t  charac te r  a s  can be seen from Fig. 20, 1361 , 
but  a r e  by no means per fec t .  A s  can be seen from 

Fig.  21, [36], a t  p a r t i c u l a r  energies  the angular 

d i s t r i b u t i o n  f o r  160 + 160 a r e  pure [pL (cos O)lZ, 
the values of L a r e  given on the  r i g h t  hand s ide  of 

the  f igure .  A t  these energies  the  phase s h i f t s  a r e  

c l o s e  of ~ / 2 .  The width is  of the order  of 3-4 MeV. 

The small values of the imaginary p o t e n t i a l  a r e  

e s s e n t i a l  i n  order  t o  o b t a i n  the  observed o s c i l l a -  

t ions  i n  the cross-sect ion and these va lues  of the 

width of the g ross -s t ruc ture  anomaly. One needs only 

t o  r e c a l l  t h a t  t h i s  width i s  approximately equal t o  

0 0 
14 16 18 20 22 24 

C.M. Energy ( MeV 1 

Fig. 11 - Exci ta t ion  funct ions f o r  i n e l a s t i c  scat-  
t e r i n g  i n  the  1 2 ~  + 160 system involving the  3-, 0+ 
doublet  a t  6  MeV i n  160. 

twice the  magnitude of t h e  imaginary po ten t ia l .  

The value of energy, Ec,m., a t  which, according 

to the p o t e n t i a l  of Table 11, the  I2c + 12c scat-  

t e r i n g  e x h i b i t s  a  gross  s t r u c t u r e  resonance a t  a  

given value of L has  been determined by Arima e t  a l .  

1371 using Regge ana lys i s .  The s t r a i g h t  l i n e  of 

Fig. 22 g ives  t h e i r  r e s u l t .  It is  remarkable t h a t  

the measured resonance energies  and associated 

values of L a v a i l a b l e  a t  t h a t  time f a l l  c l o s e  t o  the 

values predicted from the  Yale 12c + I2c p o t e n t i a l .  

However t h e i r  suggestion t h a t  the observed reso- 

nances a r e  simply shape resonances i s  untenable 

s ince  the width of a  shape resonance i s  of the o rder  

of a  few MeV whereas the observed resonances have 

widths of the order  of a  few hundred keV. Moreover 

we now have many resonances f o r  each value of J. 

Recal l  the r e s u l t s  contained i n  Fig. 9 presented 

e a r l i e r .  I would l i k e  t o  propose the following in- 

t e r p r e t a t i o n .  The inc iden t  wave i n  a  given L s t a t e ,  
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- 30 p g  cm-' 
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Fig.  12 - The q u a n t i t y  S = E a exp ( 2 7 ~ ~ )  a s  a func- 
t i o n  of  E where a i s  t h e  t o t a l  r e a c t i o n  c r o s s - s e c t i o n  
f o r  1% + 160. 

Fig .  13 - T o t a l  f u s i o n  c r o s s - s e c t i o n  f o r  160 + I2c. 

a t  a shape resonance we have j u s t  been d i s c u s s i n g ,  

i s  weakly coupled,  and I emphasize t h e  weakness of 

t he  coup l ing ,  t o  e x c i t e d  s t a t e s  of t h e  system. The 

r e s u l t  i s  a f ragmentat iont  of t h e  shape resonance 

i n t o  a number of components, s e e  F ig .  23. A rough 

check on t h i s  i d e a  is  given by t h e  f a c t  t h a t  t h e  

sum of a l l  t he  wid ths  of t h e  10' s t a t e s  which f a l l  

c l o s e  t o  t h e  Arima l i n e  i s  2.65 MeV o f  t h e  o r d e r  of 

magnitude of the  g r o s s  s t r u c t u r e  width .  We s h a l l  

come back t o  t h i s  d e s c r i p t i o n  l a t e r  i n  t h i s  paper .  

I n  the  language of t h e  paper  wi th  ~ e r h ; a n  and 

Lemmer C381 t h e  "C and I2c resonance a r e  examples 

of i s o l a t e d  doorway s t a t e s .  L e t  me remind you of the  

equa t ions  d e s c r i b i n g  i s o l a t e d  doorway s t a t e s  and of 

some p e r t i n e n t  p r o p e r t i e s .  The doorway s t a t e  (J 
d 

and t h e  i n c i d e n t  channel  JI s a t i s f y  a p a i r  of  coupled 

equa t ions  

( E - H  ) $ = H  $ 
PP Pd d 

These wave f u n c t i o n s  a r e  energy averaged s o  t h a t  

t h e  Hamil tonian o p e r a t o r s  a r e  complex. The complex 

p a r t  of Hdd r e f l e c t s  t h e  sp read ing  width.  The com- 

p l e x  p a r t  of t he  coup l ing  Hamil tonian g i v e s  r i s e  t o  

the  asymmetry i n  t h e  doorway r e a c t i o n  c ross -  

s e c t i o n s .  I f  t h e s e  imaginary terms a r e  l a r g e  t h e  

resonance w i l l  n o t  be  s e e n  s o  t h a t  i n  the  I2c  + I2C 

c a s e  they must be smal l .  The imaginary p a r t  of H 
PP 

must be sma l l e r  t han  t h a t  which i s  used i n  t h e  

o p t i c a l  p o t e n t i a l  t o  f i t  t he  s c a t t e r i n g  d a t a  s i n c e  

t h e r e  is  a c o n t r i b u t i o n  t o  t h e  r e a c t i o n  c ross -  

s e c t i o n  from t h e  coup l ing  t o  t h e  second equa t ion .  

Thus t h e  imaginary p a r t  of  H must be s m a l l e r  than 
P P 

0.4 + 0. IE. 

I n  o r d e r  t o  unders tand the  p r o p e r t i e s  of t he  

doorway s t a t e s  i t  is  necessa ry  t o  cons ide r  t h e i r  

width.  For t h i s  purpose we c a n  make use  of t h e  

s t a t i s t i c a l  model, a s  developed by Kerman , Koonin 

and myself.  That  p a r t  of t h i s  formalism which i s  

r e l e v a n t  i n  the  p r e s e n t  c o n t e x t  was p r e s e n t  a t  t he  

Munich Conference [39]. I of cour se  do n o t  have t h e  

time to  review i t  he re  b u t  s h a l l  r e s t r i c t  the  

'subsequent t o  t h e  p r e s e n t a t i o n  t o  t h i s  confe rence ,  

t h i s  w r i t e r  found t h e  same s u g g e s t i o n  i n  t h e  paper  

[l  91 of the  F l o r i d a  group. 
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Fig.  14 - Tota l  r e a c t i o n  and fus ion  cross-sect ion measurements. The arrows i n d i c a t e  
where corresponding maxima occur i n  t h e  e l a s t i c  s c a t t e r i n g  e x c i t a t i o n  funct ions.  
The s o l i d  l i n e s  a r e  the  o p t i c a l  model p red ic t ions .  

Fig. 15 - Resonant exc i tag ion  func t ions  i n  the  
160 + 1% reac t ion .  

Fig. 16 - Resonances reported f o r  t h e  160 + "C 
and l G O  + 13c systems. 
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C.M. ENERGY (MqV) 

Fig. 17 - The 90' e l a s t i c  s c a t t e r i n g  e x c i t a t i o n  
func t ions  f o r  several  heavy i o n  systems. 

4 5 6 7 

CM ENERGY 

Fig.  18 - I2c + "C' e l a s t i c  s c a t t e r i n g  a t  90° i n  
the region of the Coufdmb.ba.rrier 

HEAVY ION ELASTIC SCATTERING 
90" EXCITATION FUNCTIONS 

CENTER OF MASS ENERGY-MeV 

Fig. 19 - The 90° e x c i t a t i o n  f u n c t i  ns f o r  e l a s t i c  
s c a t t e r i n g  of IZc + I2c and 160 + 180 systems obtai-  
ned a s  ind ica ted  a t  Yale and the  Oak Ridge Labora- 
tory. 

d i scuss ion  t o  a  few q u a l i t a t i v e  po in t s .  The forma- 

l i s m  assumes a  sequent ia l  process i n  which the  

system proceeds from t h e  doorway s t a t e  t o  s t a t e s  of 

higher complexity (see Fig.  24). More p r e c i s e l y  it 

assumes t h a t  the res idua l  ~ a m i l t o n i a *  can couple 

the n' t h  s t a t e  with only the (n + 1) s t  o r  (n - 1) 

s t  s tage.  The escape width of the doorway i s  given 

by emission from i t  while  the  spregding width invol- 

ves  t h e  sum of t h e  p r o b a b i l i t y  of the  emission from 

a l l  the  l a t e r  s tages.  This  r e s u l t  p o i n t s  up one 

poss ib le  source of confusion. The escape width is  

no t  the  sum of a l l  the  p r o b a b i l i t i e s  of r e a c t i o n s  

of var ious kinds connected with the doorway s t a t e  

resonance. Some of these con t r ibu te  t o  the sprea- 

ding width,. I n  the  event  of s t rong  coupling bet- 

ween the  more complex s tages ,  the s t a t i s t i c a l  com- 

pound nucleus r e s u l t  i s  obtained. However more 

general ly  i t  may be necessary t o  include the  c o n t r i -  

but ion of the  pre-compound terms. 

The s i z e  of the  doorway s t a t e  width plays a  de- 

c i s i v e  r o l e  with regard to the v i s i b i l i t y  of door- 

way s t a t e  resonance. It w i l l  be r e c a l l e d  t h a t  

although the  160 + 160 e l a s t i c  s c a t t e r i n g  cross-  
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Fig. 20 - Comparison of the  experimental angle-energy cross-sect ion surfaces with the  corresponding opticAI 
model f o r  the  160 + 160 and 12c + 12c systems. 

1 OPTICAL MODEL 

s e c t i o n  e x h i b i t s  shape resonances there  i s  no evi- 

- -. EXPERIMENT 

- 

. , 

I I I I I I 

dence f o r  resonances i n  t h e  r e a c t i o n  channels (Fig. 

25, [40] ). Even though 12c + I2c ddek resonate ,  

12c + 13c does not  a s  i s  c l e a r  from'Fig. 26, [41]. 

The fus ion  cross-sect ion of 12c + 180' system shows 

no f l u c t u a t i o n s  while  t h a t  of I2c + 160 does (Fig. 

14). The o s c i l l a t i o n s  i n  e l a s t i c  s c a t t e r i n g  cross- 

sec t ions  a r e  much pronounced i n  160 + '60 s c a t t e r i n g  

than i n  160 + 180. We note a l s o  t h a t  the  obly sys- 

t e m s  which do e x h i b i t  doorway s t a t e  resonances a r e  

12c + 12c and possibly 12c + 160. ~ande*bosch e t  a l .  
12 

C421 showed t h a t  t h e  e l a s t i c  s c a t t e r i n g  of C by 

2 0 ~ e  d i f f e r s  sharply from t h a t  of 160 +-160 i n  t h a t  

both t h e  angular d i s t r i b u t i o n  a t  E = 23.3'MeV 
c.m. 

and the energy dependence of the  c r o s s  s e c t i o n  a r e  

smooth and f e a t u r e l e s s .  This i s  a n  i n t e r e s t i n g  case  

because the binding energy of both systems d i f f e r s  

by only 2.4 MeV, they have the same compound nucleus, 

and the  grazing angular momenta d i f f e r  by no more 

than one u n i t  of -k f o r  t h e  same e x c i t a t i o n  of t h e  

EXPERIMENT 

compound nucleus. 

The s u b s t a n t i a l  d i f fe rences  amongst these r a t h e r  

s i m i l a r  nuclear  systems need t o  be understood. We 

have a l ready  noted a number of condit ions which 

need t o  be s t a t i s f i e d  i f  resonances a r e  t o  be obser- 

ved. The e l a s t i c  s c a t t e r i n g  f o r  the  p a r t i a l  L wave 

i n  quest ion should have a r e l a t i v e l y  l a r g e  ampli- 

tude. I f  t h i s  is no t  t h e  case it w i l l  be d i f f i c u l t  

t o  pick o u t  e f f e c t s  i n  the  L channel from a l l  t h e  

o ther  e f f e c t s  which a r e  simultaneously present .  A 

gross-s tructure resonance is  the  b e s t  t h a t  can occur 

i n  t h i s  regard.  This requ i res  a sur face  transpa- 

rency of the  nucleus; t h a t  i s  absorpt ion i n  the  

nuclear  sur face  is  low. We have noted empirical evi- 

dence t h a t  i n d i c a t e s  t h a t  sur face  absorpt ion i s  low. 

The f i t  t o  the e l a s t i c  s c a t t e r i n g  cross-sect ion f o r  

160 + 160 i s  improved i f  the  rad ius  of the imagina- 

r y  p a r t  of t h e  o p t i c a l  p o t e n t i a l  i s  smaller  than 

t h a t  of the  r e a l  p o t e n t i a l  and has a sharp c u t  o f f .  
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Fig. 21 - An opt ica l  model analysis  of the 160 + 160 e l a s t i c  scattering.  The panel on the l e f t  shows the  
opt ica l  model potentials  for  d i f f e ren t  p a r t i a l  waves. The central  panels show the phase s h i f t s ,  the a t t e -  
nuation coeff ic ient  fo r  each p a r t i a l  wave and the 90° calculated sca t ter ing  cross-sections. The panel on 
the r i g h t  i s  an energy angle surface fo r  the sca t ter ing  fo r  the Yale data. The horizontal l i nes  indica te  
where the d i f f e ren t  pa r t i a l  waves become dominant. In  the panel on the r igh t ,  the heavy l ines ,  which have 
been f i t t e d  to the experimental data,  a r e  squares of the Legendre polynomials of the indicated order. 

Many authors have ~ o i n t e d  out  [43] tha t  a t  the angu- 

l a r  momenta and energies i n  question there ex i s t  

very few ways for  the system to  proceed to higher 

s t a t e s  of internal  excitat ion with the t o t a l  angu- 

l a r  momentum remaining constant, thus reducing the 

number of absorption channels. 

The density of levels  of the compound system a s  

well as  the number of channels enter importantly 

in to  the value fo r  the doorway s t a t e  width. The 

values of these parameters a t  the Coulomb barr ier  

energy a re  shown i n  Table 111, a s  calculated by 

Hansen e t  a l .  [U] . 

The ''C + 12c has the smallest level  density and 

number of open channels, the 12c + 160 systems next. 

However there a re  other poss ib i l i t i e s  such a s  

' ~ e  + 12c, and 12c + 13c ye t  neither of these sys- 

tems exhibit  resonances. It i s  c lear  another mecha- 

nism must be operating. 

The one I believe t o  be involved i s  described a s  

follows. The reader w i l l  r e c a l l  t ha t  one of the 

consequences of the in terac t ion  between the co l l i -  

ding 12c nuclei was the fragmentation of the shape 

resonance fo r  a given L i n to  ones of considerably 

narrower width. The in terac t ion  needed to  be weak 

since the resonances were grouped close t o  be ener- 

gy of the shape resonance. A possible explanation 

of the absence of resonance i n  other l i ke ly  systems 

mentioned above i s  t ha t  i n  those cases the interac- 

t ion  is strong. A s  a consequence not  only w i l l  the 

L shape resonance be fragmented but the fragments 

w i l l  be subs tant ia l ly  displaced. The L strength 

w i l l  be dispersed and f a r  l e s s  v i s ib l e .  Vandenbosch 

[45] has given an example. He has performed a cou- 

pled channel calculat ion for  both 160 + 160 and 

180 + 160. The 2+, 6.9 MeV level  and the 3-, 6.1 

MeV level  i n  160, were taken in to  account i n  the 

f i r s t  case while f o r  the second case the 2+, 1.98 

MeV and the 3-, 5.09 MeV levels  of 180 were inclu- 
+ 

ded. Because of the presence of the low lying 2 
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Fig. 22 - Energy and angular momenta of g ross  s t ruc-  
t u r e  resonances, compared with values from experi- 

Fig. 25 - Comparison of the gama r a d i a t i o n  y i e l d  

ments of Cosman e t  a l .  [l71 . f o r  the  systems 160 + 160 and I2c + ''C. 

I l e v e l  i n  180 t h a t  nucleus is  e a s i l y  po la r izab le ;  

s t a t e s .  A number of poss ib le  mechanisms have been 

suggested by Imanishi and Nogami [I], Michaud and 

Energy - Vogt [14], Greiner and Schied with var ious  collabo- 

r a t o r s  [46]:, Leander and Larsson [47], and Eaye who 

C 
0 .- + 
U 
W 
V) 

U) 
V) 
0 
L 
U 

Fig .  23 - Schematic i l l u s t r a t i o n  of the fragmentation reported on h i s  work e a r l i e r  t h i s  week. There a r e  
of a shape resonance. d i f f e r i n g  examples of t h e  general mechanism which 

gross - structure the  coupling i s  thereby e f f e c t i v e l y  s t rong.  Vanden- 
J bosch's c a l c u l a t i o n s  show a marked reduct ion i n  the  

amplitude of the  160 + 180 o s c i l l a t i o n s  a s  a func- 

t i o n  of angle a s  compared with t h a t  of 160 + 160. 
/ \ 

/ \ ' / '. A'& 
I n  these concluding pages, we consider  the  dyna- 

intermedlote structure mics involved i n  the  generat ion of t h e  doorway 

l i e s  behind any d e s c r i p t i o n  of a resonance - namely 
4 4 I 

I / f t h e  inc iden t  channel couples t o  another  degree of 
/ I 

. 
/- 

freedom of the resonat ing system. I f  t h i s  second 

degree of freedom has s p e c i a l  s t a t e s  which have a 

r e l a t i v e l y  long l i f e t i m e ,  then a resonance w i l l  
doorway 2 nd 3 rd n ' th  

s toae  of s toqe  of s tage  of occur whenever the  energy of t h e  system equals  t h e  
comp\exity complexity complexity energy of these spec ia l  s t a t e s .  It i s  important 

t h a t  the system leaves the  inc iden t  channel and t h a t  
Fig.  24 - Stages i n  the decay of a doorway s t a t e .  

i t  spends a considerable  period of time i n  another 
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I l I I I I 

GAMMA R A Y S  AT 90° 
TABLE 111 

I3c on I2c g n  R e l a t i v e  R e l a t i v e  
ET> 1.7 MeV Compound l c v e l  number of 

0 system React ion (MeV) d e n s i t y  open channe l s  

Halbert and Nogaton i  

l 
10 I I 12 13 14 15 16 

E,  BEAM E N E R G Y  IN MeV 

Fig.  26 - Total  gamma r a d i a t i o n  y i e l d  measured a t  
90" f o r  I2c + I2c, 12c + 13c, and + 1 %  systems. 
For  1% + 2~ only the  1.63 MeV gamma ray  from the  
f i r s t  exc i ted  s t a t e  of 2 0 ~ e  has been measured. For 
the  reac t ions  involving a l l  gamma r a d i a t i o n  with 
energy grea te r  than 1.7 MeV has been measured. Note 
t h a t  the beam energy i s  given i n  t h e  l abora tory  
system. 

mode of motion. Only then w i l l  t he re  be the  long 

i n t e r a c t i o n  time necessary f o r  the  ex i s tence  of a 

resonance. 

One can c l a s s i f y  the various theor ies  according 

t o  the manner i n  which they propose t o  ob ta in  t h i s  

long delay time. One method presumes e x c i t a t i o n  of 

t h e  12c nucleus. Imanishi takes i n t o  account the 

e x c i t a t i o n  of the  I2c nucleus t o  i t s  f i r s t  exci ted 

2+ s t a t e  a t  4.44 MeV. Kondo, Matsuse, and Abe [2], 

took i n t o  account the  simultaneous e x c i t a t i o n  of 

both 12c nuclei .  The alpha p a r t i c l e  model of Michaud 

and Vogt [l41 amounts t o  considering t h e  e x c i t a t i o n  

of the  12c nucleus t o  the 0+, 7.653 MeV l e v e l  which 

l i e s  above the  8 ~ e  + threshold'  although they did no t  

descr ibe  it i n  these terms. The model of Schied, 

Greiner and Lemmer 1451 and Fink, Scheid, and Greiner 

[43] i s  e s s e n t i a l l y  i d e n t i c a l  t o  t h a t  of Imanishi. 

They provide a n  important ins-ight which is  a l s o  

e x p l i c i t l y  described by Imanishi. A resonance occurs 

a t  an energy such t h a t  a f t e r  a consequence of the  

e x c i t a t i o n  of one or  both of the  I2c nuc le f ,  the  

nuc le i  a r e  i n  a quasi-bound s t a t e  of t h e  appropr ia te  

angular momentum. Thus the  doorway s t a t e  c o n s i s t s  of 

exc i ted  I2c n u c l e i  trapped i n  a p o t e n t i a l  wel l .  This 

po in t  i s  es tab l i shed  i n  Fig. 27. There a r e  a l s o  

models i n  which one computes the  p o t e n t i a l  energy of 

the  carbon nuc le i  on the  b a s i s  o f ,  say, a two c e n t e r  

model. One f i n d s  t h a t  the  p o t e n t i a l  has a v a l l e y  f o r  

c e r t a i n  deformation of the  i n t e r a c t i n g  nuclei .  The 

s i t u a t i o n  i s  then analogous t o  the  shape isomers 

which a r e  exhibi ted by f i s s i o n a b l e  nuclei .  Leander 

and Larsson have made such a c a l c u l a t i o n  and I be- 

l i e v e  there  a r e  o thers .  As a f i n a l  example there  

a r e  the  r e s u l t s  of Boye and Heenen presented t o  t h i s  

Conference who at tempt t o  solve the  24 p a r t i c l e  

problem. 
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complaints. One was t h a t  there  were too few leve ls .  

However a s  Kondo, Matsube, and Abe [2] showed t h a t  

there  a r e  many more l eve l s ,  which appear t o  have 

roughly the co r r ec t  approximate dens i ty  (see Fig. l ) , 
i f  the Imanishi-Nogami model is extended t o  include 

the poss ib le  simultaneous exc i t a t i on  of both carbon 

nuclei .  Perhaps the most important object ion i s  

t h a t  Imanishi d id  no t  c a l cu l a t e  the e l a s t i c  sca t te -  

r i n g  and show tha t  the r e s u l t s  agree with experi- 

ment. It was claimed by some t h a t  the  value of the 

imaginary po t en t i a l  Imanishi used was much too low. 

However t h i s  object ion i s  premature. The value of 

the  r e ac t i on  cross-section must include no t  only 

the cont r ibu t ion  from t h e  inc ident  channel but  a l s o  

t h a t  which a r i s e s  from the  o ther  channels. It i s  

hoped t h a t  the  Japanese group w i l l  o r  have already 

ca lcu la ted  both the e l a s t i c  and r eac t i on  cross- 

sect ion.  Un t i l  t h i s  is done and compared with expe- 

riment the  remarkable agreement recorded i n  Table 

I V  i s  no t  meaningful. Some experimental evidence on 

the mechanism wi l l  a l s o  become av2i lab le  i f  the 

y i e ld  of the gamma rays from the de-exci tat ion of 

t he  "C nuc le i  i s  measured. This ob jec t ive  is  now 

being pursued by the Yale group. 

The alpha p a r t i c l e  model [l41 has not  been as 

f u l l y  developed theoke t i c a l l y  a s  the one discussed 

* above. It has however been pursued experimentally 
Fig. 27 - Ei i s  the incident  energy, E the  energy 
f o r  e x c i t a t ~ o n  of the i n t e r ac t i ng  nuc le i  leading t o  by both the Erlangen C4'] and the Saclay groups 

a quasi  bound leve l  i n  the indicated po t en t i a l .  [49]. The method employed, i s  i l l u s t r a t e d  by the 

following example. I n  the  r eac t i on  12c(12c , a ) 2 0 ~ e  

Imanishi [l] has car r ied  ou t  a de ta i led  calcula-  those s t a t e s  of 2 0 ~ e  which have a l a rge  alpha par- 

t i o n  assuming t ha t  the  inc ident  channel i s  coupled 

t o  a channel i n  which one of the carbon nuc le i  i s  

exci ted t o  the  4.44 MeV leve l .  The coupling poten- 

t i a l  i s  obtained by  deforming the op t i c a l  po ten t ia l .  

Be f i nds  the doorway s t a t e s  t o  be i so la ted .  They 

a r e  l i s t e d  i n  Table I V  f o r  one of h i s  choices f o r  

the  op t i c a l  po t en t i a l .  

TABLE I V  

Spin Energy Width Escape width 

(MeV) (keV) (keV) 

2 Theo. 5.66 115 11.5 

Exp . 5.6 130 19.5 

4 Theo. 5.90 116 8.2 

Exp . 6.0 100 7 . 5  

0 Theo. 6.37 150 52.1 

At the time t h i s  was presented there were two 

t i c l e  width should be p r e f e r en t i a l l y  populated 

according t o  the alpha p a r t i c l e  model. I w i l l  no t  

review t h i s  subject  a s  i t  has been ca r e fu l l y  dis-  

cussed by Siemssen i n  h i s  review paper [5]. Suf f ice  

i t  to  say the  evidence i s  mixed and no hard conclu- 

s ions can be reached. On the o ther  hand i n  the 

12c + 160 case there  i s  d i r e c t  negative evidence. 

'fn t h i s  r e ac t i on  on the ba s i s  of the  alpha p a r t i c l e  

model one would expect p r e f e r en t i a l  exc i t a t i on  of 

the  "4p bh" 0' s t a t e  i n  160. A measurement has been 

performed by Malmin and Paul 1501. I n  f a c t  it turns 

ou t  t ha t  i t  i s  the 3-, 6.13 MeV l eve l  which i s  the  

more s t rongly  exci ted.  The alpha p a r t i c l e  model 

seems t o  f a i l  i n  t h i s  case. 

I n  conclusion i t  seems t ha t  the 12c + 12c system 

i s  well  on i t s  way t o  be understood a s  more s truc-  

t u r e  i s  uncovered and a s  more cor re la t ions  a r e  re- 

vealed. Obviously a g r ea t  deal  both experimentally 



INTERMEDIATE STRUCTURE C5- 193 

and t heo re t i c a l l y  remain t o  be done. Whatever the  

reso lu t ion  it i s  c l e a r l y  a n  extraordinary unique 

system. The carbon nuc le i  avoid both the Scylla  of 

being too e a s i l y  polar ized and the Charybdis of no t  

being pola r izab le  a t  a l l .  Once the mechanism invol- 

ved is  completely c l a r i f i e d  we w i l l  no t  only f i nd  

new proper t ies  of s t a t e s  of carbon nuc le i  bu a l s o  

and more important we may l e a r n  how two deformed 

nuc le i ,  i n t e r a c t  when they a r e  i n  c l o se  contact  a s  

i s  presumably the case f o r  a shape resonance. We 

may l e a rn  under what circumstanc,es such systems may 

e x i s t .  A s  of the moment the only o ther  candidate i s  
t 

the 12c + 60 systems . 

I am very much indebted t o  D. Allen Bromley and 

E r i c  Cosman f o r  t h e i r  help i n  the preparat ion of 

t h i s  address. 

'~ntermediate  s t r uc tu r e  has been reported f o r  the 

r e ac t i on  1 0 ~ ( 1 4 ~ , a ) 2 0 ~ e  [51] but these a r e  seen 

pr inc ipa l ly  a t  O0 where however they may r e f l e c t  

d i f f r a c t i o n  e f f e c t s  r a t he r  than resonances. 
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