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Possible new chiral system with two high- j valence protons
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The chirality in Xe isotopes is investigated by using the constrained triaxial covariant density functional
theory (CDFT) and quantum particle rotor model (PRM) calculations. The CDFT results show that the
πg−1

9/2 ⊗ πh1
11/2 configurations with high- j particle-hole character exhibit significant triaxial deformations in

116,118,120,122,124,126Xe, making them suitable for establishing chirality. In 118Xe and 120Xe, the available exper-
imental energy spectra and the electromagnetic transition probabilities with the πg−1

9/2 ⊗ πh1
11/2 configuration

are described well by PRM calculations. A systematic comparison with the chiral doublet bands based on the
πg−1

9/2 ⊗ νh1
11/2 configuration is also discussed. The present work proposes a new chiral system formed by the

coupling of two high- j valence protons, contributing to the exploration of the key scientific question regarding
the universality of nuclear chirality.

DOI: 10.1103/PhysRevC.111.054321

I. INTRODUCTION

Chirality is a subject of general interest in physics, chem-
istry, and biology. In nuclear physics, chiral symmetry was
predicted by Frauendorf and Meng [1]. They pointed out that,
in the intrinsic frame of a rotating triaxial nucleus with a
few high- j valence particles and a few high- j valence holes,
the total angular momentum vector may lie outside the three
principal planes, referred to as chiral geometry [1]. Due to
the chiral symmetry breaking, a pair of nearly degenerate
�I = 1 bands with the same parity, i.e., chiral doublet bands,
are expected to be observed in the laboratory frame [1]. In
2001, chiral doublet bands based on the πh1

11/2 ⊗ νh−1
11/2 con-

figuration were observed for the first time in the A ≈ 130
mass region [2]. A key scientific question then arises: “to
what extent is nuclear chirality universal?” [3]. To investigate
this, researchers have made extensive experimental efforts to
search for chiral doublet bands across the nuclear chart. So
far, more than 50 candidate chiral nuclei have been reported
in the A ≈ 80, 100, 130, and 190 mass regions [3–11], includ-
ing numerous odd-odd and odd-A nuclei, as well as several
even-even nuclei. It should be noted that nearly all reported
chiral configurations are formed by the coupling of valence
proton(s) and neutron(s). In comparison, only four candidate
chiral doublets based on the same kind of fermion coupling
[i.e., νh1

11/2 ⊗ ν(g7/2, d5/2)−1] have been reported. in 104Mo
[12], 106Mo [13], 110Ru [14], and 112Ru [14]. However, due to
the configuration involving low- j pseudospin doublet states
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g7/2 and d5/2, an alternative interpretation of pseudospin dou-
blet bands cannot be ruled out. Thus, to establish the more
general nature of chirality, it is of high scientific interest to
explore whether the same kind of fermion coupling, such as
valence proton-proton coupling or valence neutron-neutron
coupling, can form chiral systems. Meanwhile, these systems
should exclude the interference from pseudospin symmetry.

For the specific configurations we expect, the excitation
of nucleons across the closed shell is an effective pathway
to obtain them. This excitation allows valence protons (or
valence neutrons) to simultaneously occupy high- j particle
and hole orbitals, thereby satisfying one of the key con-
ditions for the formation of chirality. Guided by this, we
have noted the presence of rotational bands based on the
πg−1

9/2 ⊗ πh1
11/2 configuration in 118,120Xe (Z = 54) near the

Z = 50 closed shell [15,16]. This configuration involves a
holelike g9/2 quasiproton and a particlelike h11/2 quasipro-
ton, favoring the formation of chirality while simultaneously
avoiding interference from pseudospin symmetry. Thus, the
πg−1

9/2 ⊗ πh1
11/2 configuration in even-even Xe isotopes serves

as a good research object for investigating whether the same
type of fermion coupling can also give rise to chirality. In fact,
there is a competition between breakings of a proton pair and
a neutron pair in even-even Xe nuclei, which leads to various
configurations in this region. Among these, the two-neutron
configuration νh11/2 ⊗ ν(g7/2, d5/2) has also been identified
[15,17,18]. However, as mentioned above, this configuration
involves low- j pseudospin orbitals and is thus not included in
this work.

Another interesting point is that, although chirality has
been widely reported in odd-odd and odd-A nuclei, its study
in even-even nuclei is still relatively limited. So far, only
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six even-even nuclei have been reported to exhibit chiral-
ity, including the aforementioned 104,106Mo [12,13], 110,112Ru
[14], as well as 136,138Nd [19,20]. Notably, in 136Nd, five
pairs of chiral doublet bands with four-quasiparticle (4qp)
and six-quasiparticle (6qp) configurations have been identi-
fied, representing the largest set of nearly degenerate bands
reported in a single nucleus to date [19]. In this work, the in-
vestigation of the πg−1

9/2 ⊗ πh1
11/2 configuration in Xe isotopes

could also help in exploring promising candidates for chiral
nuclei in an even-even system.

It is well known that, in addition to the proper particle-
hole configuration, triaxial deformation is the other necessary
condition for nuclear chirality. Therefore, to explore the
chirality of the πg−1

9/2 ⊗ πh1
11/2 configuration in even-even

Xe isotopes, a reliable theoretical approach capable of ob-
taining configurations and corresponding deformations in
nuclei is essential. The adiabatic and configuration fixed con-
strained triaxial covariant density functional theory (CDFT)
is a successful method for this purpose, having been widely
employed to predict and describe the existence of nuclear
chirality or multiple chirality [21–32]. In the present work,
we adopt the constrained CDFT to systematically study the
deformations and corresponding configurations in even-even
Xe isotopes (viz., 116,118,120,122,124,126Xe), aiming to explore
whether the πg−1

9/2 ⊗ πh1
11/2 configuration, characterized by

valence proton-proton coupling, can form a chiral system.
Subsequently, we examine the manifestation of chirality for
the πg−1

9/2 ⊗ πh1
11/2 bands in 118Xe and 120Xe using the quan-

tum particle rotor model (PRM), which has proved to be
a reliable tool for studying the properties of chiral doublet
bands [32–38].

II. THEORETICAL FRAMEWORK

A. Covariant density functional theory

The detailed formalism and numerical techniques of the
adiabatic and configuration fixed constrained CDFT calcula-
tion adopted in this work can be found in Refs. [21,22,39] and
references therein. Here “adiabatic” means that the nucleons
always occupy the lowest single-particle levels during the
constraint process, while “configuration fixed” means that the
nucleons must occupy the same combination of the single-
particle levels during the constraint process. Only a brief
introduction is presented below.

The CDFT starts from a standard effective Lagrangian den-
sity constructed with the degrees of freedom associated with
the nucleon field (ψ), two isoscalar meson fields (σ and ωμ),
the isovector meson field (ρμ), and the photon field (Aμ). Un-
der “mean-field” and “no-sea” approximations, one can derive
the corresponding energy density functional, from which one
finds immediately the equation of motion for a single-nucleon
orbit ψi(r) with the help of the variational principle,

{α · [p − V (r)] + βm∗(r) + V0(r)}ψi(r) = εiψi(r), (1)

where m∗(r) is defined as m∗(r) ≡ m + gσ σ (r), with m re-
ferring to the mass of the bare nucleon. The repulsive vector
potential V0(r) is the timelike component of vector potential,
and the time-odd fields V (r) are the spacelike components

of vector fields. More details about the solution of the Dirac
equation (1) can be found in Refs. [40,41].

B. Quantum particle rotor model

The PRM is a quantum mechanical method that describes
the system in the laboratory framework and yields directly the
energy splitting and tunneling probabilities between doublet
bands. It has been extensively used in the investigation of
chiral doublet bands [32–36]. A detailed description of the
model can be found in Refs. [1,37,38,42,43]. Here, we provide
a brief description.

The PRM Hamiltonian of the proton-proton coupling sys-
tem can be expressed as

Ĥ = Ĥcore + Ĥp + Ĥp′ , (2)

where p and p′ refer to the valence protons outside the core.
The Hamiltonian of the core is

Ĥcore =
3∑

i=1

R̂2
i

2Ji
=

3∑
i=1

(Îi − ĵpi − ĵp′i )2

2Ji
, (3)

with the index i = 1, 2, 3 denoting the three principal axes
in the body-fixed frame. Here R̂i and Îi are the angular mo-
mentum operators of the core and the total nucleus, while
ĵp(p′ )i is the angular momentum operator of the valence proton.
Moreover, Ji respresents the moment of inertia for irrotational
flow, i.e., Ji = J0 sin2(γ − 2π i/3).

The Hamiltonian Ĥp(p′ ) describes a single proton outside of
the rotor. For a single- j model, Ĥp(p′ ) can be given as

Ĥp(p′ ) = ±1

2
C

{
cos γ

[
ĵ2
3 − j( j + 1)

3

]
+ sin γ

2
√

3
( ĵ2

+ + ĵ2
−)

}
,

(4)

where the plus sign refers to a particle and the minus sign to
a hole, and the coupling parameter C is proportional to the
quadrupole deformation parameter β of the rotor.

III. RESULTS AND DISCUSSION

First, we will carry out the adiabatic and configuration
fixed constrained triaxial CDFT calculations to obtain the
single-particle energy levels, deformation parameters (β, γ ),
as well as the potential energy curves (PECs) for 116–126Xe
isotopes, which will be used to analyze the possible configura-
tions and deformations to search for the existence of chirality.
Second, adopting the deformation parameters obtained from
CDFT, we will calculate the energy spectra and electromag-
netic properties for the πg−1

9/2 ⊗ πh1
11/2 configuration in 118Xe

and 120Xe using the quantum particle rotor model (PRM), and
then compare these calculated results with experimental data.
Finally, a systematic study of excitation energies, the stag-
gering parameters, and moments of inertia will be performed
for the πg−1

9/2 ⊗ πh1
11/2 configuration in 118Xe and 120Xe, as

well as the πg−1
9/2 ⊗ νh1

11/2 configuration in 98Tc, 100Tc, 102Rh,
104Rh, 106Rh, and 104Ag.
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FIG. 1. The energy surfaces (left) and triaxiality parameter γ (right) as a function of the deformation parameter β in the triaxial CDFT
with the PC-PK1 interaction for 116,118,120,122,124,126Xe. Open circles and solid lines represent the adiabatic and configuration-fixed constrained
triaxial CDFT calculations, respectively. The minima in the energy surfaces for the fixed configuration are marked by stars and labeled as A,
B, C, D, and E. The states corresponding to the unpaired nucleon configuration πg−1

9/2 ⊗ πh1
11/2 are indicated by blue color and asterisks. The

shaded area in the right panel represents the values of γ favorable for nuclear chirality.

A. Covariant density functional theory results

In the present calculations, the point-coupling density
functional PC-PK1 [44] is adopted. Pairing correlations are
neglected for simplicity, though their possible influence on
the description of nuclear properties in even-even Xe isotopes
remains to be explored in the future. The Dirac equation is
solved in a set of three-dimensional harmonic oscillator bases
with 12 major oscillator shells.

Figure 1 shows the theoretical results based on adiabatic
and configuration-fixed constrained triaxial CDFT. The cal-
culated potential energy curves in 116,118,120,122,124,126Xe are
presented in the left panel of Fig. 1. The local minima in the
potential energy curves are marked by stars and labeled by
letters of the alphabet. The triaxiality parameter γ obtained by
minimizing the energy is given as a function of β in the right
panel of Fig. 1. The shaded regions in the figures represent the
values of γ that are favorable for nuclear chirality. The excited
configurations are represented by blue solid lines, which were
obtained by exciting the proton from the g9/2 shell to the
h11/2 shell. The calculated total energies Etot, triaxial defor-
mation parameters β and γ , corresponding valence nucleon,
and unpaired nucleon configurations of the minima are listed
in Table I. The valence proton configurations are drawn from
50 nucleons, and the valence neutron configurations are from
64 nucleons.

As shown in Fig. 1, state A represents the ground state for
the Xe isotopes, with the quadrupole deformation parameter

β being 0.29 in 116Xe and approximately 0.22 in 118–126Xe.
The triaxial deformation parameter γ further reveals the shape
evolution of the ground states across the Xe isotopes: the
shape transitions from a prolate deformation in 116Xe to a tri-
axial form in 118Xe, then to oblate shapes in 120Xe and 122Xe,
and finally to triaxial shapes again in 124Xe and 126Xe. For
the excited states, the state D in 116Xe (β = 0.28, γ = 33.0◦),
the state D in 118Xe (β = 0.26, γ = 32.8◦), the state C in
120Xe (β = 0.29, γ = 25.3◦), the state D in 122Xe (β = 0.31,
γ = 22.5◦), the state E in 124Xe (β = 0.28, γ = 27.8◦), and
the state D in 126Xe (β = 0.25, γ = 19.7◦) correspond to
the unpaired nucleon configuration πg−1

9/2 ⊗ πh1
11/2. Each of

these states exhibits obvious triaxial deformation and high- j
particle-hole configuration. Thus, it is expected that chiral
doublet bands could be constructed on these excited states in
116–126Xe.

It is worth noting that a negative parity �I = 1 band
(labeled as 1 in Refs. [15,16]) with the πg−1

9/2 ⊗ πh1
11/2 con-

figuration has already been observed in both 118Xe and 120Xe.
The 8− state in 118Xe and 6− state in 120Xe, correspond-
ing to the bandheads, have excitation energies of 3.051 and
2.729 MeV, respectively. From Table I, one can see that
the calculated excitation energies of the πg−1

9/2 ⊗ πh1
11/2 con-

figuration for 118Xe and 120Xe somewhat overestimate the
corresponding data, which might be due to the lack of pairing
correlations. Additionally, the πg−1

9/2 ⊗ πh1
11/2 bands in 118Xe

and 120Xe had shown experimental indications of triaxial de-
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TABLE I. The total energies Etot , triaxial-deformation parameters β and γ , and the the corresponding configurations (both valence nucleon
and unpaired nucleon) of minima for states A–E obtained by the adiabatic and configuration-fixed constrained triaxial CDFT calculations for
116–126Xe. The configurations of the valence proton are drawn from 50 nucleons, and those of the valence neutron are from 64 nucleons. The
(g7/2, d5/2) and (s1/2, d3/2 ) orbitals are represented by (g, d ) and (s, d ), respectively.

Configuration Etot
(β, γ )

Nuclei State Valence nucleons Unpaired nucleons (MeV) (MeV)

116Xe A π (g, d )4 ⊗ ν(g, d )−6h4
11/2 g.s. −961.75 (0.29, 13.3◦)

B π (g, d )4 ⊗ ν(g, d )−4h2
11/2 −960.93 (0.24, 39.1◦)

C π (g, d )4 ⊗ ν(g, d )−2 −959.47 (0.19, 37.3◦)

D* πg−1
9/2h1

11/2(g, d )4 ⊗ ν(g, d )−4h2
11/2 πg−1

9/2h1
11/2 −956.86 (0.28, 33.0◦)

118Xe A π (g, d )4 ⊗ ν(g, d )−2h2
11/2 g.s. −982.31 (0.22, 39.3◦)

B π (g, d )4 ⊗ ν(g, d )−4h4
11/2 −981.71 (0.28, 30.7◦)

C π (g, d )4 −980.35 (0.16, 60.0◦)

D* πg−1
9/2h1

11/2(g, d )4 ⊗ ν(g, d )−2h2
11/2 πg−1

9/2h1
11/2 −978.07 (0.26, 32.8◦)

120Xe A π (g, d )4 ⊗ νh2
11/2 g.s. −1002.94 (0.20, 60.0◦)

B π (g, d )4 ⊗ ν(g, d )−2h4
11/2 −1002.92 (0.26, 31.3◦)

C* πg−1
9/2h1

11/2(g, d )4 ⊗ ν(g, d )−2h4
11/2 πg−1

9/2h1
11/2 −999.85 (0.29, 25.3◦)

122Xe A π (g, d )4 ⊗ νh4
11/2 g.s. −1022.95 (0.22, 60.0◦)

B πh2
11/2 p−2

1/2(g, d )4 ⊗ ν(g, d )−2h6
11/2 −1021.01 (0.36, 33.5◦)

C π (g, d )4 ⊗ ν(s, d )2h2
11/2 −1020.02 (0.18, 45.1◦)

D* πg−1
9/2h1

11/2(g, d )4 ⊗ ν(g, d )−2h6
11/2 πg−1

9/2h1
11/2 −1020.29 (0.31, 22.5◦)

124Xe A π (g, d )4 ⊗ νh6
11/2 g.s. −1041.63 (0.24, 33.2◦)

B π (g, d )4 ⊗ ν(s, d )2h4
11/2 −1040.22 (0.20, 32.2◦)

C πh2
11/2 p−2

1/2(g, d )4 ⊗ ν(g, d )−2h8
11/2 −1039.13 (0.38, 32.7◦)

D π (g, d )4 ⊗ ν(s, d )4h2
11/2 −1037.59 (0.14, 60.0◦)

E* πg−1
9/2h1

11/2(g, d )4 ⊗ νh6
11/2 πg−1

9/2h1
11/2 −1038.14 (0.28, 27.8◦)

126Xe A π (g, d )4 ⊗ ν(s, d )2h6
11/2 g.s. −1059.69 (0.21, 22.1◦)

B π (g, d )4 ⊗ νh8
11/2 −1058.67 (0.25, 31.5◦)

C π (g, d )4 ⊗ ν(g, d )−2(s, d )6h4
11/2 −1057.54 (0.15, 39.9◦)

D* πg−1
9/2h1

11/2(g, d )4 ⊗ ν(g, d )−2(s, d )4h6
11/2 πg−1

9/2h1
11/2 −1055.75 (0.25, 19.7◦)

formation. If such a band were axially symmetric, the K value
would be 4 or 5, meaning that γ -ray decays from this band to
the ground-state band with K = 0 would be strongly inhibited,
thereby resulting in the formation of a long-lived K isomer
[45]. However, in fact, the experimental observations do not
match this assumed scenario. It can be seen from the available
data reported in Refs. [15,16] that, for the πg−1

9/2 ⊗ πh1
11/2

bands in 118Xe and 120Xe, the absence of the K isomer and
the observation of γ rays deexcited from these bands to the
ground-state band point to the presence of triaxial deformation
[46,47]. These findings associated with excitation energies
and triaxial deformations are consistent with the current pre-
dictions, suggesting the validity of the CDFT calculations.

Given that the πg−1
9/2 ⊗ πh1

11/2 configuration has been

identified in 118Xe and 120Xe, we present in Fig. 2 the single-
particle energy levels of the proton near the Fermi surface
for this configuration in both nuclei, as calculated by CDFT,
to provide a clearer picture of its formation mechanism. The
single-particle energy levels of the ground state are also in-
cluded in Fig. 2. For the ground state, four paired protons are

located at the bottom of the gd shell, just above the Z = 50
shell gap. By promoting one proton from the highest level
of the g9/2 orbitals across the Z = 50 shell to the lowest
level of the h11/2 orbitals, the πg−1

9/2 ⊗ πh1
11/2 valence nucleon

configuration shown in Fig. 2 is created. This configuration
exhibits a pronounced particle-hole character, together with
significant triaxial deformation, making it a good candidate
for chirality.

B. Quantum particle rotor model results

To further examine the hypothesis of the chirality for
the πg−1

9/2 ⊗ πh1
11/2 bands in 118Xe and 120Xe, we employed

PRM to analyze these bands. In our PRM calculations, the
quadrupole deformation values obtained from CDFT, i.e.,
(β = 0.26, γ = 32.8◦) for 118Xe and (β = 0.29, γ = 25.3◦)
for 120Xe, were initially used as input parameters. By adjust-
ing the triaxial deformation parameter γ in 2◦ increments, the
theoretical results with γ = 34.8◦ (+2◦) for 118Xe and γ =
21.3◦ (−4◦) for 120Xe demonstrated better consistency with
experimental data. A similar treatment can be found in other
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FIG. 2. Single proton levels near the Fermi surface for the ground state and πg−1
9/2 ⊗ πh1

11/2 valence nucleon configuration in 118Xe (left
panel) and 120Xe (right panel).

PRM calculations [8,48,49]. The moments of inertia J0 =
34 h̄2/MeV for both nuclei are adjusted by fitting to the exper-
imental energy spectra. For the electromagnetic transition, the
empirical intrinsic quadrupole moment Q0 = (3/

√
5π )R2

0Zβ,
where R0 = 1.2 fm × A1/3 is the nuclear radius, is taken as
3.68 eb for 118Xe and 4.15 eb for 120Xe. The gyromagnetic
ratios of gR = Z/A, gπ (g9/2) = 1.261 and gπ (h11/2) = 1.214
are adopted.

The calculated energy spectra E (I ) and the reduced transi-
tion probability ratios B(M1)/B(E2) for the yrast and yrare
bands with the πg−1

9/2 ⊗ πh1
11/2 configuration in 118Xe and

120Xe are presented in Fig. 3. For comparison, the experimen-
tal results obtained from band 1 in 118Xe [15] and band 1 in
120Xe [16] are also included in Fig. 3. As shown in Figs. 3(a1)
and 3(a2), the experimental energy spectra of 118Xe and 120Xe
are both excellently reproduced by the PRM calculations. In
Figs. 3(b1) and 3(b2), the experimental B(M1)/B(E2) values
for bands 1 in 118Xe and 120Xe remain approximately constant
around 2 μ2

N/e2b2, with no significant odd-even staggering
observed. The calculated B(M1)/B(E2)’s demonstrate a gen-
erally good agreement with the experimental values for both
nuclei, except at I = 14h̄ in 118Xe and I = 16h̄ in 120Xe,
where kinks appear. These kinks might be due to wave func-
tion mixing between the yrast and yrare bands, as discussed in
Ref. [50]. Overall, the consistency between the experimental
data and PRM results supports the triaxial deformation of
the πg−1

9/2 ⊗ πh1
11/2 configuration predicted by CDFT, thereby

further strengthening the hypothesis of chirality in band 1 of
both 118Xe and 120Xe. It would be very interesting to search
for their chiral partner bands in future experiments.

The rotational motion of triaxial nuclei attains a chiral
character if the angular momentum has substantial projections

on all three principal axes of the triaxially deformed nucleus
[1]. The successful reproduction of the energy spectra and
available electromagnetic transition probabilities for bands 1
in 118Xe and 120Xe motivates us to investigate their angular
momentum geometry. Figure 4 presents the expectation values
of the squared angular momentum components of the core
R, the g9/2 valence proton Jp(g9/2)−1, and the h11/2 valence

FIG. 3. (a1) and (b1): Experimental excitation energies relative
to a rigid-rotor reference and B(M1)/B(E2) ratios for band 1 with
the πg−1

9/2 ⊗ πh1
11/2 configuration in 118Xe [15] as a function of spin,

in comparison with the PRM calculations. (a2) and (b2): Same as
(a1) and (b1) but for 120Xe [16]. The J parameters are evaluated from
the relation J = 0.007 × ( 158

A )5/3.
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FIG. 4. The root-mean-square components along the intermediate (i, circles), short (s, triangles), and long (l , squares) axes of the core and
valence proton angular momenta calculated as functions of spin I by means of the PRM for the yrast and yrare bands with the πg−1

9/2 ⊗ πh1
11/2

configuration in 118Xe (left) and 120Xe (right). The deformation parameters adopted for 118Xe and 120Xe are (β = 0.26, γ = 34.8◦) and (β =
0.29, γ = 21.3◦), respectively.

proton Jp(h11/2)1 for the yrast and yrare bands with the
πg−1

9/2 ⊗ πh1
11/2 configuration in 118Xe and 120Xe, calculated

by PRM. As shown in Fig. 4, the angular momentum of
the g9/2 valence proton hole and the h11/2 valence proton
particle in 118Xe and 120Xe mainly lie along the long axis
(l axis) and the short axis (s axis), respectively. The angular
momentum of the collective core R in both isotopes has the
largest component along the intermediate axis (i axis). Such
orientations establish the chiral geometry of aplanar rotation
for the πg−1

9/2 ⊗ πh1
11/2 bands in 118Xe and 120Xe.

C. Systematic study

To systematically investigate the physical characteris-
tics of the rotational bands based on the proposed chiral
configuration πg−1

9/2 ⊗ πh1
11/2, the excitation energies E (I ),

energy staggering parameters S(I ) = [E (I ) − E (I − 1)]/2I ,
and kinematic moments of inertia J (1) for bands 1 in 118Xe
[15] and 120Xe [16] were extracted and plotted in Fig. 5.
As a comparison, data of the chiral doublet bands based on
the πg−1

9/2 ⊗ νh1
11/2 configuration in 98Tc [51], 100Tc [52],

102Rh [53], 104Rh [54], 106Rh [55], and 104Ag [56] are also
presented. Both asymmetric configurations are composed of
one g9/2 hole and one h11/2 particle, differing primarily in the
types of fermions for the valence nucleons. This comparison
contributes to exploring the manifestation of chirality in these
two systems.

It is well known that the ideal chiral doublet bands exhibit
two key characteristics in their energy spectra [57]: (1) the
near degeneracy of doublet bands; (2) constant S(I ) as a
function of spin. As illustrated in Fig. 5, the πg−1

9/2 ⊗ πh1
11/2

bands are established at relatively high excitation energies
due to the cross-shell excitations. This partially explains the

absence of the partner bands and presents a challenge for
their population in experiments. In the middle panel, the S(I )
curves of the πg−1

9/2 ⊗ πh1
11/2 bands are flatter than those of the

chiral doublet bands with the πg−1
9/2 ⊗ νh1

11/2 configuration,
thereby satisfying the second characteristic of chirality in
energy spectra. The flatter S(I ) curves for the πg−1

9/2 ⊗ πh1
11/2

configuration are likely due to the smaller Coriolis interaction,
which may partially arise from the ideal particle-hole charac-
teristics of this configuration. These characteristics facilitate a
more effective alignment of the particle and hole angular mo-
menta along the s and l axes, respectively, leading to a more
orthogonal coupling with the collective angular momentum of
the core. In addition, the degree of γ softness of the core and
the effect of the residual nucleon-nucleon interaction may also
contribute to the energy staggering [51,58].

The bottom panel displays the kinematic moments of
inertia J (1) = I/[E (I ) − E (I − 1)] as a function of spin.
Reference [13] pointed out that the I independence of J (1)

serves as an evidence for an aplanar geometry of the angu-
lar momentum. Normally, the J (1) for chiral doublet bands
remains nearly constant as spin increases, as demonstrated
in 98Tc, 100Tc, 102Rh, 104Rh, and 106Rh nuclei (except for
104Ag). In both 118Xe and 120Xe, the behavior of J (1) is
highly consistent with the characteristics observed in the
aforementioned chiral nuclei. Thus, the systematic study of
excitation energies, the staggering parameters, and moments
of inertia further support the possibility of chirality in the
πg−1

9/2 ⊗ πh1
11/2 bands in 118Xe and 120Xe.

To further explore the manifestation of chirality under dif-
ferent coupling modes for nucleon types, a systematic analysis
of the B(M1) and B(E2) transition probabilities is essential,
as they serve as important probes for investigating nuclear
intrinsic structure. Currently, no lifetime measurements are
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FIG. 5. The excitation energies E (I ) (a), the energy staggering parameter S(I ) (b), and the kinematic moments of inertia J (1) (c) as a
function of spin for the chiral doublet bands with the πg−1

9/2 ⊗ νh1
11/2 configuration in 98Tc [51], 100Tc [52], 102Rh [53], 104Rh [54], 106Rh [55],

104Ag [56], as well as the bands 1 with the πg−1
9/2 ⊗ πh1

11/2 configuration in 118Xe [15] and 120Xe [16].

available for the πg−1
9/2 ⊗ πh1

11/2 bands in 118Xe and 120Xe.
Given the good agreement between our PRM calculations
and experimental data for these isotopes (see Sec. II B), the
reliability of the present theoretical predictions is well sup-
ported. Therefore, the calculated B(M1) and B(E2) values
of the doublet bands with the πg−1

9/2 ⊗ πh1
11/2 configuration

in 118Xe and 120Xe from this work are adopted, as shown
in Fig. 6. For comparison, the corresponding values of the
πg−1

9/2 ⊗ νh1
11/2 chiral bands in 102,104,106Rh are also included

in Fig. 6. The values for 102Rh and 104Rh are taken from pre-
vious experimental measurements [53,59]. For 106Rh, due to
the lack of experimental data, we adopted the PRM calculated
results from Ref. [60], which employs the same theoretical
framework as our work.

As shown in Fig. 6, for the yrast and yrare bands with
the πg−1

9/2 ⊗ πh1
11/2 configuration in 118,120Xe, both intraband

B(M1) and B(E2) values are nearly identical. In these nuclei,
the intraband B(E2) values are much larger than the interband
ones (except the lower spin region in 118Xe), and the interband
E2 transitions vanish at higher spins. These characteristics
are similar to those calculated for the πg−1

9/2 ⊗ νh1
11/2 con-

figuration in 106Rh and consistent with the suggested ideal
chiral criteria [57]. However, compared to the πg−1

9/2 ⊗ νh1
11/2

configuration in Rh, the B(M1) values for the πg−1
9/2 ⊗ πh1

11/2
configuration in Xe exhibit some unique features: (1) The
B(M1) values in Xe isotopes (maximum ∼ 1μ2

N ) are signifi-
cantly smaller than those in Rh isotopes. Such small B(M1)
values are also predicted in the chiral doublet bands based

FIG. 6. Comparison of the B(E2) and B(M1) transition probabilities as a function of spin for the πg−1
9/2 ⊗ νh1

11/2 bands in 102,104,106Rh,
and the πg−1

9/2 ⊗ πh1
11/2 bands in 118,120Xe. The B(M1) and B(E2) values for 102Rh and 104Rh are taken from the experimental measurements

[53,59], while those for 106Rh are derived from PRM calculations in Ref. [60], with deformation parameters β = 0.251, γ = 23.1◦. The B(M1)
and B(E2) values for 118Xe and 120Xe are adopted from the PRM calculation in the present work. Solid circles, solid squares, open circles, and
open squares represent the intraband transitions of the yrast band, the intraband transitions of the yrare band, the interband transitions from the
yrast band to the yrare band, and the interband transitions from the yrare band to yrast band, respectively.
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on the neutron-neutron coupling [61]. This phenomenon can
be partially attributed to the differences in coupling modes
of configurations. (2) In the lower spin region, the intraband
B(M1) values in Xe and Rh isotopes display opposite trends
with increasing spin. Specifically, Rh isotopes show a grad-
ual decrease, while Xe isotopes demonstrate a slight overall
increasing trend. (3) In the higher spin region, the B(M1)
values of 102Rh and 106Rh display a noticeable odd-even spin
staggering, while such behavior is absent in 118Xe and 120Xe,
possibly related to differences in the γ values.

IV. SUMMARY

In this study, we systematically investigated the existence
of chirality in the coupling of the same kind of fermions us-
ing the adiabatic and configuration-fixed constrained triaxial
CDFT. The πg−1

9/2 ⊗ πh1
11/2 configuration in Xe isotopes is

based on such a coupling and involves high- j particle-hole
characteristics, providing a good case for this investigation.
The CDFT calculated results show that the πg−1

9/2 ⊗ πh1
11/2

configurations in 116–126Xe exhibit significant triaxial de-
formations favorable for chirality. Based on these results,
we propose a new type of chiral system formed by the
coupling of valence protons. At the same time, the even-
even Xe isotopes naturally become promising candidates for
chiral nuclei.

Moreover, the rotational bands based on the πg−1
9/2 ⊗

πh1
11/2 configuration have already been reported in 118Xe

and 120Xe. Using the deformation parameters obtained from
CDFT, we further analyzed these bands with the PRM model.
The energy spectra and B(M1)/B(E2) ratios calculated by
PRM are in good agreement with experimental data, validat-
ing the CDFT predictions. To gain a deeper understanding
of the manifestation of chirality in this configuration, we
performed a systematic study of the excitation energies E (I ),
energy staggering parameters S(I ), and kinematic moments of
inertia J (1) for the πg−1

9/2 ⊗ πh1
11/2 bands in 118Xe and 120Xe.

The results show that the characteristics in energy spectra of
these bands are consistent with ideal chiral bands. The com-
bination of the PRM calculations and systematic study further
supports the existence of chirality in the πg−1

9/2 ⊗ πh1
11/2 con-

figuration. Finally, a detailed analysis of the B(E2) and B(M1)
values, calculated by PRM in this work, was performed for the
candidate chiral bands with the πg−1

9/2 ⊗ πh1
11/2 configuration

in 118Xe and 120Xe. These values were then compared with
those of the πg−1

9/2 ⊗ νh1
11/2 chiral bands in 102Rh, 104Rh, and

106Rh. It is found that the B(M1) values for the two-proton
configuration exhibit unique characteristics in both magnitude
and behavior.

This study would not only expands the research scope
of chiral configurations but also contributes to exploring the
key scientific question regarding the universality of nuclear
chirality. Further experimental efforts to search for the partner
of the πg−1

9/2 ⊗ πh1
11/2 band in 118Xe and 120Xe are necessary

to verify the existence of chirality. In this regard, this work
sheds light on the manifestation of chirality in proton-proton
coupling system and provides some references for subsequent
experimental studies.
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