
DOI 10.1140/epja/iepja1353

Eur. Phys. J. A 13, 429–433 (2002) THE EUROPEAN
PHYSICAL JOURNAL A
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Abstract. High-spin states in 176Ir have been investigated via the 149Sm(31P,4nγ)176Ir reaction through
excitation functions, X-γ and γ-γ coincidence measurements. Four rotational bands have been identified
for the first time and their configurations are suggested on the basis of the existing knowledge of band
structures in odd-odd nuclei as well as the measured in-band B(M1)/B(E2) ratios. Among the four bands
observed, the πh9/2 ⊗ νi13/2 and πi13/2 ⊗ νi13/2 bands exhibit an anomalous signature splitting. The
signature inversion point is observed in the former at Ic = 18� which is consistent with expectations; this
signature inversion spin in the πi13/2⊗νi13/2 band may be larger than 25�. The combined effects of Coriolis
and p-n residual interactions involved in such an inversion phenomenon have been discussed qualitatively.

PACS. 21.10.Re Collective levels – 23.20.Lv Gamma transitions and level energies – 27.70.+q 150 ≤ A ≤
189

Signature inversion [1] is a very interesting phe-
nomenon observed in a number of deformed odd-odd nu-
clei (see ref. [2] and references therein) and it has been
attracting large experimental [3] and theoretical [4] inter-
ests. Up to date, the signature inversion has been sys-
tematically observed throughout the chart of nuclides
in the πg9/2⊗νg9/2, πh11/2⊗νh11/2, πh11/2⊗νi13/2 and
πh9/2⊗νi13/2 configurations. Systematic analyses for the
first three configurations have been done by Bermúdez
and Cardona [5]. Analysis for the πh9/2⊗νi13/2 structure
shows that the critical spin Ic, at which the two ∆I = 2
signature branches cross with each other, seems to de-
crease (increase) 2–3� while decreasing two neutrons (pro-
tons) for a chain of isotopes (isotones) [6]. If this regularity
could be extended to a wide range of nuclei, one may ex-
pect to observe such an inversion spin around Ic ∼ 18�

in 176Ir. On the other hand, such signature inversion
bands systematically investigated correspond to the high-
j spherical parentage, it is thus a natural assumption that
the πi13/2⊗νi13/2 bands of high-j parentage may present
a similar inversion phenomenon; the πi13/2( 1

2

+[660]) or-

a e-mail: yhzhang@ns.lzb.ac.cn

bital is involved instead of the πh9/2( 1
2

−[541]) in the
πh9/2⊗νi13/2 structure [7]. With these points in mind,
great efforts have been devoted recently to the studies
of in-beam γ-ray spectroscopy in odd-odd 176,178Ir and
182Au. We concentrated on the observation of critical spin
Ic in the πh9/2⊗νi13/2 band; this could be regarded as
an indirect evidence of signature inversion in spite of the
uncertainties in spin assignment. Meanwhile, much atten-
tion has been paid to establish the interband transitions
from the expected πi13/2⊗νi13/2 structure to a low-lying
2-quasiparticle band. We have noticed the fact that the
νi13/2 bands are yrast in the neighboring odd-N nuclei,
and the excitation energy of the πi13/2 band member 13

2

+

decreases from 0.807 MeV in 177Ir to 0.66 MeV in 175Ir [8].
Thus, the πi13/2⊗νi13/2 band in 176Ir may locate at lower
excitations with respect to the same band in 178Ir, mak-
ing it easier to observe the πi13/2⊗νi13/2 band in 176Ir.
Prior to this work, no high-spin data on 176Ir were avail-
able in the literature [9]. Bosch et al. proposed [10] the
spin and parity of 5+ for the ground state of 176Ir accord-
ing to the intense β+/EC feeding to the 6+ rotational
state in 176Os. Preliminary results of this research subject
have been reported in refs. [6,11,12]. During the course
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Fig. 1. Partial level scheme of 176Ir deduced from the present work.

of this investigation, Hojman et al. reported the observa-
tion of signature inversion in the πi13/2⊗νi13/2 band in
178Ir [13].

The experiment was performed at the Japan Atomic
Energy Research Institute (JAERI). The 149Sm(31P,
4nγ)176Ir reaction was induced by a 31P beam provided
by the JAERI tandem accelerator. The target was an en-
riched 149Sm metallic powder of 2.1 mg/cm2 thickness
evaporated on to a 5.5 mg/cm2 Pb backing layer. A γ-ray
detector array [14] was used comprising 11 HPGe’s and
one LOAX with BGO anti-Compton shields. The detec-
tors were calibrated with 60Co, 133Ba, and 152Eu standard
sources; typical energy resolution was about 2.0–2.5 keV
at FWHM for the 1332.5 keV line. In order to identify the
in-beam γ-rays belonging to 176Ir, we measured an exci-
tation function by varying the 31P beam from 145 MeV
to 160 MeV with 5 MeV energy steps. The γ spectrum in
this experiment was very complex; the photon peaks were
often doublets or contaminated by the γ-rays from other
reaction channels, and therefore we used coincidence mode
in the excitation function measurements. At each beam
energy, about 5–10 × 106 γ-γ coincidence events were ac-
cumulated and sorted on-line into a 4k×4k matrix. The Ir
K X-ray gated γ-ray spectra were projected and analyzed
with cares during the experiment; the intensities of known

γ-rays from 177Ir/175Ir decrease/increase apparently with
increasing the beam energy, whereas numerous unknown
γ-rays were found to have comparable intensities as those
from 177Ir and 175Ir at beam energies of 145 MeV through
155 MeV. These unknown γ-rays were considered to be
emanated most probably from 176Ir, and finally a beam
energy of 155 MeV was used for γ-γ coincidence measure-
ments. About 350 million coincidence events were accu-
mulated and sorted into 4k×4k matrices for off-line anal-
ysis. The relatively intense γ-rays were from the fusion-
evaporation residues of 175,176,177Ir, 175,176Os, and 173Re
corresponding to 5n, 4n, 3n, 4np, 3np, and α3n evaporation
channels, respectively. Fortunately, the detailed high-spin
level schemes for 175,177Ir,175,176Os and 173Re are avail-
able. These known information on 175,177Ir,175,176Os and
173Re, and the measurements of excitation functions and
Ir K X-γ coincidences helped us assign new rotational
bands in 176Ir.

The partial level scheme of 176Ir deduced from the
present work is shown in fig. 1. A selected single-gate
coincidence spectrum and a sum-gate spectrum are dis-
played in fig. 2, showing the quality of the data. The γ-
transition energies in the level scheme are within an un-
certainty of 0.5 keV, and the ordering of the transitions
within the bands is established on the basis of γ-γ coin-
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Fig. 2. Selected coincidence spectra for bands 3 and 4. The interband transitions (254, 379, and 482.3 keV lines) can be seen
clearly in the upper panel of the figure.

cidence relationships, γ-ray energy sums and γ-ray rela-
tive intensities. No linking transitions have been observed
from band 1 to bands 2, 3, and 4. The 97.8 keV line de-
excites the (8−) band head of band 2, and its DCO ratio
is measured to be 0.66(10) corresponding to a stretched
∆I = 1 dipole transition (the DCO ratios are close to
unity for the stretched ∆I = 2 quadrupole transitions for
the detector array used here). The total internal conver-
sion coefficient for the 97.8 keV transition was extracted
to be αT = 0.80(15) based on the arguement of intensity
balance between the 121 keV and 97.8 keV lines in the
141 keV gated spectrum (theoretical value of αT(121 keV;
M1)= 3.684 was used in the calculation). This experimen-
tal conversion coefficient is close to the theoretical one of
αT(97.8 keV; E1)= 0.43, thus, we tentatively placed the
97.8 keV γ-ray to feed to the (7+) level of band 3; no other
interband transition between band 2 and band 3 could be
identified. Band 3 and band 4 are connected through sev-
eral interband transitions (one can see clearly the 254,
379, and 482.3 keV lines in the upper panel of fig. 2). The
connection between the two bands has been established
as shown in fig. 1, which fix unambiguously the spin and
parity of one band relative to the other and thus facilitates
their configuration assignments.

According to the classification of coupling scheme
for odd-odd nuclei proposed by Kreiner et al. [15], and

considering the fact that the π1/2−[541], π9/2−[514]
and π1/2+[660] bands in 175Ir [8] and the ν1/2−[521],
ν5/2−[512] and ν7/2+[633] bands in 175Os [16] are
strongly populated in the heavy-ion–induced fusion-
evaporation reactions, we propose the configurations of
πh9/2(1/2−[541])⊗νi13/2(7/2+[633]), πh11/2(9/2−[514])⊗
νi13/2(7/2+[633]), πh11/2(9/2−[514]) ⊗ ν5/2−[512], and
πi13/2(1/2+[660]) ⊗ νi13/2(7/2+[633]) for bands 1, 2, 3,
and 4, respectively. Indeed, the πh9/2⊗νi13/2 and πh11/2⊗
νi13/2 bands have been identified in many odd-odd nuclei
in this region, and they exhibit very similar level spacings
and decay patterns (e.g., in 176Re [3] and 178Ir [6]). There-
fore the band head spins and parities are proposed to be
Iπ
0 = (8−) for band 1 and Iπ

0 = Ωp+Ωn = (8−) for band 2
which are consistent with systematics. Band 3 have an ef-
fective Keff = (2−X)/(X−1) = 7.2 (X is the energy ratio
of first two in-band ∆I = 1 transitions) close to the pro-
jection quantum number K = Ωp + Ωn = 9/2 + 5/2 = 7.
This high value corresponds to a case in which both proton
and neutron orbitals are weakly affected by the Coriolis
interaction, resulting in Keff ≈ K = Ωp + Ωn = 7 [17].
Consequently, the spin and parity for the lowest level of
band 3 have been assigned to be Iπ

0 = Kπ = 7+. It should
be noted that the πh11/2⊗ν5/2−[512] band has been iden-
tified in 178Ir [11,13] which shows similar level spacings as
band 3 in 176Ir. Based on the spin and parity assignments
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for band 3 and the observed linking transitions between
band 3 and band 4, the spin and parity for band 4 can be
fixed as shown in fig. 1.

Figure 3 presents a plot of quasiparticle alignments ix
versus rotational frequency �ω. In this plot, a common
reference ( J0 = 21 MeV −1

�
2,J1 = 110 MeV−3

�
4) has

been used in order that the alignment for band 1 is roughly
constant. As is clear from this figure, large alignment for
band 4 strongly suggests that the high-j orbitals both for
proton and neutron have been involved. The alignment in
the πh9/2⊗νi13/2 band is roughly ix(ω) ∼ 7.5�, only the
πi13/2⊗νi13/2 two-quasiparticle band can have such align-
ment as high as ∼ 10�; the i13/2 proton contributes more
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than 6� [8], whilst the rest originates from the i13/2 neu-
tron [16]. In fact, this band has been identified in 178Ir [11,
13] and 182Au [12] which show a structure very similar
to band 4 in 176Ir. Figure 4 presents the experimental
B(M1)/B(E2) ratios for bands 3 and 4 together with the
geometrical model calculations [3]. It is clear from this
figure that the experimental B(M1)/B(E2) ratios can be
well reproduced under the assumption of the proposed
configurations.

According to the configuration and spin-parity assign-
ments, it is now interesting to point out that the sig-
nature splitting in the πh9/2⊗νi13/2 and πi13/2⊗νi13/2

bands of odd-odd 176Ir is inverted at low and medium
spins. To illustrate further the features of signature in-
version, we compare the typical staggering curves S(I) =
E(I)−E(I−1)− 1

2 [E(I+1)−E(I)+E(I−1)−E(I−2)] vs.
I in fig. 5 for the πh9/2⊗νi13/2 and πi13/2⊗νi13/2 bands
in both 176Ir and 178Ir. The similar staggering pattern
is impressive, i.e., the αp-n

f = αp
f + αn

f = 1
2 + 1

2 = 1
favored signature branch (odd-spin sequence) lies higher
than the αp-n

uf = αp
f +αn

uf = 1
2 − 1

2 = 0 unfavored signature
branch (even-spin sequence); this is the so-called low-spin
signature inversion [1]. On the other hand, the signature
splitting reverts to the normal ordering at Ic = (18−) for
the πh9/2⊗νi13/2 band in 176Ir. This critical spin is 3�

lower than that in 178Ir which is consistent with system-
atic expectations [6]. For the πi13/2⊗νi13/2 band in 176Ir,
the critical inversion spin has not been reached in this
work, indicating that the critical inversion spin Ic should
be larger than 25�.

The low-spin signature inversion in the πh9/2⊗νi13/2

bands has been discussed in the framework of 2-
quasiparticle plus rotor model in several recent publical-
tions (e.g., refs. [3,7] and references therein); it has been
demonstrated that the particle-hole component of proton-
neutron residual interaction plays a key role for the low-
spin signature inversion. The inversion phenomena in the
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πi13/2⊗νi13/2 bands may be understood, as proposed by
Hojman et al. [13], in the same theoretical framework of
the Particle Rotor Model with p-n interaction. In fact, the
signature splitting (or level staggering) in both bands is
determined by two important factors, i.e., the Coriolis and
p-n residual interactions. The Coriolis force favors a nor-
mal signature splitting, namely, the odd-spin sequence is
lower in energy than the even-spin levels, whereas the in-
clusion of p-n residual interaction will lead to an inverted
signature splitting; this has been studied many years ago
by Kreiner in the case of oblate odd-odd Tl isotopes [18].
The competition between the Coriolis and p-n residual in-
teractions results in the level staggering pattern as shown
in fig. 5; the signature splitting is inverted at low and
medium spins (signature inversion) when the p-n residual
interaction dominates, and the normal signature splitting
is restored at higher spins when Coriolis interaction domi-
nates. Thus the critical inversion spin Ic should be related
to the combined effects of Coriolis and p-n residual inter-
actions. The inversion spins in the πi13/2⊗νi13/2 bands
are observed to be larger than that in the πh9/2⊗νi13/2

bands as clearly demonstrated in fig. 5; this may be under-
stood, at least qualitatively, by considering the two points:
1) Both quasi-proton and quasi-neutron occupy the same
high-j orbitals in the πi13/2⊗νi13/2 structures, thus the
residual p-n interaction could be stronger than that in the
πh9/2⊗νi13/2 bands. The strong residual p-n interaction
tends to keep the inverted signature splitting up to high
spins. 2) The πi13/2( 1

2

+[660]) proton drives the nucleus
towards a larger quadrupole deformation, this will reduce
the amplitute of normal signature splitting caused by the
Coriolis force. As a result, the restoration to the normal
signature splitting in the πi13/2⊗νi13/2 bands is retarded
with respect to the case in the πh9/2⊗νi13/2 bands. The
inversion spin Ic for the πh9/2⊗νi13/2 band in 176Ir is 3�

lower than that in the same band of 178Ir; this could be
interpreted probably due to the lowering of the neutron
Fermi surface and the reduced deformation of the core [19];
both will enhance the normal signature splitting caused
by the Coriolis interaction and lead to an early restora-
tion to the normal signature splitting. We are not able to
understand the non-observation of such inversion spin in
the πi13/2⊗νi13/2 band of 176Ir up to Iπ = (25+)�, this is
certainly in need of further investigations.

In conclusion, an in-beam γ-spectroscopy experiment
has been performed leading to the observation of four
rotational bands in odd-odd 176Ir. The quasiparticle con-
figurations and the level spin assignments for each band
have been proposed on the basis of several considerations,
i.e., quasiparticle alignments, signature splitting, in-band
B(M1)/B(E2) ratios, and level spacing systematics, as
well as the knowledge in neighboring nuclei. The interband
connection from the πi13/2⊗νi13/2 structure to the pro-
posed πh11/2⊗ν 5

2

−[512] band has been established leading

to the signature inversion for the πi13/2⊗νi13/2 band at
low and medium spins. The signature inversion in the
πh9/2⊗νi13/2 band has been confirmed by the observation
of signature crossing at I ∼ 18� which is consistent with
systematic expectations. The patterns of signature split-
ting in the two bands of both 176Ir and 178Ir are discussed,
qualitatively, on the basis of the combined effects of Cori-
olis and p-n residual interactions. A deeper understanding
on the inversion phenomena in both the πh9/2⊗νi13/2 and
the πi13/2⊗νi13/2 structures, and on the different features
presented in 176Ir and 178Ir is in need of further investi-
gations; this is however beyond the scope of this paper.
We would like to emphasize that the observation of such
inversion phenomena in both 176Ir and 178Ir provides an
interesting test ground for different theoretical interpreta-
tions.
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