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The recently observed positive and negative parity bands in "*Br are investigated by the reflection-asymmetric
triaxial particle rotor model. The experimental energy spectra as well as the electric transition probabilities
B(E1), B(E2), and the ratio B(E1)/B(E2) are well reproduced by the theoretical calculations. It is found
that the enhanced interband E'1 transitions between the opposite-parity bands, a crucial evidence for octupole
correlations, are mainly contributed by the intrinsic single-particle electric dipole matrix elements.
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I. INTRODUCTION

As a microscopic quantum many-body system, the nuclear
shape provides an intuitive understanding of spatial density
distributions of atomic nuclei [1,2], and manifests itself in
various exotic nuclear phenomena, such as rotational bands
in axially deformed nucleus [1,2], wobbling motion [1] and
chiral rotation [3] in triaxially deformed nucleus, and parity
doublet partners in pear-shaped nucleus [4,5]. Nowadays, the
structure of pear-shaped nucleus has been at the frontiers of
both nuclear and particle physics, since it provides a unique
probe to test the symmetry violation of charge-parity (CP)
beyond the standard model [6]. The study of the pear-shaped
nucleus can be traced back to 1950s [7], and it is character-
ized by the occurrence of, e.g., the interleaved positive and
negative parity bands in even-even nuclei, the parity doublet
bands in odd-mass nuclei, the enhanced electric dipole (E1)
and octupole (E3) moments, etc. [4,5,8].

The pear shapes of the nucleus can arise from the strong
octupole correlations of the nucleons near the Fermi surface
occupying states of opposite parity with orbital and total
angular momenta differing by 34, i.e., Al = Aj = 3h. Em-
pirically, this condition occurs for proton or neutron particle
numbers 34 (go2 <> p3j2), 56 (hi12 <> dsp2), 88 (i3 <
f1/2), and 134 (ji52 <> g9,2), i.e., when the Fermi surface
locates between an intruder orbital and the normal-parity shell
[4]. So far, the octupole correlations and the pear-shaped
structures have been studied extensively in A ~ 150 mass
region with Z &~ 56 and N = 88§, and in A ~ 220 mass region
with Z ~ 88 and N ~ 134, see for reviews [4,5,8].

For the A ~ 80 mass region, the availability of an octupole
driving pair of g9/, and ps3/, orbitals makes it a possible
island with strong octupole correlations. Indeed, octupole
correlations have been suggested with the observations of
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strong E'1 transitions between opposite parity bands, such as
in 778Se [9,10], "®Br [11], 3°Kr [12], ¥ Rb [13], and 33y
[14]. In particular, the direct lifetime measurements have been
performed for several excited states in some nuclei, which
allows to obtain the B(E 1) strengths in this region. For "*Se,
the extracted B(E'1) value keeps nearly constant (~0.017 x
10~* W.u.) from 3/ to 5i, whereas for 78Se, it increases from
the value 0.017 x 10~* W.u. for 3% to 0.47 x 10~* W.u. for
7h. Similar B(E'1) values have been reported in three N = 44
isotones, i.e., %°Kr (~0.43 x 10~* W.u.) [12], 3'Rb (~0.50 x
10~ W.u.) [13], and 33Y (~0.60 x 10~* W.u.) [14], which
are one order of magnitude lager than those in 7*Se.

Very recently, two strong interconnecting E'1 transitions
between the yrast negative and positive parity bands were
reported in ?Br [15], a neighboring odd-A nucleus of "*Se.
The lifetime measurements lead to the B(E 1) values 220.46 x
10~* W.u. and ~0.64 x 10~* W.u. for spins 11/2/ and 15/2%
in 7*Br [15], which are one order of magnitude larger than
that observed in the neighboring even-even "*Se. These en-
hanced B(E 1) values indicate the existence of strong octupole
correlations in the odd nucleus 7>Br. However, it seems that
there is no static octupole deformation formed in this nucleus,
as the signature partner of the positive parity band was not
observed in the level scheme, i.e., the parity doublets are not
established. It is therefore of great interest to understand the
enhanced E1 transitions in 7Br theoretically to have more
insight into the octupole correlations in A ~ 80 mass region.

Over the past decades, considerable efforts have been de-
voted to study the collective structures of the nuclei character-
ized by static and dynamic octupole deformation, such as the
quadrupole-octupole collective model [16-26], the interact-
ing boson (or interacting boson-fermion) model [27,28], the
reflection asymmetric shell model [29,30], the microscopic
core-quasiparticle coupling model [31], the cluster model
[32,33], and the reflection-asymmetric particle rotor model
[34-36]. For the particle rotor model, a reflection-asymmetric
triaxial version (RAT-PRM) [37] has been recently developed

©2022 American Physical Society
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with both triaxial and octupole degrees of freedom included.
This RAT-PRM has been successfully applied to investigate
the multiple chiral doublet (M x D) bands with octupole corre-
lations in "*Br [37], '*'Ba [38], and '**Cs [39], the octupole
collectivities in '**Ba [40], 2 Th [41], and "°Se [42], and to
explore the novel structure for an ideal chirality-parity (ChP)
violation system [43].

In this work, the newly developed RAT-PRM [37] will be
applied to investigate the band structures including the energy
spectra and electromagnetic transitions observed in 7*Br. The
model is briefly introduced in Sec. II and the numerical details
are presented in Sec. III. The calculated results for the positive
and negative parity bands, such as energy spectra and the elec-
tromagnetic transitions are discussed in Sec. IV. A summary
is given in Sec. V.

II. THEORETICAL FRAMEWORK

The detailed RAT-PRM formalism has been outlined in
Ref. [37]. The total Hamiltonian is
ﬁ = ﬁp(n) + ﬁcore: (1)

intr.

where I-?lgff ) is the intrinsic Hamiltonian for valence pro-
tons (neutrons) in a reflection-asymmetric triaxially deformed
potential, and H.ore is the Hamiltonian of a reflection-
asymmetric triaxial rotor.

The core Hamiltonian H.o is generalized straightfor-

wardly from the reflection-asymmetric axial rotor in Ref. [34],
R

Hoe =Y —X +-EO)(1-P. 2

;m*z( (1 —F) 2

with Ry = [, — fpk — fnk. Here, Ry, I, jpk, and ]A'nk are the
angular momentum operators for the core, the nucleus, the
valence protons, and the valence neutrons, respectively. For
the moments of inertia (Mols), the irrotational flow type
T = Josin®(y — 2km /3) is adopted as an approximation
[1,2,44]. In the last term, the core parity splitting parameter
E(07), is treated as a free parameter to describe the excitation
energy of the virtual 0~ state [34], and the core parity operator
P. is the product of the single-particle parity operator # and
the total parity operator P.

The intrinsic Hamiltonian H]ﬁif ) for valence nucleons is

Hiﬁg’) = Z (ef(”) — X)(azav +alap)

v>0

A -
-5 D (@a; + asay), 3)
v>0
where A denotes the Fermi energy, A the pairing gap param-
eter, and |D) the time-reversal state of |v). The single-particle
energy 2™ is obtained by diagonalizing a single-particle

Hamiltonian A?, E,'?) that has the form of a Nilsson Hamiltonian
[45],

AP = —1hwgV? + V (1,0, @)

+CI-s+ D> — (IP)y], )
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FIG. 1. The potential energy surface of "*Br calculated by the
MDC-CDFT approach [48-50]. The contour separation is 0.25 MeV.
The pentagram labels the position of the minimum energy.

with the four terms being kinetic energy, the reflection-
asymmetric triaxially deformed potential, the spin-orbit term,
and the shifting term, respectively. The parameters C and D
are related to the standard Nilsson parameters x and p with
C = —2k and D = —k 1, respectively.

The total Hamiltonian A is diagonalized numerically in
the symmetrized strong-coupled basis with good parity and
angular momentum [37], which gives rise to the eigenvalues
and eigenfunctions. With the obtained wave functions the
reduced electromagnetic transition probabilities can be calcu-
lated [37].

For the electric multipole transition, the corresponding op-
erators contain two terms [1,37],

MEdw, p) = §) + 457

3Ze

n
= S RiB + e D1 ()
i=1

which consider the contributions from the core and the va-
lence particles. Here, Ry = 1.2A'/3 fm is the nuclear radius,
and e is the effective charge. The effective charge e.q in
Eq. (5) is introduced for the £1 moment to consider the recoil
effect of the core and the polarization term caused by the
coupling of the dipole mode to the single particle motion
[1,37]. For the calculation of the electric quadrupole (E2)
transitions, the valence particle term in Eq. (5) is neglected
since it is much smaller than the term of the core [2].

III. NUMERICAL DETAILS

The deformation parameters in the present RAT-PRM
calculation for the positive and negative parity bands in
3Br are based on the microscopic covariant density func-
tional theory (CDFT) calculations [46,48-50] with PC-PK1
[47]. First, the multidimensionally constrained CDFT (MDC-
CDFT) [48-50] was performed to obtain the potential energy
surface (PES) in the (f,, B3) plane. As shown in Fig. 1,
the ground state of "?Br is reflection symmetric with B, =
—0.14, but the PES around the ground state is very soft
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along the direction of f3, which indicates the strong octupole
correlations in 7*Br. Another local minimum locates at B, =
0.46 and B3 =0, also with octupole-soft potential. Then,
the configuration-fixed triaxial CDFT calculation [46] was
performed to obtain the quadrupole deformation parameters
(B2, v) for the configurations of positive parity band A and
negative parity bands B and C in ’Br. The band labels follow
the Ref. [15]. The calculated (8., y) for the positive parity
configuration 7 g9/, are (0.47, 6.7°), and for the negative par-
ity one 7 (p3/2.f5/2) are (0.44, 3.9°). In the present RAT-PRM
calculations, the deformation parameters 8, = 0.47, y = 6.7°
and B3 = 0 are adopted to give a unified description for the
positive and negative parity bands as well as the electromag-
netic transitions between them. In order to investigate the
effect of the octupole deformation, the RAT-PRM calculations
with 83 = 0.02 and 0.04 are also performed.

For the intrinsic part, the reflection-asymmetric triaxial
Nilsson Hamiltonian (4) with the parameters «, i in Ref. [51]
is solved in the harmonic oscillator basis [52]. The Fermi
energy in Eq. (3) is chosen for proton as A, = 43.95 MeV, cor-
responding to the 7w gg/2[2 = 3/2] orbital. The single-particle
space available to the odd nucleon was truncated to 13 levels,
with six above and six below the Fermi level. Increasing the
size of the single-particle space does not influence the band
structure in the present calculations. The pairing gap is taken
by the empirical formula A = 12/+/A MeV.

For the core part, it turns out to be that a configuration-
dependent Mol [39] is necessary to reproduce the experimen-
tal energy spectra, which is Jy = 18 /#*/MeV for positive
parity bands and 26 /*/MeV for negative parity bands. The
core parity splitting parameter E(0~) = 3 MeV is used.

For the calculations of the electric transition probabilities,
the empirical intrinsic dipole moment Qo = 3/47RoZ B0
and quadrupole moment Qgp = (3/ LT )R(%Z B> are used
with Ry = 1.2A'/3 fm. The dipole deformation parameter
Bio is obtained by requiring the center of mass coin-
cided with the origin of the coordinate system [37], i.e.,

V3

8
cos y.
mﬂz/% 4

IV. RESULTS AND DISCUSSION

The energies E () calculated by RAT-PRM for the positive
parity band A as well as for the negative parity bands B
and C are shown in Fig. 2, in comparison with the available
data [15]. The calculated energies with positive and nega-
tive parity reproduce well the experimental data, except that
the calculated energy at spin 37/2h for band A overestimates
the experimental value by 1.01 MeV. The signature partner
of the positive parity band A calculated by the present RAT-
PRM is also shown in Fig. 2 labeled as band A’. It can be
seen that the signature splitting between bands A and A’ are
larger than that between bands B and C, which may explain
why the signature partner of band A has not been observed
experimentally.

Before studying the interband transitions, we first present
the calculated intraband B(E?2) values for the positive and neg-
ative parity bands in Fig. 3, in comparison with the available
data [15]. The calculated B(E?2) values slightly increase with
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FIG. 2. The energies E (1) for the positive-parity band A as well
as for the negative-parity bands B and C in "Br by RAT-PRM in
comparison with the experimental data [15]. The calculated energies
are shifted to coincide with the experimental energy at I = 9/2#h
in band A for positive-parity band and at / = 3/2% in band B for
negative-parity bands.

the increase of spin, whereas the experimental ones exhibit
a decreasing trend in the observed spin regions, from about
200 W.u. to 100 W.u. for band A and about 150 W.u. to
50 W.u. for bands B and C. As shown in Fig. 3, the calculated
B(E2) can reproduce the data reasonably for the spin re-
gion 15/2h < I < 29/2h, but fail to reproduce the decreasing
trend of the data for the higher spin region, I > 31/2h. This
deviation may be attributed to a rigid core adopted in the RAT-
PRM, in which the deformation parameters are treated as an
input parameter and do not change with spin. This assumption
is inconsistent with the rather soft nature of PES shown in
Fig. 1. Further efforts on treating the deformation parameters
in the RAT-PRM as dynamical variables are necessary to
improve the descriptions for the experimental data.
Furthermore, the effects of the quadruple deformation pa-
rameters 3, and y, as well as the parity splitting parameter
E(07) on the calculated B(E?2) values have been investigated.
As shown in Fig. 3(a), the calculated B(E?2) values are en-
hanced about £20% by changing 8, by +=10%. For the effects
of the triaxial deformation y, as shown in Fig. 3(b), the calcu-
lated B(E2) values are similar for y = 0° and y = 6.7° cases,
while the B(E2) values are increased by changing y from
6.7° to 12°. Note that a sudden decrease of the calculated
B(E?2) value at 33/2A in band C for the y = 12° case is
found to result from the mixing between f7,, and (p3)2, f5/2)
components. For the effects of the parameter £(0~), as shown
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FIG. 3. The intraband B(E2) values for the positive-parity band A as well as for the negative-parity bands B and C in "Br by RAT-
PRM with (a) B, = 0.470, 0.423, and 0.517; (b) y = 6.7°,0°, and 12.0°; (c) E(0~) = 3, 0, and 6 MeV, in comparison with the experimental

data [15].

in Fig. 3(c), it is found that the calculated B(E2) values keep
nearly unchanged by changing E(0~) from 0 MeV to 6 MeV.

In Fig. 4, the calculated B(E'1) values of the interband E'1
transitions from band B to band A and the corresponding
ratios over the B(E2) values of the intraband E2 transitions
within band B are shown in comparison with the available
data [15]. As is seen, the calculated B(E'1) and B(E'1)/B(E?2)
values with B3 = 0.0 agree satisfactorily with the experimen-
tal data. In order to investigate the effect of the octupole
deformation, the results of the RAT-PRM calculations with
B3 =0.02 and 0.04 are also shown in Fig. 4. It is found
that the B(E'1) and the resulting B(E'1)/B(E?2) ratios depend
sensitively on the value of the octupole deformation param-
eter 3, which can be enhanced up to about two orders of
magnitude by just changing 3 from 0.0 to 0.04. In contrast,
we find that there are no significant influences on the exci-
tation energies and B(E2) values by changing f; from 0.02
to 0.04.

The agreement achieved by 83 = 0.0 indicates that the E'1
transitions are mainly from the contribution of the intrinsic
valence particle part in Eq. (5). To understand the detailed
structures for the observed positive and negative parity bands,
the main components of the RAT-PRM wave functions in

terms of the strong coupled basis [IMK) x" (denoted as |K, v)
for short) are investigated. Here, [IMK) is the Wigner function
with I, M, and K denoting the quantum numbers of the total
angular momentum and its projections along the third axis in
the laboratory frame and intrinsic frame, and x" represents
the intrinsic wave function of the vth proton single-particle
level |v).

In Table I, the main components of the RAT-PRM wave
functions for the positive parity band A in the spin region
9/2h <1 < 25/2h, and for the negative parity band B in
the spin region 11/2h < I < 27/2hk are shown. It can be
seen that the main components for the positive parity band
A and negative parity band B are different. The top two
components for band A are | — 3/2,31) and [1/2,29), and
for band B are |1/2,33) and |1/2, 36), respectively. For the
positive parity band A, with the spin increasing from 9/2%
to 25/2h, the amplitude of the component | — 3/2, 31) de-
creases from 0.82 to 0.67, whereas the component [1/2, 29)
increases from 0.53 to 0.68. That is to say, the two com-
ponents strongly mix each other. For the negative parity
band B, the component |1/2,33) always dominates with
the increase of spin for its amplitude changes from 0.94
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FIG. 4. The calculated B(E1) values for the interband E'1 tran-
sitions from band B to band A and the corresponding ratios over
the B(E2) values of the intraband E2 transitions (band B) in ”*Br in
comparison with the available experimental data [15].

TABLE I. The main components expanded in the strong coupled
basis |[IMK)x" (denotes as |K, v) for short) for the positive-parity
band A within spin region 9/21 < I < 25/2h, and for the negative-
parity band B within spin region 11/2h <1 < 27/2h. The I, M, K
denote the quantum numbers of the total angular and its projection
along the third axis in the laboratory frame and intrinsic frame,
respectively. The x" represent the intrinsic wave functions that ob-
tained by diagonalizing the reflection-asymmetric triaxial Nilsson
Hamiltonian.

I Main components in terms of |K, v)
Band A

9/2+ +0.82] — 3,31) 4+ 0.53|3,29) +0.18]3,42) + - --
13/2* +0.76] — 2,31) + 0.60]1, 29) + 0.21|3,42) + - --
17/2* —0.72| — 2,31) — 0.64|1,29) — 0.22]2,42) + - -
2172+ +0.69| — %,31)+0.67|§,29)+0.23|§,42) +---
25/2* +0.68]1,29) +0.67| — 3,31) +0.24|3,42) + - --
Band B

11/2- —0.94|1,33) — 0.27]4,36) + 0.12] — 2,36) + - -
15/2~ +0.93|1,33) +0.26|1,36) — 0.14] — 3,36) + - --
19/2- +0.92(1,33) +0.26/1,36) — 0.15] — 3,36) + - - -
23/2- —0.91]4,33) — 0.25/1,36) + 0.16| — 3,36) + - -
27/2~ +0.90(1,33) +0.25|1,36) — 0.16| — 3,36) + - --

Proton

8012,312

f5n.3n

7 4

f 12,5712

7

P32

129) 131) 133) 136)

FIG. 5. The main components /;, of the proton single particle
levels |v) with v = 29, 31, 33, and 36.

to 0.90. We further study the main spherical harmonic
oscillator components ;o for these proton single particle
levels, as shown in Fig. 5. Since B3 = 0.0 in the present
calculation, the parity is a good quantum number, i.e., the
spherical components with opposite parity can not mix. For
the positive parity levels |31) and |29) mainly contributed to
band A, their dominate components are the same go,, orbital
but with different Q2 values, 2 = 3/2 and 1/2, respectively.
Besides the go/, orbital, there are also some ds; and ij3/2
components mixed in these two levels. For the negative parity
level |33) mainly contributed to band B, its dominate compo-
nent is p3,, with Q = 1/2, and which is mixed with some f5/»
and f7/, components.

Based on the intrinsic band structure of bands A and B,
further study of the enhance E'1 transitions observed between
these two bands can be performed. As mentioned above, the
E1 transitions from band B to band A are mainly from the
contribution of the intrinsic valence particle part in Eq. (5),
ie., ~[(K’, V'|rY;o|K, v)|%. In fact, in order to obtain nonzero
E1 single-particle matrix elements, one needs the intrin-
sic components of band A and B satisfy the condition of
AK =0,Al = Aj =1, and AQ = 0. Following this condi-
tion, one can conclude from the components presented in
Table I and Fig. 5 that the enhanced E1 transitions between
bands A and B mainly result from the matrix elements be-
tween components g9/[€2 = 1/2] in band A and f7,[Q2 =
1/2] in band B, and between ds/;[2 = 1/2] in band A and
p3/2[Q = 1/2] in band B.

V. SUMMARY

In summary, based on the combination of the microscopic
MDC-CDFT, the triaxial CDFT, and RAT-PRM, the recently
observed positive and negative parity bands in *Br have
been studied. The obtained soft nature of PES with respect
to B3 from MDC-CDFT supports the octupole correlations in
this nucleus. Based on the configuration and the deformation
parameters from triaxial CDFT, the RAT-PRM calculation
has been performed. The calculated energy spectra, B(E2),
B(E1), and the ratio B(E'1)/B(E?2) reproduce reasonably the
available experimental data. By analyzing the main compo-
nents of the RAT-PRM wave functions, it is found that the
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interband E'1 transition probabilities, the crucial evidence for
the octupole correlations, between the opposite parity bands
are mainly contributed by the intrinsic single-particle electric
dipole matrix elements between components go/2[2 = 1/2]
and f7,,[€2 = 1/2], and between ds;»[Q2 = 1/2] and p3,2[2 =
1/2]. Nevertheless, further investigation of the effects of other
octupole degrees of freedom, such as B3, and Bs3, for the
octupole collectivity deserves to be performed.
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