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Evidence of octupole correlation in ”Se
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Two opposite parity bands I and II with eight new parity changing transitions have been identified in "Se
using the fusion-evaporation reaction "*Ge(°Be, a2n) at Ei 4, &~ 31 MeV. The B(M 1) and B(E2) rates of bands
I and II as well as B(E'1) values of the linking transitions between the two bands have been determined from
lifetime measurements and are compared with reflection asymmetric triaxial particle rotor model calculations.
The large B(E'1)/B(E?2) ratios and B(E 1) transition rates indicate the existence of a strong octupole correlation
in the Se nucleus. This is also supported by the calculated potential energy surface, based on the covariant
density functional theory within the three-dimensional lattice approach, which is very soft for the octupole shape
degree of freedom S3y. Extracted values of the intrinsic dipole moments |Dy| from the B(E 1) rates for the lower

spin states also indicate the octupole correlation in " Se.
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I. INTRODUCTION

The concept of spontaneous symmetry breaking plays a
crucial role in understanding the underlying modes of ex-
citation associated with the many-body quantum (fermions)
system [1,2]. Such multipole modes of excitation depend on
the occupancy of the valence particles in the particular or-
bitals, which leads to various nuclear shapes. Observation of
large quadrupole moments of rotational band structures leads
to the deformed shape of the nucleus. For most deformed
nuclei, a description as an axial- and reflection-symmetric
spheroid is adequate to reproduce the band’s spectroscopy.
However, reflection-asymmetric shapes can also play a role
in the excitation mechanism, though they are not as stable as
the familiar quadrupole deformations [3]. Such a reflection-
asymmetric shape of a nucleus is the consequence of the
octupole-octupole interactions.
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The pairs of the opposite-parity orbitals near the Fermi
surface with Al = Aj = 37 form the necessary condition for
exhibiting the nuclear octupole collectivity. Intrinsic reflection
symmetry breaking in a nucleus occurs due to either the
static octupole deformation or the dynamic octupole corre-
lation. The octupole-deformed shapes of the nuclei produce
permanent electric-dipole moments of the atoms that pro-
vide significant constraints on many proposed extensions to
the standard model [4]. The odd-A octupole-deformed nuclei
show a higher Schiff moment that is a measure of nuclear
time-reversal violation that is particularly enhanced [5].

For the even-even nuclei, the low-lying 3~ state is observed
in their excitation spectrum. The odd-nuclei exhibit a pair of
almost degenerate opposite-parity band structures with con-
necting E3 matrix elements. Such parity doublet bands are
the signature of octupole deformation in odd-mass nuclei. The
experimental signatures of the octupole interaction are the
collective E3 transition rates and the enhanced E1 transition
rates between the opposite-parity states. Experimental data of
the B(E3) transition rates are scarce as these are very difficult
to access experimentally.

Enhanced E1 transitions also manifest the presence
of low-lying octupole vibrational states in well-deformed
reflection-symmetric nuclei [6]. Measurement of the transi-
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tion strength can play a crucial role in addressing whether the
nucleus of interest has strong octupole correlations to produce
an octupole-deformed shape or not. Indeed, the B(E 1) transi-
tion strengths between the opposite-parity bands have been
observed for several nuclei, viz., *Ba [7], ***Ra [4], and
228Th [8] of the nuclear chart. Enhanced E3 matrix elements
for the stable octupole-deformed band in 22%:22%22°Ra nuclei
have been reported in the literature [9]. The magnitude of the
electric dipole moment shows significant variation with mass
and is nearly zero for ?*Ra. In this mass region, the sign of
the electric dipole moment changes and this crossing happens
at A = 224. Similar behavior of the electric dipole moment is
reported for the Ba isotopes and the magnitude becomes very
small for '“*Ba. It is important to note that the shell correction
term is responsible for exhibiting the variation of the intrinsic
dipole moment [10].

In the A &~ 80 mass region, the nuclei with particle (pro-
ton or neutron) number 34 (gg9/» <> p3/2 coupling) tend to
incline towards the octupole deformation f3 [11-13]. The
B(E3;3; — 07) values have been measured in "76.78-80.82g¢
and 7880828486k nuclei and the B(E3;3; — 2) values
have been measured in the "#7%78:80:82Ge jsotopes [14].
Though these values span several orders of magnitude, any
connection between the B(E1) and B(E3) transition rates
is not obvious. These are the direct indication of octupole
collectivity for nuclei in the A &~ 80 mass region, while the
experimental signals of octupole correlations were reported
for 7®Br but without transition rate measurements [15]. How-
ever, the E'1 transitions rates between opposite-parity states in
PBr [16], Se [17], "Se [18], **Kr [19], and **Kr [20] have
been measured, but the conclusive argument on the octupole
correlation was missing in these nuclei. Direct measurement
of the transition strengths will be essential to probe the nature
of octupole correlation in this region.

The y-ray spectroscopic studies for the low-lying struc-
tures of "°Se were reported in Refs. [21-25]. In the present
work, we report the enhanced electric dipole strengths,
B(E1)’s, and the dipole moments, |Dy|’s, in 798¢, a first in the
A ~ 80 mass region, using a detector array of high efficiency.
The enhanced B(E'1) rates are compared with the theoretical
calculations for the bands. The results will probably initiate
an open debate of understanding the octupole correlation be-
tween the opposite parity states in atomic nuclei.

II. EXPERIMENTAL DETAILS

The fusion-evaporation reaction 75Ge(°Be, a2n) at a beam
energy of ~31 MeV was used to study the structure of interest
in 7Se (Fig. 1). In this reaction, #*Kr was the most abundant
yield, whereas the nucleus of interest, Se, was produced as
well. The PACE4calculations [26,27] predict that, for the given
target-projectile combination, the population of 7°Se peaks at
~36 MeV while that of 3?Kr peaks at ~28 MeV. The present
beam energy (=31 MeV) was chosen in view of optimally
producing both the nuclei for spectroscopic investigation. The
Be projectiles obtained from the Pelletron Linac Facility at
the Tata Institute of Fundamental Research (TIFR), Mumbai,
incident on the mg/cm? thick *Ge target. The target was
centrifuged on a mg/cm? thick lead backing which was posi-
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FIG. 1. The partial level structure of "°Se obtained from the
present experiment. The red colored transitions, marked by an aster-
isk, are newly observed y-ray transitions. The energy of the y rays
and the excited levels are rounded off to the nearest keV. The widths
of the arrows are proportional to the intensity of the y-ray transitions.

tioned to face the beam so as to degrade the beam energy from
Epp = 37 MeV to =31 MeV [28]. The uncertainty of beam
energy due to employment of degrader (*>*Pb) does not affect
the velocity of recoiling nuclei (8 ~ 0.9%) and consequently
the level lifetimes obtained from the Doppler-shift attenu-
ation method. The Indian National Gamma Array (INGA),
which consisted of 14 Compton-suppressed clover detectors
arranged in five different angles 40°, 90°, 115°, 140°, and 157°
with respect to the beam axis [29], was employed to detect
the deexciting y rays. Approximately 2.6 x 10° two- and
higher-fold y-y coincidence time-stamped events were col-
lected and subsequently sorted into different symmetric and
angle-dependent E, -E,, matrices and an E, -E, -E,, cube using
the MARCOS program [29] developed at TIFR, Mumbai. The
matrices and the cube were analyzed using the INGASORT [30]
and RADWARE [31,32] software packages. The multipolarities
and the electromagnetic characters of the observed y -ray tran-
sitions were determined from the measurements of the ratio
for directional correlation from oriented state (Rpco) [33,34],
the angular distribution from oriented nuclei (ADO) ratio (Ry)
[35], the linear polarization asymmetry (A) [36-39], and the
mixing ratio (§) [40,41]. The experimental details and data
analysis procedures are described in detail in Refs. [42,43].
In the present investigation, the detectors at 157° and 90°
with respect to the beam direction were used to evaluate the
Rpco values, which have been compared with the theoretical
DCO ratios [33,34] for multipolarity assignments of the y -ray
transitions. The DCO ratio for a y transition (y;) at an angle
of §; = 157° with respect to another transition ()») at an angle
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of 8, = 90° is extracted using the relation

L, (At 157°; Gated by y» at 90°)

Roco = . 1
PO 1, (At 90°; Gated by y, at 157°) M

For this purpose, an asymmetric matrix was constructed
with y-ray events detected at 157° on one axis and coincident
events from 90° were placed on the other axis. Theoretically,
for a stretched transition, the Rpco should be close to unity if
the gating transition has the same multipolarity as that of the
observed (analyzed) transition. The DCO ratios for a stretched
dipole (quadrupole) transition gated by a pure quadrupole
(dipole) transition are ~0.5 (2.0).

For a mixed transition, the Rpco value depends on the
detector angles, the mixing ratio (§), and the width of the
substate population (o /j) of the reaction. To evaluate § for
a mixed transition from the measured DCO ratio o /j = 0.35
has been used for the calculations. The DCO ratios were
evaluated using the gate on a transition of known multipolarity
and & values. The gate width was set sufficiently narrow to
eliminate or minimize contamination. The DCO ratios were
then compared with the values calculated using ANGCOR [44]
with the § value being varied as a parameter, to check for the
best agreement.

The ADO ratio for a y transition (y;) has been obtained
from the relation

L, (Measured at 0; = 157°; Gated by all)
I, (Measured at 6, = 90°; Gated by all) -

Here I, (Measured at 6; (6,) = 157° (90°); Gated by
all) corresponds to the y-ray coincidence intensity observed
by the detectors at an angle 6; (6,) by setting gates on the
detectors at all other angles. For this purpose, two asymmetric
matrices were constructed. The first one consisted of events
with y rays detected at 157° on one axis and coincident
events from any other angle were placed on the other axis.
The other matrix was similar to the first one except that the
y rays detected at 90° were placed on one axis instead of
at 157°. Typical Ry values were 0.6 (1.6) for the stretched
dipole (quadrupole) y-ray transitions; however, R, differs for
the mixed transitions. The values for the stretched transitions
were determined from the transitions of known multipolarity
in 82Kr [20].

The clover detectors at 90° of INGA were used for the
measurement of the A’s which provide useful information
regarding the definitive assignment of the spin-parity of the
excited states. Two asymmetric E,-E, matrices were con-
structed with the horizontally (Vy) or vertically (N, ) scattered
y rays with respect to the reference plane (containing both
the beam axis and the emission direction of the y ray) at 90°
detectors on one axis and the coincident y-ray events from all
other detectors on the second axis. The value of A [36-39] is
the function of N, N1, and the energy of the y transition (E, ),
which can be expressed as

Ry = @)

a(Ey)NL —_ N”

AED) = BN N

3

Here, the asymmetry correction factor a(E, ) = N; /N rep-
resents the geometrical asymmetry of the detection system
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FIG. 2. Experimental spectra created by (a) the gate on the
137.1-keV transition and (b) the sum gate on 365.0- and 973.1-keV
transitions show the peaks (rounded off to the nearest keV) in "Se.
The peaks marked by “#” represent the transitions belonging to the
structures (not shown in Fig. 1) other than bands I and II. The newly
observed peaks are marked by asterisks and filled by red (gray). The
spectrum shown in the inset of panel (a) is constructed from the sum
gate of 137.1-, 935.4-, and 1186.0-keV transitions. Peaks from the
20Ne, 77 As, and > Kr nuclei have been marked with “$,” “e,” and “A,”
respectively. The region after 1200 keV of the spectrum (colored by
blue) has been multiplied by 4 to increase visibility of the peaks.

(INGA) that has been determined by the unpolarized radioac-
tive 1Eu and '**Ba sources and found to be close to unity
[1.02(1)]. For the AI = 1 and Al = 2 transitions, the positive,
negative, and near-zero A values were expected for the y-ray
transitions of electric, magnetic, and mixed character, respec-
tively. For the Al = 0 transitions, the sign of the polarization
value varies with the §(E2/M 1) values of the y -ray transition.
The value of A follows the same trend as that of the polariza-
tion value. The positive and negative A values are indicative
of their magnetic and electric character up to § ~ 0.7, above
which the multipolarity is the same as for stretched transitions,
i.e., negative for magnetic and positive for electric.

III. EXPERIMENTAL RESULTS

The proposed structure of 7°Se obtained in the present
investigation is shown in Fig. 1, with 2 bands, bands I
(positive-parity) and II (negative-parity), as well as 13 in-
terband (parity changing) transitions. Seventeen y transitions
and eight levels have been newly observed in the previously
reported level structure of "°Se [21,25]. Table I shows the y
energies (E,), relative intensities (), Rpco, Rs, A, 8, and
assigned spin-parities of the states of "’Se. Figure 2 shows
sample spectra supporting the present level scheme. The
excited states in band I, built on the vgg, orbital, have been re-
ported in Refs. [21,25] with spin-parity values firmly assigned
up to 17/2%. We confirmed the previously reported structures
of band I and extended it up to the 5080-keV excited state
through the placement of the 1317.0-keV (19/2F — 15/2%)
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TABLE I. y energy (E, ), relative intensity (1,), Rpco, Ry, linear polarization asymmetry (A), mixing ratio (), and assignment of the y
transitions in "°Se. Intensities of y rays are normalized to the 137.1-keV transition, with I, =1000.0.

Energy (E,) y energy (E,) Jr—=J /” Intensity (/,) DCO ratio (Rpco) Anisotropy (Ry) Asymmetry (A) Mixing ratio (§) oA
Band I
137.1 137.12) 9/2t — 7/2% 1000.0(52) 0.75(6)* 1.06(7) MI+E2
897.4 760.2(4) 11/2% — 9/2T  229.5(38) 0.65(6) —0.03(1) MI1+E2
897.4(5) 112 — 7/2% 89.5(38) 1.87(16) +0.20(11) E2
1072.5 175.12) 13/2% — 11/2* 2.6(8) 0.61(6)* 0.74(11) +0.10(4) MI1+E2
935.4(6) 13/2T — 9/2* 181.6(8) 0.93(8)* 1.54(13) +0.10(2) E2
2114.3 1041.9(7) 15/2% — 13/2* 9.8(6) 0.59(5)* 0.61(7) +0.02(3) +0.06(3) M1+E2
1216.8(7) 15/2% — 11/2* 26.8(6) 0.97(8)* 1.69(15) +0.08(6) E2
2258.4 1186.0(6) 17/27 — 13/2%  71.0(23) 1.05(9)* 1.60(14) +0.11(8) E2
3431.3 1317.0(7) 19/2% — 15/2%  20.5(25) 1.65(14) +0.10(7) E2
3610.4 1352.0(7)  21/2% — 17/2* 14.5(17) 0.95(11)* 1.61(18) +0.17(8) E2
5080.4 1470.2(9) 25/2%9) — 21/2* 6.8(13) 1.76(19) (E2)
Band II
365.0 365.02) 5/27 —7/2F 123.2(21) 0.94(8) +0.22(12) El
790.5 425.6(3) 7/2- —5/2° 21.5(12) 1.21(14)° 2.04(26) -0.09(4) +0.21(6) MI1+E2
653.3(4) 7/27 —9/2F 47.5(12) 0.54(5)* 0.95(9) +0.08(5) El
790.4(5) 7/27 —7/2F 38.5(12) 0.94(8)* 1.49(12) +0.14(17) El
1256.9 466.0(5) 9/2= = 17/2° 11.0(17) 0.66(10) M1+E2
892.0(5) 9/2= — 5/2~ 34.1(17) 1.43(12) +0.10(3) E2
1120.1(6) 9/2= —9/2% 20.2(17) 1.46(13) -0.10(6) El
1257.0(6) 9/2= — 7/2* 24.8(17) 0.59(5) El
1763.7 507.0(5) 11/2= - 9/2~ 6.2(14) 0.5709) MI+E2
973.1(5) 112 - 17/2~ 21.3(14) 0.92(10)* 1.64(15) +0.08(5) E2
691.009) 11/2= — 13/2* 1.1(2) 0.87(12) El
1626.6(8) 11/2= —9/2% 16.1(14) 0.58(6)* 0.67(7) +0.07(4) El
2381.4 1124.0(7) 13/2= - 9/2~ 9.5(8) 0.97(10)* 1.68(19) +0.15(9) E2
1309.011)  13/2= — 13/2* 4.5(8) 1.07(15)* 1.56(18) El
1484.3(8) 13/2= — 11/2* 4.9(8) 0.52(7) +0.07(8) El
2878.0 1114.3(6) 15/2= — 11/2~ 15.0(6) 1.02(9)* 1.69(18) +0.16(9) E2
1805.4(8) 15/2= — 13/2* 5.0(6) 0.58(8)* 0.67(9) 4+0.07(8) (E1)
3694.5 1313.006) 17/20) — 1372~ 6.1(5) 1.54(21) (E2)
1436.0(11) 17/2¢) — 17/2*F 1.6(5) 1.34(16) (E1)
1580.4(13) 17/2¢) — 15/2* 0.8(5) 0.64(8) (E1)
4210.0 1332.0(7) 19/20) — 15/2~ 4.5(9) 1.48(12) (E2)
3977.1 1098.7(7)°  19/2¢) — 15/2~ 14.4(9) 1.21(14)* 1.78(21) (E2)
1719.09) 19/20) — 17/2* 1.5(4) 0.61(8)* 0.59(7) (E1)

*DCO ratios are obtained from stretched electric quadrupole (E2) transitions.

"DCO ratios are obtained from stretched electric dipole (E 1) transitions.

¢Not a member of band II.

and 1470-keV (25/2%9 — 21/2%) transitions. Zell et al. [21]
had reported the 364.9-, 790.3-, and 1256.8-keV excited states
having spin-parities 5/27, (7/27, 9/27), and (5/2%, 9/27),
respectively, as nonband levels. In a later study by Singh
et al. [23], the 790.3-keV state was tentatively assigned a
spin-parity of (7/27) and the 1256-keV level was tentatively
identified as (9/27). Measured Rpco, Ry, and A values of the
425.6 and 653.3-keV transitions showed their M1 + E2 and
E1 characters, respectively, confirming the spin-parity of the
790.3-keV excited state as 7/27. The Ry and A values of the
892.0-keV transition are indicating of its £2 behavior which
leads to the spin-parity of 9/2~ for the 1256.8-keV excited
state. We have rearranged these negative-parity states as mem-
bers of band II along with the placement of 7 new in-band
y-ray transitions as depicted in Fig. 1. We have observed 8

new parity changing transitions connecting band II to band
1. Measured Rpco values of the 1626.6, 1805.4, and 1719.0-
keV y rays showed their dipole character, while 1309.0- and
1436.0-keV transitions indicate the Al = 0 E'1 nature. Rpco
values for the 691.0-, 1484.3-, and 1580.4-keV transitions
remain undetermined and lead to the tentative E'1 assignment
to these y transitions. The A value for the 790.4-, 1484.3-,
and 1805.4-keV y-ray transitions overlap zero values within
the uncertainties (Table I) and make E'1 assignments tentative
for these y rays. The remaining connecting transitions were
too weak to extract their A values.

A. Line shape analysis

The level lifetimes of the six levels (21/2% to 11/2%) of
band I and the four states (7/27, 9/27, 11/27, and 15/27)
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FIG. 3. The experimental spectra along with the fitted line shapes
for the y transitions (a) 1186.0, (b) 935.4, (¢) 760.2 (d) 973.1, and (e)
425.6-keV of the bands I and Il in °Se. The desired line shapes of y
transitions, contaminant peaks, and total line shapes are represented
by the blue, green, and red curves, respectively.

of band II in the "Se nucleus have been extracted using
the combination of developments described in Ref. [45] and
the LINESHAPE package [46,47]. Here experimental Doppler-
broadened shapes of the y-ray transitions are analyzed to
obtain the lifetime. The energy loss and the trajectories of
the residual nuclei (’Se) inside the target were simulated
using Monte Carlo techniques with the updated stopping
powers from the SRIM database [42,43,48]. The 1317.0-
keV (19/2% — 15/2%) and 1352.0-keV (21/2F — 17/2%)
transitions of band I and the 1114.3-keV (15/27 — 11/27)
transition of band II were the highest transitions, respectively,
for which the effective lifetimes of <0.5 ps, <0.3 ps, and
<0.4 ps, respectively, have been extracted from the present
analysis. Sequential line-shape fitting gives the level lifetime
of the lower-lying states of the cascade. The side-feeding
contribution to the level lifetime has been modeled with a
cascade of five transitions whose moment of inertia is similar
to the band of interest. Variation in the side-feeding intensity
resulted in a change of the evaluated level lifetime by less than
10%.

The observed Doppler-broadened shape in the experimen-
tal spectra has been fitted simultaneously at five different
angles of 40°, 90°, 115°, 140°, and 157° to obtain the lifetime
of the states as illustrated in Fig. 3. The extracted level life-
times and the corresponding reduced transition probabilities
[B(M1), B(E1), and B(E2) values] for bands I and II are
recorded in Table II. The lifetimes obtained in the present
work are in good agreement with the values reported in
Refs. [22,23]. The uncertainties on the lifetimes, derived from
the x2-minimization analysis, do not include the systematic
contribution of the stopping powers from the SRIM database,
which is expected to be ~5%.
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FIG. 4. Panels (a), (b), and (c) show the comparison of the
experimental energies, B(M1) and B(E2) values, respectively, for
bands I (solid square) and II (solid circle) in "Se with the RAT-
PRM calculations. The solid black and red (gray) lines represent the
RAT-PRM calculations for bands I and II, respectively. In panel (d),
the comparison of the measured B(E1) (solid black diamond) and
B(E1)/B(E2) [green (light gray) up-triangle] values for / — I — 1
with the RAT-PRM calculations represented by the solid black and
green (light gray) lines, respectively.

IV. DISCUSSION

The positive-parity band I and the negative-parity band II
have experimental features (cf. Fig. 4) similar to the bands
based on vgog,, and v fs), orbitals, respectively, observed in
the neighboring ”’Se [49], 7:8!Kr [50,51], 8 Sr [52], and 33Zr
[53,54] nuclei. Li et al. [25] had reported the origin of the
collective structure in band I in 7°Se was based on the 892
orbital.

One of the most striking features of the level scheme
of Se is the observation of the strong E1 transitions with
large B(E1)/B(E2) ratios (~0.1 x 107 fm~2) and B(E1)
(~10~* W.u.) transition rates [Figs. 4(d) and 5(a) and Ta-
ble IT]. Such large transition rates are comparable to the values
observed in the opposite-parity (octupole) bands of '“*Eu
[55], 12*1%5Ba [56], '7Xe [57], and '**Cs [58]. Figure 5(a)
shows that the B(E'1)/B(E2) values of Se are merged with
octupole-correlated bands of neighboring "®Br [15] but not in
agreement with the octupole-deformed bands of '**Ba [59]
and 2**Th [60]. Thus, bands I and II, connected through the
parity-changing transitions, indicate the existence of octupole
correlation in 7’ Se.

The feasibility of the observed octupole correlations in
Se has been checked by adopting the relativistic density
functional theory [61]. The covariant density functional theory
(CDFT) has been developed in three-dimensional (3D) lattice
space to describe nuclei without any symmetric restriction
[62,63], such as exotic nuclear linear-chain [63] and toroidal
states [64]. For the present purpose, the potential energy sur-
face in the B9-B30 plane is calculated by the CDFT in a 3D
lattice with the successful density functional PC-PK1 [65]
(Fig. 6). The potential energy surface is very soft with respect
to the shape degree of freedom B3, which further upholds the
propositions of octupole correlations in ’Se.
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TABLE II. Measured transition energies (E, ), branching ratios (Br), level lifetimes (7), B(M1), B(E'1), B(E2), and the electric quadrupole
and dipole moments, |Qo| and |Dy| values, of bands I and II in °Se. The upward and downward arrows represent lower and upper limits of
the measured values, respectively. The transition has been considered as pure dipole (M 1) in the B(M1) calculations if a mixing ratio of the

respective transition is not provided in Table I.

J; E, oA Br T4 z° B(M1) B(E2) B(E1) Moment
(1) (keV) (%) (ps) (ps) (107° W.u.) (W.u.) (10~* W.u.)

Band I
897.4  11/2% 7602 MI1+E2 722 0972  1.6+02 32.6+4.2

897.4 E2 28(2) 1224 1.8 3.240.5¢
10725 13/2% 1751 MI1+E2  14(5) 12404 1.0£0.1 8224338 34.1+14.0

935.4 E2 98.6(5) 55.8+£5.6 2.3+£0.3¢
21143 15/2% 10419 MI1+E2  27(3) 0.6704  04+0.1 189+6.1  0.08+0.03

1216.8 E2 73(3) 27.7+7.0 2.1+£0.3¢
22584  17/2*  1186.0 E2 100 1.0%93  0.6+0.1 28.8+4.8 1.840.2¢
34313 19/2% 13170 E2 100 0.5) 20.51 1.3 4¢
36104 21/2% 13520 E2 100 0.3} 29.94 1.6 1¢
Band II
365.0 52~ 365.0 El 100 135435 0.8+£02  4.0+1.0°
790.5 7/27 4256  MI+E2  2002) 1793 12402 6594175  204+54

653.3¢ El 44(2) 7.0 9.4)¢

790.41 El 36(2) 3.2) 6.4¢
12569  9/2~ 4660 MI+E2 1202 1.0%93 1.1} 3434

892.0 E2 38(2) 24.81 2.31¢

1120.1 El 22(2) 0.84 3.944

1257.0 El 28(2) 0.74 3.344
17637  11/2= 5070 MI+E2  14(3) 1.279¢  05+£0.1 68.44£20.0

973.1 E2 48(3) 44.6+8.9 23404

691.0 El 3(1) 1.0+04  32+1.3¢

1626.6 El 35(3) 09402  34408¢
2878.0  15/2~ 11143 (E2) 75(3) 0.4 40.21 1.61¢

1805.4 (E1) 25(3) 0.61 2.61¢

2Lifetimes from previous measurements [22,23].
bLifetimes from present measurements.
“Electric quadrupole moment (Qp) in e b.
dElectric dipole moment (D) in 1072 ¢ fm.
¢Lifetime from Ref. [24].

fUpper limit of the B(E 1) transition strength and the |Dy| value has been calculated considering zero mixing §(M2/E1) = 0.

The origin of the E1 transitions between the opposite-
parity bands I and II in the 7Se nucleus has been investigated
by comparing the measured values with the reflection-
asymmetric triaxial particle rotor model (RAT-PRM) cal-
culations [66,67]. The reflection-asymmetric particle rotor
model is used to study nuclear chirality [68] and multi-
ple chiral doublet bands [15,67,69,70]. Figure 4 shows the
comparisons of the experimental energy, B(M 1), B(E2), and
B(E1) values in "’Se with the RAT-PRM calculations. Here,
a reflection-asymmetric potential is included in the particle
rotor Hamiltonian so that the positive- and negative-parity
states simultaneously appear in the calculations [66]. The
CDFT calculation in 3D lattice space gives the quadrupole
deformation parameters Sy = 0.19 and y = 0° and the oc-
tupole parameter Bsp = 0. As the potential energy surface
is soft for B39, B30 = 0.03 is adopted to include the effect
of octupole correlations in the RAT-PRM calculations. The
calculated energy is normalized to coincide with the exper-
imental energy at I = 9/2h for positive-parity band I and
I =7/2h for negative-parity band II. As shown in Fig. 4(a),
the calculated excitation energies reproduce the experimental

data well. Variation of B(M1) and B(E2) values with spin is
in good agreement though the magnitudes of the experimental
B(E?2) values are a bit underestimated. Figure 4(d) shows the
comparison of experimental B(E1) and B(E'1)/B(E2) values
with the RAT-PRM calculation. It confirms not only the B3
deformation parameter suggested by the CDFT but also the
configuration assignments for bands II (mainly dominated
by v f5,2[€2 = 5/2]) and I (mainly dominated by vgg,[2 =
5/2]) as well as the octupole correlations between them. Thus,
the present investigation suggests that the octupole interaction
potential in the two opposite-parity bands exists in ’*Se.

The present investigation also exhibits the existence of the
strongly enhanced E'1 transitions between the opposite-parity
bands. Indeed, the calculated B(E'1) and B(E'1)/B(E?2) values
with B39 = 0.03 adopted in the present RAT-PRM satisfac-
torily agree with the experimental data. The large B(E'1)
strengths are indicative of the existence of a permanent elec-
tric dipole in "Se. The electric dipole moment |Dy| can be
calculated directly from the measured B(E1) rates accord-

3
ing to the formula B(E1: 1 — I;) = 4—D§<1,-K,-10|1f1<f>2,
- .
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FIG. 5. (a) The experimental B(El1:[ — I —1)/B(E2:1 —
I — 2) ratios for band II in "Se compared with ®Br [15], 12>14Ba
[56,59], and ?**Th [60]. (b) The |Dy| values extracted from the B(E 1)
rates of I — I — 1,1 — I + 1, and  — [ states in "°Se compared
with !'"Xe [57] and 22%2*Th [8,60]. The |Dy| value of the 5/2~ state
is extracted using the lifetime reported in Ref. [22].

where ([;K;10|/;Ky) is the Clebsch-Gordan coefficient and
Ki=K;=5/2.

Figure 5(b) shows that the extracted |Dy| values are similar
to the octupole vibrational and correlational bands of ''7Xe
[57] and ?*2>Th [60]. This unambiguously suggests that the
octupole correlation exists in "Se.

0.20
0.15

FIG. 6. The potential energy surface of °Se calculated by the
CDFT in the 3D lattice approach [63]. The contour separation is
0.2 MeV. The pentagram corresponds to the point of the minimum
energy.

Measured B(E1) rates result in a large value of |Dgy| =
9.4 x 1072 | e fm for the 7/2~ state, calculated from the
653.3-keV transition, as depicted in Fig. 5(b). This figure
shows that the extracted |Dy| value is the same order of
magnitude as the octupole deformed bands in 228Th [8]. To
understand the intrinsic character of the 7/27 state, a sys-
tematic investigation on the low-lying states of the nuclei in
this mass region is warranted. Such work will also help us
to constrain suitable candidates for experimental studies of
atomic electric-dipole moments that might reveal extensions
to the standard model.

The successful interpretation of the experimental results
in the framework of the RAT-PRM calculation indicates
that bands I and II in ""Se are generated by the oc-
tupole correlation due to the availability of the valence
nucleons in the go9/2-(f5/2/p3/2,1/2) orbitals near the Fermi
surface.

V. SUMMARY

We have observed the interconnecting E1 transitions in
the two opposite-parity bands I and II. Measured energies
and transition rates [B(M 1), B(E2), B(E1),and B(E1)/B(E?2)
values] of the bands are in good agreement with the RAT-PRM
calculations. The calculations indicate an octupole correlation
in "Se due to the availability of valence nucleons (neutrons)
in the go/2-(f5/2/p3/2,1/2) orbitals near the Fermi surface.
Thus, the present work on 7°Se is the first conclusive exper-
imental evidence of octupole correlation arising due to the
neutrons in the the go/2-(fs5/2/p3/2,1/2) orbitals. The unique-
ness of the present work is the observation of the enhanced
B(E1) strength and the corresponding |Dy| values. The |Dy|
values for the 7/27 state are the same order of magnitude
as the octupole-deformed bands in 2*Th [8]. These results
facilitate a more comprehensive understanding of the nuclear
many-body system. It may contribute to developing a unified
microscopic theory of the octupole correlation in atomic nu-
clei.
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