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Alignment effects in the medium-spin level structure of *Se
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The excited states of "*Se were populated using the °Ge(«, 2n) fusion evaporation reaction. The deexcited
gamma rays were detected using the Indian National Gamma Array (INGA) spectrometer comprising clover
and low-energy photon spectrometer (LEPS) detectors. The ground state band of "®Se has been extended up to
E, =8.5MeV and J = 167i; this excitation regime is very close to the 7 (1g3 /2) crossing frequency. Several newly
observed in-band and intraband transitions belonging to the other bands of "8Se have also been placed in the level
scheme based on their coincidence relationships. From the newly identified E'1 transitions, an enhancement in
the B(E1)/B(E2) values with spin has been observed which indicates the onset of octupole correlations in the
band structure built on the 37, 2508-keV state. Persistence of triaxial shape up to the highest observed spin of the
ground state band has been observed and the feature of successive 1g3 /> quasiparticle alignments due to protons
and neutrons has been unveiled. The consequences arising due to the occurrence of the neutron 1g9,, quasiparticle
alignments in the other observed correlated band structures are also presented. The results are interpreted in terms
of total Routhian surface (TRS) calculations and the level structure systematic of the neighboring nuclei.
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I. INTRODUCTION

The shape transition phenomenon in the even-even nuclei
belonging to the A &~ 80 mass region has been investigated by
several groups over the past few decades. The level structures
of most of the even-even Se and Kr isotopes lying in this
mass region exhibit a distinct change of shape with increas-
ing spin owing to the simultaneous as well as successive
alignments of pairs of 1g9/> proton and neutron quasiparticles
[1-5]. The complexity in the level scheme at medium spin
(with J &~ 6h) arising due to the competing collective and
quasiparticle excitation modes also provides interesting
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physics issues which have been addressed through different
theoretical model calculations. Prior to the present work, the
level structure of "®Se in the low- and medium-spin regime
was determined using the "°Ge(a, 2n) fusion evaporation re-
action by two different groups. The spectroscopic work of
Matsuzaki et al. [6] established the level scheme up to E, =
4.6 MeV with J = 104, and the back-bending phenomenon
was studied. In the subsequent study by Schwengner et al.
[7], the ground state level level scheme of 78Se was extended
up to E, = 5.8 MeV with J = 12x. The later work provided
evidence for the loss in collectivity of the ground state positive
parity band above the 67 state. The reduction in collectivity of
the ground state band was found to be due to the interaction of
the band with 1g9/> two-proton and two-neutron excitations.
We point out here that the two-quasiparticle v(lgﬁ /2) aligned
states, corresponding to the first band crossing, in the positive

©2022 American Physical Society
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parity ground band of 78Se were observed in both the previous
studies. However, the results of the previous two investiga-
tions exhibit significant differences in terms of grouping of
levels into different sideband structures, and the discrepancies
among the spin-parity assignments for many of the levels can
be seen. In addition, the spin-parity assignments could not be
made for some of the levels in the previous studies.

The present gamma-ray spectroscopy work for '8Se has
aimed toward resolving the anomalies that persist among the
results of the two previous works. For proper characterization
of the sidebands, it is essential to search for the important
intraband linking transitions and assign their firm multipolar-
ities. For example, for proper characterization of the octupole
correlated states built on the y-vibrational states, it is very
necessary to establish the connecting intraband transitions
of E'1 multipolarity. Furthermore, the much-delayed second
band crossing phenomenon was found to occur along the
positive parity ground state band of the neighboring °Se
isotope [2], and a shape transition from prolate to oblate
was considered to be the cause for the observed delayed
1g9/» proton-pair alignment. On the other hand, the observed
delay for the second band crossing in "*Se [8] is much
smaller than that of ®Se. Occupying the intermediate posi-
tion in the isotopic chain, it would be of interest to extend
the ground state positive parity band of "3Se in the higher
spin regime so that the consequent effect of the second band
crossing due to two-quasiparticle 7 (1g3 /») alignments can be
studied.

Hence, the present investigation has been carried out with
the alpha-induced "°Ge(e, 2n) fusion evaporation reaction,
and a comparatively larger array comprising high-resolution
clover Ge detectors has been used. It is worth mention-
ing that the previous measurements were performed using a
limited number of Ge(Li) detectors. In the present investi-
gation, the higher sensitivity and better resolving power of
the array has been utilized for unambiguous placements of
several weak inter- and intraband linking transitions. Firm
spin-parity assignments for many of the levels could be made
possible through coincidence angular anisotropy and polariza-
tion asymmetry measurements. Thus, it has become feasible
to bring out a comprehensive level scheme of "8Se in the
medium- and high-spin regime from the present investiga-
tion, and the quasiparticle alignment effects in the newly
extended ground state band and the sidebands have been
reported.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The excited states of 'Se were populated using the
5Ge(a, 2n) fusion-evaporation reaction. The 30 MeV « beam
was obtained from the K-130 Cyclotron at VECC, Kolkata.
The target was prepared through centrifuge process by de-
positing enriched "°Ge (94% enrichment) powder on Mylar
backing. The thickness of each target thus prepared was about
2 mg/cm?. Two such targets were stacked together and used
for the experiment in order to enhance the yield of the residual
nuclei. The y rays emitting from the excited states of the resid-
ual nuclei were detected using Indian National Gamma Array
(INGA). The array comprised seven Compton-suppressed
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FIG. 1. Representative yy coincidence spectrum with the gate
sets on the 6142 — 0)-keV ground-state-feeding transition of
8Se. Peaks labeled with their energy values (in keV) have been
assigned to "3Se. The newly observed transitions are marked with .
The peaks marked with # are the contaminants from the neighboring
residual nuclei, 7"7¢Se.

high-resolution clover detectors and one low-energy photon
spectrometer (LEPS). Out of the seven clover detectors, four
were placed at 90°, one was placed at 40°, and the remaining
two were placed at 125° with respect to the beam direction.
The LEPS used during the experiment has a single planar
high-purity germanium (HPGe) crystal with four electrical
segmentations and was placed at 40°. The data were recorded
using a PIXIE-16 based digital data acquisition system [9]. A
total of about 1.6 x 10% ¥y coincidence events were recorded
during the experiment. The offline data sorting process was
carried out using the Linux based data sorting code TUCPIX
[9]. The energy and efficiency calibrations of the detectors
were carried out using the standard '>’Eu and '**Ba radioac-
tive sources. The data were sorted into the conventional yy
symmetric and asymmetric matrices for detailed offline anal-
ysis. The subsequent spectral analyses were carried out using
RADWARE [10] and TV [11] software packages.

The representative yy coincidence spectrum obtained by
setting the gate on the strongest ground-state-feeding branch
of the 614-keV (2t — 01) transition of "®Se is shown in
Fig. 1. All the transitions reported in the previous works
[6,7] are clearly seen in the spectrum. The spectrum also
indicates the presence of a few contaminant transitions origi-
nating from the neighboring residual nuclei, ’®"’Se. The data
obtained from the present experiment suggest a good amount
of yield for "’Se, followed by "®Se as well. The transitions
that are newly assigned to ®Se have been marked with . The
newly placed 1293-keV transition from the 7078-keV level
in band 2 can also be seen in the spectrum with a limited
peak intensity. Comparing the peak intensity of the 1293-keV
transition, it appears that the coincidence peak intensity seen
in the spectrum for the intense 1388-keV peak is mainly con-
tributed from the 1388-keV transition of band 4 decaying from
the low-lying 57, 2891-keV level, and the contribution from
the newly placed 1388-keV transition originating from the
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FIG. 2. Representative yy coincidence spectra obtained from
(a) the sum gates of 882- and 688-keV y transitions of band 3 and
(b) the sum gates of 1039-, 1040-, and 1159-keV transitions of band
2 of "8Se. The peaks labeled with their energy values (in keV) have
been assigned to "®Se. The newly observed transitions are marked
with . The contaminant peaks from the neighboring 77:"Se residual
nuclei are marked with #.

high-lying 16, 8466-keV level should be nominal. The ma-
jority of the transitions belonging to band 5 can also be seen
from the coincidence spectrum of Fig. 1. The spectrum shown
in Fig. 2(a) demonstrates the coincidence relationships among
the transitions connected with bands 3 and 4. The position of
the newly placed 1388-keV transition of band 2 is confirmed
from the coincidence spectrum of Fig. 2(b).

The multipolarities of the transitions decaying from the
excited states of "3Se have been determined from the DCO
(directional correlations from oriented states) ratio [12—14]
and polarization asymmetry [14] measurements. In the present
investigation, the value of Rpco of a transition was extracted
using the following relation:

L, at 125° gated with y, at 90°
I, at 90° gate with y, at 125°

Rpco =

For extracting the Rpco values, the yy coincidence data have
been sorted into an asymmetric matrix, one axis of which
corresponds to the y transitions recorded at the 90° detectors,
and the other axis contains the data recorded by the detectors
at 125°. The use of gating transitions with a stretched and pure
multipole character (such as E2, E'1, etc.) are preferable for
extracting the Rpcp values of the transitions with unknown
multipolarities. Hence, the Rpco values of a majority of the
transitions of ®Se have been extracted using the 6142+ —
0")- and 889(4" — 2%)-keV E2 gating transitions (see Ta-
ble I). However, the Rpcp values for the weak interband
connecting transitions could not be deduced from the 614- and
889-keV gating transitions. In those cases, the Rpco values
have been extracted using other adjacent gating transitions
with known E2 multipolarities. The gating transitions used
in the specific cases are listed in Table I. Figure 3 depicts
the Rpco values for the newly assigned multipolarities of the
transitions of "®Se. The figure clearly demonstrates a clear
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FIG. 3. The experimental Rpco values for a few of the transitions
belonging to ®Se. The green data points correspond to the transitions
with AJ = 0 character.

demarcation in Rpco values for the transitions with AJ =1
and AJ = 2 character. The AJ =1 and AJ = 2 lines have
been drawn to guide the eye. The position of the AJ =1
line has been fixed with the weighted mean of the Rpco
values of several well known E1 transitions of "78Se de-
termined through the known stretched E2 gating transitions.
The weighted average of the Rpco value thus obtained is
found to be 0.647 = 0.013, which corresponds to a value of
o /J ~ 0.35 (as obtained from the ANGCOR code [15]) for the
given geometry used while extracting the Rpco values. This
value of o /J is consistent with the values determined for other
alpha-induced fusion evaporation reactions [16]. For a typical
AJ = 0 transition, the expected Rpco value should in general
be close to unity when a AJ = 2 transition is used as the gate.
This behavior is similar to what one expects for a pure AJ = 2
transition. Such a behavior in Rpco values for a few transitions
can also be seen in the figure (see the green data points in
Fig. 3).

The electromagnetic nature (electric or magnetic) of the
transitions in ®Se has been characterized from the polariza-
tion asymmetry (Ayeym) values, defined as

Cl(Ey)NJ_ — NH
a(Ey)NL +NH ’

Aasym =

where N, and N; are the numbers of scattered photons
in the directions perpendicular and parallel to the reaction
plane, respectively. The term a(E, ) represents the geomet-
rical asymmetry correction factor, and depends upon the
geometry of the detectors as well as the array used for the
measurements. The variation of a(E, ) [defined as a(E,) =
Nj(unpolarized)/N | (unpolarized); the unpolarized 2By ra-
dioactive source was used to determine the values of
Nj(unpolarized) and N (unpolarized)] for a 90° clover de-
tector as a function of energy of the transitions from '>>Eu
has been fitted with the linear equation, a = a9 + @1 E,,, and
values of @y = 1.002(10) and a; in the order of IO‘J were
obtained.
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TABLE L. Summary of the various spectroscopic quantities of "®Se measured in the present investigation. The level energies (E!) have
been obtained by making a least-squares fit to the measured gamma-ray energies (E, ) through the GTOL code [39]. The newly observed
levels and transitions are highlighted with boldface. Unless otherwise stated, the assigned multipolarities to the gamma transitions are based
on the deduced values of coincidence directional correlation ratio (Rpco) and polarization asymmetry (Aggym) as obtained from the present
investigation. The levels which have not been assigned to any particular sequence or bands of Fig. 5 are presented in italics. Only those
transitions and levels are included for which additional information could be newly obtained from the present investigation. The quoted values
of RI correspond to the relative intensities for the concerned transitions.

E (keV) E, (keV) RI =7 Rpco Ay Multipolarity
1854.47(16) 351.54(20) 0.25(5) 3t > 4+t 0.55(19)° (M1 + E2)
2190.99(17) 688.17(16) 3.2(2) 4+ - 4+ 0.99(5) —0.01(3) M1 +E2
882.12(20) 8.4(5) 4+ 5 2+ 0.89(8)° 0.07(2) E2
1576.2(6) 0.8(1) 4+ 5 2+ 0.91(24)° 0.07(4) E2
2362.22(13) 1748.21(60) 0.5(2) (0+) = 2+ 1.03(16) 0.12(10) (E2)
2508.34(17) 1005.27(22) 2.7(2) 3= s 4+ 0.57(7)* 0.06(3) El
1199.57(20) 5.5(3) 3 2t 0.64(6)* 0.08(4) El
1893.58(60) 2.2(2) 3= 5 2+t 0.63(9)* 0.06(4) El
2629.9(3) 1126.98(36) 4.7(3)° (6%) — 4+ 1.08(10)" 0.04(3) (E2)
2682.73(24) 828.42(30) 0.40(8) 4+ — 3+ 0.82(8)" —0.09(11) M1+E2
1373.71(50) 0.67(6) 4+ 5 2+ 0.91(14) 0.08(10) E2
2736.53(19) 545.9(2) 0.80(6) 5t s 4t 0.88(12)F —0.03(5) M1+ E2
882.1(2) 8.4(5) 5t — 3+ 1.01(8)! 0.07(1) E2
1232.50(56) 2.002) 5t 4+ 0.65(11) —0.11(4) M1 +E2
2743.12(18) 234.1(3) 0.10(1) 4= = 3 M1+ E2]
1240.65(45) 3.2(3) 4= — 4+ 1.07(5) —0.07(3) El
2890.77(18) 147.75(30) 0.07(1) 5 — 4~ M1+ E2]
699.71(27) 0.9(1) 5= s 4+ 0.48(14)° 0.10(7) El
2915.0(6) 1412.06(50) 0.41(11) 4+ - 4+ 0.86(10)° 0.07(7) M1+E2
2950.30(21) 207.28(31) 0.27(3) 4= = 4= 0.99(14)° (M1 + E2)
1095.70(44) 0.6(1) 4= — 3+ 0.59(12) 0.06(5) El
1447.18(60) 0.7(1) 4= — 4+ L1(1)° —0.06(8) El
3014.79(20) 271.52(18) 6.2(3) 6~ — 4= 1.15(5) 0.07(4) E2
278.54(44) 0.27(2) 6~ — 5* 0.9(1)° (E1)
3088.12(23) 197.39(20) 0.34(2) 6 — 5- 0.7(1)* (M1 + E2)
3140.86(21) 949.78(29) 3.4(2) 6+t — 4+ 1.04(9) 0.07(5) E2
3307.73(19) 219.65(20) 0.24(2) 6~ — 60 L1 (M1 +E2)
571.54(25) 0.61(5) 6~ — 5* 0.6(1)" 0.10(6) El
760.56(28) 2.3(1) 6~ — 6° 0.98(6)! —0.11(4) El
3487.6(5) 940.50(44) 0.71(6) (77) — 6* 0.70(6) 0.09(6) (E1)
3523.89(20) 383.03(33) 0.70(5) 7- - 6+ 0.63(7)° 0.10(7) El
509.01(24) 3.5(2) 7 = 6 0.56(10) —0.04(3) M1 +E2
976.81(30) 2.8(2) 7- = 6* 0.73(7) 0.08(4) El
3551.15(21) 243.5(3) 0.30(3) 7 = 6 0.75(6)° (M1 +E2)
410.42(24) 0.26(3) 7- = 6* 0.74(7)° (E1)
536.45(27) 4.42) 7 = 6 0.48(6)! —0.04(2) M1 +E2
660.28(25) 0.57(4) 7 = 5 1.09(9)° 0.08(7) E2
3706.0(3) 564.96(34) 0.40(5) T = 6* 0.70(5)° —0.03(6) M1 +E2
1159.1(4) 0.6(1) 7t = 6t 0.62(12)° (M1 + E2)
3831.74(25) 690.8(4) 0.26(2) 8+t — 6F LI (E2)
4049.31(25) 525.41(50) weak 8 — 7 M1+ E2]
4122.2(3) 981.10(35) 0.35(4) 8t — 6F 0.90(10)° (E2)
1574.91(52) 0.8(1) 8+ — 6+ 1.02(15) 0.05(4) E2
4214.96(24) 166.1(5) weak 8 — 8§ M1+ E2]
664.14(28) 0.68(4) 8 — 7° 0.47(14) —0.05(4) M1 +E2
691.2(5) weak 8 — 7 M1+ E2]
907.40(44) 0.30(3) 8 — 6 1.04(14)° (E2)
1200.50(45) 1.12(6) 8 — 6~ 1.01(7) 0.07(4) E2
4293.0(4) 461.30(32) 0.46(5) (9*) — 8§+ 0.74(7)! —0.04(3) M1 +E2
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TABLE 1. (Continued.)

Ex’ (keV) E, (keV) RI JF— J;f Rpco Agsym Multipolarity
4412.99(25) 198.94(31) 0.10(2) 9~ — 8~ [M1 + E2]
363.22(28) 0.99(5) 9~ — 8~ 0.76(5)" —0.06(4) M1+ E2
581.1(4) 0.15(5) 9- — 8* [E1]
861.2(5) 1.3(1) 9- — 7° 1.01(10)! 0.07(6) E2
888.90(36) 3.6(2) 9~ — 77 1.73)" 0.09(7) E2
4626.1(3) 794.80(32) 0.50(5) 107 — 8* 1.05(15)! 0.09(8) E2
4713.8(4) 1007.76(31) 1.04(7) ot — 7t 1.04(5)f 0.05(4) E2
4788.0(3) 162.1(2) 1.6(2) 10t — 10" 1.07(4) (M1 +E2)
665.5(4) 0.30(5) 107 — 8* 1.1(2) (E2)
955.92(30) 2.1(12) 10t — 8&* 1.06(6)' 0.10(4) E2
4820.2(3) 605.25(30) 0.14(1) 9~ — 8~ [M1 + E2]
770.92(35) 0.34(3) 9~ — 8~ 0.66(10)" (M1 +E2)
1269.3(5) 0.60(4) 9- — 7° 1.1(D) 0.08(6) E2
1296.2(5) 0.30(3) 9~ — 77 0.99(9)¢ (E2)
4858.9(3) 737.0(3) 0.67(5) 9t — 8t 0.69(11)! —0.07(11) M1+ E2
1152.73(34) 1.7(2) 9t — 7t 1.03(15)f 0.09(4) E2
1272.1(5) 0.30(4) 9t — 8+ 0.80(9)" (M1 +E2)
5062.5(5) 274.50(31) 0.25(3) (117) — 10" 0.75(6)" (M1 +E2)
5114.9(5) 1065.60(36)™ 0.22(3) — 8~
5540.3(4) 444.40(32) 0.21(2) 117 - (107) M1+ E2]
1127.10(36) 2.2(1) 11— — 9~ 1.10(6)° 0.10(7) E2
5689.9(4) 830.5(5) 0.20(2) 117 — 9* [E2]
902.10(44) 0.45(5) 117 — 10T 0.51(4)1 —0.08(5) M1+ E2
5785.2(4) 997.30(44) 0.16(2) 12+ — 10" [E2]
1159.20(36) 1.8(2) 12t — 10" 1.07(4)" 0.11(6) E2
6807.6(5) 1022.50(40) 0.22(4) — 12*
1117.4(5) 0.10(5) — 11t
7078.1(6) 1292.90(45) 1.34(12) 14t — 12* 1.06(12)° 0.09(8) E2
8466.1(8) 1388.0(5) 0.40(5) 16t — 14* 1.09(16)° 0.11(6) E2

?Deduced from the ground-state-feeding 614-keV transition, E2 gate.
"Deduced from the 889(4* — 2%)-keV, E2 gate.

‘Deduced from the 882-keV, E2 gate.

4Deduced from the 1309-keV, E2 gate.

*Deduced from the 950-keV, E2 gate.

"Deduced from the 969-keV, E2 gate.

£Deduced from the 633-keV, E2 gate.

"Deduced from the 741-keV, E2 gate.

Deduced from the 271-keV, E2 gate.

iDeduced from the 1044-keV, E2 gate.

¥Deduced from the 1575-keV, E2 gate.

'Deduced from the 1285-keV, E2 gate.

"MTentatively placed in the level scheme.

"Deduced from the 1894-keV, E'1 gate.

°Deduced from the 383-keV, E2 gate.

PDeduced from the 1153-keV, E2 gate.

4Deduced from the 956-keV, E2 gate.

"Deduced from the 1039-keV, E2 gate.

*Deduced from the 1040+1159-keV, E2 sum gate.

‘Due to the presence of close-lying energy, the quoted DCO ratio could not be extracted unambiguously.

As an electric transition preferentially scatters in the per- nature of the transition. The four clover detectors of the ar-
pendicular direction, a positive Aggym value is obtained for ray placed at 90° have been effectively used for extracting
such a transition. The negative Ay, value of a transition the A,ym values. The extracted A,gm values for the newly
would indicate its magnetic nature. A nearzero value of Ayym  assigned multipolarities of the transitions belonging to "8Se
of a transition is indicative of mixed multipole character  are depicted in Fig. 4. The transitions having electric, mag-
for the transition. However, for a typical AJ = 0 transition,  netic, and mixed characters can clearly be identified from the
the negative (positive) value of A,y represents E1 (M1) figure.
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FIG. 4. The experimental asymmetry (Aggym) values for a few of
the transitions of "3Se obtained from the polarization measurement.
The green data points belong to AJ = 0 transitions. The dotted line
through the zero value of asymmetry has been drawn to guide the
eye.

III. EXPERIMENTAL RESULTS

Based on yy coincidence analysis, the level scheme of
8Se has been established up to E, =~ 8.5 MeV and J = 167,
and is presented in Fig. 5. The observed level scheme from

the present investigation is found to be in good agreement
with that from the previous work of Schwengner et al. [7].
However, an extension to the previously known level scheme
has been made in the present work by placing 39 new tran-
sitions. The newly observed transitions are indicated with
red color in Fig. 5. The excited levels have been categorized
under five different groups as shown in Fig. 5. It is worth
mentioning that an extensive effort was made to deal with
the complexity of the level scheme of "8Se arising mainly
due to the presence of several close-lying doublet transitions.
Different gating transitions were used for determining the
relative intensity, DCO, and Ay, values of the close-lying
doublet transitions. The newly found spectroscopic results
are summarized in Table I. The quoted uncertainties for y-
ray energies comprise statistical and systematic uncertainties.
The uncertainties associated with DCO and Ay, values are
statistical only. The uncertainties for the intensities of the
gamma transitions are expressed by adding in quadrature a
5% uncertainty for efficiency correction to the corresponding
statistical uncertainties. A necessary discussion of the specific
findings related to a few positive and negative parity levels is
put forward in the following subsections.

2
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FIG. 5. The partial level scheme of "®Se obtained from the present investigation. The newly observed transitions are indicated with red
color. The level and transition energies are expressed in keV. The widths of the arrows are proportional to the intensities of the concerned
transitions. The tentatively assigned transitions are indicated by dotted arrows. The tentative spin-parity assignments of the levels are expressed

in parentheses.
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A. Positive parity levels

Tentative spin-parity assignments of (107) and (12%) were
made respectively for the 4626- and 5785-keV levels in the
previous investigation [7]. The extracted values of DCO and
Ageym for the 795- and 1159-keV transitions, decaying from
the 4626- and 5785-keV levels respectively, are suggestive of
E2 multipolarities. Hence, firm 10* and 12* assignments for
the 4626- and 5785-keV levels have been made in the present
investigation. It is also to be noted here that the ground state
positive parity band was known up to E, = 5785 keV and
J™ = 12% prior to the present investigation. The previously
known ground state band has been extended up to E, = 8466
keV and J™ = 16" due to the placements of two additional
1293- and 1388-keV E?2 transitions that feed the 12%, 5785-
keV and 14, 7078-keV levels, respectively (see band 2 of
Fig. 5). The extracted DCO and Ay, values along with the
observed decay pattern confirms the AJ = 2, E2 multipolar-
ities for the 1293- and 1388-keV transitions. The confirmed
spin-parity assignments of the two newly observed levels as
14" and 16" have thus been made. It is to be pointed out here
that the level scheme deduced from the present investigation
comprises several close-lying levels with the same spin-parity
assignments. These include three 8" levels at 3586, 3832, and
4122 keV; two 97T levels at 4714 and 4859 keV; and two 107
levels at 4626 and 4788 keV. The spin-parity assignments of
all the concerned levels are confirmed from the analysis of the
angular correlation and polarization data. An attempt has been
made to find out all the probable decay transitions from the
concerned levels within the sensitivity limit of present inves-
tigation. Two additional very weak 691- and 981-keV decay
branches have been newly assigned to the 8, 3832-keV and
83+, 4122-keV levels, respectively. The 97, 4714-keV level has
newly been placed in the decay scheme. Also, an additional
737-keV decay branch from the 97, 4859-keV level has newly
been established from the present investigation. In addition
to the placements of additional weak decay branches, the yy
coincidence analysis of the present set of data is also found to
be very helpful for the firm placements of a few transitions,
which were tentatively placed in the previous investigation
[7], decaying from the positive parity levels. These include
1159-,1273-keV transitions of band 3 and 1202-,795-keV
transitions of sequence 1. Further, the assignments of J* to
the 2737-, 3141-, 3706-, and 4859-keV levels of band 3 were
tentatively made as 5T, 61, 7T, and 9" respectively, in the
previous work of Schwengner et al. [7]. The tentative assign-
ments are probably due to the presence of the doublet 882-keV
transitions that prevented the unambiguous spin-parity assign-
ments to the 2737-keV level, and subsequently to the other
higher levels of band 3 as well since the previous investi-
gation [7] measured the angular anisotropy and polarization
asymmetry of the transitions from singles measurements. The
DCO values, measured in the present work, are found to be
0.89(8) and 1.01(8) (see Table I) for the 882-keV transitions
decaying from the 2191- and 2737-keV levels, respectively.
As can be seen from Table I, two different parallel gating
transitions of known E2 multipolarities have been used for
accurate determination of the DCO values. Hence, unambigu-
ous E2 multipolarity assignments have been made to both the

882-keV transitions. These assignments are further corrobo-
rated with the coincidence polarization asymmetry measure-
ments. Thus a confirmed J™ assignment of 5% has been made
for the 2737-keV level.

As mentioned in Sec. II, one LEPS detector was also
used in the array for efficient detection of the low-energy
transitions. A yy matrix comprising the events from LEPS
detectors in one axis and the recorded events from the clover
detectors in other axis was also constructed. However, the
coincidence LEPS spectrum generated from the gate on
the ground-state-feeding 614-keV transition recorded by the
clover detectors does not indicate the presence of any low-
energy transitions as such with £, < 124 keV. Hence, no
additional low-energy decay branches with E, < 124 keV
are placed in the level scheme. As can be seen from Fig. 5,
sequence 1 comprising positive parity levels has also been
extended to 6808 keV level. Several decay paths of sequence
1 to the other two positive parity bands 1 and 3 are also newly
established.

B. Negative parity levels

The negative parity levels have been grouped under bands
4 and 5. The grouping of the levels has been made based
on the energy pattern of the levels, the spin sequences of
the levels, and the decay pattern of the levels. Band 4 is
built on the 37, 2508-keV level and has been extended up
to the 117, 5540-keV level with the placements of two new
decay branches from the level. The E'1 multipolarity to the
three newly observed 383-, 571-, and 700-keV transitions of
band 4 have been made following the extracted DCO and
polarization-asymmetry values of the transitions. The previ-
ously made tentative spin-parity assignments of the 4414-keV
level of band 4 have also been confirmed from the present
work. Hence, the confirmed spin-parity assignments for all
the levels, except the (107) level at 5096 keV, of band 4
are made from the present investigation. Band 5 built on
the 67, 3015-keV level comprises the 7—, 3551-keV, 87,
4215-keV, and 97, 4820-keV levels. The spins and parities
of the levels were tentatively assigned in the previous inves-
tigation by Schwengner ef al. [7]. The confirmed spin-parity
assignments for the levels of the band could be made in the
present investigation due to the placements of several new
decay branches and their followup DCO and polarization
measurements.

IV. DISCUSSION

As mentioned in the previous section, the level scheme of
8Se has been extended both along the vertical and horizontal
dimensions due to the placement of several new transitions.
The spins and parities for a majority of the levels are also
firmly established. Depending upon the decay patterns, the
observed levels are grouped under different sequences (see
Fig. 5). The characteristic features of different bands and the
effects of quasiparticle (qp) alignments on the observed band
structures are discussed in the following subsections.
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FIG. 6. Variation of (a) kinematic moment of inertia J, (b) the
aligned angular momentum I, — I; (= i,), and (c) dynamic moment
of inertia J® as a function of rotational frequency /i for the yrast
positive parity ground state bands in "*78Se. The reference angular
momentum has been parametrized as L. = 21w — 3 [17-19]. The
newly extracted data points are indicated with red color.

A. Level structure of yrast positive parity ground
state band (band 2)

Due to the occupancy in both the proton and neutron 1g9,,
intruder orbitals, it is expected that the yrast level structure
of "8Se should exhibit the consequent effects arising from
the 2qp v(1 g% /2) and 7 (1 g% /2) alignments. The spectroscopic
information of the newly extended ground state band structure
of "8Se has been used to show the rotational frequency (fiw)
dependent variation of the kinematic moment of inertia, J,
aligned angular momentum, I, — I.s = i, (Harris parameters
used for the reference configuration has been taken from
Ref. [17]), and dynamic moment of inertia, J?, in Fig. 6. The
relevant data corresponding to the neighboring "*Se nucleus
are also plotted in the figure for the sake of comparison.
As can be seen from Fig. 6(a), there is a difference in the
rising pattern for JV values for 778Se up to fiw & 0.55
MeV. Above the rotational frequency of 0.55 MeV, the vari-
ation pattern of J() appears to be similar for the two nuclei
74.788e. Such features corroborate well the alignment plots of
Fig. 6(b).

Further, it can be seen from Fig. 6(c) that the first peak,
due to the alignment of a pair of quasiparticles, occurs at
hiw 2~ 0.55 MeV for both 7*78Se. The second peaklike struc-
ture for *Se is clearly seen at /iw ~ 0.65 MeV, indicating the
occurrence of another quasiparticle-pair alignment. However,
the position of the second distinct kinklike structure for "8Se
cannot be localized in Fig. 6(c) due to the unavailability of
additional high-spin data points. Considering the structural
similarities between "*Se and "®Se, it can be suggested from
the present investigation that the second alignment for the pair

of quasiparticles in ®Se should occur at a rotational frequency
hw 2 0.65 MeV. These facts indicate the occurrence of two
well-separated successive band crossing phenomena along the
ground state positive parity bands of "*7%Se.

In order to investigate the nature of quasiparticle align-
ments and their subsequent possible shape change phenom-
ena, the total Routhian surface (TRS) calculations for "8Se
were performed. The calculations were carried out following
the prescriptions as described in Refs. [20,21]. The surfaces
obtained in the B,-y plane from TRS calculations at two dif-
ferent rotational frequencies are shown in Fig. 7. Figures 7(a)
and 7(b) demonstrate the shape of the nucleus at /iw = 0.30
and 0.55 MeV, which correspond to the respective frequencies
before and after the experimentally observed regime of the
first band crossing [see Fig. 6(c)]. It can be seen from Fig. 7(a)
that the TRS at Ziw = 0.30 MeV indicates a triaxial shape with
B>~ 0.30 and y &~ —33°. The changing scenario after the first
band crossing can clearly be observed in Fig. 7(b). The TRS at
hiw = 0.55 MeV shows the presence of two minima in the en-
ergy surface. The first minimum is found to be associated with
the shape parameters, 8, & 0.30, y & +49°, while the shape
parameters obtained for the second minimum are 8, ~ 0.30,
y ~ —27°. Thus, it can be surmised that the triaxial shape in
8Se seems to persist before and after the observed first band
crossing regime of the positive parity ground state band (band
2). However, the occurrence of v(1g3 /2) gp alignment seems to
drive the nucleus from a triaxial shape with negative y value
to a triaxial shape with positive y value indicating thereby
the nonrigid triaxial behavior. It is to be pointed out here that
the calculated shape change phenomena for "4Se (see [8]) and
8Se are found to be quite different. While there is a distinct
change of shape from prolate to triaxial observed for #Se with
the increasing spins [8], the triaxial shape for ®Se seems to
develop in the spin regime even before the first band crossing.
The occurrence of similar triaxial shapes (see the values of
B> = 0.30° and y = 49°, —27° for "8Se obtained from the
present calculation, and 8, = 0.29° and y = 40°, —26° for
4Se from Ref.[8]) after the first band crossing frequency at
fiw 2 0.50 MeV for both 7*78Se gives rise to the observed
similar behavior for the pattern of variation in J M ., and J®
at the higher rotational frequencies with iw 2 0.50 MeV [see
Figs. 6(a), 6(b), and 6(c)].

Further, an attempt has been made to understand the type
of quasiparticle alignments associated with the kinklike struc-
tures of J® [see Fig. 6(c)] observed at /iw ~ 0.52 and 0.65
MeV for "8Se. In this context, the theoretical crossing frequen-
cies (fiw,) were determined from the calculated single particle
Routhians for different values of triaxiality parameter (y)
while considering the value of the deformation parameter to
be B, = 0.28. The crossing frequencies have been calculated
for both 1g9/, quasiprotons and quasineutrons, and the subse-
quent variations are shown in Fig. 8. The horizontal dotted
lines have been drawn through the observed band crossing
frequencies at 7iw ~ 0.52 MeV and 7w ~ 0.65 MeV to guide
the eye. It is obvious from the figure that the lower crossing
is due to the alignment of a pair of v(1g9/2) quasineutrons,
whereas the alignment of a pair of m(1g9,2) quasiprotons
is likely responsible for the observed band crossing at fiw 2>
0.65 MeV.
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400 keV.

The regime of the first and second band crossings in "®Se
due to neutron and proton pair alignments further gets con-
firmed from the systematics of the experimental band crossing
frequencies extracted for the even-even Se isotopes, shown in
Fig. 9. The presence of excess neutrons near the Fermi level
seems to favor the first band crossing in "®Se to be due to
neutron alignment. Figure 9 also demonstrates the proton pair
alignment as the favorable case for the first band crossing in
4Se. However, the newly added data point in Fig. 9 (see the
red marked filled circle) shows that the difference between the
two successive crossing frequencies is found to be almost the
same for +78Se.
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FIG. 8. Theoretical crossing frequencies (fiw,.) for 78Se, obtained
from TRS calculations, are plotted as a function of triaxiality param-
eter (y). The blue dashed horizontal lines have been drawn through
the region of experimentally observed crossing frequencies. See text
for details.

B. Irregular sequence of positive parity levels (sequence 1)

Figure 5 indicates that the irregular positive parity se-
quence (sequence 1) develops in the level scheme of 8Se at
an excitation regime of E, =~ 3.8 MeV with J™ = 8. The ob-
served irregular sequence preferentially decays to the ground
state positive parity band (band 2). Also, it is interesting to
note that the irregular sequence appears at the periphery of the
excitation regime of 2qp alignment from the 1g9/> neutrons.
Considering the measured lifetime values from Ref. [7] and
incorporating the newly observed decay branches from the
present investigation, the levels at 3832, 4788, 5690, and 6808
keV of sequence 1 are found to decay to the lower lying levels
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FIG. 9. The experimental crossing frequencies for the pairs of
189> proton and 1gy/, neutron alignments plotted as a function of
neutron number for a few even-even Se-isotopes. The red marked
data point corresponds to the new finding for "8Se from the present
investigation. The necessary data for the other nuclei are taken from
Refs. [1,2,8,22-24]. The lines joining the data points have been
drawn to guide the eye.
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FIG. 10. Variation of (a) aligned angular momentum (I — L¢) of
band 2 (ground state band) and band 3 (gamma band) of "8Se as a
function of rotational frequency (fiw). The red circles are the data
points newly added to band 2. The same has been plotted in panel
(b) for "Se. Panel (c) demonstrates the experimental variation of the
staggering parameter, S(I), for "®Se as a function of spin (J).

of band 2 with the values of B(E2) < 10 W.u.. This suggests
the noncollective feature of sequence 1.

C. Positive parity band built on the 2], 1309 keV state (band 3):
Evolution of the y band

The experimental data obtained from the present investiga-
tion do not permit us to extend band 3 beyond the previously
known 97, 4859 keV state. But even with the available limited
spectroscopic information, a similar pattern of variation is
found to persist for bands 2 and 3 [see Fig. 10(a)]. It is obvious
from Fig. 10(a) that both bands exhibit the occurrence of two-
quasineutron 1gg/, alignment at /iw ~ 0.5 MeV. The observed
similarity in the variation of the aligned angular momenta of
band 3 with that of the ground state positive parity band (band
2) supports the y vibrational feature for band 3 [25-27]. An
identical feature exists between the ground state band and the
excited y band built on the 2, 1269-keV state of "*Se and has
been depicted in Fig. 10 (b).

To further investigate the nature of band 3, the stag-
gering parameter for the different levels of the band has
been extracted using the following relation and plotted in
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FIG. 11. The variation of experimental B(E1)/B(E2) values
plotted as a function of spin (/) for the octupole correlated band
structures in "3Se and 7®Br. The red circles are the new data points
for "Se extracted from the present investigation.

Fig. 10(c):
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As can be seen from the figure, the staggering pattern for
8Se looks similar to that of 7*Se. The observed variation of
S(I) is suggestive of gamma-soft nature of the observed level
structure of "8Se built on the 2;, 1309-keV state. The exper-
EQ)
EQ2])
the shape of the nucleus is near the maximum triaxiality with
y & 30° following the Davydov-Fillipov (DF) model [28].
Hence, the onset of this near-maximum triaxial shape seems
to occur at the periphery of the bandhead energy of band 3.
This corroborates the results from the TRS calculations as
discussed in Sec. IV A and the previous investigation carried
out with Coulomb excitation measurement [29].

imental value of = 2.1 for "8Se further suggests that

D. Negative parity band built on the 37, 2508 keV state (band
4): Onset of octupole correlation

The negative parity levels of band 4, built on the 37,
2508 keV state, decay to the positive parity levels of band
3 via several E1 transitions. A few of these interband link-
ing E1 transitions were known from the previous work of
Schwengner et al. [7]. A few additional E1 decay branches
have been newly placed from the present investigation. In
order to search for the onset of the octupole correlation effect
in "8Se, the experimental values of B(E'1)/B(E2) have been
extracted for the transitions decaying from different excited
levels of band 4 and are depicted in Fig. 11. For the sake
of comparison, the previously measured B(E'1)/B(E2) values
for the neighboring isobaric ®Br nucleus are also incorpo-
rated in the figure. We pointed out here that the presence
of octupole correlations in "®Br has already been ascertained
from the previous work of Ref. [30] based on the measured
B(E1)/B(E2) values. Figure 11 indicates that the measured
values of B(E1)/B(E2) for 8Se are very similar to those of
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FIG. 12. Variation of dynamical moment of inertia J® plotted as
the function of rotational frequency %w for (a) positive parity band
(gamma band in cases of "8Se, "*Br and ground state band in the
case of 222 Th [34]) and (b) negative parity octupole correlated band
structure of *Se, 7®Br, and 2*°Th. Panel (c) shows the variation in the
difference in alignment Ai, between the gamma band and octupole-
correlated band plotted against /iw for the nuclei ®Se, "*Br, and that
between the ground state positive parity band and octupole band of
Z0Th. The dashed horizontal lines have been drawn to guide the eye
(see text for details).

"8Br. Hence, the octupole correlation effect seems to persist
in 78Se as well within the observed medium-spin excita-
tion regime. An identical pattern of increasing trend in the
B(E1)/B(E2) values for the two the nuclei is obvious from
the figure. However, the enhancement of B(E'1)/B(E?2) values
for 78Se prevails in the lower spin regime.

Further, the consequences arising from the effect of quasi-
particle alignments of the octupole correlated bands are
distinctly visible in Fig. 12. It is obvious from Figs. 12(a) and
12(b) that the J® values for all the bands under consideration,
except that for **Th, do not vary smoothly with the rotational
frequencies, /iw. As discussed in Ref. [31], the values of Ai,
for smoothly varying bands are expected to approach either of
the two feasible extreme values, zero and 37, characterizing
thereby the onset of stable octupole deformation and octupole
vibrational feature, respectively. Here, Ai, is the difference in
aligned angular momentum and is defined as Ai, =i, — i,
where i and i are the experimental alignments of the con-
cerned negative and positive parity bands, respectively. Thus,
Fig. 12(c) points to the fact that **Th is a good example
of octupole vibrators. The presence of alignments of a pair
of quasiparticles in the concerned positive parity bands is
found to be quite obvious at /iw =~ 0.5 MeV and 7w =
0.8 MeV for "®Se and "®Br, respectively [see Fig. 12(a)].
No such signatures for specified alignments are observed in
the negative parity bands for "8Se and "®Br [see Fig. 12(b)].

Figure 12(c) demonstrates that both the "®Se and ®Br isobars
attain a maximum value of Ai, &~ 2h. Hence, as suggested in
Refs. [32,33], the presence of a quasiparticle-pair alignment in
one of the partners of the octupole correlated bands possibly
provides hindrance to attaining a maximum 3/ value of Ai,,
and hence the observed level structures of "®Se and "*Br can-
not be considered to be the ideal examples of perfect octupole
vibrators.

E. Negative parity band built on the 65, 3015-keV level (band 5)

The experimental data suggest that this negative parity
band was populated very weekly in the present investigation.
Hence, it was not possible to extend the bandlike structure
beyond the 97, 4820-keV level. This bandlike structure is
found to possess several interesting features: (a) the energy
of the bandhead is quite high and lies at the excitation regime
close to the periphery of first band crossing, (b) a higher value
of B(M1)/B(E?2) is observed for decay of the intraband transi-
tions in comparison to what have been found for the intraband
transitions belonging to the other bands, (c) the band decays
to both the positive- and negative parity yrast bands, and (d)
the signature splitting appears to be very small. Such excited
negative parity bands with bandheads at E, > 2 MeV and
J™ > 13/2 h were previously reported in several neighboring
odd-mass nuclei belonging to the A & 80 region [35,36] and
categorized as high-K bands. The configuration for this type
of excited negative parity band for "7-"Br-isotopes was sug-
gested as w(g9/2) ® v(fp) ® v(g9/2) based on deformed shell
model calculations [35]. Also, the negative parity 13/2~ band
of the ;gAS44 isotone was assigned in a previous work [36]
as a 3qp band with a similar type of configuration. In addi-
tion to that, the high-lying negative parity dipole bands were
also previously observed in 7"7Se isotopes and interpreted
as high-K bands with a 3qp configuration of 7 [(1g9/2)(fp)]
® v[(lgon)] [37,38]. Considering the analogy in the ob-
served decay pattern and the excitation energy and spin of the
bandhead, band 5 of "®Se can be assigned with a probable
4gp high-K bandlike structure having either w[(1 gﬁ )] ®

vI(1892)(fP)] or w[(89/2)(fP)] ® VI(g5/,)] as the dominant
configuration.

V. CONCLUSIONS

The results from a detailed spectroscopic investigation of
the level structure of "®Se in the medium-spin regime are
reported in the present paper. The level scheme has been
enriched with the placements of several new transitions de-
caying from yrast and non-yrast levels of both parities. Total
Routhian surface (TRS) calculations have been carried out
to interpret the experimentally observed results. The sys-
tematics in the crossing frequencies of Se isotopes have
been unveiled and the difference in the crossing frequen-
cies due to 7 (1g} 1) and v(1g} 1) quasiparticle alignments

are found to be similar in the *78Se nuclei. The ground
state bands of 7*78Se exhibit surprisingly similar types of
features after the first crossing frequency, and this corrobo-
rates the persistence of similar types of triaxial shapes in the
two nuclei in the higher spin regime. The effects of 1gg/»
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neutron pair alignments on different possible modes of ex-
citation such as y vibration and octupole correlations have
been presented. A four-quasiparticle high-K bandlike struc-
ture built on 67, 3015-keV level is newly proposed. The band
is supposed to have a predominant contribution from either

7[(1g5)] ® vI(1ge)(f )l or ml(g92)(fP)] ® vI(g5)]

configuration.
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