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First evidence of an octupole rotational band in Ge isotopes
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The spectroscopy of 71Ge has been investigated via the fusion-evaporation reaction 74Ge(α, α3n) 71Ge. Col-
lective structures including a rotational band built on the 15/2− octupole state in 71Ge have been established. The
observation of strong E1 transitions and the well-behaved rotational sequence built on the 15/2− octupole state
provide the first experimental evidence of an octupole rotational band in Ge isotopes, suggesting an enhanced
octupole correlation around N = 40 in the A ≈ 70 region. A newly developed semimicroscopic cluster model
provides a good description of the octupole characteristics of 71Ge.
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As one of the fundamental properties of atomic nuclei,
symmetries of nuclear shapes have long been of great interest
in nuclear structure physics. Throughout the nuclear chart,
most nuclei are known to have reflection-symmetric shapes.
With the breaking of reflection symmetry in the intrinsic
frame, some nuclei appear to have an octupole deformation,
i.e., pearlike shapes [1,2]. The occurrence of octupole de-
formations can be ascribed to the strong coupling between
the orbitals in the intruder subshell (l , j) and the orbitals in
the normal-parity subshell (l − 3, j − 3). Nazarewicz et al.
have proposed that the nuclei with maximal octupole coupling
(i.e., the best candidates for static octupole deformation) occur
when particle numbers are around 34, 56, 88, and 134, which
were called the “octupole driving particle numbers” (ODPNs)
[3]. To date, clear experimental evidence of octupole defor-
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mation has been found in the A ≈ 145 and 225 regions [4–6],
showing that the ODPNs 56, 88, and 134 are fully justified.
The explorations of strong octupole effects in other mass
regions are still in progress [2,7].

Recently, particular attention has been paid to nuclei in the
A ≈ 70 mass region. Octupole correlations between multiple
chiral doublet bands have been observed in 78Br [8], which
indicates that the simultaneous breaking of space reflection
symmetry and chiral symmetry is possible in one single nu-
cleus. In this region, octupole correlations are associated with
the g9/2 and p3/2 subshells. The Strutinsky calculations by
Nazarewicz et al. have suggested that the light Ge and Se iso-
topes would be stable but rather soft with respect to octupole
deformation [3,9]. Systematic investigations on the behavior
of the 3− octupole states by Cottle [10] revealed that the
best candidates for the maximal octupole collectivity in the
light Ge and Se isotopes are N = 40 isotones 72Ge, 74Se, and
neighboring nuclei. Mean-field calculations [7] and Skyrme
Hartree-Fock-Bogoliubov (HFB) calculations [11] have also
shown that octupole deformation may occur around N = 40.
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In general, the experimental fingerprints of strong oc-
tupole correlations [2,9] are the observation of enhanced E1
and/or E3 transitions linking the excited bands to alternat-
ing opposite-parity yrast bands, as well as the presence of
octupole bands with normally ordered levels built upon 3−
octupole states in even-even nuclei or octupole states in odd-A
nuclei (i.e., 15/2− from the coupling of the intruded g9/2

particle to the 3− octupole state in the A ≈ 70 mass re-
gion). For the Se isotopes, such an octupole rotational band
built on a 3− octupole state has already been observed in
74Se [12,13]. In contrast, although a negative-parity band
above the 3− octupole state has been established in 72Ge,
detailed analyses suggested that this sequence may have a
multiquasiparticle structure rather than be a pure octupole ro-
tational band [14,15]. This situation also happens in the lighter
even-A 66–70Ge isotopes [16–18]. For the odd-A Ge isotopes,
the experimental information about the negative-parity bands
is somewhat scarce and very often only several irregularly
spaced negative-parity levels above the 15/2− octupole states
are known [19]. Therefore, no firm evidence of an octupole
rotational band in Ge isotopes has been found to date. Fur-
ther exploring the octupole collectivity in the A ≈ 70 region,
especially around N = 40, will be crucial to answer the long-
standing question to what extent the octupole collectivities
would manifest themselves in the A ≈ 70 region.

In this Letter, we report an experimental investiga-
tion of the collective structure of odd-A 71Ge via the
74Ge(α, α3n) 71Ge fusion-evaporation reaction. In the previ-
ous spectroscopy studies of 71Ge, only some individual states
were observed [20]. In the present work, a rotational band
built on the 15/2− octupole state in 71Ge is established. The
observation of the strong E1 transitions and the well-behaved
rotational sequence above the 15/2− octupole state provide
the first experimental evidence of an octupole rotational band
in the Ge isotopes. The octupole properties of 71Ge are inves-
tigated in terms of a newly developed semimicroscopic cluster
model.

The present experiment was performed at the Sepa-
rated Sector Cyclotron of iThemba LABS in South Africa.
The high-spin states of 71Ge were populated via the
74Ge(α, α3n) 71Ge fusion-evaporation reaction at beam en-
ergies of 58.6 and 62.6 MeV. The target consisted of a
2.85-mg/cm2 74Ge metallic foil with a 10.80-mg/cm2 carbon
backing. In-beam γ rays were measured with the AFRODITE
array [21], which consisted of eight Compton-suppressed
clover detectors and two low-energy photon spectrometers at
the time of the experiment. The clover detectors were arranged
in two rings at 90◦ (four clovers) and 135◦ (four clovers) with
respect to the beam direction.

Approximately 1.9 × 109 γ -γ coincident events were col-
lected, from which a symmetric matrix was built. The level
scheme analysis was performed using the RADWARE package
[22]. To determine the multipolarities of the γ -ray transi-
tions, two asymmetric angular distributions from oriented
states (ADO) [23] matrices were constructed by using the γ

rays detected at all angles (the y axis) against those detected
at 90◦ and 135◦ (the x axis), respectively. The multipolari-
ties of the emitted γ rays were analyzed by means of the
ADO ratio, which was defined as Iγ (at 135◦)/Iγ (at 90◦). The

TABLE I. The measured ADO ratios (RADO) and the linear polar-
izations for the linking transitions between band 2 and bands 1,3,4.

Eγ (keV) RADO Linear polarization Iπ
i → Iπ

f

314.1 0.78(12) 0.21(8) 19/2− → 17/2+

521.1 1.65(18) 19/2− → 15/2−

877.8 0.68(17) 15/2− → 13/2+

887.6 1.43(9) 15/2− → 11/2−

923.4 1.28(9) 0.43(9) 17/2− → 13/2−

1113.1 0.57(10) 19/2− → 17/2+

1664.7 0.79(7) 0.34(16) 15/2− → 13/2+

typical ADO ratios for stretched quadrupole and stretched
pure dipole transitions are found to be ≈1.2 and ≈0.8,
respectively. Furthermore, to distinguish the electric and
magnetic character of the γ rays, the linear polarization mea-
surements [24] were performed using the four clover detectors
positioned at 90◦ relative to the beam direction as Compton
polarimeters.

The partial level scheme of 71Ge deduced from the present
work is shown in Fig. 1. It was constructed from the γ -γ
coincidence relationships, intensity balances, ADO ratios, and
linear polarizations. The typical γ -ray spectra which support
the proposed level scheme are shown in Fig. 2. For the light
odd-A Ge isotopes, the p1/2, p3/2, f5/2, and g9/2 neutron or-
bitals are near the Fermi surface. It has been known that the
negative-parity 1/2− ground state, 5/2− level at 174.9 keV,
and 3/2− level at 499.9 keV (bandhead of band 1) in 71Ge
have major p1/2, f5/2, and p3/2 configurations, respectively,
while the positive-parity 9/2+ level at 198.4 keV and 7/2+
level at 589.7 keV (bandheads of bands 3 and 4, respectively)
have the major g9/2 components [25–27]. The low-lying levels
below 2.4 MeV shown in Fig. 1 have been identified in many
previous experiments, and spin-parities have been assigned
to most of these levels except the 1949.3-keV level of band
1 [20]. The present analyses confirm these low-lying levels
and support the previous spin-parity assignments. As shown in
Figs. 2(a)–2(d), with the gates on the known γ -ray transitions
in 71Ge, many new coincident γ -ray transitions in bands 1,
2, 3, and 4 are observed. The present ADO analyses suggest
that the new 941.0-, 976.2-keV transitions in band 1 and the
new 574.4-, 826.2-, 1061.3-, 1175.6-, 1254.4-, 1386.8-keV
transitions in band 2, as well as the new 1285.6-, 1294.1-
, 1315.2-, 1416.3-, 1630.3-keV transitions in band 3 and
the new 1138.1-, 1222.0-keV transitions in band 4, all have
quadrupole transition characters. The γ -ray decays of 867.0,
1037.9 keV in band 1 and 1314.9 keV in band 4 for which
the ADO ratios could not be extracted are also assumed to be
stretched E2 transitions.

Here, of particular interest is the new band 2. As presented
in Table I, the measured ADO value 0.79(7) and the linear
polarization 0.34(16) suggest an E1 nature for the strong
1664.7-keV transition. Furthermore, according to the ADO
value, the 887.6-keV transition decaying to the 11/2− level
in band 1 has a quadrupole character, while the 877.8-keV
transition decaying to the 13/2+ level in band 4 has a dipole
character. Based on these experimental results, the spin-parity
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FIG. 1. Partial level scheme of 71Ge. Energies are given in keV and widths of the arrows are proportional to their relative intensities.

15/2− is firmly assigned to the level at 2837.2 keV (bandhead
of band 2).

The observed strong E1 transitions between the negative-
parity band 2 and the positive-parity g9/2 bands (3 and 4),
as well as the rotational pattern built on the 15/2− state,
imply that the 15/2− state has an octupole nature (i.e., the
coupling of the g9/2 particle to the 3− octupole state) and
that band 2 is an octupole rotational band. Figure 3(a) shows
the excitation energies of the 15/2− states (relative to the
yrast 9/2+ states) in odd-A Ge isotopes [28,29], as well as
the excitation energies of the 3− states in even-A Ge isotopes
[15–18,30]. It can be seen that the excitation energy of the
candidate 15/2− octupole state in 71Ge follows the trend of
smoothly decreasing energy with increasing neutron number
and has the lowest observed energy in the odd-A Ge isotopes,
suggesting an enhanced degree of octupole driving collectivity
towards the new optimal octupole driving particle number
N = 40 [10].

To investigate the octupole collectivity above the 15/2−
state, the experimental B(E1, 314.1 keV)/B(E2, 574.4 keV)
branching ratio of the 19/2− state in 71Ge is extracted and
compared with those in the neighboring odd-A Ge isotopes
[28,29] in Fig. 3(b), as well as that in the octupole-deformed
nucleus 220Ra [31]. As shown in Fig. 3(b), the 71Ge nu-
cleus has a strong B(E1)/B(E2) branching ratio value of
2.76(58) × 10−6 fm−2, which is significantly larger than those
of neighboring odd-A Ge isotopes and is on the same level
with 220Ra, indicating that 71Ge can well maintain its octupole
collectivity above the 15/2− octupole state.

It has been suggested that, for a nucleus with stable
octupole shape, pronounced alignment may be absent at fre-
quencies where it is observed in reflection-symmetric nuclei
and a delayed band crossing is expected instead [32,33]. The
alignments as a function of rotational frequency for band 2
in 71Ge, together with that for the negative-parity band built
on the 3− in 72Ge [15], are plotted in Fig. 4. The negative-
parity band in 72Ge displays two obvious upbends at ≈0.25
MeV and ≈0.50 MeV, which were interpreted as transitions
from octupole to two-quasiparticle structure and from two-
quasiparticle to four-quasiparticle structure [15], respectively.
In contrast, band 2 in 71Ge shows a relatively flat behavior up
to at least ≈0.60 MeV, which is consistent with the picture
expected for the octupole rotational band [1,2]. Note that the
lack of alignment in band 2 cannot be simply explained by the
blocking effect of the odd neutron in 71Ge, as an alignment
of a g9/2 proton pair was expected to happen at 0.5 MeV as
in neighboring isotones 73Se [34] and 75Kr [35]. Cottle and
Bignall have made a systematic investigation of the influence
of nuclear rotation on the candidates of octupole bands in the
even-even Zn, Ge, Se, Kr, Sr, and Zr isotopes in this region
[36]. They found that only in four even-even nuclei, 74Se,
76,78Kr, and 82Sr, do the octupole bands persist with octupole
collectivity to high angular momenta above 7h̄. The behavior
of band 2 in 71Ge up to the largest observed spin indicates
that the octupole nature in 71Ge can also be retained to high
angular momenta as in 74Se, 76,78Kr, and 82Sr, which provides
a first candidate of an octupole rotational band in the odd-A
nuclei in this region.

L011303-3



C. G. WANG et al. PHYSICAL REVIEW C 106, L011303 (2022)

FIG. 2. Coincident spectra for 71Ge, gated on the (a) 853.2 +
926.9 keV transitions, (b) 974.1 + 1121.6 keV transitions, (c) 391.3
keV transition, and (d) 1664.7 keV transition. Transitions of 71Ge
are marked in red. The peaks marked with asterisks are known
contaminants, and the peaks marked with triangles are not included
in the partial level scheme of Fig. 1. The inset in (b): Coincident
γ -ray spectrum gated on the 314.1 keV transition.

To further investigate the octupole properties in 71Ge,
theoretical calculations have been performed with a newly
developed semimicroscopic cluster model for odd-A sys-
tems [37]. The Hamiltonian consists of the rotational and
vibrational energies of the even-even core, the quasiparti-
cle energies, and the coupling between the core and the
valence particle. The collective motion of the even-even
core is described in the framework of the dinuclear system
(DNS) [38–43] on the assumption that cluster-type shapes are

FIG. 3. (a) Excitation energies of the 15/2− states (relative to
the yrast 9/2+ states) in odd-A Ge isotopes [28,29], and the 3−

and 2+ states in even-A Ge isotopes [15–18,30]. (b) The experi-
mental B(E1)/B(E2) branching ratios of 19/2− state in 71Ge in
comparison with experimental values in the neighboring odd-A Ge
isotopes deduced from [28,29], and the octupole-deformed nucleus
220Ra deduced from [31]. The average B(E1)/B(E2) branching ratio
with experimental uncertainty for the octupole band in 220Ra is dis-
played as the shaded region. Inset in (a): The neutron single-particle
levels originating from the g9/2 and p3/2 orbitals in odd-A Ge
isotopes.

ω 

α = − α = +

FIG. 4. Aligned spins as a function of the rotational frequency
for bands 2 in 71Ge and the negative-parity band in 72Ge [14,15].
Harris parameters of J0 = 3.5h̄2/MeV and J1 = 17.0h̄4/MeV3 have
been assumed.
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FIG. 5. The calculated excitation energies (in MeV) and intra-
band B(E2) values (in e2fm4) are compared with the experimental
data of the octupole bands in 71Ge and 74Se. The ratios of the
intrinsic quadrupole moments Q0(s) (from spectroscopic properties)
and Q0(t ) (from E2 transitions) are shown on the right side of
the calculated levels. The experimental data of 74Se are taken from
Ref. [13].

produced by the motion of the system in the mass-asymmetry
degree of freedom. The mass-asymmetry is defined as (A1 −
A2)/(A1 + A2) [39], where A1 and A2 represent the masses
of two clusters. The quasiparticle energies are obtained from
the two-center shell model (TCSM) [44] at the deformations
corresponding to the minimum of the potential energy surface.
In view of quadrupole and octupole degrees of freedom in this
region, to provide an appropriate description of the coupling
between the core and the valence particle for odd-A nuclei,
here, the coupling term is expanded in multipoles (quadrupole
and octupole) as in Ref. [45].

For 71Ge, TCSM predicts the ground state minimum with
the quadrupole deformation β2 = −0.21, which agrees well
with the previous predictions β2 = −0.20 by the finite-range
droplet model [46]. The present calculations indicate the
octupole band in 71Ge is originated from the K = 7/2+ quasi-
particle state coupling to the K = 0− collective octupole core
(with β30 octupole phonon excitation). Figure 5 shows the
calculated results of the octupole band in 71Ge along with
those in 74Se. The calculated spectra agree well with the
experiment for both nuclei. The theoretical B(E2) values
increase smoothly with spin and are comparable with the
experimental data in 74Se [13]. The present calculations also
suggest the concerned bands have good rotor characters. As
is well known, the intrinsic quadrupole moment [written as
Q0(s)] can be deduced from the spectroscopic quadrupole
moment [47]. Moreover, for the rotational states, the intrinsic
quadrupole moment [written as Q0(t )] can be also deduced
from the B(E2) value of the E2 transition [47]. In the case of
a good deformed rotor, these two definitions of the intrinsic
quadrupole moments should be equal to each other [48,49].
As shown in Fig. 5, the calculated ratios of the intrinsic

quadrupole moments Q0(s) and Q0(t ) are close to unity for
both bands in 71Ge and 74Se, revealing their good rotor char-
acters.

The calculated B(E1) value from the 19/2− level of band 2
to 17/2+ level of band 4 is 1.0 × 10−4 e2fm2, which is larger
than the available experimental B(E1) value (5− → 4+) of
1.6(5) × 10−6 e2fm2 for the octupole band in 74Se [50], and
lies in between the available experimental B(E1) values of
octupole bands in Ra isotopes around A ≈ 220, for example it
is smaller than the 3.0(11) × 10−3 e2fm2 value for 5− → 4+
in 222Ra [51] and larger than the 9.5(71) × 10−5 e2fm2 value
for 5− → 4+ in 224Ra [4]. In addition, both the experimental
observation and calculations show that the E1 decay probabil-
ity from band 2 to band 4 is stronger than that to band 3, which
may indicate that the positive-parity partner of the octupole
band in 71Ge is band 4.

It is well known that the octupole deformation works
generally in conjunction with the dominant quadrupole de-
formation, which usually make pairs of orbitals with � j =
�l = 3 orbitals closer in energy, allowing an enhanced oc-
tupole coupling. Recent theoretical studies for lanthanide and
actinide nuclei indicate that the inclusion of the quadrupole-
octupole coupling provides a good description of key octupole
spectroscopic properties in these regions [52–56]. As shown
in Fig. 3(a), when the neutron number increased from 38 to
40, the first 2+ state in even-A Ge isotopes decreases rapidly,
reflecting the increase of quadrupole collectivity. Here, the
neutron single-particle levels with different K around the
Fermi surface for odd-A Ge isotopes have been calculated
by TCSM. The levels originating from the neutron g9/2 and
p3/2 orbitals, which play a major role in octupole correlations,
are plotted in the inset of Fig. 3(a). It can be seen that the
spacing between these single-particle levels decreases with
increase in neutron number and a high level density occurs
around 71Ge, which leads to the strong octupole correlation
in this nucleus. So far, theoretical studies of quadrupole-
octupole coupling in the A ≈ 70 mass region have not been
performed in much detail and are much anticipated in the
future.

In summary, high-spin states of 71Ge have been produced
via the fusion-evaporation reaction 74Ge(α, α3n) 71Ge. The
collective structure of 71Ge has been established and an oc-
tupole rotational band is identified for the first time based
on its rotational pattern, large experimental B(E1)/B(E2)
branching ratios, and the lack of alignment. A newly devel-
oped semimicroscopic cluster model gives a good description
of the octupole characteristics of 71Ge. The octupole collective
structure observed in 71Ge suggests an enhanced octupole
correlation around N = 40 in the A ≈ 70 region, which is
helpful for a comprehensive understanding of the spontaneous
breaking of the fundamental spatial reflection symmetry in
nuclear chart. To have a deeper insight into the distinct role of
the odd nucleon in forming octupole collective structure in the
light mass region, more experimental and theoretical studies
are highly desired.
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