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Shape coexistence and octupole correlations in 72Se
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In the present paper, we report the results from the study of excited states in the 72Se nucleus using the
50Cr(28Si, α2p) 72Se fusion evaporation reaction at a beam energy of 90 MeV. The deexciting γ rays were
detected using the Indian National Gamma Array (INGA). A total of ten new γ -ray transitions have been
identified using the γ -γ coincidence technique. The Kπ = 0+

2 band based on an isomeric state has been extended
up to a (10+) state at 5.473 MeV excitation energy, and four new interconnecting transitions have been placed
between this band and yrast band. Further, the enhanced interconnecting E1 transitions between positive- and
negative-parity bands suggest the existence of octupole correlations in this nucleus. The characteristics of the
observed bands in the experiment have been interpreted in terms of the total Routhian surface (TRS) calculations.
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I. INTRODUCTION

Atomic nuclei are unique many-body quantum systems
where a variety of shapes arise due to several spontaneous
symmetry breakings, leading to a class of new phenomena
involving shape evolution and shape coexistence. The ob-
served shapes in turn are closely linked to the shell structure of
nuclei [1]. Most such studies in the past have generally been
carried out in the heavier mass regions where unique parity
high-spin orbitals are available and are responsible for many
unusual features. Nearly all the shape related phenomena such
as shape coexistence [2] and shape evolution [3], octupole
correlations [4], and chiral doublet bands [5] are influenced
by a favorable shell structure and the unique parity intruder
orbitals near the Fermi energy.

Strong empirical evidence for shape coexistence has
emerged from the observation of low-lying isomers in the
even-mass nuclei having Z = 31 to 42; it has been noticed
that the first 0+ excited states of 11 such nuclei lie below the
average pairing energy in the mid-shell A ≈ 70 mass region.
Such low-lying low spin isomerism is most likely to arise
due to a hindrance caused by a shape transition [6]. This
interpretation is supported by the strong monopole strengths
observed in light mass Se, Kr, and Zr isotopes as highlighted

*ttrivedi1@gmail.com

by Wood et al. [7], which is now considered a signature of
shape mixing phenomenon. Nuclei belonging to these iso-
topes in the middle of the proton shell from Z = 28 to 50
have been the focus of many studies in the recent past [8–11].
The neutron deficient 74,76Kr isotopes provide firm experi-
mental evidence of prolate-oblate shape coexistence where
the ground state shows prolate character while the structure
built on 0+

2 state corresponds to a deformed oblate shape [8].
Theoretical calculations based on Hartree-Fock-Bogolyubov
calculations within a configuration-mixing formalism have
also supported the shape evolution from oblate to prolate
along Kr isotopes as neutrons increase and shape coexistence
among states having the same spin and parity but different
shapes within the same nucleus [12]. The even-even neutron-
deficient Kr nuclei also exhibit some key signatures of shape
coexistence such as low-lying 0+ excited states and mixing
of shapes in the low-lying bands, which are supported by the
beyond-mean-field calculation [13]. Recent interacting boson
model (IBM) calculations have also supported such interpreta-
tions [14], using a boson Hamiltonian obtained by a mapping
a mean-field approach based on the Gogny energy density
functional and a relativistic mean-field (RMF) Lagrangian.
The presence of shape coexistence has also been established
in 70,72Ge isotopes. The behavior of the intruder 0+

2 state in the
70Ge nucleus is explained using the potential-energy surface
calculations by the Nilsson-Strutinsky model [15] whereas
the simple two-state mixing model and multistate mixing
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calculations within the framework of the triaxial rotor model
have been used to interpret the experimental results for the
72Ge nucleus [16].

In neutron-deficient Se isotopes, the nature of oblate-
prolate shapes of the 0+ ground state and the first excited 0+
state is quite sensitive. It has been suggested that there is a
shape change from prolate near the line of stability to an oblate
shape on approaching the N = Z line at the ground state. The
observation of shape coexistence in 72Se was first proposed
by Hamilton et al. [17]. It was suggested that the low-lying
0+

2 state, being the bandhead of the Kπ = 0+ deformed ro-
tational band, coexists with the vibrational states associated
with the spherical ground state. Fischer et al. [18] used the
GAMMASPHERE to study the N = Z 68Se nucleus with a
conclusion that the ground band has an oblate character while
the excited 0+ band has a prolate character from the measured
moments of inertia. However, Hurst et al. [19] proposed a pro-
late shape for the first 2+ state in 70Se from the spectroscopic
quadrupole moment measured via low-energy Coulomb ex-
citation in combination with the result of an earlier lifetime
measurement of the 2+

1 state. Later, the lifetime measurement
of the 2+

1 state in 70Se [20] led to a re-interpretation of the
Coulomb-excitation data of Hurst et al. [19] with a conclusion
that an oblate shape is more favored than a prolate shape.
In the same experiment, Ljungvall et al. also deduced the
lifetime of the 2+

1 state in 72Se where the rapidly increasing
B(E2) suggested an increased mixing of oblate and prolate
configurations for the low-spin states. These experimental
observations were interpreted by Hartree-Fock-Bogolyubov-
based configuration-mixing calculations [20]. The calculation
predicted the evolution of the ground-state band from oblate to
prolate shapes only with the 6+

1 state in 70Se while quick evo-
lution towards prolate deformation is suggested from the 4+

1
state in 72Se. Moreover, the microscopic calculations of light
Se isotopes based on the adiabatic self-consistent collective
coordinate method [21,22] predicted an admixture of oblate
and prolate shape for the 2+

1 state, while I � 4+ states were
shown to possess an increasing prolate character in 72Se. The
oblate and prolate minima are quite shallow, and an admixture
is always possible, which, however, becomes weak with in-
creasing rotational frequency, an effect termed by the authors
as a rotational hindrance to shape mixing. However, the recent
measurement of the quadrupole moment of 2+

1 from Coulomb
excitation [23] demonstrated that this state is predominantly
prolate in the 72Se nucleus. Apart from this, shape coexistence
was also recently established in 74Se [24] where the low-lying
states are described as a set of nearly spherical vibrational lev-
els strongly mixed with deformed prolate structure. Therefore,
the nature of shape coexistence in Se isotopes continues to be
debated, and it appears that these are soft transitional nuclei
that may shift their character quickly even with a light touch.

It is well known that one of the important observable char-
acteristics of triaxiality in deformed nuclei is the observation
of a γ band built on the excited 2+ state. Such a sequence
of states in the γ band has been observed in 74,76Kr iso-
topes [8]. The theoretical study based on the mixing of axial
mean-field configurations performed by Bender et al. [25]
and configuration-mixing calculation including the triaxial

degree of freedom by Girod et al. [12] suggested that the
inclusion of triaxiality plays an important role in explaining
the shape coexistence in light Kr isotopes. The rotational in-
variants obtained for the ground-state band, excited 0+ states,
and γ band in 72Ge in a recent extensive Coulomb-excitation
study [16] point to the coexistence of two triaxially deformed
configurations associated with 0+

1 and 0+
2 states. The rigid-

triaxial deformation in 76Ge was proposed from the odd-even
staggering of the γ band [26] which was later confirmed in
a model-independent study of the quadrupole triaxial degree
of freedom based on measured E2 matrix elements [27]. A
similar staggering pattern, consistent with the γ -rigid triaxial
model of Davydov and Filippov, has also been observed in the
78Ge nuclei [28]. Further, the γ band has also been reported
in neutron deficient 70,74,76Se [29–31] isotopes.

Another interesting phenomenon is the occurrence of
reflection-asymmetric octupole shape, which arises due to the
coupling of normal parity and unique parity intruder orbitals
having an angular momentum difference of �l = � j = 3h̄
near the Fermi surface. The octupole shape structure causes a
separation between the center of mass and the center of charge
of a given nucleus, yielding enhanced E1 transitions [32].
Extensive studies of this symmetry breaking phenomenon
have been carried out in the actinide region having A ≈ 220
to 230 and Z ≈ 86 to 92, N ≈ 131 to 141, where closely lying
high-spin (g9/2, j15/2) neutron orbitals, and ( f7/2, i13/2) proton
orbitals come close to the Fermi surface, and their coupling
may lead to an octupole shape or correlation [4,33,34]. How-
ever, the mid-shell A ≈ 70 mass region is a comparatively
less explored region where the existence of normal parity p3/2

orbital and the intruder g9/2 orbital may lead to asymmetric
shape structures. Although the spins involved are rather low in
light nuclei, both neutrons and protons occupy the same set of
valence orbitals, and this may reinforce the effect. Recently,
the 78Br nucleus has stood out to be a significant example
exhibiting octupole correlations in this region [11], whereas
Bhattacharya et al. have reported the presence of octupole
correlations in 73Br by observing enhanced E1 transitions be-
tween positive- and negative-parity bands [10]. Therefore, the
neighboring Se isotopes having Z = 34 suggest the possibility
of observing octupole collectivity in 72Se.

In light of the above discussion, detailed γ -ray spec-
troscopy has been carried out to probe the presence of such
distinguishable features in the 72Se nucleus. The excited Kπ =
0+

2 band has been extended up to (10+) state at the excitation
energy of 5.473 MeV with the addition of three new γ -ray
transitions in the cascade. Moreover, four new crossover tran-
sitions have been placed between the yrast band and excited
Kπ = 0+

2 band, while one new dipole transition is observed
between the positive-parity 0+

2 band and a negative-parity
band. The low spin band has also been extended up to the
excitation energy of 3.281 MeV. The directional correlation
of oriented nuclei ratio, angular distribution from oriented nu-
clei, and linear polarization measurements have been carried
out to assign the spin and parity of the states. The properties of
the rotational bands observed up to high spins are compared
with the total Routhian surface (TRS) calculations to support
our interpretation and arrive at reasonable conclusions.
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FIG. 1. Partial level scheme of 72Se based on the present work and the previous studies [17,39–41]. The newly observed transitions in the
present work (labeled in red font) are marked by asterisks, while the transitions labeled in green font were observed previously in the low-lying
structure of 72Se studied following β decay of 72Br [42] as well as in the present study. The transition energies are in keV. The level energies,
marked in magenta color, are rounded off to the nearest keV.

II. EXPERIMENTAL DETAILS

High-spin states of 72Se were investigated using the
50Cr(28Si, α2p) 72Se reaction and Indian National Gamma
Array (INGA) at IUAC, New Delhi. A 28Si beam of 90 MeV
energy, provided by the 15UD Pelletron accelerator, was inci-
dent on a 50Cr target of thickness 550 μg/cm2 backed with 12
mg/cm2 gold. The deexciting γ rays were detected using 17
Compton-suppressed clover detectors during the experiment.
The detectors were placed at five different angles of 32◦,
57◦, 90◦, 123◦, and 148◦. The coincidence data, sorted in a
γ -γ matrix, was analyzed using the RADWARE [35,36] and
ROOT [37] software packages. Further, an asymmetric matrix
consisting of events detected by the clover detectors at 148◦ on
one axis and 90◦ on the other axis was constructed to assign
the multipolarities of the γ rays based on the directional cor-
relation of oriented nuclei ratio (DCO ratio) measurements.
Similarly, for angular distribution from oriented nuclei (ADO)
ratio measurement, the angle-dependent matrices were built
by taking events in 148◦ or 90◦ detectors along one axis
and all other detectors along the second axis. A total of
9 × 108 γ -γ coincidence events were collected in event-by-
event mode. The details of the experimental setup can be seen
in Refs. [3,10,38].

III. DATA ANALYSIS AND RESULTS

A. Level scheme

The partial level scheme of 72Se deduced from the present
work along with the previous studies [17,39–41] is shown
in Fig. 1. As reported in these references, the positive-parity

yrast band and the negative-parity bands have been confirmed
in the present study. In addition, ten new transitions have
been identified and placed in the level scheme. Previously,
Hamilton et al. [17] reported the 0+

2 and 2+
2 states at excita-

tion energies of 937 and 1316 keV, respectively. Lieb et al.
[39] had tentatively proposed the 1878-keV state to be the
(4+) member of this 0+

2 band, which was later assigned by
McCutchan et al. [42] to have a 0+ spin and parity. However,
in the present study, this (band B) has been extended up to the
(10+

2 ) state with excitation energy of 5.473 MeV by placing
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FIG. 2. A portion of the background subtracted spectrum ob-
tained by gating on 454.5 keV transition of band B in 72Se. The red
colored asterisk-marked energies denote the newly placed transitions
in the level scheme.
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FIG. 3. A portion of the background subtracted spectrum gated on (a) 862.0-keV and (b)1136.1-keV transitions, indicating the transitions
of band C in 72Se. The insets (i) and (ii) in panel (a) show 1136.1-, 1125.8-, and 1130.0-keV transitions and a higher energy 2261.9-keV
transition decaying from 3(+)

1 → 2+
1 states, respectively. The red colored asterisk-marked energies denote the newly placed transition in the

level scheme. The transition labeled in green font was observed previously in the low-lying structure of 72Se studied following β decay of 72Br
[42] as well as in the present work.

three new γ -ray transitions with energies 1087.5, 1025.9, and
1067.4 keV. The representative spectrum from the 454.5-keV
transition gate confirming these transitions is shown in Fig. 2.
The relative intensities of the transitions of band B were deter-
mined from 454.5-, and 976.7-keV transition gates. Moreover,
two new �I = 0 interconnecting transitions (914.5 and 981.6
keV) along with two new �I = 2 transitions (1744.5 and
1939.6 keV) have been placed between yrast band A and band
B. Similarly, one new interconnecting �I = 1 transition with
energy 535.6 keV has been placed between negative-parity
band D and positive-parity band B. Another low-spin band
C has been extended up to the 4(+)

3 state having an excita-
tion energy of 3.128 MeV. The transitions (1136.1, 1125.8,
and 1130.0 keV) have been placed according to the relative
intensities measured from the 862.0-keV transition gate. The
representative spectrum confirming the presence of this band
is shown in Fig. 3. It is noteworthy to mention that the tran-
sitions having energies 656.6, 1998.1, and 2261.9 keV in the
low-lying structure of 72Se were observed for the first time
in a heavy-ion reaction, although these were previously seen
in the β-decay study of 72Br [42]. However, the 1061.7-keV
transition, decaying from the 2+

3 to the 0+
2 state, as reported

in Ref. [42], has not been observed in the present work. The
relative intensities of the γ -ray transitions are listed in Table I.
The intensity uncertainties include systematic errors which

are estimated to be 5% for 200 � Eγ � 1000 keV and 10%
for energies outside of this range.

B. Angular correlation and polarization measurements

The spin, parity, and nature of γ -ray transitions were
assigned using the directional correlation of oriented states
(DCO) ratio method, angular distribution from oriented nuclei
(ADO) ratio, and linear polarization measurements, respec-
tively. The measurement procedure of DCO and ADO ratios
for the geometry of the present experimental setup has been
discussed in Ref. [10]. When the gating transition is on a
stretched quadrupole transition, the RDCO value is ≈1.0 for
a stretched quadrupole transition and ≈0.5 for a stretched
dipole transition. Similarly, the gate on a stretched dipole tran-
sition gives RDCO ≈ 2.0 for a quadrupole transition and ≈1.0
for a pure dipole transition. However, due to the unavailability
of pure gating transitions and poor statistics, the multipolari-
ties of γ rays are also obtained using the angular distribution
from oriented nuclei (ADO) ratio method [10]. The typical
values of the ADO ratios have been found for stretched dipole
and quadrupole transitions as 0.9 and 1.9, respectively. In the
present study, the spin of the 2293-keV state is modified to
be 4+

2 instead of the previous spin assignment as (2) [42]
based on the measured RDCO = 1.05(15) and Rθ = 2.38(0.38)
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TABLE I. Excitation energies (Ei) of levels, spin-parity assignments for the initial (Iπ
i ) and final (Iπ

f ) states, γ -ray transition energies (Eγ ),
relative intensities (Iγ ), DCO ratios (RDCO), ADO ratios (Rθ ), polarization asymmetries (�), and multipolarities of the γ rays observed in the
high-spin decay of 72Se.

Ei (keV)
(
Iπ
i

) → (
Iπ

f

)
Eγ (keV)a Iγ RDCO Rθ � Assignment

862.0 2+
1 → 0+ 862.0 100.0 1.05(11) 2.29(25) 0.114(10) E2

937.0 0+
2 → 2+

2 75.0b

1316.4 2+
2 → 0+

2 379.2 0.7(1) 2.11(31) (E2)
1316.4 2+

2 → 2+
1 454.5 5.2(6) 0.82(15) 1.73(22) 0.058(39) �I = 0, M1/E2

1316.4 2+
2 → 0+ 1316.4 3.1(3) 0.95(14) 2.10(31) (E2)

1636.7 4+
1 → 2+

1 774.6 84.5(42) 0.98(10) 2.19(24) 0.018(11) E2
1636.7 4+

1 → 2+
2 320.3 0.26(2)

1998.1 2+
3 → 2+

1 1136.1 2.2(3) 1.12(18) 1.87(22) 0.127(89) �I = 0, M1/E2
1998.1 2+

3 → 0+ 1998.1 0.33(4)
2293.1 4+

2 → 2+
2 976.7 1.4(1) 1.05(15) 2.38(38) (E2)

2293.1 4+
2 → 4+

1 656.6 0.21(2)
2293.1 4+

2 → 2+
1 1431.4 3.0(3) 1.08(15) 1.90(26) (E2)

2405.0 (3−
1 ) → 2+

2 1089.0
2433.0 3−

1 → 2+
2 1116.7 0.2(1) 1.26(21) (E1)

2433.0 3−
1 → 2+

1 1571.3 5.0(5) 0.60(10) 1.35(16) (E1)
2466.7 6+

1 → 4+
1 829.9 56.8(28) 0.94(10) 2.10(23) (E2)

3123.9 3(+)
2 → 2+

1 2261.9 0.16(3)
3123.9 3(+)

2 → 2+
3 1125.8 0.5(1) 0.43(8) 1.10(20) (M1/E2)

3128.1 4(+)
3 → 2+

3 1130.0 0.4(1) 0.96(12) 1.96(33) (E2)
3172.5 5−

1 → 3−
1 739.5 2.4(1) 1.01(14) 2.00(26) (E2)

3172.5 5−
1 → 4+

2 879.0 2.0(1) 0.51(9) 0.93(15) 0.099(90) E1
3172.5 5−

1 → 4+
1 1536.0 8.6(9) 0.55(7) 1.18(14) 0.053(32) E1

3349.4 5−
2 → 4+

1 1713.1 3.4(4) 0.62(9) 1.19(14) (E1)
3380.5 6+

2 → 4+
2 1087.5 2.6(2) 1.25(21) 1.92(32) (E2)

3380.5 6+
2 → 4+

1 1744.5 0.5(1) 1.84(34) (E2)
3380.5 6+

2 → 6+
1 914.5 0.37(4)

3424.8 8+
1 → 6+

1 957.9 25.7(13) 0.90(9) 1.91(21) (E2)
3522.0 6(−)

1 → 5−
1 348.5 3.1(2) 0.57(8) 1.11(12) (M1)

3522.0 6(−)
1 → 5−

2 172.6 2.0(2) 0.61(8) 1.24(13) (M1/E2)
3770.1 7−

1 → 6(−)
1 248.0 1.8(1) 0.57(8) 1.27(15) (M1)

3770.1 7−
1 → 5−

1 597.0 2.0(1) 0.97(17) 2.07(29) (E2)
3770.1 7−

1 → 6+
1 1303.0 8.6(9) 0.63(8) 1.24(15) 0.026(23) E1

3916.5 7−
2 → 5−

1 744.1 5.8(4) 1.10(14) 2.14(25) 0.132(92) E2
3916.5 7−

2 → 6+
2 535.6 0.2(1)

3916.5 7−
2 → 6+

1 1450.8 3.7(4) 0.45(6) 0.86(10) 0.073(57) E1
4406.5 8+

2 → 6+
2 1025.9 1.2(2) 1.12(21) 1.80(34) (E2)

4406.5 8+
2 → 6+

1 1939.6 0.13(1)
4406.5 8+

2 → 8+
1 981.6 0.32(3)

4504.1 10+
1 → 8+

1 1079.3 7.1(4)
4713.1 8(−)

1 → 7−
1 942.5 1.6(1) 0.66(10) 1.12(19) (M1/E2)

4762.0 9−
1 → 7−

2 845.5 8.8(5) 0.88(11) 2.09(25) (E2)
4762.0 9−

1 → 8+
1 1338.5 0.8(1) 0.54(10) 1.35(17) (E1)

4762.0 9−
1 → 8+

2 (355.6)
4762.0 9−

1 → 7−
1 992.9 3.7(2) 0.89(12) 1.91(23) (E2)

5473.5 (10+
2 ) → 8+

2 1067.4 0.13(2)
5710.1 12+

1 → 10+
1 1206.0 2.6(3)

5830.2 11−
1 → 9−

1 1068.5 7.7(8) 0.75(10) 2.00(26) (E2)
7037.6 14+

1 → 12+
1 1327.5 1.2(1)

7042.9 13−
1 → 11−

1 1212.6 0.35(5) 1.03(21) 1.75(35) (E2)
8090.5 (14−

1 ) → 13−
1 1047.0 0.19(2)

8494.6 16+
1 → 14+

1 1457.6 0.20(3)

aThe uncertainty in the Eγ values is 0.5 keV for Eγ � 1450 keV and 1.0 keV for other values.
bThe transition has been identified and placed as per Ref. [17].
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FIG. 4. Angular distribution plot of the 1571.3-keV transition
measured from the 862 keV gate by the clover detectors placed
at angles 32◦, 57◦, 90◦, 123◦, and 148◦. The values of attenuation
coefficients obtained by fitting the curve are a2 = −0.24(6) and
a4 = 0.12(9).

values of the 976.7-keV transition. To assign the spin of
the states in the positive-parity bands B and C, RDCO and
Rθ values have been obtained using 976.7- and 862.0-keV
quadrupole transition gates, respectively. The interconnecting
transition at 1431.4 keV is found to be E2 in nature with an
RDCO value of 1.08(15). The dipole nature of the interconnect-
ing 879.0-keV energy transition (between band D and band
B) is confirmed and assigned from the RDCO = 0.51(9) and
Rθ = 0.93(15) values, respectively. However, the Rθ value is
used to determine the dipole nature of the 1116.7-keV inter-
connecting E1 transition. Similarly, the 1136.1-keV energy
transition in band C is assigned to be �I = 0, M1/E2 based
on the RDCO = 1.12(18) and Rθ = 1.87(22) values. Prior to
the present work, the spin of the state at 3124 keV energy
was assigned as (4+) [42], which is modified to 3(+)

2 based on
the RDCO = 0.43(8) and Rθ = 1.10(20) values of 1125.8-keV
transition. The quadrupole nature of the new γ -ray transition
at 1130.0 keV, decaying from 4(+)

3 to 2(+)
3 states, is as-

signed from the RDCO = 0.96(12) and Rθ = 1.96(33) values.
Moreover, based on the angular distribution of the decaying
1571.3-keV transition, the spin assignment of the state having
excitation energy 2433 keV has been modified to 3− from
the previous value of 2+ [42]. The angular distribution of
1571.3-keV transition has been measured from the 862.0-keV
gate, using the following polynomial;

W (θ ) = A0[1 + a2P2 cos(θ ) + a4P4 cos(θ )], (1)

where the attenuation coefficients a2 and a4 have been deter-
mined from the χ2 minimization of the normalized efficiency
yield W (θ ) at different angles. Figure 4 shows the angular
distribution plot of the 1571.3-keV transition measured from
the 862-keV transition gate at different angles (32◦, 57◦, 90◦,
123◦, and 148◦). The experimental values of a2 = −0.24(6)
and a4 = 0.12(9) have been compared with the theoretical
contour plot of the same as shown in Fig. 5. The χ2 mini-
mization method has been used to extract the δ = +0.04(6),
suggesting its dipole character.

The clover detectors at 90◦ act as a Compton polarime-
ter, which facilitates the determination of linear polariza-
tion of the observed γ -ray transitions. The polarization

-1.5 -1 -0.5 0 0.5 1
a2

-0.4

-0.2

0

0.2

0.4

0.6
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a4

expt
3→2
2 →2

-50 0 50
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-1δ (degrees)

1

10

100

χ2

δ = +0.04 (6)

(a)

(b)

FIG. 5. (a) Comparison between the experimental and theoretical
contour plots of attenuation coefficients (a2 and a4) at different values
of δ for the 1571.3-keV transition. (b) The variation of χ2 with
respect to tan−1 δ gives a minimum for δ = +0.04(6).

information along with the multipolarity assignments from
RDCO and Rθ measurements give a comprehensive picture of
the spin-parities of the associated levels. The linear polariza-
tion P(θ ) is related to the polarization asymmetry (�) and
polarization sensitivity (Q) in terms of the following relation
[43]:

P(θ ) = �
Q

. (2)

The polarization asymmetry of a Compton scattered photon
has been defined as

� = a(Eγ )N⊥ − N‖
a(Eγ )N⊥ + N‖

, (3)

where N⊥ (N‖) is the number of counts of γ -ray transitions
lying perpendicular (parallel) to the scatterer. The value of
the correction factor a(Eγ ) has been taken from Ref. [10].
To determine the experimental asymmetry, two asymmetric
matrices were constructed with coincidence events corre-
sponding to parallel and perpendicular segments of the clover
detectors (with respect to the emission plane) along one axis
and coincident events corresponding to all the detectors of the
array on the other axis [10].
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TABLE II. The deduced polarization [P(θ )], measured polarization asymmetries (�), and calculated polarization sensitivity (Q) of the
γ rays produced in the experiment. The angular distribution coefficients (a2 and a4) were taken from Refs. [45] and [46] for 75Kr and 76Kr,
respectively.

Nucleus Eγ (keV) a2 a4 P(θ ) � Q

75Kr 377.8 0.28(7) −0.07(4) 0.45(8) 0.170(56) 0.38(10)
76Kr 423.9 0.31(1) −0.14(1) 0.48(1) 0.136(27) 0.34(3)
75Kr 582.8 0.28(8) −0.05(4) 0.46(9) 0.143(18) 0.31(9)
75Kr 689.6 0.33(4) −0.04(2) 0.57(4) 0.150(18) 0.26(5)
76Kr 1020.1 0.39(2) −0.13(3) 0.67(3) 0.112(59) 0.17(7)
76Kr 1188.0 0.30(2) −0.16(3) 0.44(4) 0.058(51) 0.13(6)

The polarization sensitivity Q is a measure to characterize a
Compton polarimeter and is calculated using pure transitions
from different residual nuclei populated in the present reac-
tion. The sensitivity parameter was determined using Eq. (1)
(as presented in Table II), where the polarization asymmetry
of the pure quadrupole transitions was obtained from the
present analysis. The linear polarization P(θ ) measurement
has been carried out using the Klein-Nishina formula [44]
in which the angular distribution coefficients a2 and a4 were
taken from Refs. [45,46] for 75Kr and 76Kr respectively. Fig-
ure 6 represents the fitted curve of the Q parameter using the
following relation [43]:

Q = Q0(a + b × Eγ ), (4)

where Q0 represents the polarization sensitivity of an ideal
Compton polarimeter and is defined as

Q0 = 1 + α

1 + α + α2
(5)

with α = Eγ (keV )
511 . The parameters a and b, having the values

of 0.532(91) and −1.33(62) × 10−4, are obtained from the
least square-fitting method. A positive value of the linear po-
larization indicates the electric nature of the transition, while
a negative value indicates the magnetic nature.

In the present study, the positive value of the linear po-
larization ratio suggests that the 454.5-keV transition and
interconnecting 879.0-keV transition are electric in nature. It
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FIG. 6. Polarization sensitivity of the clover detectors placed at
90◦ of the INGA array used in the experiment. The solid line repre-
sents the fitted curve of the experimental data points.

is worth mentioning that the error of the linear polarization
measurement (shown in Table I) was extracted using the error
propagation method as described in Ref. [47]. Moreover, to
probe the nature of the �I = 0, 454.5-keV transition, the mix-
ing ratio was extracted using the RDCO-polarization method.
The ANGCOR program [48] was used to calculate the theoreti-
cal RDCO with the variation of δ over a range of −50 to +50.
The width of the substate population (σ/ j) = 0.3 was calcu-
lated from the 879.0-, 1338.5-, and 1536.0-keV E1 transitions
observed in the present study and found to be consistent with
the value mentioned by Rajbanshi et al in Ref. [49]. The
contour plot in Fig. 7 shows a comparison of the experimental
RDCO and polarization values. The χ2 minimizations of the
experimental RDCO and polarization were determined using
the formula mentioned in Ref. [50]. The calculated values
of RDCO and polarization were varied by varying the mixing
ratio (δ), and corresponding χ2 values were calculated. The
minimum shown in the χ2 versus tan−1 δ plot (Fig. 7) gives
δ = −5(3).

IV. DISCUSSION

A. Kπ = 0+ bands

As pointed out in the Introduction, one of the important
signatures of shape coexistence is the presence of low-lying
0+

2 isomers, which lie below the pairing energy. These isomers
often carry a strong E0 monopole strength to the ground 0+
state suggesting shape mixing. In particular, the excited 0+
state of 72Se lies only 75 keV above the 2+

1 . In a global study
of E0 properties across the nuclear chart, Wood et al. [7]
classified the Se isotopes from N = 38 to 42, which are all
far from the closed shells, as good examples of shape-mixing
nuclei due to the large monopole strength in the range of
ρ2(E0; 0+

2 → 0+
1 ) = 31 to 38 × 10−3 single-particle units.

The 0+
2 of 72Se is a low-lying isomeric state having a mean

life of 22.8(14) ns, which supports shape coexistence in this
nucleus [6,17].

In Fig. 8, we compare the kinematic moment of inertia J (1)

of yrast and 0+
2 bands in the 72Se nucleus with the neighboring

even-even Se isotopes. The smoothly evolving ground state
band of 68Se is interpreted as a collective oblate rotation
band [18]. A similarity between the structure of the 0+

2 band
B in 72Se and the excited band, built on 2+ state, in 68Se
is observed in the given plot. A back-bending for both the
bands is observed at around 0.6 MeV, and after that the ex-
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FIG. 7. (a) The variation of RDCO as a function of the polarization
at different mixing ratio (δ) for the 454.5-keV transition in 72Se.
(b) The minimum of the χ 2 vs tan−1 δ plot gives the mixing ratio
δ = −5(3).

cited band of 68Se shows prolate-like structure [18]. The yrast
band A of 72Se is observed to exhibit an anomalous behavior
up to spin 4+ state and a transition to prolate-like structure
after I � 6+ similar to the yrast band of 70Se [29]. The ex-
perimental observation in 72Se is quite consistent with the
results obtained from the theoretical model calculation based
on the adiabatic self-consistent collective coordinate (ASCC)
method [21,22], where the transition to dominant prolate-like
structure is seen to take place from the 4+

1 state. The calculated
vibrational wave function shows that the 0+

1 wave function
attains a maximum at oblate shape and then extends to prolate
shape. In the ground state band the 2+

1 state shows consid-
erable mixing of oblate-prolate shape, and with the increase
of angular momentum dominant prolate character is seen in
the wave functions of 4+

1 and 6+
1 states. Further, the increase

in the negative values of spectroscopic quadrupole moments
for 2+

1 , 4+
1 and 6+

1 states, obtained from the microscopic
calculation using a five-dimensional quadrupole collective
Hamiltonian, reflects the developing prolate character with
increasing rotational angular momentum [22]. On the other
hand, the spectroscopic quadrupole moment calculated from
the shell model calculation using the pairing-plus-multipole
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FIG. 8. Comparison of the kinematic moment of inertia J (1) for
positive-parity yrast band A and the shape coexisting band B in 72Se
with those of neighboring Se isotopes.

Hamiltonian with the monopole interaction shows the transi-
tion from oblate to prolate structure from the 8+

1 state [51].
Additionally, the rapidly increasing B(E2) of the ground state
band, calculated from the lifetime measurements of 72Se,
supports its evolution to prolate-like structure [20]. The neg-
ative values of spectroscopic quadrupole moment at 4+

1 and
6+

1 states obtained from the Hartree-Fock-Bogolyubov-based
configuration-mixing calculations agrees well with this exper-
imental observation. Thus, the strong configuration mixing of
oblate and prolate structure in the low-lying states, predicted
from a number of theoretical calculations [20–23,51], might
explain the irregular behavior of both Kπ = 0+ bands.

In the present study, we have observed several E2 and
�I = 0, M1/E2 transitions linking the two coexisting 0+
bands. The RDCO polarization method has been used to ex-
tract the M1/E2 character of the interconnecting �I = 0,
454.5-keV transition. The δ = −5(3) value of the mixing ratio
suggests that the transition is nearly pure E2 in nature, which
was also predicted in the previous study by McCutchan et al.
having δ = +11+11

−4 [42]. The B(E2; 2+
2 → 2+

1 ) value calcu-
lated from the currently measured mixing ratio, branching
ratio, and previous lifetime [41] is found to be 108(5) W.u.
The present experimental value is comparable to the previ-
ously obtained B(E2; 2+

2 → 2+
1 ) value [=75(5) W.u.] [42].

From the IBM-1 with configuration mixing (IBM-CM) calcu-
lation [42], it is seen that the B(E2; 2+

2 → 2+
1 ) value attains

a maximum for an axial oblate structure and then rapidly
decreases for smaller value of control parameter χ . Thus, the
B(E2) strength of 72Se studied from the present work and
the β decay of 72Br support the population of two different
configurations, where the ground state is probably slightly
oblate deformed but soft to vibrations, while the excited levels
are built on considerable prolate deformation [42].

B. γ-vibrational band

The nuclei lying in the transitional Z ≈ 34 region are
susceptible to triaxiality. In particular, for even-even 74,76Se
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[30,31] isotopes the low-lying excited 2+ state (γ bandhead)
exhibits the significance of triaxiality in their nuclear struc-
ture. The odd-even staggering parameter S(J ) [52], being a
differential parameter, is sensitive to energy spacing. It is con-
sidered one of the most crucial parameters for the γ band. For
example, in the γ independent potential model (γ soft), the
grouping of energy levels are 2+

γ , (3+
γ , 4+

γ ), (5+
γ , 6+

γ ), ..., while
the rigid triaxial rotor exhibits clustering of energy levels in
the form of (2+

γ , 3+
γ ), (4+

γ , 5+
γ ), ...patterns. In the present study,

a γ vibrational band (band C) has been identified and placed
at an excited 2+

γ state having an energy of 1998.1 keV along
with 3(+)

γ and 4(+)
γ states with 3123.9- and 3128.1-keV level

energies, respectively. The S(4), being a quantitative param-
eter to measure the degree of γ softness, is calculated to be
−1.36, which is close to the vibrator structure [52]. In a recent
study with IBM calculation based on the Gogny-D1M energy
density functional [53], the theoretical energy difference be-
tween the 3+

γ and 4+
γ states is around 0.5 MeV whereas in

the present study the experimental level energies of both the
states overlap. The B(E2; 2+

γ → 2+
1 )/B(E2; 2+

γ → 0+
1 ) ratio

is calculated to be 1.11(25) using the observed mixing ra-
tio [δ = −0.10(24)] for the �I = 0, 1136.1-keV transition.
However, due to limited statistics, the staggering parameter
of this band is not known beyond 4+

γ and so no definite
conclusion can be drawn.

C. TRS calculations

In the present work, three quadrupole bands consisting of
two positive-parity bands and one negative-parity band have
been identified. The structural behavior of 72Se nucleus has
been interpreted in terms of cranking shell model (CSM) cal-
culations employing the triaxial Woods-Saxon single-particle
potential and a monopole pairing residual interaction [54].
In these calculations, self-consistent deformation parameters
(β2, β4, γ ) for different quasiparticle configurations were
evaluated for different rotational frequency (ω) values. The
pairing energies �p, �n were allowed to decrease smoothly
with ω and the values of �p and �n drops to half of their initial
values at critical frequency ωc [10]. Finally, a β2-γ mesh is
generated from the TRS calculations for the bands of 72Se.

In the previous TRS calculations [40] the mesh diagram
of the 72Se nucleus at ground state displays γ -soft nature
along with one prolate (γ = 0◦) minimum and two oblate
minima (≈60◦ and ≈ −60◦) with β2 = 0.25. In order to
gain clarity about the quadrupole deformation for the second
minimum in the potential energy surface, we have plotted
[shown in Fig. 9(a)] the single-particle energy as a function
of quadrupole deformation with constant values of triaxiality
(γ = 0◦), β4, and rotational frequency (0.05 MeV). It has been
shown that the neutron single-particle energy minimizes at
β2 = 0.25 for γ = 0◦. With this β2 parameter, we have also
plotted the single-particle energy as a function of triaxiality
using the same condition, which is shown in Fig. 9(b). It
points out that the νg9/2 orbital plays the most crucial role
to create a shape driving force at low frequency and thus
generates the three minima in neutron single-particle energy
with γ = 60◦, 0◦, and −60◦, respectively. It is noteworthy
that the third potential minimum is very weak (γ = −60◦)
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FIG. 9. (a) Calculated single-particle energy as a function of
β2 for fixed triaxiality and hexadecapole deformation parameters
(γ , β4) = (0◦, 0.013) at rotational frequency h̄ω = 0.05 MeV for
the positive-parity positive signature (PPPS) band. (b) Calculated
single-particle energy as a function of the triaxiality parameter γ

for the fixed quadrupole and hexadecapole deformation parameters
(β2, β4) = (0.25, 0.013) at rotational frequency h̄ω = 0.05 MeV for
the positive-parity positive signature band (PPPS).

compared to the other two minima in the 72Se nucleus. Apart
from this, the structure of the ground state band of the 72Se
nucleus has also been compared with neighboring even-even
nuclei. The TRS calculations for ground-state rotational bands
of the even-even 70,72,74Se isotopes display γ - soft nature,
which increases from the 70Se nucleus to the 74Se nucleus. In
the case of the heavier 74Se isotope, the strong γ -soft behavior
(β2 = 0.23 and γ = −60◦) has been observed at the ground
state (h̄ω = 0.00 MeV) [55], whereas three distinct shapes
have been observed for 70,72Se with less γ -soft nature [40].
This suggests that the structure of 72Se nucleus lies between
the vibrator and γ -soft nucleus.

To discuss the quasiparticle alignment process for the dif-
ferent bands in the 72Se nucleus, the alignment of angular
momentum (ix) as a function of rotational frequency is shown
in Fig. 10. A reference rotor based on the Harris parameters
[56], J0 = 11 h̄2/MeV and J1 = 16 h̄4/MeV3, has been sub-

014322-9



A. MUKHERJEE et al. PHYSICAL REVIEW C 105, 014322 (2022)

0.4 0.5 0.6 0.7
h
_ ω (MeV)

-4

-2

0

2

4

6

i x (
h_ )

Band D
Band B
Band A

FIG. 10. The plot of aligned angular momentum ix as a function
of rotational frequency (h̄ω) for positive-parity bands A and B along
with negative-parity band D in 72Se.

tracted. It shows that the first and second band crossings for
the yrast band have been observed at ≈0.4 and ≈0.9 MeV,
respectively. Apart from this, the first band crossing for the
negative-parity band D has been observed at 0.55 MeV. The
observed band crossing in 72Se has been compared with the-
oretical CSM calculations in the framework of the universal
Woods-Saxon potential [54]. The single-particle energy plot
as a function of rotational frequency is shown in Fig. 11,
where the quadrupole deformation parameter β2 = 0.33 and
triaxiality γ = −4◦ have been used. The calculations show the
first band crossing at h̄ω = 0.45 MeV occurring due to proton
and neutron positive-parity orbitals. This crossing is compara-
ble with the first yrast band crossing, which may be attributed
to the rotational alignment of a pair of g9/2 quasiparticles
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FIG. 11. Calculated single-particle (a) proton and (b) neutron
energy levels for Z = 34 and N = 38 corresponding to the 72Se
nucleus. The positive-parity, positive and negative signature and
negative-parity, positive and negative signature orbitals are denoted
by solid green line, dotted blue line, small-dashed red line, and
wide-dashed magenta line, respectively.
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FIG. 12. (a) Frequency ratios ω−/ω+ and (b) Energy difference
�E (I ) between negative- and positive-parity bands, as a function
of spin deduced from the present work, are compared with those of
154Dy [57], 220Ra [4], and 150Sm [58].

(protons and neutrons), whereas the second band crossing
has been found due to the presence of second and third g9/2

quasiparticles (protons and neutrons) at h̄ω ≈ 1.05 MeV.

D. Octupole correlations

Octupole correlations in atomic nuclei arises due to mixing
between the normal parity orbital and an intruder orbital,
which differ in angular momentum by 3h̄ units [34]. In the
present study of 72Se (with Z = 34 and N = 38), the protons
(and/or neutrons) might occupy a p3/2 normal parity orbital
and a g9/2 intruder orbital resulting in reflection asymmetric
structure. To estimate the degree of octupole deformation, the
ratio of ω−/ω+ is one of the significant signatures, which is
defined as follows [57]:

ω−(I )/ω+(I ) = 2
E (I + 1)− − E (I − 1)−

E (I + 2)+ − E (I − 2)+
(I even), (6)

ω−(I )/ω+(I ) = 0.5
E (I + 2)− − E (I − 2)−

E (I + 1)+ − E (I − 1)+
(I odd), (7)

where ω− is the rotational frequency of the negative-parity
octupole band, and ω+ is the rotational frequency of the
positive-parity band. The value of this ratio is equal to 1 for
perfectly reflection-asymmetric nuclei [4]. From Fig. 12(a), it
is observed that the ω−/ω+ ratios for the yrast band (band A)
paired with the octupole band (band D) in 72Se lie between
0.8 and 0.9. On the other hand, the ratios of ω−/ω+ for the
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TABLE III. Calculated B(E1)/B(E2), intensity, B(E1), and intrinsic dipole moment D0 values for the octupole band from present
experiment compared with those of 73Br, 116Xe, 114Xe, 117Xe, and 125Ba. The uncertainties of 117Xe and 125Ba are not available in Refs. [64]
and [63], respectively.

B(σλ)
Nucleus Eγ (keV)

(
Iπ
i

) → (
Iπ

f

) B(E1)
B(E2) (×10−6 fm−2) (W.u.) D0 (e fm)

72Se 879.0 5− → 4+
2 0.204 (6)

535.6 7− → 6+
2 0.04 (11) 0.85(10) × 10−4 0.029(2)

1535.8 5− → 4+
1 0.16 (11)

1450.8 7− → 6+
1 0.03 (11) 0.72(10) × 10−4 0.027(2)

1338.5 9− → 8+
1 0.012 (13) 0.20(3) × 10−4 0.014(1)

73Br [10] 781.9 (11/2)− → (9/2)+ 0.017(6) 0.46(9) × 10−4

933.3 (15/2)− → (13/2)+ 0.004(6) 0.64(6) × 10−4

114Xe [62] 211.0 5− → 6+ 0.9(2) × 10−4

116Xe [62] 772.0 9− → 8+ 0.9(2) × 10−4

117Xe [64] 759.7 13/2+ → 11/2− 0.025 0.35 × 10−4 0.024
923.4 17/2+ → 15/2− 0.030 0.53 × 10−4 0.028
967.7 21/2+ → 19/2− 0.045 0.90 × 10−4 0.035
911.2 25/2+ → 23/2− 0.065 1.36 × 10−4 0.043
757.3 29/2+ → 27/2− 0.106 2.29 × 10−4 0.055

125Ba [63] 475.0 25/2+ → (23/2)− 0.05(1) 0.8 × 10−4

777.0 23/2+ → (21/2)− 0.18(3) 3 × 10−4

807.0 19/2+ → (17/2)− 0.07(2) 1 × 10−4

680.0 15/2+ → (13/2)− 0.015(7) 0.15 × 10−4

631.0 13/2+ → (11/2)− 0.027(8) 0.2 × 10−4

Kπ = 0+
2 band coupled with the octupole band (band D) lie

between 0.7 and 0.9. The values of this ratio lie within a
similar range for the ground state (gsb) and excited band of
154Dy [57] as well as the excited band of 150Sm [58], where
octupole correlations were established.

Moreover, in the alternating bands of even-even nuclei,
the low-lying negative-parity sequences shifting up relative to
the positive-parity sequence can also be interpreted in terms
of the condensation of rotation-aligned octupole phonons,
developed by Frauendorf [59]. According to this model, the
octupole phonons align with the axis of rotation of the de-
formed nucleus forming an yrast line of alternating parity
[58]. This can be explained in terms of the energy difference

�E (I ) = E−(I ) − E+(I + 1) + E+(I − 1)

2
(8)

between the odd-phonon negative-parity bands and the even-
phonon positive-parity bands. When the energy difference
[�E (I )] is positive, the positive-parity states are yrast, while
the energy difference has a negative value for negative-parity
yrast states. It has been shown in Ref. [59] that when the
one phonon band crosses the zero phonon band, the sign of
�E changes at the crossing. Thereafter, the attenuation in the
growth of −�E is caused when the π = + band predomi-
nantly transforms to a two-phonon state. The second crossing
occurs when the two-phonon band crosses the one-phonon
band and again the sign of �E changes. The change in the
sign of �E (I ) with increasing rotational frequency in 220Ra
[4] and 150Sm [58] [see Fig. 12(b)], shows that the negative-
parity state becomes yrast, but the same is not observed in
the ground-state band (gsb) of 154Dy [57]. The positive-parity
yrast band of 72Se shows a behavior similar to the gsb of
154Dy; however, the Kπ = 0+

2 band coupled with the octupole

band shows a crossing with increasing spin around the 7−
state. But information about further possible crossings is lim-
ited due to lack of available measurement for higher spin
states. Hence, the structure of 72Se has much less resemblance
to the tidal wave mechanism of Frauendorf.

Another significant property of pear-shaped reflection
asymmetric nuclei is the occurrence of enhanced E1 transi-
tions. Typical values of the reduced transition strength B(E1)
for the enhanced E1 transitions are relatively large (rang-
ing between 10−2 and 10−4 W.u.) compared to the normally
observed B(E1) values (less than 10−5 W.u.) [4]. We have
identified, for the first time, the occurrence of E1 transi-
tions of similar strength, decaying from the levels of the
negative-parity band to both the Kπ = 0+ bands in the A ≈ 70
mass region [60]. Table III represents a comparative study
of octupole correlations observed in various nuclei in terms
of B(E1) values. The B(E1) values for the E1 transitions
decaying from the negative-parity band D to the yrast band
A and Kπ = 0+

2 band B have been calculated using the life-
time values reported in Ref. [61]. These values are in good
agreement with those of 73Br [10], 114,116Xe [62], and 125Ba
[63]. Additionally, it has been reported that the values of the
intrinsic electric dipole moment D0 are quite low for the oc-
tupole correlations in the 117Xe nucleus [64]. We also observe
such low values in the 72Se nucleus. Similar to the 150 mass
region, the observation of these decaying E1 transitions from
the negative-parity band to both Kπ = 0+ bands in the 72Se
isotope might be attributed to the presence of strong mixing
between the two positive-parity bands.

Further, the E3 moments arising from the quadrupole-
octupole shapes are considered to provide direct information
related to octupole collectivity. As reported in Ref. [65], the
range of E3 transition strength for different Se isotopes lies
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FIG. 13. Variation of the excitation energy of 3− state for differ-
ent Se isotopes [65].

in the range 9–13 W.u., whereas for Sm isotopes the value
varies within 10–39 W.u., specifically for 150Sm the value
is 33(3) W.u. Thus, from the strength of E3 transitions, it
is observed that the octupole correlations in Se isotopes are
relatively weak compared to those of Sm isotopes. Also, the
unique parity orbital involved in the octupole excitation sig-
nificantly affects the energy of the 3− state [66]. We plot the
3− excitation energies of Se isotopes in Fig. 13. We notice
a parabolic behavior with a minimum close to 72Se, which
suggests that it has stronger octupole correlations than the
heavier Se isotopes.

V. SUMMARY

High-spin states in the 72Se nucleus have been investigated
via the 50Cr(28Si, α2p) 72Se reaction. A band based on the
second 0+

2 state has been extended up to the 10+ state. The

crossover �I = 0 and E2 transitions between yrast band A
and band B along with the mixing ratio of the �I = 0, 454.5-
keV interconnecting transition implicate the presence of shape
coexistence. Additionally, interband E1 transitions between
the octupole band D and 0+

2 band B as well as yrast band A
have been observed in the 72Se nucleus. The first observation
of enhanced E1 transitions, in the A ≈ 70 mass region, decay-
ing from the levels in the lowest negative-parity band (band
D) to the first excited 0+

2 band (band B) has been reported in
this study. The relative strength of E1 transitions along with
B(E1)/B(E2) ratio and the variation of frequency ratio with
respect to that of spin between positive- and negative-parity
bands suggests the presence of octupole correlations in this
nucleus. Moreover, the characteristics of the observed rota-
tional bands are well interpreted in terms of total Routhian
surface (TRS) calculations.
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