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Large-scale shell-model study for excitations across the neutron N = 82 shell gap in 131–133Sb
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The cross-shell excitations in the mass-130 region are determined by the behavior of the single-particle (or
single-hole) states around the doubly magic nucleus 132Sn and the size of the energy gaps at N = 82 and/or
Z = 50. The present work reports on the results from large-scale shell-model calculations with the extended
paring plus quadrupole-quadrupole force, usually with additions of monopole corrections (the EPQQM model).
This paper applies the EPQQM model to the northwestern quadrant of 132Sn. The model space includes the orbits
of (0g7/2,1d5/2,1d3/2,2s1/2,0h11/2) for both protons and neutrons, with two additional neutron orbits (1f7/2,2p3/2)
above the N = 82 shell gap, allowing cross-shell excitations. It is found that the experimentally known low-lying
levels for 133Sb, 132Sb, and 131Sb can be well described. The highly excited states above 4.0 MeV are clearly
explained as excitations across the neutron N = 82 shell gap. The monopole effects in these nuclei are carefully
examined. In contrast to the already studied northeastern and southwestern quadrants around 132Sn by the EPQQM
model, the description of the current Sb data does not request particular monopole corrections. Experiments to
further explore the cross-shell excitations in the Sb isotopes are called for.
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I. INTRODUCTION

The structure of the neutron-rich nuclei in the A = 130
mass region is an interesting topic for both nuclear physics
and nuclear astrophysics. Recently, there have been a number
of experiments performed at the world-reknown facilities.
The doubly magic nature of 132Sn has been reconfirmed by
studying various physical quantities, such as by measuring
a direct Penning trap mass [1], through a direct observation
of single-particle states in its neighboring odd-mass isotopes
[2,3], and by studying collectivity evolution in the neutron-rich
Pd isotopes by measurements of the low-lying excited states
[4]. The validity of seniority near 132Sn, a strong signal of
shell closure, was found through experimental observation of
8+ seniority isomeric states in 126Pd, 128Pd, and 130Cd [5,6]
and discussed with shell-model calculations [7].

Historically, in the study of the r-process nucleosynthesis,
the classical N = 82 waiting-point nucleus 130Cd was first
identified by Kratz et al. in 1986 [8]. It was shown that
there is a strong correlation between the N = 82 shell closure
and the A ≈ 130 peak of the solar r-process abundance
distribution, and therefore, structural information of the nuclei
near 132Sn is of crucial importance in understanding the
detailed nucleosynthesis steps in the r-process [5].

Near a doubly closed-shell nucleus, the excited spectra are
usually recognized as consisting of two types of excitations:
excitations of valence single particles and those across the shell
gap(s). It is worthwhile to mention that excitations across the
neutron N = 82 shell gap may be important for understanding
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the missing β-decay strength when the N = 82 waiting-point
nuclei are discussed. In a very recent example of β decays in
130Cd [9], the excitation scheme of 130In in the energy intervals
3.5–4.3 and 5.2–5.6 MeV were observed. These states were
expected to involve excitations across the neutron N = 82
shell gap. These high-energy excited states contain valuable
information on the shell evolution. However, owing to their
complicated coupling structure of the low-lying single-particle
(hole) states with those above the shell gap(s), it has been a
great challenge for theoretical descriptions.

On the theory side, there have been successful shell-model
calculations for the nuclei near closed shells. These calcula-
tions may be divided into two classes, treating, respectively,
the above-mentioned two types of excitations. The low-
energy states were studied microscopically with the effective
interaction derived, for example, from the CD-Bonn NN
potential. The interaction has been proven remarkably suc-
cessful for describing the low-energy states (see, for examples,
Refs. [10–12]). On the other hand, the high-energy (and often
high-spin) states of cross-shell excitations were simply inter-
preted with empirical nucleon-nucleon interactions [13–17].
Because of the separated treatment for the two excitation
modes, the interplay between the low-lying, coupled single-
particle states and highly excited cross-shell states could not
be studied as a whole. It is thus much desired to have a unified
treatment for the two types of excited states in a tractable
shell-model calculation. The main challenge [18] is to find out
a suitable effective shell-model interaction that works for the
description of both types of excitations simultaneously.

It has been shown that for the neutron-rich nuclei near
132Sn, the extended paring plus quadrupole-quadrupole force
with monopole corrections model (EPQQM) [19–22] can
be applied to describe both low-lying states and cross-shell
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excitations in a consistent manner. In recent publications
[7,18,23–25], the level spectra of the neutron-rich nuclei, with
a few particles and/or a few holes with respect to 132Sn,
have been studied by using the EPQQM Hamiltonian. The
interplay between the single-particle (single-hole) and cross-
shell excited states in these nuclei has been discussed. For
example, the validity of the seniority scheme was confirmed
through the discussion of the 8+ seniority isomeric states in
126Pd, 128Pd, and 130Cd, which leads to the conclusion that
the shell closure persists at the neutron number N = 82 in the
neutron-rich region [7]. The evolution of the neutron N = 82
shell gap was investigated in calculations along the isotonic
chain N = 82 with even proton numbers 36–48, allowing
excitations across both the N = 82 and Z = 50 shell gaps
[24]. In a recent study, the structures of A = 129 hole nuclei
below 132Sn, such as 129Sn, 129In, and 129Cd, were discussed
with emphasis on the monopole effects and excitations across
the neutron N = 82 shell gap, and the low-lying levels were
predicted in the most exotic nucleus 129Ag [25].

The previous EPQQM studies were concentrated on the
northeast [18] and southwest [23] region of 132Sn. On the
other hand, there have been accumulated experimental data for
the northwestern region, where the nuclei have a few proton
particles and a few neutron holes with respect to 132Sn. In
nature, the 133Sb, 132Sb, and 131Sb isotopes are synthesized
through β decays of the r-process products 133Sn, 132Sn, and
131Sn, respectively. The β-decay Q value, for example, for
the ground state of 132Sn is as large as 8 MeV [26]. Thus,
in principle, high-energy levels in the daughter 132Sb can be
populated, and their structures need to be understood. The
advancement in experimental facilities and techniques has
allowed one to access these states. As recent examples, by
applying the technique of the isochronous mass spectrometry
at GSI (Gesellschaft fuer Schwerionenforschung), the core-
excited isomer in fully ionized 133Sb has been directly iden-
tified by Sun et al. [27], which was determined as the 21/2+
isomer at 4.56(10) MeV. This opens up a new half-life domain
for the storage-ring measurements. Later, by using cold-
neutron-induced fission of 235U and 241Pu targets during the
EXILL campaign at the ILL (Institut Laue-Langevin) reactor
in Grenoble, Bocchi et al. further enriched the spectroscopic
information by adding a few γ rays on top of the 21/2+ isomer
in 133Sb [28].

The present article reports the results of large-scale shell-
model calculations for three Sb isotopes 133,132,131Sb, with
emphasis on the discussion of excitations across the neutron
N = 82 shell gap. The paper is organized as follows: In Sec. II,
we outline the Hamiltonian and shell-model space for the
calculations. In Sec. III, the level spectra of 133Sb, 132Sb, and
131Sb are analyzed in detail by the shell-model results. Finally,
a summary is made in Sec. IV.

II. THE HAMILTONIAN AND SHELL MODEL SPACES

A. The Hamiltonian

The EPQQM Hamiltonian [19–22] is given in
the following proton-neutron (pn) representation [23]

as

H = Hsp + HP0 + HP2 + HQQ + HOO + HHH + Hmc

=
∑
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Equation (1) consists of the single-particle Hamiltonian
(Hsp), the J = 0 and J = 2 pairing (P †

0 P0 and P
†
2 P2),

the quadrupole-quadrupole (Q†Q), the octupole-octupole
(O†O), the hexadecapole-hexadecapole (H †H ) terms, and the
monopole corrections (Hmc). In the pn representation, P

†
JM,ii ′

and A
†
JM (ia,i ′c) are the pair operators, while Q

†
2M,ii ′ , O

†
3M,ii ′ ,

and H
†
4M,ii ′ are the quadrupole, octupole, and hexadecapole

operators, respectively, in which i (i ′) are indices for protons
(neutrons). The parameters gJ,ii ′ , χ2,ii ′ , χ3,ii ′ , χ4,ii ′ , and
kmc(ia,i ′c) are the corresponding force strengths, and b is
the harmonic-oscillator range parameter. The two-body force
strengths that suit the present particle-hole model space are
listed in Table I. We note that these force strengths are not
exactly the same as those in our previous paper [23] mainly
due to different model space for protons. In particular, the
J = 0 and J = 2 pairing force strengths are stronger than
those in Ref. [23].

B. The shell-model spaces

The model space employed in the present work in-
cludes seven neutron and five proton orbits. The five or-
bits (0g7/2,1d5/2,1d3/2,2s1/2,0h11/2) lying between the magic
numbers 50 and 82 span the model space for proton particles
and neutron holes. Two extra neutron orbits above the N = 82
shell,(1f7/2 and 2p3/2) are added to allow neutron cross-shell
excitations. In order to make the dimension of the configuration
space tractable, in the present calculation, only one single
neutron is allowed to excite across the N = 82 shell gap.
Except for the value of the 1/2+ level in 133Sb, which is
taken following the suggestion in Ref. [29], all the single-

TABLE I. The two-body force strengths (in MeV) used in the
present calculation.

ii ′ g0,ii′ g2,ii′ χ2,ii′ χ3,ii′ χ4,ii′

pp 0.136 0.038 0.102 0.032 0.0015
nn 0.117 0.035 0.140 0.004 0.0008
pn 0 0 0.082 0 0.0009
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particle (single-hole) states are based on the experimental
data of 133Sb (131Sn) for the proton (neutron). The single-
particle energies (all in MeV) of the orbits in the 50–82
shell are taken as εν

1d3/2 = −7.342, εν
0h11/2 = −7.407, εν

2s1/2 =
−7.674, εν

1d5/2 = −8.996, and εν
0g7/2 = −9.776 for neutrons;

επ
0g7/2 = −9.668, επ

1d5/2 = −8.706, επ
2s1/2 = −7.311, επ

1d3/2 =
−7.228, and επ

0h11/2 = −6.876 for protons. For the two extra
neutron orbits, which are reserved for neutron excitations
across the N = 82 shell gap, we take εν

f 7/2 = −2.402 MeV and

εν
p3/2 = −1.548 MeV. The neutron shell gap in 132Sn is thereby

calculated to be 4.94 MeV by analyzing the neutron odd-even
mass differences. The calculated value is in accordance with
the experimental data of 4.9 MeV for neutrons [30].

The shell-model code NUSHELLX@MSU [31] is used for
calculations. Before detailed calculations for the 133Sb, 132Sb,
and, 131Sb isotopes are performed, the parameters of our
shell-model Hamiltonian are tested with the two-neutron hole
(130Sn) and two-proton particle (134Te) systems with respect
to 132Sn. The known experimental spectra are well reproduced
in our shell-model calculations for these two neighboring
even-even nuclei 134Te and 130Sn. We found, however, that
in order to reproduce precisely the correct ordering and
energies for the 6+, 8+, and 10+ states in 130Sn, we need
to introduce a modification in the three interaction matrix
elements, by the amounts of 	〈h11/2,h11/2|V |h11/2,h11/2〉ν =
−0.15,−0.15,+0.2 (MeV) for J = 6,8,10, respectively. The
effect of the modification will be mentioned later again in the
next section.

III. RESULTS AND DISCUSSION

A. 133Sb
133Sb has one proton outside the doubly closed shell in

132Sn. Its low-lying states below 3 MeV are proton single
particle in nature. The experimental information on 133Sb was
first obtained [32] in 1973 at OSIRIS facility through β decay
of 133Sn, and later the low-lying single-proton excitations
were identified [33,34]. The core-excited 21/2+ isomer in this
isotope was first identified using the technique of isochronous
mass spectrometry at GSI, Germany [27]. The measured
neutral-atom half-life is 17μs, with excitation energy centered
at 4.56 MeV with the uncertainty of 100 keV. More recently,
using cold-neutron-induced fission of 235U and 241Pu targets
at the ILL reactor in Grenoble, France, several γ transitions
above the 21/2+ isomer in 133Sb have been discovered [28].
These new data, together with the core-excited isomer known
before, provide excellent testing examples for our present
shell-model calculations.

The calculated energy levels of 133Sb are shown in Fig. 1,
which are compared with available experimental data. Except
for the calculated level of 3/2+ at 2.337 MeV, which is slightly
lower than the known experimental one at 2.440 MeV, the
single-particle states below 3.0 MeV are reproduced quite
well. Just below the 3/2+ level, we obtained the first excited
1/2+ level at 2.258 MeV, which is mainly due to the input
for the neutron εν

2s1/2 single-particle energy suggested in
Ref. [29]. As shown in Fig. 1, for the high-energy part locating
between 4 and 5 MeV, the calculation gives qualitatively

FIG. 1. Comparison of the calculated energy levels with the
experimental data for 133Sb. Data are taken from Refs. [15,27,35].

correct results. We now concentrate our discussion on the
two lowest configurations for these cross-shell excitations, one
with negative parity and another with positive parity.

The levels between 4 and 5 MeV, depicted in Fig. 2,
are characterized by the structure of neutron excitations
across the N = 82 shell gap. In Fig. 2(a), the yrast states
belong to the positive-parity configuration πg7/2ν(h−1

11/2f7/2)
are shown, from the lowest possible spin-11/2+ state to the
highest 25/2+. This configuration describes the states with
an excitation of an h11/2 neutron below the N = 82 shell
gap to the f7/2 orbit above it. The calculation correctly
reproduces the monotonically increasing trend from 11/2+
to 15/2+ and then suggests a near degeneracy, perhaps a
slightly decreasing trend for the 15/2+, 17/2+, 19/2+, and
21/2+ states. Experimentally, the highest spin state of this
degeneracy group, 21/2+, has been identified as a 17-μs
isomer [27]. The degeneracy of the 21/2+ state with its
neighboring lower-spin states explains naturally the formation
of the isomerism. We note that our results are of a qualitative
difference from the calculation in Ref. [28], which showed
essentially an increasing trend for the states from 15/2+ to
25/2+ of this configuration.
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FIG. 2. The calculated levels (opened diamond) of cross-shell
excitations in 133Sb, selected from the lowest configuration each for
positive parity and negative parity and the lowest energy state for
each spin, are compared with available experimental data [35] (filled
square). The three experimental levels (opened square) with error
bars are taken from Refs. [27,28].

According to our calculation, the states of positive parity
shown in Fig. 2(a) all belong to the same configuration of
πg7/2ν(h−1

11/2f7/2). However, different coupling schemes of
the angular momenta of the three orbits may yield more than
one state for a given total angular momentum, with different
energies and wave functions. The coupling of the h11/2 neutron
hole with the f7/2 neutron particle can yield different angular
momenta (denoted as νIπ hereafter), which further couples
with the πg7/2 proton. For example, the obtained lowest 19/2+
level at 4.402 MeV, which is our prediction with no data
for comparison, is composed of 22.52% of [π7/2+ ⊗

ν6+],
57.54% of [π7/2+ ⊗

ν7+], and 19.34% of [π7/2+ ⊗
ν8+].

There are two 21/2+ levels coming out from the calculation.
The lower 21/2+

1 level calculated at 4.393 MeV, which is
close to the experimentally identified 17μs isomer [27], has
31.19% of [π7/2+ ⊗

ν7+] and 67.98% of [π7/2+ ⊗
ν8+].

The second 21/2+
2 level, which lies 500 keV above the first

one, has mixed configuration of [π7/2+ ⊗
ν7+] (68.08%)

and [π7/2+ ⊗
ν8+] (31.16%). We note that a 208-keV γ ray

was recently identified [28], which was suggested to connect
the two 21/2+

1 levels in 133Sb. There are also two 23/2+
levels coming out from the calculation. The lower 23/2+

1 level
calculated at 4.601 MeV has 87.15% of [π7/2+ ⊗

ν8+] and
12.68% of [π7/2+ ⊗

ν9+]. A 318-keV γ ray was found [28],

which was suggested to connect a 23/2+ level to the 21/2+ iso-
mer. The second 23/2+

2 level has 87.32% of [π7/2+ ⊗
ν9+]

and 12.67% of [π7/2+ ⊗
ν8+]. The only 25/2+ level at

5.254 MeV has pure configuration of [π7/2+ ⊗
ν9+], which

may be compared with the experimentally identified level with
a 561-keV γ ray connecting the 21/2+ isomer [28].

The main configuration of the negative-parity states of
cross-shell excitations is πg7/2ν(d−1

3/2f7/2), with more than
82% in purity when seen from the calculation. This con-
figuration corresponds to excitation of an d3/2 neutron be-
low the N = 82 shell gap to the f7/2 orbit above it. In
Fig. 2(b), the yrast states belonging to this negative-parity
configuration are shown, from the lowest possible spin 3/2−
state to the highest 17/2−. Experimentally, only two states
(with spin parities 13/2− and 15/2−) of this configuration
are known, for which the calculation shows a remarkable
agreement. Interestingly, according to our calculation, these
two experimentally identified states locate at the bottom of
this yrast sequence, forming an “yrast trap”; see Fig. 2(b).
The calculation suggests that the 13/2− level is characterized
by substantial mixing of the configurations [π7/2+ ⊗

ν3−]
(61.25%) and [π7/2+ ⊗

ν4−] (21.09%), whereas the 15/2−
level has comparably less configuration mixing, 80.6% of
[π7/2+ ⊗

ν4−] and 7.23% of [π7/2+ ⊗
ν5−].

When shell evolution in an exotic mass region is discussed,
the influence of the monopole effect on the structure is often
an interesting topic. In the previous EPQQM calculations for
the nuclei near 132Sn, it has been shown that the monopole
correction terms can play significant roles in the determina-
tion of the shell structure. The structure of the cross-shell
excitation discussed above involves neutron occupations of
the f7/2 orbit above the N = 82 shell gap that are excited
from either the h11/2 or d3/2 orbits below it. Thus it is
expected that the monopole correction terms kmc(νh11/2,νf7/2)
and kmc(νd3/2,νf7/2) may change the positions of the core-
excitation states in a sensitive way.

To illustrate the monopole effect, calculations with inclu-
sion of the monopole correction terms are shown in Fig. 3.
It can be seen in Fig. 3(a) that the kmc(νh11/2,νf7/2) term
can indeed affect the positive-parity core excited states with
the πg7/2ν(h−1

11/2f7/2) configuration. By varying the strength
of kmc(νh11/2,νf7/2) from −0.5 to 0.5 MeV, the energies of
all the states belonging to this configuration decrease linearly
by about 1 MeV. On the other hand, as expected, the same
term does not influence the negative-parity states, which can
be clearly seen with the examples for the two states 13/2−
and 15/2− in Fig. 3(a). The fact that the calculation with zero
monopole correction can already reasonably reproduce the
four experimentally confirmed states (11/2+, 13/2+, 15/2+,
and 17/2+) leads us to conclude that no monopole correction
is necessary as far as the existing data are concerned.

In Fig. 3(b), we show how the other monopole correction
term kmc(νd3/2,νf7/2) affects the negative-parity cross-shell
configuration of πg7/2ν(d−1

3/2f7/2). We take the two states with
13/2− and 15/2−, for which we have experimental data,
as representative examples. The calculation suggests that by
varying the strength from −0.5 to 0.5 MeV, the energies of
these two nearly degenerate states decrease almost linearly
from 4.75 to 3.90 MeV. The calculated line passes through
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FIG. 3. Illustration of the effects of monopole corrections (a)
kmc(νh11/2,νf7/2) and (b) kmc(νd3/2,νf7/2) on cross-shell excitations
in 133Sb. Experimental data points are taken from Ref. [35].

the data points of 13/2− and 15/2− at kmc(νd3/2,νf7/2) = 0,
suggesting the current experimental information does not
suggest necessarily nonzero monopole correction. On the
other hand, as expected, the same term does not influence the
positive-parity states, which can be clearly seen in Fig. 3(b)
with the constant values when the strength parameter varies.

B. 132Sb

The odd-odd isotope 132Sb has its low-lying configurations
originating from the coupling of one proton particle in an
orbital above the Z = 50 shell gap (e.g., πg7/2) and one
neutron hole in an orbital below the N = 82 shell gap (e.g.,
the νh11/2). Such a coupling scheme makes the spectrum
very abundant already at low-lying excitations, and study of
them can enhance our understanding about proton-neutron
interactions in this mass region. Nearly three decades ago,
Stone et al. [36] performed a 132Sn decay measurement and
identified much of the low-lying structure of the positive-parity
states in 132Sb. It is expected that the lowest configuration
for positive-parity states in 132Sb is πg7/2νd−1

3/2, whereas for

negative-parity states it is πg7/2νh−1
11/2. Indeed, our calculation

yields the 4+ ground state of 132Sb with the main configuration
of πg7/2νd−1

3/2. As illustrated in Fig. 4, the calculated 3+

level at 0.046 MeV correctly reproduces the experimental 3+
level at 0.086 MeV, which, along with the 5+ and 2+ levels

FIG. 4. Comparison of the calculated energy levels with the
experimental data in 132Sb. Data are taken from Refs. [35,37,38].

below 0.5 MeV, predominantly has πg7/2νd−1
3/2 as the main

configuration as of the ground 4+ state.
The 8− level is an isomeric state with half-life of T1/2 =

4.15 min, which was suggested to be very low in energy, about
0.200 MeV of excitation [39]. This state was estimated in
Ref. [36] to be between 0.15 and 0.25 MeV. Our calculation
predicts an 8− level at 0.125 MeV of excitation. This
is the lowest negative-parity state in 132Sb with the main
configuration of πg7/2νh−1

11/2. Our results show that the four
levels (with 5−, 6−, 7−, and the above-mentioned 8− isomer)
originating from this configuration are almost degenerate.
For the same configuration, there are calculated higher levels
including a 4− level at 0.23 MeV, a 3− one at 0.414 MeV,
and a 2− one at 0.678 MeV. The problem is the position of
the first 9− level. This is the highest possible spin state of
this πg7/2νh−1

11/2 configuration, and, within the present model
space, this is the only possible 9− state in the low-energy
region. Our calculation shows that the second 9− level can
exist only as a core-excited state at about 3.9 MeV with the
configuration of πg7/2ν(h−2

11/2f7/2). To compare with the only
known experimental 9− level near 1.2 MeV, our calculated 9−
state of the configuration πg7/2νh−1

11/2 is too low in energy (see
Fig. 4). To resolve this discrepancy, the monopole correction
of kmc(πg7/2,νh11/2) may pushed up the first 9− level, but at
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FIG. 5. The experimental high-spin states of 132Sb above 2.5 MeV
observed in Ref. [37] and the description of our shell-model
calculation with their configurations.

the same time this will also shift other well-described levels
8−, 6−,4−, and 3− which belong to the same configuration.
Another possibility to shift up the 9− level is to increase
aggressively the quadrupole and hexadecapole force between
protons and neutrons, but the single-particle states of 133Sb,
as well as the low-lying levels of 134Te, would then be poorly
described. Thus, theoretical description of the 9− state in 132Sb
remains a puzzle at present. An experimental reinvestigation
is much desired.

As for the other low-lying states having a structure from
the coupling of one proton particle in an orbit above the
Z = 50 shell gap and one neutron hole in an orbit below
the N = 82 shell gap, the calculated 3+ level at 0.605 MeV
with the main configuration of πg7/2νs−1

1/2 agrees reasonably
with the second experimental 3+ level at 0.529 MeV. Above
1 MeV of excitation, the experimentally known second 2+
level at 1.078 MeV and the first 1+ level at 1.325 MeV
correspond well with the calculated 2+ level at 1.014 MeV
and 1+ level at 1.192 MeV, respectively, both of which are
predicted to have the main configuration of πd5/2νd−1

3/2. The
second experimental 1+ level at 2.268 MeV may be compared
with our calculated 1+ level at 2.188 MeV, which has the
main configuration of πg7/2νd−1

5/2. We note that a different

configuration (i.e., πd5/2νd−1
3/2) was suggested for this state in

Ref. [36].
High-energy yrast levels in 132Sb were studied by Bhat-

tacharyya et al. in Ref. [37] at Gammasphere using a
248Cm fission source. They were able to identify highly
excited states belong to three configurations, πh11/2νh−1

11/2,

πg7/2ν(h−2
11/2f7/2), and πg7/2ν(h−1

11/2d
−1
3/2f7/2), among which

the last two are excited configurations across the N = 82
shell. In Fig. 5, some of the calculated yrast levels of these
three configurations are depicted and compared with the
experimental data reported in Ref. [37]. All the theoretical
levels shown here are of more than 90% in purity in
the corresponding configurations. For the multiplet of the
πh11/2νh−1

11/2 configuration, states in the spin range from 0+

to 11+ are possible. We note that experimentally, only the
two highest spin states (10+ and 11+) of this multiplet are
identified. Our calculation shows that the lower spin states
(not shown in Fig. 5) are either nearly degenerate with the 10+

one (those with 5+ to 9+) or lie higher than this degeneracy
group (those with 0+ to 4+).

The calculated levels above 4 MeV have a configuration
of neutron excitation across the N = 82 shell gap. It can
be seen from Fig. 5 that the existing experimental data [37]
are well reproduced by the shell-model calculations for both
positive- and negative-parity levels. The main configuration
of the positive-parity levels with spin-parity 11+ to 13+ is
πg7/2ν(h−1

11/2d
−1
3/2f7/2), and the negative-parity levels of 12− to

15− have πg7/2ν(h−2
11/2f7/2) as the dominant configuration. We

emphasize that to obtain these results, no monopole correction
terms are introduced to Eq. (1). As we have already seen in the
previous subsection for 133Sb, the overall satisfactory results
for these complicated configurations have been obtained
without the need of monopole correction.

C. 131Sb

The structure of low-energy levels in 131Sb is dominated
by configurations built by one proton particle and two neutron
holes. To compare with 133Sb which has pure proton single-
particle levels below 3 MeV, the low-lying spectrum of 131Sb is
abundant with many levels due to the addition of two neutron
holes. The structure of these states thus becomes complicated.
As can be seen in Fig. 6, the experimentally known states
below 2.5 MeV are nevertheless reasonably described by the
present calculation. The calculation reveals that the ground
state 7/2+, as well as those positive-parity states lying below
1.5 MeV (including the 3/2+, second 5/2+

2 , 11/2+, 9/2+,
second 7/2+

2 states), all have mixed configurations, which
are listed in Table II. These levels are mainly made by one
g7/2 proton coupled with mixture of different neutron-hole
pairs. Among them, only the 11/2+ level near 1.2 MeV has
a relatively pure configuration πg7/2νh−2

11/2. The 3/2+ level
calculated at 1.101 MeV also contains a component from
πd3/2νh−2

11/2. On the other hand, the first 5/2+ level, calculated
at 0.906 MeV, has a mixed configuration of one d5/2 proton
coupled with two different pairs of neutron holes, πd5/2νh−2

11/2

and πd5/2νd−2
3/2. This calculated level is compared to the

experimental 5/2+ level at 0.798 MeV. The experimentally
known negative-parity levels in 131Sb lie in the excitation from
1.6 to 2.0 MeV, as shown in Fig. 6. The main configuration of
these negative-parity levels is found to be πg7/2ν(h−1

11/2d
−1
3/2).

However, we have to admit that our description can only
be qualitatively compared to the data. The calculation fails
to obtain the details in the ordering of these negative-parity
levels. Recently, the natural parity states for a number of nuclei
in this mass region are investigated within the pair-truncated
shell-model (PTSM) formalism [41].

There is a known level at 2.392 MeV in experiment with
suggested spin parity of 1/2+. In our calculation, we found a
1/2+ state at 2.366 MeV with a very mixed configuration. The
three leading components in the wave function are 40% from
πd5/2νh−2

11/2, 24% from πs1/2νd−2
3/2, and 7% from πs1/2νs−2

1/2.

While the low-spin members of the πg7/2νh−2
11/2 multiplet

were experimentally identified up to the spin 11/2+, the
higher spin members of this configuration cannot be fed by
usual β-decay experiments. In Ref. [40], Genevey et al.,
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TABLE II. The configuration components (%) in some levels of 131Sb.

Level Ex (Exp.) (MeV) Ex (Theo.) (MeV) πg7/2νh−2
11/2 πg7/2νd−2

3/2 πg7/2νs−1
1/2d

−1
3/2

(7/2+
1 ) 0.0 0.0 43.1% 30.3%

(3/2+) 1.142 1.101 81.1%
(5/2+

2 ) 1.203 1.250 80.0%
(9/2+) 1.229 1.294 29.5% 20.4% 23.0%
(7/2+

2 ) 1.481 1.487 47.1% 17.8% 15.1%

by using thermal neutron-induced fission of 241Pu, found a
high-spin microsecond isomer in 131Sb, a 23/2+ isomer at
2.166 MeV. The identification of a 0.096-MeV γ ray led the
authors to suggest a 19/2+ level at 2.070 MeV. From the
analysis of occupation numbers, we obtain that these states
have pure configuration of πg7/2νh−2

11/2. In Fig. 7(b), we show
the members of the 	I = 2 sequence of this multiplet starting
from the ground state 7/2+, and compare them with data. Note
that there are no experimental data for the 15/2+ and 27/2+
levels. They are the predictions of our shell-model results.

It is interesting to note that an extra 0g7/2 proton in 131Sb
does not affect much on the smooth behavior in the analogous
states in 131Sb when compared with 130Sn. In Fig. 7, we have
depicted the analogous states in the N = 80 isotones. As one

FIG. 6. Comparison of the calculated energy levels with the
experimental data in 131Sb. Data are taken from Refs. [35,40].

can see, the states in both 130Sn and 131Sb show remarkably
similar behaviors. This may suggest a weak coupling scheme
of one proton coupled with 130Sn for 131Sb. The exception
is the maximally aligned state 27/2+ in 131Sb showing a
sudden increase in energy, which, however, agrees with the
shell-model results using the realistic effective interaction
[42,43]. The calculated values of B(E2) are also similar
between the states in 130Sn and 131Sb. As we have mentioned
earlier, for reproducing the right ordering and energy gap
among 6+, 8+, and 10+ levels in 130Sn, we need to modify some
of the interaction matrix elements. During our shell-model
calculations, we find that the correct ordering and energies of
0+ to 10+ levels in 130Sn leads to the corresponding ordering
and energies of 7/2+ to 27/2+ states in 131Sb.

In 131Sb, there have been so far no cross-shell excitations
observed experimentally. On the basis of our good description
of the high excitations across the neutron N = 82 shell gap
in 133,132Sb, we predict similar states in 131Sb. As shown
in Fig. 8(a), the calculated negative-parity states belonging
to the lowest configuration of the cross-shell excitations
in 131Sb are shown. This configuration is calculated as
πg7/2ν(h−2

11/2d
−1
3/2f7/2), which is analogous to the cross-shell

negative-parity configuration πg7/2ν(d−1
3/2f7/2) in 133Sb, as

previously discussed in Fig. 2. Same as the coupling scheme
of the low-lying states, the structure of this cross-shell config-
uration in 131Sb is that of 133Sb coupled with an additional
neutron-hole pair of h−2

11/2. We found furthermore that our

calculation for 131Sb predicts a local minimum at the spin
states of 13/2− and 15/2− [see Fig. 8(a)], which may have a

FIG. 7. The levels with 	I = 2 of (a) the νh−2
11/2 multiplet in 130Sn

and (b) the analogous levels of the πg7/2νh−2
11/2 multiplet in 131Sb, both

of experiment [35,40] and theory.
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FIG. 8. The calculated levels of cross-shell excitations in 131Sb,
selected from the lowest configuration each for positive and negative
parity and the lowest energy state for each spin.

better possibility to be experimentally observed. As discussed
earlier, the corresponding configuration in 133Sb has these two
states forming a “yrast trap,” which have been the only two
states experimentally observed so far for the multiplet.

The lowest positive-parity cross-shell configuration in
131Sb is predicted to have a mixed configurations of
πg7/2ν(h−1

11/2d
−2
3/2f7/2) and πg7/2ν(h−3

11/2f7/2). The calculated
lowest states of this mixed configuration for each spin are
shown in Fig. 8(b). We find that the 11/2+ level at 4.273 MeV
is the lowest in energy for this configuration. This predicted
multiplet may be analogous to the positive-parity cross-shell
configuration discussed in Fig. 2(a) for 133Sb.

The structure of the cross-shell excitation discussed in 131Sb
involves neutron occupations of the f7/2 orbit above the N =
82 shell gap that are excited from either the h11/2 or d3/2

orbits below it. Thus it is again expected that the monopole
correction terms kmc(νh11/2,νf7/2) and kmc(νd3/2,νf7/2) may
change the positions of the core-excitation states in a sensitive
way. The strengths of the monopole corrections are at present
unknown parameters in the shell-model calculation because no
such data are available for comparison. Thus it is instructive
to perform theoretical calculations to see monopole effects on
the cross-shell excitations.

As can be seen in Fig. 9, both of the kmc(νh11/2,νf7/2) and
kmc(νd3/2,νf7/2) terms can indeed affect the core excited states
sensitively. Unlike the situation in 133Sb, these two monopole
terms give effects on both negative- and positive-parity core
excitations. It owes to their more complex configurations,
which include all orbitals in these two monopole correction
terms. The energies of all these states decrease linearly with
the variation of the strength from −0.2 to +0.2. Comparing the
effects on the states of both parities, the monopole correction
kmc(νh11/2,νf7/2) [kmc(νd3/2,νf7/2)] influences the negative-
parity states more (less) than the positive-parity states, as
shown in Fig. 9.

FIG. 9. Illustration of the effects of monopole corrections
(a) kmc(νh11/2,νf7/2) and (b) kmc(νd3/2,νf7/2) on cross-shell excita-
tions in 131Sb.

We finally stress that in the actual calculations for 131Sb
shown in Figs. 6, 7(b), and 8, the strength for both monopole
corrections, kmc(νh11/2,νf7/2) and kmc(νd3/2,νf7/2), were set
to be zero. This is consistent with the results shown previously
for 133Sb and 132Sb, where the calculations without monopole
corrections could reproduce the existing data. Any future
experimental identification of the cross-shell excited states
beyond what have been experimentally known is much desired,
as these can suggest how much the monopole corrections are
required in this mass region.

D. Electromagnetic transitions

Electromagnetic transitions serve as a strict test for shell-
model calculations. For those states having their measured
transition rates reported in the literature, we have calculated
E2 and M1 as well as the parity-changing M2, E3, and E4
transition probabilities, which are compared in Table III with
available experimental data. The calculations are performed
with the standard effective charges of eν = 0.5e for neutrons
and eπ = 1.5e for protons, and the bare g factors gπ

l = 1,
gν

l = 0, gπ
s = 5.586, and gν

s = −3.826, consistent with the
early work by our group [18]. It can be seen from Table III
that for 131Sb, the theoretical results reproduce the known
experimental data well, except for the observed large B (M4,
15/2− → 7/2+), our calculated value is too small. Also for
132Sb, all the calculated M1 and E2 for the low-lying, low-spin
states are reasonable as compared with the known experimental
data. For 133Sb, in addition to the calculation for the two
experimentally known parity-changing transition rates, we
predict transitions among the states lying below 3 MeV.

In their very recent measurement in 133Sb [28], Bocchi
et al. reported two M1 transition rates among the states
of neutron excitations across the N = 82 shell gap [see the
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TABLE III. Calculated electromagnetic transition probabilities
in 131,132,133Sb and compared with the available experimental data
[35,40]. Unless a subindex is given, the states mean the lowest one in
energy with the same spin and parity.

Transition τL Exp. (W.u.) Th. (W.u.)

131Sb
(15/2−) → (9/2+) E3 0.106 12 0.0139
(15/2−) → (11/2+) M2 0.00065 11 0.00023
(15/2−) → (7/2+) M4 33 4 0.628
(19/2−) → (15/2−) E2 0.99 18 0.913
(23/2+) → (19/2+) E2 0.54 11 0.590
132Sb
(3)+ → (4)+ M1 0.00112 2 0.0531
(3)+ → (4)+ E2 0.9 3 2.312
(2)+1 → (3)+ M1 0.029 3 0.0322

(2)+1 → (3)+ E2 <8.1 0.670

(2)+2 → (2)+1 M1 0.0012 10 0.00004

(2)+2 → (2)+1 E2 0.9 8 0.178

(2)+2 → (3)+ M1 0.006 4 0.00037

(2)+2 → (3)+ E2 0.9 6 0.220

1+ → (2)+2 M1 >0.016 0.485

1+ → (2)+2 E2 >0.55 1.717

1+ → (2)+1 M1 >0.00034 0.0062

1+ → (2)+1 E2 >0.0018 0.0886
133Sb
(5/2+) → (7/2+) E2 0.489
(3/2+) → (5/2+) M1 1.631
(3/2+) → (5/2+) E2 1.811
(11/2+) → (7/2+) E2 0.013
(11/2−) → (5/2+) E3 23 12 8.339
(11/2−) → (7/2+) M2 0.61 25 7.801

levels in Fig. 2(a)]. These data are valuable because the M1
values depend sensitively on the individual orbits, which,
in the present case, are below and above the shell gap.
Furthermore, the experimental B(M1) values extracted for
the 15/2+ → 13/2+ and 13/2+ → 11/2+ transitions yield
>0.24 W.u. and 0.0042(15) W.u., respectively. As emphasized
in Ref. [28], this large difference, of nearly two orders of
magnitude, clearly indicates nontrivial changes in structure of
the 11/2+, 13/2+, and 15/2+ states. Our calculation suggests
that in this energy region with dense levels, two 13/2+ and
two 15/2+ states are involved in the discussion. These four
states, together with the 11/2+ state below them, all belong
to the same configuration of πg7/2ν(h−1

11/2f7/2). However, as
discussed before, the coupling of the h11/2 neutron hole with
the f7/2 neutron particle can yield different angular momenta
(denoted as νIπ ), which further couple with the πg7/2 proton.
Thus, different coupling schemes of the angular momenta of
the three orbits may yield more than one state for a given
total angular momentum, with different energies and wave
functions. Therefore, the difference in structure among the
states with this same configuration is due to different νIπ ,
resulting from the coupling of one h11/2 neutron below and
one f7/2 neutron above the N = 82 gap. We suggest that the

FIG. 10. Schematic illustration of transitions among the three
positive-parity states 15/2+, 13/2+, and 11/2+ in 133Sb with the
configuration πg7/2ν(h−1

11/2f7/2). See text for discussion. Experimental
data are taken from Ref. [28].

experimentally observed larger B(M1) could correspond to the
transition from the calculated second 15/2+ to the first 13/2+,
while the experimentally observed smaller B(M1) could be
the one from the second 13/2+ to 11/2+. Figure 10 illustrates
these schematically. Our analysis indicates that in 15/2+

2 and
13/2+

1, the neutron coupling to Iπ = 7+ and 8+ is dominant
in both wave functions, and a similar structure is also found in
11/2+. In contrast, in 15/2+

1 and 13/2+
2, the neutron coupling

to smaller angular momenta of Iπ = 5+ and 6+ are the main
components in the wave functions. Thus it is clear that the
structures of 15/2+

2, 13/2+
1, and 11/2+ are similar, while

those of 15/2+
1 and 13/2+

2 are similar. Therefore, we obtain
a large B(M1, 15/2+

2 → 13/2+
1) = 0.8232 for the similar

structure in the initial and final states, and a small B(M1,
13/2+

2 → 11/2+) = 0.0024 because of the different structure
in the initial and final states. These calculated M1 values are
compared well with the experimental results in Ref. [28]. In
addition, a large B(M1, 13/2+

1 → 11/2+) and a small B(M1,
15/2+

1 → 13/2+
1) are predicted; see Fig. 10.

IV. SUMMARY

To summarize, the large-scale shell-model calculations
by the EPQQM model, which includes cross-shell excita-
tions, have been performed for some particle-hole nuclei
on the northwestern quadrant of 132Sn. The extended paring
plus quadrupole-quadrupole force, usually with additions of
monopole corrections, has been constructed. The main model
space of both protons and neutrons are from the major shell
(0g7/2,1d5/2,1d3/2,2s1/2,0h11/2). Furthermore, two additional
orbits of (ν1f7/2,ν2p3/2) are considered to describe the
excitations across the N = 82 shell gaps. The neutron shell gap
obtained from the neutron odd-even mass differences correctly
reproduces the experimental value. Before the application of
the model, the Hamiltonian in this model space was tested
by comparing it with the experimental low-lying levels of the
single-particle nuclei and the two important even-even nuclei
of 130Sn and 134Te.
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We have shown that the present shell-model results can be
successfully applied to describe the level structure of 133Sb,
132Sb, and 131Sb for both low-lying and high-energy states with
cross-shell excitation configurations. The main conclusions
from the present study are the following.

(1) For all the three Sb isotopes studied here, the level spec-
trum can be clearly distinguished, with 4 MeV being
roughly at the boundary, as of two excitation modes: the
low excitations of coupled valence single-particles and
high-excitations across the N = 82 neutron shell gap.
While in 133Sb, levels below 4 MeV are the pure proton
single-particle states, those in 132,131Sb in the same
excitation region already exhibit complicated structure
due to couplings of individual orbits and interactions
among them. Of particular interest is those lowest-lying
levels which, however, have a structure as a mixture
of several configurations. Future measurements of the
g factor for this mass region [44,45] may help in
providing experimental information on these states.

(2) Highly excited states above 4.0 MeV are explained
as excitations across the neutron N = 82 shell gap.
It has been found that the configurations of the
yrast levels of these cross-shell excitations, in all
the three isotopes and of both positive and negative
parity, involve a g9/2 proton coupled with neutron
configurations describing an excitation of an h11/2 or
a d3/2 neutron below the N = 82 shell gap to the f7/2

orbit above it. This simple coupling scheme gives rise
to the positive-parity configuration πg7/2ν(h−1

11/2f7/2)

and the negative-parity configuration πg7/2ν(d−1
3/2f7/2)

in 133Sb. The occurrence of an “yrast trap” structure in
the yrast sequences may have explained the isomeric
characters of the observed states. Similar high-energy
excited states in 132Sb can be obtained by adding a
neutron h−1

11/2 hole to those of 133Sb, and high-energy

excited states in 131Sb can be obtained by adding a
pair of neutron holes of either h−2

11/2 or d−2
3/2 to those

of 133Sb. We note that experimental measurement of
the highly excited states is far from be complete, so
a detailed comparison of our calculations with data
is impossible at present. Nevertheless, such data are
very valuable as they contain information not only to
test the shell-model coupling schemes, but also to pin

down the size of energy gap(s), which is important for
our understanding of the shell evolution in the 132Sn
region.

(3) The monopole effects in these nuclei are carefully
examined for all the isotopes studied in this paper.
In contrast to the already studied examples in the
northeastern and southwestern quadrants around 132Sn
by the EPQQM model, in which monopole corrections
have been found decisive for correct descriptions of
certain levels, the current data for these Sb isotopes do
not seem to request particular monopole corrections.
It should be noted that we have so far only discussed
the cross-shell configurations of the yrast sequence for
each parities. More experimental data that can further
explore the other cross-shell configurations are much
desired.

(4) Electromagnetic transition probabilities are calculated
for the states with their measured transition rates
reported in the literature and are compared in Table III
with available experimental data. With the standard
effective changes and bare g factors, our calculated E2
and M1 as well as the parity-changing M2, E3, and E4
transition probabilities compare reasonably well with
the known data. We have focused the discussion on the
recently observed two M1 transitions among the states
of neutron excitations across the N = 82 shell gap in
133Sb [28]. We have suggested that the remarkably
large difference in the two M1’s can be explained by
the different angular-momentum couplings of the two
neutron orbits involved in the cross-shell configuration,
one h11/2 neutron below and one f7/2 neutron above the
N = 82 shell gap.
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