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Abstract. High-spin states of 130Pr have been populated using the 99Ru(35Cl, 2n2p)130Pr reaction at a
beam energy of 151MeV. A new positive-parity side band has been identified and possible interpretations
on the origin of the side band have been discussed.

1 Introduction

In the A ∼ 130 mass region, the nearly degenerate
ΔI = 1 doublet bands built on the πh11/2 ⊗ νh11/2 con-
figuration have attracted significant attention and inten-
sive discussion in odd-odd N = 77 (132Cs, 134La) [1, 2],
N = 75 (130Cs, 132La, 134Pr, 136Pm, 138Eu) [3–6], N = 73
(128Cs, 130La, 132Pr) [7, 8], N = 71 (126Cs, 128La) [9, 10],
N = 69 (124Cs, 126La, 128Pr) [11–13] and N = 67 (122Cs,
124La) [14,15] isotones. These ΔI = 1 doublet bands with
the same positive parity are mostly interpreted as a mani-
festation of “chirality” in the sense of the angular momen-
tum coupling [16].

Previously, we have reported the positive-parity dou-
blet bands with the configuration of πh11/2 ⊗ νh11/2 in
126La [12] and 128La [10] respectively. So far, the doublet
bands have been systematically observed in odd-odd La
isotopes from 124La to 134La. However, for the Pr isotope
chain, the doublet bands have been observed from 128Pr
to 134Pr except for 130Pr. Meanwhile, the doublet bands
have also been observed in the 126Cs [9] and 128La [10],
which are the isotones of 130Pr. Hence, we infer that sim-
ilar bands may appear in 130Pr. The validity of theories
is often tested by how well the theory reproduces the sys-
tematic behavior of isotopes or isotones, and thus it is
important to establish the doublet bands that systemati-
cally appear in the Pr isotopic chain. Based on the above
considerations, a new reaction different from the previ-
ous experiment of 130Pr [17,18] is performed in the HI-13
tandem accelerator at CIAE in Beijing, and the main pur-
pose of the experiment is to search for the positive-parity
doublet bands.
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2 Experimental details

High-spin states of 130Pr were populated through the
99Ru(35Cl, 2n2p)130Pr reaction at a beam energy of 151
MeV. The 99Ru target, with an enrichment of 92.8% and
a thickness of 2.24mg/cm2, was rolled onto a 15mg/cm2

lead backing. The beam was provided by the HI-13 tan-
dem accelerator at CIAE in Beijing. The γ-γ coincidence
data were recorded by the use of the detecting system con-
sisting of nine compton-suppressed HPGe detectors, two
HPGe planar detectors and one clover-type detector. A
total of 4.5 × 108 γ-γ coincidence events were recorded.
The data were sorted into a symmetrized γ-γ coincidence
matrix and a DCO (directional correlation from oriented
states) matrix. DCO ratios were obtained from spectra
gated on quadrupole transitions. For our detector array,
when gating on a quadrupole transition, the DCO ratio
of the measured transition is around 1.0 for quadrupole
transition and around 0.6 for dipole transition.

3 Results and discussion

The positive-parity yrast band 1 is the most intensely
populated in the present experiment, and its configura-
tion has been assigned to πh11/2 ⊗ νh11/2 in the previ-
ous work [17,18]. In the present work, two new 199.5 and
53.5 keV transitions have been observed at the bottom of
this band, and the spin of the lowest observed state is ex-
tended to (6+). Parities and spins of this band are assigned
based on the proposed configuration and the systematics
of Liu et al. [19].

Band 2 (side band) is reported for the first time, and
several linking transitions between bands 1 and 2 are ob-
served. Multipolarity analysis indicates that the 1080.5
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Table 1. Energies, intensities, and DCO ratio of γ-rays related
to band 1 and band 2 and linking γ-rays between them in 130Pr.
The internal conversion is not taken into account in the present
work.

Eγ (keV) Iγ R
(a)
DCO Iπ

i → Iπ
f Multipolarity

Band 1

53.5 7+ → (6+) (M1/E2)

89.5 76.6(77) 0.51(13) 8+ → 7+ M1/E2

110.0 98.1(49) 0.56(8) 9+ → 8+ M1/E2

131.5(b) 100.0(25) 0.58(7) 10+ → 9+ M1/E2

143.5 12.5(38) 8+ → (6+) (E2)

199.5 11.1(3.2) 0.91(34) 9+ → 7+ E2

213.7 61.5(61) 0.62(12) 12+ → 11+ M1/E2

226.5 82.2(51) 0.57(11) 11+ → 10+ M1/E2

242.0 13.1(39) 0.92(36) 10+ → 8+ E2

290.6 23.2(69) 0.55(17) 14+ → 13+ M1/E2

321.8 41.2(61) 0.59(16) 13+ → 12+ M1/E2

358.0 20.2(60) 1.12(34) 11+ → 9+ E2

362.0 13.8(39) 0.51(19) 16+ → 15+ M1/E2

386.6 23.0(69) 0.54(17) 15+ → 14+ M1/E2

419.7 7.4(21) 0.68(26) 18+ → 17+ M1/E2

422.1 12.5(36) 0.65(23) 17+ → 16+ M1/E2

428.1 6.1(18) 0.52(22) 19+ → 18+ M1/E2

440.4 40.7(61) 1.05(25) 12+ → 10+ E2

535.5 23.1(69) 1.08(33) 13+ → 11+ E2

612.2 48.0(72) 0.98(24) 14+ → 12+ E2

677.0 25.3(75) 0.95(30) 15+ → 13+ E2

748.5 35.1(70) 1.12(34) 16+ → 14+ E2

784.0 24.2(71) 1.07(35) 17+ → 15+ E2

842.0 26.0(76) 0.92(31) 18+ → 16+ E2

847.6 18.1(54) 19+ → 17+ (E2)

890.5 13.0(39) 0.89(32) 20+ → 18+ E2

891.5 14.0(42) 0.91(30) 21+ → 19+ E2

Band 2

241.5 12+ → 11+ (M1/E2)

264.1 2.5(11) 0.65(28) 13+ → 12+ M1/E2

272.5 4.0(13) 0.54(24) 14+ → 13+ M1/E2

321.5 1.3(8) 16+ → 15+ (M1/E2)

332.0 6.8(13) 0.65(28) 15+ → 14+ M1/E2

505.5 3.1(11) 0.85(36) 13+ → 11+ E2

536.6 4.4(14) 0.87(37) 14+ → 12+ E2

604.6 7.1(25) 1.09(33) 15+ → 13+ E2

653.5 3.4(13) 1.15(42) 16+ → 14+ E2

708.5 17+ → 15+ (E2)

768.0 18+ → 16+ (E2)

Linking

transitions

1015.5 3.5(12) 0.67(27) 11+ → 10+ M1/E2

1030.0 2.5(12) 0.53(25) 12+ → 11+ M1/E2

1080.5 5.8(11) 0.57(24) 13+ → 12+ M1/E2

1294.0 2.3(7) 1.09(45) 13+ → 11+ E2

(a)
DCO ratios listed here are obtained by setting the gate on

quadrupole transitions.
(b)

Iγ are normalized to the 131.5 keV γ-ray in band 1 as 100.
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Fig. 1. Partial level scheme of 130Pr. The insertion shows the
bottom portion of band 1.

and 1030.0 keV linking transitions are of ΔI = 1 char-
acter with DCO ratios of 0.57 and 0.53 respectively, and
the 1294.0 keV linking transition is of ΔI = 2 character
with DCO ratio of 1.09 (DCO ratios from gating on the
quadrupole transition). The observation of both ΔI = 1
and ΔI = 2 linking transitions between bands 1 and 2
implies that band 2 has positive parity as that of band
1. Meanwhile, the energies and spins of band 2 are fixed
relative to the levels of band 1 as shown in fig. 1. Proper-
ties and placements of related γ-rays are listed in table 1.
A sample γ-γ coincidence spectrum supporting the level
scheme of fig. 1 is shown in fig. 2.

As mentioned above, the configuration of the yrast
band (band 1) had previously been assigned as πh11/2 ⊗
νh11/2 [17, 18]. In order to discuss the configuration as-
signment of the side band (band 2), cranked shell model
(CSM) calculations [20,21] have been performed as shown
in fig. 3, where the CSM calculations predict that pro-
ton ωEF alignment occurs at ∼ 0.34MeV. However, no
crossing is found below 0.4MeV for bands 1 and 2 in the
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Fig. 2. Sample γ-γ coincidence spectrum supporting the par-
tial level scheme of 130Pr as shown in fig. 1.
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Fig. 3. Cranked shell model calculations for quasiproton
Routhian. The deformation parameters shown at the top of
the figure are determined by TRS calculations [22–24]. Inter-
pretation of the lines is displayed at the top of the figure.

alignment plot (fig. 4(a)), indicating that the h11/2 pro-
ton should be involved in the configurations of bands 1
and 2 to block the proton EF crossing. Moreover, the
large initial alignments (∼ 7�) for both bands strongly
suggest that the h11/2 neutron is involved in the config-
urations of bands 1 and 2. In addition, the experimen-
tal B(M1)/B(E2) ratios for bands 1 and 2 are shown in
fig. 4(b), along with the theoretical estimates of the geo-
metrical model for the πh11/2 ⊗ νh11/2 configuration for
comparison [25]. An agreement between the experiment
and the theory is achieved for bands 1 and 2, also sup-
porting the πh11/2 ⊗ νh11/2 configuration assignments for
the two bands. However, it is difficult to assign a config-
uration for band 2 with the present data. The merits of
several possible configurations for this sequence are con-
sidered below.

A second πh11/2 ⊗ νh11/2 band (side band) has been
observed in many odd-odd nuclei in the A ∼ 130 mass
region, while the yrast band of these odd-odd nuclei is
also assigned to the πh11/2 ⊗ νh11/2 configuration.

Fig. 4. (Color online) (a) Experimental alignment plots for
bands 1 and 2 in 130Pr. The Harris parameters are J0 =
19.4 MeV−1

�

2, J1 = 29.3 MeV−3
�

4 [17]. (b) Comparison of
experimental and predicted B(M1)/B(E2) values for bands 1
and 2.

Fig. 5. (Color online) ΔE(I) = E(I)side−E(I)yrast of the two
bands in 130Pr compared with those in 124La [15],126La [12],
128La [10], 130La [8], 132La [3], 134La [2], 128Pr [13], 132Pr [8]
and 134Pr [4].

The separation energies between the side band and
the yrast band at the same spin, ΔE(I) = E(I)side −
E(I)yrast, of 130Pr together with those of some other La
and Pr isotopes are presented in fig. 5. ΔE(I) of these odd-
odd nuclei fall into two groups. The two bands of odd-odd
nuclei belonging to the lower group have been interpreted
as nearly degenerate chiral doublet bands resulting chi-
ral symmetry breaking. As shown in fig. 5, the ΔE(I) of
124La [15], 126La [12] and 130Pr of the present work is too
large for interpreting the two bands in 124La, 126La and
130Pr as nearly degenerate chiral doublet band.

The magnitude of ΔE(I) in 124La [15], 126La [12] and
130Pr are similar and they decrease with increasing spin.
The alignments of the side band and yrast band in 124La
and 126La are also very similar to those of 130Pr. The
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alignments of the side band are ∼ 1.5� greater than that
of the yrast band below 0.4MeV (�ω) for 124La, 126La
and 130Pr (see fig. 11(b) for 124La [15], and fig. 4(a) for
126La [12]). In the cases of 124La [15] and 126La [12], the
side band has been interpreted as resulting from the cou-
pling between the unfavored signature of the h11/2 pro-
ton and the two signatures of the h11/2 neutron, while
the yrast πh11/2 ⊗ νh11/2 band is interpreted as result-
ing from the coupling between the favored signature of
the h11/2 proton and the two signatures of the h11/2 neu-
tron. The alignment is the negative slope of the Routhian.
From fig. 3 one sees that the slope of the F trajectory (un-
favored signature of the h11/2 proton) is smaller than that
of the E trajectory (favored signature of the h11/2 proton)
leading to smaller alignments of the band 2 than those
of the yrast band. Instead, the alignment of band 2 (see
fig. 4(a)) is higher than that of the yrast structure. Addi-
tionally, fig. 3 indicates that the energy difference between
the F trajectory and the E trajectory increases with �ω.
In contrast, the ΔE(I) of 124La [15], 126La [12] and 130Pr
decreases with increasing spin as shown in fig. 5. There-
fore, interpreting the side band in 124La [15] and 126La [12]
as resulting from the coupling between the unfavored sig-
nature of the h11/2 proton and the two signatures of the
h11/2 neutron has to be reconsidered, and such a interpre-
tation is not applicable to the case of 130Pr either. Indeed,
the πh11/2 ⊗ νh11/2 side band observed in 128Pr (band 3
of fig. 1 in [13]) has been interpreted as resulting from
the coupling between the unfavored signature of the h11/2

proton and the two signatures of the h11/2 neutron, and
as expected the side band does have smaller alignments
than those of the yrast band as shown in fig. 8(a) of [13],
and the ΔE(I) = E(I)side −E(I)yrast does increase with
spin as shown in fig. 5.

γ-vibrational bands have been observed in even-even
and odd-A nuclei in various mass regions. In the nearby
even-even nucleus, 128Ce [26], the γ-vibrational band is
observed approximately 700 keV above the ground-state
band, which is similar to the excitation of band 2 relative
to the yrast band in 130Pr as shown in fig. 1. In addi-
tion, the γ-vibrational band in 128Ce has slightly more
alignment than the ground-state band at lower frequen-
cies as shown in fig. 5(a) of ref. [26], which is consistent
with that between band 2 and the yrast band in 130Pr of
the present study. Both of these features suggest that it
is possible that band 2 is the γ-vibrational band resulted
from the coupling between the yrast πh11/2⊗νh11/2 band
and a phonon. However, because the band-heads of the
yrast band and the γ-vibrational band (band 2) are not
observed, we are not able to provide further supporting
evidences in terms of the discussions on the decay pattern
of the band-head of the γ-vibrational band and energy
difference between the band-heads of the two bands.

The fact that the band 2 in 130Pr is not observed un-
til high excitation energy (> 1347 keV), suggests that it
is possible that band 2 is a four quasiparticles band. The
alignment of the band 2 is ∼ 1.5� greater than that of
the yrast band at lower frequencies, which suggests that
except the h11/2 proton and h11/2 neutron, the other two
nucleons should have very small alignment associated with

them. However, due to the fact that only eight levels are
observed in the side band, we are not able to make a reli-
able judgement on which two quasiparticles are coupled to
the h11/2 proton and h11/2 neutron to form the side band.

To distinguish the above two possible interpretations
of the band 2 in 130Pr, further experimental and theoret-
ical studies are desirable.

4 Summary

High-spin states of 130Pr have been populated using
the 99Ru(35Cl, 2n2p)130Pr reaction at a beam energy of
151MeV. A new positive-parity side band feeding into the
yrast band has been observed and possible interpretations
on the origin of the side band have been discussed. In the
course of the study on the positive-parity side band in
130Pr, we noted that the πh11/2 ⊗ νh11/2 side band, pre-
viously reported in 124La and 126La, had been interpreted
as resulting from the coupling between the unfavored sig-
nature of the h11/2 proton and the two signatures of the
h11/2 neutron, while the πh11/2 ⊗ νh11/2 yrast band was
resulting from the coupling between the favored signature
of the h11/2 proton and the two signatures of the h11/2

neutron. Such interpretation is not supported by the ar-
guments presented in the present study.
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