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Abstract. High-spin states in 169Re have been investigated by means of in-beam γ-ray spectroscopy tech-
niques with the 144Sm(28Si, 1p2nγ)169Re reaction. X-γ and γ-γ-t coincidences, γ-ray anisotropies, and
DCO ratios were measured. A strongly coupled band based on the 9/2−[514] Nilsson state and a decou-
pled band built on the h9/2 intruder proton orbital (nominally 1/2−[541]) have been established. The
AB neutron crossings are observed at h̄ω = 0.23 and 0.27 MeV for the 9/2−[514] and 1/2−[541] bands,
respectively. The 9/2−[514] band in 169Re shows the largest signature splitting at low spin among the
odd-mass Re isotopes. Band properties of the AB neutron crossing frequencies, alignment gains, and sig-
nature splittings are discussed, and compared with those in the heavier odd-A Re isotopes. Additionally,
a three-quasipariticle band is observed, and the π9/2−[514]⊗ νAE configuration is proposed tentatively.

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

The very neutron-deficient Re isotopes are located on
the outer edge of the deformed rare earth nuclei. These nu-
clei are expected to be rather soft with respect to β and
γ deformations, and the polarizing effects of individual
nucleons make the nuclear shapes strongly configuration
dependent [1–3]. For light odd-A Re isotopes, the pro-
ton Fermi surface is at the top of the h11/2 and d5/2 shells
and below the down-sloping 1/2−[541] and 1/2+[660] Nils-
son orbits of the h9/2 and i13/2 spherical parentages. A
less deformed shape is favored with the 9/2−[514] and
5/2+[402] orbitals occupied. These strongly coupled bands
have been observed systematically in the odd-A Re iso-
topes [1–3]. These bands show small but distinct sig-
nature splitting before the AB neutron alignment [1–3],
suggesting a certain γ deformation at low spins. On the
other hand, the h9/2 and i13/2 orbitals with Ω = 1/2 are
strongly down-sloping as a function of deformation. The
nucleus will be driven towards large deformation when the
down-sloping orbitals are occupied by the unpaired pro-
ton. Therefore, the AB neutron crossing should be delayed
to higher frequencies, and lower alignment is associated
with these low-Ω bands. By increasing deformation, the
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neutron Fermi surface is moved further from the low-Ω
components of the νi13/2 subshell, thereby reducing the
Coriolis mixing. This results in a decreased alignment gain
and a higher crossing frequency associated with the align-
ment of i13/2 neutrons [4]. Prior to this work, the rota-
tional bands in 169Re were reported in a symposium [5],
but a high-spin level scheme has not yet been published
in the literature. The ground state of 169Re was assigned
to be the π9/2−[514] Nilsson configuration [6]. In 173Ir α-
decay studies, the α-γ coincidence measurement revealed
a 136 keV γ-ray which was proposed to depopulate the
11/2− member of the 9/2−[514] band in 169Re [7].

The excited states in 169Re were populated via the
144Sm (28Si, 1p2n)169Re reaction. The 28Si beam was pro-
vided by the tandem accelerator at the Japan Atomic En-
ergy Research Institute (JAERI). The target is an isotopi-
cally enriched 144Sm metallic foil of 1.3 mg/cm2 thickness
with a 7.0 mg/cm2 Pb backing. A γ-ray detector array [8],
GEMINI, comprising 12 HPGe’s with BGO anti-Compton
(AC) shields was used. To obtain the DCO ratios, the
detectors were divided into 3 groups positioned at 32◦
(148◦), 58◦ (122◦), and 90◦ with respect to the beam di-
rection. The detectors were calibrated with 60Co, 133Ba,
and 152Eu standard sources; the typical energy resolution
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Fig. 1. Level scheme of 169Re deduced from the present work.

was about 2.0–2.4 keV at FWHM for the 1332.5 keV line.
In order to identify the in-beam γ-rays belonging to 169Re
and to determine the optimum beam energy, first, we mea-
sured the relative γ-ray yields at the beam energies of 140,
145, and 150 MeV. Then, the beam energy of 145 MeV, at
which the yield of the 136 keV γ-ray was maximum, was
chosen to populate the high-spin states in 169Re. γ-γ-t and
X-γ-t coincidence measurements were performed at this
optimum beam energy. A total of 250 × 106 coincidence
events were accumulated. After accurate gain matching,
these coincidence events were sorted into a symmetric ma-
trix and a DCO matrix for off-line analysis.

The measured relative γ-ray yields, combined with
Re K X-ray coincident information, helped us assign
γ-rays to 169Re. The level scheme of 169Re, including
three rotational bands, is proposed from the present
work and shown in fig. 1. A selected sum gate spectrum
is displayed in fig. 2, showing the quality of the data.
The ordering of transitions in each band is determined
according to the γ-ray relative intensities, γ-γ coincidence
relationships and γ-ray energy sums. The multipolarities
of the transitions are deduced from the measured DCO
ratios. The relative intensities for some uncontaminated
γ-rays were measured in the total projection spectrum.
Most of the relative intensities were extracted from the
spectra gated on the bottom transitions in the band. The
band head of band 1 is most likely the 5/2− state which
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Fig. 2. Representative spectrum illustrating band 2 in 169Re
from a sum of gates as indicated on the panel. The * symbols
indicate contaminations.

de-excites by the 320.3 keV transition of dipole character.
The 98 keV transition was found to be very weak because
of its highly converted nature. Since we did not observe
linking transitions from band 1 to the other part of the
level scheme, the band head energy of band 1 could not
be determined in the present work.

Mueller et al. have calculated the equilibrium defor-
mations for ground states and intruder configurations
in odd-A Re isotopes [9]. The calculations indicate that
for 169Re the deformation-aligned bands are expected
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Fig. 3. Extracted alignment and Routhian energy for mea-
sured rotational bands in 169Re. The labels in the legends in-
dicate the bands as they are labeled in fig. 1. The Harris ref-
erence parameters are chosen to be J0 = 20h̄2 MeV−1 and
J1 = 60h̄4 MeV−3.

to have quadrupole deformations around 0.18, while the
rotational-aligned bands based on the 1/2−[541] and
1/2+[660] Nilsson orbitals tend to have larger deforma-
tions [9]. Thus, the available Nilsson orbitals for 169Re
at the predicted prolate deformations are the 1/2+[411],
5/2+[402], 7/2+[404], 9/2−[514], 1/2−[541] and 1/2+[660],
among which the high-j orbitals 9/2−[514], 1/2−[541] and
1/2+[660] of the h11/2, h9/2 and i13/2 parentages are par-
ticularly important for the high-spin states. The differ-
ent orbitals will give rise to rotational bands with differ-
ent spectroscopic characters. When the high-K orbitals
are occupied, strongly coupled bands with strong ∆I = 1
transitions will occur. The unpaired proton in the low-K
orbitals will, on the other hand, easily be decoupled and
align their spins, and bands with large signature splittings
should be observed. At high spins a pair of intruder high-j
particles are expected to break up and align their angu-
lar momenta along the rotation axis producing an upbend
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Fig. 4. Signature splitting S(I) as a function of spin I for
the π9/2−[514] bands in 169Re (this work), 171Re [1,2], and
173Re [3].

or a backbend. In the mass region around 169Re, the ex-
perimental results and theoretical calculations [1–3,10,11]
have demonstrated that the aligned i213 neutron configura-
tion is responsible for the first band crossing. Experimen-
tal Routhians and alignments have been extracted accord-
ing to ref. [12] and they are presented in fig. 3. In those
plots, the common Harris parameters J0 = 20h̄2 MeV−1

and J1 = 60h̄4 MeV−3 were used [13].
Band 1 has a decoupled structure suggesting that

the configuration includes proton from an Ω = 1/2 or-
bital. Candidate orbitals are 1/2+[411], 1/2−[541] and
1/2+[660]. From the level spacing systematics in the
1/2−[541] bands in the neighboring odd-Z nuclei [1–3],
band 1 is assumed to be based on the 1/2−[541] Nilsson
orbital and the band head has a spin-parity of 5/2−. The
unfavored branch has not been observed because of its
large signature splitting. The calculations indicated that
the band based on the 1/2−[541] configuration in light
Re isotopes has a larger quadrupole deformation than the
strongly coupled bands, and a small positive γ deforma-
tion is favored [14,12,9]. As shown in fig. 3, the band cross-
ing takes place at h̄ω = 0.27 MeV, where the gain in the
alignment is about 10.5h̄. The crossing frequency is almost
the same as those in the heavier odd-A Re isotopes [1–3].
Inspecting the alignment gains in the 1/2−[541] bands in
the odd-A Re isotopes [1–3], it is found that the alignment
gain is increased while decreasing the neutron number. By
decreasing the neutron number, the neutron Fermi surface
is moved closer to the low-Ω components of the νi13/2

orbital, resulting in an increased gain in aligned angular
momentum. In the present work, the 1/2−[541] band head
energy in 169Re was observed to be higher than 320 keV,
which might explain the low population for the 1/2−[541]
band in 169Re comparing those in the heavier odd-A Re
isotopes [1–3].

Band 2 was most strongly populated and extended up
to (45/2−). This band must be based on the 9/2−[514]
ground state. This configuration assignment is supported
by the α-decay studies of 173Ir [7]. Band 2 experiences a
strong backbending at h̄ω = 0.23 MeV with a gain of 10.5h̄
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in alignment (see fig. 3), corresponding to the AB neutron
crossing in the 9/2−[514] bands of the neighboring odd-A
Re isotopes [1–3]. Figure 4 present a plot of the signature
splitting defined as [15]

S(I) = [E(I)− E(I − 1)]− 1
2
[E(I + 1)

−E(I) + E(I − 1)− E(I − 2)] . (1)

Here E(I) is the level energy of state I; S(I) is directly
proportional to the energy difference of the two signatures,
but magnified by approximately a factor of two. There is
a clear energy splitting between the two signatures at low
frequencies, and the splitting disappears quite suddenly
when the alignment increases. Figure 4 also shows the sig-
nature splittings for the 9/2−[514] bands in 171,173Re [1–
3]. In the odd-A Re isotopes with mass number larger
than 173, there is almost no signature splitting in the
9/2−[514] bands [16,17]. Figure 4 displays that the signa-
ture splitting for the 9/2−[514] bands becomes larger and
larger while decreasing the neutron number, and signature
splitting as high as about 30 keV is observed at low spin
in 169Re. Cranked shell-model calculations of quasipro-
ton energies as a function of γ deformation [14,12] pre-
dict that the 9/2−[514] configuration in light Re isotopes
tends to drive the nucleus towards negative γ deformation,
leading to a small signature splitting at low frequencies.
At higher frequencies, the alignment of i13/2 neutrons in
very neutron-deficient Re isotopes favors positive γ [18,
19]. The observed disappearance of signature splitting af-
ter the i13/2 neutron alignment might indicate that the
opposite γ driving forces of the strongly coupled proton
and the aligned i13/2 neutrons may cancel each other, and
resulting in a near prolate shape after the backbending.
The systematics of the signature splitting shown in fig. 4
may suggest that the nucleus becomes more γ soft and has
larger γ deformation with decreasing the neutron number.
It is worth pointing out that the ∆I = 2 transition in-
tensities in band 2 drop apparently comparing with the
∆I = 1 transition intensities after the band crossing. The
similar intensity change at high spins was also observed in
the π9/2−[514] bands in the neighboring odd-A Re nuclei,
and it was interpreted by the i13/2 neutron alignment [1,
3]. According to the semiclassical formula [20,21], the i13/2

neutron alignment would result in a large increase in the
B(M1)/B(E2) ratios duo to the opposite signs of the pro-
ton versus neutron g-factors.

As shown in fig. 3, band 3 has the largest aligned angu-
lar momentum with a value of about 8.5h̄ at low spins. The
alignment was deduced by assuming a band head K value
of 4.5; the alignment in such high-spin levels is expected to
be less influenced by the uncertainty of the K-value. This
band shows an upbend at h̄ω ≈ 0.31 MeV, and there is
no signature splitting up to the highest level observed. In
view of such a large alignment, band 3 must be based on
a configuration of at least three quasiparticles. The band
crossing frequency of h̄ω ≈ 0.31 MeV is much higher than
the AB neutron crossing in the neighboring nuclei [1,3,19,
22,23], indicating that band 3 involves an i13/2 neutron.
A one-quasiparticle occupation of the lowest νi3/2 state

would inhibit the normal νi13/2 alignment from occur-
ring at the expected rotational frequency. This well-known
blocking effect can be seen in odd-N nuclei throughout the
rare-earth region. Inspecting the level structure in the nu-
clei around 169Re [13,19,22,23], we propose that band 3
is likely based on the π9/2−[514] ⊗ νAE configuration.
Here, A (π = +, α = +1/2) and E (π = −, α = +1/2)
are the conventional Cranked Shell Model orbits labelling
the lowest configurations in the νi13/2 and νf7/2h9/2 sub-
shells [19], respectively. The A and E orbitals were ob-
served at very low excitation energies at the neighbor-
ing odd-N nuclei [13,22,19]; the AE configurations were
also identified at excitation energies around 1.6 MeV in
the neighboring even-even nuclei [13,19,22,23], which are
comparable with the band head energy of band 3. Thus,
the π9/2−[514]⊗νAE configuration would be expected to
be energetically favorable in 169Re. Most of the alignment
in band 3 would be contributed by the νi13/2 quasipar-
ticle, while the rest might be associated with the other
two quasiparticles. Additional support for the configura-
tion assignment comes from the non-existence of signature
splitting as discussed for band 2 after the AB neutron
alignment. The upbend at h̄ω ≈ 0.31 MeV may be caused
by the BC neutron alignment because the crossing fre-
quency is similar to those for the BC neutron alignments
observed in the nuclei around 169Re [13,19,22,23].

In conclusion, a level scheme consisting of three rota-
tional bands in 169Re has been established. The i13/2 neu-
tron alignments have been observed in the 1/2−[541] and
9/2−[514] bands at h̄ω = 0.27 and 0.23 MeV, respectively.
The difference between the crossing frequencies can be in-
terpreted in terms of shape effects. When the low-K pro-
ton 1/2−[541] orbital is occupied, the nucleus is driven to a
large near-prolate shape and this will increase the neutron
crossing frequency. If the high-K proton 9/2−[514] orbital
is occupied, the nucleus tends to adopt a triaxial shape
with a small quadrupole deformation and negative γ-
value, resulting in the low AB neutron crossing frequency
and apparent signature splitting at low spin. The observed
systematics of the signature splitting for the 9/2−[514]
bands at low spin in the light odd-A Re isotopes suggests
that the nucleus becomes more γ soft and has larger γ de-
formation while decreasing the neutron number. The ob-
served disappearance in signature splitting after the i13/2

neutron alignment in the 9/2−[514] bands indicates that
the opposite γ driving forces of the strongly coupled pro-
ton and the aligned i13/2 neutrons may cancel each other,
and resulting in a near-prolate shape after the backbend-
ing. By referring to the level structure in the nuclei around
169Re, it is proposed that the three-quasiparticle band is
likely built on the π9/2−[514]⊗ νAE configuration.
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