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Two opposite parity dipole sequences (DB I and DB II) in 142Eu have been investigated using the Indian 
National Gamma Array (INGA), and heavy-ion induced fusion-evaporation reaction, 116Cd(31P, 5n) at 
ELab = 148 MeV. The Configurations of these bands are assigned on the basis of tilted axis cranking 
covariant density functional theory (TAC-CDFT) calculations. The measured B(M1) and B(E2) rates of 
the DB I and DB II, have been well reproduced within the shears mechanism with the principal axis 
cranking model (SPAC) calculations leading to the conclusion that these bands have been based on the 
shears mechanism. The large B(E1) transition rates between DB I and DB II indicate the existence of 
octupole correlation in 142Eu that has also been corroborated through microscopic multidimensionally-
constrained covariant density functional theory (MDC-CDFT) calculations. Thus, the present investigation 
leads to the novel observation of the presence of octupole correlation between two shears band.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
The radiative transitions between non-degenerate energy states 
in the many-body quantum (fermions) system explicitly reveal the 
existence of perturbation in the interaction potential. The multi-
pole character of this perturbative potential plays a crucial role in 
exhibiting a diverse exotic mode of excitation in the different phys-
ical systems [1]. The atomic nuclei are the perfect example of the 
finite many-body quantum systems in which the multipole charac-
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ter of the perturbative Hamiltonian has one to one correspondence 
to the symmetry-breaking phenomena. The classical viewpoint of 
the breaking of the symmetry in mass, charge and current distri-
butions leads to the observation of the different types of exotic 
excitation mechanisms in the level structure of the atomic nuclei. 
Such multipole modes of excitation depend on the occupancy of 
the valence particles in the particular orbitals, which leads to var-
ious nuclear shapes. For closed-shell nuclei, the shape is perfectly 
spherical that evolve into axially deformed one for the mid-shell 
nuclei with a large number of nucleons outside the closed core. 
The quadrupole term of the perturbative interaction potential is 
actually responsible for the deformed shape which breaks the ro-
tational symmetry of the nuclear mass (charge) distribution. Such 
symmetry-breaking leads to the observation of the band structures 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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connected by intraband E2 transitions with large B(E2) strengths. 
The angular momentum in such systems is generated through col-
lective rotation around a principal axis and termed as Principal 
Axis Rotation (PAR) [2,3]. This mode of excitation has been success-
fully described in the framework of cranking shell model (CSM) 
calculations [4]. In this case, the signature is a good quantum num-
ber which leads to characteristic staggering in the �I = 1 transition 
energies and in the magnetic dipole transition rates (B(M1)). The 
electric quadrupole transition rates remain nearly constant. On the 
other hand, for weakly deformed nuclear systems which do not 
have any preferred axis of rotation, the rotation around a non-
principal axis (tilted axis rotation or TAR) is also permissible [5]. In 
case of such rotation (around a non-principal axis), the signature 
is no longer a good quantum number [2,5] and the phenomenon 
manifests itself in sequences of M1 transitions with increasing 
gamma-ray transition energies and decreasing B(M1) and B(E2)

values along with the band. Such band structures have been ob-
served for a large number of weakly deformed nuclei across differ-
ent mass regions and their characteristics have been well explained 
in the light of the Tilted Axis Cranking (TAC) calculations [6–14].

In a moderately deformed nucleus, however, a high spin band 
may originate due to an interplay of PAR and TAR. Such a band 
may simultaneously exhibit the staggering in the �I = 1 transition 
energies and a decrease in the B(M1) rates [15,16]. This is plausi-
ble since the M1 energy staggering originates due to the influence 
of the rotationally aligned nucleon while the falling trend of the 
B(M1) rate is governed by the deformation aligned nucleon.

The occupancy of the valence nucleons in the different shape 
driving orbitals may lead to the deviation of mass/charge distri-
bution from the spherical symmetry. Most of the deformed nuclei 
can be adequately described as an axial- and reflection-symmetric 
spheroid and most of the experimentally observed properties of 
the resulting band structures can be well reproduced in the calcu-
lations. Because such a shape is symmetric under space inversion, 
all members of the rotational band will have the same parity. 
However, reflection-asymmetric shapes can also play a role in the 
excitation mechanism, though they are not as stable as the famil-
iar quadrupole deformations [17]. Such a mode of excitation arises 
from the interaction between the opposite parity orbitals with �l = 
� j = 3 near the Fermi surface. The breaking of intrinsic reflec-
tion symmetry can be due to either static octupole deformation or 
dynamic octupole correlation. Both these modes of excitation will 
result in a separation between the center of mass and center of 
charge of the nucleus, thereby leading to the observation of the al-
ternating parity bands, which are connected by the enhanced E1
transitions [18].

In mass A ∼ 140 region, the d5/2 and h11/2 proton orbitals lie 
close together and near the Fermi surface, thereby, can form the 
basis for octupole interaction. Such pairs of orbitals couple via the 
Y30 operator inducing instability in the mean-field towards β3 de-
formations [19]. However, the d5/2 and g7/2 proton orbitals are 
almost degenerate in this mass region. This means that octupole 
correlation effects may be seen over a considerable range of proton 
numbers and/or might result in a dilution of the octupole effect 
from the proton orbitals [20].

The 142Eu (N = 79, Z = 63) nucleus has one proton hole and 
three neutron holes in π g7/2/d5/2 and νh11/2 orbitals, respectively, 
with respect to the semi-magic nucleus 146Gd (N = 82, Z = 64). 
The protons can be easily excited to the πh11/2 orbital, thus pro-
ducing a favorable configuration for shears mechanism [12–14,
21–26]. In conjunction, the occupancy of valence nucleons (pro-
ton particles and neutron holes) in the shape driving h11/2 orbital 
may lead to the deviation of mass/charge distribution from the 
spherical symmetry and the possibility of having spheroidal shape 
leading to rotational sequences [15,27]. In addition, the presence of 
Fig. 1. The partial level scheme of 142Eu obtained in the present work. The γ -ray 
energies are rounded off to the nearest keV. The newly observed γ -ray transitions 
are marked by an asterisk.

the proton particles in the d5/2 and h11/2 orbitals may lead to the 
appearance of octupole interaction. Therefore, the 142Eu nucleus is 
a prospective system for exhibiting the collective excitation, shears 
mechanism and the possible interplay between them, which is in-
dicative from the earlier reported level scheme [28]. Recently, the 
chirality [29] and octupole correlations in 124Cs [30] have been 
observed, which offers an example of the interplay between ax-
ially asymmetric and reflection-asymmetric shapes. Furthermore, 
the octupole correlations between multiple chiral doublet bands 
(MχD) [31] has been reported in 78Br [32], which is supported by 
the microscopic multidimensionally-constrained covariant density 
functional theory (MDC-CDFT) [33–35].

In order to explore the existence of the PAR and TAR modes 
and possible octupole correlation between them, the level struc-
ture of 142Eu nucleus has been investigated through the reaction 
116Cd(31P, 5n) at beam energy of ELab = 148 MeV. The 31P beam 
was obtained from the Pelletron Linac facility at TIFR, Mumbai. The 
target was 2.4 mg/cm2 of 116Cd (99% enriched) on 14.5 mg/cm2

Pb backing. The de-exciting γ rays were detected using the In-
dian National Gamma Array (INGA) which consisted of nineteen 
Compton-suppressed clover detectors (four detectors at 90◦ and 
each three at 40◦ , 65◦ , 115◦ , 140◦ , and 157◦ with respect to the 
beam direction) at the time of experiment. The data were sorted 
[36,37] into several symmetric and asymmetric Eγ - Eγ matrices 
and Eγ - Eγ - Eγ cube which were then analyzed subsequently 
with the RADWARE and the INGASORT packages [38–40]. The de-
tails of the experiment and data analysis procedures have been 
described in Refs. [21,22,24].

All the previously observed transitions in the negative parity 
structure and the positive parity states in 142Eu have been con-
firmed in the present work from the intensity, DCO ratio (RDC O ), 
ADO ratio (Rθ ), mixing ratio and polarization measurements [21,
22,24]. We have rearranged the positive parity states with spins 
from 10+ to 20+ in 142Eu into band DB I whereas the negative par-
ity structure reported earlier [28] has been labeled as DB II (Fig. 1). 
From the coincidence measurement two newly observed γ transi-
tions of energy 620.3 (15+ → 13+) and 413.0 (16+ → 14+)-keV 
were placed in DB I. Measured Rθ for 413.0-keV transition was 
found to be of 1.89(0.21) (∼ 1.6 for pure quadrupole) in agree-
ment with its E2 character. Weak nature of 620.3-keV transition 
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Table 1
Measured transition energies, branching ratio (Br), level lifetime (τ ), B(M1) (considering conversion coefficients and mixing ratio of the transitions of interest), B(E1) and 
B(E2) values of the DB I and DB II and the electric quadrupole and dipole moments (Q 0 and D0) of the DB II in 142Eu. The upward and downward arrows represent the 
lower and upper limit of the measured value, respectively.

Jπi
[h̄]

Eγ
a

[keV]
Br 
[%]

τ
[ps]

B(σ λ)b

[W.u.]
Jπi
[h̄]

Eγ
a

[keV]
Br 
[%]

τ
[ps]

B(σ λ)b

[W.u.]
Moment

DB I DB II

11+ 419.6 (M1) 100(4) 0.79+0.08
−0.08 0.55+0.06

−0.06 14− 126.7 (M1) 49(6) 4.2 ↓ 0.88 ↑
941.6 (E1) 21(3) 0.21 × 10−4 ↑ 2.13c ↑

12+ 303.2 (M1) 56(3) 0.75+0.10
−0.13 0.80+0.11

−0.14 15− 140.4 (M1) 89(8) 3.1 ↓ 1.84 ↑
722.8 (E2) 44(3) 55.14+7.35

−9.56 620.3 (E1) 11(2) 0.53 × 10−4 ↑ 3.28c ↑
13+ 569.8 (M1) 90(11) 0.40+0.17

−0.16 0.38+0.16
−0.15 16− 184.5 (M1) 89(8) 1.36+0.22

−0.24 2.43+0.39
−0.43

873.0 (E2) 10(2) 9.14+3.88
−3.66 325.0 (E2) 1(1) 37.60+6.08

−6.64 3.41+0.55
−0.60

d

646.6 (E1) 10(2) 0.98+0.16
−0.17 × 10−4 4.30+0.70

−0.76
c

14+ 461.7 (M1) 16(2) 0.90 ↓ 0.06 ↑ 17− 218.4 (M1) 91(9) 1.18+0.17
−0.18 1.95+0.28

−0.30

1031.5 (E2) 61(6) 10.76 ↑ 401.8 (E2) 2(1) 30.01+4.32
−4.58 2.92+0.42

−0.45
d

610.2 (E1) 7(2) 0.94+0.14
−0.14 × 10−4 4.14+0.60

−0.63
c

15+ 157.8 (M1) 98(10) 3.43+0.56
−0.49 1.50+0.24

−0.21 18− 394.3 (M1) 90(9) 0.89+0.15
−0.13 0.53+0.09

−0.08

620.3 (E2) 2(1) 1.18+0.19
−0.17 611.5 (E2) 5(1) 12.18+2.05

−1.78 1.82+0.31
−0.27

d

491.0 (E1) 5(1) 1.70+0.29
−0.25 × 10−4 5.51+0.93

−0.80
c

16+ 254.6 (M1) 98(10) 1.46+0.22
−0.19 1.11+0.17

−0.15 19− 425.4 (M1) 86(10) 1.17+0.25
−0.17 0.30+0.06

−0.04

413.0 (E2) 1(1) 10.57+1.59
−1.38 820.2 (E2) 6(1) 2.56+0.55

−0.37 0.81+0.17
−0.12

d

539.1 (E1) 8(2) 1.57+0.34
−0.23 × 10−4 5.22+1.11

−0.76
c

17+ 513.7 (M1) 89(7) 0.46+0.06
−0.05 0.45+0.06

−0.05 20− 540.7 (M1) 92(24) 1.10+0.17
−0.15 0.17+0.03

−0.02

768.5 (E2) 11(3) 16.54+2.16
−1.80 967.0 (E2) 8(3) 1.59+0.25

−0.22 0.62+0.10
−0.09

d

18+ 377.2 (M1) 64(7) 1.24+0.32
−0.28 0.30+0.08

−0.07 21(−) 562.0 (M1) 80(11) 0.46 ↓ 0.31 ↑
891.1 (E2) 36(5) 9.58+2.47

−2.16 1103.0 (E2) 20(4) 4.94 ↑ 1.07d ↑
19+ 783.4 (M1) 62(10) 0.74 ↓ 0.06 ↑

1161.2 (E2) 38(7) 4.51 ↑
20+ 585.0 (M1) 21(6) 0.81 ↓ 0.04 ↑

1368.6 (E2) 79(12) 3.77 ↑
aUncertainty in γ -ray energy is ± (0.1-0.3)-keV.
b Uncertainty in transition strength includes the uncertainty in lifetime only.
c Electric dipole moment (D0) in 10−2ef m.
dElectric quadrupole moment (Q 0) in eb.
leads to the tentative multipolarity assignment for the same. The 
present coincidence measurement also confirms three new weak 
cross-over 325.0 (16− → 14−), 401.8 (17− → 15−) and 611.5-keV 
(18− → 16−) E2 transitions which have been placed in between 
the states of DB II. The Rθ values for 325.0- and 401.8-keV transi-
tions were found to be 1.30(21) and 1.43(22), respectively, com-
mensurate with the E2 nature of these (cross-over) transitions. 
Piiparinen et al. had assigned E1 multipolarity to the four tran-
sitions of energy 1384.8, 941.6, 620.3, 646.6-keV through which 
dipole band DB II decays into DB I, based on their measured pure 
dipole character, resulting in a negative parity for DB II [28]. Mea-
sured RDC O and Rθ values for the 1384.8, 941.6, 620.3, 646.6-keV 
transitions are 0.47(7) and 0.66(7), 0.60(13) and 0.51(8), 0.48(8) 
and 0.68(6), and 0.53(8) and 0.66(7), respectively, thereby indi-
cating their dipole nature (RDC O ∼ 0.5 and Rθ ∼ 0.6 for the 
pure dipole transition). In the present study, three new γ transi-
tions of energy 610.2 (17− → 16+), 491.0 (18− → 17+) and 539.1 
(19− → 18+)-keV, connecting the states of DB I and DB II, have 
been observed (Fig. 1). The measured Rθ values of the 610.2, 491.0 
and 539.1-keV transitions are 0.73(5), 0.68(7) and 0.59(6), respec-
tively in compliance with their dipole character. Out of these seven 
connecting transitions polarization can be extracted for four transi-
tions (1384.8, 941.6, 620.3- and 646.6-keV). Measured polarization 
values of the 1384.8, 941.6, 620.3- and 646.6-keV transitions are 
+0.47(21), +0.34(23), +0.22(14) and 0.46(31), respectively, thereby 
confirming of their electric dipole nature (polarization is positive 
for the electric transition). The polarization of the remaining three 
transitions (610.2 keV, 491.0 keV, and 539.1 keV) could not be eval-
uated due to the lack of statistics. Nevertheless, the E1 character of 
these transitions was confirmed through the definitive spin-parity 
assignments of the respective initial and final states in DB I and 
DB II.

The level lifetimes of the ten levels (20+ to 11+) of DB I and 
eight levels (21(−) to 14−) of DB II in 142Eu have been extracted 
in the present work using the Doppler Shift Attenuation Method 
(DSAM). The Doppler shape of the transitions at 65◦ , 90◦ and 140◦
have been analyzed simultaneously with the help of the LINE-
SHAPE [41–43] package as per the procedure detailed in Ref. [22]. 
The 1368.6-keV (20+ → 18+) and 562.0-keV (21(−) → 20−) transi-
tions are the highest transitions of the dipole bands DB I and DB II, 
respectively, for which a clear Doppler shape has been observed in 
the experimental spectrum, wherefrom the effective lifetimes of 
0.81 ps and 0.46 ps have been extracted for the 20+ and 21(−)

states, respectively. The 19+ state of DB I feeds from 20+ state, 
topmost level of the DB I and 21+ state, the band-head of the 
dipole rotational like band [28]. Therefore the change in structure 
occurs beyond 20+ of DB I. For the shake of unknown nature of 
the side-feeding of the 21+ state (band-head of dipole rotational 
like band) an upper limit of the life time of 19+ state has been 
extracted. These are then used as the input parameters for obtain-
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Fig. 2. Comparison of the experimental B(M1) values as a function of spin for the 
DB I in 142Eu with the theoretical Dönau model (panels (a)) [44]. In panels (a) the 
solid black lines represent the calculated B(M1) values for before the back bending 
of DB I. The solid red and blue represents calculated values of B(M1) after the back 
bending of DB I assuming the proton hole pair occupancy in the nearly degenerate 
d5/2 and g7/2 orbitals, respectively. A better fit to the B(M1) values of the band 
DB I before back bending can be obtained where the two quasiparticles are treated 
as a common structure assuming the “common” two quasipaticle g factor (g2Q P ), 
alignment (i2Q P ) and projection along the symmetry axis (K2Q P ) as +1.35, 4h̄ and 
5h̄, respectively [45] represented by dotted line in panel (a). Panels (b), (c) and (d) 
show the comparison of the ω, B(M1) and B(E2) values against spin (I) for the 
DB I in 142Eu with the modified SPAC model calculations [46] represented by the 
solid red (χ = 3.0), blue (χ = 1.3), green (χ = 0.8) and black (χ = 0.6) lines.

ing the level lifetimes of the lower-lying states of the cascades. 
It is to be pointed out that in some cases the level of interest 
has been populated by more than one gamma transitions and the 
respective states have a finite lifetime. For example, 19− state of 
DB II, which decays via 425.4-keV transition, is populated by the 
540.7- and 1103.0-keV transitions de-exciting the 20− and 21(−)

levels of DB II, respectively. This information has been incorpo-
rated in the analysis by replacing the lifetime of the (top) feeding 
in-band level by the intensity weighted average of the lifetimes of 
the two feeding states. For the 14+ level of the DB I, several tran-
sitions have been found to depopulate from the state. It is difficult 
to define proper branching ratio and side-feeding intensity param-
eters to the lineshape fitting of the transition depopulating this 
state. Therefore, an upper limit of the level lifetime for this state 
has been extracted. A similar situation arises for the 14− and 15−
states in DB II and an upper limit of the level lifetime has been es-
timated for these states as well. The extracted level lifetimes and 
the corresponding reduced transition probabilities B(M1), B(E1)

and B(E2) values for the bands DB I and DB II are recorded in 
Table 1.

M. Piiparinen et al. had measured the lifetimes of the two levels 
(14+ and 16+) in DB I and five levels (14− to 18−) in DB II using 
the plunger technique [28]. The lifetimes were considerably larger 
(roughly by a factor of 2) than the present DSAM results, which 
are well beyond the uncertainties of both measurements. It may 
be noted that the LINESHAPE analysis gives a limit for the highest 
level of the band, and uses it later as an input parameter when cal-
culating the lower levels in the band. This implies that the uncer-
tainty for the highest level carrying through each lower level that 
is being analyzed and added to their actual measured uncertainty 
in a compound way. This may produce the discrepancy between 
the lifetimes obtained from the present DSAM measurements and 
the previous plunger techniques. In addition, the deviation may 
also arise due to the presence of the systematic uncertainty in 
the lifetime and owing to the newly observed cross-over E2 transi-
tions the side-feeding intensity of the levels of interest are differs 
against their respective values as reported by M. Piiparinen et al.. 
Fig. 3. Panels (a), (b) show the comparison of the experimental B(M1) and B(E2)

values for the DB II in 142Eu with the SPAC (solid line) calculations. In panel (a) the 
dotted line represents the theoretical Dönau model [44] calculation. In the panel 
(c) the variation of spin (I) against the rotational frequency (ω) is compared with 
the SPAC calculations. Experimental Q t values of DB II are compared with the TRS 
calculations [47,48] (dashed line) in panel (d). The parameters used in the SPAC 
calculations are j1 = 10h̄, j2 = 8h̄, g1 = 1.21, g2 = -0.014, Q ef f = 7.10 eb and Q col = 
0.50 eb [21]. The solid black and red lines represent the SPAC calculation with χ = 
0.11 and 0.25, respectively.

However, in both cases, the measured lifetime and corresponding 
transition probabilities (B(M1), B(E1) and B(E2) values) and their 
variation with spin exhibits the same characteristic trend, possi-
bly leading to the same interpretation of the bands and suggested 
octupole correlations, detailed in the next section.

The measured reduced transition rates (B(M1) and B(E2)) de-
crease with increasing spin for both DB I and DB II. The numerical 
values for the B(M1) rates calculated through the geometric Dönau 
model [44] have been compared with the experimental values for 
DB I and DB II in Fig. 2 (a) and Fig. 3 (a), respectively. The param-
eters used for these calculations are tabulated in Table 2. These 
calculations assume PAR and it clearly fails to reproduce the ob-
served falling trend thereby indicating that both the dipole bands 
may originate due to the shears mechanism. Such behavior has 
been observed in a number of nuclei in this mass region [9,12–14,
21,22,24,49].

This prompted us to examine the behavior of the angular mo-
mentum against the rotational frequency for the DB I and DB II 
in the framework of the tilted axis cranking covariant density 
functional theory (TAC-CDFT) formalism [50–55]. The comparison 
with the data is shown in Fig. 4. For DB I, the calculated results 
based on πh1

11/2 ⊗ νh−1
11/2 configuration, similar to that assigned 

by Piiparinen et al. [28], with pairing correlation before back-
bending and πh1

11/2(g7/2/d5/2)
−2 ⊗ νh−1

11/2 configuration without 
pairing after backbending are in good agreement with the data. 
Similarly, for DB II, the experimental results are well reproduced 
with πh2

11/2(g7/2/d5/2)
−1 ⊗ νh−1

11/2 configuration. These calcula-
tions show that the tilt angle for DB I and DB II are ∼ 25◦ and 
∼ 51◦ , respectively at 15h̄. This indicates a substantially larger con-
tribution of the collective rotation in DB I as compared to DB II, 
since both the bands extend up to I ∼ 20h̄, which in turn, might 
explain the origin of the energy staggering observed in DB I. The 
smaller B(M1) rates of DB I than DB II (as tabulated in Table 1) 
also indicates a smaller tilt angle for DB I.

The quantitative measures of the contribution of core rota-
tional angular momentum in the magnetic rotational (MR) bands 
have been investigated by incorporating a dimensionless param-
eter, χ (representative of the contribution of the angular mo-
mentum produced by the rotation of the deformed core with re-
spect to the shears mechanism), in the shears mechanism with 
principal axis cranking (SPAC) model calculations [46]. The to-
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Table 2
Parameters used in the calculation of B(M1) transition rates using Dönau geometric model [16,44]. DAL and RAL corresponds to the deformed aligned and rotational aligned 
counterpart of the quasi-particles, respectively.

Band K DAL configuration i1
x (h̄) g(1) [56] RAL configuration i2

x (h̄) g(2) [56]

DB Ia 6 π [h(11/2)] 11
2

− 1
2 +1.21 ν[h(11/2)] 1

2
−

5.5 −0.21

DB Ib 7 π [h(11/2)] 11
2

−
0.5 +1.21 ν[h(11/2)] 1

2
− ⊗ π [d(5/2)] 3

2
+ ⊗ π [d(5/2)] 1

2
+

9.5 +1.062

DB Ib 7 π [h(11/2)] 11
2

−
0.5 +1.21 ν[h(11/2)] 1

2
− ⊗ π [g(7/2)] 3

2
+ ⊗ π [g(7/2)] 1

2
+

11.5 +0.534

DB II 7 π [h(11/2)] 11
2

− ⊗ π [h(11/2)] 9
2

−
2.0 +1.21 ν[h(11/2)] 1

2
− ⊗ π [g(7/2)] 1

2
+

9.0 +0.255

aConfiguration before band crossing.
b Configuration after band crossing.
Fig. 4. Total angular momenta calculated by TAC-CDFT including with and without 
pairing correlations, represented by solid and dashed lines, respectively, for DB I and 
DB II in 142Eu as a function of rotational frequency, in comparison with the data.

tal Routhian surface (TRS) calculation [47,48] exhibits the oblate 
minima for the configurations πh1

11/2(g7/2/d5/2)
−2 ⊗ νh−1

11/2 and 
πh2

11/2(g7/2/d5/2)
−1 ⊗ νh−1

11/2 assigned to the upper part of DB I 
and DB II in 142Eu, respectively. The modified SPAC model calcu-
lations have been performed assuming the oblate deformed shape 
with an unstretched condition of j1 = 4.5h̄, j2 = 11.5h̄ using the 
values of the g-factors for the particle and hole sectors as g1 = 
+1.21 and g2 = -0.014, respectively, for the upper part of DB I 
[21]. The collective and quasiparticle quadrupole moment parame-
ters used in this modified SPAC calculation are Q col = 0.50 eb and 
Q ef f = 1.50 eb, respectively. The experimental B(M1) and B(E2)

values are reproduced for different values of χ as depicted in 
Figs. 2 (c) and (d). These figures show that the lower spin (I ∼
15h̄) states are generated for higher value of χ (∼ 3.0) whereas 
small values of χ (∼ 0.6) are responsible for the higher angular 
momentum states after the back bending of DB I. This indicates 
that the angular momentum generated after the band crossing of 
DB I has large core contribution (∼ 75%) at lower spin (∼ 15h̄) 
which decreases smoothly along the band (∼ 38% at I ∼ 19h̄). 
The experimental Routhian and the transition rates in DB II have 
also been well reproduced in the modified SPAC model calcula-
tion with a very small collective contribution (∼ 10%) as shown 
in Fig. 3. This clearly indicates that the DB II has been originated 
with the “shears mechanism” while the states after the back bend-
ing in DB I are generated due to the interplay of the PAR with the 
MR phenomenon representing the TAR.

The DB II decays to the DB I through the strong E1 transi-
tions with large B(E1) (∼ 10−4 W . u.) and B(E1)/B(E2) transition 
rates (Table 1, Fig. 5 (d)). Such large transition rates are compara-
ble to the values observed in the opposite parity (octupole) bands 
of 124,125Ba [57], 117Xe [58] and 124Cs [30]. Thus, the bands DB I 
and DB II differing by 3h̄ at the band-head spin and connected 
through E1 transitions indicate a reflection asymmetric shape. The 
shape transition from reflection symmetric at low spin to reflec-
tion asymmetric at medium spin induced by rotation is plausible 
Fig. 5. Variation of δE, ω−(I)/ω+(I) ratio and D0 against spin (I) for the bands in 
142Eu, 117Xe, 232Th and 144Ba in Figs (a), (b) and (c), respectively. Panel (d) shows 
the dependence of B(E1)/B(E2) against spin (I).

in 142Eu. Such symmetry breaking induced by rotation has been 
observed in 148Sm and 146Nd [59] and supported by theoretical 
consideration [60].

To get a better understanding of the DB I and DB II the energy 
displacement δE(I) and the rotational frequency ratio ω−(I)/ω+(I)
[18] have been calculated. These values sharply approach the sta-
ble octupole limit with increasing spin and overlap with the ob-
served octupole deformed bands in 144Ba [61] and vis-à-vis to 
the small variation of the octupole correlated bands in 232Th [62]
(Figs. 5 (a), (b)). Magnitude of the extracted intrinsic dipole mo-
ment D0 from the measured B(E1) values exhibit a slow increase 
from 4.30+0.70

−0.76 × 10−2ef m at Iπ = 16− to 5.51+0.93
−0.80 × 10−2ef m at 

Iπ = 19− in the DB II, which is similar to the octupole correlated 
bands in 117Xe and 232Th (5 (c)). This slow variation of D0 is in 
contrast with the sharp increase of the B(E1)/B(E2) rate (Fig. 5
(d)) which arises due to the rapid falling of the Q t values with 
spin due to TAR (Fig. 3 (d)). This indicates that a dynamical oc-
tupole correlation between the d5/2 and h11/2 proton orbitals near 
the Fermi surface may exist in 142Eu [18] and is the first experi-
mental evidence of such a correlation between two shears band. To 
further check the feasibility of the observed octupole correlations 
in 142Eu, the potential energy surface in the β20 - β30 plane has 
been calculated in the framework of a microscopic MDC-CDFT for-
malism [33–35] with the effective interaction PC-PK1 [55] (Fig. 6). 
The potential energy surface is very soft with respect to the shape 
degree of freedom β30, which further upholds the propositions of 
octupole correlations in 142Eu. Thus, the present investigation leads 
to the novel observation of two opposite parity bands, originating 
due to the interplay of PAR and TAR and interacting through the 
octupole interaction potential.

In summary, the two opposite parity dipole bands DB I and 
DB II in 142Eu have been investigated. The configurations πh1

11/2 ⊗
νh−1

11/2 and πh1
11/2(d5/2/g7/2)

−2 ⊗ νh−1
11/2 have been assigned to 

DB I before and after band crossing, respectively, whereas the 
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Fig. 6. The potential energy surface of 142Eu calculated by the MDC-CDFT approach 
[33–35]. The contour separation is 0.25 MeV. The pentagram corresponds to the 
point of the minimum energy.

configuration for DB II is πh2
11/2(d5/2/g7/2)

−1 ⊗ νh−1
11/2. The DB I 

has been established to be resulting from the interplay of PAR 
with MR phenomena representing the TAR while DB II emerges 
from the shears mechanism. The measured electric dipole moment 
(D0), energy displacement δE(I) and rotational frequency ratio 
ω−(I)/ω+(I) associated with the DB I and DB II as well as po-
tential energy surface calculation in the framework of MDC-CDFT, 
indicate an octupole correlation in 142Eu presumably due to avail-
ability of valence nucleons (protons) in the d5/2 - h11/2 orbitals 
near the Fermi surface. This is the first experimental evidence of 
octupole correlation between two shears band.
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