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Structure analysis for hole-nuclei close to '32Sn by a large-scale shell-model calculation
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The structure of neutron-rich nuclei with a few holes in respect of the doubly magic nucleus '*2Sn
is investigated by means of large-scale shell-model calculations. For a considerably large model space,
including orbitals allowing both neutron and proton core excitations, an effective interaction for the extended
pairing-plus-quadrupole model with monopole corrections is tested through detailed comparison between the
calculation and experimental data. By using the experimental energy of the core-excited 21/2* level in *'In as
a benchmark, monopole corrections are determined that describe the size of the neutron N = 82 shell gap. The
level spectra, up to 5 MeV of excitation in *'In, '3'Sn, *°In, '3°Cd, and '*°Sn, are well described and clearly
explained by couplings of single-hole orbitals and by core excitations.
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I. INTRODUCTION

Investigation of shell-structure changes in the neutron-rich
region (e.g., for possible new magic numbers, the shell
evolution as the neutron number varies, etc.) is at the forefront
of nuclear physics research [1]. Nuclei with a few valence
particles or valence holes close to a doubly closed shell are of
particular importance for understanding the structure changes
and for testing nuclear models. Recently, the magic nature
of '328n has been reconfirmed through a direct observation
of single-particle states in its neighboring odd-mass isotopes
[2,3]. On the other hand, studies of core-excited states probe
correlations below and above the shell gaps and provide useful
information on sizes of the gaps. For example, prompt and
delayed y -ray cascades in '*!Sn were studied at Gammasphere
using a *Cm fission source which enabled one to obtain
high-spin states in the energy range 4-5 MeV [4], supplying
us with important information on the cross-shell excitations
in this nucleus. A high-spin, core-excited isomer with 77, =
630(60) ns in '3'In was identified following production by
both relativistic fragmentation of a '3*Xe beam and fission of
a 238U beam, which provides a direct measure of the size of
the neutron N = 82 shell gap [5].

Apart from its intrinsic importance for nuclear structure as
mentioned above, the region around '3?Sn is also of astrophys-
ical interest for understanding the formation of the A ~ 130
peak of the solar r-process (i.e., the rapid neutron-capture
process) abundance distribution. It has been believed that the
origin of nearly half of the solar abundances of elements
heavier than the Fe group is the astrophysical r-process [6].
The early identification of the classical N = 82 r-process
waiting-point isotope '3°Cd established such a connection to
the nuclear structure problem [7]. Although the basic recipe
for generating r-process elements is known, the detailed
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production of heavy nuclei through repetitions of neutron
capture and S decay remains to be understood. Considering
the close relation between the N = 82 shell closure and the
A ~ 130 peak of the solar r-process abundance distribution,
the N = 82 isotones below the doubly magic nucleus *’Sn are
crucial for stellar nucleosynthesis [8]. The r-process reaction
rates may be strongly impacted by the properties of neutron
single particle states in this region [9]. It has been shown [10]
that the impact of neutron capture rates near the A = 130
peak can alter the abundances of individual nuclear species
throughout the abundance pattern. Very recent studies [11]
have particularly investigated how the level structures in
13113381 can influence the results of neutron capture cross
sections that are relevant to r-process nucleosynthesis studies.
The study [11] tried to connect the r-process predictions to the
nuclear level measurements [2,9], and suggested the necessity
for detailed experimental measurements of level structures of
heavy neutron-rich nuclei that are in and near the r-process.

In addition, understanding isomeric states in these nuclei is
also an important subject for both nuclear structure and nucle-
osynthesis studies [12]. Isomeric states are found to be abun-
dant around the doubly magic '*2Sn, particularly in the isotopes
afew holes away from '*2Sn [13,14]. They are typically formed
by the so-called yrast spin traps [15]. The unique-parity sy,
neutron-hole orbital, which is found close to the Fermi levels
for these nuclei, is responsible for the formation of this type of
isomerism. Experimentally, many isomers have been identified
and their structures discussed. For example, microsecond
isomers in the In and Cd isotopes (the mass range A = 123
to 130) were investigated through thermal-neutron-induced
fission reactions [16]. The total decay energies of two isomers
in 13'Sn and the isomer decays in '*!'In were also investigated
[17]. An 8" two-quasiparticle isomer in the waiting-point
nucleus '3°Cd was observed both in the fragmentation of a
136Xe beam and the projectile fission of 233U [8].

With a rich collection of recent experimental data, it is
interesting to perform systematical shell-model calculations
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that can consistently describe both low-lying and high-energy
states for all kinds of (even-even, odd-mass, and odd-odd)
nuclei near '32Sn. Such shell model calculations may further
be used to provide theoretical rates for neutron-capture and S
decay for the nuclear astrophysics interest. In the past, various
shell model calculations were applied to the '*2Sn mass region
and contributed greatly to the structure analysis (see, for exam-
ple, Refs. [4,5,8,16,18]). In a recent work [19], by employing
the extended pairing-plus-quadrupole Hamiltonian combined
with monopole corrections, the EPQQM model [20] has been
applied to the '32Sn region. It has been demonstrated that
the model can provide a systematical description for energy
levels of A = 133-135 nuclei up to high spins. The structure
of these nuclei was analyzed in detail by the EPQQM model,
with emphasis of effects associated with core excitations.

The aim of the present work is to apply the EPQQM model
to investigate structures of the hole nuclei below the doubly
closed shell, having one or two protons and/or neutrons less
than 132Sn. The article is arranged as follows. In Sec. II, we
outline the EPQQM model and present the model space, the
single-particle energies, and the parameters in the EPQQM
interaction for the nuclei under consideration. In Sec. III,
we discuss the calculated results of A = 131 and 130 nuclei,
by showing detailed comparisons with available experimental
data and with other previous theoretical calculations. Finally,
conclusions are drawn in Sec. I'V.

II. THE EPQQM MODEL

Shell model is the most fundamental method for nuclear
structure analysis. It has been shown that a realistic shell-
model Hamiltonian can be separated into the monopole and
multipole parts [21,22]. The use of the separable forces in
the nuclear Hamiltonian has advantages due to its simplicity.
The application of the pairing and quadrupole interactions has
a long history in the nuclear structure study [23-25], which
considers the two most important excitation modes in nuclei.
A successful example is the EPQQM model [20] employed in
the present work. We note, in particular, that to compare with
other models with effective forces, the EPQQM model requires
much less parameters to determine the interaction. It has been
demonstrated that despite its simplicity, the EPQQM model
works surprisingly well for different mass regions, for exam-
ple, the proton-rich pf shell [26] and the pfs/>g9/> shell [27],
the neutron-rich fpg shell [28], and the sd-pf shell region
[29]. Next, we present the Hamiltonian, the employed model
space, and the parameters including the single-particle states.

A. The Hamiltonian

With protons and neutrons occupying different shells, the
Hamiltonian, which consists of the pairing-plus-multipole
force and the monopole corrections, is given by the following
proton-neutron (pn) representation:

H = Hy, + Hp, +HP2 + Hgo + Hoo + Hyn + Hpc

_Z‘sacalCal - = Z Zngl ZPJMU PJM”

J 0,2 @i’
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TABLE 1. The two-body force strengths (in MeV).

i 80,ii’ 82,ii" X2,ii X3,ii’ Xaii’

pp 0.250 0.158 0.102 0.032 0.0014
nn 0.129 0.047 0.140 0.004 0.0008
pn 0 0 0.082 0 0.0009

1 Z X2.ii' Z . QEMJ[., Qomii
M

1 X3.ii’ :

ZX411

+ Z kine(ia, i/b) > Al ia, i'b)Asyia, i'b).

a<b,ii’ JM

T .
H4M,ii’H4M»ii’ :

(1)

In Eq. (1), the single-particle Hamiltonian (H,p), the J = 0 and
J = 2 pairing (POT Py and P2T P>), the quadrupole-quadrupole
(Q'Q), the octupole-octupole (O'0), the hexadecapole-
hexadecapole (H'H) terms, and the monopole corrections
(Hy) are included. In the pn representation, P;M’”, and

Al ,(ia,i'b) are the pair operators, and Qby i Oly iis

and HJ w.iiv are the quadrupole, octupole, and hexadecapole
operators, respectively, in which i and i’ are indices for
proton or neutron. The constants g, ;i/, X2.ii’» X3.ii"> X4.ii’» and
kmc(ia, i’b) are the corresponding force strengths, and b is
the harmonic-oscillator range parameter. The force strengths
determined for the present calculation are listed in Table 1.

B. The model space and parameters

Our model space for the present study includes five
neutron levels below the neutron magic number N = 82
(0g7/2, 1ds)2, 251/2, Oh11 /2, 1d32) and four proton levels below
the proton magic number N = 50 (0 f5/2, 1 p3/2, 1 p1/2, 0g92).
That means that the closed core is "®Ni. To describe neutron
core-excited states, we add in our model space another two
neutron orbits (1 f7,2, 2p3/>) above the neutron N = 82 shell
gap to allow core excitations. In addition, we include two
proton orbits (0g7/2, 1ds;2) above the proton N = 50 shell
gap, which were also included in Ref. [5]. Thus the chosen
model space is large, which emphasizes a full description of
the low-lying states, including those dominated by the proton
7 f52 and 7 p3» single-particle states. In fact, there have been
experimental evidences that considerably large log( f¢) value
of Gamow-Teller decay from '3'Cd to the low-lying 5/2 state
n 3'In was obtained [30].

The low-lying states in '*'In are taken as the proton single
particle states in our model space, and those in '*!Sn and
1338n as the neutron single-particle states. Writing &’ as the
single-particle energy, with i being = or v and a denoting an
orbital, we have, for example,
BE('*Sn) =

€59/, = BE("®'In) — —15.690 MeV, (2)
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where B E(X)in Eq. (2) is the negative total binding energy of a
nucleus X. For other proton single particle energies, we simply
consider the known experimental information, for example,

821/2 = 8;9/2 —0.302 MeV = —15.992 MeV, 3)

in which 0.302 MeV is taken from the experimental energy
of the lowest 1/27 state in '*'In. Similarly, we get all other
proton and neutron single-particle energies as shown below
(all in MeV):
&%s, = —18.440,
ep1p = —15.992,
Eq70 = —9.677,
€470 = —9.788,
&51 = —7.686,
g3 = —1.354,
€p30 = —1.518.

£7y = —17.340,

£7y), = —15.690,
£l = —8.715,
£ls) = —9.009,
Ef1 ) = —7.422,
g%y = —2.372,

It can be seen that the energy difference for the single-particle
levels across the neutron N = 82 shell gap is €7, — €43/, =
4.982 MeV, while that across the proton N = 50 shell gap
is €37/, — €59/ = 6.013 MeV. These values correspond well
with the choice of 5 MeV for the neutron N = 82 shell gap [4]
and 6 MeV for the proton N =50 gap [30], respectively.
If we take "8Ni as the core, the energy differences between
the hole and particle states should be considered to modify
the energy levels below '32Sn [19]. For the truncated model
space, the monopole terms should also be considered to
compensate partly for the truncation. The monopole migration
is one of the two main mechanisms that are predicted
to drive the possible shell evolution phenomena [1]. Two
monopole corrections, M1 = kyc(Vh11)2, vf72) = 0.52 MeV
and M2 = kyc(wgos2, Vhii2) = —0.40 MeV, are employed
in the present calculation. The M1 term, for example, can
sensitively influence the results when neutron core excitations
are involved. Their detailed effects will be discussed later. In
the calculation, we allow only one proton and one neutron to
be excited from the core.

III. RESULTS AND DISCUSSIONS

We use the shell model code NUSHELLX [31] for calculation.
The magic character of '32Sn has been demonstrated by the
recent experiments, in the high-precision direct Penning trap
mass measurement for 132134Sp [32], and the measurement
of energy spectrum of '33Sn [2] that has one valence neutron
outside '*2Sn. The relatively simple structure of near doubly
closed-shell nuclei is recognized in their observed spectra
which are usually understood as consisting of two types of
excitations: excitations of valence single particles (or holes)
and excited states formed by couplings of the valence nucleons
to core excitations. The most important core excitation for
the nuclei under consideration is the one in which an Ay,
neutron is excited across the N = 82 shell gap to the f7»
level, forming essentially a vh]jl/2 S22 structure.

In the following, five-hole nuclei below '32Sn are studied.
These are the 17-hole nucleus '*'In, the 1v-hole '3'Sn, the
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17r-1v-hole 1*91In, the 27r-hole nucleus '3°Cd, and the 2v-hole
'3OSn.

A. BlIn

The nucleus '3!In has one proton-hole relative to '32Sn. The
four low-lying states in this nucleus, i.e., the positive-parity
ground state 9/2" and the three lowest negative-parity states
1/27,3/27,and 5/27, are mainly the proton single-hole states.
The high-energy states in '3!In involve cross-shell excitations.
In an early work [33], two B-emitting isomers in '*'In were
identified above the 9/2" ground state with the proposed spin-
parity 1/2~ and 21/27, respectively. Among them, the 350(50)
ms isomeric state 1/27 lies just above the ground state at the
excitation 0.302 MeV [17]. The 320(60) ms high-spin isomer
21/2% observed at 3.764 MeV has a structure with neutron
core excitation. The excitation energy of this state provides a
direct measure of the size of the N = 82 shell gap, which was
considered as an important piece of structure information for
this mass region [5].

Figure 1 shows the results of the present shell-model
calculation for 3!'In, which is compared with the available
experimental data. Besides of the four proton single-hole
states, our calculation can well reproduce the two known
core-excitation states 21/2% and 17/2%. The calculation
further suggests that two more states (23/2% and 25/2%) are
almost degenerate with the 21/2" state, and a 19/2% state

131
In
52 -
50| 5001 — 19727 |
4
np1/2Vh11/2f7/2
4.8 | -
46 | -
S
[0
= 44+ 4385 — 27/2%
~ 4372 — 11/27
L 4.345 17/2-
aol 4305 32- |
- 'vh f
4.0 795,V N0l ]
3869 152t
m_E
3.8 3782__ 17/2* 3750 — 21/2+
3.764 2127 3757 2312+
3.754 25/2*
3.6.< . z
1 275 — 5/2° 277 527
2 165 s 1691 — 32
0302 1/2= 0297 _ 1/2"
OF O — 92t 0 — 9t
Exp. Th.

FIG. 1. (Color online) The experimental energy levels in '*'In
taken from [36] and the results of shell-model calculation.
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FIG. 2. (Color online) Effects of the proposed monopole correc-
tions in the '*'In calculation.

lies very close to 17/2%. In this nucleus, the states involving
cross-shell excitations are those in which an £/, neutron
below the N = 82 shell gap is excited to occupy the upper
levels above the gap. According to our calculation, the most
favorite configuration of such is g;/]zvhf]l/2 f7/2, in agreement
with the resultin Ref. [5]. In the present calculation, both of the
employed monopole terms M 1 and M2 contribute to lower the
17/2% and 21/2% states to reproduce the experimental data.
Thus, it is important to recognize that these two monopole
corrections help to realize the size of the neutron N = 82 shell
gap in our model.

The effects of monopole correction in the '3'In calculation
are illustrated in Fig. 2. If no monopole corrections are
included in the calculation, the experimentally observed core-
excited 21/2% and 17/2% states are too high at about 4.5 MeV,
as shown in the leftmost column of the figure. The other
core-excited states lie even higher in energy. The levels are
pushed down considerably by the monopole terms. With
the proposed monopole strengths, the experimentally known
21/2* and 17/2% levels can be correctly reproduced (see
the rightmost column of Fig. 2 and compare it with Fig. 1).
Comparing the results in the middle column with those in the
rightmost column, we find that the monopole term M1 plays
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more important role as it changes the levels significantly. It is
also clear, from Fig. 2, that the amount shifted by the monopole
corrections depends on configurations. It can be seen that the
maximal effect occurs for the configuration gg_/lzvhl_ll/2 fa/2,
which feels both of the M1 and M?2 corrections. We have
thus provided a clear evidence of the monopole effect for high
energy regions.

Having fixed the neutron shell gap through interactions,
we can make predictions for other core-excited states that
have not been observed. Concerning the negative-parity levels,
the calculation of Goérska et al. [5] suggested that the lowest
one is an 11/27 state with the configuration ﬂgg_/lzvd3_/12 fi).
As can be seen in Fig. 1, our calculation, however, predicts
that the negative-parity configuration npf/;vhfll/z f2 lies
lower in energy than the ng;/lzvd;/lz f1/2 one. It seems that
our suggested configuration is a natural consequence of the
coupling of the lowest-excited proton-hole 7 p;/; state to the
neutron vhljl/2 f7/2 particle-hole excitation. At some higher
excitation energies starting from 4.444 MeV, the negative-
parity configuration 7 gg_/l2 vd3_/12 f7,2 1s predicted to appear also
in our calculation, with the lowest state in this configuration
being 11/27. To resolve the difference in predictions between
the two shell models, ours and that of Ref. [5], g factor
measurements for this mass region [34,35] would be helpful,
which may distinguish the single-particle structure in the two
suggested configurations in '*'In associated with the lowest
core-excited negative-parity states.

B. ¥iSn

With one neutron less than '*2Sn, '3'Sn is an important
nucleus to study neutron single-hole states and associated core
excitations, and therefore, has attracted a lot of attention during
the years [4,9,17]. After we have determined the necessary
monopole correction terms for studying neutron cross-shell
excitations in '3'In, as discussed in the last subsection,
calculation for '*!Sn can be another important test for the
interactions determined in the EPQQM model.

The '3'Sn ground state is believed to be 3/2% and the
first excited state is the 1hy;,; hole state at about 65 keV
excitation [36]. Above them there are known neutron single-
hole states 1/21 at 0.332MeV, 5/2" at 1.655MeV, and 7/27 at
2.434 MeV, which were tentatively determined from S-decay
experiments [37].

Prompt and delayed y-ray cascades in '*!Sn were studied
by Bhattacharyya et al. [4] at Gammasphere using a >**Cm
fission source which enabled them to obtain high-spin states
in the energy range 4-5 MeV. Their experimental results were
interpreted with the shell model using empirical nucleon-
nucleon interactions [4]. Our present shell-model calculation
with the EPQQM Hamiltonian supports their interpretation for
the high-spin states. The results are given in Fig. 3 and the high
spin part is plotted in Fig. 4 for clarity.

The configuration for the experimentally observed positive-
parity states 21/2%, 19/2%, 17/2", and 15/2% is interpreted
in our calculation as vhl_llﬂag_/l2 f2/2, which agrees with the
conclusion in Ref. [4]. As can be seen in the left part of Fig. 4,
the theoretical 21/2% level at 4.859 MeV is very close to
the experimental one at 4.99 MeV, and the theoretical 17/2%
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FIG. 3. (Color online) The experimental energy levels in '*'Sn
taken from [36] and the results of shell model calculation. The
four experimental levels (blue color marked with star) are the latest
experimental energy levels [9].

level at 4.269 MeV fits the experimental one at 4.273 MeV
perfectly. Also in agreement with the previous shell model
interpretations [4,17], the negative-parity sequence with the
multiplet of 15/27, 17/27, 19/27, 21/2~, 23/2~ are found
to belong to the configuration vhff/z f7/2, and their energies
are also well reproduced by our calculation. As can be seen
in the right part of Fig. 4, our calculated energy level 15/2~
at 3.933 MeV fits the experimental isomeric state at 4.102
MeV, and the calculated 23/2~ at 4.478 MeV agrees the

6 . . . . . . . . . .
—=— Exp.

5 —e— Th.
N
2 L 217" ]
<= 19/2" - )
w gL 17/2° 1712 1927 2120 2312

132" 15/2" 15/2°
3 " 1 " 1 " 1 " 1 " 1

FIG. 4. (Color online) Comparison of the high-spin part of the
calculated energy levels (black dots) with experimental data [4] (red
squares) in '3'Sn.
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experimental one at 4.605 MeV. Once again, all these have
provided a strong support to our treatment for the neutron
hl_ll/z— f72 core excitation.

Also in the energy range of 4-5 MeV, the calculated energy
values for the two 7/27" states (3.923 and 4.453 MeV) are found
to be very close to the experimental data at 3.99 and 4.487 MeV.
An early experiment for 3'In B decay [33] determined a
131Sn level at 6.654 MeV with (vg; yh1}, f7/2) and tentatively
assigned it as 21/2%. Our present calculation reveals three
21/2% core-excited states in this energy range. The one at
6.681 MeV is of the configuration vd;/;hljl/z f7/2. The other

two have the configuration vg7_/12hl_11/2 f7/2, lying at 6.282 MeV
and 7.018 MeV, respectively.

In a very recent work reported in Ref. [9], Kozub et al.
performed a '°Sn(d, p)!3'Sn reaction and compared their
results with those of the '32Sn(d, p)'3*Sn one [2]. They
suggested, based on the similar results from both reactions,
that their observed four new states in '*'Sn, ranging roughly
from 2.6 to 4.7 MeV, are mainly the neutron single-particle
states above the N = 82 shell gap. These four experimental
states are included in Fig. 3 (those marked with stars). The
work of Ref. [9] actually suggested that the observed states
n '3!Sn have a structure of a pair of neutron hole states (2h)
coupled to one neutron particle (1p), forming a 2h-1p structure.
While the 2h states can be one of vhl_lz/z, vd;é, and vhl_ll/zd;/lz,
or a combination of them, the 1p state must be relatively pure,
being from one of the l)f7/2, vp3/2, VP12, and l)f5/2 orbital
above the neutron N = 82 gap.

A state at the 2.628-MeV excitation was tentatively signed
as 7/27 in Ref. [9]. Our shell-model calculation yields two
7/2~ states in the low-energy region, at 1.782 MeV and
3.18 MeV. Both of the calculated states have a large component
(75-80 %) from vhl_lz/2 f7/2, consistent with the anticipated
configuration of Ref. [9] for this state. It is seen that the two
theoretical 7/2~ states share the same major component as
the multiplet states (from 13/27 to 23/27) as shown in the
right part of Fig. 4. Another experimental state at 3.404 MeV
excitation in '*!'Sn was tentatively signed as 3/2~ [9], which
was expected to be mainly of the v(2h)ps;/, structure. Our
calculation gives a 3/27 state lying at 3.439 MeV excitation.
However, it is mainly of the structure v(2h)f7,,. We note
that fragmentation in configurations is normally expected in
shell-model states of high excitation. The current model space
may still be too small to talk about the experimental levels
marked with stars in Fig. 3. The truncation would affect the
position for the calculated 7/2~ levels. Finally, our model
space does not include the neutron particle orbital p;,, and
f5,2 above the N = 82 shell gap, and therefore, we can not
say anything about the experimental states reported for (1/27,
3.986 MeV) and (5/27, 4.655 MeV) in Ref. [9].

C. B1n

The nucleus '*°In is a odd-odd system, which has one
proton- and one neutron-hole with regard to '¥2Sn. It is an ideal
case to probe the correlations between the proton- and neutron-
hole states, as well as the interplay with core-excitations. The
low-lying configurations in '*°In are expected to be formed
by couplings of the proton and neutron single-hole states as
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FIG. 5. (Color online) The experimental energy levels in '*°In
taken from [36] and the results of the shell-model calculation.

those appearing in '*'In and '3!'Sn. Fig. 5 shows the calculated
results for *°In. The shell-model calculation predicts that
the dominant component for the ground state configuration
in P%n is ngg/lzvhfll/z, for which the multiplet consists of
ten states from 1~ to 107. The calculated states belonging
to this configuration are shown in Fig. 6. The experimentally
known 107 state lies at 50 keV above the 1~ ground state. Our
calculation yields the 10~ state at 128 keV.

At the 0.682-MeV excitation, we predict another 1~ state
built by npf/lzvd;/lz, to which there are currently no data
to correspond. Near the excitation of 400 keV, there are
two experimentally-known positive-parity states, tentatively

05 — , : : , : : : : :
04l The members of ground state in "I

03l ——e—9o— 90—y .

I ./;_ 6 7 8 9 |
02} ./ & .
01 B ./3_ 1‘0_-
s |

00l o -
1 4

E (MeV)

-0.1 L " 1 " 1 " 1 " 1 " 1
J

FIG. 6. (Color online) The members of the & gg’/lzvhl’]l/2 multiplet
predicted by the shell-model calculation for '**In.
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assigned as 3" and 5. As one can see from Fig. 5, our
calculation gives a fairly good reproduction for these two
states. The calculation shows that the major configuration
for the 3" and 5% states is Jng_/lzl)d3_/]2, in agreement with
the previous shell-model predictions [17,38]. All the above-
discussed states are the consequences of couplings of the
lowest neutron-hole and proton-hole states.

In Fig. 5, there is an experimental level at 1.17 MeV with
uncertainty in spin-parity and marked as (0 to 37). From the
calculation, we find several negative-parity states in the same
energy range. For example, our calculation suggests another 1~
state at 1.073 MeV with the configuration & pl_/lzvd;/lz, sharing

the same configuration with the first 0~ state at 1.018 MeV.
The second 0~ state at 2.027 MeV has mainly the configuration
npg/lzvdg/lz. In addition, a 3~ state at 1.877 MeV is predicted

to have a very pure configuration npg/lzvh,]z/z f2/2, which is
the lowest core-excited state in this nucleus.

Among the higher-spin states with couplings of one-proton
hole and one-neutron hole in *°In, we predict a 7" state at
1.973 MeV having the configuration ngg/lzvdglz and an 8%

state at 2.784 MeV having the configuration = gg/lzvg;/lz (see
Fig. 5).

For the N =82 waiting-point nuclides, the relevant
nuclear-structure properties are the Q value and the location
of the (g9 2vg7/2) configuration for the 17 level in '*°In
populated by Gamow-Teller (GT) decay. These structure as-
pects for understanding of the r-process nucleosynthesis were
extensively discussed by Dillmann et al. [38]. As an important
discovery, they reported [38] the 17 level in '3°In at 2.12 MeV
with the clean transitions from this state to the lower-lying
states including the 1~ ground state. It was pointed out [38]
that the position of this level is determined by the strength of
the proton-neutron interaction between the spin-orbit partners
g9, and vgy,, relative to the wgg» and vhyy, orbitals, as
well as the difference between the position of the A/, and the
g7,2 orbitals. In their calculation [38], Dillmann et al. obtained
an energy 1.38 MeV for this level. The large-scale shell-model
calculation by Martinez-Pinedo and Langanke [39] predicted
this 1% level at 1.555 MeV. The present calculation yields the
lowest 17 state at 2.685 MeV having the ng;/;vg;/lz structure,
which reproduces the data much better. In addition to this
1" state, several other experimental data of 1" states are
available [36]. In Table II, we list also those data together

TABLEIL The predicted 17 levels in 1**In with their main config-
urations. Available experimental data are displayed for comparison.

Exp. Th. Conf.

1+ 2.12 2.685 T852V87/2
1+ 3.488 Tpivhiin fin
(1+4) 4.407 4.367 piavhis fin
(1) 463 4.657 TPV fp
(1+) 5.098 5.087 Tpipvhiin fip
(14) 5.196 5.209 wgopvd; Shi fo
(14) 5391 5.436 8o hvds Shi o
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with our shell-model predictions. All these high-energy 17
states belong to configurations with core excitation.

Levels with core excitation in '*°In are expected in the
energy range higher than 3 MeV excitation. For example,
the calculation predicts the core-excited state at 3.228 MeV,
with spin-parity 0~ and configuration ngg/lzvhflz/z f1/2. The
predicted O state at 3.951 MeV is another core-excited state
with 775 b vhi,,d; ) f72- A high-spin 18 state at 4.505 MeV
appears in the calculation with a very pure configuration
b4 g;/;uhjf/z f7/2, and could be a good high-spin isomer.

D. ¥'Cd

130Cd is the classical N =82 r-process waiting-point
isotope, first identified by Kratz et al. in 1986 [7], for
which a B-decay half-life of Tj,, = (195 £ 35) ms could
be determined from multi-scaling of g-delayed neutrons. In
Ref. [8], Jungclaus et al. observed a y decay of excited states
in this nucleus, with an 8% isomer populated both in the
fragmentation of a '3*Xe beam as well as in the projectile
fission of 238U.

Our shell-model calculation confirms that the configuration
of the low-lying positive-parity states 0%, 2%, 4%, 6%, 8" in
130Cd is mainly of the 7rg9*/22 configuration. Our calculation
predicts the lowest negative-parity states 5~ and 4~ in '3°Cd
at about 2.37 MeV, consistent with the results of Jungclaus
et al. [8]. The corresponding negative-parity configuration is
of the proton two-hole nature, namely 7 g;/12 pf/lz Our results
also suggest a 3~ state at 3.631 MeV with the proton two-hole
configuration ng9_/12 173_/12 These configurations are expected
in a sense of simple shell-model couplings for the proton
two-hole states.

No experiment regarding states with core excitation has
been reported for this nucleus. The shell-model calculation
in Ref. [8] could not deal with neutron core-excitations
due to their limited model spaces. As shown in Fig. 7, the
lowest neutron core-excited state in '3°Cd is predicted by our
calculation to be 71 at 3.705 MeV, with the configuration

2 -1
”39/2Vh11/2f7/2'

E. 13Sn

1308n is the daughter nucleus to which '3°In 8 decays. At
least three lowest-lying states in '3°In are known to decay to
1308n: the 1~ ground state, the 10~ state at 50 keV, and the
57 state at 400 keV. To describe the decay rates, it is desired
to establish a shell model framework that can describe these
level structures of the S-decay parent and daughter nuclei
consistently.

According to our calculation, the 0% ground state in '3°Sn
has a mixed structure, with about half of the v(hi; /2)’2
configuration and some v(ds/2)~2. The calculation suggests
that the yrast states 2%, 4%, 6%, 8%, and 10" (see Fig. 8)
belong to the multiplet of v(h; /2)‘2. The predicted second
2% state at 1.811 MeV, which has a very mixed structure
[v(d3/2)’2, v(sl/z)’l(dyz)’l, etc.], may be compared with the
experimental (271) state at 2.028 MeV.

In Fig. 8, the observed 7~ level at 1.947 MeV is a
well-known isomeric state [14], with a 1.7(1) min half-life. In
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FIG. 7. (Color online) The experimental energy levels in '*°Cd
taken from [36] and the results of the shell-model calculation.

agreement with the previous conclusions, our result suggests
that this state belongs to the v(ds /2)’1 (h1 /2)’1 quartet together
with the 67, 57, and 4~ states. Our calculation obtains the
energy for the 77 level at 2.023 MeV, in a perfect agreement
with experiment. However, we predict that the 4~ state from
the quartet lies below 57, 67, and 7~, which disagrees with the
tentative order for the states from experiment. Nevertheless,
this should not affect the isomeric nature of the 7~ state
because of the unfavored M3 transition between this and the
4~ state. We predict a 6~ state from this quartet at 2.242 MeV,
which has not been observed.

Our calculation suggests a 3~ state at 3.335 MeV
[V(ds;2)~'(h112)"'] and a 4 state at 3.515 MeV
[v(d5/2)’1(d3/2)’1], which may be compared with the ex-
perimental 3.167-MeV and 3.425-MeV level, respectively.
The candidates for the experimental (27) level at 4.120
MeV, (97) at 4206 MeV, (37,4") at 4.225 MeV, (4T)
at 4.405 or 4.463 MeV would be, respectively, our calcu-
lated states at 3.922 MeV [v(g7,2) " (h112)7"], 4.335 MeV
[v(g7/2) " (h112)7'], 4.288 MeV [v(g7/2) ' (h112)~ '], and
4.528 MeV [v(g7/2)" ' (d32)7"].

The calculation for '*°Sn also yields states of core excita-
tion, starting roughly from 4 MeV in excitation. The lowest
one of such lies at 3.812 MeV, which is predicted as 3~
with the configuration v(ds /2)’1(h11 /2)’2 f7/2. The theoretical
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FIG. 8. (Color online) The experimental energy levels in '*°Sn
taken from [36] and the results of the shell-model calculation.

4% state at 5.235 MeV has the configuration v(hll/g)’3f7/2,
which fits the experimental level (47, 5.263 MeV) very well.
In addition, the calculation predicts the core-excited states of
17 at 4.547 MeV and 0~ at 5.112 MeV with the common
configuration vd3_/12h1_12/2 fa).

IV. CONCLUSION

The study of neutron-rich nuclei near the doubly magic
nucleus '*?Sn has been an important subject for nuclear
structure and nuclear astrophysics research. One of the

PHYSICAL REVIEW C 88, 054310 (2013)

challenging problems in shell-model calculations is to find
out suitable effective interactions that work for the description
of both low-lying states and core excitations. The theoretical
development reported in this article is a sequential work of
Ref. [19] that discussed neutron-rich nuclei beyond 1328p.
These works are very relevant to the ongoing experimental
programs in advanced facilities worldwide.

By means of large-scale shell-model calculations, we
have carried out a structure study for the A =131 and
130 hole nuclei near '*?Sn. The calculation considers both
neutron and proton core-excitations across the shell gaps.
The employment of the EPQQM model has made it possible
to define the effective pp, nn, and pn interactions for a
considerably large model space, which consists of seven
neutron orbits (0g7/2, 1d5/2, 25]/2, 1d3/2, 0]111/2, 1f7/2, 2p3/2)
and six proton orbits (0 f5/2, 132, 1 p12, 08972, 0g87/2, 1ds2).
With a set of determined parameters, the model has explained
the experimental energy levels, not only the low-energy states
but also those high-energy ones with core excitations in '3'In,
131y 1301p, 130Cq, and 3°Sn. To best reproduce the data,
we have introduced two monopole correction terms into the
Hamiltonian, and their clear effects for the calculated spectrum
have been demonstrated.

The present paper, together with the previous publication in
Ref. [19], has shown the feasibility of the EPQQM model for
explaining various nuclei near '32Sn. The effective interaction
with the separable forces derived from the EPQQM model has
been proven to be capable of capturing the main physics of core
excitations in this mass region. The predictions, in particular
those high-energy states formed by core excitations, await
future experimental confirmation. We are aware that the quality
of our results relies heavily on the monopole corrections, which
are phenomenological in nature. For a microscopic treatment,
one should consider interactions including the monopole-
based forces as recently suggested by Otsuka et al. [40].
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