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Introduction 

Microscopic study of interaction between complex nuclei has 

been developed rapidlyl ) . The theory has contained three basic 

difficulties on physica l meaning : the first is the inseparability 

of the c . m .  motion in the trad itional generator coordinate space 

(GCM space ) for the general case with different oscillator 

parameters , the second concerns overall saturation properties of 

nuc lei and the last is a reflection to the relative motion from 

bad description of the internal states . 

One of the authors (A . T-S . ) proposed a new GCM space free 

from the c . m.  motion for the general case with different oscillator 

�arameters2 ) . This space i s  derived by a s imple procedure , which 

starts with the traditional GCM space and doubly Fourier transforms 

the GCM space to the resonating group space ( RGM space} to obtain 

the new space . The long-time difficulty on separating the c .m .  

spurious motion in the GCM space i s  resolved by the use of  the 

proposed space . The remaining two difficulties are untouched in 

this report . 
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F�hermore , there were three serious difficulties on 

computational works : the first is how to construct ti1e exchange 

kernels , which originate in the Pauli pr inc iple and appear in the 

Schradinger ' s  and the H i l l-Kheeler ' s  equations for many-body 

problem ,  the second how to evaluate the kernels in angular momentum 

representation and the last how to solve the Schrod inger ' s  e�uation · 
i R  e 

with . -behaved kernels . 

One of the authors ( A .  T-S . )  developed new analytical methods 

of deriving the kernels ,  which makes skilful  use of computer memory .
�ctse me�hodA.--

can be appl ied to more complex two-nucleus system with 
-t-Aey .fuwe

p- or sd-shell  nuclei than only with s-shel l  one . In fac t ,  · ·  · 

been successfully used for the 1 6 o+1 6o and the a+4 0ca ,  and enable 

us to investigate interactions between open p-shell nucle i ,  such as 

the 1 2c+1 2c . In this way the f irst difficul ty has been overcome . 

On the basis of the development of the software of computer , we 

also evaluate the proj ected kernels for a simple case with one or 

two particle/hole directions as well  as no internal direction of 

closed shel l-nucleus system . The Schrodinger ' s  equation has· been 

solved by the code based on the Kohn-Hulten and Kato ' s  variational 

method , which was developed by Mi to and Kamimura3 > ; the code uses 

.the new GC�� kernels .  All the difficulties on computational works 

will be overconte in the near future for the heavy ion system .  

The purpose o f  this report i s  to present a picJure o f  the 

microscopic theory of two-nucleus scattering and to apply the 

theory to typical systems . 



Formulation 

Starting with the harmonic oscillator shell model wave 
-+ 

function around the parameter R of  the i-th nucleus : 

( ! )  

we write the traditional GCH wave function : 

( 2 )

where � i means the internal wave function , Ni the mass  number ,  v i 

the oscillator parameter and j 12  0

the antisyrnmetr izer between two 

nuclei . The Hill-Kheeler e�uation base on Eq . ( 2 )  

0 ( 3 )

includes the c . m .  spurious motion to be eliminated for the general 

case with different oscillator parameters , where < R I  O I R • >  is  

so-called the traai tional GCM kernel . We cannot , however , directly 

separate the c . m .  motion in Eq . ( 3 ) . 

Nevertheless , we can trans form the traditional GCM kernel into 

the RGM one without the c . m . mot ion . The trans formation procedure 

to the RGM kernel is presented as follows : 

( 4 )  

where r i s  the dynamical variable and <r l O l r � >  the RGM kernel 

with local part described by the a -f unction . ,  which composes the 
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( 5 )  

The operator B transforms the traditional GCM kernel into the 

momentum space one , A i t  to the RCM one and the symbol ,....., also 

means the inseparabili ty of  AB between bla and ket for the general 

case . Several authors pointed out - the relation of  Eq . ( 4 )  from some 

angles ; the combination of A with B for the case with common 

oscil lator parameter i s  called the 11 separable double Fourier 

transform0 4 1 5 > and · the kernel ;<i i � 1 i• >;  is treated as the

" complex GCM kerne1 " 6 1 7 > .

On the other hand , t�e GCM kernel without the c .m .  motion is 

regarded as  the superposition of t�e RGM one with a weight . The 

new GCf.t kernel i s  wri tten as 

c < r l  o l r  .. > c <s l o 1 s · >  ( 6 )  

where the parameter s generates the relative mot ion without the 

c . m .  mot ion . The opelrator C ,  for exam�le , is  assumed to be that 

of the Gauss weight funct ion . 

As soon as we write down an analytical formula of the 

tradi tional GCM kernel , we can derive the RGM and the new GCt-1 ones 

by the use of  Eqs . ( 4 )  and ( 6 ) . I f  the analy tical formula is g iven 

by 

( 7 )  

for the tra<li tional GCH kernel , the RG�i and the new GC!-l ones are 



obtained by 

l 8 ) 

( 9 ) 

respec tively . Here the parame ters c
0

, P0 and others are determined

by the combinations of E1 , E 2 , E3 , v1 and v2 . The Gauss function

formula of  the kerne l is  general , i f  the interanal wave function is 

adopted as the harmonic oscillator type . 

Co�parison between Eqs . ( 7 )  and ( 9 )  leads to estimation o f  the 

c . n .  motion in tne trad i tior.al GCX kernel .  I t  is  clear from such 

comparison that  the mixture of the c .� .  motion makes nonlocal ity 

o f  the kernel i�crease and originates in the antisymmetrizat ion

and in the nucleon-nucleon interact ion ; but the effect of the

antisyr...-:tetri zation is stronger than the e ffect o f  another one .

At last we need present how to cons truct the traditional GCM 

kernel in the analytical formula , which is  indispensable for the 

derivation procedure of  other two kernel s . There are two main 

algolithms in computer techn ique : one is called . the · · Rendez-Vous 

program , which makes use of the orthogonality of the Herimete 

polynomial and another is co�puter code the " UFPN " , which is based 

on method o f  general algori thm on unique fac torizjtion by the 

analytical use of computer memory . contents of such codes will be 

re?orted in Prog . Theor . Phys . Suppl . in the near future . 

1� 
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1 6o+1 6o interaction

We analyze the RGM equation with correct boundary condition of 

scattering problem . Tanabe , Tarnagaki and one of the authors 

(A. T-5 . )
S ) solved the RGM by the s tep-by-ste� method and Suzuki

and two of  the authors8 ) within the bound-state ap�roximation

without the Coulomb interaction kernel . The present calculation 

are progressed as taking into account the accurate kernel at very 

small  distance with orig in and are performed by the use of computer 

code '·VAR-GCM" based on the variational method , which was developed 

by �ito and Kamimura 3 ) . The qual itative features are sl ightly

revised from the previous results . In this calculation , we adopt h'lo.;,,t
,­

the Volkov . No . 2 9 > with m=·0 . 6 5  as  nucleon-nuc leon interact.ion and

the oscil lator parameter v0=0 . 1 9S fm-2 to satisfy the saturation
1 6  property of  O nucleus , which leads to ,fit:.;= 1 6 . 2!-:ev .

The energy sur faces in the GCM space have the rotational 

feature corresponding to the gross structure peaks as exhibited 

in Fig . l .  The phase shi f ts � � ( real ) are snowin Fig . 2 .

The main features o f  6 t are � imilar to those obtained from a

phenomenological potentia l of Yale groupl O ) . These results

indicate that the RGM is expected to provide a real istic descr i�tion 

o f  the real part of optical pot�ntial it a suitable nucelon-nucleon

interaction is adopted . Also the energy eigenvalues and the

resonance energies E
1

( res ) de fined by o
4

( E i ) = 9 0 ° show the good

correspondence with the ener7y � � n ima E� (rnin ) as illustra ted in

Fig.I . 3ut the s�cond rotational series show the s imil ar feature to 

the lowest ones ; therefore the gross , s tructure peaks raay corres�ond 

to the second series for the deep energy sur faces by the use of 

two-nuc leon interaction with small m:::0 .  6 3 .  The dif ference may- lead



to the s imilar problem from the microscopic situation as whether 
or 

shallow · �eep for the phenomenological nucleus-nucleus potenti al .

In Fig . 3 ,  the relative wave functions a re shown for the lowest 

e igenvalue of  t=O . Here , three wave functions are defined by

x Ax wi th A 1- I x <
i

> > < x <
i > ( 1 0 )

� FX with F � � 1/2
< r l r ' > ( 1 1 )

u <; ! ; � >x ( 1 2 )  

where x ( i ) is the well -known redundant solus tion . The operator

<; I � � >  is expanded as 

( 1 3 )  

The forbidden states wi th µ . =O are automat ically eliminated i n  the

three funct ions . As shown by Sai to , Okai , Tamagaki and Yasuno1 1 ' ,

� obeying the usual normal i zation i s suitable as the relative wave

function . For the l ight clusters , three representations are 

essentially the same because of µ j ( non-redundant ) �l . In the 1 60+

160 ,  however , there are a lot of almost forbidden states as shown

in Fig . 3 .  From the present calculation with nucleon-nucleon
1 6 interaction to ful fill  the saturation property of O nucleus , w

and U have the following d ifferent features from x :

( i ) the inner oscillation i s strongly damped reflecting the

important role of the Pauli  princ iple through the almost forbidden

s tates . This property physically indicates the existence of a hard­

core-like potential in the innermost region 

1� 
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( i i )  Many non-redundant solutions shift the outer wave to larger 

separation by �O . S fm .  These characteristic feature cannot be 

reproduced s imply by artificial increase of the number of the 

orthogonal conditions . 

Recently , Buck et al . 1 2 )  discussed about an importance of the

dynamical effect for strong damping of the inner oscillations by 

using the model interaction of the harmonic oscillator type . We , 

in deta i l , analyze this effect from viewpoint of  nuclear saturation 

properties by using the Volkov No . 2  with var iable Majorana parameter . 

The results are exhibited in the follwing for the typical case with 

m=0 . 60 ,  0 . 6 5 and 0 . 70 .  The ·oscillator parameter is chosen to g ive

a minimum energy of 1 60 for each case . The energies are f ixed on

the basis  of  the 1 6o+1 6o threshold one ; they are adj usted as E0 C�>

for all  the cases . In Fig . 4 ,  the energy surfaces for i=O are shown

, together with eigenvalues of the lowest states , which are -4 3 . 7 ,  

-2 . 4  and ll . 3Mev for m=0 . 6 0 ,  0 . 6 5 and 0 � 7 0 ,  respectively , For m=0 . 6 0

the minimum energy and also the lowest eigenvalue unrealistically

exceeds the lower bound of  the empirical ground state energy of

32 E0=- 16 . 65Mev for s .  

I t  i s  important for the present cons ideration to see the 

relative relat ion of  the satura tion energ ies between the compact 

-
3 2s and the 1 6o+

1 6o . We assume the configuration of [ ( sd ) l 6 ( 4 4 4 4 )

( ), � )  = ( 4 (3 ) ' Jtr=O+ ] a s  the wavi? function of  325 _ The ca lculatea

energy of  this state is shown in Table I ,  together with the l imiting 

energy of E0 ( R=O )  and also with the lowest eigen energy for e�ch

case , where E0 ( R=O) is known to represent the energy of 4fw exci ted

s tate involved in the model wave function of  )t1 2 C o 1 o2 x } . I t

3 2  should b e  noted th.at for m=O . 7 0  the energy o f  the compact S i s
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. 16 1 6  h igher  than the lowe s t  e igenvalue o f  the O+ 0 and on the other

side the bind ing energy o f  the ground s ta te is too large for m=0 . 6 0 .

On ly the case with m=0 . 6 5 sa t i fies the relative relation o f  the 

emp i r ical sa turation propert ies . 

Next we exh ib i t  the re la tive wave function � o f  the lowes t 

eigenstate for three cases in Fig . S .  I t  i s  seen tha t the inner 

osc i l lation damps strongly in  comparison with a+a and a+ 1 6o cases

for all three cases . For the case wi th m=0 . 6 0 ,  the amplitude of 

the inner osc i l lation increases appreciably and the wave function 

is  shrinkage due to the unnaturally  s trong interaction energy . On 

the other hand , the inner arapli tude is vanishingly smal l  for the 

ca se wi�h m=0 . 70 because of  t he scanty of the binding energy for 

3 2  the co�pact S system .

Thus we unders tand tha t a s  far as the relative relations o f  

the satura t ion properties between the compact system and the 

sep�ra tcd sys tem are sa t i s f ied as seen in the case with m=o . is ,  the 

inner oscilla tion is very small and simuitaneous ly the we ll 

developed cluster state is obtained as a loosely bound or a 

quasibound state . The � for the scattering s tate is  il lustrated 

for two cases in the right side of  Fig . 5 .  The s tudy for the higher 

partial  waves upto t=30  is also per formed and the results for 

higher l are a lmost  same for l;Q . Then i� seems that the concept 

o f  the inner core potent ia l  is  accepted for the interaction between

p-shell nuclei .
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4 0  a+ Ca  system 

Transient phenomena from the ·· shell '· phase into the 11 cluster 1= 

one has been investigated in the region of 2 0Ne nucleus1 3 1 14 ) . 

Several authors have considered either the. model including 

decomposition o f  the 1 60 core1 3 } or taking account o f  the other 

symmetries adding to the [ 4 ) -syrnrnetry14 ) . Another approach is to 

treat the two-cluster system with different oscillator parameters ; 

this approach can include new states which are eliminated as the 

redundant solutions in the case with common oscillator parameter . 
4 0  For the a+ Ca system , the main purpose of  this section i s  to give 

a relation between the 11 shell "  and the "cluster " phases by this 

approach . 

Let us see the behavior of the norm kernel as focussing the 

c . m .  motion in the traditional GCM kernel , before investigating

the dynamical study of the RGM . I f  the internal wave functions

a and 4 0ca are assumed to be ( Os ) 4 and { Os )
4 ( 0p ) 12 c 1sOd )

2 4  of 

L-5 coupling shell model , the traditional GCM kernel is obtained by

the straightforward calculations of  4 -power of determinant .  In

order to conserve the quantum number , the quantity ( v0
-vca ) / ( v0

+vca )  
plays the same role as the relative quantum number ; therefore 

the breathing mode is treated in this scheme , which changes the 

size of nuc leus during scatter ing process . 

The new space kernel i s  derived by the procedure mentioned in 

the section of  formulation , cannot hold the separable type 

divided in the product of the matrix elements between one-nucleon 

wave functions and also cannot hold 4 -power of the determinant . 

To evaluate the c .m .  motion in the tr�ditional GCM kernel , we 

introduce the harmonic expansion in the dynamical space for the 



kernels . The expans ion coefficient for the traditional GCM kernel 

includes the quantity coming from the c . m .  

,la. of degree�the c . m .  motion is evaluated by

the coeffic ient of the new GCM kernel µ�n ' from

spurious motion . 

the subtraction of 

In the 

special case with common oscillator parameter the diagonal parts of  

µ:n .. are  j us t  the eigenvalues and are  independent o f  the angular

momentum £ .  In the present calculation , the oscillator parameters 
-2  

are assumed to be those o f  free nuclei ,  that is , va=o . 28 fm and

-2  vca=0 . 1 4 fm • The diagonal parts and eigenvalues o f  both the cases

are exhibited in Table II and the eigenvalues of µ:n .. corresponding

to each 1 are listed in Table II! . The following characteristic 

features are clear from these Tables : 

( i ) The c . m . motion in the traditional GCM kernel becomes extremely 

larger in the range of  N=2n+ l < l 2 . The d iagoanl parts include the 

c . m .  motion of  28 %  for �=O ( l=O ) and 25%  for N=l ( l=l ) . In such 

range of N the matrix elements µ5 .. have large non-diagonal parts .nn 
The eigenvalues depend on the angular momentum and become the 

smallest for the highest t in allowed 1 for the common N ,  except 

for the case with small  N .  The region N< l 2  leads to forbidden one 

in the case with common oscillator parameter . 

( ii )  On the other hand , the c .m .  motion is  small for the kernel 

with larger components with N > l2 . The angular 'momentum dependenCJ 

is  also small  for such region o f  N .  

( ii i )  The deviation o f  the eigenvalues from the case with common 

oscillator parameter are still  large for the states with N�l2 . 

The eigenva l ue with main component of N=l2  ( i= ) is 0 . 11 2 3  

. ,  which 160%  for the corresponding case with common 

oscillator parameter . 

193 
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We emphasize from these results that the c . m .  spurious mot ion 

affect s  the traditiona l GCM kernel in short range , where it  is 

mixed by many particle-exchanges originatingAthe antisymrnetrization .

Next we solve the RGM equation within the bound-state 

approximation without the Coulomb interact ion kernel . We show the 

level schemes in Fig . 6 , where the oscillator parameter vca is f ixed

-2 as 0 . 1 4 fm and va i s  variable . As the nucleon-nucleon interaction

we adopted the Brink-Boker Bl force1 5 ) for a l l  the cases and the

Volkov No . 2  with m=0 . 70 (denoted as V2 ) for the case with conunon

osci llator parameter . In  the case with common oscil lator parameter 

the antistretching e ffect s tri�ingly appears for i=lO  and 1 2 states 

of  the ground band . This  effect free from the choices of the

nucleon-nucleon interaction . Numerical results  show that the

second rotational band with 2=10 and 12 reaches smrnothly to the

first  s tate of l=l4 . Kihara , Kamimura and two of the authors

(A. T-S . and K .  N . ) are investigat ing this ef fec t and the structure

of 4 4Ti with further calculation of B ( E2 ) and behavior of phase

shifts including the Coulomb int�raction kernel . Friedrich and

Langanke1 6 ) indicated that the anyistretch appears for t=lO and 12 .

They analyzed the RGM equat ion by the use of  the numerical

transforma tion from the numerical values of  the GCM kernel s  and

mentioned that the ant i s trrtch is caused by the behavior of the

kernel s  at sma l l  distances . The ir  nun\erical calculation was ,  

however , performed without us ing the ke rnels  i n  thi s  reg ion . On the 

·Other hand , the present calculation is accurate in this region

because of the harmonic expansior. of the kernels .

The case with di fferent osc i l l ator parameters prevents the 

t=lO  and 12 s tates from the ant i s tretch ; since the barr ier between

two nuclei is s trikingly generated , the pure rotational band 
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appears as  shown in F ig . 6 .  This  barrier can be illustrated by the 

energy surfaces versus distance parameter R; here the c . m .  spurious 

motion is eliminated . F ig . 7 shows the non-proj ected energy surfaces

for three cases with v c/'Jca ==l , l .  5 and 2 . The barrier around

R�3fm b�comes higher and the inner minimum lower ; the barrier is 

the highest for the limit ing case with v
0

+vca ( v
0

F V J  and behaves

l ike a core-pul se . The wave function corresponding to the inner 

minimum may be { lp0 f ) 4 [ 4 J -shell model states except for the ( 1 2 , 0 ) 

su3 state.- - This barrier disappears for 1=14 ,  which has no - forbidden

state in the case with common osc illator parameter . Though Sunkel ' s  

calculation1 7 ) showed an anomalous e ffect for 1.=7 and 8 states with

a modified SW force , our caculation with Bl force does not generate 
�. a. �--< ot 

such anoma ly .  new core potential , which divides the a+4 0ca

interaction into two regions , appears for the case with different 

osc il lator parameters ; the inner region corresponds to the " shel l " 

phase and the outer to the "cluster " one . 

In this section we propose a comprehensive model of  the 
1 2c+ 1 2c system ; in addition to the elastic channel , the model

contains the other channels with rearrangement reactions , such as 

a+2 0Ne and 8 se+ 16o .  We also consider a role of  a hypothetic channel

during the scattering process . For example , an introduction of  
12  12  * :+  C ( loosely dounded Ja-state ) may give an  important path from
. ., 12 c. --c+ C channel to other ones . As the first step of this i;peme , 

we treat the system in non-proj ected problem . 

We assume conf iguration shown in Fig . S ( a )  as the intrinsic 
1 2  1 2  24 state of C+ C system , which transfers su3 ( 84 ) -state of Mg as
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the limiting case with inter-nucleus distance R+O and a�a one in 1 2c 

d+O . As 8se configuration we adopt the superposition of  two 

directions of a+a , which are parrarel to the scattering axis and 

perpendicular to one a� illustrated in Fig . 8 ( c ) . The 1 60 nucleus 

traps one a-particle in 8se along the scattering axis and then the
2 0Ne nucleus is produced as shown . in fig . S (d ) . Also if the 12c 

nucleus smiltaneously traps two a-particles in another 12c , 20Ne 

is produced again . But this reaction is strong in short range , 

where the compound process is dominant .
-d.A. ,,,,_._ 

reaction because of description 

Then we can ignore the 

the 8se+1 6o =-� ,,,.fo,,,._ .

Overlapping matrix elements between different channels shows 

dominant components in small  region . Therefore , a-partcle shell 

model proposed by Michaud and Vogt18 ) may be good picture for the 

molecular resonaces . We cannot , however ,  distingush their model 

from the compound nucleus one . I f  we introduce the hypothetic 

channel as intermediate system , can you indicate another aspect for 

molecular resonaces? As this system , we take a. schematic model of 
1 2c+1 2c* as illustrated in Fig . S (b )  on the basis of recent studies 

of individual 1 2c nucleus , which have reavealed the structure of 

the second O+ state from the microscopic calculation1 9 , 20 , 2 1 > � -,;.C....:.o ...4T.,.;f� 

consists of Ja-particles loosely bounded ; we take into 

account the simplest configuration of the superposition of the 

linear and the isoscales trangle ones . It is possible that the 
1 2c+12c transiates other channels through the hypothetic channel .  

Futhermore , this system produces the closed 11 1 60 nu_cleus " during 

scattering process in large distance and gains large binding 

energy . Such intermediate channel enables us to give two aspects 

for the molecular r�sonances from the microscopic viewpoint . 



In order to estimate the coupl ing effects between different 

channels through a simple picture , we introduce the following 

potentials in the two ways : one is the II slow '· potential  and ano�her 

the " fast"  potential proposed by Greiner2 2 ) . These potentials  are 

represented in the GCM space through the kernels . The slow 

potential is de fined by the diagonalization f�r the systems at fixed 

R and the fast potential is given by the energy surfaces of each 

system ; the slow potential decribes the low energy phenomena and 

the fast  one the high ener�y phenomena . 

In the present calculations , we adopt o . lJfm-2 as the common 

oscillator parameter for all  the systems . The nucleon-nucleon 

interaction is assumed to be Volkov No . 2 with m=0 . 6 5 .  The coupled 

channel equation in the GCM space is solved within the bound-state 

approximation including exact Coulomb energy kernel . and mesh points 

for R are 2 , 3 , 4 , 5 , 6 , 7 frn ,  which cover the overa ll interaction 

region . 

The norm kernels between different sys tems are il lustrated in 
12 1 2  2 0  Fig . 9 .  The case between the C+ C and the a+  Ne  is  omitted 

because of the approximate orthogonal ity , where the value is smaller 

than 10-3 over wide region . This  i s  due to less transition between 
• f " . . 1 2 . h the triangle and the l inear Ja con igurations in quasi c .  Eit  er

the rota tion of  a 12c in one incident channel or that of 2 0Ne in 

another one leads to larger coupling at short range : but the 

trans ition at such region may be regarded as a compound process . 

The case between the 1 2c+1 2c and the 8se+ 1 6o shows the strong 

overlapping at small  distance around �3 fm , where the anti­

symmetr1zation plays a ma Jor role . On the other hand , there are two 

local maxima between the 8se+1 6o and the a+ 2 0Ne near the origin and 

197 
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at large range . The outer narrow peak may spread to the bottom : 

a path opens to the Q+ 2 0
Ne at common distance with the maximum po int 

of the norm kernel between the 1 2c+1 2c and the 8ae+ 1 6o : neverthless 

the p�th leads to the compound process . 

Let us pay our attention to the norm kernel with the 1 2c+1 2c* . 

This  ch�nnel has the strong overlapping with all other ones , which 

i s  larger than 0 . 1 .  I n  addition , there are the following features : 

The figure shows two loca l maxima for all the cases , which i s  

reflected from the behavior o f  such channel . The striking repuls ive 

core appears for this channel , which is represented in the fast  
12  * potential ; when an a-particte in the C pas ses through another 

1 2c , this barrier generates . The inner maximum describes the 

compound process and the outer corresponds to molecular resonances .  

We should focuss the physical quatities concerning the outer maximum . 

We show the slow and the fast  potentials . S ince the binding 

energy of the 1 2c cannot be reproduced from the usual two-nucleon 

interaction , the fast  potentials of the 1 2c+ 1 2c and the 1 2c+ 1 2c* 

start at higher energy than experiments . Such two curves drop down 

rapidly (See Fig . 1 0 ) , and are comparable to other ones . It is 

important to indicate that the 12c+1 2c*crosses the 1 2c+ 1 2c around 
. 12 12 * �s fm .  Th� outer minimum appears in the C+ c at Sfm ;  at such 

. h ' bl 16 d · · �egion t i s  system composes a s ta e O ur1ng scattering process . 
ll * process .  Though the C is excited state of 7 . 2MeV in individual 

nucleus , i t  happens that the sys tem with the 12c• is  more stable 

than with the ground state configuration of 1 2c . 

Corresponding to the cross of the fast potentials and to the 

behavior of . the norm kernels ,  the slow potentials shows th following 

feature : There is small  dip in the lo"'est potential around 7fm in 



realtion between the 8Be+1 6o and the a+ 2 0Ne . The s low po tentials 

are serious ly different from the fast one . We can appreciate the 
� . 

strong coupl ing at  large range , nuclear molecule is composed . 

We solve the equat ion with a correlation function , whi lch is 

the a im of reproduc ing all the threshold energies and does not 

affect small  distance ; the correlation function is reflected from 

the norm kernel . At first we show each level scheme without the 
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coupling in the right side of Fig . 11 .  For the 1 2c+1 2c , the second 

nodal band ap�ears near the Coulomb barrier , where typical resonances 
2 3 )  2 4  are observed , The ground sta te of  Mg is estimated by  the 

diagonalization of the 8ae+ 1 6o ;  the a+2 0Ne and the 1 2c+1 2c also 
20 reach to the ground state configuration as the Ne rot�tes and the 

12  a-a distance in the C approaches to O fm .  Dynamical treatment of

further sui table variable may decrease the binding energy of 2 4-

body systam and descrives an  appropriate ground state of  24Mg . 

Three cases of the coupled channel GCM are l ined in the .left 

s ide of  Fig . 11 .  The f irst is solved within all the channels , the 
12 12 * second except for the C+ C for comparison and the last within 

two channels concerning the two 1 2c nuclei . The first two cases 

indicate almost the same result for the low�lying levels , which 

show the level schemes of 24Mg in this model and the last does not 

reproduce such levels because of bad configuration at smal l distance . 

There is , however , the differencj between the first two cases 

near and over the Coulomb barrier of the 12c+1 2c ( the arrow A

indicates it ) . In interesting levels marked in Fig . , �e consider 

the behavior of the modified weight function free from redundancy . 

The level l ,  3 and 4 have common property ; there is domminant 
B 16 12 12 * component of the Be+ o , and the C+ C takes the place of the 

8se+16o for the level 4 ( See Fig . 12 ) . The 1 2c+1 2c also plays a role
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in these levels . The increase of the diagonal ization number 

decrease the energy level , which reaches to the leve l  1 . However ,

the a+ 2 0Ne plays a minor role in these levels .

The l evel 2 has the more characteristic feature than that

mentioned above ." 
large distance . 

Al l the channels  have considerable components  at  

1 1  1 2 1 2  * . d . d Abobe a the C+ C g ives the ominance ue 

to the outer minimum of  the fast potential .  This level corning from 

the hypothet ic system make a important path from the 1 2c+1 2c to

other channels . 

We expect someone further investigation on realistic two­

nucleon interaction for the heavy ion system . On the basis  of  this , 

it i s  hopeful method to perform the microscopic calculation on the 

proposed scheme with the 1 2c+1 2c* and to solve the scattering

problem with correc t  boundary condition by the use of the kernel 

in angul ar momentum representation . 

Thi s  work \JaS performed as an annual research project on 

" Highly Excited States in Nuclei and Molecular Resonances"  organized 

by Research Institute for Fundamental Physics , Kyoto University , in 

1 976  and 1 977 . All  the members of the project are acknowledged .

The authors would l ike to thank Prof . R. Tamagaki for valuable 

discussions and cqns tant encouragement . 
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of 11 ana U bas twelve nodes but the amplitudes are strongly damped. 



MeV 

60 

40 

20 

-20 

-4o

111•0 . 60 

Y.0 .235fm-2 

6 8 fm 

m•0 . 65 

v-0 . 195fm-2 

m•O . 70 

20? 

Pig. 4. 

Tho onors:7 aufaces for t • 0 
aro ahovn iD tbreo caaea with 
m•a. The solid liDoa ahov tho 
eners:7 eigenvalue:, correaponding 
to each case. The empirical eners:7 
of �2s 1a listed. CD the uia of ordinates. 

Pig. 5. 

The vave tw:iction 'f tor f a O 1a 
ahovn iD the loft aide, where the 
energies corroapolld. to thoao of 
eigenvalues. ID tho right aide 
the vavo functions aro OlChibited 
!or the acattoriDg state iD the 
suitable c11ao with m • 0.65. 

E
cm

•l2 . 5MeV 

&1 •130 . 3  .. 

Ecm•20 . 0MoV 

61 •75 . 4 •

m-0. 6 5

v-O.l9Sfm-2 

m•0 . 65 

-o. 19Sfm-2 

-o. l65fm -2 
N�'W-W�""""'"*""�-t--r-----T----t 

f:n 



208 

10 I I  

\4.Nr. .. 1.0 
1.5 
2.0 

1.0 

Y2 fetW 
-270 

-260 

14 I 

E' ., • 6 T.:1e :.evel ,.:neme of :!:le l+ .; oca .s shown oy the ac�: for the 

;eneral ::ase wi�!:l .:i!!erent ose:.ll11tor ;,ara.-:ieter s .  7!':e 

seconc:! !:land fer t?:.e case w1t!:l ::or..:r.on osc:.:.l.i:or ;:a!'.s::iete: 

is also shown in dashe:! line with bla::n circles . 

with BI force 

·320 

I •

-250 I •  �lvr.= 1.0 r2 1.5 
2.0 

�- 340 

· 350 

Pig . 7 The energy surface w1tn non-projected scheme is 1llustrate<i 

for tl\1Coe cases of the .l+ 4 0ca . 



lttat 

/r- .I/ 1/9 /;· :·�· 
.1

� 

�\ 

]u\ ... \

1

_.,.._ __ ...,..........,.. .... ' ... H;..a;..
1 _ 

11g. e. 
Sche:iatic mod.cl tor the t1'5D­
sition trom the 120 + l2o# to 
other chamiela. IAtermed.iate 
ch1U1Del 12c + 12c is bno­
thetic. 

Pig. 9. 

The norm kel'Dela between. clit­
!erent a:,atema. The case be­
tveen. the 120 + 12c im4 the 
� + 12Be �a van.ishin.gl7 
amal.l. 

209 



210 

filcV 

-90

-100

-110

-120

·130

(AJ (b) 

;: 

Fig . 10 The fast pou:nt1Al i.s sho-..n ir, �ne left  s �..ie , and is de f ined 

by the ener·n surface for ... icr. :J'/Stem . The s low potenti a l  

1 s  il lustr.ited in anotner s 1dt: , a n d  15 di.aqona l i zed for 

four systt:1115 at f ixed R .  

R l fm) 



Coupled Channel GCH 
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F ig . ll The level structure of the coupled chAnnel GCH. Coupling 

scheme is wri tten in upper side. The figu�e in the r ight 

s ide 11hows tho level scheme o f  each 11ystem w i thout coupl ing . 
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DISCUSSION 

i, . Cindro : This co�ment refers to the transparency where you 
b.sve sho:·:� the structural · deco:n-:Josi tion of a 11:nol ec ular state"
. 24r· I ... .. t· - . "' th { 12... 12cJ in ·,s. t appears una u ne max1.:nura 0.1. e o<. v + + 
+ h- e1.2 { 12c + 12c

il'
} configuration is  around 6 fm and that all

the other confi3urations are small er at that distance .  Wel l , 
I hope to  be abl e  to show this afternoon nlli�be rs extract ed 
form experi::ent that speak in favour of your calculations . 
(�hey conc ern the radius of the 12c + 12c syste� extract ed
fo:::-m the experimental Eexc (res )vs .  J (J +  1 )  plot ) 

A. Tohsaki-Suzuki : I think both the second o+ in 12c and the�--���-�-�� 
fi=st 2+ with larse vibrational-rotational deformation play 
ar. i�?ortant role in molecular resonanc es of 12c + 12c system . 

1�e =�lecular res0nanc es at 6 �� cannot be expl ainec in
� -- ,,.. �· :.2 �2 ,., +-J ':'-·JJ.s o. une C + v sys ... em or.ly :-ec a.use it stows tl':e rel::?.-
tive rota tional state located at ---3 f:n . 
?urtnermore , our model oper.s a ; ath fro� the 12c + 12c chan­
nel into � + 2Cr;e anc. 83e + 16c cr:a.t�els . 
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