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Excited states in 131Ba and 133Ce were studied using in-beam γ-ray spectroscopy through the
122Sn(13C,4n)131Ba and 125Te(12C,4n)133Ce reactions, respectively. A strongly-coupled band, asso-
ciated with the νg7/2[404]7/2+ configuration, was identified in 131Ba and 133Ce. It is the first time

to observe the νg7/2[404]7/2+ bands in the N=75 isotones. The signature partners exhibit consid-

erable energy splitting in comparison with those in the πg7/2[404]7/2+ bands in the odd-A Ta and
Re isotopes. Extensive cranked shell model and quasiparticle-plus-triaxial-rotor model calculations
reveal the origin of the signature splitting, which depends not only on the triaxiality, but also on
the configuration mixing with nearby low-j orbitals.

PACS numbers: 21.10.-k, 21.10.Re, 23.20.Lv, 27.60.+j

I. INTRODUCTION

The structure of an odd-A nuclear system can be de-
scribed in the framework of the even-even core plus an
odd number of quasiparticles. The interaction between
the core and quasiparticles plays a key role in determin-
ing the excited nuclear spectra. According to the relative
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interaction strength, rotational bands in odd-A nuclei
can be grouped as strongly-coupled, weakly-coupled, and
decoupled bands in the frame of the particle-plus-rotor
model [1, 2]. The strong coupling occurs if the Coriolis
interaction is weak, which can be realized in the odd-A
nuclei when the odd nucleon occupies a high-Ω Nilsson
orbital. In particular, by coupling a quasiparticle occu-
pying an Ω = j orbital to an axially deformed core, two
cascades of E2 transitions merge into a single band com-
posed of strong dipole and weak quadrupole crossover
transitions.

Rotational bands associated with such configurations
were widely observed in different mass regions of the nu-
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clear chart, for example the νg9/2[404]9/2+ bands in the

A ≈ 100, 120 mass regions [3–9], the νh11/2[505]11/2−

bands in the A ≈ 160 mass region [10, 11], and
the νh9/2[505]9/2− bands in the A ≈ 180 mass re-
gion [12, 13]. All these bands exhibit a signature split-
ting, defined as S(I) = E(I) − E(I − 1) − 1/2[E(I +
1) − E(I) + E(I − 1) − E(I − 2)], almost equal to 0, as
expected.

The signature splitting results from essentially the mix-
ing of the Ω = 1/2 orbital into the wave functions due
to the Coriolis interaction. Such mixing is negligible for
the high-j, Ω = j configurations in axially deformed nu-
clei. However, in triaxial deformed nuclei, the K quan-
tum number is no longer conserved and the band con-
figurations are a mixture of wave functions with dif-
ferent K values. Great efforts have been made to es-
tablish the relationship between triaxiality and the ex-
perimental observables. Meyer-Ter-Vehn investigated in
detail the dependence on the triaxiality parameter γ
of the particle-core coupling using particle-plus-triaxial-
rotor model [14, 15]. More recently, one physical quan-
tity that was proposed to quantify the degree of triaxial-
ity is the signature splitting S(I), which can be readily
extracted from the level energies. It was explored in de-
tail for the πh11/2[514]9/2− bands in several neutron-rich
rhenium isotopes, in which the increasing splitting am-
plitudes towards neutron-rich nuclei are monotonically
proportional to the γ values deduced from the particle-
rotor model [16].

It is interesting to further investigate the impact of the
triaxiality on the signature splitting of the strongly cou-
pled Ω = j bands in other nuclei, like the N = 75 isotones
in the A ≈130 region, which are built on configurations
with significant triaxiality [17–22]. The low-lying yrast
states in 131Ba and 133Ce can be only reproduced by as-
suming large γ deformations (γ ∼ −20◦) [23, 24]. In
addition, multiple chiral doublet bands were observed in
131Ba [25] and 133Ce [26], indicating triaxial shapes for
both nuclei. With N = 75, the νg7/2[404]7/2+ orbital
comes close to the Fermi surface, making it possible to
study the dependence of the signature splitting on the
triaxiality.

Prior to this work, low-spin states in 131Ba were ob-
served from electron capture (EC) and isomeric decay
studies [27–29], as well as from transfer reaction stud-
ies [30, 31]. Later, high-spin states up to 43/2− and
39/2+ were identified through heavy-ion induced reac-
tions [23, 25, 32, 33]. The 133Ce nucleus was also stud-
ied previously via an electron capture decay [34] and in-
beam γ spectroscopy by employing various combinations
of heavy-ion beams and targets [24, 26, 35–41]. In this
work, we report the newly observed νg7/2[404]7/2+ bands

in 131Ba and 133Ce and study the dependence of the sig-
nature splitting on the γ deformation parameter using
configuration-constrained potential energy surface (PES)
calculations [42–44] and quasiparticle-plus-triaxial-rotor
(QTR) model [45].

II. EXPERIMENT AND RESULTS

A. Measurements

Excited states in 131Ba were populated via the fusion-
evaporation 122Sn(13C,4n)131Ba reaction. The 13C
beam, with an energy of 65 MeV and intensity of 5 pnA,
was provided by the XTU Tandem accelerator at the
Laboratori Nazionali di Legnaro. The target was a
stack of two self-supporting 122Sn foils each with a thick-
ness of 0.5 mg/cm2. Prompt γ rays were detected by
the GALILEO spectrometer [55] consisting of 25 Comp-
ton suppressed high-purity germanium (HPGe) detec-
tors, placed in four rings at 90◦ (10 detectors), 119◦ (5
detectors), 129◦(5 detectors), and 152◦ (5 detectors). To
distinguish different reaction channels, charged particles
and neutrons were detected by the EUCLIDES silicon
ball [56] and the Neutron Wall array, respectively [57, 58].
Data were recorded by the GALILEO data acquisition
system [59]; a total of 1.2×109 triple- or higher-fold
events were collected. After Doppler correction of the
γ energies, the γγγ coincidence events were sorted into a
three-dimensional histogram (cube) and the analysis was
carried out with the RADWARE [60] and GASPware [61]
software packages. A two-point angular-correlation ratio,
Rac [62], using the detectors placed at 90◦ and 152◦, was
employed to deduce the transition multipolarities. Rac
is independent of the multipolarity of the gating transi-
tion, and it was established to be ≈ 1.54 for stretched-
quadruple and ≈ 0.77 for stretched-dipole transitions as
in Ref. [25]. More details of the experiment and the data
analysis were described in Refs. [25, 63, 64].

The second experiment was performed at the separated
sector cyclotron of iThemba LABS near Cape Town,
South Africa. High-spin states in 133Ce were populated
via the 125Te(12C,4n)133Ce reaction at a beam energy of
57 MeV and an intensity of 5 pnA. The target was an
isotopically enriched (95.3%) 125Te metallic foil with a
thickness of 2 mg/cm2 on an 8 mg/cm2 gold backing.
The γ rays emitted by the excited residual nuclei were
measured with the AFRODITE array [65, 66] consisting
of eight Compton-suppressed clover detectors arranged
in two rings at 90◦ (four clovers) and 135◦ (four clovers)
with respect to the beam direction. 2.8×1010 double- and
5.4×109 triple- and higher-fold coincidence events were
collected and sorted into two- and three-dimensional ma-
trices for offline analysis. Data analysis was similar to
that of 131Ba as mentioned above. Typical Rac ratios
were ≈ 1.27 for stretched-quadrupole and ≈ 0.74 for
stretched-dipole transitions, which were deduced from
the known stretched quadrupole and dipole transitions
in nuclei populated in the reaction.

B. Level schemes

The partial level schemes of 131Ba and 133Ce deduced
from the present work are shown in Fig. 1. The level
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FIG. 1. Partial level schemes of 131Ba and 133Ce deduced from the present work. Newly observed transitions are marked in
red.
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FIG. 2. Typical double-gated coincidence spectra for the new structures in 131Ba. Newly observed levels are marked in red.

FIG. 3. Similar to Fig. 2, but for 133Ce. The spectrum is obtained by summing the double-gated spectra on all combinations
of the 303, 693, and 819-keV transitions.
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FIG. 4. (a) Experimental quasiparticle alignments (ix), (b) dynamical moments of inertia J(2), and (c) quasi-neutron Routhian
energies (e) of the νg7/2 bands in N = 75 isotopnes 131Ba, 133Ce, as well as in N = 73 isotones 129Ba, 131Ce, and 133Nd. The

data for 131Ba and 133Ce are from this work, and the others are taken from [46] for 129Ba, [47] for 131Ce, and [48] for 133Nd.

scheme for each nucleus consists of three rotational bands
labeled as 1, 2, and 3, among which band 2 is newly
identified. Typical double-gated spectra are shown in
Figs. 2 and 3. In 131Ba, band 2 is built on the 526-keV
state which was first observed from an EC-decay mea-
surements [28]. The spin-parity Iπ = 7/2+ was assigned
to this state based on the quadrupole character of the
418-keV transition decaying to the Iπ = 3/2+ state of
band 3 [23]. The existence of the 418-keV transition
and its quadrupole nature are confirmed in this work.
The branch with positive signature (α = +1/2) of band
2 is connected with the higher-lying three-quasiparticle
bands (i.e., bands D5 and D3 in Fig. 1 of Ref. [25]) via
the cascade of the 163- and 330-keV transitions. The
826- and 742-keV transitions, together with the transi-
tions from band D5 (D3), such as the 177- and 312-keV
(215-, 284-, 338-, 385-, and 472-keV) transitions, are ev-
ident in the spectrum gated by the 163- and 330-keV

linking cascade presented in the lower panel in Fig. 2.
This supports the assignment of the 826- and 742-keV
transitions to 131Ba. The 330-keV transition is found to
be a doublet: one component in the doublet is the link-
ing transition mentioned above, and the other one (329
keV) is assigned as the transition feeding the 9/2+ state
in band 2.

In 133Ce, the 844- and 782-keV sequence in band 2 was
reported recently (band Q1 in Fig. 1 of Ref. [26]); this
sequence was found to feed the 340-keV 7/2+ state via a
dipole transition of 338 keV. From the detailed analysis
of the present data, we identified a new branch consisting
of the 881-, 819-, and 693-keV transitions as it is shown
in Fig. 3. The observation of the 413-keV transitions be-
tween band 2 and 3 supports the existence of the level
at 1033 keV and thus the newly established branch of
Band 2. Together with the previously known sequence,
it concurs to the formation of band 2 of 133Ce. The con-
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FIG. 5. The experimental excitation energies of the πg7/2 bands in Re and Ta isotopes, and the νg7/2 bands in Ba and

Ce isotopes. An average liquid-drop energy Erig = (~2/2Jrig)I(1 + 1), where Jrig =2/5AMR2, was subtracted. The data on
131Ba and 133Ce are from this work, while those on the other isotopes are from the following references: 129Ba [46], 131Ce [47],
133Nd [48], 175Re [49], 177Re [50], 183Re [51], 173Ta [52], 175Ta [53], and 181Ta [54].

nections between the two branches of 338, 355, 427, and
452 keV are also observed. The measured spectroscopic
data (γ-ray energies, relative intensities, Rac ratios, and
suggested spin and parity assignments) are summarized
in Table I and II for 131Ba and 133Ce, respectively.

III. DISCUSSION

A. Band properties and configuration assignments

The bands shown in Fig. 1 correspond to one-
quasiparticle configurations. Band 1 was already re-
ported previously and assigned to the νh11/2[514]9/2−

configuration in both 131Ba and 133Ce [23, 24, 26]. Band
3 is the ground state band; the νs1/2[400]1/2+ configu-

ration with a possible admixture of the νd3/2[402]3/2+

configuration was suggested for such bands [23, 24, 36].
Bands 2 in the two nuclei based on the Iπ = 7/2+

state are newly identified in the present work. They
have strongly coupled character, exhibiting intense in-
band M1 + E2 transitions, indicating high-K configu-
rations. From the inspection of the available intrinsic
Nilsson orbitals near the Fermi surface for N = 75, one
can realize that only the νg7/2[404]7/2+ configuration is
in agreement with such band properties. Bands built on
the νg7/2[404]7/2+ orbital were already observed in the

N = 73 isotones 129Ba, 131Ce, and 133Nd, and they were
strongest populated among the positive-parity bands in

all three nuclei. Thus, it is natural to expect the exis-
tence of similar bands in the neighboring N = 75 iso-
tones. Additionally, the 7/2+ band-head energies were
calculated to lie at energies which differ by about 30 and
100 keV (see Table III) with respect to the experimental
energies in 133Ce and 131Ba, respectively, supporting the
νg7/2[404]7/2+ assignment for bands 2. It is noted that

the Iπ = 7/2+ band head in 131Ba is fully depopulated to
band 3 via the M1+E2 209- and the E2 418-keV transi-
tions. This can be attributed to the configuration mixing
of the 7/2+ states in the two bands, since the two 7/2+

states are located very close to each other with excita-
tion energies differing by only 18 keV. A similar situation
occurs for the 13/2+ states in bands 2 and 3 of 133Ce.
For the Iπ = 7/2+ band head in 133Ce, the configuration
mixing is expected to be less because the energy spacing
between the 7/2+ states of bands 2 and 3 is larger. As
a consequence of this lower mixing, the depopulation of
band 2 proceeds through the E1 303-keV transition to
band 1.

A comparison between the νg7/2[404]7/2+ bands in
129,131Ba, 131,133Ce, and 133Nd is shown in Fig. 4. The
standard plots of the quasiparticle-aligned angular mo-
menta (ix ) and the dynamical moments of inertia (J (2))
as functions of the rotational frequency (~ω) are shown
in Fig. 4 (a) and 4 (b), respectively. The used Har-
ris parameters are J0 = 13.4 ~2MeV−1 and J1 =
33.2 ~4MeV−3 for 131Ba and 133Ce as in Ref. [24], and
J0 = 18.6 ~2MeV−1 and J1 = 29.1 ~4MeV−3 for 129Ba,
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TABLE I. Energies of initial states, transition energies, relative γ-ray intensities, angular correlation ratios (Rac), multipolarities,
and spin and parity assignments in 131Ba. Transitions are grouped in bands by their initial states.

Ei(level) Eγ(keV)a Iγ Rac ratio Mult. Iπi → Iπf

Band 1
288.0 100.0 100(8) 0.67(6) M1+E2 11/2− → 9/2−

706.7 418.7 69(6) 0.29(3) M1+E2 13/2− → 11/2−

518.7 7.5(8) 1.6(2) E2 13/2− → 9/2−

899.2 192.4 26(3) 0.54(6) M1+E2 15/2− → 13/2−

611.2 125(15) 1.5(1) E2 15/2− → 11/2−

1459.0 559.9 32(3) 0.30(4) M1+E2 17/2− → 15/2−

752.3 22(2) 1.7(3) E2 17/2− → 13/2−

1683.3 224.3 6.4(7) 0.61(5) M1+E2 19/2− → 17/2−

784.1 81(7) 1.5(1) E2 19/2− → 15/2−

2357.9 674.6 12(2) 0.22(6) M1+E2 21/2− → 19/2−

898.9 16(2) 1.5(2) E2 21/2− → 17/2−

2611.9 253.9 ≤1 (M1+E2) 23/2− → 21/2−

928.6 27(2) 1.6(1) E2 23/2− → 19/2−

3401.1 789.3 3.7(5) 0.8(6) M1+E2 25/2− → 23/2−

1043.2 5.6(9) 1.5(2) E2 25/2− → 21/2−

3718.2 317.0 ≤1 (M1+E2) 27/2− → 25/2−

1106.3 7.7(8) 1.6(2) E2 27/2− → 23/2−

4850.6 1132.4 1.9(6) 1.5(2) E2 31/2− → 27/2−

Band 2
526.3 417.9 8(1) 1.5(3) E2 7/2+ → 3/2+

209.4 1.8(6) (M1+E2) 7/2+ → 5/2+

882.5 356.2 1.5(5) 0.8(1) M1+E2 9/2+ → 7/2+

1210.7 328.7 ≤1 (M1+E2) 11/2+ → 9/2+

684.4 2.1(8) 1.3(5) E2 11/2+ → 7/2+

1624.1 412.5 ≤1 (M1+E2) 13/2+ → 11/2+

741.6 1.1(4) 1.6(4) E2 13/2+ → 9/2+

1988.4 777.7 1.8(7) 1.5(4) E2 15/2+ → 11/2+

2450.2 461.8 ≤1 (M1+E2) (17/2+)→ 15/2+

826.1 ≤1 (E2) (17/2+)→ 13/2+

2802.8 814.4 ≤1 (E2) (19/2+)→ 15/2+

2780.5 330.3 ≤1 (M1+E2) (19/2+)→ (17/2+)
2943.2 162.7 ≤1 (M1+E2) (21/2+)→ (19/2+)

Band 3
108.4 108.4 23(2) 0.9(1) M1+E2 3/2+ → 1/2+

316.8 208.3 11(3) 0.8(1) M1+E2 5/2+ → 3/2+

316.8 5(2) 1.1(2) E2 5/2+ → 1/2+

544.2 227.5 4(2) 0.7(1) M1+E2 7/2+ → 5/2+

435.8 16(2) 1.2(1) E2 7/2+ → 3/2+

803.3 259.1 4(2) (M1+E2) 9/2+ → 7/2+

486.5 10(2) 1.3(1) E2 9/2+ → 5/2+

276.1 ≤1 (M1+E2) 9/2+ → 7/2+

1118.9 315.5 1.6(6) (M1+E2) 11/2+ → 9/2+

574.7 15(2) 1.4(1) E2 11/2+ → 7/2+

593.0 4(2) 1.5(2) E2 11/2+ → 7/2+

1417.0 298.5 1.1(4) (M1+E2) 13/2+ → 11/2+

613.7 12(2) 1.6(2) E2 13/2+ → 9/2+

1796.3 379.2 3(1) 0.6(1) M1+E2 15/2+ → 13/2+

677.4 19(3) 1.5(2) E2 15/2+ → 11/2+

2120.8 324.0 3(1) (M1+E2) 17/2+ → 15/2+

703.8 10(2) 1.4(1) E2 17/2+ → 13/2+

2533.7 412.5 ≤1 (M1+E2) 19/2+ → 17/2+

737.4 12(2) 1.4(2) E2 19/2+ → 15/2+

2861.1 327.0 ≤1 (M1+E2) 21/2+ → 19/2+

740.3 2.5(9) 1.4(2) E2 21/2+ → 17/2+

a The γ-ray energies are estimated to be accurate to ±0.3 keV for the strong transitions (Iγ > 10), rising to ±0.7 keV for the
weaker transitions.
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TABLE II. Similar to table I, but for 133Ce.

Ei(level) Eγ(keV)a Iγ Rac ratio Mult. Iπi → Iπf

Band 1
207.5 170.3 100(6) 0.8(1) M1+E2 11/2− → 9/2−

592.4 384.9 63(5) 0.59(6) M1+E2 13/2− → 11/2−

555.1 16(2) 1.3(1) E2 13/2− → 9/2−

827.5 235.1 37(3) 0.75(8) M1+E2 15/2− → 13/2−

620.0 78(8) 1.3(2) E2 15/2− → 11/2−

1344.5 517.0 26(11) 0.58(6) M1+E2 17/2− → 15/2−

752.0 31(3) 1.3(2) E2 17/2− → 13/2−

1590.9 246.6 4.7(5) 0.8(1) M1+E2 19/2− → 17/2−

763.4 46(4) 1.4(2) E2 19/2− → 15/2−

2200.9 610.0 11(2) 0.7(1) M1+E2 21/2− → 19/2−

856.4 11(1) 1.3(1) E2 21/2− → 17/2−

2487.3 286.6 0.3(1) 0.8(1) M1+E2 23/2− → 21/2−

896.4 20(2) 1.2(1) E2 23/2− → 19/2−

3131.2 643.6 0.9(2) 0.6(1) M1+E2 25/2− → 23/2−

930.3 1.9(3) 1.3(1) E2 25/2− → 21/2−

3434.3 303.0 0.2(1) (M1+E2) 27/2− → 25/2−

947.0 5.0(5) 1.3(2) E2 27/2− → 23/2−

4131.5 1000.3 0.5(2) 1.0(2) (E2) (29/2−)→ 25/2−

4405.6 971.3 0.6(2) 1.5(2) E2 31/2− → 27/2−

5400.1 994.5 ≤ 0.6 (E2) (35/2−)→ 31/2−

Band 2
340.3 303.1 7.5(9) 1.0(1) E1 7/2+ → 9/2−

678.4 338.1 4.7(5) 0.6(1) M1+E2 9/2+ → 7/2+

1033.1 354.8 0.4(1) 0.7(1) M1+E2 11/2+ → 9/2+

692.8 2.8(6) 1.3(2) E2 11/2+ → 7/2+

1459.9 426.6 0.2(1) 0.8(2) M1+E2 13/2+ → 11/2+

781.5 1.6(4) 1.3(2) E2 13/2+ → 9/2+

1852.5 392.5 0.1(1) (M1+E2) 15/2+ → 13/2+

819.4 1.5(4) 1.2(1) E2 15/2+ → 11/2+

2304.3 451.7 0.1(1) 0.7(2) M1+E2 17/2+ → 15/2+

844.4 0.5(3) 1.2(2) E2 17/2+ → 13/2+

2733.9 881.4 0.4(2) 1.4(3) E2 19/2+ → 15/2+

2739.3 886.8 ≤ 0.4 (E2) (19/2+)→ 15/2+

Band 3
134.3 134.3 7.1(5) 1.0(1) M1+E2 3/2+ → 1/2+

318.1 183.8 2.8(2) 0.8(1) M1+E2 5/2+ → 3/2+

318.0 2.0(2) 1.3(2) E2 5/2+ → 1/2+

570.7 252.7 0.8(2) 0.9(1) M1+E2 7/2+ → 5/2+

436.4 4.3(3) 1.2(2) E2 7/2+ → 3/2+

815.7 244.9 0.5(2) (M1+E2) 9/2+ → 7/2+

497.6 2.8(3) 1.4(2) E2 9/2+ → 5/2+

1201.6 384.4 0.2(1) (M1+E2) 11/2+ → 9/2+

630.9 0.9(5) 1.3(2) E2 11/2+ → 7/2+

1445.7 244.4 0.2(1) (M1+E2) 13/2+ → 11/2+

630.0 3(2) 1.2(3) E2 13/2+ → 9/2+

412.5 0.2(1) 0.6(2) M1+E2 13/2+ → 11/2+

767.5 1.0(3) 1.2(3) E2 13/2+ → 9/2+

1933.4 731.8 0.3(1) 1.4(6) E2 15/2+ → 11/2+

2171.4 725.7 0.7(2) 1.4(2) E2 17/2+ → 13/2+

711.6 0.3(1) 1.4(3) E2 17/2+ → 13/2+

a The γ-ray energies are estimated to be accurate to ±0.3 keV for the strong transitions (Iγ > 10), rising to ±0.8 keV for the
weaker transitions.



9

FIG. 6. Signature splittings of the πg7/2 and νg7/2 bands in the Z = 73, 75 isotopes and N = 73, 75 isotones. The data are
the same to Fig. 5.

131Ce, and 133Nd, which were obtained by fitting the
yrast band of 129Ba [46]. The initial alignment ix and
J (2) of these bands before the first up-bending are simi-
lar, being consistent with the same configuration assign-
ment. The angular momentum of the [404]7/2+ band
was extended up to a high-spin region in N = 73 iso-
tones (55/2~ in 129Ba, 51/2~ in 131Ce, and 67/2~ in
133Nd), while only medium-spin states were observed in
N = 75 isotones (maximum 19/2+). This can be at-
tributed to the increasing excitation energies of the quasi-
particle states, as can be seen in Fig. 4 (c) which shows
the experimental quasi-neutron Routhians e of the bands
in the five nuclei.

B. Signature splittings in the proton and neutron
g7/2[404]7/2+ bands

The [404]7/2+ bands originating from either valence
neutron or proton excitations can also be compared to
get a further insight into the band properties. The
πg7/2[404]7/2+ bands were widely reported in the odd-
even Ta isotopes with mass number A ranging from
167 to 185; the Iπ = 7/2+ band head appears to be
the ground state in 175−185Ta [52–54, 67–73]. Such
bands were also observed in 175Re [49], 177Re [50],
and 183Re [51]. The observations were qualitatively at-
tributed to the large quadrupole deformation [49] or the
crossing with a highly aligned band [51]. In the odd-A Ir
isotopes no [404]7/2+ band was observed in the whole iso-
topic chain. The excitation energies and signature split-
tings S(I) of both πg7/2[404]7/2+ and νg7/2[404]7/2+

bands are systematically compared in Figs. 5 and 6. It
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FIG. 7. Calculated quasineutron Routhians as a function of quadrupole deformation (β2), rotational frequency (~ω), and
triaxiality (γ). The parity and signature (π, α) of the Routhians are represented as follows: (+, +1/2) solid lines, (+, -1/2)
dotted lines, (-, +1/2) dash-dotted lines, and (-, -1/2) dashed lines. Two signature branches of the νg7/2[404]7/2+ orbital are
shown on a shade background.

is worth noting that the 7/2+ (13/2+) states in bands 2
(3) of 131Ba (133Ce) are close in energy. Generally speak-
ing, the interaction between the s1/2 and g7/2 bands can
lead to the mixing of the wave functions and extra en-
ergy shifts on the corresponding levels, which can also
contribute to the observed signature splitting amplitude.
Nevertheless, the possible interaction strength between
the involved states is less than half of the energy spac-
ing between the corresponding states, that is 9 (7) keV
in 131Ba (133Ce), which would correspond to degener-
ate states before the interaction. Therefore, taking into
account the mixing between the nearly degenerate 7/2+

(13/2+) states in bands 2 (3) in 131Ba (133Ce) would only
induce negligible contributions.

The excitation energies of the corresponding states
in N,Z = 73 nuclei are lower relative to those in the
N,Z = 75 ones. An energy gap can be clearly seen in
Fig. 5 between N = 73 and N = 75 for both Ba and Ce
isotopes, with a larger gap in the Ba isotopes. It corre-
sponds to the N = 74 gap between the νg7/2[404]7/2+

and νh11/2[514]9/2− orbitals in the Nilsson diagram, im-
plying that the former orbital is closer to the Fermi sur-
face and thus the configuration involving the 73rd va-
lence neutron is less excited than that involving the 75th

one. This gives a qualitative explanation of the ex-
perimental facts that higher population intensities and
higher-spin states were systematically observed for the
νg7/2[404]7/2+ bands in the N = 73 isotones than in the

N = 75 ones. The energy gap between the Z = 73 Ta
and Z = 75 Re nuclei exhibits a different behavior. As
shown in Fig. 5, instead of a nearly constant energy gap
like in the odd-N nuclei mentioned above, an increasing
gap with increasing neutron number can be seen in the
three pairs of (Ta, Re) isotones with the neutron numbers
of 100, 102, and 108.

It is worth mentioning that the accompanying
πd5/2[402]5/2+ pseudospin partner bands were system-
atically observed in the odd-Z Ta and Re isotopes, while
no bands corresponding to the νd5/2[402]5/2+ were ob-
served in the N = 73 and 75 isotones of Ba and Ce
nuclei. This may be related to the opposite order of the
[404]7/2+ and [402]5/2+ Nilsson orbitals at the Fermi
level for protons and neutrons. The N = 74 gap ex-
ists between the νg7/2[404]7/2+ and νh11/2[514]9/2− or-

bitals as mentioned above, while the πd5/2[402]5/2+ or-
bital comes in between the corresponding proton orbitals.

Quite different signature splitting occurs among the
πg7/2[404]7/2+ and νg7/2[404]7/2+ bands. The πg7/2
bands exhibit little splitting in both Ta and Re isotopes,
while relatively large splittings are present in both the
N=73 and 75 isotones. In particular, the splitting ampli-
tudes in the N=75 isotones of 131Ba and 133Ce are about
10 times larger than those in the Ta and Re isotopes.
The splitting could not be attributed to the configura-
tion mixing with the pseudospin partner νd5/2[402]5/2+

orbital, since the mixing, if it exists, is expected to show
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no essential difference in the way they act on the va-
lence proton and valence neutron. Additionally, the
πd5/2[402]5/2+ bands without signature splitting were
systematically observed in the odd-A Ta and Re iso-
topes [49–54].

However, such a significant difference in signature
splitting between the N = 73, 75 and Z = 73, 75 nuclei
should reflect differences in the nuclear structure. Since
the triaxiality is believed to play a key role in signature
splitting, the structure change may be caused by the dif-
ference in triaxiality between the various isotopes. In
fact, the impact of triaxiality on the rotational structure
was investigated in detail for the neutron-rich Re iso-
topes by Reed et al . in Ref. [16], where it was shown that
the increasing signature splitting of the πh11/2[514]9/2−

bands implies the increasing γ deformation towards the
neutron-rich Re isotopes. A similar scenario is expected
for the signature splitting in the Ba and Ce nuclei. As
shown in Fig. 6, it is interesting to study if the increasing
splitting amplitudes in N = 73 and N = 75 isotones only
can be attributed to increasing triaxiality.

C. Theoretical calculations and the Origin of the
signature splitting

In the present work, cranked shell model (CSM),
quasiparticle-plus-triaxial-rotor (QTR) model, and
configuration-constrained potential energy surface
(PES) calculations have been performed to get a deeper
understanding of the signature splitting systemat-
ics. The configuration-constrained PES calculations
have been performed within the framework of the
macroscopic-microscopic model. The Woods-Saxon type
nuclear potential with universal parameters was adopted
when solving the single-particle Schrödinger equation
(for more details, see Refs. [42–44] and references
therein). The results are listed in Table III. In both
131Ba and 133Ce, the CSM calculations for γ = 0◦ at low
frequencies (~ω ≤ 0.3 MeV) predict no energy splitting
for the two signatures of the νg7/2[404]7/2+ band. The
splitting emerges for γ ∼ 10◦ and its amplitude increases
with increasing γ values as shown in Fig. 7.

The QTR model [45] is applied to investigate the ob-
served signature staggering in the g7/2 bands of 131Ba

and 133Ce. The model is based on the Nilsson potential
and includes pairing. The γ dependence of the moments
of inertia is described with the irrotational-flow model.
Ten positive-parity orbitals near the neutron Fermi level
are included in the configuration space. The calculations
are carried out using the shape parameters listed in Ta-
ble III, that is ε2 = 0.185, γ = 10◦ and ε4 = 0.01 for
133Ce and ε2 = 0.170, γ = 8◦ and ε4 = 0.003 for 131Ba.
Here the ε parameterization is used, while in Table III
the deformation parameters are given in terms of the
Woods-Saxon parameterization. An approximate rela-
tion between them is ε2 ≈ 0.95β2 (for more details see
Refs. [74–76]).

FIG. 8. Experimental and theoretical signature splittings for
the νg7/2[404]7/2+ band in 133Ce. The calculations are car-
ried out for standard Coriolis interaction (χ = 1) and γ = 10◦

(a) and 20◦ (b), and for attenuated Coriolis interaction (χ =
0.7) and γ = 10◦ (c) and 20◦ (d).

FIG. 9. Experimental and theoretical signature splittings for
the νg7/2 [404]7/2+ band in 131Ba and the πg7/2[404]7/2+

band in 183Re. The calculations are carried out for standard
Coriolis interaction (χ = 1) and γ = 15◦ (a) and 0◦ (b), and
for attenuated Coriolis interaction (χ = 0.7) and γ = 15◦ (c)
and 20◦ (d).

The calculated excitation energies of the states are in
very good agreement with the experimental ones. The
signature staggering S(I) is well reproduced with γ =
10◦ for 133Ce, as shown in Fig. 8 (a). For 131Ba the best
agreement is obtained for γ = 15◦, see Fig. 9 (a).

The wave functions for the states of the g7/2 bands
indicate that, in addition to the dominant contribution
from the g7/2 [404]7/2+ orbital, there are also small con-

tributions from the s1/2[400]1/2+ orbital. Indeed, this
orbital is predicted to lie very close to the Fermi surface:
it is in fact associated with the ground-state band 3.

It is known that in axially symmetric nuclei bands as-
sociated with high-Ω configurations show negligible en-
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ergy staggering, because there is a large energy gap that
separates them from the Ω = 1/2 orbital of the same sub-
shell. An interaction with the Ω = 1/2 orbital is known
to generate signature splitting because of Coriolis inter-
action. For the 131Ba and 133Ce nuclei the s1/2[400]1/2+

orbital happens to have a similar excitation energy to the
g7/2 [404]7/2+ orbital, and therefore the mixing with the

s1/2[400]1/2+ orbital is possible and give rise to signature
splitting.

In order to study the impact of the two possible mech-
anisms that can generate energy staggering, which are
the non-axiality of the nuclear shape and the Coriolis in-
teraction, QTR calculations have been carried out as a
function of γ. The magnitude and the phase of the stag-
gering was found to remain similar for the entire range
of 0◦ ≤ γ ≤ 15◦ in 133Ce, while for 131Ba the stagger-
ing pattern for γ ≤15◦ was found to have similar mag-
nitude but with a change in phase. However, for both
133Ce and 131Ba nuclei the magnitude of the staggering
increases rapidly for γ > 15◦, see for instance Fig. 8 (b).
This shows that the triaxiality has a major impact on the
energy staggering when the shape corresponds to consid-
erable non-axiality.

To further test the impact of the Coriolis interaction
on the staggering for near-axially symmetric shapes, the
QTR calculations have been carried out with an attenu-
ation of 70% to the Coriolis interaction (χ = 0.7). The
results show no energy staggering for 0◦ ≤ γ ≤ 15◦, (see
Figs. 8 (c) and 9 (c)), but a significant staggering for
γ > 15◦, (see Figs. 8 (d) and 9 (d)).

In addition, QTR calculations have been carried out
for the πg7/2 band in the Z = 75 183Re nucleus. While
there are many similarities between the N = 75 and Z =
75 nuclei, there also exists an important difference, that
for protons the s1/2 sub-shell lies at higher excitation
energy with respect to the g7/2 sub-shell. Thus, while

for N = 75 the excitation energies of the νs1/2[400]1/2+

and νg7/2[404]7/2+ orbitals are similar, the excitation en-

ergies of the πs1/2[400]1/2+ and πg7/2[404]7/2+ proton

orbitals are different. The QTR calculations for 183Re
reproduce well the excitation energies of the πg7/2 band
assuming γ = 0◦ and standard strength of the Coriolis
interaction (χ = 1). They predict no signature splitting,
see Fig. 9 (b), in agreement with the experimental obser-
vations.

The QTR calculations suggest that the g7/2 bands

in the N = 75 isotopes 133Ce and 131Ba are generated
by two competing mechanisms, the Coriolis interaction
caused by the mixture with the close-in-energy s1/2 or-
bital, and the non-axiality of the nuclear shape.

In the lighter Ba, Ce, and Nd isotopes, instead of the
νg7/2[404]7/2+ bands, the νd5/2[402]5/2+ bands were
systematically observed with very small or no energy
splitting at low spin (see Fig. 10). This can be also at-
tributed to negligible mixing of the νs[400]1/2+ orbital
with the νd5/2[402]5/2+ orbital which lies further away
from the low-j ones.

FIG. 10. Similar to Fig. 6, but for the νd5/2[402]5/2+ bands
in the N = 65 and 67 isotones. Data are taken from [77] for
125Ba, [78] for 127Ce, [79] for 129Nd, [80] for 127Ba, [78] for
129Ce, and [81] for 131Nd.

IV. SUMMARY

Excited states in 131Ba and 133Ce have been investi-
gated via standard in-beam γ-spectroscopy experiments
using the 122Sn(13C,4n)131Ba and 125Te(12C,4n)133Ce re-
actions, respectively. Besides the previously reported
one-quasiparticle bands built on the Iπ = 9/2− state
and the Iπ = 1/2+ ground state, new bands based on
Iπ = 7/2+ have been identified in both nuclei. The bands
exhibit strong-coupling characteristics and have been as-
signed to the νg7/2[404]7/2+ configuration. By compar-

ison with the corresponding proton π[404]7/2+ bands in
the odd-A Ta and Re isotopes, relatively large signature
splittings have been observed in the neutron ν[404]7/2+

bands of the N = 73, 75 nuclei. In particular, the split-
ting amplitudes in the N = 75 isotones of 131Ba and
133Ce are about 10 times larger than those in the odd-Z
nuclei.

The CSM calculations show that the splitting ampli-
tudes of the bands increase with the increasing triax-
ial parameter γ. For 131Ba and 133Ce, the splitting
amplitudes are consistent with the values predicted by
the QTR model with triaxial deformation parameters
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TABLE III. Calculated excitation energies Ecal (keV) and shapes of the possible one-quasiparticle states in 131Ba and 133Ce,
compared with the experimentally determined values Eexp.

Iπ Eexp Ecal Configuration β2 γ◦ β4

131Ba
9/2− 188.0 0 ν[514]9/2− 0.178 20.6 −0.010
1/2+ 0 35 ν[400]1/2+ 0.172 20.9 −0.006
1/2+ 609 ν[411]1/2+ 0.187 28.5 0.006
3/2+ 428 ν[402]3/2+ 0.160 −0.1 0.000
7/2+ 525.3 420 ν[404]7/2+ 0.180 9.1 −0.014
5/2+ 1005 ν[402]5/2+ 0.177 11.8 −0.013

133Ce
9/2− 37.2 0 ν[514]9/2− 0.193 21.1 −0.018
1/2+ 0 125 ν[400]1/2+ 0.185 20.3 −0.013
1/2+ 649 ν[411]1/2+ 0.193 27.7 −0.003
3/2+ 315 ν[402]3/2+ 0.181 −1.0 −0.020
7/2+ 340.3 371 ν[404]7/2+ 0.195 −10.5 −0.023
5/2+ 950 ν[402]5/2+ 0.192 13.0 −0.023

γ = 15◦ and γ = 10◦, respectively. However, QTR calcu-
lations predict that not only the triaxiality but also the
Coriolis interaction generated by the mixing with low-j
orbitals are responsible for the observed signature split-
ting. The present work can trigger more comprehensive
theoretical investigations on this topic aiming to a full
understanding of the mechanisms causing signature split-
ting of the Ω = j configurations.
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