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Multicluster configuration in highly excited states of 24Mg
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The nuclear structure of24Mg with 12C13a and 3a13a configurations, existing at an extremely highly-
excited energy domain is studied by the microscopic coupled-channels~MCC! calculation based on the double-
folding interactions using 3a-RGM wave functions of12C and a realistic nucleon-nucleon interaction called
DDM3Y. The dinuclear12C112C configuration of24Mg, corresponding to the so-called ‘‘higher-energy mo-
lecular resonances,’’ is also investigated by the same MCC framework. The MCC calculation predicts the
existence of three kinds of the molecular bands having 3a13a, 12C13a, and12C112C structures around the
excitation energy of about 40 MeV with respect to the ground state of24Mg. The channel coupling among the
3a states in each12C plays very important roles for the formation of the12C13a and 3a13a molecular
bands. It is found that the populations of the12Cg.s.1

12Cg.s.,
12Cg.s.1

12C(02
1), and12C(02

1)112C(02
1) channels

are very small in the individual molecular bands with12C112C, 12C13a, and 3a13a configurations, re-
spectively. The reaction mechanism for the inelastic scattering leading to the12Cg.s.1

12C(02
1) and 12C(02

1)
112C(02

1) excitation channels is also investigated in relation to the obtained three kinds of the molecular
bands. The result suggests that the inelastic scattering to the12C(02

1)112C(02
1) @12Cg.s.1

12C(02
1)# channel can

be interpreted in terms of weak transitions from the12Cg.s.1
12Cg.s.component of the12C112C molecular bands

to the 12C(02
1)112C(02

1) @12Cg.s.1
12C(02

1)# component of the multicluster 3a13a (12C13a) molecular
bands. All the results are discussed in connection with the band crossing model which was proposed in
describing the higher-energy molecular resonance with dinuclear configuration as well as the resonances
observed in the12C(02

1)112C(02
1) and 12Cg.s.1

12C(02
1) exit channels.

DOI: 10.1103/PhysRevC.66.034307 PACS number~s!: 21.60.Gx, 24.10.Eq, 24.30.Gd, 25.70.Ef
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I. INTRODUCTION

The molecular structure in nuclei is one of the typic
structures identified in a wide range of atomic nuclei. T
typical example is ana1a dinuclear molecular structure o
8Be in the ground and low-lying excited states. Ana particle
is a quite stable and inert nucleus due to the strong bind
of two protons and two neutrons forming a spin-isospin sa
rated state@1#. Therefore, ana particle can be considered a
a possible building block of light nuclei. In fact, this kind o
a-cluster structure is realized in the ground state and/o
low-lying excited states of a wide range of light nuclei; re
resentative examples of which are the 3a, a116O, and 2a
116O structures in the12C, 20Ne, and24Mg nuclei, respec-
tively @1#.

On the other hand, dinuclear molecular states have
been observed in heavy-ion resonance reactions. A serie
resonances have been observed in the collisions of12C
112C, 12C116O, and 16O116O at Ec.m..20– 40 MeV @2#.
Various theoretical models were proposed to explain the
served resonances@3–17#. According to the previous analy
ses based on a coupled-channel approach or its approxim
methods, the observed resonance states can be interpre
terms of the so-calledmolecular resonance, having a simple
nuclear structure in which two colliding nuclei are weak
coupled to each other with a spin close to the grazing ang
momentum@8–17#. It is believed that the resonance stat
observed in the above heavy-ion collisions have dinucle
type molecular configurations such as12C112C, 12C116O,
0556-2813/2002/66~3!/034307~18!/$20.00 66 0343
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and 16O116O ones in24Mg, 28Si, and 32S nuclei, respec-
tively @12–17#.

The study of heavy-ion resonances has now entered in
new phase since an important discovery recently reported
a new type of heavy-ion resonance having a multiclus
configuration. A broad resonancelike structure was obser
in the 12C112C inelastic scattering leading to the12C(02

1)
112C(02

1) channel at energies aroundEc.m.532.5 MeV
@18,19#. The 02

1 excited state atEx57.65 MeV in the12C
nucleus is known to be a well-developed 3a cluster state
@20–23#, which itself is a sharp resonance state just abo
the 12C→3a breakup threshold of 7.27 MeV. Therefore, th
resonance observed in the12C(02

1)112C(02
1) channel

should not be a simple dinucleus-type molecular resona
state, but it could be a state having a multicluster molecu
configuration, such as the 3a13a one. The resonance en
ergy ofEc.m.532.5 MeV corresponds to an excitation ener
of about 46 MeV with respect to the ground state of t
compound system24Mg. On the other hand, it is well known
that a pronounced resonance structure also exists in
12Cg.s.1

12C(02
1) channel, corresponding to a12C13a struc-

ture aroundEc.m.529.5 MeV @24,25#.
Such multicluster resonances have also been observe

cently in the inelastic scattering of the16O116O, system
leading to channels in which one or both16O’s are excited to
the 02

1 state of16O @26#. Since the 02
1 excited state of16O at

Ex56.05 MeV has a well-developeda112C structure@1#,
these resonances may have (a112C)116O and (a112C)
1(a112C) cluster structures, respectively. Similar res
©2002 The American Physical Society07-1
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nance states having an16O13a structure are also observe
in the 16O112C system@27#. Hence these experimental da
suggest that the multicluster molecular states are not un
to the 12C112C system, i.e., to the highly excited24Mg
nucleus, but should be common to all nuclei with the m
number less than, at least, 32.

Some nuclear structure models, such as the cran
cluster model@28,29#, the Nilsson-Strutinsky model@30#, the
cranked-Hartree-Fock model@31#, and the Brink’s alpha-
cluster model@32#, suggested that highly deformed stat
might exist in the highly excited region of the24Mg, 28Si,
and 32S nuclei where pronounced resonances were obse
in the multicluster exit channels of the heavy-ion reactio
In particular, it was argued that the 32.5-MeV resonance
served in the12C(02

1)112C(02
1) channel corresponded to

6a linear-chain state@18,19# or a shape eigenstate@33,34#.
However, recent experiments@35,36# raise a serious questio
about the 6a linear-chain interpretation. In the experimen
similar resonance peaks have also been observed in
12C(31

2)112C(31
2) and 8Beg.s.1

16Og.s. @35,36# channels in
the same energy region. The intrinsic nuclear structure
these molecular configurations have no affinity with thea
linear-chain state. These resonance peaks are well corre
in energy with the resonance observed in the12C(02

1)
112C(02

1) channel. Since the 6a linear-chain state hardly
decays through these channels, it would be difficult to id
tify the 32.5-MeV resonance correlating in energy with t
above exit channels to be the 6a linear-chain state.

The nuclear-structure approach to the study of highly
cited states of a nucleus treats the nucleus as an iso
compound system based on the bound-state approxima
and, hence, such an approach would be appropriate for
study of sharp resonances existing near a particle-de
threshold of the compound system. The molecular re
nances, existing well above the threshold of the dinucl
decay, have a moderate width corresponding to the lifet
which is almostly comparable with the reaction times. T
means that there is a strong correlations between the nu
structure of resonances and its formation through nuclea
actions. Therefore, it is quite important to take the nucle
reaction approach in order to study the essential part of
molecular resonances and the relevant nuclear structur
the highly-excited domain.

Recently, a coupled-channel calculation based on a mi
scopic nucleus-nucleus interaction has been made on
12C112C resonance reactions@37–43#. In this calculation,
called the microscopic coupled channel~MCC!, nucleus-
nucleus interactions are microscopically derived from
microscopic internal wave functions of12C and the realistic
nucleon-nucleon interactions by the double-folding~DF!
model@44#. This DF model gives a typical ‘‘deep potentia
which provides a quite satisfactory account of the high- a
low-energy observations for various heavy-ion reactio
@45,46#. The MCC calculation was quite successful in rep
ducing the characteristic resonance structure not only in
various multicluster channels observed recen
@24,25,35,36# but also in the old molecular resonances o
served in the dinuclear exit channels@47–49# consistently,
03430
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the magnitude of which ranges from 10mb to 100 mb. The
MCC calculation also well reproduced the characteris
resonance structure observed in the various inelastic sca
ings of the16O116O system from the resonance region@39–
41,43# to the high-energy region in which typical nucle
rainbows were observed@50#. Although the MCC calculation
succeeded in reproducing the experimental data, it was
made clear what kind of intrinsic structure the resonan
state had and how the resonance was generated. That is
component of the channel wave functions included in
resonance states and the channel-coupling scheme res
sible for the inelastic scattering remain unclear.

In the previous studies relevant to the dinuclear molecu
resonances, it was believed that the resonance forma
could be interpreted by the so-called ‘‘band crossing mod
~BCM! @12–17#. This model explains the mechanism
resonance formation in terms of the crossing between a
nuclear rotational~molecular! band of the elastic channel an
those of inelastic channels. The crossing between the ela
and inelastic molecular bands is generated by an effec
increase of the moment of inertia of the inelastic ‘‘align
band’’ due to the ‘‘spin-alignment’’ mechanism@12–17#.
That is, the lowering of the orbital angular momentum in t
inelastic channel in which the intrinsic spins of the collidin
nuclei have a stretched coupling with the orbital angular m
mentum. The BCM succeeded in reproducing and interp
ing the characteristic feature of the experimental data
heavy-ion resonances, not only in the12C112C system but
also in the16O112C @15,16# and 16O116O ones@17#. The
resonance states observed in these heavy-ion system
thus interpreted as the so-called ‘‘weak-coupling states’
which two colliding nuclei keep touching of their surface
and rotate around one other keeping their identities.

As for the multicluster resonances observed in the12C
112C collision, another interpretation based on the BC
was proposed for understanding the resonance format
@37,51#. That is, it was interpreted that the molecular ro
tional bands of the 12Cg.s.1

12C(02
1) and 12C(02

1)
112C(02

1) channels crossed with the ground (12Cg.s.

112Cg.s.) rotational band and that the resonances were
cited around the crossing points. The spin alignment mec
nism cannot be applied to the molecular bands of
12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) channel because o

the zero intrinsic spin of the 02
1 state. However, due to th

developed 3a cluster structure, nucleon-density distributio
in the 02

1 state has a larger rms radius compared with tha
the ground state of12C. Hence, the interaction range betwe
two 12C nuclei excited to the 02

1 state becomes larger tha
that in the elastic channel. Hence the moment of inertia
the 12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) channels be-

comes larger than that in the elastic channel, which lead
the crossing between the elastic band and these inel
bands. Based on this mechanism, the resonance state
cited in the 12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) chan-

nels can be associated with weakly coupled states of th
respective channels having the12C13a and 3a13a struc-
tures@37,51#.

In both dinuclear resonances and multicluster ones,
7-2
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MULTICLUSTER CONFIGURATION IN HIGHLY . . . PHYSICAL REVIEW C66, 034307 ~2002!
basic assumption of the BCM interpretation for resona
formation is the weakness of the coupling between molec
bands belonging to different channels. In the case of mu
cluster resonances, the channel coupling among the el
12Cg.s.1

12Cg.s.,
12Cg.s.1

12C(02
1), and 12C(02

1)112C(02
1)

channels is so weak as to be treated by perturbation the
because of the large difference of nuclear structure am
the three channels@20–23#. Therefore, if there existed n
other channels which were strongly coupled to any of th
three channels, the BCM interpretation based on the we
coupling assumption could be valid for the resonance form
tion in these channels. However, this is not the case@37–43#;
there exist many other inelastic channels which stron
couple to these three channels.

In addition, in the studies of the dinuclear molecular re
nances, in which it was believed that the channel coup
was weak and, hence, the BCM has succeeded in descr
the resonance formation, all the interactions between co
ing nuclei were phenomenological ones such as the empi
optical potentials. Most of the empirical potentials used
the previous calculations@6–17# are the so-called ‘‘shallow
potentials,’’ a typical value of the central depth being, say,
MeV. Thus it is very important to reinvestigate the previo
analyses of the heavy-ion resonance phenomena by u
more realistic, ‘‘deep’’ interactions.

In our recent study based on the realistic, DF-model
teraction @52#, it was shown that the elastic12Cg.s.1

12Cg.s.

channel strongly coupled to the12Cg.s.1
12C(21

1) and
12C(21

1)112C(21
1) channels, while the12C(02

1)112C(02
1)

channel very strongly coupled to the12C(02
1)112C(22

1) and
12C(22

1)112C(22
1) channels due to the similarity of the 3a

13a structure@52#. In addition, recently, we have also re
ported the properties of the microscopic DF potentials a
the effect of the channel coupling for the resonance form
tion with a 12C112C dinuclear configuration@53#. It was
found that the channel coupling among the12C112C chan-
nels was not negligible but rather strong, which gave ad
tional radial nodes to the wave function of the original p
tential resonance@53#. Since the deformation of the 3a states
is much larger than that of the spatially compact12C states, it
is reasonable that the channel coupling between thea
states, the 02

1 and 22
1 states, are quite important for the res

nance formation in the channels having12C13a and 3a
13a configurations.

These studies strongly suggests that one should recon
the original BCM-type interpretation for resonance form
tion based on the weak transition between isolated chann
in both the multicluster channels and the dinuclear ones
this paper, we mainly try to make clear the origin of t
resonance states observed in the most exotic chan
12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1), having 3a13a

and 12C13a structures, respectively, by performing th
MCC calculation based on the same framework as adopte
Refs. @37–43#. In addition, we also study the properties
the resonance states having the12C112C dinuclear configu-
ration, for which BCM was believed to give a success
description. We also carefully analyze the reaction mec
nism exciting the resonance states having the 3a13a and
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12C13a configurations, and shed light upon the reacti
mechanism relevant to the resonance formation.

We briefly describe the framework of the MCC method
Sec. II. In Sec. III, the coupling scheme in the inelastic sc
tering leading to the 12Cg.s.1

12C(02
1) and 12C(02

1)
112C(02

1) excitation channels is discussed based on our
cent study on the dynamic polarization potential for the12C
112C system@52#. In Sec. IV, we analyze the nuclear stru
ture of the highly excited states in24Mg having various con-
figurations, such as the 3a13a, 12C13a, and 12C112C
ones. In Sec. V, we also discuss the reaction mechanism
the inelastic scattering leading to the mutual- and single-2

1

excitation channels in connection to the nuclear structure
highly excited24Mg with the associated configurations. Se
tion VI will be devoted to summary and discussion.

II. FRAMEWORK OF THE MICROSCOPIC COUPLED-
CHANNEL CALCULATION

The theoretical framework of the microscopic couple
channel calculation is the same as those used in prev
work @37–43#. In this section, we describe it in some deta
In a practical calculation, the coupled-channel equations
a given total angular momentum of the systemJ,

F2
\2

2m

d2

dR2 1
\2L~L11!

2mR2 1VaL,aL
~J! ~R!2EaGxaL

~J!~R!

52 (
~b,L8!Þ~a,L !

VaL,bL8
~J!

~R!xbL8
~J!

~R!, ~1!

are solved numerically. In Eq.~1!, a denotes a ‘‘channel’’
designated by the intrinsic spins of the two12C nuclei,I 1 and
I 2 , the channel spinI (I11I25I ), and the sum of the exci
tation energies of two12C nuclei,ea . For a givenJ, a chan-
nel specified bya contains several ‘‘subchannels’’ specifie
by a andL satisfyinguJ2I u<L<J1I , whereL is the orbital
angular momentum associated with the relative coordin
R. In this paper, we call a state specified bya and L a
subchannel and one specified bya ~or a combination ofI 1
and I 2) a ‘‘channel.’’ The distinction between channel an
subchannel is very important.Ea[E2ea is the c.m. energy
of the 12C-12C relative motion in the channela. All the di-
agonal@(aL)5(bL8)# and coupling@(aL)Þ(bL8)# poten-
tials are calculated by the DF model@44# and explicitly de-
fined as

VaL,bL8
~J!

~R!5VI 1I 2IL ,I
18I

28I 8L8
~J!

~R!

5K F I 1I 2IL
~JM! ~j1 ,j2 ,R̂!U (

i PC1
j PC2

vNN~xi j !U
3F I

18I
28I 8L8

~JM!
~j1 ,j2 ,R̂!L

j1 ,j2 ,R̂

. ~2!
7-3
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Here FaL
(JM)(j1 ,j2 ,R̂) is the channel wave function. In

system of identical bosons, the explicit form of the chan
wave functionFaL

(JM)(j1 ,j2 ,R̂) is written as

F I 1I 2IL
~JM! ~j1 ,j2 ,R̂!5A 1

2~11d I 1I 2
d i 1i 2

!
3S12@@c I 1

~ i 1!
~j1!

^ c I 2

~ i 2!
~j2!# I ^ i LYL~R̂!#JM

5A 1

2~11d I 1I 2
d i 1i 2

!
3$@@c I 1

~ i 1!
~j1! ^ c I 2

~ i 2!

3~j2!# I ^ i LYL~R̂!#JM1@@c I 1

~ i 1!
~j2!

^ c I 2

~ i 2!
~j1!# I ^ ~21!Li LYL~R̂!#JM%, ~3!

which is symmetrized with respect to the exchange of id
tical 12C nuclei @13#. Here S12 denotes the symmetrizatio
operator which exchange the two identical12C nuclei,
namely the exchange of all the nucleons between two12C
nuclei. This corresponds to one of the various nucle
exchange terms appearing in a fully antisymmetriz
resonating-group-method~RGM! wave function describing
the 12C112C system. Such kind of exchange term only a
pears in a system composed of two identical nuclei. In
~3!, c I 1

( i 1)(j1) denotes the internal wave function of12C in the

i 1th state with an intrinsic spinI 1 : e.g., a state withi 152
and I 1501 implies the 02

1 state. We adopt the wave func
tions obtained by a microscopic 3a-RGM calculation by Ka-
mimura @23#. The wave functions obtained from 3a-RGM
well reproduce the observed level structure, the electric tr
sition probabilities@B(El)# and the charge form factors o
the electron scattering@23#.

Most of the nucleus-nucleus potentials used in the pre
ous studies such as the BCM@8–17# are of the so-called
‘‘shallow-potential’’ type which is supplemented by a repu
sive core in the inner region in order to take account of
Pauli exclusion principle between the interacting nuclei@12–
17#. However, it was found that the more realistic heavy-i
potential calculated from the microscopic theory, such as
RGM, was the so-called ‘‘deep potential’’ and had no rep
sive core at short distance even when the Pauli principl
correctly taken into account@54,55#. The nucleus-nucleus in
teraction calculated by the DF model gives the ‘‘deep pot
tial,’’ the depth of which exceeds 100 MeV. The validity o
the ‘‘deep potential’’ has now been established through
cent observations and analyses of heavy-ion reactions
only at high energies such as nuclear-rainbow phenom
@45#, but also through the regular oscillations in the fusi
cross section in the low-energy collisions of various hea
ion systems@46#.

In Eq. ~2!, vNN(xi j ) represents an effective nucleo
nucleon interaction which acts between thei th nucleon in a
nucleusC1 and thej th one in the other nucleusC2 . We use
the DDM3Y ~density-dependent Michigan three-ran
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Yukawa! interaction@57,58# as the effective nucleon-nucleo
~NN! interaction. The interaction has the following factorize
form:

vNN~E,r;s!5g~E,s! f ~E,r!. ~4!

Here, f (E,r) is a density dependent factor with a form of

f ~E,r!5C~E!@11a~E!e2b~E!r#, ~5!

while g(E,s) is the spin- and isospin-scalar (S5T50) com-
ponent of the original M3Y interaction@59#, having the fol-
lowing form:

g~E,s!57999
e24s

4s
22134

e22.5s

2.5s
1 Ĵ00~E!d~s!. ~6!

The last term represents a single-nucleon knock-on excha
term having a zero-range form factor@44#, and its volume
integral Ĵ00(E) is energy dependent as

Ĵ00~E!52 Ĵ~120.005E!, ~7!

with Ĵ5276 MeV fm3.
HereE denotes an incident energy per nucleon in a la

ratory system. The coefficientsC(E), a(E), andb(E) in the
density-dependent factorf (E,r) were determined at each en
ergy by fitting a volume integral of thevNN(E,r:s) to the
real part of the optical potential ‘‘felt’’ by a nucleon in
infinite-nuclear matter, which was obtained by th
Brueckner-Hartree-Fock calculation@60#. The inclusion of
the density dependence is very important, especially for
scribing a large difference of interactions between two12C
nuclei in various states having different nuclear structur
For example, the interaction range of the potential betw
two 12C nuclei both in the 02

1 state is much larger than tha
of the potential between two12C nuclei both in the ground
state, which reflects the large difference of the density dis
bution between the 02

1 state and the ground state. Therefo
the use of the density-dependent effectiveNN interaction is
essential to correctly take account of such difference du
the structure change. The coupling potentials for the C
lomb excitation are also given by the folding model by ju
replacing theNN nuclear interactionvNN with the NN Cou-
lomb one in Eq.~2!. However, the inclusion of the Coulom
coupling is not essential in the present system.

As discussed in Ref.@53#, the diagonal part of the DF
model potential@aL5bL8 in Eq. ~2!# for inelastic channels
with nonzero intrinsic spin can be divided into two term
according to the classification of the multipolarities of t
nucleon-density distribution of12C. One term is obtained by
folding the spherical part of the nucleon density, while t
other one is calculated by folding the nonspherical densit
Since the 12C nucleus is strongly deformed in an obla
shape or a prolatelike one depending on the states, the l
part of the potential largely modifies the molecular band g
erated by only the former part of the potential@53#. In this
paper, we use the potential which includes both latter a
former parts when we calculate the single-channel bands
7-4
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In the previous MCC calculation, the imaginary potent
with a Woods-Saxon form factor was included in the diag
nal part of the DF-model potential to simulate the absorpt
effects in the reaction process@37,39–43#. Because of the
surface transparent character of the self-conjugate heavy
systems@56#, the absorption effect is known to become we
especially at the energy-spin region where the molec
resonances are observed. Therefore, neglect of the absor
potential gives no essential change in the basic propertie
resonance states such as the resonance energies and the
functions. In the present calculation, we switched off t
imaginary potential in order to clearly identify the resonan
states generated by the coupled-channel effects, since
previous MCC calculation@39–43# this characteristic feature
of the absorption effect was also simulated in the imagin
potential@12–16# by its angular-momentum dependence~or
J dependence!.

III. COUPLING SCHEME IN THE 12C¿12C REACTION

In a recent paper@52#, we have investigated the roles o
channel coupling effects in the12C112C reaction in terms of
the so-calleddynamic polarization potential~DPP! which
evaluate the contribution of coupling of individual excitatio
channels to the incident and exit channels. By referring to
results obtained in Ref.@52#, we discuss the coupling schem
in the inelastic scattering leading to the single- and mutu
02

1 excitation channels.
For the elastic channel, the real part of the DPP is p

dominantly attractive around the surface region having 3
50% of the strength of the ‘‘bare double-folding potentia
for the elastic (01

1101
1) channel. We also found that th

dominant contribution to the DPP came from the single- a
mutual-21

1 excitation channels. The contribution from oth
channels is found to be almost negligible. On the other ha
the strength of the DPP of the 02

1102
1 channel is surpris-

ingly large, the real part of which is attractive and even e
ceeds the bare double-folding potential for the 02

1102
1 chan-

nel at the surface region. For this channel, the m
important contribution to the DPP comes from the 02

1122
1

and 22
1122

1 channels. The contributions of all other cha
nels are also found to be almost completely negligible.

A key to understand the characteristic coupling sche
appearing in the DPP is the coexistence of two types of st
having very different nuclear structures in12C @20–23#. The
first group of states are the so-called ‘‘shell-model-li
states’’ having a spatially compact structure and the sec
ones are ‘‘3a-cluster states’’ having a well-developed 3a
structure. The ground 01

1 and 21
1 states belong to the firs

group, and the 02
1 and 22

1 states to the second group.~The
22

1 state has not been clearly identified in experiments
cause of a fairly large width. However, most of the clust
model theories predict the existence of the state in the en
region a few MeV above the 02

1 state@20–23#. In our MCC
calculation, we identify the 22

1 state to the spin-unknown
state at 10.3 MeV.! Because of the large difference of nucle
structure, the transitions between the states having diffe
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structures are weak, while the transitions among the sa
group of states are strong.

The ground state (01
1) and the 21

1 one are members of th
ground rotational band of12C @20–23#. The strong DPP for
the elastic channel, namely, strong channel coupling betw
this channel and the 21

1 excited channels, is due to the sim
larity of the nuclear structure between the ground and1

1

states. A similar interpretation can be done for the contri
tion to the DPP for the 02

1102
1 channel. The large DPP fo

the 02
1102

1 channel is due to the spatially extended 3a
structure of the 02

1 and 22
1 states. The calculatedB(E2)

value for this transition is about 25 times larger than that
the 21

1→01
1 transition@23#.

Summarizing the above results of the DPP and its in
pretation based on the intrinsic structure of12C, we can con-
clude the following coupling scheme: the 01

1101
1 elastic

channel, which is the entrance channel in all cases, stro
couples to the 01

1121
1 and 21

1121
1 channels. The channel

most strongly coupling to the exit channel 02
1102

1 are the
02

1122
1 and 22

1122
1 ones. The channel coupling amon

them is very strong. For the same reason, the 21
1102

1 , 01
1

122
1 and 21

1122
1 channels are important when we discu

the reaction leading to the 01
1102

1 channel. We refer to the
first three channels~01

1101
1 , 01

1121
1 and 21

1121
1), the

second three~02
1102

1 , 02
1122

1 and 22
1122

1), and the last
four ~01

1102
1 , 21

1102
1 , 01

1122
1 and 21

1121
1) as the

‘‘shell group’’ ~SG!, the ‘‘cluster group’’~CG!, and the ‘‘hy-
brid group’’ ~HG!, respectively.

The coupling among the different groups of channels
very weak compared with that within the same group
channels because of the large difference of the nuclear s
ture of 12C. In order to see the channel-coupling effec
among the three groups of channels more clearly, we so
the coupled-channel~CC! equation under the bound-stat
like boundary condition. In this approximation, the rad
wave functions in the individual subchannels,xb,L

(J) (R) in Eq.
~1!, are expanded in terms ofL2-integrable basis functions
Calculating the matrix elements for Eq.~1! on the basis func-
tions and diagonalizing the obtained matrix, we obtain
energy eigenvalue and the probability for the individual su
channel component in each eigenstate.

Figure 1 shows the energy spectra obtained by solving
eigenvalue equation forJ518. The ordinate represents th
total energy of the compound12C112C system with respec
to the12C112C threshold. In the calculation, we use the D
model interaction and, hence, the calculation is free from
artificial parameters. The spectra in the left-most column
obtained within the model space of the SG, while those
the second one are obtained within the model space of
HG. The spectra in the rightmost column are obtained wit
the model space of the CG. The first eigenstates contain
components of the 01

1101
1 , 01

1121
1 and 21

1121
1 channels

having a12C112C structure, while the second ones conta
the components of the 01

1102
1 , 21

1102
1 , 01

1122
1 , and

21
1122

1 channels having a12C13a structure. The third
eigenstates contain the 3a13a channel components, suc
as the 02

1102
1 , 02

1122
1 , and 22

1122
1 ones.
7-5
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M. ITO, Y. HIRABAYASHI, AND Y. SAKURAGI PHYSICAL REVIEW C 66, 034307 ~2002!
We call the first, second, and third eigenstates shell eig
states~SE’s!, hybrid eigenstates~HE’s! and cluster eigen-
states~CE’s!, respectively. The third column in Fig. 1 show
the results with full coupling among all the three kinds
channel groups. Therefore, each of the eigenstates in this
calculation is a mixed state consisting of a linear combi
tion of the SE, HE, and CE states. However, since the int
sic structures of SE’s, HE’s, and CE’s are very different fro
one other, the channel coupling effects among them are
important. Hence, the mixing among SE’s, HE’s, and CE’s
small in the eigenstates of the full calculation. Therefo
each eigenstate of the full calculation, shown in the th
column, is very close to one of the eigenstates of either
CE, or HE calculations and is connected to the most sim
state in Fig. 1.~When the eigenstate is originated from a st
in the SE group, the corresponding states are marked by
same symbols.!

As is clear from the comparison of energy positions of
full-coupled eigenstates with the corresponding eigenst
obtained in each model space, the energy shift due to
coupling among the SE, HE, and CE states is less tha
MeV. As we will show in Sec. IV, the energy shift due to th
channel coupling within the same group reaches abou
MeV. This means that the channel coupling among the
ferent groups of channels is very weak compared with t
within the same group of channels.

The property of coupling scheme discussed above is s
marized in Fig. 2. The channel coupling within a box
strong because of the similarity of the nuclear structu
while that among the different boxes is weak compared w

FIG. 1. The energy spectra calculated by the bound-state
proximation forJ518. The shell eigenstates~SE! in the leftmost
column, the hybrid eigenstates~HE! in the second one, and th
cluster eigenstates~CE! are calculated in the model space of t
shell group~SG!, hybrid group~HG!, and cluster group~CG!, re-
spectively. The spectra at the third column are calculated in the
model space (SG1HG1CG). See the text for details.
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the former because of the large difference in the nucl
structure. Therefore, we first solve the coupled-channel eq
tions separately in the individual group of channels, nam
CG, HG, and SG channels, and analyze the nuclear struc
in the individual channels having the 3a13a, 12C13a,
and 12C112C structures, respectively, in the highly excite
region of the24Mg nucleus.

IV. HIGHLY EXCITED STATES OF 24Mg

A. 3a¿3a molecular bands in the coupled-channel solution

In this subsection, we investigate the nuclear structure
the resonances states generated by the coupling amon
cluster group, and discuss the effects on the formation of
3a13a molecular bands. We solve the CC equations n
merically and calculate theS-matrix elements for the indi-
vidual grazing partial waves,J514– 20, in the energy rang
Ec.m.520– 40 MeV. In the present CC calculation, we swit
off the imaginary potentials in order to clearly see the ch
acter of the resonance states.

Figure 3 shows the energy dependence of the partial-w
components of the total cross section divided bypk22(2J
11), 2(12RSel

(J)), calculated from the ‘‘elastic’’ compo-
nent of theS-matrix elements for grazing partial waves. Th
solid curves are the results of the CC calculation. In t
calculation, the@02

1
^ 02

1# channel is taken to be the ‘‘en
trance ~elastic! channel.’’ The abscissa represents the to
energy of the12C112C system with respect to the24Mg
→12C112C threshold energy.

The results of the single-channel (@02
1

^ 02
1#) calculation

without the channel coupling are also shown by the dot
curves for comparison. In the single-channel calculation,
observes a series of sharp resonances slightly below
barrier-top energies, which are found to form a molecu
band withN52n1L520 and hence terminate atJ520. In
this calculation, theN522 band is also identified at about
MeV above theN520 band with broad widths. As shown b
the solid curves, the channel coupling to the 22

1 state gives

p-

ll

FIG. 2. The coupling scheme in the12C112C reaction. The cou-
pling within the same box is strong, while that among the differe
boxes is weak.
7-6
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MULTICLUSTER CONFIGURATION IN HIGHLY . . . PHYSICAL REVIEW C66, 034307 ~2002!
rise to a number of sharp resonances in all the partial wa
investigated, which is much more complicated than the
sults of the single-channel calculation.

In order to understand the detailed properties of the re
nance wave functions, we should calculate the following t
kinds of quantities: one is the probability of finding the sy
tem in a sub-channel component, which is represented by
modulus squared of the subchannel wave functions i
grated over the whole radial range; and the other is the n
ber of radial nodes,n, or the total oscillator-quantum numbe
N52n1L, of the radial wave function in each subchann
component. However, since the resonance state is a sc
ing state, its wave function cannot be normalized to un
and, hence, the absolute probability and the number of ra
nodes cannot be defined for the scattering-state wave f
tions. Therefore, we employ a bound-state-like approxim
tion for solving the coupled-channel equations, which w
introduced in Sec. III. Using approximated wave function
we can evaluate the probability and the number of the ra
nodesn and, hence,N52n1L.

Figure 4 shows the probability of finding the system in
subchannel forJ518 obtained by the bound-state-like a
proximation. The wave function is normalized to unity
each eigenstate. In the figure, we show the probability
some important subchannels of a spin-orbit-aligned confi
ration. The solid circles in the lowest column are the ene
eigenvalues~energy spectra! obtained by this approximation
The partial cross section forJ518 obtained by the corre
sponding calculation in the scattering-state boundary co
tion is also shown in the lowest column in Fig. 4. As show

FIG. 3. Partial-wave components of the total cross section
vided by pk22(2J11) for J514– 20 obtained within the mode
space consisting of the cluster-group channels. The dotted cu
are the results of the single-channel (@02

1
^ 02

1#) calculation with no
channel coupling, while the solid ones are the results of
coupled-channel calculation. See the text for details.
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by the arrows, all the energy positions calculated by
bound-state-like approximation are by about 1 MeV high
than those of the resonance states obtained by the e
scattering-state calculation. This is because the system
confined in a finite region due to the approximation.

It is clearly seen that each eigenstate~or corresponding
resonance state! has its own characteristic channel structu
namely, the probability distribution among the subchann
For example, the sharp resonance atEtotal528.78 MeV,
whose corresponding bound state appears atEtotal
529.16 MeV, has one dominant components, theL5J22
component of the@22

1
^ 22

1# I 52 channel, while a broad reso
nance atEtotal531.86 MeV whose bound state exists at 33.
MeV has the large@22

1
^ 22

1# I 54,L5J24 component, etc.
We analyzed the wave functions of the individual C

resonances of other partial waves shown in Fig. 3 based
the same bound-state approximation. That is, we calcula
the probability of finding the system in a subchannel com
nent for the individual resonance states and identified
number of radial nodes,n, or the total oscillator-quantum
numberN52n1L, of the radial wave function in each sub
channel component.

In this analysis, we have identified several rotation
bands in this energy region. Figure 5 shows the rotatio
bands obtained for the grazing partial waves (J514– 20).
The resonance states connected by the solid and dotted
have a common subchannel structure, namely, the domi
subchannel components are common to all the states bel

i-

es

e

FIG. 4. Channel component of the wave functions for each re
nance inJ518. The solid circles show the energy value of t
eigenstates obtained by the bound-state approximations. The
vidual ordinate represents the probability of each subchannel c
ponent, while the abscissa represents the total energy of the12C
112C system with respect to the24Mg→12C112C threshold energy.
The partial cross section forJ518 is also shown in the lowes
panel. See the text for details.
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M. ITO, Y. HIRABAYASHI, AND Y. SAKURAGI PHYSICAL REVIEW C 66, 034307 ~2002!
ing to the same band. The total oscillator-quantum num
N52n1L is also common to all the states in a band. We c
the rotational bands consisting of the eigenstates~the solu-
tions of the CC equations! the ‘‘eigenbands.’’ The energy
dependence of 2(12RSel

(J)) is also shown in Fig. 5 togethe
with the eigenbands to identify the resonance-energy p
tions and their widths. The ordinate represents the total
ergy of the12C112C system with respect to the24Mg→12C
112C threshold energy. The energy positions of the eig
bandH are obtained by the bound-state approximation,
cause the corresponding resonance states are not visib
the scattering due to their extremely small width.

In Table I, we also list the dominant subchannel comp
nents and theirN values for eigenbandsA–H shown in Fig.
5. The average population of the dominant subchannel c
ponent in each eigenband is also listed in the table. As sh
in the table, the population of the dominant components
less than about 35%~except for the eigenbandH!, which also
suggests a rather strong channel-coupling effect among
CG.

The dominant population in the individual eigenbands h
a strongJ dependence, although only its average values
given in Table I. Figure 6 shows theJ dependence of the
sub-channel distribution in eigenband C, which has the@22

1

^ 22
1# I 54,L5J24 subchannel withN524 as a dominant com

ponent. For high spins such asJ518 and 20, its population

FIG. 5. The diagram of the rotational spectra, called ‘‘eige
bands,’’ in the CG drawn in theE-J plane. The ordinate and th
abscissa represent the total energy of the12C112C system and the
J(J11) values, respectively. The solid triangles show t
resonance-energy positions. The resonance states connected
solid or dashed line, corresponding to an eigenband, have a c
mon subchannel structure, i.e., a dominant channel component
eight eigenbands are identified, which are labeled byA–H. See the
text for details.
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is relatively large, and reaches to about 40%, while it b
comes quite small for lower spinsJ516 and 14. For lower
spins, the wave function has a large amplitude at short
tances, which leads to a large overlap between the w
function and coupling potentials. Therefore, a strong mix
among subchannels occurs for lower spins. Such a tende
is common to all other eigenbands shown in Fig. 5.

The energy shift of the eigenbands obtained by
coupled-channel calculation with respect to the correspo
ing single channel ones will be a measure of the chan
coupling effect. Comparing the location of the single-chan
bands with that of the eigenbands inE-J plane, we found that
the size of energy change by the channel coupling amo
to about 5–10 MeV and its sign depends on the subchann
~As we have pointed out in Sec. II, the single-channel ba
mentioned here are already modified by the deformation
fects of the12C nucleus. Also see Ref.@53# for detailed ex-
planations.!

This energy change is comparable with or larger than
energy interval between the single-channel bands having
quential radial-node numbersn andn11. ~This energy inter-
val corresponds to two units of\v in the case of a harmonic
oscillator potential.! This may imply that the wave function
of the dominant subchannel components in the CC re
nances states has a radial noden61 when the corresponding
single-channel wave function has a radial noden. However,
one should notice that the probability of the dominant su
channel component is less than about 30% in many of
eigenbands. Therefore, the rest of the probability~about
70%! must have been distributed among eigenstates in
other energy region through the channel coupling.

By looking at Table I carefully, one can understand th
all the dominant components of the eigenbands are on
the @02

1
^ 22

1# I ,L or @22
1

^ 22
1# I ,L sub-channels withL<J.

The 22
1 excited-channels withL.J are only minor compo-

nents in all the eigenbands. These results suggest tha
channel-coupling effect is relatively weaker for subchann
with alignedL (L,J) than for subchannels with non-aligne
L with L.J. In the 22

1 excited-channels withL<J, the
centrifugal potential,L(L11)\2/2mR2 in Eq. ~1!, is so weak
that the effective potential, which is the sum of the nucle
Coulomb, and centrifugal potentials, has a well-mark

-

y a
m-
he

TABLE I. Dominant subchannels in the individual eigenban
for the CG.

Band Subchannel N %

A @02
1

^ 22
1# I 52,L5J22 20 23.6

@22
1

^ 22
1# I 54,L5J22 20, 22 22.4

B @22
1

^ 22
1# I 52,L5J22 18–22 30.1

C @22
1

^ 22
1# I 54,L5J24 24 26.7

D @22
1

^ 22
1# I 52,L5J 22–26 34.1

E @22
1

^ 22
1# I 54,L5J22 18 21.8

F @22
1

^ 22
1# I 52,L5J22 24 28.8

G @22
1

^ 22
1# I 54,L5J24 22 25.4

@02
1

^ 22
1# I 52,L5J22 24 13.9

H @22
1

^ 22
1# I 52,L5J 22 44.0
7-8
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FIG. 6. Intrinsic structure for the eigenband C. The first, second, third, and fourth panels show the subchannel distributio
resonance states inJ520, 18, 16, and 14, respectively. The ordinate represents the kind of subchannel, while the abscissa repre
probability which is represented by the squared modulus of the subchannel wave functions integrated over the whole radial rang
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pocket. Due to this well-marked pocket, the wave function
a potential resonance, i.e., the single-channel resonance
comes the higher nodal state compared with the sub-chan
with L.J. The overlap integral between the radial wa
function and the coupling potential becomes small beca
of this higher nodal property of the radial wave functio
Therefore, the channel coupling effect becomes a little m
erate for the 22

1 excited-channels withL<J and their popu-
lations becomes dominant in the CC resonance states.

The @02
1

^ 02
1# channel component is a minor one in a

the eigenbands. A similar situation can also be observe
the other resonance states not belonging to any of the ei
bands. Since the@02

1
^ 02

1# channel corresponds to the ex
channel in the real experiment, we focus our discussion
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the channel-coupling effect on this channel. In order to
how the dispersion of the probability in the individual su
channels depends on the coupling-potential strength, we
form a CC calculation by changing the coupling-potent
strength artificially starting from 20–100 % of the origin
strength with 20% steps.

In Fig. 7, we show the probability of finding the system
the@02

1
^ 02

1# channel and its distribution among eigenstat
In the leftmost column, we show the energy spectra obtai
by the single-channel calculation in this channel, while,
the rightmost column, we show the result of CC calculati
with the full ~100%! strength of the coupling potentials. Th
spectra shown in between are obtained by the CC calcula
with the reduced coupling potentials, namely, with the ori
7-9
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M. ITO, Y. HIRABAYASHI, AND Y. SAKURAGI PHYSICAL REVIEW C 66, 034307 ~2002!
nal coupling potentials multiplied by the number shown
the top of each column. In the full-coupling case, all t
probabilities of this channel are strongly spread over a nu
ber of eigenstates in an wide energy region. As a result,
probability of this channel included in the individual eige
states is reduced to about 10–15 %. This result means
the single-channel molecular bands shown in Fig. 3, wh
was generated by the DF-model potential of this chan
completely disappear due to the channel-coupling effect.

The reason why the@02
1

^ 02
1# channel is strongly af-

fected by the channel coupling among the CG channels
be qualitatively interpreted by the intrinsic structure of t
3a states of12C. The channel coupling can be related w
the deformation of the two colliding nuclei in their body
fixed frames. The intrinsic shape of the 3a states of12C, the
02

1 and 22
1 ones, are known to be strongly deformed in

prolatelike shape@23#, although the 3a state may have no
definite intrinsic shape in its body-fixed frame.~The 3a
states of12C are not necessarily 3a linear-chain states. See
for example, Refs. @20,21#.! The average quadrupole
deformation parameter for the 3a states are known to b
aboutb2.11.6 @23#. The 02

1 state of12C corresponds to a
rotational state in which the intrinsically deformed nucle
rotates spherically. When such deformed nuclei beco
closer, the location of the local minimum in the adiaba
potential-energy surface strongly depends on the relative
tance and the orientation of the colliding nuclei@61–63#. For
example, the pole-pole configuration becomes stable
relatively long distance, while the equator-equator confi
ration becomes stable at a shorter distance. In such a s
tion, it may not be plausible to expect that both of the int
acting two 3a particles rotate spherically in a very deforme
adiabatic-potential surface. Therefore, the@02

1
^ 02

1# compo-
nent, in which both12C nuclei spin isotropically around th

FIG. 7. Coupling-strength dependence of the probability of
@02

1
^ 02

1# channel atJ516. See the text for details.
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individual centers of mass, will strongly be suppressed a
no eigenband having the dominant@02

1
^ 02

1# channel can
exist.

B. 12C¿3a molecular bands in the coupled-channel solution

In this subsection, we investigate the nuclear structure
the CC resonance states for the hybrid group. As done in
last sub-section, we analyze the wave functions of the in
vidual CC resonances of the grazing partial waves, which
calculated under the scattering-boundary conditions, ba
on the bound-state approximation. That is, we calculate
probability of finding the system in a subchannel compon
for the individual resonances and investigate the numbe
the radial nodes,n and, hence,N52n1L, of the radial wave
function in each subchannel component. The@01

1
^ 02

1#
channel is taken to be the ‘‘entrance channel’’ for calculat
the partial-wave components of the total cross section,
2RSel

(J)). In this analysis, we have identified the four eige
bands at 20–40 MeV excitation energy with respect to
24Mg→12C112C threshold.

Figure 8 shows the eigenbands obtained for the graz
partial waves (J514– 20). The energy dependence of t
2(12RSel

(J)) is also shown in Fig. 8 together with the eige
bands to identify the resonance-energy positions and t
widths. The resonance states connected by the solid line h
the common dominant subchannel components and a c
mon total oscillator-quantum numberN52n1L. In Table II,
we show the dominant subchannel components andN values
for each eigenband of Fig. 8. The average population of

e
FIG. 8. The same as in Fig. 5 but for the eigenbands in the H

The open squares show the resonance-energy positions. The
eigenbands are identified, which are labeled byA–D. The energy
dependence of the total cross sections is also drawn. See the te
details.
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MULTICLUSTER CONFIGURATION IN HIGHLY . . . PHYSICAL REVIEW C66, 034307 ~2002!
dominant sub-channel component in each eigenband is
listed in the table. As shown in the table, the population
the dominant components is less than 30%. The mix
among the different subchannels becomes a little mode
for high spins, which has a similar tendency as the result
the CG, although it is not shown in the figure. Comparing
location of the single-channel bands with that of the eig
bands, we found that the energy differences between t
due to the channel coupling effect is about 4–10 MeV, wh
is also comparable with the energy shift in the CG ca
These results indicate rather strong channel-coupling eff
due to the inclusion of strongly deformed 3a states of12C in
the HG.

From a comparison of Tables I and II, one can underst
that both results are quite similar to one another. Namely
the dominant components are the@01

1
^ 22

1# I 52,L and @21
1

^ 22
1# I 54,L subchannels with alignedL. The subchannels

with the nonaligned (L>J) L are strongly affected by the
channel coupling, which leads to the small populations in
individual CC resonances. The stability of the aligned s
channels can be understood by the weakness of their
trifugal potentials, as we discussed in the CG case.

The channel component of the@01
1

^ 02
1# channel, which

is one of the exit channels in the real experiment, is a
small in all the CC resonance states. Its probability is ab
10–15% in all the CC resonance states. This implies that
probability of this channel is strongly spread over a num
of eigenstates in a wide energy region due to the chan
coupling effect, which is similar to the case of@02

1
^ 02

1#
channel in the CG. These results also mean that the sin
channel band of this channel completely disappears bec
of the strong channel-coupling effects.

The intrinsic deformation of the shell-model-like stat
~the ground 01

1 and 21
1 states! is moderate compared wit

that of 3a states, but the average quadrupole-deforma
parameter for the former two states are still large and
value is known to be aboutb2.20.50 @23#. Therefore, the
12C13a channels have the oblate-prolate intrinsic shape
the body-fixed frame. As we discussed in the preceding s
sections, each of the deformed nuclei cannot spin isotr
cally in such a situation. Due to this strong deformation,
@01

1
^ 02

1# component will strongly be suppressed in the C
eigenstates.

C. 12C¿12C molecular bands in the coupled-channel solution

We performed an analysis similar to that is the preced
two subsections on the shell-group channels. In these an

TABLE II. Dominant subchannels in the individual eigenban
for the HG.

Band Subchannel N %

A @21
1

^ 22
1# I 54,L5J22 18 30.0

B @01
1

^ 22
1# I 52,L5J22 18 22.5

C @21
1

^ 22
1# I 54,L5J24 20 27.5

@01
1

^ 22
1# I 52,L5J22 24 17.9

D @21
1

^ 22
1# I 54,L5J24 22 23.1

@01
1

^ 22
1# I 52,L5J22 20 14.7
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sis, we have identified four eigenbands at the same en
region. Figure 9 shows the eigenbands obtained for the g
ing partial waves (J514– 20). The resonance states co
nected by the solid line have common dominant subchan
components and a common total oscillator quantum num
N52n1L. In the CC calculation with the scattering boun
ary condition to obtain 2(12RSel

(J)), the usual elastic (@01
1

^ 01
1#) channel is taken to be the entrance channels.
In Table III, we list the dominant subchannel compone

and N-values for eigenbandsA–D of Fig. 9. The average
population of the dominant sub-channel component in e
eigenband is also listed in the table. As shown in the ta
the average population of the dominant components
around 50%. This result suggests that the channel coup
effect is not very strong compared with the previous CG a
HG cases, but it is not so weak even among the SG case

FIG. 9. The same as in Figs. 5 and 8 but for the eigenband
the SG. The double circles show the resonance-energy posit
The four eigenbands are identified, which are labeled byA–D. The
energy dependence of the total cross sections is also drawn. Se
text for details.

TABLE III. Dominant subchannels in the individual eigenban
for the SG.

Band Subchannel N %

A @01
1

^ 21
1# I 52,L5J 20 35.6
elastic 20 19.5

B @21
1

^ 21
1# I 52,L5J22 18 47.1

C @21
1

^ 21
1# I 54,L5J24 18 28.4

@21
1

^ 21
1# I 54,L5J22 18 36.3

D @01
1

^ 21
1# I 52,L5J22 18 30.5
elastic 20 20.2
7-11
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found that the energy difference between the molecu
bands without the channel coupling and the eigenbands
tained by the CC calculation was about 6–10 MeV.

This is comparable to two units of\v in the case of a
harmonic-oscillator potential. Therefore, the wave functio
of the dominant subchannel components of the resona
states in the CC calculation have a radial noden11 com-
pared with the corresponding single-channel wave func
with a radial noden. The detailed comparison between t
single channel bands and the eigenbands is shown in
@53#.

As one can understand from Table III, all the results of
CC calculation in the SG have the same tendency as tho
the CG and HG. That is, most of the dominant compone
in the individual eigenbands correspond to subchannels
an aligned (L,J) L value such as the@21

1
^ 21

1# I 54,L5J24

one; meanwhile there are no eigenbands, the dominant c
ponents of which are subchannels with a nonalignedL value
L.J. The origin of this result is basically the same as th
discussed in previous subsections for CG and HG cases

The population of the elastic@01
1

^ 01
1# channel is small,

about 20%, although it still survives as the dominant com
nent in eigenbandsA and D. Since the deformation param
eter of the shell-model-like states is still fairly large, th
@01

1
^ 01

1# component, in which both12C nuclei spin isotro-
pically, will strongly be suppressed in the CC eigenstates
to similar reasons as in the CG and HG cases.

The CC resonance states in the SG corresponds to
so-called ‘‘higher-energy molecular resonances,’’ which w
previously studied by the BCM@12–14#. As we have shown
in this subsection, the channel-coupling effects among
SG channel are not weak at all but rather strong. This re
suggests that the reaction mechanism relevant to the hig
energy molecular resonances could be very different fr
the ‘‘weak-coupling picture’’ suggested by the previo
BCM studies@12–14#. Detailed discussions on this point a
also given in Ref.@53#.

V. REACTION MECHANISM FOR THE MULTI-CLUSTER
EXIT CHANNELS

In real experiments, resonance states having multiclu
configurations were observed through the12C112C inelastic
scattering leading to the single- and mutual-02

1 excited chan-
nels. In this section, we discuss the reaction mechanism
resonance formation in the two inelastic channels in conn
tion to the three groups of the eigenbands obtained by the
calculation in the previous section.

We summarize the three kinds of eigenbands identified
the present calculation in Figs. 10~a! and 10~b!. In Fig. 10~a!,
we show the three groups of eigenbands together with
ground rotational band of the compound system,24Mg @24#.
All the eigenbands exist in the 30–55 MeV excitation ene
interval with respect to the ground state of the24Mg nucleus.
The moment of inertia of the ground rotational band~solid
lines with white circles! is much smaller than those of th
eigenbands, which reflects the well developed ‘‘cluster c
figuration’’ such as the12C112C ~solid lines!, 12C13a ~thin-
solid lines!, and 3a13a ~dashed lines! structure.
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In Fig. 10~b!, we show the enlargement of Fig 10~a!. The
eigenstates, not belonging to the eigenbands, are also sh
in Fig. 10~b!. The moments of inertia of the three kinds
the eigenbands are very different from each other, wh
reflects the large difference of the interaction range betw
two ‘‘ 12C’’ nuclei. Therefore, the SG eigenbands cross w
the HG and CG eigenbands at certain values of energies
total angular momenta.

As we discussed in Sec. III, the channel coupling amo
different groups of channels is weak compared with t
within the same group of channels~see Fig. 1!. Therefore,

FIG. 10. The energy-spin systematics of the eigenbands ha
the 12C112C ~solid lines!, 3a13a ~dashed lines!, and 12C13a
~dot-dashed lines! structures.~a! The location of the eigenband
with respect to the ground state of the24Mg nucleus. The white
circles connected by the solid line represents the ground rotati
band of 24Mg. ~b! The enlargement of panel~a!. The resonance
positions not belonging to the eigenbands are also shown.
double circles, solid triangle, and open squares represent the
nance positions of the12C112C, 3a13a, and 12C13a channels,
respectively. In both figures, the left ordinate shows the total e
tation energy with respect to the ground state of24Mg, while the
right one shows the excitation energy with respect to the24Mg
→12C112C threshold.
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MULTICLUSTER CONFIGURATION IN HIGHLY . . . PHYSICAL REVIEW C66, 034307 ~2002!
the inelastic scattering to the12C(02
1)112C(02

1) @12Cg.s.

112C(02
1)# channels occurs through the weak transitio

from the small elastic component of the eigenbands in
SG to the even smaller12C(02

1)112C(02
1) @12Cg.s.

112C(02
1)# component of the eigenbands in the CG~HG!.

That is, the inelastic scattering to the multicluster exit ch
nels can be interpreted in terms of the ‘‘weak transitions’’
‘‘band crossing’’ among the three kinds of eigenbands hav
the 12C112C, 3a13a, and 12C13a configurations.

We discuss the energy dependence of theS-matrix ele-
ments for inelastic scattering leading to the12C(02

1)
112C(02

1) and 12Cg.s.1
12C(02

1) channels in grazing partia
waves. Since the probability of the three channels of inte
here are widely spread over the eigenstates in a wide en
range, we should focus on the gross energy dependenc
the S-matrix element. Many resonance states with extrem
sharp width are generated in theS matrix in all the partial
waves when we solved coupled-channel equations with o
the real DF potentials. Therefore, we average the modulu
the calculatedS matrix with a certain energy width in orde
to see its gross energy dependence. We take the avera
width to be 1 MeV in all the following calculation, which i
also comparable to the width of the observed resona
states@35,36#.

First we discuss the direct coupling between the SG ch
nel and the HG channel and that between the SG channe
the CG channel, separately. Figure 11~a! shows the partial-
wave components of theSmatrix from the elastic channel t
the 12Cg.s.1

12C(02
1) one obtained by solving the coupled

channel equation within the SG1HG model space. In this
figure, the dashed curves show the results calculated by
coupled-channel Born approximation~CCBA! which treats
the channel coupling between the channels belonging to
SG and those belonging to the HG to the first order, while
solid curves shows the results of the full-CC calculatio
Figure 11~b! shows theS matrix leading to the12C(02

1)
112C(02

1) mutual-excitation channel obtained in the S
1CG model space. In the dashed curves of Fig. 11~b!, the
channel coupling between the SG channel and the CG c
nel is also treated to first order, namely, in the CCBA cal
lation.

In Fig. 11~a!, the magnitude of theS matrix in the CCBA
calculation is systematically larger than that in the full-C
calculation in all the partial waves. This result implies th
the direct coupling between the SG and HG cannot co
pletely be treated by the first-order approximation. Since
coupling between the SG and HG corresponds to the pro
that only one of the12C nuclei is excited to a spatially ex
tended 3a state, the transition between the SG and HG d
not fully converge in a first order treatment.

As shown in Fig. 11~b!, however, theS matrix leading to
the 12C(02

1)112C(02
1) channel obtained by the full-CC ca

culation in the SG1CG space is very close to that obtain
by the CCBA except for a certain energy region,Ec.m.
.30 MeV inJ516 andEc.m..31 MeV inJ518. This is due
to the weakness of direct coupling between the SG and
The transition from the SG to CG corresponds to the proc
in which both12C nuclei are excited to a spatially-extend
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3a state by one step, which leads to much weaker coup
between the SG and CG than that between the SG and
The difference between the CCBA and CC results at
particular energy and partial wave mentioned above is or
nated from the degeneracy of eigenstates in the SG and
As can be confirmed in Fig. 10~b!, the eigenstates in the SG
and CG are degenerate among each other atEc.m..30 MeV
in J516, while the eigenbands in the SG and CG cross e
other atEc.m..31 MeV in J518. The degeneracy and cros
ing lead to an exceptionally large coupling between SG a
CG channels.

Next we investigate the transition to the12Cg.s.

112C(02
1) and 12C(02

1)112C(02
1) excitation channels by

coupling all the groups of channels; SG, HG, and CG. Fig
12~a! shows the partial-wave components of theS matrix

FIG. 11. Partial-wave components of the inelasticS matrix. ~a!
shows the modulus of theS matrix from the elastic channel to th
single-02

1 excitation channel calculated by coupling the SG and H
channels. TheSmatrix for J520 is multiplied by 0.8.~b! shows the
modulus of theS matrix to the mutual-021 excitation channel cal-
culated in SG1CG model space. TheS matrix for J516 is multi-
plied by 0.2. In both figures, the solid curves represent the resul
the full CC calculation, while the dashed curves do the results
culated by the CCBA. All the results are averaged with ene
width of 1 MeV. See the text for details.
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M. ITO, Y. HIRABAYASHI, AND Y. SAKURAGI PHYSICAL REVIEW C 66, 034307 ~2002!
leading to the12Cg.s.1
12C(02

1) channel calculated in the
SG1HG1CG model space. The solid curves in Fig. 12~a!
shows the results of the full-CC calculation in the SG1HG
1CG model space, while the dashed curves show the re
calculated by the full-CC calculation in the SG1HG model
space. That is, the dashed curves in Fig. 12~a! are the same
as the solid ones in Fig. 11~a!. The solid curves calculate
with the SG1HG1CG model space are very close to t
dashed ones calculated with a limited model space,
1HG. This result means that the addition of the CG to
CC calculation in the SG1HG model space has only mino
effects upon the inelastic scatterings to the12Cg.s.1

12C(02
1)

channel.
This result is quite natural because the transition from

FIG. 12. Partial-wave components of the inelasticS matrix. ~a!
shows the modulus of theSmatrix to the single-02 excitation model
space. The solid curves show the results calculated in SG1HG
1CG model space, while the dashed curves show the results
culated in a limited model space, SG1HG. ~b! shows the modulus
of theSmatrix from the elastic channel to the mutual-02

1 excitation
channel calculated with the SG1HG1CG model space. The solid
curves show the results of the full CC calculation, while the das
curves show the results with a cutoff of the coupling between
SG and CG.~See the text for details.!
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elastic channel to the12Cg.s.1
12C(02

1) channel can be real
ized by the first-order coupling between the SG and HG.
this transition, the lowest coupling process through the
corresponds to the second order process. Therefore, the
pling with the CG has a minor effect on the inelastic scatt
ing leading to the12Cg.s.1

12C(02
1) channel in the SG1HG

1CG model space.
Figure 12~b! shows the modulus of theSmatrix leading to

the 12C(02
1)112C(02

1) excitation channel calculated in th
full model space, SG1HG1CG. The solid curves show th
full-CC results, while the dashed ones correspond to the
sults of a calculation in which the direct couplings betwe
the SG and CG are artificially switched off. That is, all th
coupling potentials between the SG and CG are taken to
zero. Despite the zero couplings between the SG and CG
gross structure of the solid curves, such as the width and
location of the individual peaks, are very close to that of t
dashed curves. Therefore, the inelastic scattering leadin
the 12C(02

1)112C(02
1) channel mainly occurs in ‘‘two

steps’’ through the HG channels, namely, SG↔HG↔CG.
The direct transition from the SG to the CG is weak co
pared with that two step process because of the large di
ence of the nuclear structure between the SG and CG.
result is not so trivial because of the direct transition fro
the SG to the CG and the sequential one through the HG
of the same order in the sense of excitation of individual12C
nuclei.

Summarizing the above discussion, we conclude that
the inelastic scattering to the12Cg.s.1

12C(02
1) and 12C(02

1)
112C(02

1) channels, the coupling with the HG channe
plays very important roles for the reaction process. In F
13, we also show the main reaction process for the inela
scattering to the12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1)

channels.

VI. SUMMARY AND DISCUSSION

In this paper, we have studied the nuclear structure
reaction mechanism for resonances observed in the12C
112C inelastic scattering leading to the12Cg.s.1

12C(02
1) and

12C(02
1)112C(02

1) channels by using the framework of th
microscopic coupled-channel~MCC! calculation. The
double-folding interaction based on the 3a-RGM wave func-
tions of 12C @23# and a realistic density-dependent nucleo
nucleon interaction called DDM3Y@57,58# are used in the
calculation. We have included the reaction channels wh
play important roles in this particular inelastic scattering
the 12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) channels based

on the results of our recent study on the dynamic polariza
potential~DPP! @52#. From the analyses of DPP’s, we hav
made clear the coupling scheme relevant to the inelastic s
tering leading to these two reaction channels.

The 12Cg.s.1
12Cg.s. elastic channel is strongly distorted b

the coupling to the 12Cg.s.1
12C(21

1) and 12C(21
1)

112C(21
1) channels, while the channels most strong

coupled to the12C(02
1)112C(02

1) channel are the12C(02
1)

112C(22
1) and 12C(22

1)112C(22
1) ones. These coupling

scheme can be interpreted by the characteristic nuclear s

al-
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MULTICLUSTER CONFIGURATION IN HIGHLY . . . PHYSICAL REVIEW C66, 034307 ~2002!
ture of the 12C nucleus, namely, the coexistence of she
model-like states and well-developed 3a ones@20–23#. The
former three and latter three channels have12C112C and
3a13a structures, respectively. For the same reason,
following three channels, the12C(21

1)112C(02
1), 12Cg.s.

112C(22
1), and 12C(21

1)112C(22
1) ones, are important fo

the study of resonance in the12Cg.s.1
12C(02

1) channel. All
these four channels have the12C13a structure.

In this paper, we have referred to the first three chann
@ 12Cg.s.1

12Cg.s.,
12Cg.s.1

12C(21
1), and 12C(21

1)112C(21
1)#,

the second three@12C(02
1)112C(02

1), 12C(02
1)112C(22

1),
and 12C(22

1)112C(22
1)#, and the last four @12Cg.s.

112C(02
1), 12C(21

1)112C(02
1), 12Cg.s.1

12C(22
1), and

12C(21
1)112C(22

1)# as the ‘‘shell group’’~SG!, the ‘‘cluster
group’’ ~CG! and the ‘‘hybrid group’’~HG!, respectively. We
have also investigated the channel coupling effect among
SG, CG, and HG channels quantitatively by solving the
equation under the bound-state-like boundary condition.
the results of the calculation, we found that the channel c

FIG. 13. Main reaction process in the inelastic scattering to
single- and mutual-02

1 excitation channels. The solid arrows repr
sent the main coupling in the individual inelastic scattering. T
couplings shown by thin solid arrows are minor contributions
these two inelastic scatterings. See the text for details.
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pling among the different group of the channels is very we
compared with that among the same group of channels. T
is the mixing among the channels belonging to the SG, H
and CG is very small and the energy shift due to the coup
among them is less than 1 MeV.

According to the above grouping of channels based on
coupling scheme just clarified above, we carefully inves
gated the character of molecular bands existing in the 3
55-MeV excitation-energy region with respect to the grou
state of24Mg. Since the channel coupling between the S
CG, and HG is very weak, we have solved the CC equati
in each channel group separately and analyzed the cha
components of the generated resonance states. As a r
we have found several rotational-band structures in the in
vidual channel groups.

In the cluster group~CG!, the channel-coupling effect is
very strong, which leads to a strong mixing among the s
channels, and the population of the largest subchannel c
ponent in an eigenstate or in a rotational band is less t
35%. We called the rotational bands generated by the ch
nel coupling ‘‘eigenbands.’’ The channel-coupling effe
gives rise to an energy shift of about 5–10 MeV on the sin
channel bands. The energy shift is almost the same a
even exceeds 2\v of the single-channel bands, which corr
sponds to the energy interval of the single-channel ba
with the different radial nodes. All the eigenbands we
found to have either a12C(02

1)112C(22
1) channel or a

12C(22
1)112C(22

1) one, with anL<J configuration as a
dominant component due to the weakness of their centrifu
potentials. The population of the12C(02

1)112C(02
1) channel

component is strongly suppressed to below 10% in all
eigenbands as well as in eigenstates not belonging to
eigenbands.

In the hybrid group~HG!, the effect of the channel
coupling is also strong because one of12C is excited to
strongly deformed 3a states. The effect also induces a lar
energy shift and a strong mixing among the different su
channels, which is similar to the situation in the CG. W
have found that the energy shift due to the channel coup
reaches about 4–10 MeV, which is also comparable with t
in the CG case. The populations of all the dominant com
nents are less than about 30% and they are the12Cg.s.

112C(22
1) channel or the12C(21

1)112C(22
1) one with L

,J configuration. The component of the12Cg.s.1
12C(02

1)
channel is also strongly suppressed in all the eigenstates
to the channel coupling.

In the shell group~SG!, the channel coupling effect is no
very strong, but the effect is still important. A considerab
mixing among subchannels occurs and all the dominant c
ponents have aL<J configuration, which is consistent with
the results of the CG and HG. The population of the dom
nant sub-channel component in the eigenbands is about
50% depending on the dominant subchannel. In particu
the channel coupling strongly affects the elastic channel
the population of the elastic-channel component becom
small in all the eigenbands. The channel-coupling eff
gives rise to an energy gain of about 6–10 MeV upon
single-channel bands, the value of which is almost com
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M. ITO, Y. HIRABAYASHI, AND Y. SAKURAGI PHYSICAL REVIEW C 66, 034307 ~2002!
rable to 2\v of the single-channel bands. The wave functio
of the dominant subchannel component of the eigenba
have an additional radial node compared with those of
single-channel bands in the same energy region.

It is interesting to discuss qualitatively the present res
on the 3a13a eigenbands in connection to the 6a linear-
chain states calculated by the cranked-cluster model@28,29#.
The 6a linear-chain state corresponds to the so-cal
‘‘strong-coupling state,’’ having a definite geometrical sha
in which the 6a states form a unique linear-chain shape
their body-fixed frame. The overlap between a specific ch
nel wave function in Eq.~3! and such a strong-coupling sta
will be quite small. Namely, infinite number of angula
momentum states, (I 1I 2)ILJ, are mixed up in such a strong
coupling state when it is expanded in terms of the inter
wave function of two interacting12C nuclei. Therefore, it is
expected that such a strong-coupling state hardly decays
specific subchannel. In general, it might be difficult to o
serve such a strong-coupling state with a unique geomet
configuration through inelastic or particle transfer reactio
even if it exists at a certain energy region.

On the other hand, all the 3a13a eigenbands obtaine
by the present CC calculation are expanded in terms of
eral internal wave functions of two 3a states of12C. The
obtained CC eigenbands have the12C(02

1)112C(22
1) or

12C(22
1)112C(22

1) channel as the dominant component,
though the mixing among the different channels is large
the individual eigenbands. This result means that the
tained eigenbands are rather close to the so-called ‘‘we
coupling states’’ in which two 3a states are weakly couple
to each other, while keeping the12C(02

1)112C(22
1) or

12C(22
1)112C(22

1) intrinsic configurations. Therefore,
should be noticed that the character of the 6a linear-chain
state is completely different from that of the eigenbands
the eigenstates generated by the present CC calculation

However, the large mixing among the channels in
3a13a eigenbands implies that the individual 3a states will
be easily deformed due to the interaction between twoa
systems when they come close to each other. Therefore
channel representation is not so appropriate in describ
such ‘‘soft 3a13a states’’ because the individual 3a states
hardly keep their asymptotic states when they are at a s
distance. Recently, a new interpretation of the 3a states in
12C and the 4a states in16O was proposed by several autho
@71#. They suggested that such multi-a-cluster states can b
interpreted in terms of the ‘‘Bose-Einstein condensatio
~BEC! of the a clusters, in which all thea particles are
loosely coupled to each other as they occupy a comm
S-wave orbit@71# with respect to the center of mass of th
total system.

In view of this point, the present 3a13a states may cor-
respond to the rotational excited states of Bose condens
@72#. In such an excited Bose condensates, individuala
particles should counter-rotate to their relative rotation
cause the 3a states have the irrotational properties of an id
fluid @72#. In this situation, the angular momentum shou
take the ‘‘antialigned configuration’’L5J1I with a reduced
moment of inertia, in which the channel spins of individu
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3a statesI is opposite to the relative angular momentumL.
In the present analysis, the dominant channel takes
‘‘aligned configuration’’L5J2I with an enhanced momen
of inertia, although its population is not so large. Thus t
properties of the 3a13a states observed in the prese
study will be different from such a Bose condensate. Ho
ever, it would be interesting to examine if the population
the antialigned channel were enhanced in the low spins n
the 6a threshold. If this happened, it could be interpreted t
a ‘‘phase transition’’ occurred from the normal ‘‘aligne
states’’ to the superfluid ‘‘antialigned states.’’ Therefore, it
very interesting to extend the studies based on BEC to
3a13a ~or 6a! states.

We have also discussed the reaction mechanism leadin
the 12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) channels. The

single-channel bands in these two exit channels, namely,
weak-coupling states in which one or both12C are excited to
02

1 state, are strongly affected and modified by the chan
coupling, and, hence, the original single-channel bands
these two channels completely disappear. The population
the elastic,12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) channel

components of interest here are rather small in the12C
112C, 12C13a, and 3a13a bands, respectively. There
fore, the reaction mechanism of the inelastic scattering le
ing to the12Cg.s.1

12C(02
1) and 12C(02

1)112C(02
1) channels

is quite different from the crossing among the single-chan
bands of these three channels, because they are strongly
torted by the channel coupling effects. The strong chan
coupling within the SG also indicates that the resonan
induced by the present DF-model interaction is differe
from those of the previous BCM interpretation, in whic
resonances occur due to the crossing among the sin
channel bands and to the weak transition among them@12–
14#. The properties of the resonances generated by
present DF model will also be different from the simp
‘‘weak-coupling picture’’ in which two colliding nuclei are
quite weakly coupled to each other.

We have proposed a new reaction mechanism leadin
the two exit channels based on the crossing of three kind
eigenbands. Since the channel coupling between the diffe
kinds of eigenbands is quite weak, it can be interpreted as
inelastic scattering to the12C(02

1)112C(02
1) @12Cg.s.

112C(02
1)# channels occurring through the weak transitio

from a small elastic component of the eigenbands in the
to the even smaller12C(02

1)112C(02
1) @12Cg.s.1

12C(02
1)#

component of the eigenbands in the CG~HG!. That is, the
inelastic scattering to the multicluster exit channels can
interpreted in terms of the ‘‘weak transitions’’ or ‘‘ban
crossing’’ among the three kinds of eigenband having12C
112C, 3a13a, and 12C13a configurations.

For the inelastic scattering to the12Cg.s.1
12C(02

1) chan-
nel, the direct transition between the SG and HG is found
be the most important one. On the other hand, the ‘‘tw
step’’ process through the HG, i.e., SG↔HG↔CG, plays a
very important role for the inelastic scattering leading to t
12C(02

1)112C(02
1) channel. The direct coupling between th

SG and CG plays a minor role for the inelastic scatteri
Therefore, the coupling to the HG channels plays a v
7-16
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important role for the inelastic scattering leading to both
single-02

1 and mutual-02
1 excitation channels.

In this paper, we have investigated the nuclear structur
the highly excited24Mg having the12C112C, 12C13a, and
3a13a configurations observed in the12C112C collision at
energies aroundEc.m.532.5 MeV. In the12C112C collision,
however, resonance peaks have also been observed i
a-particle transfer reaction leading to the8Beg.s.1

16Og.s. exit
channel around the same energy region@64–70#. In particu-
lar, sharp resonances observed in the channel atEc.m.
527– 29 and 32.5 MeV seem to correlate well with res
nances observed in the12Cg.s.1

12C(02
1) @68,69# and

12C(02
1)112C(02

1) channels@64–70#. The 8Be nucleus is
known to be a well-developed 2a cluster state, which itself is
a sharp resonance state. Therefore, the resonance obser
the 8Beg.s.1

16Og.s. channel could be a state having a mul
cluster configuration, such as the 2a116O one.

Since no clear cut analysis of the experimental data on
2a116O state exist except for some theoretical studies
the 2a116O structure in low-lying excited states of24Mg
t.

on
b

ev

s

.
G

C.

03430
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of
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e
n

@1#, it is very important to make a theoretical study of th
resonances observed in the8Beg.s.1

16Og.s. exit channel in
order to clarify the essential nature of the highly excit
states of the24Mg nucleus and its relevant reaction mech
nism. To understand resonances observed in the12Cg.s.
112Cg.s.→8Beg.s.1

16Og.s. reaction, we need to calculate th
transition amplitude of thea-particle transfer reaction. To
this end, a finite-range coupled-channel Born approximat
calculation for thea-transfer reaction is now in progres
@39,40,43,73#.

ACKNOWLEDGMENTS

The authors would like to thank Y. Abe, Y. Kondo,̄ K.
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