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Octupole bands and simplex inversion in the neutron-rich nucleus 4 Ba
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The issue of the existence of reflection asymmetry in '*Ba has stood for the past 30 years without a common
conclusion. The recent experimental data show a number of low-lying rotational bands with alternative parities,
providing more strict constraints on the relevant modeling. With a proper octupole deformation, all the observed
six rotational bands in '#’Ba have been well reproduced by the reflection asymmetric shell model (RASM). The
three octupole deformed neutron single-particle orbitals just above the octupole shell gap 88, with K = 1/2,
K =3/2,and K = 5/2, respectively, dominate the intrinsic configurations of the observed bands. Based on the
analysis of the calculated RASM wave functions, the assignments for the observed bands have been given. The
experimental yrast band (Al = 1) presents a simplex inversion at around the 11/2~ state where the simplex
staggering phase changes. This phenomenon may be explained in the framework of the RASM as from the
change of the dominate intrinsic configuration, induced by the band mixing. The present results strongly support

the appearance of the reflection asymmetry in the ground and low-lying states of '“Ba.
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I. INTRODUCTION

Theoretical calculations based on the deformed shell model
have predicted the existence of the island of octupole deformed
nuclei around Z =56 and N = 88 [1,2]. Leander et al.
[3] predicted that the odd-neutron nucleus '“Ba is a good
candidate for octupole deformation. Following the theoretical
prediction, several experimental studies, including 8-decay [4]
and spontaneous fission [5-7], have been made to search for
octupole deformation in ' Ba. The first experimental evidence
for octupole deformation in '’Ba was reported by Zhu et al. in
1999 by measuring the prompt y rays from spontaneous fission
of 252Cf [8]. Five AI = 2 rotational bands 1-5, which are built
on the 11/2% at 671 keV, the 5/2~ ground state, the 7/2~ at
112 keV, the 13/2% at 618 keV, and the 19/2™ at 1463 keV,
respectively, have been established based on the measured
linking transition gamma rays. Recently, the excited states
in % Ba, populated in spontaneous fission of **Cm [9], were
reinvestigated by Rzaca-Urban et al. [ 10]. Their results confirm
most of the excited levels reported in Ref. [8], and a new band
built on the 9/27 at 346 keV was identified, which is denoted
as band 6 in the present study. The experimental level scheme
of ¥ Ba employed in the present study is basically the level
scheme taken from the 22Cf data [8], and includes an extra
band 6 taken from the 2*Cm data [10]. These experimental
data contain six rotational bands, presenting the most complete
spectroscopy for '“Ba to date, and will provide the best
constraints for the theoretical models.

1%5Ba nucleus is predicted to locate at the center of the
octupole deformation region [3], however, whether or not the
octupole deformation exists in '*Ba is still a controversial
topic. For the two neighbor even-even nuclei, '**Ba and
1%6Ba, the well-established yrast octupole bands have been
observed. But the observed yrast band states in '“’Ba have
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not been commonly concluded as the octupole deformed. In
Ref. [10], the observed yrast positive and negative bands in
1495Ba, the refined >**Cm data, were interpreted as the reflection
symmetric states by performing the quasiparticle rotor model
(QPRM) calculation with a proper inertial parameter and
reasonable Coriolis attenuation factor, and particularly using
a reflection symmetric potential. The present study will show
that by carrying out the microscopic RASM calculation the
yrast and the excited low-lying states observed in *Ba can
be well reproduced and explained as the origin of reflection
asymmetry.

Theoretical approaches have been applied to the energy
spectra of even-even octupole deformed nuclei around Z = 56
and N = 88 [11-14]. However, the odd-A nuclei in this region
have not been studied sufficiently. In our previous work [15],
a precursor analysis of the energy spectra in ' Ba was made
with an assumption of the octupole deformation, but only the
two observed bands were discussed. A further detailed and
complete study for the spectroscopy currently upgraded in
145Ba is necessary to explore the existence of the octupole
deformation in the low-lying states of the nucleus. Such a
study will also highlight the understanding of the nature of
the odd nuclei in the mass region. In the present work, with
the starting point of the reflection asymmetric mean field, the
reflection asymmetric shell model is applied to describe all the
observed six rotational bands in '“Ba.

This paper is organized as follows. Section II presents a
brief description of RASM. Calculated results and discussions
are presented in Sec. III. A summary is given in Sec. IV.

II. BRIEF DESCRIPTION OF THE THEORY

The reflection asymmetric shell model (RASM) was de-
veloped to describe the high spin states in octupole deformed
nuclei [16]. In the RASM approach, we first break both the
rotational and reflection symmetries in the intrinsic frame,
and then carry out simultaneously the angular momentum and
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parity projections to make the necessary symmetry restoration
in the laboratory frame. The projected states are then used as
the basis to diagonalize the spherical shell model Hamitonian.
The approach follows the basic philosophy of the standard
shell model, and the only difference is that in the RASM the
model basis before the projection is deformed rather than the
spherical one of the standard shell model. With the projected
basis the truncation of the shell model space becomes efficient
so that the shell model calculation can be performed for heavy
and deformed nuclei, where the traditional shell model has a
fateful problem of dimension explosion. We will show that the
model space spanned by the states of only three major shells
for both protons and neutrons is large enough for the RASM
calculation of the low-lying octupole states in the Ba-mass
region.

By considering a set of octupole deformed BCS multiquasi-
particle states {|®,)} the trial wave function can be constructed
as an expansion of the projected states,

\w,7) = ZFIP Pl |® 1)

where {P,{,IPK|<I>K)} = {PPP/WK|CI>K)} is the set of projected
multiquasiparticle states with good parity and good angular
momentum. PP and P}, are projection operators of parity
and angular momentum, respectively,

PP = %(1 + pP),(p = £1), 2)
21 +1 R
Pyx = 8;2 / dQDj, (QR(Q), 3)

where P is the parity operator, and p is the parity quantum
number. Q refers to the three Euler angles, D} (Q)=
(IM|R(Q)|IK)*, and R(Q) is the rotation operator. The
coefficients F II("L can be determined by solving the eigenvalue
equation,

Y {(@ul(H — E)PL |0 i =0, €)

Kk

with the normalization condition,

Y R | Pl | D) Fih = 1. 5)
K'k'Kk

Equation (4) is valid for any nuclear shape, but we consider
only the case of axial symmetry for the purpose of the
present study. The intrinsic states |®,) in Eq. (1) are the BCS
multiquasiparticle states and can be generated by performing
the BCS transformation for the deformed single-particle states,
where, the « denotes the quasiparticle (qp) configuration,
which include, for the study of highly rotating odd-neutron
nuclei, the BCS vacuum |0), the one gp neutron all |0), the

f

three qp neutrons alla a262|0), and three qp one neutron

n2
and two protons ai,ailaizm). The deformed single-particle
states are obtained with the axial symmetric Nilsson potential
which includes the quadrupole, octupole, and hexadecapole

deformation terms,

H, = Hy+ hwpz(—%ézpz +2e3P3 +264P),  (6)

PHYSICAL REVIEW C 91, 014317 (2015)

where Hj is the spherical single-particle Nilsson Hamiltonian.
p= \/?r is dimensionless, and P; (I = 2,3,4) is the Legen-
dre polynomial. The oscillation frequency is calculated with
the standard expression,

N — 1/3
ho = 414713 (1 + > (MeV), (7)
where the +(—) sign stands for neutron (proton). €;, €3, and €4
are the quadrupole, octupole, and hexadecapole deformation
parameters, respectively. The quadrupole and hexadecapole
couplings between different major shells may be neglected
for a simplicity, but the octupole couplings between AN = 1
shells must be involved for the description of octupole states.

The RASM Hamiltonian involves a large number of nucle-
ons moving in a spherical Nilsson potential and a interaction
of separable multipole Q - QO plus monopole pairing plus
quardrupole pairing,

4
ﬁ = ﬁo — %ZZXK,H’ Qk,r : Q/\,t’

A=2 v/

—ZGMJPT'ﬁf—ZGQ,IPZ,r'pZn (8)
T T

where 7 and 7’ refer to neutron or proton, and the sec-
ond term includes quadrupole (A =2), octupole(A =3), and
hexadecapole (A =4) interactions, which are responsible for
the quadrupole, octupole, and hexadecapole deformations,
respectively. The third term represents the monopole pairing
with strength G, and is the same as the one used in the
BCS calculations for self-consistency. The coupling constants,
X)\/,,rr (A =2,3,4), may be determined in the self-consistency
with the nuclear deformations by requiring that the HFB
vacuum of Eq. (8) (without the quadrupole pairing term) is
exactly the BCS vacuum on top of the Nilsson levels from
Eq. (6) [16—18]. The quadrupole pairing strength is empirically
assumed to be proportional to the monopole pairing strength,
and Gy = 0.16G y is typically taken.

The Hamiltonian (8) is then diagonalized within the shell
model space spanned by the projected states generated from
the selected BCS quasiparticle configurations. In the present
study only the one-neutron quasiparticle configurations are
considered because the one-neutron gp excitations are suffi-
cient to describe the low-lying band states observed in 4’ Ba
except the observed highest spin state in band 5, where the
three qp excitation of relevance may play a considerable role
in contributing to the moment of inertia. The use of as simple as
possible qp configurations in the RASM calculation provides
the possibility for achieving a more clear understanding
of the underlying physics without the jam of unimportant
components.

III. RESULTS AND DISCUSSIONS
A. Projected energy

Unlike the even-even nuclei, the properties of odd-mass
nuclei are sensitively affected by the last unpaired nucleon
occupying the single-particle orbitals in the vicinity of the
Fermi surface. In calculation of the single-particle states
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FIG. 1. (Color online) The single proton (upper panel) and neu-
tron (lower panel) levels as a function of quadrupole deformation (¢;)
and octupole deformation (e3). The hexadecapole deformation was
involved through ¢, = (—0.05/0.168)¢,. The adopted orbitals in the
present calculations are in red. The vertical dashed line in the box
shows the position (€3 ~ 0.07) of the adopted Nilsson states. The
Nilsson parameters (k,u) are taken to be (0.090,0.30), (0.065,0.57),
and (0.061,0.066) for N=3, 4, and 5 proton shells, (0.070,0.39),
(0.066,0.33), and (0.063,0.035) for N=4, 5, and 6 neutron shells,
respectively.

for '“Ba three major shells are included, N=4,5,6 for
neutrons and N=3,4,5 for protons. We plot in Fig. 1 the
deformed single-particle states calculated with the Nisson
potential. The Nilsson parameters suggested by Bengtsson and
Ragnarsson [19] have been taken, but slightly adjusted « and
u parameters have been adopted for neutrons. It is noticed that
this neutron single-particle diagram is similar to the diagram
calculated with the Wood-Saxon potential [3]. Around the
neutron Fermi surface, three high-j single-particle orbitals,
with K =1/2, K =3/2,and K = 5/2, present and locate just
above the octupole shell gap 88. These orbitals, highlighted
with red lines in Fig. 1, will dominate the configurations
and consequently determine the properties of the low-lying
bands in '“Ba. The octupole shell gaps at proton number
56 and neutron number 88 appear because of the strong
octupole correlations between orbitals from the shells (/, j) and
(I — 3,j — 3). Those pairs of octupole coupling orbitals, which
are responsible for the octupole deformation of the nucleus,
are indicated by arrows in Fig. 1.

In the calculation of the single-particle states the used defor-
mation parameters are €; =0.168 for quadrupole, €3 =0.067
for octupole, and €, = 0.05 for hexadecapole, which are close
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FIG. 2. (Color online) Evolution of the energies for the three
selected one-neutron quasiparticle states whose orbitals are shown
in Fig. 1. From left to right are the quasiparticle energies E,,
the expectation values H/ of the Hamiltonian, the parity projected
energies H/?, and parity plus angular momentum projected energies
H/'=K-r_For the right two columns, the solid (open) symbols stand
for the positive (negative) parity states.

to those obtained by the macroscopic-microscopic calculation
in Refs. [20,21]. The standard BCS calculation is then
performed to obtain the quasiparticle states by using the
monopole pairing strength of G/A with G=17.14 MeV for
both neutrons and protons. The one-neutron quasiparticle
energies, E,, for the K =1/2, K =3/2, and K =5/2
configurations are shown in Fig. 2. The K = 1/2 quasiparticle
energy is considerably higher than the almost degenerated ones
for the K = 3/2 and K = 5/2 configurations. This structure
will affect the intrinsic configurations of the rotational bands
built on the associated quasiparticle states. We will show
that the configuration mixing is strong for the K = 3/2 and
K = 5/2 bands, and a negligible configuration mixing for the
K = 1/2 band. The expectation values of the Hamiltonian,
H = (®,|H'|®,) (here, H' = H — AN), with respect to the
quasiparticle states |®,) for the K =1/2, K =3/2, and
K =5/2 configurations are calculated and shown also in
Fig. 2. The H/ values are very close to E,, confirming a good
self-consistency between the BCS states and the Hamiltonian
H.

The quasiparticle states |®, ) are octupole deformed in the
intrinsic frame, and consequently have a mixed parity, no
good parity quantum number. Each |®, ) state can be projected
into two states P?|®,) with p = +1, and the corresponding
energies can be evaluated through

v — (QclH'PPIOy) ©
C (@ Prly)

The relative energies of the positive and negative parity states,
H/* and H/~, are highly affected by the ratio of the opposite
parity components in the state |®, ), and the dominant parity
component determines the parity of the lower energy state. As
shown in Fig. 2, the K = 1/2 state, originated from the i3/,
orbital, has a larger positive parity component and, hence, H/"
is lower than H/~. On the contrary, the K = 3/2and K = 5/2
states originated from the negative parity shells have a larger
negative parity component, and their projected negative parity
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states are lower in energy than the corresponding positive
parity ones. The energy difference between the projected
opposite parity states may be regarded as the parity splitting,
which is sensitive to the octupole deformation. The energies
of the parity-plus-angular momentum projected states can be
calculated by using the expression,

(O |H' P |®,)

I_‘I/Ip —
(@ | Py |1 D)

K

(10)

For the bandhead states (I = K), the energies H, 1=K are

calculated and shown again in Fig. 2. Although the angular mo-
mentum projection considerably decreases the absolute ener-
gies, the parity splitting remains almost unchanged. The energy
reduction of the angular momentum projected states reflects
the effect of the rotational symmetry restoration in the labora-
tory frame. The energies of the projected states, H'", are not
ones to be directly compared with the experimental data, how-
ever, they contain important information for the band structure
in the nucleus. From the calculated energies of 1-_1,21" as shown
in Fig. 2, it may be expected that for the K = 1/2 bands the
positive parity band should be lower in energy than the negative
parity band, while the ground-state band has the negative
parity and the K = 5/2 or K = 3/2 configuration. Indeed, this
feature characterizes the observed low-lying bands in '**Ba.

B. Rotational bands without configuration mixing

The projected energies H,'” with I > K for each intrinsic
state form two rotational bands with opposite parity, which are
usually called as “parity doublets.” Such calculated rotational
bands without configuration mixing are expected to contain
the basic nature of the low-lying states in '*’Ba because the
configuration mixing affects significantly only for a small
spin range where the band interaction is strong. Therefore,
it is instructive to investigate the low-lying bands with the
pure configurations near the Fermi surface. The rotational
bands generated by using Eq. (10) for the three selected
one-neutron q.p. configurations are shown and compared
with the experimental data in Fig. 3. Surprisingly, it is seen
that the calculated energies of the band states without the
configuration mixing are in nice agreement with the data
taken from Refs. [8,10]. This result provides a good guide
for the assignments of the observed rotational bands in
the nucleus. However, the accurate assignments require the
detailed analysis of the corresponding wave functions (see the
next section).

The observed positive parity band built on the 13/27 level
at 618 keV, band 4, as shown in Fig. 3(a), may be assigned
as the K = 1/2 band based on the [660]1/2 orbital. We notice
that this same band was assigned differently as the K = 3/2
band based on the [651]3/2 orbital in a previous investigation
based on a reflection symmetric potential [10]. Indeed, the
[651]3/2 orbital can be considered as the reasonable origin
for this excited band because the orbital is near the neutron
Fermi surface; see the orbital at €3 = 0 in Fig. 1. However,
the onset of the octupole deformation results in a considerable
pushup in energy so that the orbital of relevance becomes
far apart from the Fermi level, and, hence, the [651]3/2
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FIG. 3. (Color online) The rotational bands without configura-
tion mixing (open) calculated by using Eq. (10) for the selected
one-neutron quasiparticle configurations. The theoretical levels are
shifted up by a constant to keep the ground-state energy as zero.
The experimental data (solid) are also shown for a comparison. The
experimental data are taken from Refs. [8,10].

orbital is no longer optimal for the assignment of the band.
Within the context of the RASM, there exists the negative
parity K = 1/2 band based on the same reflection asymmetric
[660]1/2 orbital. The present calculation suggests that the
observed negative parity band built on the 19/27 level at
1463 keV, band 5 shown in Fig. 3(b), may be based on the
[660]1/2 orbital. These two K = 1/2 bands have the same
simplex quantum number (+i) and opposite parity. Their
parity doublet bands with the K = 1/2 configuration and the
simplex quantum number (—i) are predicted to lie too high in
energy to be measured because of the large simplex splitting
for the [660]1/2 orbital. This result may explain the missing
of such bands in the experimental observations made so far.
The previous explanations of the negative parity band built
on the 19/27 level at 1463 keV have led to a considerable
conflict, which was assumed as a possible superdeformed
band in Ref. [8] and proposed as an octupole vibrational band
coupled to the band 4 in Ref. [10]. The calculated K = 3/2
and K = 5/2 pure-configuration bands are almost degenerate,
implying a strong configuration mixing for the rest of the
observed four bands, and, hence, their assignments require the
configuration mixing calculation.

C. Rotational bands with configuration mixing

The rotational band energies and the associated wave func-
tions may be calculated by solving the RASM eigenequation,
Eq. (4). The calculated rotational bands for '43Ba, the energies
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FIG. 4. (Color online) Calculated rotational bands with the con-
figuration mixing (open), and are compared with the experimental
data (solid) taken from Refs. [8,10].

as a function of spin, are compared with the experimental
data and shown in Fig. 4. A good agreement between theory
and experiment was achieved not only for the yrast bands
but also for all the observed excited bands. The complex
spectroscopic data for '*’Ba are characterized by the fact
that the alternative parity bands appear in a very low-energy
range, presenting theoretical challenges. To reproduce all the
observed rotational bands in **Ba, we found that the inclusion
of the octupole degree of freedom in the theory is essential.
The QPRM calculations are based on an axial and reflection
symmetric nuclear potential reproduced the observed positive
parity band built on the 13/2% at 618 keV, but only a poor
agreement between theory and experiment was achieved for
the negative parity ground-state band, as shown in Fig. 12
of Ref. [10]. In contrast, the present RASM -calculations
with a proper octupole deformation have well reproduced the
experimental data that contain six observed rotational bands
in ' Ba, implying the occurrence of the reflection asymmetric
shape in this neutron-rich nucleus.

The wave functions of the low-lying states obtained by
solving Eq. (4) are dominated by the K =1/2, K =3/2,
and K = 5/2 configurations, based on the neutron [660]1/2,
[521]3/2, and [523]5/2 orbitals, respectively. The components
of the wave functions may be calculated through the expres-
sion,

Acp)= Y Fi(@o| Pl FE, (1)
K'k',K

with ) A,(Ip) =1 according to Eq. (5). The A,(Ip) for
the three lowest quasiparticle configurations are calculated
and shown in Fig. 5. The K = 1/2 quasiparticle energy is
quite larger than the K = 3/2 and K = 5/2 energies, but
the last two are very closed to each other even after the
projections, as shown in Fig. 2. It is then expected that a
somewhat pure configuration presents in the K = 1/2 bands,
and a strong configuration mixing occurs in the K = 3/2
and K = 5/2 bands. In band 1, built on the 11/2% level
at 671 keV, the K =5/2 component dominates the wave
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FIG. 5. (Color online) The major components of the K = 1/2,
K =3/2,and K = 5/2 in the wave function corresponding to bands
1-6. m = + or — stands for the parity of the rotational band.

function at low spins and decreases with increasing spin, while
the K = 3/2 component increases with increasing spin and
becomes the major one at spin 27/2. In band 2, built on the
5/2~ ground state, the K = 5/2 component dominates the
wave function at the bandhead but decreases so quickly with
spin that the K = 3/2 component dominates the wave function
at I > 13/2. In band 3, built on the 7/2~ state at 112 keV,
the K = 5/2 component dominates the wave function at the
entire spin range except a considerable large mixing occurs
at spin 19/2. In band 6, built on the 9/2~ state at 346 keV,
the K = 3/2 and K = 5/2 components are comparable at the
bandhead, and the latter becomes dominant at 7 > 13/2. In
band 4 and band 5, built on the 13/27 state at 618 keV and the
19/2 state at 1463 keV, respectively, the K = 1/2 component
dominates the wave function within almost the entire spin
range, and the K = 3/2 and K = 5/2 components compete
withthe K = 1/2 one only at the bandheads. The K = 3/2 and
K = 5/2 configurations present a strong mixing in a number
of bands, and, hence, the configuration assignment encounters
some difficulties. By considering the configuration mixing at
the bandhead and complementing the mixing in the entire
band, the analysis of the RASM wave functions, as presented in
Fig. 4, suggests the assignment of the K = 5/2 configuration
for band 1, band 3, and band 6, and the assignment of the
K =1/2 for band 4 and band 5. For band 2, the K =3/2
configuration may be assigned in terms of the main component
in the large spin range, or assigned alternatively as the
K =5/2 band in terms of the dominate component at the
bandhead.

For the quadrupolely deformed system the symmetry under
ﬁx(n) and the associated ‘“signature” quantum number r,
have been often used in the nuclear spectroscopy studies.
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FIG. 6. (Color online) The difference energies E(/) — E(1 — 1)
for the experimental yrastband (A1 = 1) (solid) and for the calculated

bands (Al = 1) with the pure configurations of K =3/2 and K =
5/2. The simplex inversion presents at around spin 11/2.

This quantum number cannot be used in the description
of the reflection asymmetric system. The symmetry under
S = ﬁﬁ;l(n), where 77 denotes the intrinsic parity operator,
and the associated “simplex” quantum number s, have been
applied to the octupole deformed nuclei [22]. Within this
classification scheme the octupole deformed states can be
labeled in terms of parity and simplex (w,s). In an odd-
even octupole deformed nucleus, like '*Ba, the simplex
s = +i classifies the states with spin and parity of J* =
1/2%,3/27,5/2%,7/27, ..., while the simplex s = —i labels
the states of J™ = 1/27,3/2%,5/27,7/2", .. .. In the context
of the RASM, the observed six rotational bands in '*Ba are
described as the octupole bands and can be classified with the
quantum numbers (r,s), e.g., (—, — i) forband 2 and (—, + i)
for band 3. The yrast band (Al = 1) has the negative parity
and contains two (Al = 2) sequences with opposite simplex,
namely, band 2 and band 3. The energy splitting defined to
be the difference of E(I) — E(I — 1) in the (Al = 1) band
may be regarded as the simplex splitting. In the yrast band
of 1%Ba, the observed simplex splitting presents the energy
staggering and the staggering phase changes at around spin
11/2, as shown in Fig. 6, and this phenomenon may be called
the simplex inversion. The simplex splitting and the simplex
inversion observed in the yrast band was well reproduced
by the present calculation, and the underlying physics may
be understood through the analysis of the calculated RASM
wave functions. The calculated component distribution is
very different for band 2 and band 3, as shown in Fig. 5.
The dominant configuration in band 2 changes dramatically
from the K =5/2 to the K = 3/2 at spin 11/2, while the
dominant component in band 3 is the K = 5/2 at low spins
and presents a graduate reduction for the states of 7 > 11/2.
Consequently, in the yrast band the spin 11/2 becomes a critical
point whereafter the major configuration K = 5/2 changes to
the K = 3/2, causing the change of the simplex staggering
phase. We also note that the simplex splitting behaves very
differently for the pure K = 5/2 band than the pure K = 3/2
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FIG. 7. (Color online) Theoretical rotational bands (open), cal-
culated with €3 = 0, and keeping other parameters being unchanged,
are compared with the experimental data (solid).

band, as shown in Fig. 6. The pure K = 3/2 band has a much
larger simplex splitting and a different simplex staggering
phase at low spins in comparison with the pure K =5/2
band. Therefore, the simplex inversion occurs once the major
configuration changes from K =5/2 to K = 3/2. This is an
interpretation of the simplex inversion suggested by the present
RASM calculation. The simplex inversion phenomenon is
expected to occur in other octupole deformed nuclei, e.g., in
the neighbor nucleus 4! Ba, because the band mixing, being the
phenomenon driven factor, is a common effect of the Coriolis
force.

Figure 7 shows the low-lying rotational bands calculated
with €3 = 0 but keeping other parameters being unchanged in
the attempt to demonstrate the fatal difficulty of reproducing
the experimental spectroscopic data without considering a
proper octupole deformation. The calculated yrastband (A =
1) becomes to the K = 3/2 negative parity one, differing
from the experimental K = 5/2 negative parity yrast band,
and the calculated energies of the yrast states are consistent
with the experimental data only within a short range of spin,
I < 13/2. The upper part of the yrast band and in particular
all the observed side bands (Al = 2), the two negative parity
bans and two positive parity bands, are not reproduced at all, as
shown in Fig. 7. In fact, the similar situation was encountered
for the calculation by using the reflection symmetric particle
rotor model in Ref. [10], where only one observed band
in 'Ba can be reproduced reasonably well. It is therefore
important to invoke the octupole asymmetry for the description
of the complex alternative parity rotational low-lying bands
observed in ' Ba.
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IV. SUMMARY

Recently, the spectroscopic data for the neutron-rich nu-
cleus ' Ba has reached a new level of both quality and com-
pleteness and provide more strict constrains on the modeling
of the reflation asymmetry. The reflection asymmetric shell
model (RASM) calculation was performed to investigate the
reflection asymmetry in '*3Ba. All the observed six rotational
bands are well reproduced by the present calculation with a
proper octupole deformation of €3 ~ 0.07, which is consistent
with the macroscopic-microscopic calculations in the litera-
ture, and the assignments of these low-lying bands in terms
of the parity and simplex (sr,s) and the intrinsic configuration
have been given. Three octupole deformed Nilsson orbitals,
namely, the neutron [521]3/2, [523]5/2, and [660]1/2, located
just above the octupole shell gap 88, are found to dominate
the intrinsic structure of the observed low-lying states. The
calculated results show that the positive parity band (Al = 2)
built on the 13/2" level at 618 keV and the negative parity band
built on the 19/27 level at 1463 keV are based on the [660]1/2
orbital, and may be assigned with K = 1/2 and simplex
s = +i. The 5/2~ ground-state band and the positive parity
band built on the 11/27 level at 671 keV are identified as the
simplex s = —i parity-partner bands based on the K = 5/2,
[523]5/2 orbital mixed with the K = 3/2, [521]3/2 state. The
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energies of the K = 3/2 and K = 5/2 quasiparticles are very
close to each other so that the configuration mixing is strong
for the bands based on these two orbitals. In contrast, the
bands based on the the K = 1/2 orbital have a quite pure
configuration as the quasiparticle energy is considerably higher
than the K = 3/2 and K = 5/2 quasiparticles. The simplex
splitting and the simplex inversion observed in the yrast band
(A = 1) have been well reproduced by the present calculation,
and the simplex inversion phenomenon can be interpreted as
from the strong mixing between the K = 3/2 and K = 5/2
configurations in the RASM wave functions. The present study
strongly supports the appearance of the reflection asymmetric
shape in the ground and low-lying states of '’ Ba. The future
experimental discoveries of the octupole bands, which are
predicted by the present calculation but have not yet been
measured, will certainly confirm this conclusion.
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