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The chirality in atomic nucleus has attracted a lot of attention in the
last few decades. Based on the covariant density functional theory, the
multiple chiral doublets (MχD), i.e., more than one pair of chiral doublet
bands in one single nucleus, has further been predicted in 2006, and at-
tracted extensive attention. In this contribution, the MχD with octupole
correlations observed in 78Br are discussed within the framework of recently
developed reflection-asymmetric triaxial particle rotor model (RAT-PRM).
In particular, the effects of the triaxial and octupole deformation degrees
of freedom are discussed.
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1. Introduction

Since the pioneering work of nuclear chirality by Frauendorf and Meng
in 1997 [1], many efforts have been devoted to explore the chirality in atomic
nuclei, see e.g., reviews [2–6].

The experimental signature of nuclear chirality is a pair of nearly de-
generate ∆I = 1 bands with the same parity, i.e., chiral doublet bands. In
2006, based on the self-consistent covariant density functional theory, a phe-
nomenon named multiple chiral doublets (MχD) is suggested, which shows
more than one pair of chiral doublet bands can exist in one single nucleus [7].
The first experimental evidence for MχD is reported in 133Ce [8], followed by
more evidences, such as in 103Rh [9], 78Br [10], 136Nd [11] and 195Tl [12]. Up
to now, 62 candidate chiral bands in 49 nuclei (including 9 nuclei with MχD)
have been reported in the A ∼ 80, 100, 130 and 190 mass regions [12–14].
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Due to the observation of eight strong electric dipole (E1) transitions
linking the positive- and negative-parity candidate chiral bands [10], the
MχD observed in 78Br has recently been of great interest. It provides the first
example of chiral geometry in octupole soft nuclei and indicates that nuclear
chirality can be robust against the octupole correlations. It also indicates
that the chirality-parity quartet bands [2, 10], which are the consequence
of the simultaneous breaking of chiral and space-reflection symmetries, may
exist in nuclei. The observations of MχD with octupole correlations and/or
the possible chirality-parity quartet bands have brought great challenges to
the current nuclear models and, thus, it requires the development of new
approaches.

Theoretically, nuclear chirality has been investigated with many ap-
proaches, for example, the triaxial particle rotor model (PRM) [1, 15–19], the
tilted axis cranking model (TAC) [1, 20–23], the TAC approach with the ran-
dom phase approximation [24, 25], and the collective Hamiltonian [26–28],
the interacting boson–fermion–fermion model [29], the generalized coherent
state model [30], and the projected shell model [31–34]. The triaxial PRM
is one of the most popular models for describing nuclear chirality. It is a
quantal model coupling the collective rotation and the single-particle mo-
tions in the laboratory reference frame, and describes directly the quantum
tunneling and energy splitting between the doublet bands.

Very recently, a reflection-asymmetric triaxial PRM (RAT-PRM) with
both triaxial and octupole degrees of freedom has been developed [35]. In
this contribution, the RAT-PRM descriptions for the observed MχD with
octupole correlations in 78Br are presented, and the effects of the triaxial
and octupole deformation degrees of freedom are discussed.

2. Results and discussion

In the RAT-PRM calculations, the quadrupole deformation parameters
β2 = 0.28, γ = 16.3◦ are obtained from the microscopic multidimensionally-
constrained covariant density functional (MDC-CDFT) calculation [36]. The
octupole deformation parameter β3 = 0.02 is adopted to consider the effect
of octupole correlations.

The intrinsic single-particle states are obtained from the diagonaliza-
tion of the reflection-asymmetric triaxial Nilsson potential [37]. To simu-
late the proton and neutron Fermi surfaces obtained from the MDC-CDFT
calculation which are close to πg9/2[1/2] and νg9/2[5/2] orbitals, respec-
tively, we choose the proton and neutron Fermi energies λp = 44.6 MeV and
λn = 47.6 MeV. The pairing gap for both proton and neutron is determined
by the empirical formula ∆ = 12/

√
A. The single-particle space available to

the odd nucleon was truncated to 13 levels, six above and six on or below
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the Fermi level. Increasing the size of the single-particle space did not have
a significant effect on particle-rotor bands starting below about 5.0 MeV,
but an enlarged basis space would be required for higher-lying bands. For
the moment of inertia and the core parity splitting parameter, the values
of J0 = 14~2/MeV and E(0−) = 3 MeV are adjusted to the experimental
energy data.

In Fig. 1, the excitation energies, the energy staggering parameters
S(I) = [E(I) − E(I − 1)]/2I, and the B(M1)/B(E2) ratios calculated by
the RAT-PRM for the positive-parity doublet bands 1 and 2 as well as the
negative-parity doublet bands 3 and 4 are shown in comparison with the
available data [10].

Fig. 1. The excitation energies [panels (a) and (b)], the energy staggering parame-
ters S(I) = [E(I)−E(I−1)]/2I [panels (c) and (d)], and the B(M1)/B(E2) ratios
[panels (e) and (f)] for the positive-parity doublet bands 1 and 2 (left panels) as
well as the negative-parity doublet bands 3 and 4 (right panels) in 78Br calculated
by means of the RAT-PRM (lines) in comparison with the data (symbols) [10].
The energy of band 1 at I = 8~ is renormalized to the corresponding experimental
bandhead. Taken from Ref. [35].
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As shown in Figs. 1 (a) and 1 (b), the calculated excited energies give
a reasonable reproduction of the data for the positive-parity doublet bands,
and a better reproduction for the negative-parity doublet bands. The over-
estimation of the experimental energy splittings between doublets may be
due to the relatively small triaxial deformation (γ = 16.3◦) adopted in the
present calculations. In Ref. [38], the cranked-shell-model calculations sug-
gest the deformation parameters (β2, γ) = (0.32, 21.3◦) for band 1, with
which a reasonable match between the calculated and experimental mo-
ments of inertia is achieved. In addition, the tilted axis cranking covariant
density functional theory (TAC-CDFT) calculations [23, 39–43] also indicate
that the triaxial deformation increases with the rotational frequency. In the
present RAT-PRM calculations, it is found that both positive- and negative-
parity doublets would be closer by using a larger triaxial deformation.

Figures 1 (c) and 1 (d) depict a reasonable agreement between the cal-
culated S(I) values and the data. For the positive-parity doublet bands,
the calculated S(I) values exhibit an obvious odd–even staggering behavior,
while for the negative-parity doublet bands, they are quite smooth with the
increasing spin up to 14~. The different S(I) behaviors for the positive-
and negative-parity doublet bands may be attributed to the corresponding
configurations. The proton configurations are similar for both positive- and
negative-parity bands, i.e., a particle at the bottom of the g9/2 shell. The
neutron configurations, however, are quite different. There is a neutron hole
at the top of the f5/2 shell for the negative-parity bands, but a g9/2 one at
the middle of the shell for the positive-parity bands. In the latter case, it
provides more alignments along the direction of the collective rotation and,
thus, the S(I) values are oscillating at even- and odd-spin states.

The experimental B(M1)/B(E2) ratios are well-reproduced, as shown in
Figs. 1 (e) and 1 (f). Again, there are strong odd–even staggerings for the
positive-parity doublet bands, while invisible staggerings for the negative-
parity bands. The similar behavior of B(M1)/B(E2) ratios may be an indi-
cation for the nuclear chirality, which has been suggested in Ref. [44].

Within the consideration of the octupole deformation degree of freedom,
the electric dipole transition probabilities B(E1) between the positive- and
negative-parity bands can be calculated. As shown in Fig. 2 (a), the calcu-
lated B(E1)/B(E2) ratios, in which the interband E1 transitions from band 3
to band 1 and the intraband E2 transitions in band 3, are compared with
the experimental values. In general, the calculated B(E1)/B(E2) ratios un-
derestimate the experimental data. Considering the fact that the calculated
B(M1)/B(E2) ratios for band 3 agree with the data, the underestimation of
the calculated B(E1)/B(E2) ratios may result from too small B(E1) values.
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Fig. 2. The calculated B(E1)/B(E2) ratios with the interband E1 transitions (band
3→ 1) and the intraband E2 transitions (band 3), in comparison with the available
data [10] for (a) β3 = 0.01 and (b) β3 = 004. Taken from Ref. [35].

It is found that both the triaxial deformation γ and octupole deforma-
tion β3 influence the calculated B(E1) values. For β3 = 0.02 as shown in
Fig. 2 (a), the B(E1) values are enhanced by changing γ from 16◦ to 21◦
(given by the cranked-shell-model calculations [38]). The same calculations
with β3 = 0.04 have no significant influence on the excited energies, stag-
gering parameters, and B(M1)/B(E2) ratios except the B(E1) values. As
shown in Fig. 2 (b), the B(E1) values are enhanced with β3 = 0.04 and a
better agreement with the B(E1)/B(E2) data can be obtained.

3. Summary and perspective

In summary, the MχD with octupole correlations observed in 78Br are
discussed within the framework of the reflection-asymmetric triaxial particle
rotor model (RAT-PRM). The calculated excited energies, energy staggering
parameters, and B(M1)/B(E2) ratios are in a reasonable agreement with the
data of the chiral doublet bands with positive and negative parity. It is found
that both the triaxial deformation γ and octupole deformation β3 influence
the calculated B(E1) values.

The developed RAT-PRM provides a useful tool for describing a reflec-
tion-asymmetric triaxial system. For a reflection-asymmetric triaxial nu-
cleus, the chiral and space-reflection symmetries may be broken simultane-
ously in the intrinsic frame. It is possible to establish the so-called chirality-
parity quartet bands, i.e., four nearly degenerate ∆I = 1 bands, two with
positive parity and two with negative parity, in reflection-asymmetric triaxial
nuclei [2]. However, chirality-parity quartet bands have not been observed
experimentally. It is of high scientific interest to find out the fingerprints for
the experimental observations, such as energy spectra, the electromagnetic
transition probabilities of the chirality-parity quartet bands theoretically.
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