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We demonstrate whether the cluster structure dissolves or remains when the shell-model-like model space is

introduced in addition to the cluster model space in light nuclei. Although the binding enerdiBs,dfBe,

and'%B become larger by about 1-2 MeV by adding shell-model-like basis states to+the N+N+- - basis

states, thex- « structure is a dominant configuration of the ground states. HoweMamraking wave functions
strongly mix in*?C, and the decrease of the energy from thec®nfiguration by about 6 MeV is a clue to
resolving a long-standing problem of the binding energie¥6fand®0. The improved version of antisym-
metrized molecular dynamia®MD), AMD superposition of selected snapshe#dviD triple-S), is used to

show the cluster-shell competition of these nuclei.
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[. INTRODUCTION not contribute to its energy. However, the dissolution of the
«a cluster should be taken into account in systems where the
Nuclei are quantum many-body systems consisting okpin-orbit interaction, which is a characteristic interaction in
protons and neutrons, and these nucleons have been knowie mean-field picture, strongly acts. Therefore it is intrigu-
to form some self-consistent mean field and to performing to study the cluster-shell competition for a unified under-
independent-particle motions. The nuclear shell modelstanding of nuclear structure.
which is one of the most standard models for nuclear struc- The antisymmetrized molecular dynami¢dMD) has
ture, is based on this picture, and strong spin-orbit interactiobeen proposed to demonstrate this effect and is extensively
in the mean field has been known to be a key mechanism tapplied to calculating the properties of light stable and
fully explain the observed magic numbdfs?2]. neutron-rich nuclef9,10. In AMD, each single particle is
On the other hand, the particle, which corresponds to described as one local Gaussid®;) characterized by
the doubly closed shell of the lowestshell in the shell ~Gaussian-center parametdw;. The shape of the nucleus
model, is strongly bound, and since relativea interaction ~ and the configuration of nucleons are determined by solving
is weak, strongly interacting four nucleofithe o particley  the cooling equation for these parameters. The appearance of
become a subunit of the nuclear structure in some light nuthe cluster structure and the disappearance have been dis-
clei, contrary to the mean-field picture. This molecular view-CUSsed as a function of the neutron number, for example in
point has been introduce®] even before the shell model, he Be, B, and C isotopes. o .
and such a “cluster” feature of light nuclei has been exten. However, the single AMD wave function is not sufficient
sively studied for more than four decadgks]. In the so- to describe the quantum mechanical mixing of the shell-like

called Ikeda diagrani6], the threshold rule has been pro- configuration and the clusterlike configuration, and it is also

L S . desired to describe the “wave” nature of the nucleons well.
posed as a gwdmg principle to ex.plam the appearance of th"Ieherefore we have proposed a new AMD approach, namely,
cluster structure in stableNdnuclei: a cluster structure ap- ' '

. MD-superposition of selected snapsh@®MD triple-S)
pears ground the cor_respondl_ng thr_esh_old energy. Recentfo‘ 1]. In this approach, the superposed AMD wave functions
theoretical and experimental investigations have proceed

to systems beyondNt nuclei, and a cluster structure with are randomly generated, and we select important ones from

. . among them. Here, we use the idea of the stochastic varia-
valence neutrons has become one of the main subjects co

. : flonal method(svm) [12].
cerning the structure of unstable nuQ@ig|. 4 ' In this paper, we demonstrate whether the cluster structure
If an « cluster is expressed as the lowés,)* configu-

S ) . 4 is dissolved or remains when the shell-model-like model
ration, it is a spin-zero system, and noncentral interactions dgpace is introduced, in addition to the cluster model space, in
light nuclei. For®Be, 1°Be, 9B, and'“C, the persistence of
the a- a structure in the ground state is studied, and*far,
*Electronic address: itagaki@phys.s.u-tokyo.ac.jp the persistence of then3cluster is also discussed. This paper
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is organized as follows: in Sec. Il formulation is summa-
rized, and in Sec. lll, numerical results for light nuclei,

cluster-shell completion is presented. The conclusion is —40f
given in Sec. IV.
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The framework of AMD triple-S is shown in Ref11] in
detail, and here, only the important part is recaptured. The
total wave function is fully antisymmetrized and is given by
a superposition of the basis stat&ater determinantgV,})
with coefficients{c,}: S S e —

o -a distance (fm)

1
[$.)
[=]

T

o= 2 Ckp\l:\i/lK“Pkl (1) ]
k FIG. 1. The energy curve of the- o system(0") with respect to
the distance between the centers of the awolusters. The energy
does not coincide with twice the energy of the cluster (2 X
Wy = AL (0oxd) -+ ke ) v (

—-27.57 MeVj even at a larger- « distance, since the relative dis-

Projection onto a good angular momentum is performed b);ange i§ ﬁX.Ed' Thf corresponding kinetic energy of the zero-point
s J - oscillation ishw/4=4.86 MeV.
the projection operatoPy,,, and the coefficientdc,} are
determined by diagonalizing the Hamiltonian matrix after
this projection. Each Slater determinafit,) consists ofA V(r) =(W-MP7P"+BP? - HP")
smgle-parhclg states and each nucleon sfaig; i=1~A) X [V exp(— rzlcf) +V, exp(— rz/cg)], (5)
has a Gaussian form
where W=1-M, M=0.60, andB=H=0.125. For the spin-
2v\%4 e o orbit term, we introduce the G3RS potentid¥] as
= (_v) exd - U(r—Zi/\e’v)2+Z‘-2/2], (3) P tak]
- .
Vie = Vole " - % }PCO)L - S, (6)

where d;=5.0 fm?, d,=2.778 fm?, V,=2000 MeV, and
| " > P(?0) is a projection operator onto a triplet odd state. The
=1/\2v) is set equal to 1.46 fm, which is common for all

nucleons so as to get the center-of-mass kinetic energy e)gperatQm?tarlds for the relative angular mom.en'tum éhs.I
actly removed. The real and imaginary partsZofepresent the spin(S;+Sy). All of the parameters of this interaction
the expectation values of the position and momentum of th&ere determined from the+n and a+a scattering phase
single particle. When we assume the presence of atus-  shifts and the binding energy of the deutefaf]. The origi-
ter(s), theZ values are set the same for four nuclegmeton ~ hal Volkov no. 2 potential gives a bound state for the
Spin_up' proton spin_down' neutron spin_up’ and neutrorpystem, but that is eliminated by introducing tBeand H
Spin_dowr)_ parameters.
For each Slater determinafW,), the values ofZ} are
randomly generated, but we optimize the imaginary parts of
these parameters to correctly take into account the spin-orbit ll. RESULTS
interaction before the angular momentum projection by using A. a-a energy curve
the frictional cooling method in AMD. During this cooling
process, the parity of the Slater determinant is projected.
After obtaining{W,}, the selection of the basis states is
performed inJ™-projected space. In the case of, Qvhen
inclusion of a trial basis stat#, decreases the sum of the
energies of the ground, second, and the thifdstates by
more than 0.05 MeV, the basis states are adopted.

The Hamiltonian operato(ri:|) has the following form:

where {Z} are complex parameters adg} represent the
spin-isospin eigenfunctions. The oscillator parameter

One of the most basic cluster structures in light nuclei is
the a-cluster structure, and the energy curve of thea
system(0*) calculated by using the present effective interac-
tion (Volkov no. 2,M=0.6) is shown in Fig. 1.

The energy becomes minimum around thex distance
of 3.5 fm, and it increases rapidly at smaller distances. At the
limit of zero distance, where the wave function corresponds
to the(s)*(p)* configuration of the shell model, the energy is

A A higher by 15 MeV compared with the lowest energy. There-
T -‘rc.m‘+ s Bij, (4) fore, in general, it is very difficult to shrink the- « distance
-1 i~ S0 as to eliminate the- « cluster structure, even if valence
nucleons are added to theta system andw clusters are
where a two-body interactiofy;;) includes the central part, more attracted to each other. For example, we have analyzed
the spin-orbit part, and the Coulomb part. For the central®Be by using the same interaction by introducing thea
part, we use the following Volkov no. 2 effectivé—N po-  +n+n model[16], and although the increase of the binding
tential [13]: energy from®Be is about 8 MeV, the optimak- « distance
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FIG. 2. The energy convergence e (0") with respect to the FIG. 3. The energy convergence'8Be (0%) with respect to the

number of trial AMD basis states. The first three basis states havﬁumber of trial AMD wave functions. The basis states from 1 to 300
the a+ « structure with the relative distances of 2, 3, and 4 fm. Theare those of thax+a+n+n model space with the relative-a

energy calculated using these three is shown as the dotted line, a'a‘?stance of 2. 3. and 4 fm. and after 300. shell-model-like wave
the basis states of the+p+p+n+n model space are included in ¢ e of ti’wea,+2p+4n model space are added

the calculations represented by the lower-lying dots.

. " d3f d the cluster struct . shows the cluster structure persists in the ground state of
rTehmal?s a_fa:;]oun | tmda'm ec u;t ers tr)uc ulret s(;erves;Be, although the cluster-breakiighell-model-like compo-
erefore 1t thea cluster disappears, It can be relaled Mmore,qn; miveg by several per cent. Hereafter, we refer to the

to the dissolution of am cluster than to the shrinking effect decrease of the energy when the breaking up of one afrthe
due to the attractive interaction caused by valence nUCIeonﬁlusters is taken into account As

The spin-orbit interaction is one of the candidates for the
origin of the dissolution ot clusters, and we concentrate on
it in the following subsections. C. 1%8e and %8

We examine the persistence of the cluster structure when
B. %Be the « clusters are more strongly bound to each other due to

The ®Be nucleus has been known as a typical example Of\dditional valence nucleons. Similarly to tABe case, the
- =N
the a-cluster structure. This molecular structure has beeren€r@y convergence dfBe (0) with respect to the number

also confirmed by recent quantum Monte Carlo calculatiorP! tri@l AMD wave functions is shown in Fig. 3. The basis
with a realistic nucleon-nucleon interactiqa7]. We also  States from 1 to 300 are those of the «+n+n model space

check that thex-cluster structure dominates the structure ofVith the relativea- « distance of 2, 3, and 4 fm, and after
the ground state ofBe. In our model, the wave functions 00 the shell-model-like wave functions of tlaer2p+4n
with the a- « distances of 2, 3, and 4 fm are prepared, and, ifnodel space are added. The energy convergesats MeV

addition to these cluster basis states, the shell model compf1€ experimental value is-65.0 MeV), and the decrease
nent is introduced. with respect to thex+a+n+n model space by adding the

The energy convergence BBe (0%) with respect to the a+2p+4n model spacegA) is. 1..9 MeV. This decrease is
number of the trial AMD basis states is shown in Fig. 2. TheaImOSt the same as fiBe, and it is concluded that the break-

first three basis states have the « structure with the rela- M9 of the clusters is more or less at the same level.

tive distances of 2, 3, and 4 fm, which gives53.4 MeV By changing one valence neutron to a proton, the energy

shown as the dotted line, and we add wave functions of th&onvergence O?OB_(3+) with respect to the number of trial
a+p+p+n+n model space corresponding to the shell-AMD basis states is shown in Fig. 4. Similarly,is found to

model-like basis states. Here, the values of Gaussian-centBf about 1.9 MeV.
parameters of four valence nucleons are randomly generated,

and only their imaginary parts are optimized by solving the .
cooling equation. By adding these shell-model-like states, D.7C

the energy decreases by about 1.8 MeV from that of the There have been a lot of successful calculation ‘f&

a-a model spacérelative distances of 2, 3, and 4 ¥nThis  assuming the & configuration[18,19, and the second*0
decrease of the energy should be said to be rather smalltate just above theadthreshold has been known to be well
because it includes the effects of the improvement of amlescribed by the cluster models. However, the breaking ef-
a-cluster wave function with respect 1s,,,)* (the energy fect of ana cluster has been also known to be important,
decrease is more than 1 Mg¥nd their coupling withw-o  especially for the ground staf@0-23, to explain the ob-
states with very small distance. Therefore iea cluster served electromagnetic properties. Here, we investigate this
structure is still a dominant component of the ground statecluster-shell mixing in detail, and the Majorana parameter of
The squared overlap between the final result and the loweshe Volkov no. 2 interaction is changed to 0.62 to reproduce
state obtained from the first three basis states is 0.94. Thike binding energy.
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FIG. 4. The energy convergence B (3*) with respect to the FIG. 6. The energy convergence B€ (0*) with respect to the

number of trial AMD wave functions. The basis states from 1 to 200number of trial AMD basis states. The basis states from 1 to 100 are
are those of thew+a+p+n model space with the relative-« those of the @ model space, and those from 101 to 600 arex
distance of 2, 3, and 4 fm, and after 200, shell-model-like wavet+2p+2n model space with relative- « distances of 2, 3, and 4 fm.
functions of thea+3p+3n model space are added. After 601, the wave functions with the shell-model-liket4p
+4n model space are added.

At first, we show the energy curve &fC with respect to . .
the expectation value of the principal quantum numbei600 havea+a+2p+2n model spacérelative a-« distances
((a"-a)), by using a single AMD wave function. Here, both of 2, 3, and 4 fri. _Here, the decrease of energy W|th.respe_ct
the real and imaginary parts of the Gaussian centers are of? the 3r model is 5.2 MeV due to the strong spin-orbit
timized under the constraint of tH&'-&) values. In Fig. 5, Interaction. Furthermore, the shell-model-like wave func-
the solid line represents the result with the spin-orbit termtions of thea+4p+4n model space are add¢iom 601 to
and the dotted line shows the result without it. At the lowest800, where two ofa clusters are broken. However, the de-
value of 8(eight nucleons are in theshel), thejj-coupling ~ crease of the energy by adding these basis states is only
picture of the shell model is important, and the energy dif-2bout 1 MeV, and it is seen that the contribution of the spin-
ference between the two lines is very laxg@out 10 Mey, ~ Orbit interaction is almost taken into account with oneaof
The dissolution of ther clusters) occurs at the lowest prin- clusters broken. The squared overlaps between the ground
cipal quantum numbershell-model limij). However, at State of the final solution and the lowest, the second, and the
larger values(~12), the difference between the two lines third 0" states of the &-cluster configuratior(1-100 basis
becomes much smaller, because of the formation of three State€$are 0.56, 0.06, 0.01, respectively. Therefore, although
clusters. For the interpretation of the solid curve, the prest® ground states has thex3omponent of about 60%, a
ence of these two structureshell structure ata'-a) ~8 and  12r9€ amount okx breaking component is mixed in.

] : On the other hand, the calculated secoridseate (ob-
2gcglal§;[er structure at larger valyebas to be taken into served aE,=7.65 MeVj mainly has the & component. The

Next, AMD triple-S is applied, and the energy conver- 4™ of the squared overlaps between the secémﬂa@e and
gence of “C is shown in Fig. 6. The basis states from 1 tog'c IS, T Poeree S8 et Somms o B
100 have various configurations oft3and those from 101 to study by Cohen and Kuratf23] gives too high excitation
70 , . , energy(13-14 Me\j for the state, suggesting that it is out of

: the model space. In stellar nucleosynthesis, the secénd 0
state just above theadthreshold plays a crucial role in form-
ing 12C. It is a triplew resonance state and decays first to the
2* state and next to the*@round state by emitting rays.
The B(E2, 0;— 2;) value strongly affects the abundance of
12C, however, it has been underestimated by a factor of 2 in
the traditional 3 model based on the resonating group
method(RGM) [18]. As shown in Table 1, in the present case
the mixing of 3x and thea breaking components affects the
B(E2) value and it becomes consistent with the experimental
8 . m . i value, in the same way as our previous analysis based on the

expectation value of principal quantum number molecular-orbital modeﬂ22]. .
Furthermore, the present result gives a clue to a long

FIG. 5. The energy curve JfC with respect to the expectation standing problem of the binding energies’8C and*0. It
value of the principal quantum numbé&'-a). The solid line and  has been known that in microscopic cluster models, when we
dotted line represent the results with the spin-orbit interaction andise the effective interaction which reproduces the binding
without it, respectively. energy of the & system, the 4-system becomes over-bound

energy (MeV)

1
-3
(=]

T
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TABLE |. The electromagnetic transition probability from the 12
2" state to the ground state and one from the secdretdie to the A=52, A(2)=62
2" state(left column. They are compared with the experimental 7 1og 12
values(middle column and the 3-RGM calculation[18] (right A=19 A=19
column). All units aree? fm*. %Be 1086 1254

A=18 A=19 A=17
Present Expt. a3 RGM N
21_’01 7.1 7.8£0.4 9.3 FIG. 7. The nuclear chart of the cluster-shell competitidn.

0;—2] 141 13+4 5.6 represents the increase of the binding energy when the breaking of
one of thea clusters is taken into account. FBiC, A(2) is also
shown, which is the increase of the binding energy when the break-

) o ing of two of thea clusters is taken into account.
by about 20 MeV. On the contrary, if the binding energy of

4« is reproduced, the @ system becomes underbound by IV. CONCLUSION

about 10 MeV. We had previously discussed that the experi- \We have discussed the cluster-shell competition in light
mental binding energy difference betwe¥ and®O can-  nuclei, by using the AMD triple-S model. Now it becoms
not be fully reproduced, even if we utilize a finite-range andpossible to prepare cluster states amdbreaking (shell-
density-dependent interacti¢@4], when the model space is model-likg) states on the same footing and to calculate the
restricted tox clusters. Now it is shown that by inc%rgorating {inoi)r(\ing of these states by using a common effective interac-
the a-breaking component, the binding energy be- ‘ o )

comes deeper by several MeV due to the spin-orbit interac- It has been shown that the binding energieS&#, “Be,

. : : . : . nd ®8 become larger by adding shell-model-like basis
tl'%‘- SLPCE :]h|s ef(fjectb|ls ccl)nsuilered fFO be _Iess ]meorr]ta}:’]t fostates, but the amount is only about 2 MeV, and thea
» which has a doubly closed configuration of fehell, gy ctyre is the dominant configuration in the ground state.

the spin-orbit interaction would be one of the important keysyjg\yever, the decrease of the energy from thecluster

to resolve this long-standing problem. However, we have atate due to the spin-orbit interaction is very large'ia
preliminary result that only half of the binding-energy prob- (about 6 Me\j. This strongly suggests the dissolution @f

lem can be solved by incorporating the spin-orbit interactionclusters) in the ground state, and the mixing of cluster and
and consideration of remaining effects, such as direct treashell components makes tB¢E2) values consistent with the
ment of the tensor interaction, whose effect is renormalize@xperimental values, which are important in nuclear astro-
in the central and spin-orbit parts of the interaction, wouldPhysics. The present result also gives an insight into the reso-
play a role in fully solving the problem. lution of the long standing problem of the binding energies

12 16, H : F
The coupling effects between the cluster states and shelpf “C and. O. However, consideration Qf remaining effects,
model states are summarized as a “nuclear chart’ of thé“Ch as direct treatment of the tensor interaction, would be

cluster-shell competition in Fig. 7. Her@y represents the important to fully solve the problem.
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