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Abstract. High-spin states in the odd-odd nucleus 172Lu have been populated in a 170Er(7Li,5n) reaction
at 51 MeV and the emitted γ-radiation was detected with the GASP array. A new semidecoupled band with
the proposed π1/2−[541]⊗ ν7/2+[633] configuration has been established exhibiting a signature inversion.
A systematic study of the signature inversion in odd-odd nuclei of the rare-earth region is presented. The
variation of the inversion spin remains nearly constant for nuclei with the same N − Z, increases with N
for an isotopic chain and decreases with Z for an isotonic chain. On the basis of the systematics a change
of the spins by 1� is proposed for the semidecoupled bands in 180Re, 182,184Ir and 184,186Au.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels – 21.10.Re Collective levels – 23.20.Lv γ tran-
sitions and level energies – 27.70.+q 150 ≤ A ≤ 189

1 Introduction

The so-called low-spin signature inversion [1] has recently
received special attention. It has been systematically ob-
served in the rotational bands of odd-odd nuclei through-
out the chart of nuclides for configurations involving
high-j orbitals, e.g., for the πh9/2⊗νi13/2, πi13/2⊗νi13/2,
πh11/2⊗νi13/2, πh11/2⊗νh11/2, πg9/2⊗νg9/2 and πg9/2⊗
νh11/2 configurations. For the two-quasiparticle bands in
an odd-odd nucleus, the levels with the signature αf de-
fined by the proton and neutron angular momenta jp and
jn as αf = 1/2[(−1)jp−1/2 + (−1)jn−1/2] are expected to
lie lower in energy than the levels with the unfavoured sig-
nature αu = (αf + 1)mod2. However, this expectation is
violated for the bands showing signature inversion —the
levels with the unfavoured signature lie at low spins lower
in energy than those with the favoured one. The level en-
ergies follow the expectation only from a certain spin value
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(inversion spin). As explanations for the signature inver-
sion have been proposed triaxiality [1,2], proton-neutron
interactions [3–5], band mixing [6], band crossing [7] and
quadrupole pairing [8]. However, the origin of the signa-
ture inversion is still an open question. For a deeper un-
derstanding of the signature inversion phenomenon it is
important to observe new bands with different configura-
tions in various mass regions showing this effect.

We report here about the observation of signature in-
version in the semidecoupled band of πh9/2⊗νi13/2 config-
uration in the odd-odd nucleus 172Lu. Signature inversion
for the πh9/2⊗νi13/2 band was first found in the odd-odd
nuclei 162,164Tm and 174Ta by Bark et al. [4,9], based on
firm spin-parity assignments. The features of the semide-
coupled band in 172Lu are very similar to those of the cor-
responding bands in the odd-odd nuclei: 162–166Tm [4,10,
11], 166–170Lu [12–14], 170–176Ta [4,9,15–17], 174–178Re [5,
18,19], 176–184Ir [20–24] and 182–186Au [25–27].
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Fig. 1. Partial level scheme of 172Lu. Uncertain assignments
are given in brackets. The widths of the arrows are proportional
to the intensities of the transitions.

2 Experimental methods and results

The high-spin states in the doubly odd nucleus 172Lu were
populated through the 170Er(7Li,5n) reaction at a bom-
barding energy of 51 MeV. The beam was provided by the
Tandem XTU accelerator of the Legnaro National Labo-
ratory, Italy, and γ-rays emitted by the reaction residues
were detected using the GASP array [28], which consisted
of 40 Compton-suppressed large-volume Ge detectors, an
inner BGO ball and the charged-particle array ISIS [29].
The 170Er target (enrichment 99.2%) was a self-supporting
metallic foil with a thickness of 3.05 mg/cm2. Events were
recorded when ≥ 2 escape-suppressed Ge detectors and ≥
3 BGO scintillators detected γ-rays in coincidence. In to-
tal 4 · 109 events have been collected and they were sorted
into cubes and matrices using the program Ana [30].

Prior to this investigation only information on low-
spin structures in 172Lu known from decay, (α,t), (3He,d)
and (p,3nγ) studies was available [31]. In a recent publica-
tion we have reported about the observation of a pseudo-
spin band in 172Lu [32]. Details on the assignment of six
new rotational bands to this nucleus is described there.
The semidecoupled band being reported here has two se-
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Fig. 2. Doubly gated summed concidence spectra for the
semidecoupled band in 172Lu. The energies are given in keV.
The gating conditions are (a) α = 1 sequence: 728 – (284 +
361 + 440 + 517) and (b) α = 0 sequence: 762 – (243 + 317 +
393 + 469). In spectrum (a) also lines from the α = 0 sequence
are seen but for clarity they are not marked. For the inset of
(b) the gating condition is 243 – (317 + 393 + 469 + 545).

quences of E2 transitions connected up to high spins by
strong ∆I = 1 mixed M1/E2 transitions as shown in
fig. 1. The placement of the γ-ray transitions in the band
was established on the basis of γ-γ-γ coincidence relation-
ships, relative γ-ray intensities, and energy sums. Three
doubly gated coincidence spectra are displayed in fig. 2.
In spectrum (a) the α = 1 sequence and in spectrum (b)
the α = 0 sequence are shown. In spectrum (a) also the
strong M1 transitions de-exciting the α = 1 sequence into
the α = 0 sequence can be seen. In the inset of fig. 2(b) the
γ-ray transitions de-exciting the band into the 4−, (5−)
and (6−) levels are shown. The α = 0 sequence de-excites
through the 239.8 and 128.3 keV transitions into the 4−
ground state and the known (5)− level, respectively [31].
In the inset of fig. 2(b) the existence of these lines is
demonstrated since the gating transition of 243.4 keV de-
excites the same level as the 128.4 keV (10)− → (9)−
transition so that ones sees the 128.3 keV (6)− → (5)−
transition. The 239.8 keV line appears as a singlet in this
spectrum. The α = 1 sequence de-excites through the
weak 177 keV transition to the 4− ground state as well
as the 66 keV (5)− → (5)− and 72.5 keV (7)− → (6−)
transitions. The 72.5 and 177 keV lines can be seen in
fig. 2(b) but the 66 keV line has not been observed because
of the strong conversion and the small detection efficiency
at low energies. The observation of the 128.3, 239.8 and
72.5 keV lines defines the excitation energy of the band.
The proposed spin-parity assignments are based on con-
version coefficients deduced from coincidence intensities.
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Fig. 3. Level systematics of the πh9/2 ⊗ νi13/2 bands in

the odd-odd nuclei 162–166Tm, 166–170Lu, 170–176Ta, 174–180Re,
176–184Ir and 182–186Au. The energies of the α = 1 levels are
plotted as functions of proton and neutron numbers. The en-
ergies of the I = 11 states have been used as reference. The
dashed lines for N = 105 and 107 result from the published
spin assignments. The full curves were obtained after a re-
assignment of the spins (see text).

From coincidence intensities the conversion coefficients
of the 111.5 (5)− → 4− and 128.3 keV (6)− → (5)−
transitions were determined to be αtot = 3.6 ± 0.5 and
3.0 ± 0.6, respectively. The theoretical conversion coeffi-
cients are for the 111.5 keV transition αtot(E1) = 0.27
and αtot(M1) = 4.00 and for the 128.3 keV transition
αtot(E1) = 0.19 and αtot(M1) = 2.99, showing that both
transitions are of M1 character. This allows to assign neg-
ative parities to the 111.5 keV level and to the semidecou-
pled band. The spin of the lowest-lying observed member
of this band of 239.8 keV could range from 4 to 6. If the
128.3 and 239.8 keV transitions were both of M1 charac-
ter then an intensity ratio Iγ(128)/Iγ(240) = 0.15 would
be expected but a value of 2.1±0.8 has been found exper-
imentally. Hence, the 239.8 keV transition is considered to
have an E2 character and I = 6 is the most plausible spin
assignment for the 239.8 keV level. The spin assignments
shown in fig. 1 are furthermore supported by the level sys-
tematics (cf. fig. 3), discussed in detail in the subsequent
section and by the knowledge of band structures in the
neighbouring odd-odd nuclei.

Bands of π1/2−[541] configuration with the signa-
ture α = +1/2 are strongly populated in the neighbour-
ing odd-proton isotopes 171,173Lu [33,34] and ν7/2+[633]
bands with both signatures in the odd-neutron nuclei
171,173Yb [35,36]. The π1/2−[541] sequence with α =
−1/2 is only weakly populated in 171,173Lu [33,34]. A
strong population of sequences of π1/2−[541]⊗ν7/2+[633]
configuration with α(π) = +1/2 and α(ν) = +1/2 and
−1/2 can, therefore, be expected in 172Lu. A calculation
of the quasiparticle energy e′ as a function of rotational
frequency �ω (Routhian) for the semidecoupled band in
172Lu, obtained by summing those of the π1/2−[541] and
ν7/2+[633] bands, (additivity rule [37]) reproduces rather

well the experimental quasiparticle energy if I = 6 is as-
sumed for the lowest member of the α = 0 sequence. If
the spin of the semidecoupled band in 172Lu is reduced
by 1�, the Routhian moves to considerably higher ener-
gies (at �ω = 0.4 MeV by ∆e′ ≈ 0.5 MeV) away from the
calculated Routhian. No band crossing is observed in the
semidecoupled band of 172Lu. The α = 1 sequence of this
band, which should be the favoured cascade, lies however
higher in excitation energy than the α = 0 sequence, which
should be the unfavoured cascade. Hence, the semidecou-
pled band in 172Lu shows a signature inversion like the
bands of π1/2−[541]⊗ ν7/2+[633] configuration in neigh-
bouring odd-odd nuclei.

3 Discussion

A support for the spin assignment of the semidecou-
pled π1/2−[541] ⊗ ν7/2+[633] band in 172Lu comes from
the systematics of level energies of the corresponding
bands of πh9/2 ⊗ νi13/2 configurations in the odd-odd nu-
clei 162–166Tm [4,10,11], 166–170Lu [12–14], 170–176Ta [4,
9,15–17], 174–180Re [5,18,19,38], 176–184Ir [20–24] and
182–186Au [25–27]. The excitation energies of the α = 1
sequences, relative to those of the 11− levels, are shown
for these nuclei in fig. 3. The level energies of the semide-
coupled band in 172Lu fit well with the systematics for
the proposed Iπ values. The systematics shows that the
relative excitation energies remain rather constant as func-
tions of proton and neutron numbers up to the 17− levels
for Z = 69–79 and N = 97–103. For the nuclei 180Re,
182,184Ir and 184,186Au deviations occur from this system-
atics of level energies, shown as dashed lines in fig. 3,
if one uses the published spin assignments. These spin
assignments are, however, not unambiguous and the de-
excitation of the semidecoupled bands for 180Re [38] and
184Au [26] has not and for 186Au [27,39] not definitely
been established. The spin-assignments were partly based
on the systematics of these band structures, established
before the signature inversion was discovered by Bark et
al. [4,9]. The level energies of the πh9/2 ⊗ νi13/2 bands
in these nuclei fit however well with our systematics,
shown as open symbols connected by solid lines in fig. 3,
if the proposed spin values are increased by 1� with re-
spect to the previous assignments [23,24,26,27,38]. The
present systematics confirms furthermore the previous re-
assignment of the spins for this band in 178Re [5,9] based
on the additivity of alignments and in 168Lu on the basis of
systematics [12]. Hence, we propose a re-assignment of the
spins for the nuclei 180Re, 182Ir, 184Ir, 184Au and 186Au.

In fig. 4 the signature splitting S(I) = E(I)− [E(I +
1) + E(I − 1]/2 is plotted as a function of the spin I for
the πh9/2 ⊗ νi13/2 bands in 170,172Lu [14]. In this sen-
sitive representation a strong staggering effect is visible.
Furthermore the signature inversion can be seen since
the points for α = 0 (open circles) lie lower than the
points for α = 1 (full circles). In 170Lu the staggering
amplitude becomes smaller at high spins and at a spin
of 25.5� the signature splitting reverts to the normal or-
der. This is called the inversion point. In the neighbouring
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Fig. 4. Signature splitting vs. spin for the πh9/2⊗νi13/2 bands
in 170,172Lu.

isotopes 166,168Lu [12,13] a similar signature inversion ex-
ists, but the inversion points lie lower in spin, viz at 17.5
and ≈ 23�, respectively. It can be seen in fig. 4 that for
172Lu the staggering amplitude becomes smaller at high
spins indicating that the inversion point is approached.
The π1/2−[541]⊗ν7/2+[633] band has not been observed
to high enough spins to establish the inversion point. It
can, however, be estimated that the inversion point lies at
a spin of � 28� in 172Lu.

A systematics of the signature splitting S(I) for the
πh9/2 ⊗ νi13/2 bands of odd-odd nuclei in the rare-earth
region has been reported in refs. [5,12]. In many cases the
spin of the inversion point has been extracted. In an inves-
tigation of the dependence of the inversion spin on the pro-
ton (Z) and neutron (N) numbers for the πh11/2 ⊗ νi13/2

bands in rare-earth nuclei with 63 ≤ Z ≤ 75 and 89 ≤
N ≤ 103 it was noted that the inversion point remains
fairly constant for nuclei with the same N − Z value and
decreases when N −Z decreases [5]. We present in fig. 5 a
systematics of inversion spins for the πh9/2⊗νi13/2 bands
of odd-odd nuclei with 69 ≤ Z ≤ 79 and 93 ≤ N ≤ 105.
In fig. 5 the inversion spin is plotted as a function of the
proton number Z. The points with the same N − Z are
connected by full lines and the points of equal N with
dashed lines. The following observations can be made:

i) The inversion spin is fairly constant for nuclei with
the same N − Z (cf. fig. 5) in the region 69 ≤ Z ≤ 77.
The N − Z values are equal to the sum of the valence
neutron particles Nn = N − 82 and the valence proton
holes Np = 82− Z, introduced by Casten et al. [40].

ii) For a given isotopic chain the inversion spin in-
creases with increasing neutron number N (cf. fig. 5). as
in the πh11/2 ⊗ νh11/2 bands [41], while it decreases for
the πh11/2 ⊗ νi13/2 bands [5].
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lines and those of the same N by dashed lines.

iii) For a given isotonic chain, the inversion point de-
creases with increasing proton number Z (cf. fig. 5), while
it increases for the πh11/2 ⊗ νi13/2 bands [5].

The systematics of the inversion spin allows to make
predictions for nuclei in which the inversion point has not
yet been observed. For the case of 172Lu, N − Z = 30,
an inversion spin of 28.3� can be predicted from fig. 5 in
agreement with the observation that it should be � 28�.

Following the suggestion of Semmes and Ragnars-
son [3] a large number of calculations of the signature in-
version in odd-odd nuclei have been made using a particle-
rotor model including residual proton-neutron (p-n) inter-
actions for various mass regions and configurations [4,5,
9,20,42]. These calculations are successful in reproducing
the inversion spin. Systematic calculations of the inversion
spin have been carried out for the πh11/2 ⊗ νh11/2 bands
in the mass A ≈ 130 region showing that the inversion
spin increases with neutron number for an isotopic chain
in agreement with experimental results [41,42]. The oppo-
site dependences of the inversion spin on the neutron and
proton numbers for the πh11/2⊗νh11/2 bands in the mass
A ≈ 130 region and the πh11/2 ⊗ νi13/2 bands in the mass
A ≈ 160 region have been explained by the population of
Nilsson states by protons and neutrons, respectively [41].
For the πh11/2 ⊗ νh11/2 bands the Ω ≈ 1/2 levels of the
πh11/2 orbital and the Ω ≈ 9/2 levels of the νh11/2 orbital
are occupied. Opposite, for the πh11/2 ⊗ νi13/2 bands the
Ω ≈ 7/2 levels of the πh11/2 orbital and the Ω ≈ 1/2 levels
of the νi13/2 orbital are occupied. For the πh9/2 ⊗ νi13/2

bands, again the Ω ≈ 1/2 levels of the πh9/2 orbital
and the Ω ≈ 7/2 levels of the νi13/2 orbital are filled.
Hence, a similar behaviour of the πh11/2 ⊗ νh11/2 and
πh9/2 ⊗ νi13/2 bands can be expected opposite to that of
the πh11/2⊗νi13/2 bands. The effect of the p-n interaction
is clearly influenced by the particle and hole character of
the participating quasiparticles. Systematic calculations
of inversion spins with the particle-rotor model including
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residual proton-neutron (p-n) interactions are desirable to
elucidate this point.

The increase of the inversion spin of the πh9/2⊗νi13/2

bands with neutron number maybe related to the obser-
vation that the crossing frequency for the alignment of the
first νi13/2 quasineutron pair in the πh9/21/2−[541] bands
in the neighbouring odd-proton nuclei generally also in-
creases with neutron number [34]. Both effects should be
explained on the same footing.

4 Summary

A semidecoupled πh9/2⊗νi13/2 band consisting of two E2
sequences connected by strong mixed M1/E2 transitions
has been newly established in 172Lu. The nucleus has been
populated in a 170Er(7Li,5n) reaction at 51 MeV and the
emitted γ-radiation was detected with the GASP array.
The band shows a signature splitting and a signature in-
version (the states with the signature α = 0 lie lower in
energy than the α = 1 levels) up to the highest observed
spin.

From a systematics of the inversion spin, at which the
signature splitting reverts to the normal order, for the
πh9/2 ⊗ νi13/2 bands of odd-odd nuclei with 69 ≤ Z ≤ 79
and 93 ≤ N ≤ 105 it was found that the inversion spin is
fairly constant for nuclei with the same N −Z, that for an
isotopic chain the inversion spin increases with increasing
neutron number N and that for an isotonic chain, the in-
version point decreases with increasing proton number Z.
For 172Lu an inversion spin of 28.3� has been predicted.
From a systematics of the level energies of these semide-
coupled bands a change of the spins by 1� for these bands
in 180Re, 182,184Ir and 184,186Au has been proposed.
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980110 and HPRI-CT-1999-00083. Financial support from the
Deutsche Forschungsgemeinschaft (DFG) by the grants 436
BUL 17/7/02 and 17/6/03 for stays of Ts.V. in Jülich is grate-
fully acknowledged.
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