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Multicluster configuration in highly excited states of 2*Mg
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The nuclear structure dfMg with 2C+ 3« and 3x+ 3« configurations, existing at an extremely highly-
excited energy domain is studied by the microscopic coupled-chafM€IE) calculation based on the double-
folding interactions using @RGM wave functions of’C and a realistic nucleon-nucleon interaction called
DDM3Y. The dinuclear*?C+*C configuration of?“Mg, 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 haviag-3«, ’C+ 3a, and?C+ 2C structures around the
excitation energy of about 40 MeV with respect to the ground staté\d. The channel coupling among the
3w states in each’C plays very important roles for the formation of th&+3« and 3x+3a molecular
bands. It is found that the populations of t€ s +1%C 5, *°Cys+*2C(0;), and*?C(0;) +**C(0;) channels
are very small in the individual molecular bands wiic+°C, C+3«, and 3¢+ 3« configurations, re-
spectively. The reaction mechanism for the inelastic scattering leading t5@ge+*2C(0;) and **C(0;)
+12C(05) excitation channels is also investigated in relation to the obtained three kinds of the molecular
bands. The result suggests that the inelastic scattering t8akie; ) +2C(03) [*°C4 s+ 2C(03)] channel can
be interpreted in terms of weak transitions from i@, s +°C, s component of thé’C+**C molecular bands
to the 2C(03) +*%C(03) [*2C4s+12C(05)] component of the multicluster a3+ 3 (*°C+3a) 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 thé’C(0; ) +*2C(03) and2C,s+'C(03) exit channels.
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. INTRODUCTION and *%0+'%0 ones in?*Mg, 2%Si, and3?S nuclei, respec-
tively [12—-17.

The molecular structure in nuclei is one of the typical  The study of heavy-ion resonances has now entered into a
structures identified in a wide range of atomic nuclei. Thenew phase since an important discovery recenﬂy reported on
typical example is am + « dinuclear molecular structure of a new type of heavy-ion resonance having a multicluster
®Be in the ground and low-lying excited states. Awparticle  configuration. A broad resonancelike structure was observed
is a quite stable and inert nucleus due to the strong bindingh the 2C+%C inelastic scattering leading to tH&C(05)
of two protons and two neutrons forming a spin-isospin satu-; 12c(0) channel at energies arounl,,=32.5 MeV
rated stat¢l]. Therefore, anw particle can be considered as [18,19. The O excited state aE,=7.65 MeV in thel?C
a possible building block of light nuclei. In fact, this kind of |, ,~leus is known to be a well-developed 8luster state
a-cluster structure is realized in the ground state and/or "EZO—Z:Q, which itself is a sharp resonance state just above
low-lying excited states of a wide range of light nuclei; rep- the 12c— 3¢ breakup threshold of 7.27 MeV. Therefore, the
resentative examples of which are the, 3r+'°0, and 2r  [esonance observed in th&2C(04)+12C(05) channel
+10 structures in thé’C, *Ne, and*Mg nuclei, respec-  should not be a simple dinucleus-type molecular resonance
tively [1]. state, but it could be a state having a multicluster molecular

On the other hand, dinuclear molecular states have alsgonfiguration, such as thea3 3a one. The resonance en-
been observed in heavy-ion resonance reactions. A series gfgy of E. ,, = 32.5 MeV corresponds to an excitation energy
resonances have been observed in the collisions®6f of about 46 MeV with respect to the ground state of the
+12C, c+1%0, and*0+'0 at E.,,=20-40 MeV[2].  compound systerffMg. On the other hand, it is well known
Various theoretical models were proposed to explain the obthat a pronounced resonance structure also exists in the
served resonancg8—17]. According to the previous analy- '°Cys+**C(0;) channel, corresponding to'C+ 3 struc-
ses based on a coupled-channel approach or its approximatede arouncE, ,,=29.5 MeV[24,25.
methods, the observed resonance states can be interpreted inSuch multicluster resonances have also been observed re-
terms of the so-callecholecular resonangehaving a simple  cently in the inelastic scattering of th®0+ 180, system
nuclear structure in which two colliding nuclei are weakly leading to channels in which one or bdfi©’s are excited to
coupled to each other with a spin close to the grazing angulahe 0; state of'°0 [26]. Since the § excited state of°0 at
momentum[8—17]. It is believed that the resonance statesE,=6.05MeV has a well-developed+ *°C structure[1],
observed in the above heavy-ion collisions have dinuclearthese resonances may have+*°C)+°0 and (@+'%C)
type molecular configurations such #£+1°C, ?C+%0, +(a+'°C) cluster structures, respectively. Similar reso-
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nance states having @fO+ 3« structure are also observed the magnitude of which ranges from 1 to 100 mb. The
in the 80+ 12C system{27]. Hence these experimental data MCC calculation also well reproduced the characteristic
suggest that the multicluster molecular states are not uniqu@sonance structure observed in the various inelastic scatter-
to the 2C+22C system, i.e., to the highly excitetMg  ings of the'®0+*%0 system from the resonance regi@9—
nucleus, but should be common to all nuclei with the mas#1,43 to the high-energy region in which typical nuclear
number less than, at least, 32. rainbows were observd®0]. Although the MCC calculation
Some nuclear structure models, such as the crankegucceeded in reproducing the experimental data, it was not
cluster mode[28,29, the Nilsson-Strutinsky modgB0], the ~ made clear what kind of intrinsic structure the resonance
cranked-Hartree-Fock modéB1], and the Brink’s alpha- State had and how the resonance was generated. That is, the
cluster model[32], suggested that highly deformed statescomponent of the channel wave functions included in the
might exist in the highly excited region of théMg, 28Si, resonance states and the channel-coupling scheme respon-
and *2S nuclei where pronounced resonances were observeidole for the inelastic scattering remain unclear.
in the multicluster exit channels of the heavy-ion reactions. In the previous studies relevant to the dinuclear molecular
In particular, it was argued that the 32.5-MeV resonance obtésonances, it was believed that the resonance formation
served in the”C(0})+12C(0;) channel corresponded to a could be interpreted by the so-called “band crossing model”
6a linear-chain stat¢18,19 or a shape eigenstatf33,34. (BCM) [12-17. This model explains the mechanism of

However, recent expermer(5,38 raie a serous queston '<S01°NE OAIOnn 1ms of e crassing between o
about the @ linear-chain interpretation. In the experiments,

12C(3) +1%C(3;) and ®Bey s+ 10y [35,36 channels in g y

. . 9s. ] increase of the moment of inertia of the inelastic “aligned
the same energy region. The intrinsic nuclear structures

. : S . and” due to the “spin-alignment” mechanisrfil2—17.
t_hese mol_ecular configurations have no affinity with the 6 at is, the lowering of the orbital angular momentum in the
linear-chain state. These resonance peaks are well correlat

. . in e (0 lastic channel in which the intrinsic spins of the colliding
in_energy with the resonance observed in tr€(0;) nuclei have a stretched coupling with the orbital angular mo-

+1%C(0;) channel. Since the B linear-chain state hardly mentum. The BCM succeeded in reproducing and interpret-
decays through these channels, it would be difficult to idening the characteristic feature of the experimental data of
tify the 32.5-MeV resonance correlating in energy with theheavy-ion resonances, not only in th&€+12C system but
above exit channels to be therinear-chain state. also in thef0+12C [15,16 and %0+ %0 ones[17]. The

_ The nuclear-structure approach to the study of highly exyesonance states observed in these heavy-ion systems are
cited states of a nucleus treats the nucleus as an isolateg,s interpreted as the so-called “weak-coupling states” in
compound system based on the bound-state approximatiofynich two colliding nuclei keep touching of their surfaces
and, hence, such an approach would be appropriate for thg,q rotate around one other keeping their identities.

study of sharp resonances existing near a particle-decay ag for the multicluster resonances observed in k@
threshold of the compound system. The molecular resos 12¢ cgjlision, another interpretation based on the BCM
nances, existing well above the threshold of the dinucleay, s proposed for understanding the resonance formations

decay, have a moderate width corresponding o the lifetimes7 51 That is, it was interpreted that the molecular rota-

which is almostly _comparable with the reaction times. ThiSional” bands of the 12Cg.s.+ 120(0;) and 2C(0;)
reans el here i  song conealons betueen e NUCESTIC(0;) chamnels crossed wih theground .
actions. Therefore, it is quite important to take the nuclear-- 12C9-5) rotational band and that the resonances were ex-

' cited around the crossing points. The spin alignment mecha-

reaction approach in order to study the essential part of thﬁi m cannot be applied to the molecular bands of the

molecular resonances and the relevant nuclear structures
B4+ 2C(03) and2C(05) +12C(05) channel because of

the highly-excited domain. e .
Recently, a coupled-channel calculation based on a micrd1€ Z€ro intrinsic spin of the D state. However, due to the

scopic nucleus-nucleus interaction has been made on trg&evelopfd & cluster structure, nuc!eon-density dis_tribution
12C+12C resonance reactiof87—43. In this calculation, N the O, state has a larger rms rqd|us cqmpared with that in
called the microscopic coupled chann@ICC), nucleus- the ground state of*C. Hence, the interaction range between
nucleus interactions are microscopically derived from thewo *°C nuclei excited to the D state becomes larger than
microscopic internal wave functions &fC and the realistic that in the elastic channel. Hence the moment of inertia in
nucleon-nucleon interactions by the double-foldif@F)  the *2Cys+*2C(03) and *2C(0;)+'C(0;) channels be-
model[44]. This DF model gives a typical “deep potential” comes larger than that in the elastic channel, which leads to
which provides a quite satisfactory account of the high- andhe crossing between the elastic band and these inelastic
low-energy observations for various heavy-ion reactionddands. Based on this mechanism, the resonance states ex-
[45,46. The MCC calculation was quite successful in repro-cited in the *’C, s+*%C(0;) and *?C(0;)+*°C(0;) chan-
ducing the characteristic resonance structure not only in thaels can be associated with weakly coupled states of these
various  multicluster  channels  observed  recentlyrespective channels having th&C+ 3« and 3x+ 3« struc-
[24,25,35,3% but also in the old molecular resonances ob-tures[37,51].

served in the dinuclear exit channgl7—49 consistently, In both dinuclear resonances and multicluster ones, the
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basic assumption of the BCM interpretation for resonancé€?C+ 3« configurations, and shed light upon the reaction
formation is the weakness of the coupling between moleculamechanism relevant to the resonance formation.
bands belonging to different channels. In the case of multi- We briefly describe the framework of the MCC method in
cluster resonances, the channel coupling among the elast®ec. Il. In Sec. I, the coupling scheme in the inelastic scat-
12Cys+1%Cys, MCys+1°C(07), and '°C(03)+'C(0;) tering leading to the °Cy +*C(0;) and 'C(0;)
channels is so weak as to be treated by perturbation theory; 12C(0;) excitation channels is discussed based on our re-
because of the large difference of nuclear structure amongent study on the dynamic polarization potential for the
the three channelf20—23. Therefore, if there existed no +*°C system{52]. In Sec. IV, we analyze the nuclear struc-
other channels which were strongly coupled to any of thes¢ure of the highly excited states fiMg having various con-
three channels, the BCM interpretation based on the weakKigurations, such as thead+ 3, **C+3a, and *’C+'C
coupling assumption could be valid for the resonance formaones. In Sec. V, we also discuss the reaction mechanism for
tion in these channels. However, this is not the ¢83e-43;  the inelastic scattering leading to the mutual- and single-0
there exist many other inelastic channels which stronglyeXcitation channels in connection to the nuclear structure of
couple to these three channels. highly excited?*Mg with the associated configurations. Sec-

In addition, in the studies of the dinuclear molecular resodion VI will be devoted to summary and discussion.
nances, in which it was believed that the channel coupling
was weak and, hence, the BCM has succeeded in describin
the resonance formation, all the interactions between coIIid-g”' FRAMEWORK OF THE MICROSCOPIC COUPLED-
ing nuclei were phenomenological ones such as the empirical
optical potentials. Most of the empirical potentials used in  The theoretical framework of the microscopic coupled-
the previous calculation6—17] are the so-called “shallow channel calculation is the same as those used in previous
potentials,” a typical value of the central depth being, say, 2Gvork [37—43. In this section, we describe it in some detail.
MeV. Thus it is very important to reinvestigate the previousin a practical calculation, the coupled-channel equations for
analyses of the heavy-ion resonance phenomena by usirggiven total angular momentum of the systém
more realistic, “deep” interactions.

In our recent study based on the realistic, DF-model in-
teraction[52], it was shown that the elastit?C,s+1%Cy .

CHANNEL CALCULATION

#2 d>  AL(L+1)

_ J) _ (J)
channel strongly coupled to thé*C,s+*%C(2;) and 2udR? * 2uR? VL at(R)~EafXar(R)
12c(27)+12C(2]) channels, while thé*C(05)+1C(0;)
channel very strongly coupled to th&C(05 ) +12C(2;) and =— X Vfﬁ,ﬁLr(R)X(ﬁJ&(R), (N
12c(2;)+%C(2;) channels due to the similarity of thex3 (BL)#(al)

+3a structure[52]. In addition, recently, we have also re-

ported the properties of the microscopic DF potentials andire solved numerically. In Eql), « denotes a “channel”

the effect of the channel coupling for the resonance formadesignated by the intrinsic spins of the t\& nuclei,l; and

tion with a **C+'%C dinuclear configuratio53]. It was |,, the channel spih (1,+1,=1), and the sum of the exci-

found that the channel coupling among tH€+1°C chan- tation energies of twd°C nuclei,e, . For a givenJ, a chan-

nels was not negligible but rather strong, which gave addinel specified by contains several “subchannels” specified

tional radial nodes to the wave function of the original po-by « andL satisfying|J—I|<L<J+1, whereL is the orbital

tential resonancgb3]. Since the deformation of then®states angular momentum associated with the relative coordinate

is much larger than that of the spatially comp&a states, it R. In this paper, we call a state specified byand L a

is reasonable that the channel coupling between the 3subchannel and one specified by(or a combination of ;

states, the § and 2 states, are quite important for the reso-and 1) a “channel.” The distinction between channel and

nance formation in the channels haviteC+3« and 3»  subchannel is very importarE,=E— ¢, is the c.m. energy

+ 3« configurations. of the 2C-12C relative motion in the channet. All the di-
These studies strongly suggests that one should reconsidegonall (aL)=(BL")] and coupling (aL)# (BL")] poten-

the original BCM-type interpretation for resonance forma-tials are calculated by the DF model4] and explicitly de-

tion based on the weak transition between isolated channelfiped as

in both the multicluster channels and the dinuclear ones. In

this paper, we mainly try to make clear the origin of the

resonance states observed in the most exotic channels,

12Cy s +1%C(0;) and *2C(0;)+12C(0;), having 2x+ 3«

and °C+3a structures, respectively, by performing the [ oM (£.5.R) S vun(xi)

MCC calculation based on the same framework as adopted in hlalt ieCy N

Refs.[37—43. In addition, we also study the properties of JeCo

the resonance states having tH€-+%C dinuclear configu- A

ration, for which BCM was believed to give a successful x@f?,“?f,L,(gl,gz,R) . 2

description. We also carefully analyze the reaction mecha- re A

nism exciting the resonance states having thet3« and §.6 R

VLR =V (R)

nt
PN
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Here ®UM(£, &, R) is the channel wave function. In a Yukawa interaction[57,58 as the effective nucleon-nucleon
system of identical bosons, the explicit form of the channe(NN) interaction. The interaction has the following factorized

wave functiond® U™ (£, ,£,,R) is written as form:
unn(E, p;s)=g(E,s)f(E,p). (4)
1 ) . . .
(IM) 5Y — (i1) Here,f(E,p) is a density dependent factor with a form of
Qi (6.6, R)= 4/ 2(1+5|1|25i1i2)><812[[w'1 (&)
f(E,p)=C(E)[1+a(E)e #®7], )

® 'ﬁfiz)(§2)]|®iLYL(§)]JM ) ) ) ) )
2 while g(E,s) is the spin- and isospin-scalaé®€ T=0) com-

1 i) (i) ponent of the original M3Y interactiofb9], having the fol-
=\/57 75 = X ! Y, ? lowing form:
2(1+ 5|1|25i1i2) {[[l/ﬁl (&) df|2 g

~ (i) e—4$ e—2.5s
><(§2)]|®iLYL(R)]JM+[[l//|11 (&) g(E,s)=7999 7s —2134 5 s

+Jo(E)S(9).  (6)

® ‘/’flzz)(fl)]@(_ DHY LR v, () The last term represents a single-nucleon knock-on exchange
term having a zero-range form factpt4], and its volume
) integralfloo(E) is energy dependent as

which is symmetrized with respect to the exchange of iden-
tical 12C nuclei[13]. Here S;, denotes the symmetrization Joo E) = —3(1—0.00%F) @)
operator which exchange the two identic¥iC nuclei, 0 ' ’
namely the exchange of all the nucleons between t¥@ with 3= 276 MeV frir?
nuclei. This corresponds to one of the various nucleon- i
exchange terms appearing in a fully antisymmetrizedrat
resonating-group-methoRGM) wave function describing de

the 12C.+ HC system. Such kind of ex_chan_ge term o_nly ap'ergy by fitting a volume integral of theyy(E,p:s) to the
pears(ilr)1 a system compgsed of two |dent|9al nucl-el. N Edyeq) part of the optical potential “felt” by a nucleon in a
(3), ¢ " (£1) denotes the internal wave function BCinthe infinite-nuclear matter, which was obtained by the
i,th state with an intrinsic spih,: e.g., a state with,;=2 Brueckner-Hartree-Fock calculatid60]. The inclusion of
andl,=0" implies the § state. We adopt the wave func- the density dependence is very important, especially for de-
tions obtained by a microscopia@RGM calculation by Ka-  scribing a large difference of interactions between 46
mimura [23]. The wave functions obtained fromndRGM nuclei in various states having different nuclear structures.
well reproduce the observed level structure, the electric tranFor example, the interaction range of the potential between
sition probabilities] B(EX)] and the charge form factors of two *2C nuclei both in the § state is much larger than that
the electron scatterin®3]. of the potential between tw&C nuclei both in the ground
Most of the nucleus-nucleus potentials used in the previstate, which reflects the large difference of the density distri-
ous studies such as the BCN—17] are of the so-called bution between the D state and the ground state. Therefore,
“shallow-potential” type which is supplemented by a repul- the use of the density-dependent effectivd interaction is
sive core in the inner region in order to take account of theessential to correctly take account of such difference due to
Pauli exclusion principle between the interacting nugl&—  the structure change. The coupling potentials for the Cou-
17]. However, it was found that the more realistic heavy-ionlomb excitation are also given by the folding model by just
potential calculated from the microscopic theory, such as theeplacing theNN nuclear interactionw yy with the NN Cou-
RGM, was the so-called “deep potential” and had no repul-lomb one in Eq(2). However, the inclusion of the Coulomb
sive core at short distance even when the Pauli principle isoupling is not essential in the present system.
correctly taken into accoufb4,55. The nucleus-nucleus in- As discussed in Ref.53], the diagonal part of the DF-
teraction calculated by the DF model gives the “deep potenmodel potentia[aL=B8L" in Eq. (2)] for inelastic channels
tial,” the depth of which exceeds 100 MeV. The validity of with nonzero intrinsic spin can be divided into two terms
the “deep potential” has now been established through reaccording to the classification of the multipolarities of the
cent observations and analyses of heavy-ion reactions netcleon-density distribution d?C. One term is obtained by
only at high energies such as nuclear-rainbow phenomenfalding the spherical part of the nucleon density, while the
[45], but also through the regular oscillations in the fusionother one is calculated by folding the nonspherical densities.
cross section in the low-energy collisions of various heavySince the'?C nucleus is strongly deformed in an oblate
ion systemg46]. shape or a prolatelike one depending on the states, the latter
In Eg. (2), vnn(Xij) represents an effective nucleon- part of the potential largely modifies the molecular band gen-
nucleon interaction which acts between ftlie nucleon in a  erated by only the former part of the potenti&B]. In this
nucleusC; and thejth one in the other nucleus,. We use paper, we use the potential which includes both latter and
the DDM3Y (density-dependent Michigan three-rangeformer parts when we calculate the single-channel bands.

Here E denotes an incident energy per nucleon in a labo-
ory system. The coefficien®&E), «(E), andB(E) in the
nsity-dependent facté(E, p) were determined at each en-

034307-4



MULTICLUSTER CONFIGURATION IN HIGHLY . .. PHYSICAL REVIEW C66, 034307 (2002

In the previous MCC calculation, the imaginary potential structures are weak, while the transitions among the same
with a Woods-Saxon form factor was included in the diago-group of states are strong.
nal part of the DF-model potential to simulate the absorption The ground state (0) and the Z one are members of the
effects in the reaction proce$87,39—-43. Because of the ground rotational band of’C [20—23. The strong DPP for
surface transparent character of the self-conjugate heavy-iahe elastic channel, namely, strong channel coupling between
systemg56], the absorption effect is known to become weakthis channel and the;2excited channels, is due to the simi-
especially at the energy-spin region where the moleculagyity of the nuclear structure between the ground afd 2
resonances are observed. Therefore, neglect of the absorptigftes. A similar interpretation can be done for the contribu-
potential gives no essential change in the basic properties ¢b, to the DPP for the D+0; channel. The large DPP for
resonance states such as the resonance energies and the \Am\éeoz+02+ channel is due to the spatially extended 3
functions. In the present calculation, we switched off thestructure of the § and 2 states. The calculateB(E2)

imaginary potential in order to clearly identify the resonance, 5y e for this transition is about 25 times larger than that for
states generated by the coupled-channel effects, since iNAe o+ . 0F transition[23]
1 1 .

previous MCC calculatioh39—-43 this characteristic feature Summarizing the above results of the DPP and its inter-

of the _absorption eff_ect was also simulated in the imagina%retation based on the intrinsic structure&®. we can con-
potential[12-1§ by its angular-momentum depender©e o e following coupling scheme: the 8 0; elastic

J dependence channel, which is the entrance channel in all cases, strongly
couples to the P+2; and 2 +2; channels. The channels
most strongly coupling to the exit channef 0, are the
0,+2, and 2 +2, ones. The channel coupling among

In a recent papef52], we have investigated the roles of them is very strong. For the same reason, ther®, , 0;
channel coupling effects in th€C+*°C reaction in terms of 4 27 and 2 +25 channels are important when we discuss
the so-calleddynamic polarization potentia(DPP) which  the reaction leading to the;0r 05 channel. We refer to the
exaluatia tpetﬁontrlpdut|c>tn ogcoqtphﬂg of |Ind|\é|duafl e>§C|tatt|otrr11first three channel§0; +0; , 0; +2; and 2 +2;), the
channels to the incident and exit channels. By referring to +.at+ At Lot +
results obtained in Ref52], we discuss the coupling scheme %Oelj?ror(‘gjflrgfoz ;Oj_ 092 B%i ggd 32%; 223)4_ Zaf)d :ahse lﬁzt

- 1 20 1 2 1 2 1 1

in the inelastic scattering leading to the single- and mUtual“sheII group” (SG), the “cluster group”(CG), and the “hy-

oo
Oz excitation channels. brid group” (HG), respectively.

For the elastic channel, the real part of the DPP is pre- : . .
dominantly attractive around the surface region having 30— The coupling among the different groups of channels is

B ) .~ very weak compared with that within the same group of
50% of the s_,trength Ezf the “bare double-folding potential channels because of the large difference of the nuclear struc-
for the elastic (§ +0;) channel. We also found that the

domi ibuti He DPP ; He singl ure of Y2C. In order to see the channel-coupling effects
ominant contribution to the came from the single- and, 5 the three groups of channels more clearly, we solve

mutual-Z excitation channels. The contribution from other ihe coupled-channelCC) equation under the bound-state-
channels is found to be almost negligible. On the other handye boundary condition. In this approximation, the radial
the strength of the DPP of the;@-0; channel is surpris- \yave functions in the individual subchanneg) (R) in Eq.
ingly large, the real part of_ which is _attractive and even €X<(1), are expanded in terms &f-integrable basis functions.
ceeds the bare double-folding potential for tet00; chan-  Cajculating the matrix elements for E@) on the basis func-
nel at the surface region. For this channel, the mostions and diagonalizing the obtained matrix, we obtain the
important contribution to the DPP comes from the62,  energy eigenvalue and the probability for the individual sub-
and 2 +2; channels. The contributions of all other chan- channel component in each eigenstate.
nels are also found to be almost completely negligible. Figure 1 shows the energy spectra obtained by solving the
A key to understand the characteristic coupling schemeigenvalue equation foi=18. The ordinate represents the
appearing in the DPP is the coexistence of two types of statestal energy of the compountfC+1“C system with respect
having very different nuclear structures #fC [20-23. The  to the 2C+ *2C threshold. In the calculation, we use the DF-
first group of states are the so-called “shell-model-like model interaction and, hence, the calculation is free from any
states” having a spatially compact structure and the secondrtificial parameters. The spectra in the left-most column are
ones are “Jr-cluster states” having a well-developedr3 obtained within the model space of the SG, while those in
structure. The ground;0and 2 states belong to the first the second one are obtained within the model space of the
group, and the D and 2 states to the second grouThe  HG. The spectra in the rightmost column are obtained within
25 state has not been clearly identified in experiments bethe model space of the CG. The first eigenstates contain the
cause of a fairly large width. However, most of the cluster-components of the 0+0; , 0; +2; and 2/ +2; channels
model theories predict the existence of the state in the enerdyaving a*’C+*°C structure, while the second ones contain
region a few MeV above the Dstate[20—23. In our MCC  the components of the 0+0, , 2, +0;, 0; +2,, and
calculation, we identify the 2 state to the spin-unknown 2; +2; channels having &“C+3a structure. The third
state at 10.3 MeV.Because of the large difference of nuclear eigenstates contain thea3 3« channel components, such
structure, the transitions between the states having differeras the § +0, , 05 +2; , and 2 +2, ones.

lIl. COUPLING SCHEME IN THE 2C+'2C REACTION
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i o _— FIG. 2. The coupling scheme in théC+ *C reaction. The cou-
—_—_—— pling within the same box is strong, while that among the different
7] —i 7] boxes is weak.
20 L= the former because of the large difference in the nuclear

structure. Therefore, we first solve the coupled-channel equa-
FIG. 1. The energy spectra calculated by the bound-state apions separately in the individual group of channels, namely,

proximation forJ=18. The shell eigenstatd$E in the leftmost G, HG, and SG channels, and analyze the nuclear structure
column, the hybrid eigenstatd&iE) in the second one, and the in the individual channels having thea3 3a, 12C+3a,
cluster eigenstate€CE) are calculated in the model space of the and 2C+12C structures respectively, in the highly excited
shell group(SG), hybrid group(HG), and cluster grougCG), re- egion of the?Mg nucle'us '
spectively. The spectra at the third column are calculated in the fuIY ’
model space (SGHG+ CG). See the text for details.

24
We call the first, second, and third eigenstates shell eigen- V. HIGHLY EXCITED STATES OF - “Mg

states(SE’s), hybrid eigenstate$HE’s) and cluster eigen-  A. 3a+3a molecular bands in the coupled-channel solution
states(CE's), respectively. The third column in Fig. 1 shows In this subsection, we investigate the nuclear structure of

::mealr:ﬁzlljltfo\tljmg ?Alefgf%egngairr?z??hzneith:ngjt;?:sﬁlr??hsisoffutﬁ]e resonances states generated by the coupling among the
 groups. 11 ’ - gens -~ Cluster group, and discuss the effects on the formation of the
calculation is a mixed state consisting of a linear combina- .
. . .~ .~ 3a+3a molecular bands. We solve the CC equations nu-
tion of the SE, HE, and CE states. However, since the intrin-_"_ . : S
) ) ) : . merically and calculate th&matrix elements for the indi-
sic structures of SE’s, HE's, and CE’s are very different from

. vidual grazing partial waves,=14-20, in the energy range
one other, the channel coupling effects among them are Igs cm=20—40 MeV. In the present CC calculation, we switch

important. Hence, the mixing among SE’s, HE’s, and CE’s i . ) o
small in the eigenstates of the full calculation. Therefore off the imaginary potentials in order to clearly see the char-
’ :acter of the resonance states.

each eigenstate of the full calculation, shown in the third Figure 3 shows the energy dependence of the partial-wave
column, is very close to one of the eigenstates of either SE omponents of the total cross section divided ™ (2]

CE, or HE calculations and is connected to the most simiIaF

, pe) walaatio® )
state in Fig. 1(When the eigenstate is originated from a state™ 1), 2(1-MS; ) calculated from t.he ela§t|c compo
in the SE group, the corresponding states are marked by tHent of theS-matrix elements for grazing partial waves. The
same symbols solid curves are the results of the CC calculation. In this

) ; + + ; “

As is clear from the comparison of energy positions of thec@lculation, thef0, 20, ] channel is taken to be the “en-
full-coupled eigenstates with the corresponding eigenstatd§ance (elastio lczhanlnel. The abscissa represents the total
obtained in each model space, the energy shift due to th@"ergy 10f the'?C+*°C system with respect to th&Mg
coupling among the SE, HE, and CE states is less than 1> '-C+*°C threshold energy. N .

MeV. As we will show in Sec. IV, the energy shift due to the ~_ The results of the single-channglg ©0;]) calculation
channel coupling within the same group reaches about 1@ithout the channel coupling are also shown by the dotted
MeV. This means that the channel coupling among the difcurves for comparison. In the single-channel calculation, one
ferent groups of channels is very weak compared with thapbserves a series of sharp resonances slightly below the
within the same group of channels. barrier-top energies, which are found to form a molecular

The property of coupling scheme discussed above is sumand withN=2n+L =20 and hence terminate at=20. In
marized in Fig. 2. The channel coupling within a box is this calculation, theN=22 band is also identified at about 4
strong because of the similarity of the nuclear structureMeV above theN=20 band with broad widths. As shown by
while that among the different boxes is weak compared wittthe solid curves, the channel coupling to the &ate gives
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FIG. 3. Partial-wave components of the total cross section di- FIG. 4. Channel component of the wave functions for each reso-
vided by 7k=2(2J+1) for J=14—20 obtained within the model nance inJ=18. The solid circles show the energy value of the
space consisting of the cluster-group channels. The dotted curvesgenstates obtained by the bound-state approximations. The indi-
are the results of the single-channgdf ® 05 ]) calculation with no  vidual ordinate represents the probability of each subchannel com-
channel coupling, while the solid ones are the results of theponent, while the abscissa represents the total energy of’@he
coupled-channel calculation. See the text for details. +12C system with respect to tféMg— 2C+ *2C threshold energy.

The partial cross section fof=18 is also shown in the lowest

. . . anel. See the text for details.
rise to a number of sharp resonances in all the partial waves

investigated, which is much more complicated than the re- N
sults of the single-channel calculation. by the arrows, all the energy positions calculated by the

In order to understand the detailed properties of the resdoound-state-like approximation are by about 1 MeV higher
nance wave functions, we should calculate the following twothan those of the resonance states obtained by the exact
kinds of quantities: one is the probability of finding the Sys_scattering-state calculation. This is because the system is
tem in a sub-channel component, which is represented by tHeonfined in a finite region due to the approximation.
modulus squared of the subchannel wave functions inte- It is clearly seen that each eigenstéte corresponding
grated over the whole radial range; and the other is the nunfesonance stakéas its own characteristic channel structure,
ber of radial nodes), or the total oscillator-quantum number namely, the probability distribution among the subchannels.
N=2n+L, of the radial wave function in each subchannelFor example, the sharp resonance Egg,=28.78 MeV,
component. However, since the resonance state is a scatt¥yhose corresponding bound state appears B
ing state, its wave function cannot be normalized to unity=29.16 MeV, has one dominant components, ltheJ—2
and, hence, the absolute probability and the number of radigiomponent of th¢2; ®2; ],_, channel, while a broad reso-
nodes cannot be defined for the scattering-state wave fungance aE,=31.86 MeV whose bound state exists at 33.15
tions. Therefore, we employ a bound-state-like approximaMeV has the Iarg¢22*®22+],:4,L:J_4 component, etc.
tion for solving the coupled-channel equations, which was We analyzed the wave functions of the individual CC
introduced in Sec. lll. Using approximated wave functions,resonances of other partial waves shown in Fig. 3 based on
we can evaluate the probability and the number of the radiathe same bound-state approximation. That is, we calculated
nodesn and, henceN=2n+L. the probability of finding the system in a subchannel compo-

Figure 4 shows the probability of finding the system in anent for the individual resonance states and identified the
subchannel forJ=18 obtained by the bound-state-like ap- number of radial nodes), or the total oscillator-quantum
proximation. The wave function is normalized to unity in numberN=2n+L, of the radial wave function in each sub-
each eigenstate. In the figure, we show the probability fochannel component.
some important subchannels of a spin-orbit-aligned configu- In this analysis, we have identified several rotational
ration. The solid circles in the lowest column are the energyands in this energy region. Figure 5 shows the rotational
eigenvaluegenergy spectieobtained by this approximation. bands obtained for the grazing partial waves=@14-20).

The partial cross section fal=18 obtained by the corre- The resonance states connected by the solid and dotted lines
sponding calculation in the scattering-state boundary condihave a common subchannel structure, namely, the dominant
tion is also shown in the lowest column in Fig. 4. As shownsubchannel components are common to all the states belong-
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2(1-ReSWy) TABLE I. Dominant subchannels in the individual eigenbands
40 for the CG.
= Band Subchannel N %
i A [0;®2;]1=21=5-2 20 23.6
[25®25 ) —ar=3-2 20, 22 22.4
| B [2,®25 )220 -3-2 18-22 30.1
c [2,®2;)i—a1=3-4 24 26.7
>+ D [25®25 ] 2203 22-26 34.1
S E [(2,®2;]1-41-3-2 18 21.8
~ 30F F [22+®22+]|:2,L:J—2 24 28.8
| G [(2,©2;]1=41-3-4 22 254
S [(0;®2;)i-20-3-2 24 13.9
H [2;®25 ] 1221 =3 22 44.0
is relatively large, and reaches to about 40%, while it be-
comes quite small for lower spink=16 and 14. For lower
B spins, the wave function has a large amplitude at short dis-
J=14 J=16 J=18 J=20 tances, which leads to a large overlap between the wave
20 function and coupling potentials. Therefore, a strong mixing
JU+D) among subchannels occurs for lower spins. Such a tendency

is common to all other eigenbands shown in Fig. 5.

The energy shift of the eigenbands obtained by the
coupled-channel calculation with respect to the correspond-
J(J+1) values, respectively. The solid triangles show the'"Y single channel ones will be a measure of the channel-

resonance-energy positions. The resonance states connected b (%{Jpling.effect. Comparing the location of the single-channel
solid or dashed line, corresponding to an eigenband, have a conf@nds with that of the eigenbandskrJ plane, we found that

mon subchannel structure, i.e., a dominant channel component. TRBE Size of energy change by the channel coupling amounts
eight eigenbands are identified, which are labeled\byi. See the 0 about 5-10 MeV and its sign depends on the subchannels.
text for details. (As we have pointed out in Sec. Il, the single-channel bands
mentioned here are already modified by the deformation ef-
ing to the same band. The total oscillator-quantum numbefects of the'?C nucleus. Also see Ref53] for detailed ex-
N=2n+L is also common to all the states in a band. We callplanations).
the rotational bands consisting of the eigenstdties solu- This energy change is comparable with or larger than the
tions of the CC equationsthe “eigenbands.” The energy energy interval between the single-channel bands having se-
dependence of 2(—19%58)) is also shown in Fig. 5 together quential radial-node numbersandn+ 1. (This energy inter-
with the eigenbands to identify the resonance-energy posial corresponds to two units éfw in the case of a harmonic-
tions and their widths. The ordinate represents the total erPscillator potentia). This may imply that the wave function
ergy of the'’C+2C system with respect to tf@Mg—?C ~ of the dominant subchannel components in the CC reso-
+12C threshold energy. The energy positions of the eigenhances states has a radial nodel when the corresponding
bandH are obtained by the bound-state approximation, besingle-channel wave function has a radial nedé¢lowever,
cause the corresponding resonance states are not visible @€ should notice that the probability of the dominant sub-
the scattering due to their extremely small width. channel component is less than about 30% in many of the
In Table I, we also list the dominant subchannel compo-€igenbands. Therefore, the rest of the probabilpout
nents and theiN values for eigenbands—H shown in Fig.  70% must have been distributed among eigenstates in an-
5. The average population of the dominant subchannel confther energy region through the channel coupling.
ponent in each eigenband is also listed in the table. As shown By looking at Table | carefully, one can understand that
in the table, the population of the dominant components igll the dominant components of the eigenbands are one of
less than about 35%&xcept for the eigenbartd), which also  the [0; ®2; ], or [2; ®2; ], sub-channels with.<J.
suggests a rather strong channel-coupling effect among thEhe 2, excited-channels with.>J are only minor compo-
CG. nents in all the eigenbands. These results suggest that the
The dominant population in the individual eigenbands hachannel-coupling effect is relatively weaker for subchannels
a strongJ dependence, although only its average values arwith alignedL (L <J) than for subchannels with non-aligned
given in Table I. Figure 6 shows th&dependence of the L with L>J. In the 2, excited-channels with.<J, the
sub-channel distribution in eigenband C, which has[@£  centrifugal potentiall (L + 1)%2/2uR? in Eq. (1), is so weak
®22+]|=41L=J,4 subchannel witiN=24 as a dominant com- that the effective potential, which is the sum of the nuclear,
ponent. For high spins such ds-18 and 20, its population Coulomb, and centrifugal potentials, has a well-marked

FIG. 5. The diagram of the rotational spectra, called “eigen-
bands,” in the CG drawn in th&-J plane. The ordinate and the
abscissa represent the total energy of ¥@+ '%C system and the
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FIG. 6. Intrinsic structure for the eigenband C. The first, second, third, and fourth panels show the subchannel distribution of the
resonance states ih=20, 18, 16, and 14, respectively. The ordinate represents the kind of subchannel, while the abscissa represents its
probability which is represented by the squared modulus of the subchannel wave functions integrated over the whole radial range.

pocket. Due to this well-marked pocket, the wave function inthe channel-coupling effect on this channel. In order to see
a potential resonance, i.e., the single-channel resonance, esw the dispersion of the probability in the individual sub-
comes the higher nodal state compared with the sub-channathannels depends on the coupling-potential strength, we per-
with L>J. The overlap integral between the radial waveform a CC calculation by changing the coupling-potential
function and the coupling potential becomes small becausstrength artificially starting from 20—-100 % of the original
of this higher nodal property of the radial wave function. strength with 20% steps.
Therefore, the channel coupling effect becomes a little mod- |n Fig. 7, we show the probability of finding the system in
erate for the 2 excited-channels with <J and their popu-  the[0 ®0; ] channel and its distribution among eigenstates.
lations becomes dominant in the CC resonance states.  |n the leftmost column, we show the energy spectra obtained
The [0, ®0, ] channel component is a minor one in all by the single-channel calculation in this channel, while, in
the eigenbands. A similar situation can also be observed ithe rightmost column, we show the result of CC calculation
the other resonance states not belonging to any of the eigemsth the full (100% strength of the coupling potentials. The
bands. Since thg0, ®0, | channel corresponds to the exit spectra shown in between are obtained by the CC calculation
channel in the real experiment, we focus our discussion tevith the reduced coupling potentials, namely, with the origi-
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FIG. 7. Coupling-strength dependence of the probability of the
[0; ®05 ] channel atl=16. See the text for details. FIG. 8. The same as in Fig. 5 but for the eigenbands in the HG.

| i tential ltiolied by th b h ._The open squares show the resonance-energy positions. The four
hal coupling potentials muiiplied by the number shown Ineigenbands are identified, which are labeled®yD. The energy

the top of each column. In the full-coupling case, all the yependence of the total cross sections is also drawn. See the text for
probabilities of this channel are strongly spread over a NUMgqt4ils.

ber of eigenstates in an wide energy region. As a result, the

probability of this channel included in the individual eigen- jngividual centers of mass, will strongly be suppressed and

states is reduced to about 10—15%. This result means thﬁb eigenband having the dominaity ®0: 1 channel can
the single-channel molecular bands shown in Fig. 3, Whidlexistg g A, ©0, ]

was generated by the DF-model potential of this channel,”
completely disappear due to the channel-coupling effect.
The reason why th¢0, ®0, ] channel is strongly af-
fected by the channel coupling among the CG channels can In this subsection, we investigate the nuclear structure of
be qualitatively interpreted by the intrinsic structure of thethe CC resonance states for the hybrid group. As done in the
3a states of*?C. The channel coupling can be related with last sub-section, we analyze the wave functions of the indi-
the deformation of the two colliding nuclei in their body- vidual CC resonances of the grazing partial waves, which are
fixed frames. The intrinsic shape of the 8tates of*’C, the calculated under the scattering-boundary conditions, based
05 and 2 ones, are known to be strongly deformed in aon the .t?ound-.sta_te approximatio_n. That is, we calculate the
prolatelike shapd23], although the & state may have no Probability of finding the system in a subchannel component
definite intrinsic shape in its body-fixed framéThe 3  for the .|nd|V|duaI resonances and investigate thg number of
states of'?C are not necessarilya3linear-chain states. See, the radial nodesyand, henceN=2n+L, of the radial wave
for example, Refs.[20,21l) The average quadrupole- function in each subchannel component. THe ©0, ]
deformation parameter for thea3states are known to be channelis taken to be the “entrance channel” for calculating
about,=+1.6[23]. The 0; state of'?C corresponds to a the partial-wave components of the total cross section, 2(1
rotational state in which the intrinsically deformed nucleus—23SY). In this analysis, we have identified the four eigen-
rotates spherically. When such deformed nuclei becom&ands at 20—40 MeV excitation energy with respect to the
closer, the location of the local minimum in the adiabatic?*Mg— *2C+*%C threshold.
potential-energy surface strongly depends on the relative dis- Figure 8 shows the eigenbands obtained for the grazing
tance and the orientation of the colliding nudiéi—63. For  partial waves J=14-20). The energy dependence of the
example, the pole-pole configuration becomes stable at 2(1-R fj)) is also shown in Fig. 8 together with the eigen-
relatively long distance, while the equator-equator configubands to identify the resonance-energy positions and their
ration becomes stable at a shorter distance. In such a situaidths. The resonance states connected by the solid line have
tion, it may not be plausible to expect that both of the inter-the common dominant subchannel components and a com-
acting two 3 particles rotate spherically in a very deformed mon total oscillator-quantum numbir=2n+L. In Table I,
adiabatic-potential surface. Therefore, [l9g ®0, ] compo- ~ we show the dominant subchannel componentshwelues
nent, in which both*?C nuclei spin isotropically around the for each eigenband of Fig. 8. The average population of the

B. 2C+3a molecular bands in the coupled-channel solution
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TABLE Il. Dominant subchannels in the individual eigenbands 2(1-ReSWy)
for the HG. 40

Band Subchannel N % L I=14 =16 J=18

A (2, ®25 ) i—41=3-2 18 30.0
B [0;®25]—20-5 2 18 225
C (27 ®25 ) —41-3-4 20 27.5
[0 ®2;]1-01=3-2 24 17.9
D [27®25 ) —41=3-4 22 23.1
[01©2;]1—21-3-2 20 14.7

301
dominant sub-channel component in each eigenband is also
listed in the table. As shown in the table, the population of
the dominant components is less than 30%. The mixing
among the different subchannels becomes a little moderate B
for high spins, which has a similar tendency as the results in
the CG, although it is not shown in the figure. Comparing the -
location of the single-channel bands with that of the eigen-
bands, we found that the energy differences between them -
due to the channel coupling effect is about 4—10 MeV, which

is also comparable with the energy shift in the CG case. 20
These results indicate rather strong channel-coupling effects IO+

due to the inclusion of strongly deformed 3tates of*“C in
the HG. FIG. 9. The same as in Figs. 5 and 8 but for the eigenbands in

From a comparison of Tables | and I, one can understanthe SG. The double circles show the resonance-energy positions.
that both results are quite similar to one another. Namely, alThe four eigenbands are identified, which are labeleébyp. The
the dominant components are t[\@f ®2g]| _», and [2Ir energy dependence of the total cross sections is also drawn. See the
®2; ]i—4, subchannels with aligned. The subchannels text for details.
with the nonaligned I(=J) L are strongly affected by the
channel coupling, which leads to the small populations in thesis, we have identified four eigenbands at the same energy
individual CC resonances. The stability of the aligned sub+egion. Figure 9 shows the eigenbands obtained for the graz-
channels can be understood by the weakness of their ceirg partial waves {=14—20). The resonance states con-
trifugal potentials, as we discussed in the CG case. nected by the solid line have common dominant subchannel
The channel component of the; ®0, ] channel, which  components and a common total oscillator quantum number,
is one of the exit channels in the real experiment, is alsdN=2n+L. In the CC calculation with the scattering bound-
small in all the CC resonance states. Its probability is abouéry condition to obtain 2(+ R (ef)), the usual elastic[Q;
10-15% in all the CC resonance states. This implies that th@o;’]) channel is taken to be the entrance channels.
probability of this channel is strongly spread over a number |n Table IlI, we list the dominant subchannel components
of eigenstates in a wide energy region due to the channelnd N-values for eigenband8—D of Fig. 9. The average
coupling effect, which is similar to the case [, ®0,]  population of the dominant sub-channel component in each
channel in the CG. These results also mean that the singleigenband is also listed in the table. As shown in the table,
channel band of this channel completely disappears becausige average population of the dominant components is
of the strong channel-coupling effects. around 50%. This result suggests that the channel coupling
The intrinsic deformation of the shell-model-like stateseffect is not very strong compared with the previous CG and
(the ground Q and 21+ state$ is moderate compared with HG cases, but it is not so weak even among the SG case. We
that of 2 states, but the average quadrupole-deformation
parameter for the former two states are still large and its TABLE lll. Dominant subchannels in the individual eigenbands
value is known to be aboyt,=—0.50[23]. Therefore, the for the SG.
12C+3a channels have the oblate-prolate intrinsic shape in
the body-fixed frame. As we discussed in the preceding sub- Band Subchannel N %
sections, each of the deformed nuclei cannot spin isotropi-

Etotal (MeV)

) T e . , 07 ®2 0 - 20 35.6
cally in such a situation. Due to this strong deformation, the [01®21 ]i-a1=5

4 N . . elastic 20 19.5
[0; ®0, ] component will strongly be suppressed in the CC ot

eigenstates B (212, hi-zr-5-2 18 471

9 : c [2F ©2 11 —ar -4 18 28.4
+ +

124 1 ; ) ; [21®2] ]i=4L=3-2 18 36.3

C. ’C+'2C molecular bands in the coupled-channel solution b [0:©2: g3 2 18 30,5

We performed an analysis similar to that is the preceding elastic 20 20.2

two subsections on the shell-group channels. In these analy
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found that the energy difference between the molecular
bands without the channel coupling and the eigenbands ob-
tained by the CC calculation was about 6—10 MeV.

This is comparable to two units dfw in the case of a
harmonic-oscillator potential. Therefore, the wave functions
of the dominant subchannel components of the resonance
states in the CC calculation have a radial nodel com-
pared with the corresponding single-channel wave function
with a radial noden. The detailed comparison between the
single channel bands and the eigenbands is shown in Ref.
[53].

As one can understand from Table 111, all the results of the
CC calculation in the SG have the same tendency as those in
the CG and HG. That is, most of the dominant components
in the individual eigenbands correspond to subchannels with
an aligned [ <J) L value such as thg2{ ®2; ]j_41 =34
one; meanwhile there are no eigenbands, the dominant com-
ponents of which are subchannels with a nonalighe@lue
L>J. The origin of this result is basically the same as that
discussed in previous subsections for CG and HG cases.

The population of the elasti®; ®0; ] channel is small,
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about 20%, although it still survives as the dominant compo-
nent in eigenbandé andD. Since the deformation param-
eter of the shell-model-like states is still fairly large, the
[0; ®0; ] component, in which both’C nuclei spin isotro-
pically, will strongly be suppressed in the CC eigenstates due
to similar reasons as in the CG and HG cases.

The CC resonance states in the SG corresponds to the
so-called “higher-energy molecular resonances,” which was
previously studied by the BCNIL2—14. As we have shown
in this subsection, the channel-coupling effects among the
SG channel are not weak at all but rather strong. This result
suggests that the reaction mechanism relevant to the higher-
energy molecular resonances could be very different from
the “weak-coupling picture” suggested by the previous
BCM studies[12—-14. Detailed discussions on this point are
also given in Ref[53].
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FIG. 10. The energy-spin systematics of the eigenbands having
the ?C+'%C (solid line9, 3a+3a (dashed lines and *°C+ 3«
(dot-dashed lingsstructures.(a) The location of the eigenbands
with respect to the ground state of th#8g nucleus. The white
circles connected by the solid line represents the ground rotational
band of2*Mg. (b) The enlargement of pangh). The resonance
epositions not belonging to the eigenbands are also shown. The

fi . b d th h fRe+ 12C inelasti double circles, solid triangle, and open squares represent the reso-
configurations were observed throug + Inelastic  ance positions of th&C+'°C, 3a+3a, and*?C+3a channels,

scattering leading to the single- and mutugl-€xcited chan- respectively. In both figures, the left ordinate shows the total exci-

nels. In this section, we discuss the reaction mechanism fqgtion energy with respect to the ground state®fg, while the
resonance formation in the two inelastic channels in connegight one shows the excitation energy with respect to g

tion to the three groups of the eigenbands obtained by the CC;2C+12C threshold.
calculation in the previous section.

We summarize the three kinds of eigenbands identified in In Fig. 10b), we show the enlargement of Fig (82 The
the present calculation in Figs. ) and 1@b). In Fig. 1Qa), eigenstates, not belonging to the eigenbands, are also shown
we show the three groups of eigenbands together with thin Fig. 10b). The moments of inertia of the three kinds of
ground rotational band of the compound systéfvjg [24].  the eigenbands are very different from each other, which
All the eigenbands exist in the 30—55 MeV excitation energyreflects the large difference of the interaction range between
interval with respect to the ground state of ##1g nucleus.  two “**C” nuclei. Therefore, the SG eigenbands cross with
The moment of inertia of the ground rotational baisdlid  the HG and CG eigenbands at certain values of energies and
lines with white circley is much smaller than those of the total angular momenta.
eigenbands, which reflects the well developed “cluster con- As we discussed in Sec. Ill, the channel coupling among
figuration” such as thé?C+ *°C (solid lines, °C+3a (thin-  different groups of channels is weak compared with that
solid lineg, and 3x+ 3« (dashed lingsstructure. within the same group of channelsee Fig. 1L Therefore,

V. REACTION MECHANISM FOR THE MULTI-CLUSTER
EXIT CHANNELS

In real experiments, resonance states having multiclust
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the inelastic scattering to thé°C(0;)+'2C(0;) [**Cys.
+12C(05)] channels occurs through the weak transitions
from the small elastic component of the eigenbands in the
SG to the even smaller?C(0;)+"C(0;) [**Cys
+12C(05)] component of the eigenbands in the C&G).
That is, the inelastic scattering to the multicluster exit chan-
nels can be interpreted in terms of the “weak transitions” or
“band crossing” among the three kinds of eigenbands having
the 2C+1°C, 3a+3a, and*?C+ 3a configurations.

We discuss the energy dependence of $matrix ele-
ments for inelastic scattering leading to th&€C(0,)
+12C(07) and **C, s +*2C(0;) channels in grazing partial
waves. Since the probability of the three channels of interest
here are widely spread over the eigenstates in a wide energy
range, we should focus on the gross energy dependence of
the Smatrix element. Many resonance states with extremely

| S(‘J)inelastic |

PHYSICAL REVIEW C66, 034307 (2002

sharp width are generated in tiSematrix in all the partial

waves when we solved coupled-channel equations with only

the real DF potentials. Therefore, we average the modulus of

the calculateds matrix with a certain energy width in order

to see its gross energy dependence. We take the averaging (x02) J=16

width to be 1 MeV in all the following calculation, which is — 0.05

also comparable to the width of the observed resonance 2

stateq35,36. £ 0 18
First we discuss the direct coupling between the SG chan- ® 005 W

nel and the HG channel and that between the SG channel and 4

the CG channel, separately. Figure(dlshows the partial- 0 s

wave components of th®@matrix from the elastic channel to 4520

the 1°Cy s+*“C(0;) one obtained by solving the coupled- 0.05f (b ) Mutual - 05*

channel equation within the SE&HG model space. In this 0 . N

figure, the dashed curves show the results calculated by the 24 28 32 36 40

coupled-channel Born approximatig@CBA) which treats Ecm. (MeV)

the channel coupling between the channels belonging to the ) _ o
SG and those belonging to the HG to the first order, while the . F'C- 11. Partial-wave components of the inelaSimatrix. (a)

solid curves shows the results of the full-CC calculation shows the modulus of th® matrix from the elastic channel to the

. . . 1 n single-G; excitation channel calculated by coupling the SG and HG
Flgure E'Ib) shows th_eS. matrix leading t‘? the _ZC(OZ) channels. Th&matrix for J= 20 is multiplied by 0.8(b) shows the
+12C(0;) mutual-excitation channel obtained in the SG

) modulus of theS matrix to the mutual-@+ excitation channel cal-
+CG model space. In the dashed curves of Figbglthe  cyjated in SG-CG model space. Ths matrix for J=16 is multi-

channel coupling between the SG channel and the CG chaptied by 0.2. In both figures, the solid curves represent the results of
nel is also treated to first order, namely, in the CCBA calcu+he full CC calculation, while the dashed curves do the results cal-
lation. culated by the CCBA. All the results are averaged with energy

In Fig. 11(a), the magnitude of th& matrix in the CCBA  width of 1 MeV. See the text for details.
calculation is systematically larger than that in the full-CC
calculation in all the partial waves. This result implies that3« state by one step, which leads to much weaker coupling
the direct coupling between the SG and HG cannot combetween the SG and CG than that between the SG and HG.
pletely be treated by the first-order approximation. Since th&he difference between the CCBA and CC results at the
coupling between the SG and HG corresponds to the procegarticular energy and partial wave mentioned above is origi-
that only one of the'’C nuclei is excited to a spatially ex- nated from the degeneracy of eigenstates in the SG and CG.
tended & state, the transition between the SG and HG doe#s can be confirmed in Fig. 10), the eigenstates in the SG
not fully converge in a first order treatment. and CG are degenerate among each othé&.at=30 MeV

As shown in Fig. 1lb), however, theS matrix leading to  in J=16, while the eigenbands in the SG and CG cross each
the 12C(0,) +12C(0,) channel obtained by the full-CC cal- other atE. ,=31 MeV inJ=18. The degeneracy and cross-
culation in the SG-CG space is very close to that obtaineding lead to an exceptionally large coupling between SG and
by the CCBA except for a certain energy regidg,, CG channels.
=30 MeV inJ=16 andE, ,,=31 MeV inJ=18. This is due Next we investigate the transiton to thé’Cyg
to the weakness of direct coupling between the SG and CGt+%C(0;) and %C(0;)+12C(0,) excitation channels by
The transition from the SG to CG corresponds to the processoupling all the groups of channels; SG, HG, and CG. Figure
in which both*?C nuclei are excited to a spatially-extended 12(a) shows the partial-wave components of tBematrix
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elastic channel to thé’Cy s +*2C(0;) channel can be real-
ized by the first-order coupling between the SG and HG. For
this transition, the lowest coupling process through the CG
corresponds to the second order process. Therefore, the cou-
pling with the CG has a minor effect on the inelastic scatter-
ing leading to the*’Cy s+'*C(0;) channel in the SG& HG

+CG model space.

Figure 12b) shows the modulus of tH@matrix leading to
the 12C(0;) +'2C(0;) excitation channel calculated in the
full model space, S&HG+ CG. The solid curves show the
full-CC results, while the dashed ones correspond to the re-
sults of a calculation in which the direct couplings between
the SG and CG are atrtificially switched off. That is, all the
coupling potentials between the SG and CG are taken to be
zero. Despite the zero couplings between the SG and CG, the
gross structure of the solid curves, such as the width and the
location of the individual peaks, are very close to that of the
dashed curves. Therefore, the inelastic scattering leading to
the 2C(0;)+'2C(0;) channel mainly occurs in “two
steps” through the HG channels, namely, SGG« CG.

The direct transition from the SG to the CG is weak com-
pared with that two step process because of the large differ-
ence of the nuclear structure between the SG and CG. This
result is not so trivial because of the direct transition from
the SG to the CG and the sequential one through the HG are
of the same order in the sense of excitation of individiial
nuclei.

Summarizing the above discussion, we conclude that, in
the inelastic scattering to th€C, s +*2C(0;) and *2C(0;)
+12C(05) channels, the coupling with the HG channels
plays very important roles for the reaction process. In Fig.

24 28 32 36 40 13, we also show the main reaction process for the inelastic
Ecm (MeV) scattering to the'?C,+2C(0;) and *2C(05)+*C(05)
g.s. 2 2 2

FIG. 12. Partial-wave components of the inelagimatrix. (a) channels.

shows the modulus of th&@matrix to the single-9 excitation model

| S(J)inelalstic |

| S(J)inelaslic |

space. The solid curves show the results calculated ir-8G VI. SUMMARY AND DISCUSSION
+CG model space, while the dashed curves show the results cal- ) .
culated in a limited model space, S®G. (b) shows the modulus In this paper, we have studied the nuclear structure and

of the Smatrix from the elastic channel to the mutugl-@xcitation ~ reaction mechanism for resonances observed in @
channel calculated with the S@HG+CG model space. The solid +*C inelastic scattering leading to tH&C, s +*2C(03) and
curves show the results of the full CC calculation, while the dashed2c(02+) + 12(;(0;) channels by using the framework of the
curves show the results with a CL_Jtoff of the coupling between themicroscopic coupled-channel(MCC) calculation. The
SG and CG(See the text for details. double-folding interaction based on the-RGM wave func-
tions of 2C [23] and a realistic density-dependent nucleon-
leading to thelzcgls._plzc(og) channel calculated in the nucleon_ interaction ca_lled DDM3Y57,58|_are used in the_
SG+HG+CG model space. The solid curves in Fig.(&2 calculation. We have included the reaction channels which
shows the results of the full-CC calculation in the §8G  Play important roles in this particular inelastic scattering to
+CG model space, while the dashed curves show the result8e “Cq s+ *?C(0;) and**C(0;) +*%C(0;) channels based
calculated by the full-CC calculation in the SGIG model  ©n the results of our recent study on the dynamic polarization
space. That is, the dashed curves in Figalare the same Potential(DPP) [52]. From the analyses of DPP's, we have
as the solid ones in Fig. 1d). The solid curves calculated ma_de clear_ the coupling scheme _relevant to the inelastic scat-
with the SG+HG+CG model space are very close to the tering leading to these two reaction channels.
dashed ones calculated with a limited model space, SG The H%Cy s+ 1%Cy 5 elastic channel is strongly distorted by
+HG. This result means that the addition of the CG to thethe coupling to the *Cy+2C(2;) and *C(2;)
CC calculation in the S& HG model space has only minor +*C(2;) channels, while the channels most strongly
effects upon the inelastic scatterings to i€, +1?C(0;)  coupled to the*’C(0,)+**C(0,) channel are thé’C(0,)
channel. +12c(25) and *2C(2;)+%C(2;) ones. These coupling
This result is quite natural because the transition from thescheme can be interpreted by the characteristic nuclear struc-
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Inelastic scattering to IZCg.S. + 12C(0,4) pling among the different group of the channels is very weak
compared with that among the same group of channels. That
Hybrid channel is the mixing among the channels belonging to the SG, HG,
2,7+ 2, and CG is very small and the energy shift due to the coupling
0" + 2, among them is less than 1 MeV.
2440, According to the above grouping of channels based on the
0/ + 0,4 — > coupling scheme just clarified above, we carefully investi-

gated the character of molecular bands existing in the 30—
55-MeV excitation-energy region with respect to the ground
state of?*Mg. Since the channel coupling between the SG,
CG, and HG is very weak, we have solved the CC equations
Shell channel Cluster channel in each channel group separately and analyzed the channel

27+ 2% 2," + 2,5t components of the generated resonance states. As a result,
we have found several rotational-band structures in the indi-

0+ 2+ Ot + 25,* .
vidual channel groups.
E‘_>01+ + 0, 0t + 0,F In the cluster grougCG), the channel-coupling effect is
very strong, which leads to a strong mixing among the sub-
Inelastic scattering to C(0,) + 12C(0,7) channels, and the population of the largest subchannel com-
ponent in an eigenstate or in a rotational band is less than
Hybrid channel 35%. We called the rotational bands generated by the chan-
2/" + 25" nel coupling “eigenbands.” The channel-coupling effect
O+ 2,* gives rise to an energy shift of about 5—10 MeV on the single
2,4+ 0yt channel bands. The energy shift is almost the same as or
0/t +0y* even exceedsfidv of the single-channel bands, which corre-
sponds to the energy interval of the single-channel bands
// \\ with the different radial nodes. All the eigenbands were
found to have either a?C(0,)+%C(2;) channel or a
Shell channel Cluster channel 12c(25)+12Cc(25) one, with anL<J configuration as a
2.+ + 2,* 2,t + 2, dominant component due to the weakness of their centrifugal
0%+ 2 0, + 2,* potentials. The population of theC(0,) +12C(0;) channel
IE’_’O e Ot 0t 4 0+ > [ou] component is strongly s_uppressed to below 10%_|n all the
! ! L eigenbands as well as in eigenstates not belonging to any

eigenbands.
FIG. 13. Main reaction process in the inelastic scattering to the In the hybrid group(HG), the effect of the channel-
single- and mutual-p excitation channels. The solid arrows repre- . . § . .
sent the main coupling in the individual inelastic scattering. Thegggﬁhrpg dI:foe}’lrinoe dsgosr;gtebsecﬁ?geeﬁoenc? 350 I.Sn dexé:étse(; Itgr e
couplings shown by thin solid arrows are minor contributions in gly hift and t C thl C;J'ﬁ t gb
these two inelastic scatterings. See the text for details. gﬂ:rr%:alz Iwhailgh ii‘ iirr(r)]irllgr T(;XItEge z:?uoe?[i%n ien tlheergg Svli/e-
have found that the energy shift due to the channel coupling
. reaches about 4—10 MeV, which is also comparable with that
model-like states and well-developed Bnes[ZO—fﬂ. The 4 ihe CG case. The populations of all the dominant compo-
former three and latter three channels hd%€+°C and nents are less than about 30% and they are Mg,
3a+3a structures, respectively. For the same reason, the € 120(27) channel or thelC(27) +2C(25 )yone with L
folllgcv:vmg threeu(? annelsl’zéhézc(zl)JrlZC(OZ)’ “Cys. <J configuration. The componlent of théc +12C(0;)
. . g.S.
(2;), and *C(2;) +*C(2,) Oqes are important for -\ - 1ol is also strongly suppressed in all the eigenstates due

the study of resonance in théC, s+ '2C(0;) channel. Al o the channel coupling
these ;‘]our channels rr:ave tﬁfﬁH ?(’j“ str#ct]yre H hannels 1 the shell grougSG), the channel coupling effect is not
12'(? this paper, we a\llzecre erre toltzce Irst tlzrge Chann€lGery strong, but the effect is still important. A considerable
[*Cyst Cys.s %C+ (2112)' a+nd ) (21+)+ ) (21+)]’ mixing among subchannels occurs and all the dominant com-
the sei\condJr thr?@ (0,)+1C(0;), **C(0,)+ 2C§222 ). ponents have &<J configuration, which is consistent with
and '%C(2;)+%C(2;)], and the last four [*Cys  the results of the CG and HG. The population of the domi-
+12C(0;), C(2{)+'C(0;), '*Cys+'°C(2;), and  nant sub-channel component in the eigenbands is about 20—
12c(27)+1%C(2;)] as the “shell group”(SG), the “cluster  50% depending on the dominant subchannel. In particular,
group” (CG) and the “hybrid group”(HG), respectively. We the channel coupling strongly affects the elastic channel and
have also investigated the channel coupling effect among thise population of the elastic-channel component becomes
SG, CG, and HG channels quantitatively by solving the CCsmall in all the eigenbands. The channel-coupling effect
equation under the bound-state-like boundary condition. Agives rise to an energy gain of about 6—-10 MeV upon the
the results of the calculation, we found that the channel cousingle-channel bands, the value of which is almost compa-

ture of the C nucleus, namely, the coexistence of shell-
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rable to Zw of the single-channel bands. The wave functions3« statesl is opposite to the relative angular momentum
of the dominant subchannel component of the eigenbands the present analysis, the dominant channel takes the
have an additional radial node compared with those of théaligned configuration”L=J—1 with an enhanced moment
single-channel bands in the same energy region. of inertia, although its population is not so large. Thus the

It is interesting to discuss qualitatively the present resultgroperties of the 3@+3a states observed in the present
on the 3x+ 3« eigenbands in connection to ther@inear-  study will be different from such a Bose condensate. How-
chain states calculated by the cranked-cluster m@g&P9. ever, it would be interesting to examine if the population of
The & linear-chain state corresponds to the so-calledhe antialigned channel were enhanced in the low spins near
“strong-coupling state,” having a definite geometrical shapethe & threshold. If this happened, it could be interpreted that
in which the G states form a unique linear-chain shape ina “phase transition” occurred from the normal “aligned
their body-fixed frame. The overlap between a specific chanstates” to the superfluid “antialigned states.” Therefore, it is
nel wave function in Eq(3) and such a strong-coupling state very interesting to extend the studies based on BEC to the
will be quite small. Namely, infinite number of angular- 3a+ 3« (or 6a) states.
momentum states) {I,)ILJ, are mixed up in such a strong- ~ We have also discussed the reaction mechanism leading to
coupling state when it is expanded in terms of the internathe *2Cys+**C(05) and *?C(0;)+*2C(0;) channels. The
wave function of two interacting®C nuclei. Therefore, it is single-channel bands in these two exit channels, namely, the
expected that such a strong-coupling state hardly decays tovéeak-coupling states in which one or bdfiC are excited to
specific subchannel. In general, it might be difficult to ob-0, state, are strongly affected and modified by the channel
serve such a strong-coupling state with a unique geometricgoupling, and, hence, the original single-channel bands in
configuration through inelastic or particle transfer reactionghese two channels completely disappear. The populations of
even if it exists at a certain energy region. the elastic,’Cy s +'%C(0,) and**C(0; ) +**C(0,) channel

On the other hand, all thead+ 3« eigenbands obtained components of interest here are rather small in tfe
by the present CC calculation are expanded in terms of sevk °C, 2C+3a, and 3+ 3 bands, respectively. There-
eral internal wave functions of twoaB3states of!2C. The fore, the reaction mechanism of the inelastic scattering lead-
obtained CC eigenbands have tRé&C(0;)+2C(24) or  ing to the'Cy +*C(0;) and **C(0;)+*4C(0;) channels
12c(25)+*C(25) channel as the dominant component, al-is quite different from the crossing among the single-channel
though the mixing among the different channels is large inPands of these three channels, because they are strongly dis-
the individual eigenbands. This result means that the obtorted by the channel coupling effects. The strong channel
tained eigenbands are rather close to the so-called “wealkeoupling within the SG also indicates that the resonances
coupling states” in which two @ states are weakly coupled induced by the present DF-model interaction is different
to each other, while keeping th&C(0})+2C(27) or from those of the previous BCM interpretation, in wh.|ch
120(25)+12C(2}) intrinsic configurations. Therefore, it féSonances occur due to the crossing among the single-
should be noticed that the character of the Ihiear-chain ~ channel bands and to the weak transition among s

state is completely different from that of the eigenbands or4l- The prope(rjti?s CIJIf tlhe rbesodn_;nces ?enerar;ced _by Ithe
the eigenstates generated by the present CC calculation. E)resent DF modet wi y also be different from the simple
However, the large mixing among the channels in the weak-coupling picture” in which two colliding nuclei are

3a+3a eigenbands implies that the individuat States will qui\t/s wheakly coupleddto each other. hanism leadi
be easily deformed due to the interaction between two 3 e have proposed a new reaction mechanism leading to

systems when they come close to each other. Therefore, tﬁge two exit channels based on the crossing of three kinds of

channel representation is not so appropriate in describinfl9enPands. Since the channel coupling between the different

such “soft 3¢+ 3« states” because the individuak&tates inds O_f eigenbaqu Is quite Wfak’ iicanl be in;terpr?ted as the
hardly keep their asymptotic states when they are at a shon‘;{lZaSt'C+ scattering to the C(0;)+1%C(0;) [ zcg-.s:
distance. Recently, a new interpretation of the Sates in  + °C(02)] channels occurring through the weak transitions
12C and the 4 states in*°0 was proposed by several authors from a small elastic component of the eigenbands in the SG
[71]. They suggested that such muitieluster states can be to the even smallet?C(0;)+*2C(0;) [**Cys+12C(0;)]
interpreted in terms of the “Bose-Einstein condensation”component of the eigenbands in the ©&G). That is, the
(BEO) of the a clusters, in which all thex particles are inelastic scattering to the multicluster exit channels can be
loosely coupled to each other as they occupy a commofhterpreted in terms of the “weak transitions” or “band
Swave orbit[71] with respect to the center of mass of the crossing” among the three kinds of eigenband havifg

total system. +12C, 3a+3a, and**C+ 3« configurations.

In view of this point, the present®+ 3a states may cor- For the inelastic scattering to tHéC, s+*%C(0;) chan-
respond to the rotational excited states of Bose condensates!, the direct transition between the SG and HG is found to
[72]. In such an excited Bose condensates, individual 3 be the most important one. On the other hand, the “two-
particles should counter-rotate to their relative rotation bestep” process through the HG, i.e., 861G+~ CG, plays a
cause the @ states have the irrotational properties of an idealvery important role for the inelastic scattering leading to the
fluid [72]. In this situation, the angular momentum should *2C(0;)+%C(05) channel. The direct coupling between the
take the “antialigned configuration’ =J+1 with a reduced SG and CG plays a minor role for the inelastic scattering.
moment of inertia, in which the channel spins of individual Therefore, the coupling to the HG channels plays a very
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important role for the inelastic scattering leading to both thd 1], it is very important to make a theoretical study of the
single-0; and mutual-g excitation channels. resonances observed in tfiBe, s+ %0y exit channel in
In this paper, we have investigated the nuclear structure ofrder to clarify the essential nature of the highly excited
the highly excited®*Mg having the'?C+12C, 12C+3q, and  states of the?’Mg nucleus and its relevant reaction mecha-
3a+3a configurations observed in tHéC+%C collision at  nism. To understand resonances observed in @
energies arouné, , =32.5 MeV. In the’C+12C collision,  +'C,s—®Be, s+ %0, s reaction, we need to calculate the
however, resonance peaks have also been observed in ti@nsition amplitude of thex-particle transfer reaction. To
a-particle transfer reaction leading to thBe, s+ %0y 5 exit  this end, a finite-range coupled-channel Born approximation
channel around the same energy rediés—70. In particu-  calculation for thea-transfer reaction is now in progress
lar, sharp resonances observed in the channeEgt  [39,40,43,73
=27-29 and 32.5 MeV seem to correlate well with reso-
nances observed in thé’C,s+**C(0;) [68,69 and
12C(0;)+12C(0;) channels[64—70. The ®Be nucleus is
known to be a well-developedXluster state, which itself is The authors would like to thank Y. Abe, Y. Kond&.
a sharp resonance state. Therefore, the resonance observedato, and P. Schuck for their valuable discussions and criti-
the SBeg_s_-i- 16Ogls_ channel could be a state having a multi- cal comments. The authors also would like to thank M. Ka-
cluster configuration, such as ther2 %0 one. mimura for providing us with the transition densities of the
Since no clear cut analysis of the experimental data on th&C nucleus including unpublished ones. One of the present
2a+1%0 state exist except for some theoretical studies orauthors(M.l.) also would like to thank the Japan Society for
the 22+ %0 structure in low-lying excited states éfMg  the Promotion of Scienc@&SP$ for financial support.
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