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An orthogonality condition model (CX::M) for 2-cluster. systems based on 
the direct use of norm kernel N 

(I ) 

was proposed by Saito et al � ) and was applied successfully to the a- 16oi; 

system2) and to the a- 12c system3) . Here {N el iminates the redundant
components out of X· y_Ceff)

_ (R) is an e ffective potential between the
clusters ; the direct potent.ial v0 ca) is often used . Equation ( 1 )  is regarded 

to approximate the RGM equation ( <p, </>:,, I H - E. / .s4 [ (/,, (/)z. X ] > =-� •
For 3-cluster systems , as an approximation of RGM equation 

( </>, <A_  � J H - E. JA, [ 'h <7i <11 t J )  '::=l o , Horiuchi�) proposed an OCM
.J I '.J (eff) 11.. ( L, � - Tq. T i° � �1 ' - EreL )11.·x =i. 6 (� ) 
�-· ' =t'1 rr � 

where v�:ff) (in Ref . 4 ,  v�: ff) =VD
1 . )  is the e ffective potential between

1 J 1) J 
clusters i and j ,  and A. is the projection operator on to the al lowed states ; 
the OCM Hamiltonian is diagonalized in a certain truncated space of the 
allowed H . O. basis functions . 

Here we propose an extension of (1)  to 3-cluster system by giving an 
0CM equation 

J / J (Pjf) 
.ffl ( i Ii - T<;- -r z f. '{, - E,.eL )JN z ::i. 0, (.t.l 

,= , •-(; 
. 

where x is to be normal ized as < xNx >=l for bound or quasi-bound states .  
N denotes the norm kernel of the 3-cluster RGM and {N eliminates the 
forbidden states out of x ;  it is not necessary to describe x in terms of 

H .O .  functions and to make x be symmetric (antisymmetric) with respect to 
the same clusters (Nx is symmetric (antisymmetric) ) . 'Ibis type of 3-cluster 
OCM (3) is formally equivalent to (2 ) (except for the normalization) but 
will be suited to treat collisions and wel�-developed clustering states . 

· In practical calculations , we introduced ip by x=fNip and solve lj, .
I t  i s  very convenient to  transform. (3) to  the corresponding GCM framework 
by using the treatment similar to that of 3-cluster RGM of Ref . 5 .  In 
the present calculation of the 3a system, the same type of basis 'f1.n1ctions 
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for expanding !j, is adopted as used in Ref. S .  Some of the OCM result of 

Ref. 4 were reproduced very closely by the present OCM with using 12 basis 
• ii' • + + + - - +  + functions for each L ;  energies of 01 , 2 1 , 41 , 1 1 , 31 , ot and 22 are reproduced

in the case of Coulomb interaction included and v�: f) (R) =V� . (R) .1J l.J 
Fig. 2 shows energy (measured from the calculated 3a .break-up 

threshold) of the lowest O+ state obtained by the present OCM and by the 
RGM of Ref . S ;  B=m�.Ri=0 . 55 fm-2 for all  the cases .  One sees that the role
of the dynamical particle-exchange between clusters which is not taken in 
this OCM �ith the direct potential V�

j
. causes attractive effect considerably.

'!he strong exchange effect by Schmidt-Wi ldermuth force in RGM makes 3a 
col lapse ; this is due to the fact that the force does not make a particle 
saturate properly. In Fig.  3 ,  we give a comparison between the OCM(with 
yf

j
) and Rra.f) in energies of several levels . State-dependence of the

dynamical particle-exchange effect is observed. Further investigations 
of theis effect wi ll supply 
the 0CM study with proper 
effective potentials vf:ff)

. v° (r) (MeV)

D 1J 
instead of V . . •

l.J 
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Fig. 1. Nuclear part of -lOO
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Direct potential � - )  between a and a .  Since the energy spectrum1J 
of the .OCM with Schmidt-Wildermuth force (SW) is like that of the 
R� with Volkov No . 2 force (V2� , the diference between VD (V2) and 
V0 (SW) , rou��!Y speaking , could correspond to the di�ference between 
V (V2) and V (V2) to be derived from RGM with V2 .  
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Fig . 2.  The Lowest Level of 3a System . 
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Fig . 3 .  Comparison between OCM(with �j ) and RGM for the 3a
in the energy spectrum of 12c (Volkov .No . 2 ;  m=0 . 59 ;  B=0 . 55 fm2) .
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The RGM wave functions of the Ja system· is assumed to be 

>" c'.  ) (,·) c;, ,1 
\J(jM.

=A[tf{t LG-M ] ,  �H. (,t; fR) ojtL �'fJ' [U,_ (lr)©At. (��
.T}t 

We adopt the following RGM basis functions with their GCM 

representation : It  is very convenient to assume the form 

u (i) w) as !m 
(4,) J. -IJ.. ,-.

"-
y A J -.a,,. .. ,,• J; 

u.,,,, (I") •}' e . ' lt,,,(l") :aCl:/lf,,J. l( e Ztl.1.111(). V.· f&)  dt (/ )

with A=B, B=mw/ii being the single-particle oscillator size parameter. The 

GC harmonic oscillator functions i
NI.M

(Avt) are introduced in Ref . 1 .  As for 

Xi,i_} (R), the following three types are suited for practical calculations : 

C i) Xi:(fi.J:aK 'e -)l.iR i'/;.,-, (12 > = u,w,t J e-),,�Ql-S /·t1.11 (J.l'j $ � dE. 

•• ,, c;, "' -�'Ri <i..,.;s.} , , v " _J -..:t?�-sy1 'J (,O A1.,11 CR> �R e LJ1 't2A!f 'J 1'-"" (RJ=u,c,,;r
J 

e �
1J

LH (l. r.. S) tlS;

(iii) iLt' lRJ = J e-'A.<R. -s/';e,r,rfJ�/�z. >:.H {SJ'f'S,

where A '=4B/3. (The set (1) and (i) in the RG- (r- an1 R-) representation 

is th� same as the RG treatment used in Ref . 2 . )  

The energy-matrix elements are then given by 

< A [;,, t t I uj'� i}1Jl,,...JI H I  ACt 9!. t / llJf't> :t,? 'J,,, 1>
=' lAmJ•Jr,1,c,·�., ta, in(i[SJ 1 H(<ICM.

( 1 r  1-s'
) 

l t'·�.t: 'J) d-tU$dt 'r/S'
� :rL 'JJ,-,;. • ..,,  • I/ I,/ J'/1 .. 

where H (GCM)
(tS, t ' S ' ) is the well known GCM kernel before p�oj ection; and

similarly for the norm-matrix ele.1nents . Here �:1t> cs) represents t0LM(A ' v ' S) ,
tN· LM(A' v' S) or o (S-S (j )

) /s2
·y

LM
(S) ;  and +i!

) (t)=t01m(Avt) .
;J 

In the present note, use is made of the basis functions of type (i) 

for x:1i? (R) . It is to be stressed that due to the total antisymmetrization

effect , an approximation of taking t=O is found to be able to approximate 

very well the result with the full-space basis functions in the case of the 
12 · + + + - - + + low-lying states of C ;  in energies of o

1
, 21 , 41, 11, 31, o

2 
and 2

2 
states
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this approximation gives very good agreement with the s trong-coupling Ja GCM 

calculation3\with Volkov No . l  force and S=0 . 503 fm-2) .  Through the present

calculation we put t=O and adopt four values of vi and also four values of
ff •  µj

;
+

the total number of the basis functions is then 16 for each J (Only for

Jg4 states,  we add L=O (1g4) configurations with keeping the .number of the 
basis functions ; this gives about 2-MeV gain) . 

Fig . 1 shows the energy spectrum in the case of Volkov No . 2 (V2) 

with ma0 . 59 and B=0 . 55 fm-2, and Hasegawa-Nagata force4� with Bg0 . 56 fm-2;

the two-body Coulomb interaction is included exactly .  Low-lying observed 

levels listed are reproduced fairly well both for the shell-model-like 
+ + - - + compact s tates (01 , 21, 11 , 31) and well-developed clustering states (02 and

+  

22) . In Fig. 2 ,  for the investigation of the saturation property of the 3a 

system, we plot the energy spectrum (like Fig . 1) continuously versus the 

oscillator size parameter B in the case of V2 . It is quite interesting that 

the size of the a-clusters in all the 12
c states considered here does not 

-2 favour that of the a-clusters in the simple shell-model states ( B�0 . 42 fm ) ,
-2 but keeps the same one (6�0 . 5� fm ) as in the free a partic�e (cf . E3a (B) ) . 

This property gives a support to approximate models in which Ja particles 

are assumed to be structureless , or the so-called orthogonality condition 

is taken based on the use of the size parameter of the free a particle . 
Obtained wave functions are examined . by investigating electron­

scattering form factors and EO, E2 and E3 transitions . The comparison 

between the present calculation .and observations is given in Fig . 3 and 

Table I .  Agreement is very good . Further inclusion of configurations 

other than the [4 1  symmetry ones will reduce the present values slightly .
12 Thus , in the s tudy of C, the 3a RGM is found to be very useful as 

well as the strong coupling GCM of Ref , 3 . Detail investigations are being 

done on the role of Pauli principle and two-body interactions in the 3a 
system. 
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Fig. 3. Sq uared f orm f ac tors f or the elas tic and inel as tic electron 

scatter�g on 12
c.  The crosses or bars denote the exp erimental 

values·. · · The s olid curves are the calcul ated res ults (V2) ; 

the correc tion caused b y  the finite size of proton is included. 

Table I 

."1" ,T B(E2 ; 21+ 01) 

- + B(E3 ;3i-t- o1) 
+ + M(Oft- o1)

CAL (V2) 

9 . 28 e2f4 8. 45 e2£4 

123 . 9  e2f 6 111 . 9  e2f6 

6 . 7 f 2 5 . 7 f2




