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Large-scale shell model study of the newly found isomer in '**La
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The doubly-odd nucleus **La is theoretically studied in terms of a large-scale shell model. The energy spectrum
and transition rates are calculated and compared with the most updated experimental data. The isomerism is
investigated for the first 147 state, which was found to be an isomer in the previous study [Phys. Rev. C 91,
054305 (2015)]. It is found that the 14" state becomes an isomer due to a band crossing of two bands with
completely different configurations. The yrast band with the (l)hI]I/2 ® mhy12) configuration is investigated,

revealing a staggering nature in M1 transition rates.
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I. INTRODUCTION

Studies of a doubly-odd nucleus give us a lot of information
not only on the doubly-odd nucleus itself, but also on the
neighboring even-even and odd-mass nuclei. As a naive
description, the doubly-odd nucleus can be simply viewed in
terms of a one-neutron and one-proton configuration coupled
with the corresponding even-even core. In the vicinity of mass
130, where the nucleus has a few neutron holes from the magic
number 82 and a few proton particles from the magic number
50, the Ohyy/> intruder orbital plays a particularly important
role among the five orbitals (0g7/2, 1ds/2, 2512, Ohy1/2, and
1ds») since it has different parity from others and also it has the
largest spin among all of them. Thus one characteristic feature
of the doubly-odd nuclei in this region is seen in the existence
of bands which have the (vhl_ll/2 ® mhy1/2) configuration.

In 13®La, several experimental observations were carried
out and a typical (vhl_ll/2 ® mhy1/2) band has been observed in
some literature [1-4]. However, the proposed level schemes
are not consistent with each other. In the most recent paper
[4], a detailed experimental investigation was performed and
the level scheme was newly constructed. A new isomer of
spin-parity 14" with a half-life of 187(27) ns was found at an
excitation energy of around 2.3 MeV. This isomer is peculiar
since no such long-lived isomer has been observed yet at high
spin in odd-odd nuclei in the A = 130-140 mass region. In
the same paper, energy levels were theoretically investigated
using the pair-truncated shell model (PTSM). However, the
isomerism of the 14" state has not been unveiled yet.

Nuclei around mass 130 were analyzed using the PTSM
[5-8] and the shell model [9,10]. The structure of the (vhl*ll/2 ®
mhy1/2) bands were also analyzed using a simple model termed
the quadrupole coupling model [11-14]. Recently, systematic
studies were carried out for even-even, odd mass, and doubly-
odd nuclei around mass 130 using the shell model [10]. In
that work energy levels and electromagnetic properties of 46
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nuclei were calculated adopting only one set of the two-body
interaction strengths, and detailed analyses for some specific
nuclei were carried out. Several isomers were analyzed and
were classified as spin-gap isomers or seniority isomers by
their reasons for existence.

In this paper, a large-scale shell model calculation is
performed for '*La. One aim of this study is to elucidate
the isomerism of the first 14" state through the analysis
of the neighboring states around the 14* state. Another
purpose is to analyze the structure of the yrast band with the
(vhl_ll/2 ® mhyy,2) configuration.

This paper is organized as follows. The general framework
of the present shell-model study is given in Sec. II. The
calculated results are presented and compared with the
experimental results in Sec. III. The isomerism of the 14™
state is discussed and the analysis of the (vhl_ll/2 ®mhii)2)
band is given. Finally this work is summarized in Sec. IV.

II. THEORETICAL FRAMEWORK

A large-scale shell model calculation is performed for
36La. This nucleus is a system with three neutron holes
and seven proton particles assuming the '*2Sn nucleus as a
doubly magic core. The framework of the calculation is the
same as that used for the systematic shell-model calculation
for nuclei around mass 130 [10]. For a description of 1361 g,
all five single-particle orbitals between the magic numbers 50
and 82 (0g7/2, 1d5/2, 251/2, Ohll/z, and 1d3/2) are taken into
account for both neutrons and protons. The single-particle
energies employed in this study are the same as those adopted
in Ref. [10].

As for the phenomenological interaction, the two-body
interaction consisting of multipole-pairing interactions in
addition to the pairing plus quadrupole-quadrupole interaction
is employed. In this study, two kinds of parameter sets for
the strengths of two-body interactions are used. One set (Set
A) adopts strengths which are completely the same as those in
Ref. [10]. Another set (Set B) adopts those strengths which are
almost the same as those in Ref. [10], but only two strengths are
modified a little for a better description of the energy spectra
for '3®La in the present approach. Table I shows the set of
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TABLE I. Modified strengths of adopted two-body interactions
between neutrons (v-v), protons (;-7), and neutrons and protons
(v-m). Gy and G, indicate the strengths of the monopole pairing (MP)
and quadrupole-pairing (QP) interactions between like nucleons,
respectively. G, (L =4,6,8,10) denote the strengths for higher
multipole-pairing (HMP) interactions between like nucleons. The «,’s
indicate the strengths of the quadrupole-quadrupole (QQ) interactions
between like and alike nucleons. The strengths of the MP and
HMP interactions are given in units of MeV. The strengths of the
QP and QQ interactions are given in units of MeV/b* using the
oscillator parameter b = \/h/(Mw). Blanks mean that no strengths
are employed.

G() G2 G4 Gﬁ G8 GIO K2
v-v  0.170 0.018 1.00 -2.00 -6.15 —-14.0 0.010
-t 0.165 0.007 0.20 0.10 0.055
4 —0.080

strengths (Set B) of the modified interaction for 1361 a. The
strength of the quadrupole-quadrupole interaction between
neutrons and protons, k3,, is changed from «3,, = —0.100
used in Ref. [10] to «3,, = —0.080 and the strength of the
hexadecapole-pairing interaction between neutrons Ga,, is
changed from G4, = —0.50 used in Ref. [10] to G4, = +1.00.

In this framework the shell-model states are classified as
four classes: (+,+), (+,—), (—,+), and (—,—) according to the
parity in the neutron space or in the proton space. Parity of any
states belonging to the (4,-+) class is positive for the neutron
part and also positive for the proton part, which is hereafter
denoted as the state with the (4-,4) configuration. Parity of any
states in the (—, —) class is negative for the neutron part and also
negative for the proton part, which is denoted as the state with
the (—,—) configuration. In this shell-model study, any kind
of two-body interaction which admixes a neutron in a certain
parity orbital and a proton in the opposite parity orbital is not
introduced. Therefore states with the (4-,+) configuration and
those with the (—,—) configuration are not mixed with each
other.

For this nucleus, the shell-model dimension for diagonal-
ization is too large to perform a full calculation without any
truncation. Thus it is necessary to truncate the shell-model
dimension. In this study, the same truncation scheme described
in Sec. II B of Ref. [10] is adopted. All calculations are
performed with the truncation of L. = 500. Here the definition
of L. is the same as given in Eq. (22) in Ref. [10]. The
convergence of energy levels up to excitation energy of 3 MeV
has been confirmed by increasing L.. The details of the
framework and the Hamiltonian for diagonalization are given
in Ref. [10].

III. NUMERICAL RESULTS AND DISCUSSION

The calculated low-lying energy levels for both positive-
and negative-parity states are shown in Fig. 1 in comparison
with the experimental data [4,15]. In this figure, the experimen-
tal (77 state at 0.00 + x MeV is shown under assumption of
x = 0.03. For the theoretical results, two lowest positive-parity

PHYSICAL REVIEW C 94, 014317 (2016)

3 147----
(14) = s
—14
2.5+ (13) = 137313 1
—47
(12) 4
127
2t S
—12
—1"
315 10
= ==
w g
107~ o+
1r 1*----O+6i'
@ =
7_ ot
(3 2 8ot
(4 g:g 6"
I
05 (8 N
(6 4 ooty
(2 8'/ 4* g:
5 +
Ea -
oF MH=— — 3
calc. 2*
(Set B)

FIG. 1. Calculated energy spectra up to 3.0 MeV for **La
(calc.) in comparison with the experimental data (expt.) [4,15].
For theoretical results, the calculation with the strength set used in
Ref. [10] [calc. (set A)] and the calculation with the modified strength
set [calc. (Set B)] are shown. States with positive (negative) parity are
shown with solid (dashed) lines. Experimentally parity-unassigned
states are shown with dotted lines.

states with the same spin are shown among many calculated
states.

One-to-one correspondence is seen in between the exper-
imental data and the calculated results. Using the parameter
set of the previous study (Set A), positive-parity states above
the 9 state are calculated about 0.5 MeV higher than the
experimental ones. In contrast the theoretical calculation using
the parameter set of modified strengths (Set B) well reproduces
most of the experimental data. The calculated 7, state is
predicted higher than the experimental one for both calculated
results (Sets A and B). It is necessary to introduce other kinds
of interactions to reproduce the energy of the (7;) state, such
as an octupole interaction between neutrons and protons.

Figure 2 shows the calculated energy levels only for
positive-parity states in comparison with the experimental
data [4,15]. The calculated 7;” state is much higher than the
experimental (7?) state at 0.030 MeV above the (7)) state
[4] in both cases (Sets A and B). Note that this experimental
(7]“) assignment was performed [4] by the group in which
most of the authors of the present paper are involved. This
assignment is assumed by taking into account the (9%)
assignment for the 0.865-MeV state and the reported E2
nature [1] of the deexciting transition to the 0.030-MeV state.
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FIG. 2. Calculated energy levels for positive-parity states using
the modified interaction (Set B) in comparison with the experimental
data [4,15]. The legend “calc.(+,+)” represents theoretical results
for the (+,+) configuration and “calc.(—,—)” represents theoretical
results for the (—,—) configuration. Calculated states are shown up to
four levels with the same configuration for each spin. Spin and parity
of the state at 0.03 MeV is assigned as the (77) state in experiment
(shown with the diamond). However, there are other possibilities for
this assignment (see text).

Although the (97) assignment seems rather reasonable in the
La isotope systematics of the (vhl_ll/2 ® mhii2) bands, no
convincing DCO (directional correlation from oriented states)
ratio data, which provide information on the multipolarity
of the transition [1-3], are available for the E2 assignment.
Therefore, another assignment, such as a negative-parity one,
is also possible for the 0.030-MeV state. The fact that the
present shell-model calculation predicts no positive-parity
states with spin I > 6 in the very-low-excitation energy region
supports the negative-parity assignment for this state. In
the following, all the theoretical results are shown with the
modified strength set (Set B).

Next, the isomerism of the 14} state is analyzed. In Fig. 2
the legend ‘“calc.(—,—)” represents states with the (—,—)
configuration. Namely, these states have the (vh 17]1/2 ®mhi2)
configuration, since only the Ok, orbital is a negative-parity
orbital in this region. The legend “calc.(+,+)” represents
states with the (4-,+) configuration.

To understand the structural change of high spin yrast states
more clearly, Fig. 3 shows the calculated yrast states with the
(+,+) and (—,—) configurations with / > 9 in comparison
with the experimental data. As seen in the figure, the 97, 107,
117, 12], and 137 states are members of a group with the
(—,—) configuration. In contrast, the 14;r and 15;r states are
members of a group with the (+,+) configuration. Because
of this structural change between the 13} and 14] states,
electromagnetic transitions from the 14, state to the 13} state
are strictly forbidden theoretically. Namely, there occurs a
band crossing from a band with the (—,—) configuration to a
band with the (4,+) configuration.

Another important fact is that the 131 and 127" states
with the (+,+) configuration are located higher than the 14;r
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FIG. 3. Calculated positive-parity yrast states with the (+,4) and
(—,—) configurations with / > 9 in comparison with the experimental
data.

state. Thus the 14 state does not decay to the 13* and 12+
states with the (+,+) configuration. Because of these kinds of
reasons, the 14 state becomes the isomer.

Figure 4 shows the experimental and theoretical kinematic
moment of inertia 7 (1), which is defined as

21 -1

IO = e —E0 =2

)]
A good agreement between the experimental data and the shell-
model results is seen. The theoretical moment of inertia for the
15] state does not agree with the experimental one, which is
largely due to the fact that energy of the theoretical 13»;r state
is calculated 0.15 MeV higher than the experimental one. As
mentioned before, any kind of two-body interaction which
admixes states with the (4,+) configuration and those with
the (—,—) configuration has not been introduced in the present
work. If such kinds of interactions are introduced, the 13;r state
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FIG. 4. Comparison of the kinematic moment of inertia J (/)
between the experimental results and the theoretical ones.
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TABLE II. Calculated occupation number in each orbital for the
147 state.

Orbital
S1/2 dsp dsp 812 hii
Neutron 0.009 0.959 0.015 0.017 2.000
Proton 0.171 0.341 1.993 4.114 0.381

would get lower in energy, whereas the 137 state would get
higher in energy by avoiding each other due to the repulsive
interaction between them. That might explain the discrepancy
between experiment and theory for the energy gap between
the 137 state and the 137 state.

Table II shows the calculated occupation number in each
orbital, vf(i), for the 14?r state. The occupation number in
the single-particle orbital j for the ith eigenstate with spin /;
(|®(1;;1))) is defined as

V(i) = (DI DA, (T3 1)), @

where the particle number operator 7 ; in the j orbital is given
as

A=Y chim 3)
m

Here cj.m and c;, are the nucleon creation and annihilation

operators in the orbital j with its projection m. As seen in
Table II, our calculation shows that, for the neutron part of the
14;L state, two valence neutrons of the three occupy the /11,2
orbital and the odd neutron occupies the d3,, orbital. For the
proton part, the occupation number in the /1, orbital is 0.381.
This indicates that the 14;r state is a mixture of the following
two states: (i) no protons occupying the hy;,, orbital and
(ii) two protons occupying the hy;, orbital, since the 14]
state belongs to the (4+,+) configuration. A detailed calculation
shows that 84% of the 14]L state is constructed by the state (i).

The lowest 14 state with the (vhl*ll/2 ® mhyy2) config-
uration, which is the second 147 state, is calculated 0.36
MeV higher than the 14;r state with the (+,+) configuration.
Table III shows the calculated occupation number in each or-
bital for the 14 state with the (vhfll/2 ® mhy1/2) configuration.
The occupation number (1.869) of the vh,;/, orbital indicates
that the 143L state is a mixture of the (vhl_ll/2 ® mhiyn) and
(vhl_f/2 ® mhiy2) configurations.

Figure 5 shows the calculated B(E2), B(M1), and
B(M1)/B(E?2) values among the yrast states and those among
the states with the (vhl_ll/2 ® mhy12) configuration. Here the

TABLE III. Calculated occupation number in each orbital for
the 141 state [the lowest 14% state with the (vhf11/2®nh|1 2)
configuration].

Orbital
S1/2 dsp dsp 812 hiia
Neutron 0.194 0.751 0.114 0.072 1.869
Proton 0.175 0.332 1.879 3.501 1.113
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FIG. 5. (a) Calculated B(E2), (b) B(M1), and (c) B(M1)/B(E2)
values among the yrast states and the (vh]’ll/2 ® mhy1 ) configurations
in comparison with the experimental data [4]. Yrast states are
connected by dotted lines and the states with the (vhfll/2 ®mhiiy)
configuration are connected by solid lines.

effective charges and gyromagnetic ratios are exactly the
same as those adopted in Ref. [10]. The experimental values,
B(M1;147 — 137) =19 x 107 u3 and B(E2;14] —
12§) = 1.9 x 107> €*b? [4], are also shown in the figure.
The theoretical B(E2; 14;L — 12?), B(E2; 15;r — 13;“), and
B(M1,; 14;r — 13?) values all exactly vanish, although the
theoretical B(E2; 141 — 12]) and B(M1; 14} — 137) val-
ues seemingly agree with the experimental datain Fig. 5. In this
shell-model framework, states with the (4,4) configuration
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and those with the (—,—) configuration are not mixed. Thus
M1 and E?2 transition rates between states with the (+,4)
configuration (the 14 and 157 states) and states with the
(—,—) configuration (the 12] and 13} states) vanish.

In order to give the finite B(E2; 14;r — 12?) and
B(M1,; 14;L — 13?) values theoretically, it is necessary to
introduce two-body interactions, such as an octupole inter-
action, which admix states with the (4,+) configuration and
states with the (—, —) configuration. Such kinds of interactions
between neutrons and protons are requiredto get finite £2 or
M1 transition rates since originally the 127 and 13 states
consist only of the (+,+) configuration and the 14 state
consists only of the (—,—) configuration.

Suppose that the original 14] and 13} states are admixed
as follows:

[147) = o 147 (+,4) + Bual 143 (=, —)), )
1137) = ans|137 () + Bl 135 (- 4).  (5)

Here | ) represents an original eigenstate and | ™) represents an
admixed state; for example, by an octupole interaction. Here
a® + B? = 1 and |a| > | B are assumed for real parameters o
and 8. ~

Using the admixed state |147) to reproduce the experimen-
tal B(E2; 147 — 12) value, B14 = 0.013 is required. Here

it is assumed that the 12 state is not mixed: |12) = [12]).
Then the experimental B(M 1; 14]L — 13?’) =1.9 x 1075#%\/
is exactly reproduced by adopting the value of 83 = 0.084.
This indicates that any parity-changing interaction between
neutrons and protons should be very weak even if it exists.
The study of nearly degenerate doublet bands in doubly-odd
nuclei has been a subject of special interest in recent years. A
vast amount of experimental information about such pairs of
bands built on the (vhl_ll/2 ® mhyi,2) configuration has been
accumulated for the region of mass 130 [16-24]. Doublet
bands with the (vhfll/2 ® mhi12) configuration have been
investigated theoretically in the framework of the PTSM
[5-8,11-13,25-30]. In the model, the collective nucleon pairs
are assumed to be the building blocks for even-even nuclei.
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Additional unpaired neutron and proton are added to the even-
even nuclear states in the description of doubly-odd nuclei. The
energy spectra for the doublet bands were well reproduced,
along with the characteristic behavior of the electromagnetic
transitions [7,8,12,13]. Through the analysis of the PTSM
wave functions, it has been confirmed that the doublet bands
turn out to be constructed by a weak coupling of various
angular-momentum configurations of the unpaired neutron
and the unpaired proton, i.e., the chopsticks configurations
[8,12,13], with the quadrupole collective excitations of the
even-even part of the nucleus. The chopsticks configurations
and the even-even core produce characteristic M1 and E2
bands.

Concerning the (vhl_ll/2 ® mhiy2) configuration in 361 a. a
slight staggering pattern is seen in the B(M 1) values. Thus the
nature of this (vh]_ll/2 ® mhy12) configuration has also been
confirmed through the present study.

IV. SUMMARY

A large-scale shell model calculation has been performed
for 13®La. Energy levels and transition rates have been calcu-
lated. The isomerism of the 14] state has been investigated.
It has been found that the 14;r state consists of the (+,+)
configuration; in contrast, the 9;”, 10?’, 11;’, 12T, and 13;r
states are members of the group with the (vhl_ll/2 ® mhi2)
configuration. This strongly indicates that the band crossing
occurs at the 147 state. This structural change naturally
explains why the 14] state becomes an isomer.

The yrast band structure with the (vhfll/2 ® mhiy2) config-
uration has been also analyzed. Theoretical results show the
staggering nature of the M1 transition rates, which indicates
the nature of the chopsticks configuration for the states with
the (vhl*ll/2 ® mhiy,2) configuration.
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