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Abstract

We develop an m-scheme approach of the cluster-orbital stoglel (COSM).

By using the Gaussian as the radial part of the basis funatimmponents of
the unbound states are correctly taken into account. Wey dbplm-scheme
COSM to oxygen isotopes and study the energies and r.niis.rad

1 Introduction

Innovation both on experimental techniques and theoledipproaches enables us to study nuclei for
wider area than ever. Now the front line of the research figlsl teached to the neutron and proton
drip-lines not only in light mass region but also in the m&ldhass region [1]. For example, the abrupt
increase of the r.m.s.radius &0 has been observed as one of the typical phenomena of noithes i
drip-line region [1].

For the theoretical study, however, it is not so straighttod to reproduce such the abrupt in-
crease [2—4]. In the drip-line regions, it is important tolide the components of unbound states. The
continuum shell model [5] and the Gamow shell model [6] are @ithe practical solutions to solve such
the problem for inclusion of the unbound states in the shelli@hpicture.

The cluster-orbital shell model (COSM) approach has besggldped to study light neutron rich
nuclei [7]. Using COSM with the Gaussian basis set, manyyledonant states can be exactly calculated
by making use of the complex scaling method [8]. As shown ih B¢ the COSM formalism with the
Gaussian basis can describe the halo structure, which g@atyproperty of the weakly bound system.
We propose an extension of the COSM approach to treat thendgaeof the core [9] and showed
the importance of the modification of the radius of the coreleus. We also discussed the role of the
unbound states in the COSM approach [10]. In Ref. [10], westigated the contribution of the continua
and resonant poles in the helium isotopes and compared ¢hdési@ed by the GSM approaches.

In this paper, we propose an m-scheme approach of COSM tecawer the limitation on the
number of valence nucleons in the practical calculationth&sexample of the neutron-rich nuclei, we
study oxygen isotopes and calculate binding energies amg.radii. In Sect. 2, we briefly show the
formalism of our m-scheme COSM and the model for interactiod wave functions. In Sect. 3, we
show the calculated results for oxygen isotopes. In Sesummary and discussion are given.

2 Formalism and interaction
2.1 Cluster-orbital shell model

We briefly explain the formalism of the cluster-orbital dhmbdel (COSM) [7]. In COSM, the coordi-
nates of the valence nucleons are spanned from the centeass of the core nucleus, and the kinetic
energy of the center of mass motidh is subtracted from the total-body Hamiltonian. Hence, the the
total Hamiltonian of COSM is described as follows:
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Here, f’ is a one-particle kinetic energy operator between the awildlzgeith valence nucleon. The index
“V”in the sum in Eq.(1) stands for the nucleons in the valenaeleons partH is the Hamiltonian for
nucleons in the core, anll; is the two-body kinetic operataf;; = (i/m)V; - V;, which comes from
the subtraction of the center of mass motion. The potengialéen the core and thith valence nucleon
is defined by taking the sum for the nucleons in the core pd?’g’as > ke ik

The core and valence wave functiof®.) and|®y/) are anti-symmetrized for nucleons in each
part. The total wave functiohl') is constructed by the core and valence parts as follows:

v = A{lec)|en)} @

where A’ stands for the anti-symmetrization between two nucleons;rucleon if®) and other one
in |®y). Therefore, the wave functig) is totally anti-symmetrized.

In the study of oxygen isotopes, we fix the lowest configurattbthe harmonic oscillator wave
functions for the core part®.), and the size parameter of the harmonic oscillator is deteunso as
to reproduce observed value of the r.m.s.radiu$ 6t

For the valence nucleons, on the other hand, the radialilbamet taken as the products of the
Gaussian functions as follows:

F(ry,---,rn) = g1(r1) - gn(rn) (3)

whereg; (r;) is the Gaussian function for thith valence nucleon with the normalizatidf) and the width
parametew; asg;(r;) = N; exp(—%airf). In order to describe the correct property of the asymptotic
behavior of weakly bound systems, it is necessary to incthdecomponents of the unbound states.
Therefore, the valence part is constructed by a superposifithe Gaussian functions,

oy = Zc(m)¢flrjr\L}TMT
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In the above equatiomp stands for the index of the basis functions. In each basigium the Gaussian
width parameter,;, angular momentg; and/; are the parameters in the calculation, and optimized in
a variational way [11, 12]. We discussed the advantagesefaaussian basis functions [9]. It has
been shown that the superposition of the Gaussian cormesigribes the halo structure [8] and includes
components of the unbound states [10].

2.2 M-scheme COSM

We employ the basis set so that theomponents of the total angular momentum and total iscasyEn
fixed: |MT.) = {ba,bas -+ Pan }ar, ar,.- HEre{--- by, indicates that the-component of the total
spin and isospinM andT, are fixed. «; are spin and isospin fath nucleon,j;, {;, s;, t; and their
z-components.

Hence, the wave function for the valence part becomes as\gil
oy = Z (m) q’g\rfMT

= T LR (e, ) - (MM ™)) (5)
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If the basis size is sufficiently large, the eigen vectorsshagood quantum number of the total
spin and isospin, and the coefficient&” play the role of the Clebsh-Gordan coefficients. Furtheenor
the lowest eigen value becomes the lowest-energy statehethossible spin and isospin, for having the
z-components of\f and M.

2.3 Mode and Interaction

We construct the interaction between the core and a valamdeaon, by taking into account the structure
of the core and the exchange effect with an approximated way.

lov) = (0o o |4 {loc) l0v) | ) = T3+ Ve ©)
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The interaction is constructed by folding the nucleon-aanl interaction with the core wave function.
The direct part of the folding procedure gives ﬁfjé term. For taking the anti-symmetrization between
the nucleons in the core and valence parts, we introduceirexdmation, which is proposed by Kaneko
etal. in Ref. [13], in which the recaoil effect and other excha kernels except for the knock-on exchange
term are omitted [13], which gives thlﬁf”” term.

Due to the Pauli principle between the nucleons in the caleaaralence nucleon, itis necessary to
eliminate the spurious states for the valence nucleonrmsystfée use the orthogonality condition model
(OCM) [14] in order to treat the Pauli principle and elimieahe spurious states. As a conventional
method, we introduce a pseudo potenidl; = A|F.S.)(F.S.| to the Hamiltonian of the valence nucle-
ons. |F.S.) is the projection operator to the occupied states in the, ¢orether words, the forbidden
states. For thé®0 core wave function, these states &0, 2), (Opz/2) and(0p; 2). By taking A — oo
in the diagonalization of the matrix of the Hamiltonian, foebidden state§F.S.) are effectively elim-
inated. Furthermore, we introduce an eﬁect&ﬂ-potentiaﬂ?’ils to reproduce the spin-orbit partners in
170, 5/2{r and3/2f. The strength parameter of tlie5-potential is adjusted to reproduce the energies
of the above states.

To summarize, the Hamiltonian for thith valence nucleorf;i becomes as follows:
hi =1+ VE+VE VB 1A, . @)

And the parameters in the potentials are adjusted to repeotfuee states,/2], 1/2] and3/2;, as the
single-particle states of tHéO+n system0ds z, 1s1/2 and0d ;.

For the nucleon-nucleon interaction, we use the Volkov Nlbr2 and Minnesota [18] interactions.

3 Reaults

In this section, we show calculated results for energiesrang.radii of the oxygen isotopes frothO

to 260. In the calculations, we take the maximum angular momerituraach partial wave ab,., = 2.
Therefore,sy 3, p3/2,p1/2, ds/2 andds, partial waves are included in the calculation. As shown in
the calculation of the single neutron separation energiiesbinding energy becomes over-binding for
heavier oxygen isotopes, which is shown in Fig. 1. The catedl radii are almost on the empirical
A'/3-line and much smaller than the experimental values. Ealpedor 220 and2*0, the discrepancy
of calculated radii from the experiments is more tah(fm).

We consider that the small r.m.s.radii in neutron-rich @ygsotopes is caused by the strong
attraction of the nucleon-nucleon interaction near dripg:l Hence, we perform other calculations using
the Minnesota potential [18] (MN) with the exchange paramet= 0.95, which has a weaker attraction
than that of VN2. Calculated energy 8fO by using the Minnesota potential shows slightly under
binding, ~ 1.9 (MeV). Even though the attraction of the Minnesota potémdiaveaker than the Volkov
one,?0 and?%0 are still bound nuclei, and the drip-line is not reproduced
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Fig. 1. Calculated one neutron separation energies for oxygeopsst Solid circles, solid squares and open
circles are obtained by VN2, MN and VN2, respectively. Sed.t

Therefore, we modify the potential parameter so as to rejm®dhe drip-line of the oxygen iso-
topes at?*O. In order to make a weaker potential than VN2, we use thenpatexs)M = 0.58 and
H = B = 0.25 in Volkov No.2 potential (VNZ2’). This potential parameteivgs reasonable unbound
nature for?> O and?%0. However, due to the weakness of the attraction, the eddrstaggering in the
change of mass number becomes smaller than those obtairtld bgiginal Volkov potential, VN2.

Using the potentials, VN2, MN and VN2', we calculate the smadii. Fig. 2 shows the calculated
results and the experimental values for r.m.s.radii of exyigotopes. For the original potential strength
cases, i.e. VN2 and MN, r.m.s.radii are not enhancédé@t The small change occurring®0 is caused
by the presence of thewave component in the valence nucleons. For the VN2’ castheother hand,
the calculated r.m.s.radii are the same uffD, but show an enhancement?a0 compared with the
results of the VN2 and MN cases.
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Fig. 2. Calculated and experimental r.m.s.radii for oxygen isesoSolid circles, solid squares and open circles
are obtained by VN2, MN and VNZ2’, respectively. Open squariés error bars are experimental value [1].

We consider that one of the reason of this enhancement iseh&ngss of the nucleon-nucleon
interaction, which reproduce the drip-line’4D. And other reason is the presence of theave com-
ponent in?30 and heavier isotopes.

In order to confirm the mechanism of the enhancemeft@t we investigate the components of
the partial waves in the isotopes. Results are shown in TablEhe difference between the VN2 and
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Table 1: Calculated components of partial waves in the oxygen isstopor the definition of VN2 and VN2’, see
text.

Components VN2 (%) VN2 (%)
20 (ds2)° 78.7 95.0
(s1/2)*(d5/2)* 15.9 3.1
(ds 2)4(d3 2)2 4.2 1.7
B0 (s172)(ds)° 91.2 97.0
(s1/2)(ds2)*(d3/2)? 2.1 0.1
(s1/2)(ds/2)° (d3/2) 5.6 2.1
0 (51/2)*(d5/2)° 946 98.5
(s1/2)*(d5/2)" (d3/2)? 4.3 1.2
(d52)%(d3/2)? 0.6 0.1

VN2’ cases is the Heisenberg and Bartret exchange parasngtemd B. For220, in which the lowest
configuration for neutron ist)d5/2)6 of the shell model picture, thé-wave component increases in the
VN2’ case. Therefore, even if the binding energy of the VNase is smaller than that of VN2, the
r.m.s.radius does not become so large. On the other harfdQimnd>*0O, the 0d;-orbit is almost
occupied. Hence, the change of the exchange paramétesd B, affects mainly to thé s, /,-orbit. As
shown in Table 1, the dominance of the sum of theave states for the VN2’ case is stronger than that
of the VN2 case. This makes the enhancement of the radii®©atHowever, the effect is still too small
to reproduce the experimental value.

Even if the small binding energies &tO and?!O and the drip-line of the oxygen isotopes are
reproduced by using VN2’, the abrupt increase of r.m.s.i@dt>0 and?*O are still smaller than that
of the experiments [1] as shown in Fig. 2. This result suggdst other mechanisms are necessary
to be introduced in order to make a consistent understarfdinthe binding energies and r.m.s.radii,
simultaneously.

4 Summary and Discussions

We proposed an m-scheme approach of the cluster-orbitdlrsbdel (COSM). In our formalism, the
interaction between the core nucleus and a valence nudemnstructed in the semi-microscopic way.
Hence, the structure of the core is considered in the cdlonla Parameters are determined so as to
reproduce thé”O and'80, in the VN2 case. However, both of the VN2 and MN cases do estribe
the correct neutron drip-line, in other words, the att@ctf the interaction is too strong in the drip-line
region. Therefore, we modify the exchange parameters ikovgbotential (VN2') in order to reproduce
the drip-line.

Even though we use a weaker potential, VN2’, the r.m.s.i@difO and?*O do not become so
large. We consider the abrupt increase of the r.m.s.radidd@® and?*O can not be explained by a
simple picture such that one or two neutron(s) are looselyntbaaround the core such &Be, ‘He,
HLj. Of course, thes-wave component would play an important role in the weaklyrigbsystems.
Furthermore, not only the loosely bound picture, but al$@otmechanisms, such as a core-excitation
or modification due to the presence of many valence neutranddwbe necessary to explain the very
large r.m.s.radii o0 and?*0. Also, in order to reproduce the binding energies, the-ling and
r.m.s.radii simultaneously, it might be necessary to ohiice the potential which is based on the realistic
nucleon-nucleon force, and three-body interaction.
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