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§1. Introduction

(1)%(3) pas become to be paid to the

Recently much attention
many-cluster problem. There are various subjects which are treated
in the multi-cluster framework. Among them I can quote the fol-
lowing three themes as the important ones; (i) Study of the
excited states with the well-developed multi-cluster structure,
(ii) study of the coexistence phenomena of the shell and cluster
structures and the mechanism of the structure-change between the
two different structures. (iii) Study of the rearrangement reac-
tion processes with cluster transfer.

In this talk I discuss the first two problems (i) and (ii)

a little in detail. There it is seen that the proper treatment
of the Pauli principle is very important. The multi-cluster

(4)(7) is shown in my talk to be

orthogonality condition model
promising even for heavy and complicated systems as a tractable
framework. This model takes into account the effect of the Pauli
principle in a proper way and is of course useful also for the

treatment of the problem (iii).
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In §2 we first discuss the difference of the present multi-

(17)

cluster treatment from the classical a-particle model. We

present in §3 the formulation of the three-cluster orthogonality

condition'model, especially the construction procedure(s)m(lo)

of the basis states allowed by the Pauli principle. In 54 we

discuss the results of the studies of the 3a problem for

12 (3)~(5), (11)~(16)

[o] The proper treatment of the a-a interaction

is emphasized to be important especially for the reproduction of

the coexistence phedomena of the cluster and shell structures.

§5 discusses the application of the 12

condition model to the study of 20Ne structure, where our argu-

C+2a orthogonality

ment is on the hierarchy of the truncation in the cluster model.

Finally in 56 concluding remarks are made.

52, Classical a-particle model

Classical a-particle model(l7) is a multi-cluster model.
But now it is regarded to be unsuccessful, and is very different
from the present cluster model viewpoint. Like as Brink (19) we
can indicate two unsatisfactory points of the classical a-particle

model. The first is the inadequacy(zo)(21)

of the postulation
of the small -vibration of a-particles around (or the rotation

of) the equilibrium arrangement of the a's of the ground state
for all the low-lying excited states. This assumption can-not

explain the appearance of the low-lying anomalous excited states,
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which are on the other hand successfully understood in the present
cluster model by the cluster configulation with large structure-

change from the ground state structure as is seen in 160(18)

and in 12C as will be discussed later in my talk. Another
unsatisfactory point is about the treatment of the effect of
the Pauli principle. The Pauli principle effect can not be
treated by simple repulsion between clusters, especially when
we investigate the coexistence problem of the shell and cluster
structures, which will also be seen in 160 and 120 cases
discussed later.

In relation to these defects we can indicate the peculiar
fact that the a-o system has to be regarded as an exceptional
case in this model. 1In the present cluster model, the a-a system
is one of the basic systems of the model. We will see below
that with use of the proper a-a force which describes the a-a
system well, we can reproduce the 3a system (12C) data fairly
well by 3a model, even the coexistence phenomena of the cluster
and shell structures. Similarly in discussing 20Ne structure

12C+a+u model, we use the 12Céa interaction which

is based on the microscopic theory and which reproduces the 160

later by

data fairly well.
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§3. Multi-Cluster Orthogonality Condition Model

Since the effect of the Pauli principle is very important
to treat properly, it is desirable for us to rely upon the micro-

scopic frameworks such as the resonating group method (RGM)(ZZ)

(23) with Brink type

or the generator coordinate method (GCM)
wave functions. Recent fechnical development(zz)(24)(25) of

the RGM and GCM has made the application of these methods possible
in sd and pf shell region. However when the complicated systems
are concerned such as in the coupled-channel or many-cluster
calculations in sd shell region, there still remain difficulties
in practical evaluation of kernels like as the angular momentum
projection. I can quote two reasons to adopt the orthogonality
condition model (OCM) in parallel with the microscopic frameworks
RGM and GCM. One is its relative simplicity of treatment compared
to RGM and GCM and indeed we show later that we can treat the

12C+a+a system in this framework where the rotational excitation

of 12

C cluster to its ground band member states 2+ and 4+
is allowed. The other is that the OCM is useful to get the
insight of what is happening in fully microscopic calculations
by RGM or GCM since the effect of the Pauli principle is taken
into account only through the projection operator which rejects
the Pauli-forbidden states fiuw the relative motion while others

are the same as the ordinary Schrddinger eguation with local

interactions.
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(26) (30) }.¢ been introduced by Saito'28) for the

The OCM
a-a system in order to extract the essential roles of the exchange
kernels of the RGM which has succeeded not only in reproducing
the a-a data but also in giving the microscopic interpretations
of(27)m(29) the characteristic features of the phenomenological
local potentials proposed to fit the experiments.

In OCM, the relative motion between two-clusters C, and

C2 is described by the following Schrédinger equation,

K12\ » w (7

{— 2 (N-:) - \A{f(u!3w[¢)= E wi )} (3.1)
under the subsidiary condition of Eq.(3.2) which demands that
the relative motion should be orthogonal to the forbidden states

w;(E) by the Pauli principle,

K Wi | wg(AHD =0, d=1,~ng . (3.2)

The effective potential Veff(r) is usually assumed to be
similar to the folding potential. Forbidden states w;(;} are

defined as the solution of

st wr(hd(codlerfao (3.3)

When we adopt the harmonic oscillator (H.O.) shell model
(S.M.) wave functions with common oscillator parameter v=muw/2%
for o(ci) and when ¢(ci) are SU3 scalar like as in the case
of the os-shell clusters, 16O or 40Ca, the solutions of w;(;)

. (31) : . -
of Eq.(3.3) are given by the H.O. functions Usz(r)zRug(r)gzm(r)
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with number of the H.O. quanta N=2n+f belonging to some definite

set N (1, 2); namely wp(¥)=Uy, (f) with Ne N (1, 2).

N&m
Due to the orthogonality condition to the forbidden states,

the relative wave function w(;) has the almost energy-independ-

ent inner oscillation for a wide energy range. Since inner

oscillation of m(;) causes a large amount of kinetic energy,

it works like as the repulsive force in this inner region. 1In

the a-a case, the position of the outermost nodal point of

w(;) was found(27) to be just near the radius of the repulsive

(32)

core of the phenomenological potentials. This is the explana-

(26)

tion by Tamagaki-Tanaka,(27) Okai-Park(zs) and Saito why

we need the repulsive core in the phenomenological potentials.

Fig. 1 shows the good fit of the

. . 180 S(deg)
OCM calculation by Saito to the ., L=0
Le ..
observed a-a scattering phase 120} s e L=z .
. g
o »
shifts. 0f . T
When a cluster C; is de- 0 1 50 10
se s s <’ oE;  (MeV
formed, it is desirable to allow :i rg}s ‘ Hé(? :
=, XP o .
=60 - *
the rotational excitation of ¢, fﬁ_l'b Cal. ve0.27 fa2

in treating the system including
Fig. 1 a-a phase-shifts

by OCM. V_.. is the
problem. For the channel coupl- folding potential calculated
with use of Schmidt-Wilder-
muth two-nucleon force with

Cl. This is the channel coupling

ing two-cluster system Cl-cz,

the forbidden relative states .
Serber mixture.

{w;j(;)} are defined as follows 33)-
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A zi:[w?;éw’c#‘-i(c‘)]:?(c"} =0, (3.4)

where Jj specifies the channel (%2, L) with angular momenta
L and 2% of w;j coupling to the total angular momentum. J.

If we adopt for ¢L(Cl) the SU; shell model wave function belong-
ing to the non-scalar representation (00, 10)%(0, 0), the solu-
tion of the above Eq.(3.4) is again very simple. wél(;) are

proportional to H.O. functions U and the quantum number i

N2

of “;1 is specified by the SU, label (o0, t) which results
from the coupling of (N, 0) of Une with (co, To) of ¢L(Cl);
(33)

(N, O)x(oo, TO) + (o, 1). Namely,
z [wp; P enl;

- Zil( (3,025, (6,70 L; [ (ewnT ) [Ty, (5 Py (end

= [ -D_(u,uc';'.’ ‘?(cﬁ,;c.) Fc,)]

(geaxd (3.5)

In channel coupling case, usualy the H.O. quanta N 1is divided
into three sets NF(l, 2), Npp(l. 2) and NA(l, 2). For NéNF
(1, 2) all (o, 1) resulting from (N, O)X(ab, To) are forbid-

den and for NeNPF(l, 2) some special (o, 1) are forbidden

while for NeN*(1, 2) all (o, 1) are allowed. Table 1(33)

shows the allowed (g, 1) labels of the 12C+a system where

12C is described by p-shell shell model wave function with

(0, 4) su symmetry, (05)%(0p)® (41 (0, 0.
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The coupled channel OCM N (o, 1) + (N, 0)x(0, 4)
equation has the same form as |[N£3 all forbidden
the ordinary coupled channel 4 (0, 0)

. 5 (2,1)
Schrodinger equation except 6 (2,0) (3, 1) (4,2)
that the wave function {mj(;)) 7 (3,0) (4,1) (5,2) (6, 3)
must satisfy the subsidiary lNaB all allowed
orthogonality condition to Table 1. SU3 classification of
the forbidden states, allowed states of

12C+a system.

{ S buglely| ZLw7; oty (05>

- i:(%“,)l WF{*(?)>=0 ) i=1)~ﬂF M (3.6)

Fig. 2 shows the excellent reproduction of the observed
160 spectra by 12C+a. coupled channel OCM done by Suzuki.(ll;
It is remarkable that besides the excitation energies good re-
production was also obtained for the electric transition and

a-decay values.(ll)

In this calculation, the effective poten-
tials (elastic and coupling) are the folding potential with a
little modification.

The multi-cluster OCM is nothing but the many-body Schrédinger
equation where the interaction process between any pair of con-
stituent clusters is described by the two-cluster OCM discussed
above.

For a system composed of the three SUj~scalar clusters, the

OCM equation is written as follows



Fig. 2, Energy levels of 16O by 12C+u coupled channel
orthogonality condition model. Calculated levels denoted
by (1) are levels with shell-model-like structure and
others (2)n(6) are those with cluster structure. Levels
denoted by (2) 0*xJ have the main configulation 12C(0+)
coupled with the relative-motion angular momentum £=J

and so forth.
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The procedure to handle the orthogonality condition in multi-
cluster system is not unique and as an different approach from’
ours here I only quote the name of Ref.(34) by Neudatchin and

his coworkers. We note that the functional space of the multi-

259
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cluster system can be divided into two mutually orthogonal sub-

spaces; one is composed of the multi-cluster wave functions which

satisfy the above orthogonality condition in Eq.(3.7) and is

called as the allowed space, while the other is the subspace

orthogonal to this allowed space and is called as the forbidden

space. Any function xF(g,E) in the forbidden space satisfies

the equation94(xp(§,€)¢(C1)¢(C2)¢(C3)} = 0. Our treatment of

the orthogonality condition in the multi-cluster probrem is

that we first construct the complete basis states of the allowed

space’'and then we solve the ordinary many-body Schrddinger equa-.

tion only with use of these basis states of the allowed space(4)(5)
- The construection of the allowed states of the multi-cluster

space can be simplified by the introduction of the (Elliott) SU

3
group(4)(5)(lo) We sketch the procedure for the three SU3-sca1ar

cluster system below(lo)

We can expand the allowed three-cluster
state xN(A,u)KJ,p with use of the allowed two-cluster states

UNZ(EIZ) ’ NZQ:NF(I,Z) of the C,-C, sub-system as follows

?(N'()\ JMOKT, P Zﬁ Ar ,.Jan)E UN {’d )FU-N!;C'L',:.)J

Nad NFC1,2) Ao,
i — - I - =
Ay = Xy- (H.Y‘-’-F'i-a.){a.)/(M.ﬁ-Mz) >, T = X, =X,
(3.8)

Here (U 1UN ](A, ) denotes the 803 vector coupling (Nl,O)x(Nz,O)

+ (A,u). The expansion coefficients AN(A'FB can be regarded
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as the coefficient of fractional parentage (cfp) and they are
obtained by the remaining orthogonality requirement for xN(A,u)KJ,p
to the two-cluster forbidden states of C -C3 and C2-C3 systems.

The equation to determine Ap 'Fb) is given by

N (AP
Z APMU-)‘(N;NQ-\NN:. ﬁ>~[‘)>9 R
N ENFO,2)
F {t1.1.3)
For Ny ENT(E,¥), (L, h3)=17(2,3,15 » (3.9
which is equivalent to finding the eigen-vectors Ag(ﬁ'ﬂﬁ) with
2

the eigen-value qp=0 of the following secular equation

NP NA, B NP

Z CN" ,\NN‘)AFN‘U’)=%FAPN'(‘“,

N, & NFC4.=J
Q¥ ey = MDY N L0 pDg, KN 19 M, l*r”>
LETINY eNFgQ %)
(3.10)
N4|N1N2,(A,',:)>e is the reduced Talmi-Moshinsky-Smirnov
a
coefficient which is defined by

- g

T, (4 - <NyNy [ NN
[- D:l\‘ b _U;’l(tn)]()‘r«)l%]' N%wg N?-q-u‘:_l .| a2, \)-,r\)>9d

x E-U;«l-s“d*)v”q. Qtf‘)] LW kY . (3.11)

By using the quasi-spin introduced .by Bargmann-Moshinsky(35),

this coefficient is easily calculated as follows

< N3Ny I oN, \"t“‘>94 = a(..a‘ (B,

ely

j: 5 ! = ‘\:T (N3=Ne) , M= __:_'- (N‘—N-,_) F (3.12)
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where di,m(o)g(jm',e-laJY ‘jm> is the familiar rotation matrix,
and angle 6“ is defined by using the H.O. creation operators,
as follows
. 3+, —
- a (-
2%, ) = [ cosbuf som Bf, (<}
Al pod el
CAES s Bl cooBh /N @(ED/ . (3.13)
Since the SU; Clebsch-Gordon coefficients <(N10),?,, (N, 0),?2 ”

(38) .11

(?\)F)KJ> are easily obtained by a recursion formular,
the calculations to construct the three-cluster allowed states
reduce to the primitive ones.

When one cluster C1 has a non-SU3-sca1ar wave function,
the coé&ruction procedure of the allowed three-cluster states
needs one more process accumulated on the above-mentioned pre-
scription. This is due to the existence of the sets NPF(l,oc)
for the two-cluster systems Cl-cd (=2, 3). What we do first
is to regard NPF(qu) as if it were contained in NA(]qu) and
construct ;(N(GTt)SEH P following the prescription stated above.

The truely-allowed three-cluster wave function \I’N

(AH)KI, T
can be expanded by using these XN(K"‘]: )P, p as follows
N(AP
= ( 3.14
‘iucx,pmxlh”z Hn., {oTIp ['XN(“’,P%(;&)") ( )

3
(owp Dk,

where [ X( ct) 43(‘010) ] (AM) denotes the :L:i ;TCtor coupling
(€e)x( o’o;to)—)(%,rl) . *The coefficients Hr, ('s;c)p are deternuvned

by requiring the orthogonality of \"T"'N(xr\)KJ, r to the two-

cluster forbidden states “’uz“‘w )Cf’( ‘oto) (Cl)] (G,'C) with
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Nzé NPF(l,O(), (c-,'c)GQN (1,%x) which are regarded as if allowed
2
in constructing XN(o"c )9P, p° By the notation _Q?Nz, we mean
the set composed of those (d',Z) which gives the forbidden state
o PF N(AM )
[UNZ(tId)cf( 6Ty (1 gy FOT MpENT (). H are

r, (“C)p
obtained as the solution of the following equation

MR
23 H r Xa ( (e=),%, Na, (o' =0,

i)
(emrp ?

X« (“T":'f} Na, (o) = A

N{et}
PN

x 'U'(Cu,;n (Ma,02 (A (&HT) ] Loy 1) lc’t’;)J

(L)

for N2 €N, 0, (=) €52, (4,01, (d=1,3),

(3.15)
N(6T) .
where Ap N, (A =3) are the cfp of the T):anSJ.on of XN(J": )P P,p
. N(s=T) .
by [UN (sz)U tl3)] (sT)pp like as Ap Ny (KX =2) in Eq.(3.8).
Eq. (3.15) is equivalent to finding the eigen-vector HN()"“')

r, (gz)pP
with eigen-value gq, =0 of the following equation

h QN‘)rCto:)p ‘(01)1’) HH“'M %h‘ N“r) y

otJ? R (ot)’r r, ()P )

Qr\(% ’((01;)1’ \ (cv:)?) Z Z X“ ( (0'\:) ‘, ‘,O-It’J)

o=2,3 NENPF(1,a)
(ot)é_QN (1, %)
kY

" Xq( (0=, P, Na, (<))

(3.16)
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In_Eqs. (3.15), (3.16) U((Nl,O)(NZ.O)()“r\)(O’O’FO); (5,'\’-)(0",‘5'))

denotes the SU3 recoupling coefficient.

4. 3a model for 12C

A basic three-cluster problem is a 3X problem.

12C(39) obelew

Fig. 3
shows all the observed levels of the first T=1

level at 15.11 MeV. Among thcin the 1t

level at 12.71 MeV is
known to have broken orbital syametrv [4421] as a main configura-

tion andé so it is the level out of the scoze of

o

ne gresent 3X

model without symmetry breaking. The 7.65 MoV O
(37}

and 10.2 Mev

+ + . : . : . : .
20 (2 assignment is due to Morinaga and is consistent with
the calculation given below) are observed to nave very large

¥-decay widths exceeding the Wigner limit values and were postu-

lated by Morinaga

(37)

to be the O{-clustering levels with large

structure change from the ground state shell model structure.

Ex.Energy

(MeV)

15

10}

Ja

Fig. 3

71 1*

12

Observed energy levels of C.

The allowed
states of the 3
system calculated by
the prescription of
i3 are given in
Table 2. This table
shows a good corre-
spondence of the 3a
allowed states with

the shell model

classification; for
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N¢8 there is no state allowed by the Pauli principle and for
N=8 only.Qi{(Os)4(0p)8; (0,4)J} is allowed as [43] symmetry

shell model states. The

q [
g(oﬁfhui + explicit relation between
9((3,3)

101(6,2),(2,4) our 3X allowed states
1 [(9,1),(5,3),(3,4)

12 [(12,0), (3,2), (6,3) , (4,4),(0,6) X 12,
13[(11,1),(9,2),(7,3),(5,4),(3,5) N(A ) KI
14](14,0),(12,1),(10,2), (8,3), (6,4)2,(2,6) .
15(15,0), (13,1),(11,2), (9,3)2,(7,4),(5.5) shell model wave functions

(3,6)

and the

can be seen by constructing

Table 2. SUB classification of the 12-nucleon wave function

3z allowed states. ¢
’QQ‘V(‘N(?\,M—)KJ, p¢(dl)¢(d2)¢(d3).};

ls' 3 - = 4 8.
for example nJ,q‘\-Lxe(ol“Jq;(d)}—Qi(Os? (0p) " ; (0,4)J}.

The calculated spectra are given in Fig. 4 where the same

(26) ;5 adopted ()=0.275 £m~2

here is slightly different from Saito's ¥=0.27 fm~2.) What is

X - interaction as Saito adopted
noted first is the reproduction of all the observed levels below
the first T=1 1level at 15.11 MeV except 12.71 MeV l+ mentioned
above. (The 13.35 MeV level has unnatural parity but J assign-
ment is uncertain experimentally. This calculation and Ref.38
both predict this level to be 4, forming a K™=3" band together
with the 37 at 9.64 MeV.) Next, to see the character of the
second excited ot near 3 threshold, we show in Fig. 5 the
reduced width amplitude (RWA) of the DQ+BBe(0+) break-up of

the calculated OI and 0; levels. (Here 8Be(0+) wave func-
tion needed for RWA is obtained by solving 2080 OCM.) We clearly

see that 0; is the state with large C(+eBe(0+) clustering at



266

surface. This is consistent with large

observed (-decay reduced width of the

—_— observed 0;.(39) Since 8Be(0+) itself
—_—t P
—_—) == has a well-developed cluster structure of
—_— -

iy -, we can say that 0; has a well-

____1?: —0 developed three-cluster structure. To
—_—t s .
—_ S see the characters of OI and 0; fur-

ther, the squared norms of the expansion

components by the number of H.O. quanta

are given in Table 3. The ground state

:+

EXP. ocM Fig. 5 Reduced o(+88e(0+) width
‘amplitudes of OI and 0;.
x 52 values are 0.62 and 1.40

Fig. 4 Energy specse for OI and O;, respectively

of 2c by '3x :

OCM. (OI) is seen to have a large N=8 (0, 4)
component, showing a good
correspondence with the N 8 10 12 14 16 18 20 22

OY 0.80 0.08 0.08 0.02 0.01 0.01 <0.01 <0.01

p-shell shell-model de-
0% (0.13 0.13 0.12 0.17 0.14 0.12 0.08 0.05

scription of the ground
Table 3. sSquared norms of the
state. On the contrary, s .
expansion components by
the expansion coefficients the number oFf H.O. cuant

- - + .
of of ¢f 0, and 0, by OCM.

5 spread over many



higher N, which indicates a well-developed clustering character
of thils level. 1In spite of this large difference between two 0+
the monopole transition matrix element between them is obtained
to be 6.1 fmz, close to the observed value 5.8 fm2.

One of the characteristic features of 3X OCM results is

267

its large binding energy of the ground state OI, which is remark-

40 Lien

ably different from the previous 3 calculation
phenomenological o - forces with repulsive core. The reason
of this difference is considered to be interpreted in the fol-
lowing way.(s) When 3ol's come near each other, the effective
number of interaction bonds increases than that of kinetic energy
terms by about 1.5 times. This causes the strengthening of the
rerulsive efZact for the case of the poterntial with inner repul-
sive core. On the contrary, in the OCM case, the (deep) attrac-
tive (folding-tvpe) potential is deepered while orthogonality
condition is not so strengthened since it allows the existence
of the compact 3X configuration of N=8, (0,4). The increase

£ the effect of the attractive potentiai in the inner region
overwhelms the large kinetic ernergy cdue to the inner oscillation
of the W -X relative wave function of OCM. This leads to the
result that in 3X system the existence cf the compact 33X
configuration become possible for which the amplitude of the

wave function is s2 iarge ané which has the

The ttigroscopic GOV otreatmenzs Taf o tho 33X systom
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Yield the almost similar results as OCM including the coexistence
of shell and cluster structures. Thus we can say that the OCM

is not only simpler to treat but also useful to get the insight
about what is happening in the fully microscopic treatment,
especially about the important and subtle behaviour of the Pauli
principle effect.

§5. 12C+a+a model for 20Ne

In recent years, the structures of the sd-shell nuclei

especially those of the excited states have been studied exten-

sively by cluster model with many successes accumulated.(l) 3
A typical example is 2ONe. In Fig. 6 we give the observed
energy levels of
Bx.iforgy ' : 20ye classified
Hew) into rotational bands.
s b —8 —7" Among them the three
2ci20 | —_ — — g bands with K'=07,
10 | . :::—5' — _‘: ;:E o;, 0: have been
e —r :3: :_‘:. & investigated by
sl L=y 260+ o« cluster
16,4 —"‘ Mz m0” i:‘-;; RE-U: K"'O:. model (1) (2) and
o L ::+ o this model has
LSETN succeeded to repro-

. 20 duce well the observed
Fig. 6 Overlapping rotational bands in “"Ne
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quantities, excitation energies, E2 transition values and -
decay widths. The ground band K“:oI has a shell-model-like
structure and has a large overlap with the shell model configura-

tion @{(sd)"; [4] (8, O)J} (which is equivalent to the cluster

. 2 16
model wave function nJSt%{UN=8'J(r) CF( O)CP(O( )} ). The two
bands with Kﬂgoi and 0: have proved to have the well-developed
160-0( di-cluster structure. The 160—0( relative wave functions

of the Kt=0: band levels have one more nodal points than those

of the K'=0' band.

1
The KREUE band is considered(42) to have a main configura-
tion (sd)4[4](4,2), but the rather strong mixing with the K =0t

4

(43) In order to reproduce

band has been suggested experimentally.
the above mentioned characteristics of the four bands K“QOI,
I, 0;, 0:, Nemoto, Yamamoto, Suzuki, Ikeda and myself(44)

adopted the c(-lzc— X model. This model uses the GCM framework

0 have

and the intrinsic state is the linearly arranged configuration

of d-lzc-w . This configuration of the model is introduced as

the extension of the 1

16

6o-o( model, by allowing the dissociation

O cluster into 12

process of the C+& configuration. Good
reproduction of the observed energy levels by this model is seen
in Fig. 7.

The hierarchy of the truncation scheme such as 160+d-912C+2u
—988e+3°( represents a process of the activation of the clustering
degree of freedom in unit qf A~cluster. The structures of the

20Ne levels shown in Fig. 6 are strongly suggested to be understood
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2Cf2o( space. This is because the K“=0; band seems

12

1

to have

within
C+8Be -like structure in view of the strong excitation

8 (45)

and because the x";zz band

is considered to have a main configuration (09)71(55)5[45](3'2)
12

by the Be -transfer reaction

which is contained in C+20{ space as is shown below in Table

4.

12

The full treatment of the C+2X model without the restric-
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tion of the linear chain arrangement of clusters is thus desirable.

Ikeda, Kato and myself have recently tackled this problem and

have found that the OCM is applicable also for such a complicated

system. This 12c+20( OCM permits the rotational excitation of

12C cluster and the allowed states calculated by the prescrip-

tion given in §3 are shown in Table 4. Band head levels of the

five bands K'=0, 27, 07, 0%, 0¥ are also given in Fig. 7.
1 1 1 2 4
In this calculation, the effective force between 12C and a

=

12 (8,0) (4,2) (0,4)

13 (9,00 (8,2) (7,1) (6,3) (5,2)2(4,4) (3,3)%(2,5) (1,4)

14 (11,1)(10,0)3(9,2)2(8,1)3(8,4) (7.3)3(6,2)7(6,5 (5,43
4,34,60%3,9%2,031,6) (0,8

15 (12,1)2(11,0)5(11,3) (20,2)% (9,1 %(9,4)2(8,3)%(7,2) 7 (8,6)
(7.5)3(6,4)%(5,3)5(6,7) (5,603 (4,5 %(3,4)%(4,8) (3,72
(2,6)%(1,92(2,9 (1,8 (0,7)

12

Table 4. SU3 classification of the coupled channel C+a+a

model space.
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is the folding potential with use of the Volkov No.2 force(46)
with m=0.60 and the H.O. size parameter of clusters )’=0.173

fm 2. We have checked that the 12C+O{ OCM with this folding

potential gives the almost the same good fit of the 16o spectra

as Suzuki's calculation shown in Fig. 2. The effective o-o&’

force is also the folding potential which is now calculated by

(22)

using the Schmidt-Wildermuth force with Serber type and

¥=0.195 fm-z. The H.O. size of the three-cluster wave functions

is ¥=0.173 fm_z. The basis states adopted are similar to the

(<))

extended shell model calculation by Tomoda and Arima; For

K"=0], 03, 0}, they are (N=12, (8,0), (4,2), (0, 4))+(N=14, (10, 0)3)
+(N=16, (12,00 %)% (n=18 32, (N-4,0) of 10-&), for K™=0]

1
they are (N=13~29, (N-4,0) of 165-% ) and for K“=ZI they
are (N=13~19, (N-S,2)n). Basis states for K“;2; are still
insufficient and the calculated energy for 2; should be regarded
as preliminary.
Besides the energy levels shown in Fig. 7, the characters
of the wave functions for Kﬂéoi, 05, 0;, 0: are found to be

similar to the microscopic GCM. Thus we can say that the OCM

is reliable even in heavy and complicated systems and therefore

1
tion of the K“QOE band are now in progress by this OCM.

promising. Improved treatment of K'=2 band and the investiga-
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§6. Concluding remarks

In light nuclear system, much attension has become to be
paid to the many-cluster problem. Three themes quoted in the
introduction are considered to be important ones and in this
talk the first two problems (i) and (ii) are discussed by taking

12c 12

the two examples, 30l model for and C+2® model for

20Ne. Since the proper treatment of the Pauli principle is very
important, it is desirable to apply the microscopic framework

of RGM and GCM. However, still now the complicated multi-cluster
systems are not so easy to access by fully microscopic frameworks.
By this reason and by the usefulness in getting the insight about
the subtle behaviour of the Pauli principle, I emphasized in

this talk the promising feature of the simpler framework - the
OCM. And I explained slightly in detail how to construct the
multi-cluster allowed states in a simple and rapid way. This

OCM framework is of course applicable for the problem (iii) .

The semi-microscopic method OCM can be viewed as the semi-
phenomenological framework, and can serve to link the phenome-
nological treatments with the microscopic ones. In view of the
increase of the data in the wide region of light nuclei which
need the cluster model analyses, the development of the OCM is

necessary in parallel with RGM and GCM.
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DISCUSSION

Y.C. Tang: Can you use your orthogonality-condition model to
study the properties of liquid helium or alpha-cluster matter?

H., Horiuchi: This problem you pointed at is a very interes-
ting one. I tried to apply the OCM to x-matter to see the dif-
ference of treatments of the repulsive force in the inside
region of interaction between OCM and the usual approach with
phenomenological local force with repulsive core. But I have
not found any simple and reliable procedure to treat the OCM
interaction in infinite matter.

A. Weiguny: How do you define your orthogonality condition
if there are no strictly forbidden states as is the case when
different oscillator lengths are used for different fragments.

H. Horiuchi: This problem was investigated by Saito et al.
They divide the Hamiltonian into two parts, one is the Hamil-
tonian of OCM and the other is the perturbation term which is
due to the existence of the almost redunant states. In the
example they used, this perturbation has effect ‘only at rather
high excitation energy region. But in the heavy system this
effect may have some influence at rather low excitation ener-
gy region. But I think that even in that case the orthogonali-
ty condition is a good expression of the Pauli principle and
the effect of the almost redunant states can be treated as a
perturbation.

BGGiraud: In my opinion, the foundation of the OCM could be
fhat, when a state becomes guasi forbidden, renormalization by
(l-K)-]'/2 pushes the state progressively out of the Hilbert
space, provided one proves that (1-K)"1/2 H(I-K)'l/2 is indeed
a large positive number for that state.

Contrarily to the claim of Saito, I doubt anyhow that the sta-
te which would be pushed up away in this way would necessari-
ly show up as a true resonance.
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H. Horiuchi: I agree with the second comment. For the first
question I would like first to make a comment; the OCM can be
considered as a ‘semiphenomenological model which treats the
effect of the Pauli principle in a natural and physical way.
Its validi%y has been shown by many applications at least for
two-body systems. Your question is about the microscopic foun-
dation. The matrix element I = (1-K)"1/2 B(1-K)71/2 has the
value <$Hid) with & W%—_#{X (r)ﬂ(A )g(a )} in the harmonic
oscillator basis representatlon ( u¢ I = 1) In the example
by Saito, the limit of @ when &, — O goes to the higher
shell configuration in the shelf model language and the diago-
nal part of I has a rather large value. But for heavier sys-
tems like o + 160, ‘? n with Hn™ O can remain ir the lowest
shell configuration. In this case the diagonal part of I is
not so large. Also the non-diagonal parts in this example

are not large. However, we have no general proof whether this
situation is general or not.

D.R. Thompson: Can you tell me what would happen if you were
to replace your effective potential by another one which con- .
tains a weakly repulsive Pauli core so that the forbiddep or
almost forbidden states do not occur? Could you then neglect
the OCM projection and obtain similar results?

H. Horiuchi: I don't think it is a good procedure. First the
consideration that the forbidden states just ¢orrespond the
lower bound states in rather deep potential makes such a po-
tential unreasonable. Secondly the RGM matrix element VreM
is similar to the OCM matrix element vI-K Vef'VI:f'when we
adopt a deep potential like a direct (or folding) potential
by using the two-nucleon force with not so strong Majorana
exchange mixture.

D. Baye: We have performed an exact generator coordinate cal-
culation of elastic w+ 120 scattering using the same interac-

tion as Suzuki. Our results are not in agreement with his OCM

results. In this case, the OCM does not seem to be a good ap-

proximation of the RGM.
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H. Horiuchi: I also did a microscopic calculations(for a+ 12
system in the RGM framework using the harmonic oscillator ba-
sis. The two-nucleon force I used is not the same as that of
Suzuki, The result showed too deep binding energy for the ground
state of 16O. For other states, however, the results agree
rather well with the results obtained by OCM. For treating the
system in a fully microscopic framework we need to fit the
binding energies of three clusters «, 120, 160 with a single
effective two-nucleon force. But at present we have no such
effective forces. This is the main reason of the seeming dis-
crepancy between OCM and RGM.

N. Manko&-Bor$tnik: 1) How do your results depend on the cho-
ice of the parameters of the force?

2) Have you calculated electromagnetic properties? How do the
electromagnetic properties look in comparison with experimen-
tal data (or with microscopic or other models) and how do they
depend on the choice of parameters of the force?

H. Horiuchi: I would like to answer about the results of the
special system 12C + ke :
I adopted the effective force between two clusters 120 and «~,
a folding potential constructed by using Volkov No. 2 force
with m = 0.60 in treating 120 + & + o system.

This inter-cluster force gives almost the same wave functions
for 120 + o, system as Suzuki'’s. Suzuki constructed his inter-
-cluster force differently. In this 120 + %« system I only cal-
culated x-decay properties and found good similarity between
ours and Suzuki’s. But in view of the similarity between wave
functions I think there is not much difference for other pro-
perties.





