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Excited states in '3!Cs were investigated through in-beam y-ray spectroscopic techniques following its
population in the '*Sn(!'B, 4n) fusion-evaporation reaction at a beam energy of 46 MeV. The previously
known level scheme has been substantially extended up to ~9 MeV excitation energy and 49/2h spin with
the addition of seven new band structures. The present level scheme consisting of 15 bands exhibits a variety
of collective features in this nucleus at intermediate spin. The excitation energies of the observed levels in
different bands and the corresponding ratios of transition strengths, i.e., B(M1)/B(E?2), have been compared
with the results of projected deformed Hartree-Fock calculations based on various quasiparticle configurations.
A strongly coupled band has been reassigned a high-K three-quasiparticle wh;» ® v(hyi/2d3/,) configuration
based on the properties of this band and that of its new coupled side band. The configurations of these bands
are also discussed in the framework of tilted-axis cranking model calculations and the systematics of the
odd-A Cs isotopes. Additional three energetically closely placed coupled bands have been assigned different
unpaired three-quasiparticle configurations. y-vibrational bands coupled to the wh;, and 7 g7/, single-particle
configurations have been reported in this nucleus. Observation of new E1 transitions linking the opposite-parity

mhyi2 and mds;, bands provides fingerprints of possible octupole correlations.

DOI: 10.1103/PhysRevC.78.034313

I. INTRODUCTION

The nuclei in the A ~ 130 mass region below the N = 82
shell closure are soft to y deformation at low and medium
spins, and exhibit various intriguing phenomena [1-3]. For
these nuclei, the proton Fermi surface lies low within the
h11» orbitals driving the nucleus to prolate shape, whereas the
neutron Fermi surface lies near the middle of the 4, /, orbitals
favoring an oblate shape [4]. Because of the opposite types
of quadrupole deformations for the proton and neutron mass
distributions, these nuclei develop y instability and provide
an opportunity to investigate the evolution of collectivity and
the competing nuclear shapes with increasing spin and as a
function of positions of neutron and proton Fermi surfaces in
the unique-parity 41y, intruder orbital. The y-soft behavior
of the A ~ 130 even-even nuclei is manifested by the energy
staggering observed in the quasi-y bands [5]. For the odd-Z
nuclei, the level structure at low spin is mainly influenced by
the valance quasiproton coupled with the even-even core. At
higher frequencies, shape changes have been found to occur, in
particular, due to additional rotationally aligned quasiparticles
polarizing the y-soft core depending upon the position of
the Fermi surfaces [6,7]. Depending upon the coupling of
angular momenta of the valence neutrons and protons with
that of the even-even core, different types of excitations,
namely, magnetic rotation, chiral twin bands, and recently
predicted chopstick configurations, have been discussed for
this mass region [8—14]. The appearance of Al =1 bands
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characterized by rapidly decreasing B(M1) strength with
increasing spin have been interpreted in terms of coupling
of angular momenta of proton particles (holes) and neutron
holes (particles) in high j orbitals in a moderately deformed
core. On the other hand, the twin degenerate dipole bands
with similar energy staggering and electromagnetic strengths
were explained with aplanar tilted rotation of the triaxial core
along with the valence neutrons and protons aligned along
the two extreme axes of the core. The truncated shell model
calculation prescribes another angular momentum coupling
scheme, namely, the chopstick model, which predicts a series
of degenerate dipole band structures in nuclei around the
A ~ 130 region. Extensive studies have been carried out using
the Woods-Saxon-based cranking model to investigate the
ground state shapes and quasiparticle alignments for even-even
nuclei in this region [15]. Systematic studies on these nuclei
in the A ~ 130 region have also been carried out based on
algebraic models to describe the low-lying states and thereby
probing the underlying symmetries [16—18]. The triaxial rotor
plus particle model has been used to explain the negative-
parity states in the 12%127:12°Cs isotopes [19]. The odd-even
nuclei provide the possibility of studying different types of
coupling of the valence proton with the even-even core and its
excitations. The presence of nearby 41,2, g7/2, and ds > proton
orbitals usually gives rise to different one-quasiparticle band
structures, and further rearrangements of neutrons and protons
add richness to the structure. As the A/, and ds;, orbitals
with Al = 3 are near the Fermi surface, octupole collectivity
will be enhanced in this region and has been observed in Cs
isotopes like '?>Cs [20] and '443Cs [21] and also in the
neighboring Xe and Ba isotopes. The low-lying states in '3'Cs
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have been found to be previously established through the
electron-capture decay of '*!'Ba [22]. High spin states of '3!Cs
have been reported by Garg et al. [23] using the '2*Sn('°B, 3n)
and '2®Te(®Li, 3n) reactions. Recently, collective structures of
the '3'Cs nucleus have been reported by Kumar et al. [24],
who observed a number of multiquasiparticle bands based on
different configurations.

In this work, we report on new results of a detailed
study of the level structure of '*'Cs. The developed level
scheme shows interesting band structures involving degen-
erate Al = 1 doublet bands, quasivibrational structures, and
signatures of octupole collectivity. The experimental details
and results of the present measurements are described in
Secs. II and III. Deformed Hartree-Fock and the tilted-axis
cranking calculations are performed for '3'Cs in the present
work. The calculation procedures are outlined in Sec. IV.
The structures of most of the bands are interpreted in
Sec. V, based on comparison with theoretical results and
the systematics of neighboring nuclei. The configurations
of the nearly degenerate dipole bands were compared with
calculations based on multiquasiparticle configurations with
different K values. At the end, the quasivibrational bands
and the relative strengths of E1 transitions are discussed
only with the available systematics of the neighboring
nuclei.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

Excited states of the '*!Cs nucleus were populated in
our experiment through the '**Sn(''B, 4n)"3!'Cs fusion-
evaporation reaction using 246 MeV !' B beam from the 14-UD
Pelletron at the Bhabha Atomic Research Centre (BARC)-Tata
Institute of Fundamental Research (TIFR) in Mumbai, India.
The target consisted of isotopically enriched '?*Sn foil of
thickness 1.6 mg/cm? rolled onto a 12.6 mg/cm? thick Au
backing. The experimental setup consisted of eight Compton-
suppressed clover detectors placed in the horizontal plane at
60°,90°, 120°, 150°, 210°, 250°, 285°, and 325° with respect
to the beam direction. The photopeak efficiency of this clover
array was ~1.6% for the 1.3 MeV y rays. A 14-element
Nal(T1) multiplicity filter [13] in the form of two clusters was
also placed above and below the horizontal plane. Each of the
clover detectors was treated as a single detector. The master
trigger for collecting y-y coincidence data was generated
with the condition that at least two clover detectors and two
Nal(T1) detectors fired in coincidence. The clover detectors
were calibrated for y-ray energies and efficiencies using
the '33Ba and '"?Eu radioactive sources. The collected y-y
coincidence data were sorted into a two-dimensional matrix.
The background from this y-y matrix was subtracted using
the method outlined in Ref. [25]. The background-subtracted
matrix has around 150 x 10° coincidences. From the y-y
coincidence data, the intensity, directional correlation of
oriented states (DCO) ratio, and polarization asymmetry of
different transitions were extracted and used for establishing
the level scheme of '3'Cs. The partial level scheme of '3'Cs
developed in the present work is shown in Figs. 1 and 2.
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FIG. 1. Partial level scheme of '3!Cs (part L.).

Relative intensities of y rays in 13'Cs were extracted from
single-y spectra and y-y coincidence spectra. Intensity for
each y-ray was obtained from the peak area corrected for
efficiencies of the clover detectors. Intensities have been nor-
malized with respect to the 495.9 keV (%Jr — %+) transition.
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FIG. 2. Partial level scheme of '3!Cs (part IL.).

The intensities of the weaker transitions were obtained from
the added spectra with gates on various y-ray transitions. The
intensities of the y rays obtained from the coincidence spectra
were normalized to those obtained from single-y spectra. The
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relative intensities of various transitions obtained in the present
work are listed in Table I.

The multipolarity of different transitions has been deter-
mined from an angular correlation analysis using the method
of directional correlation from oriented states (DCO) [26]. The
coincidence events were sorted into an asymmetric matrix
with the 30° detectors on one axis and 90° detectors on the
other axis. By setting gates on the transition with known
multipolarity (either pure quadrupole or dipole) along the two
axes of this matrix, the peak areas A,,(30") and A,,(90")
were obtained from the projected spectra and were further
used to deduce the DCO ratios. For most of the transitions,
DCO ratios were obtained from the gate on the 495.9 keV
(9/2% — 5/2%),537.6 keV (11/2% — 7/2%), and 533.2 keV
(15/27 — 11/27) E2 transitions. For the weaker transitions,
the DCO ratios were obtained from the added spectra with the
gate on the quadrupole transitions. The DCO ratios extracted
in this geometry are typically >1.0 for quadrupole transitions
and <0.6 for dipole transitions. The DCO values for different
y-ray transitions are given in Table I.

Clover detectors have been used as polarimeters to measure
the polarization [27,28] of y rays to determine the electric
or magnetic character of transitions. We have performed
integrated polarization asymmetry measurements (IPDCO)
by taking all the detectors into consideration [13,27]. The
values of the polarization asymmetry obtained from these
measurements are listed in Table 1.

III. RESULTS

The present level scheme of Blcs, shown in Figs. 1 and 2,
is built on the ground state (7y,, = 9.688 d) with ™ =5/2%
and consists of around 15 bands. The positive-parity bands
have been labeled B1-B8, and the negative-parity bands have
been labeled B9—B15 to facilitate the discussion. The level
scheme from the present work is established up to 9 MeV
excitation energy and 49 /2% spin and is a significant extension
with the addition of about 260 new transitions to those reported
in the earlier works by Garg et al. [23] and more recently by
Kumar et al. [24]. The present level scheme preserves major
features of the previously observed bands BS5, B6, and B10,
which have been assigned to be based on the 7 g7,,, wds/,, and
mhyy; orbitals, respectively. Seven bands, namely, B1, B3, B4,
B9, B13, B14, and B15, have been reported for the first time.
In addition, several new intraband and interband transitions
have been placed. The coincidence spectra with gates on
various y lines, which show the new transitions, are depicted in
Figs. 3-5. The spins and parities of the different band structures
were assigned on the basis of the results of angular correlation
and polarization measurements. Higher excited positive-parity
bands have been found to decay into the different levels of
positive parity mg7,2 (B5) and wds;, (B6) bands and most of
the higher excited negative-parity bands decay into different
levels of band B10 based on 7 4y, orbital, which in turn also
decays to different levels of B5 and B6 bands. Details of the
bands B1-B15 of '3!Cs as obtained in the present work are
discussed below.
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TABLE I. Relative intensities, DCO, and PDCO ratios for y transitions of energy E,, which deexcite the energy levels E; in
B1Cs. The E, uncertainty in strong y -ray energies is less than 0.3 keV; for weak y-ray energies, about 0.5 keV. The DCO values in
column 6 are obtained from gates on stretched E2 transitions.

E, (keV) E; (keV) Relative intensity Band Ir— I7 DCO Polarization
78.2 78 405(21) B5—B6 7/2F — 5/2%
81.1 2816 8.3(12) B10—B6 23/27 — 21/2%
95.4 2876 9.0(14) B8—BS8 23/2T — 21/2*F
98.7 3820 1.88(39) B10—BI11 27/2 — 25/2~
109.7 4736 0.43(10) B8—B8 33/2% — 31/2%
120.5 2344 4.06(56) B12—B12 19/27 — 17/2~
131.3 2687 7.0(8) B2—B2 19/2% — 17/2%F 0.41(8)
133.0 3858 0.40(6) B8—BI10 29/2% — 27/2°
140.3 2876 90(5) B8—B6 23/2T — 21/2*F 0.66(7) —0.05(1)
148.3 2836 7.0(8) B2—B2 21/2% — 19/2% 0.30(7)
154.8 3820 10.9(10) B11—-BI11 27/2 — 25/2~ 0.45(9)
155.3 2816 10(1) B10—B10 23/27 — 21/2- 0.45(11)
159.0 776 3.27(39) B10—B6 11/2= — 9/2%
162.0 1310 1.18(18) B10—B6 15/2= — 13/2*
166.6 3043 58.3(40) B7—BS8 25/2T — 23/2*F 0.79(12)
167.0 4146 7.6(9) B2—B3 29/2F — 27/2%F —0.07(3)
188.9 3858 9.8(13) B8—B8 29/2% — 27/2%
192.7 2875 2.56(38) B1—Bl 19/2F — 17/2*F 0.42(11)
193.2 3724 3.4(5) B2—B3 27/2F — 25/2% 0.35(9)
203.7 3725 15(2) B10—B10 27/27 — 25/2~ 0.48(9)
206.0 550 +x B4—~>B4 13/2% — 11727
223.1 3059 45(3) B2—B2 23/2F — 21/2% 0.50(8)
226.4 2155 4.6(6) B5—B6 19/2% — 17/2+
231.8 1637 16.6(17) B12—B10 15/2= — 13/2~
261.0 2544 28.7(23) B13—BI13 19/2= — 17/2~ 0.64(10)
261.3 3725 19.4(21) B10—BI11 27/27 — 25/2~ 0.64(12)
266.0 344 4+ x B4—B4 11/2% — 9/2%
273.8 2223 26(3) Bi12—BI12 17/2= — 15/2~ 0.45(8)
278.3 3059 31(2) B2—B8 23/2 — 21/2*
278.8 776 740(29) B10—B6 11/2= — 9/2* 0.52(4)
279.6 2035 B1—Bl 15/2% — 13/2%
285.6 4011 35(3) B11—-B10 29/27 — 27/2~ 0.45(6)
288.2 3164 62.4(37) B8—B8 25/2T — 23/2*F 0.52(6) —0.04(2)
293.0 3160 6.2(8) B14—B14 23/27 — 21/2~ 0.60(13)
298.7 3033 4.8(6) B5—B6 23/2% — 21/2*
303.0 3907 13.4(13) B14—Bl14 27/27 — 25/2~
303.0 2526 16.7(17) B14—B14 19/2= — 17/2~ 0.41(8)
305.0 5530 5.0(8) B3—B3 35/2% — 33/2* 0.57(13)
308.3 3724 30(2) B2—-B2 27/2T — 25/2%F 0.53(13)
315.8 4655 1.71(34) B2—B3 31/2% — 29/2%
318.8 4044 1.95(35) B9—BI10 27/27 — 27/2~ 0.60(15)
321.0 2544 37.2(26) B13—B12 19/2= - 17/2~ 0.72(12)
321.5 2345 6.0(9) B12—B10 19/2= — 17/2~
331.7 2677 53(4) B12—B12 21/27 — 19/2~ 0.56(6)
334.7 2284 33.3(33) B13—B12 17/2= — 15/2~ 0.62(6)
341.0 5246 112) B11—>BI11 35/2- — 33/2° 0.72(18)
341.0 2867 6.7(8) B14—B14 21/27 — 19/2~
341.6 3972 9.0(13) B5—B6 27/2F — 25/2%F 0.46(10)
345.5 6202 2.08(21) B11—>BI11 (39/27) — 37/2 0.54(12)
347.0 2891 39.7(28) B13—B13 21/27 — 19/2~ 0.70(14)
347.5 3164 0.31(6) B8—B10 25/2F — 23/2~
348.0 4913 16.4(16) B11—>BI11 33/27 — 31/2° 0.60(12)
349.0 3240 8.2(12) B13—B13 23/27 — 21/2~ 0.67(14)
3522 3873 0.55(14) B12—B10 27/27 — 25/2~
356.1 3416 49(3) B2—B2 25/2F — 23/2% 0.65(10)
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TABLE 1. (Continued.)

E, (keV) E; (keV) Relative intensity Band Im =1 }’ DCO Polarization
359.5 5264 22.2(21) Bl11—-Bl11 (35/27) — 33/2~ 0.52(5)
360.0 4339 3.86(39) B3—B3 29/2F — 27/2F 0.62(9)
360.7 3426 15.6(17) B12—BI12 25/27 — 23/2-

366.0 4705 1.29(19) B3—B3 31/2T — 29/2% 0.59(13)
370.7 2345 8.6(10) B12—B10 19/2= — 19/2~

372.0 1148 3.34) B6—B10 13/2% — 11/2~

3754 4386 48.2(52) Bl11—Bl11 31/27 — 29/2~ 0.47(8) —0.1(2)
381.3 3416 7.309) B2—B5 25/2T — 23/2*F

388.1 3065 10.2(12) B12—BI12 23/27 — 21/2~ 0.58(9)
390.4 4011 66.2(65) Bl11—Bl11 29/27 — 27/2~ 0.58(9) —0.06(4)
394.8 2344 68(4) B12—B12 19/2= — 15/2~ 1.18(14)
400.1 3465 5.9(11) Bl11—-BI2 25/27 — 23/2-

404.5 3065 4.5(6) B12—B10 23/27 — 21/2~

405.0 749 + x B4—B4 13/2% — 11727

414.6 2345 13.9(14) B12—B6 19/27 — 17/2% 0.64(12)
417.3 496 65(4) B6—B5 9/2t — 7/2%

419.4 4293 5.17(52) B12—B12 29/2- — 27/2~

421.6 4146 27.8(19) B2—B2 29/2F — 27/2%F 0.63(10)
424.7 5080 8.1(10) B2—B2 33/2T — 31/2% 0.57(10)
426.2 4719 7.409) B12—B12 31/27 — 29/2~ 0.57(10)
427.0 3667 5.9(8) B13—BI13 25/2= — 23/2~ 0.54(10)
429.0 5959 4.13(61) B3—B3 37/2T — 35/2% 0.46(9)
443.2 3762 B1—BI 23/2T — 21/2*F

444.0 3604 7.1(10) B14—B14 25/2= — 23/2~ 0.54(17)
446.1 3873 7.34(76) B12—BI12 27/2 — 25/2~

449.1 3979 8.2(9) B3—B3 2727 — 25/2*F

449.1 5530 4.93(69) B3—B2 35/2F — 33/2%

457.0 801 + x B4—B4 15/2% — 11/2*

464.0 3280 5.22(63) B9—BI10 23/27 — 23/2° 0.86(15)
471.0 3530 16.6(13) B3—B2 25/2F — 23/2%F

472.0 550 + x B4—B4 13/2% — 9/2%

472.0 3565 10.6(11) B5—B5 27/2T — 23/2*F 0.87(14)
479.2 4348 14.7(15) B7—B7 31/2% — 29/2% 0.64(12)
484.3 3319 1.61(29) Bl1—Bl1 21/2% — 19/2% 0.46(12)
485.8 4872 29.8(30) B11—Bl11 33/27 — 31/2~ 0.62(10)
490.0 4348 6.46(78) B8—B8 31/2% — 29/2%F 0.65(13)
495.9 496 1000(40) B6—B6 9/2" — 5/2%

503.7 3669 5.6(8) B14—B10 19/2= — 17/2~ 0.52(10)
504.8 3669 5.73(74) B8—B8 27/2F — 25/2%F 0.46(8)
509.3 4655 5.4(7) B2—B2 31/2t — 29/2* 0.60(10)
514.0 1263 + x B4—B4 17/2% — 13727

516.0 5388 17.2(17) Bl11—Bl11 35/2= — 33/2~ 0.43(7)
518.4 4905 25.8(29) Bl11—-Bl11 33/27 — 31/2~ 0.54(6)
519.0 5225 3.92(51) B3—B3 33/2T — 31/2*F 0.62(12)
521.7 2544 6.7(8) B13—BI10 19/2= - 17/2~

523.0 1833 15(2) 15/2= — 15/2~ 0.62(11)
523.0 2356 22(2) 19/27) — 15/2~

531.3 1148 25(2) B6—B5 13/2% — 11/2% 0.64(10)
532.3 2687 18(2) B2—B5 19/2% — 17/2+ 0.64(12)
533.2 1310 590(30) B10—B10 15/2= — 11/2~ 0.99(10)
537.6 617 388(19) B5—B5 112+ — 7/2%

543.3 1949 106(7) B12—BI10 15/2= — 13/2~ 0.45(5)
544.0 4451 5.409) B14—B14 (29/27) — 27/2~

546.5 2891 19.3(19) B13—BI12 21/2= — 19/2~ 0.96(15)
546.8 4011 25.6(23) Bl1—Bl1 29/27 — 25/2~

550.4 3593 35.2(28) B7—B7 272" — 25/2%F 0.62(9)
552.7 2526 53.7(32) B14—BI10 19/2= — 19/2~ 0.58(6)
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TABLE 1. (Continued.)

E, (keV) E; (keV) Relative intensity Band Im =1 }’ DCO Polarization
553.0 5005 2.73(49) B14—B14 (31/27) - (29/27)

554.2 4565 28.9(35) Bl11—Bl11 31/27 — 29/2- 0.38(7)
559.0 4705 3.4(7) B3—B2 31/2T — 29/2% 0.53(13)
561.0 3725 6.05(60) B10—B8 27/2- — 25/2%

562.6 3979 7.1(8) B3—B2 27/2F — 25/2*F 0.48(8)
563.2 3240 12.2(16) B13—BI12 23/27 — 21/2~

566.0 2573 9.0(10) B9—B9 19/2= — 15/2~ 0.87(14)
569.7 5225 1.5(4) B3—B2 33/2T — 31/2* 0.63(22)
576.8 2526 10.6(11) B14—BI12 19/2= — 15/2~

578.9 2735 25(1) B6—B5 21/2% — 19/2% 0.47(7)
592.5 5857 4.24(50) Bl11—Bl11 37/2- — 35/2~ 0.53(9)
594.8 2544 33.7(24) B13—BI12 19/2= — 15/2~ 0.86(10)
597.3 3631 15.7(24) B6—B5 25/2% — 23/2%

599.7 2573 19.1(19) B9—B10 19/2= — 19/2~

602.1 3667 6.2(4) B13—BI12 25/2= — 23/2~ 0.51(7)
604.1 1929 66(4) B6—B5 17/2% — 15/2+ 0.41(5)
607.4 2642 4.8(7) Bl1—Bl1 17/2F — 15/2%F 0.56(12)
608.0 2891 28.2(22) B13—BI13 21/2= — 17/2~ 0.78(15)
614.6 4339 2.0(4) B3—B2 29/2%F — 27/2%F 0.58(15)
616.8 2022 20(2) B10—B10 17/2= — 13/2~ 0.95(17)
619.1 1929 11(2) B6—B10 17/2% — 15/2~

626.1 2555 0.48(12) B2—B3 17/2% — 17/2%

626.4 3669 12.8(12) B8—BS§ 27/2T — 25/2*F 0.46(9)
629.0 1405 160(16) B10—BI10 13/2= — 11/2~ 0.38(5)
634.0 3160 20.2(28) B14—B14 23/27 — 19/2~

637.6 2660 8.0(10) B10—B10 21/27 — 17/2~ 0.90(15)
639.0 1949 40.2(28) B12—BI10 15/2= — 15/2~

644.0 2867 20.3(16) B14—B14 21/27 — 17/2~ 0.72(10)
646.0 1395 + x B4—B4 19/2F — 15/2%F

648.1 3465 36.7(26) B11—-BI10 25/2= — 23/2~ 0.56(14)
650.8 1148 370(19) B6—B6 13/2% — 9/2% 1.02(14)
653.8 2677 3.8(6) B12—B10 21/2- — 17/2-

663.0 1973 370(19) B10—BI10 19/2= — 15/2~ 1.12(12)
664.5 3724 8.909) B2—B2 27/2F — 23/2%

668.0 2891 10(1) B13—B12 21/2- — 17/2-

677.0 3319 B1—Bl1 21/2% — 17/2%F

680.0 1481 + x B4—B4 19/2% — 15/2+

680.6 2836 1.0(2) B2—B5 21/27 — 19/2*F

686.3 2660 48(5) B10—BI10 21/2= — 19/2~ 0.43(6)
693.2 3858 30.3(24) B8—B8 29/2% — 25/2%

694.6 3530 3.41(41) B3—B2 25/27 — 21/2*F

696.0 1246 + x B4—B4 17/2% — 13/2%

697.3 2007 15.6(15) B9—B10 15/2= — 15/2~ 0.34(4)
702.8 2677 11(1) B12—B10 21/27 — 19/2~ 0.45(7)
704.3 3521 7.0(8) B10—BI10 25/27 — 23/2~

704.6 3869 16.2(15) B7—B8 29/2% — 25/2%

706.3 3280 3.92(47) B9—B9 23/27 — 19/2~ 1.06(17)
707.6 1325 371(19) B5—B5 15/2% — 11/2% 1.13(15)
707.7 2345 7.9(7) B12—BI12 19/27 — 15/2~ 0.82(12) 0.07(2)
712.4 2022 63(4) B10—B10 17/2= — 15/2~ 0.44(7)
719.8 3065 23(2) B12—BI12 23/27 — 19/2~ 0.70(8)
720.1 2876 37.2(26) B8—B5 23/2% — 19/2* 0.85(13)
726.0 4705 1.15(17) B3—B3 31/2T — 27/2*F

728.0 3429 14.6(18) B15—BI15 23/27 — 19/2~ 0.86(12)
730.2 4146 4.82(58) B2—B2 29/2% — 25/2* 0.81(11)
734.0 5959 0.86(22) B3—B3 37/2T — 33/2*F 0.81(24)
737.0 3604 10.4(10) B14—B14 25/27 — 21/2° 0.92(13)
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TABLE 1. (Continued.)

E, (keV) E; (keV) Relative intensity Band Im =1 }’ DCO Polarization
747.0 3907 23.9(19) Bl4—Bl14 27/27 — 23/2~ 0.72(13)
748.7 3426 15.5(16) B12—B12 25/27 — 21/2- 0.94(14)
750.0 4179 B15—BI15 27/27) — 23/2~
755.0 4348 6.8(10) B7—B7 31/2T — 27/2% 0.77(17)
761.3 2735 7(1) B6—B10 21/2% — 19/2~
764.0 4044 3.42(48) B9—B9 27/2- — 23/2~ 0.84(15)
765.6 3426 6.4(10) B12—B10 25/27 — 21/2~
765.8 4386 22(2) Bl11—Bl11 31/2- — 27/2- 0.89(16)
769.0 4386 B8—B8 31/2% — 29/2%

774.0 2020 + x B4—B4 21/2% — 17/2%F

776.0 3667 7.8(11) B13—B13 25/27 — 21/2- 0.92(17)
780.4 1929 320(13) B6—B6 17/2% — 13/2% 1.01(10)
785.0 4642 2.4(6) B10—B8 31/27 — 29/2%

793.0 3669 26.8(22) B8—B8 2727 — 23/2*F 1.0(2)
800.1 2835 B1—Bl1 19/2% — 15/2%

803.7 3820 146(7) B11—-BI10 27/27 — 23/2~ 0.03(2)
804.1 3465 31.2(25) B11—B10 25/27 — 21/2-

805.8 2735 307(15) B6—B6 21/2% — 17/2*F 0.99(10)
807.3 3873 14.5(16) B12—BI12 27/27 — 23/2~

808.6 4339 1.85(22) B3—B3 29/2T — 25/2*F 1.0(2)
815.2 3858 19.9(20) B8—B7 29/2F — 25/2%F

825.0 2306 + x B4—B4 23/2F — 19/2%

825.0 5530 4.29(51) B3—B3 35/2T — 31/2*F 0.83(13)
825.9 3869 39.4(28) B7—B7 29/2F — 25/2%F 1.17(18)
830.0 2155 201(10) B5—B5 19/2% — 15/2+ 0.95(9)
842.8 2816 242(12) B10—B10 23/27 — 19/2~ 1.07(16)
843.5 2555 31(2) B2—B2 17/2% — 13/2%

846.2 4719 13.8(14) B12—BI12 31/27 — 27/2~ 0.90(19)
847.0 4451 7.8(11) B14—B14 (29/27) — 25/2~

851.3 2781 82(5) B8—B6 21/2% — 17/2%F 1.25(17)
854.0 2874 + x B4—B4 25/2F — 21/2%

860.8 3521 7.0(10) B10—B10 25/27 — 21/2~ 0.98(18)
866.2 4293 10(1) B12—BI12 29/2= — 25/2~ 0.86(16)
866.9 4736 8.5(10) B8—B8 33/2T — 29/2%

874.7 5530 2.7(4) B3—B2 35/2T — 31/2°F 0.74(21)
877.3 4736 26(2) B8—B8 33/2T — 29/2% 0.92(15)
877.4 5264 21(2) Bl11—-Bl11 (35/27) —» 31/2~

877.5 3033 65(4) B5—B5 23/2T — 19/2*F 0.97(11)
879.0 5959 1.17(23) B3—B2 37/2T — 33/2%

879.0 5738 4.8(7) B8—B7 37/2% — 33/2%

886.0 5225 1.18(20) B3—B3 33/2T — 29/2*F 0.88(21)
887.0 2642 4.9(8) B1—Bl1 17/2% — 13/2% 0.86(15)
893.8 4905 6.4(6) Bl11—-Bl11 33/27 — 29/2~

895.5 3240 8.4(12) B13—B12 23/27 — 19/2~ 0.83(16)
896.0 3631 15(2) B6—B6 25/2F — 21/2*F 0.87(14)
898.3 2223 13(1) B14—B5 17/2= — 15/2* 0.77(15)
902.6 3059 17.6(14) B2—B5 23/2T — 19/2*F 1.08(22) 0.14(6)
906.0 5254 11.1(11) B7—B7 (35/2%) — 31/2*

906.2 2836 18(1) B2—B6 21/2% — 17/2* 0.96(11) 0.11(6)
908.5 3725 58.6(29) B10—B10 27/27 — 23/2~ 1.39(17)
917.0 4642 9.009) B10—BI10 31/27 — 27/2° 1.12(20)
930.9 4655 6.2(8) B2—B2 31/2t — 27/2* 0.83(14)
934.0 5080 10.4(15) B2—B2 33/2T — 29/2*F 0.83(15)
938.0 3093 22.2(18) B5—B5 23/2F — 19/2% 1.02(17)
938.0 6202 8.3(8) Bl11—Bl1 (39/27) - (35/27)

938.3 3972 6.4(9) B5—B5 27/2T — 23/2°F 0.86(12)
952.0 5857 5.6(5) Bl11—Bl11 37/2= — 33/2~ 0.93(18)
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TABLE 1. (Continued.)

E, (keV) E; (keV) Relative intensity Band Im =1 }’ DCO Polarization
957.0 4626 7.409) B8—B8 31/2T — 27/2% 0.76(14)
958.0 4384 7.409) B12—B12 29/27 — 25/2~ 0.87(14)
972.0 4830 7.8(9) B8—B8 33/2T — 29/2% 0.87(9)
983.0 4856 5.3(8) B12—BI12 31/27 — 27/2~ 0.97(10)
988.1 4858 19.5(19) B7—B7 33/2T — 29/2*F 0.98(8)
990.2 3667 6.009) B13—BI12 25/27 — 21/2~ 0.89(18)
993.7 4719 4.7(7) B12—BI10 31/27 — 27/2~
999.4 4858 5.7(7) B7—B8 33/2T — 29/2*F

1001.2 5738 15(2) B8—B8 37/2% — 33/2%

1014.0 6752 19.1(19) B8—B8 41/2+ — 37/2% 0.99(15)

1039.0 7791 11.1(16) B8—B8 45/2F — 41/2*F 1.03(14)

1048.0 5341 7.7(12) B12—BI12 33/27 — 29/2~ 0.88(12)

1057.1 1833 10.5(10) 15/27 — 11/2~ 0.88(16)

1057.2 3873 8.0(11) B12—B10 27/2- — 23/2~ 0.88(15)

1091.6 3065 9.4(11) B12—BI10 23/27 — 19/2~ 0.89(13)

1093.4 1711 19(2) B2—B2 13/2% — 11/2+ 0.63(12)

1098.0 5005 7.4(11) B14—B14 (31/27) = 27/2~

1138.4 1755 9.2(11) B1—B5 13/2% — 11/2+ 0.50(11)

1148.0 8939 1.58(25) B8—B8 (49/2%) — 45/2*

1163.8 3319 4.4(6) B1—BI 21/27 — 19/2*F 0.61(15)

1173.3 1949 8.4(10) B12—BI10 15/2= — 11/2~ 0.84(13)

1184.0 6042 1.0(2) B7—B7 37/2F — 33/2% 0.82(19)

1216.3 2526 9.2(11) B14—B10 19/2= — 15/2~ 0.85(15)

1228.0 4044 8.2(8) B9—B10 27/2= — 23/2~ 0.73(12)

1228.5 2555 17(1) B2—B5 17/2F — 15/2% 0.55(6) —0.06(4)

1231.1 2007 4.7(6) B9—BI10 15/2= — 11/2~ 0.78(16)

1234.3 2544 5.4(6) B13—BI10 19/2= — 15/2~ 1.25(25)

1263.3 2573 7.8(9) B9—B10 19/2= — 15/2~ 0.83(17)

1306.4 3280 5.07(51) B9—BI10 23/27 — 19/2~ 0.76(11)

1317.3 2642 11.6(14) B1—B5 17/2% — 15/2% 0.5009)

1359.0 2507 4.01(56) B6—B6 (17/2%) — 13/2*

1363.3 4179 2.74(41) B15—B10 27/27) — 23/2~

1367.0 2692 3.51(53) B5—B5 (19/2%) — 15/2*

1391.3 2701 4.48(54) B15—BI10 19/2= — 15/2~ 0.78(14)

1418.0 2035 4.9(7) B1—B5 15/2F — 11/2*F 0.76(13)

1455.7 3429 3.4(5) B15—BI10 23/27 — 19/2~ 0.78(11)

1510.0 2835 3.29(39) B1—B5 19/2% — 15/2+ 0.86(15)

1607.0 3762 2.97(53) B1—B5 23/2T — 19/2*F 0.81(20)

A. Positive-parity bands

1. B1, B5, and B6 bands

The previous observation of the B5S and B6 bands com-
prising Al = 2 cascades with transitions 537.6-707.6—-830.0—
877.5-938.3 keV and 495.6-650.8-780.4—805.8 keV, respec-
tively, has been confirmed in the present work. They have
been interpreted as built on the wg7,, and mds,, orbitals,
respectively [24]. A new E?2 transition with energy 8§96.0 keV
has been identified in coincidence with the second cascade.
This has been placed at the top of B6, thereby extending
it to an excitation energy of 3631 keV and I” = 25/2%.
In addition, new transitions have been identified; e.g., the
1359.0 and 1367.0 keV E2 transitions side-feed the 13/27
level of band B6 and 15/2% level of band B3, respectively.
Another cascade with transitions 938.0-472.0 keV is found

to feed at the 1™ = 19/2% level of band B5 (see Fig. 3). A
detailed analysis of different gated spectra in coincidence with
transitions in BS5, lead us to place the AI =2 transitions
with energies 1418.0, 1510.0, and 1607.0 keV, and the
strong Al = 1 transitions with energies 1138.4, 1317.3, and
1163.8 keV directly feeding the different levels of band
B5, thus establishing the new B1 band up to /™ = 23/2%,
The intraband A/ =1 transitions of energies 192.7 keV
(19/2% — 17/2%) and 279.6 keV (15/27 — 13/2%) are
also observed. The gated spectrum showing the connecting
transitions between B1 and B5 bands is given in Fig. 3. Spin
assignments to the levels of band B1 have been done on the
basis of the DCO ratios of the transitions linking the levels of
the positive-parity band g7/, (B5). The in-band transitions
are very weak compared to the out-of-band transitions to
the highest observed spins. The decay pattern of this band is
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FIG. 3. y-ray summed coincidence spectrum with gates on the 537.6 and 707.6 keV transitions of band BS5.

similar to the y-vibrational band in nearby even-even nuclei.
Therefore the bandhead could be tentatively assigned to have
positive parity.

2. B2 and B3 bands

The positive-parity band B2 comprises mainly strong Al =
1 dipole transitions and decays into levels of the wg7,, (B5)
and 7ds;, (B6) bands. The 424.7 keV, Al = 1 and 934.0 keV,
Al =2 transitions are added at the top. The spin-parity
of the new level has been inferred from the DCO ratio of
the crossover 934.0 keV and also the 424.7 transitions (see
Table I). The new 680.6keV (21/2% — 19/2*%, M 1) transition
and the cascade of 843.5 keV (17/2% — 13/2%, E2) and
1093.4 keV (13/2% — 11/2%, M1) transitions are added to
the earlier observed decay pattern from lower levels of band B2
to band B5. A new weakly populated positive-parity band B3
is established up to I” = 37/2" in this work. The coincidence
gated spectrum for this band is shown in Fig. 4(a). Its bandhead
lying at 3530 keV has been assigned I™ = 25/2". The 315.8,
167.0, 193.2, and 381.3 keV dipole transitions are decaying
from higher levels of band B2 to corresponding levels of band
B3. The dipole transitions 449.1, 569.7, 559.0, 614.6, 562.6,
and 471.0 keV from levels in B3 band have been found to feed
the B2 band. In addition, the AI = 2 transitions 874.7, 879.0,
and 694.6 keV from band B3 are also feeding levels in the B2
band. These features suggest the same positive parity for both
bands B2 and B3.

3. B7 and B8 bands

The previously known band B8 has been extended with the
addition of three new levels up to I™ = (49/2%). Similarly,
the previously known band B7 has been extended through
the addition of an E?2 transition of energy 1184.0 keV at the
top and extends to the 6042 keV (I™ = 37/2%) level. The
likely unfavored signature partners of bands B7 and B8 have
been observed for the first time. The linking dipole transitions
from these bands to the favored counterparts have also been
observed. A new 879 keV E?2 transition has been observed
from the I™ = 37/2% level in B8 band to the I™ = 33/2%
level in B7. Additional transitions 972.0 and 490.0 keV
feed the 3858 keV (I™ = 29/2%) level in the B8 band. The
gated spectrum for these bands is shown in Fig. 4(b). In the
present work, the Al = 1 character of the already observed
transitions 166.6 and 140.3 keV has been confirmed through
the DCO ratio, and the present polarization measurements have
established the M1 character of the 140.3 keV transition.

4. B4 band

Band B4 consisting of two Al =2y sequences, namely,
472.0-696.0-774.0-854.0 keV and 457.0-680.0-825.0 keV,
has been observed in coincidence with only the 78.2 keV
transition. In addition, two connecting transitions with energies
266.0 and 206.0 keV with A =1 have also been identified
between the above sequences. The gated spectrum for this band
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FIG. 4. y-ray summed coincidence spectra with gates on the mentioned transitions depicting y transitions related mainly to positive-parity

bands (a) B2 and B3, (b) B7 and B8, and (c) B4.

is shown in Fig. 4(c). Besides the 78.2 keV transition, no other
linking transition has been established between B4 and any
other bands of 13! Cs. Therefore, band B4 is tentatively assigned
to 131Cs. However, a similar band structure based on the 7 89/2

configuration has been observed in ''"~!?’Cs isotopes [29].
The excitation energy systematics of these lighter odd Cs
isotopes suggest that the bandhead of B4 has an excitation
energy around 1.3 MeV and a high-K configuration. This may
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give rise to its isomeric nature causing difficulty in fixing the
decaying transitions from this bandhead.

B. Negative-parity bands

1. B10 band

The negative-parity sequence built on the 11/27 state
is the favored signature (o = —1/2) partner in the mwhyi)
band (B10). The favored signature partner has relatively large
intensity, whereas the unfavored signature (0« = +1/2) partner
has a weakly populated sequence comprising the 616.8, 637.6,

800

and 860.8 keV transitions. In the present experiment, the
372.0,619.1,and 761.3 keV E1 transitions have been observed
between the states of the wds;; (B6) and why,, (B10) bands
[Fig. 4(b)].

2. B9 and B15 bands

The y -vibrational band built on the favored signature part-
ner of the 7hy > band, a feature observed in the 123125:127Cs
isotopes [29-31], was not observed in the heavier 12%131:133Cs
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isotopes [23,24,32] prior to this work. The B9 band observed in
the present work is likely to be the y -vibrational band coupled
to the 7w /111 /2. This band is built on the 2007 keV (/™ = 15/27)
level and has been observed up to the 4044 keV (1™ = 27/27)
level. This band is feeding the 7/, band (B10) through
strong 1231.1, 1263.3, 1306.4, and 1228.0 keV E2 transitions.
In addition, there are interband 318.8, 464.0, 599.7, and
697.3 keV M 1/E?2 transitions from B9 band to B10 band.
B15 band has also been observed for the first time in
the present work. The strongest out feeding is through the
1391.3 keV transition from the lowest observed 2701 keV
level (I™ = 19/27) of B15 to the 15/2 level of the B10 band
(7h11,2). Higher levels in B15 also decay to the corresponding
levels of B10. In this respect, the B15 band seems to have
a structure similar to B9. The gated spectrum showing the
transitions of bands B9 and B15 is depicted in Fig. 5(a).

3. B11 band

The B11 band has been substantially extended up to the
6202 keV (I™ = 39/27) level. There are two cascades 554.2—
348.0 keV and 485.8-516.0 keV of dipole transitions which
feed the 29/27 and 31/27 levels of the B11 band, respectively.
A 341.0 keV M1 transition also feeds to the 33/27 level of
the B11 band.

4. BI2 band

The previously established coupled negative-parity band
B12 is also extended up to the 4719 keV (I™ =31/27)
level. This band decays to the favored partner of the whi
band through the 993.7, 1057.2, 1091.6, and 1173.3 keV E2
transitions and to the unfavored partner of the A/, band
through the 352.2, 404.5, and 321.5 keV M1 transitions. The
multipolarities of these transitions have been established from
DCO ratios. This band is also fed by the 1048.0, 983.0, and
958.0 keV E2 transitions at the 29/27,27/27 and 25/2~
states, respectively. The negative-parity coupled B11 band
feeds the B12 band through the 400.1 keV (25/27 — 23/27)
M1 transition.

5. B13 band

The B13 band is reported for the first time and is observed
up to I™ =25/27. The strongest decay out from the band
is via the 1234.3 keV transition to the 15/27 level of the
mhiy2 (B10) band. The measured DCO ratio of 1.25 for the
1234.3 keV transition suggests its E2 multipolarity. Several
E2 and M1 transitions from levels of the B13 band feed
levels in B12. There are decaying transitions from the lowest
observed 2284 keV level of band B13 to the 15/2~ member
of band B12, together with similar decay from the higher
members of this band to the corresponding members of band
B12. The measured DCO ratio of 0.62 for the 334.7 keV
transition to the 15/2~ member of the B12 band determines
the spin I™ = 17/2~ for the 2284 keV bandhead of the B13
band. These interband transitions favored negative parity for
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the B13 band, the same as that of B12. The gated spectrum for
this band is shown in Fig. 5(b).

6. Bi14 band

Observed for the first time in this study, the negative-
parity coupled band B14 has the bandhead at the 2223 keV
(I™ =17/27) level and has been further extended up to the
5005keV (I = 31/27) level. The spin-parity assignments for
this band are based on the measured DCO ratio of 0.85 for the
1216.3 keV transition to the 15/2~ member of the negative-
parity why,, (B10) band suggesting an E2 multipolarity.
There is an 898.3 keV transition from the bottom of B14
that is feeding to the 1325 keV (I™ = 15/2%) level of B5.
The 2526 keV level (I™ = 19/27) of B14 feeds the 15/2~
level in B12 with the 576.8 keV transition, and the 552.3 keV
transition feeds to the 19/27 state of B10. The gated spectrum
for this band is shown in Fig. 5(c). The bandhead 2223 keV
(I™ =17/27) of B14 and the level 2223 keV (I™ = 17/27)
of B12 have nearly the same energy.

IV. THEORETICAL MODELS

Projected Hartree-Fock (PHF) calculations have been car-
ried out to assign the microscopic structures of most of the
observed bands in '3!Cs. The basic outline of the PHF model is
described in the following subsection. The tilted-axis cranking
(TAC) model has been used to describe the nearly degenerate
bands B2 and B3. The strongly coupled band B2 has been
reassigned a high-K three-quasiparticle configuration based
on TAC and PHF calculations along with the systematics
of similar bands in nearby nuclei. The TAC model is well
described in Refs. [8,33,34] and has been also used to describe
dipole bands in nuclei with A ~130 [13].

A. Projected Hartree-Fock (PHF) calculations

PHF is a powerful microscopic model for studying the
spectroscopic properties of high spin states in well-deformed
and moderately deformed nuclei. This model gives the
quantum mechanical description of the collective rotation
and its coupling with single-particle excitations in a self-
consistent basis. Microscopic descriptions of bands in '3'Cs
have been obtained with the help of PHF calculations. The
measured energy levels and the ratio of the electromagnetic
transition strengths are compared with the calculated ones. The
deformed HF equation is derived from the nuclear Hamiltonian
that consists of the single-particle and two-body interaction
terms [35,36]. The surface delta interaction with strength
Vip = Vip = Vin = 0.34 MeV is taken as two-body residual
interaction among the active nucleons. The spherical single-
particle states used for PHF calculations are 3512, 2d3 /2, 2ds,2,
1g7/2, 1g9/2, 1]’19/2, and 1h11/2 with energies 3654, 3288, 00,
0.64, —6.541,5.033, and 0.8 MeV, respectively, for protons and
3S1/2, 2d3/2, 2d5/2, 1g7/2, 2f7/2, 1]19/2, and ]h11/2 with energies
—4.848, —4.577, —6.4, —6.0, 1.592, 2.106, and —3.2 MeV,
respectively, for neutrons. The model space considered here is
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FIG. 6. Prolate deformed Hartree-Fock orbits for neutrons and
protons.

outside the inert spherical core with Z = 40 and N = 50. HF
iteration is performed for both prolate and oblate deformations.
The prolate HF mean field solution is energetically favored for
131Cs giving the deformation as 8 = 0.21 (effective charges
1.7e and 0.7e are taken for protons and neutrons, respectively).
Axial symmetry of the Hartree-Fock field is assumed in the
calculation. The prolate Hartree-Fock orbits for '*'Cs are
plotted in Fig. 6. One can get an intrinsic state |¢g) by
making appropriate particle-hole arrangements on deformed
HF orbits near the proton and neutron Fermi surfaces. For
one-quasiparticle bands, the odd proton occupies a particular
orbit, and the rest of the active nucleons (14 protons and
26 neutrons) fill the lowest time-reversal symmetric proton
and neutron orbits. The given intrinsic state |¢x) does not
have a unique angular momentum quantum number / and is a
superposition of various [ states (intrinsic states are states of
good K but not of good 7).

lpx) = Y Ci|Wg)- e))
1

To study the band structure and electromagnetic matrix
elements we need good angular momentum states (|W5));
these good [ states are obtained by angular momentum
projection from |¢x ). The I projection operator is [37]

21 + 1
M _
P = 872

f dQQD} ¢ (QR(Q), )

where R(€2) is the rotation operator.
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The matrix element of the Hamiltonian between projected
states of / obtained from intrinsic states |¢k,) and |¢k,) is

. 2+1 1
KKy —
2 (NII(IKI NII(sz)

x f dp sin(B)d «.(B) x| He o 1ps). ()

12

0
Here
21 +1 (7 .
b= 2 | dB st B0 o) @
0

has been found to be the amplitude overlap for angular
momentum /.

In general, two states | W) and W) projected from two
intrinsic states |@k, ) and |k, ) are not orthogonal to each other
even if intrinsic states are orthogonal. For the band mixing
calculation, we orthonormalize them and then diagonalize
using the equation

Z (HII(K’ - EINII(K/)CII(’ =0, o

K’

where C}(, is the orthonormalized amplitude, which is also
known as the band-mixing amplitude. More details of this
formalism can be found in Refs. [35,36,38].

V. DISCUSSION

The level scheme of !3'Cs shows properties typical of
rotational deformed nuclei. The different bands observed in
this nucleus are mainly based on one- or three-quasiparticle
configurations. The experimentally determined spins and
level energies have been transformed into the rotating frame
of reference following the prescription of Bengtsson and
Frauendorf [39]. The Harris parameters [40] Jy =
5.8%% MeV~! and J; = 50.8%* MeV 2 have been used. The
Routhian (¢’) and alignment (i) extracted for these bands are
shown as a function of rotational frequency in Fig. 7. It is
seen that single-proton bands BS5 (7 g7/2) and B6 (v ds/>) show
alignments ~2/, whereas band B10 (r/1;/2) shows an align-
ment ~5%. The excited bands B2, B3, B7, B8, B11, B12, B13,
and B14 exhibit alignments >6h, indicating three-quasiparticle
configurations involving contributions from high-; orbitals.
In addition, the B8 band shows an upbend at iw ~ 0.5 MeV,
suggesting a five-quasiparticle configuration after the upbend.
Routhians of bands B11-B14, are nearly parallel and higher
than that of B10. This also suggests the contribution from the
high-j shape driving the A1y, orbital to the B11-B14 bands.
Suitable configurations have been assigned to these bands
on the basis of the above observations and the comparison
of the PHF calculations based on these configurations with
the experimental energy levels and B(M1)/B(E?2) ratios. A
systematic discussion of different bands observed in '*'Cs is
given below.
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FIG. 7. Alignment plots (a) and (b), and the Routhian plots (d) and (e) for different positive and negative-parity bands in '*'Cs. Alignment
and Routhian plots for twin chiral bands in '*°Cs are compared with those of bands B2 and B3 in '3'Cs in (c) and (f).

A. Positive-parity quasiparticle bands

1. B5 and B6 bands

The experimental bands B5 and B6 are compared with one-
quasiproton configurations based on = 3/2" and Q = 1/2%
orbits, respectively (these orbits are mainly of g7,» and ds;»
origin). The above quasiproton bands are mixed with AK = 1
rotational aligned (RAL) bands to obtain better agreement of
level spacings at higher spins. We have performed three-by-
three band mixing in both cases and compared the lowest states
after the band mixing with the experimentally observed band.
The first RAL band is obtained by exciting one neutron from
the 2 = 7/27 to the 2 = 9/27 orbit; while the second RAL
band is obtained by exciting one neutron from the Q = 1/2%
to the = 3/2% orbit. The theoretical results are compared
with experimental data in Fig. 8 and found to be in good
agreement. For comparison of the observed relative level
spacings with calculation, the ™ = 5/2% state is normalized
for B6. Similarly, normalization is done for the I™ = 7/2%
state of band B5. Experimentally, the unfavored branches of
these bands have not been observed. This may be because of the

large signature splitting present in these two bands originated
from low-2 and high-j configurations.

2. B2 and B3 bands

The two positive-parity coupled bands, namely, B2 and
B3 based on the 17/2% and 25/2% states, respectively, are
seen. The new band B3 is observed to decay only to band
B2. Band B2 decays with most of the interband transitions to
band B6 and a few to B5. The plots of level energies E vs
angular momentum / for bands B2 and B3, shown in the
Fig. 9(a), exhibit a close resemblance to a small energy
difference ranging from ~50 to 250 keV. It is remarkable to
have such a small energy difference over a wide observed spin
range and at high excitation energy. Band B3 at all the observed
levels decays into the corresponding states of band B2 through
Al = 1and Al = 2 transitions. In addition, the experimental
B(M1)/B(E?2) ratios for the intraband transitions of the two
bands agree within experimental errors. It is evocative that
both these bands are based on nearly similar configurations.
In the earlier work by Kumar et al. [24], a three-quasiparticle
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configuration 7w g7,2/ds» @ (vh 1/2)2 was assigned to band B2.
In this scenario, the band B3 can be thought of as having a
large overlap in configuration with that of band B2, and one
of the most probable configurations for band B3 would be
wg7/2/ds)y ® (nh11/2)2 ® (vhn/z)z. However, the alignment
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FIG. 9. (a) Excitation energies of levels in bands B2 and B3
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B3 of 1*!Cs compared with that of bands with configurations involving
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plot [Fig. 7(a)] for the observed portion of band B3 is not
adequate to conclude the possibility of accommodating five
high aligned quasiparticles. Also, the (vh1;/2) pair alignment
occurs at ~0.5 MeV in band B8 [see Fig. 7(a)], and the
above-mentioned five-quasiparticle configuration is a better fit
for the upper portion of band B8. Therefore, it is not possible
to explain the two similar coupled band structures B2 and
B3 on the basis of the earlier assigned wg7/2/ds/» ® (vhy 1/2)2
configuration [24], and other alternatives need to be explored.

Recently, a similar pair of coupled band structures involving
the whyi12 @ vhi12 ® vg7,2 configuration have been observed
in ¥ Cs [29] and a single coupled band structure in 129¢s [41).
Similarity of plots of level energy E vs angular momentum
I, as shown in Fig. 9(a), favors the involvement of the
whi12 ® vhii, component in the configuration of bands B2
and B3. This is the yrast configuration in the neighboring
odd-odd '?6:128.130Cs [42-44] isotopes. The excited chiral
partners based on this configuration have also been observed
in these isotopes.

The Routhian and alignment for the B2 and B3 bands are
included in Figs. 7(c) and 7(f) along with the wh 12 ® vhyi)2
yrast and chiral bands of '*°Cs. The alignment gain closely
matches that for the yrast band in '3°Cs, indicating that the
third quasiparticle has to be a positive-parity orbital d3/, or 51>
with low alignment gain. The Routhians for both bands B2 and
B3 are parallel to the yrast band in '*°Cs. These points favor the
configurations with the why1/, ® vh11/, component. The TAC
model calculations have been performed for all possible three-
quasiparticle configurations on the basis of Nilsson diagrams
leading to positive-parity bands.

The configuration 7hy1/, ® vhi12 ® vds, reproduces the
bandhead angular momentum. A self-consistent TAC calcu-
lation with this choice of configuration has resulted in the
deformation parameters €, = 0.122, ¢4 = 0.0, y = 30°, and
an average tilt angle 6 = 57° for the angular momentum
with the principal axis. The resulting angular momentum
(I) vs rotational frequency (fiw) plot shown in Fig. 10
exhibits remarkable agreement with the experimental plot.
Furthermore, the calculated B(E2) values are also extremely
small. The E2 crossover transitions are not observed at the

18} —O- sh @®vh  ®wi TAC
—#— Band B2 (Expt.)

—— Band B3 (Expt.)

—@- g @vih ) TAC

(B

0.1 0.2 0.3 0.4 05
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FIG. 10. Spin (/) vs frequency (hw) plots of B2 and B3 bands.
The TAC calculations based on different configurations are shown for
comparison.
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lower levels and appear at higher frequencies. The calculated
ratios of transition probabilities, B(M1)/B(E?2), are quite
large in this region. These considerations support the wh1, ®
vhi1/2 @ vds), configuration for the B2 band.

The self-consistent TAC calculation has also been per-
formed for the three-quasiparticle configuration 7 g7,2/ds;» ®
v(h /2)2. This gives the deformation parameters e, =
0.111, €4 = 0.0, y = 46°, and an average tilt angle 6 = 16°.
The result of the calculations of angular momentum () vs
rotational frequency (iw) plot is also shown in the Fig. 10. It
is seen that the overall agreement of the TAC calculations with
the experimental data is better for the why1, @ vhi12 ® vds
configuration than for the wg72/ds;» ® v(hyy /2)2 configura-
tion. The B2 and B3 bands are, therefore, likely to be built on
the three-quasiparticle 7h112 ® vhi1,2 ® vds ), configuration.
The E(I) vs I plot in Fig. 9(a) shows that B2 and B3 bands
are nearly degenerate in energy. Both B2 and B3 show zig-zag
behavior in the staggering S(I) vs I plot. The B(M1)/B(E?2)
values for these bands are also similar, as shown in Fig. 12.
Therefore, the B2 and B3 bands can be assigned a whyi, ®
vhi1/, configuration responsible for the chirality in odd-odd
Cs isotopes, coupled with a d3/, quasineutron, which acts as
a spectator. Degenerate bands based on similar configurations
have been observed in odd-A'*Cs [29].

Further, state-of-the-art PHF calculations are also carried
out to understand the microscopic structure of these two nearly
degenerate bands. For these bands, we have considered two
different sets of configurations and performed an angular
momentum projection. In the first set of configurations, we
considered the odd proton in ds, or g7/, and the two unpaired
neutrons in hyy/, orbits with K = 17/2% and K = 19/2%. In
the second set, we considered the odd proton in /;;/, and
the two odd neutrons in d3/, and hy;, with K = 13/2% and
K = 15/2". In the first set, the theoretical level spacings are
larger than the corresponding experimental level spacings (see
Fig. 11). In the second case, the agreement of level spacings
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FIG. 11. Comparison of experimental levels in bands B2 and B3
with the results of the microscopic deformed Hartree-Fock model. 27
is indicated as the spin of various levels.
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FIG. 12. Comparison of measured B(M1)/B(E2) ratios for
transitions in bands B2 and B3 with results of microscopic deformed
Hartree-Fock model based on configurations given in set II.

is much better. However, this configuration (set II) is unable
to explain the absence of the observed transitions to band
B10. The measured B(M1)/B(E?2) ratios are compared with
calculations [36] based on set II in Fig. 12. Similarly, for set
I, the B(M 1)/ B(E2) ratios were extracted. It has qualitatively
the same trend with spin as that of set II, while the absolute
values are found to be about twice those in set II. After the
comparison of the experimental energy spectra and ratio of
transition strengths with the calculations, the overall agreement
is better for configurations based on set II. Therefore, the
high-K configurations mentioned as set II may be more
appropriate for B2 and B3 bands as per the PHF calculations.

K =17/2%, 71/27(dspp)v(7/27 +9/27)(h112) (set D),
K =19/2%, 73/2%(g70)v(7/27 +9/27)(h11)2) (set D),
K =13/2%,  7w1/27(h11)2)v3/2"(d3/2)9/2" (h11)2) (set ID),
K = 15/2+, 7T3/27(h11/2)v3/2+(d3/2)9/27(h11/2) (set II).

3. B7 and B8

Multiquasiparticle bands B7 and B8 are built above bands
B5 and B6, respectively. These bands are explained in the PHF
calculations by considering three-quasiproton configurations
with 7 (hyy /2)2 coupled to mwg7/, or mds;,. Looking into the
alignment plot for band B8 in Fig. 7(a), the five-quasiparticle
RAL band based on mds;; ® n(hll/z)z ® v(h11/2)2 has been
mixed with the above three-quasiproton configuration. Exper-
imentally, both signature partner branches have been observed
with small staggering among them. The PHF calculations
also give the proper signature splitting between favored
and unfavored branches. Comparison of the theoretical and
experimental spectra of these two bands is shown in Fig. 13.
The I™ =27/2% and I™ = 21/2% states of bands B7 and
B8, respectively, are normalized to the experimental energies.
After the alignment, calculations indicated a slight increase in
deformation due to occupation of /11, orbitals.
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4. B4 band

The other tentatively assigned positive-parity band B4 is
compared with a one-quasiproton band obtained by consid-
ering the proton hole in the go, orbital with K = 9/2. RAL
band mixing has been carried out for this band, and the band
mixing spectrum is compared with the experimental spectrum
in Fig. 8. The RAL bands are obtained by exciting one neutron
from the 2 = 7/27 to the Q2 = 9/2~ orbit, while the second
RAL is obtained by exciting one neutron from Q = 1/2%
to = 3/2% orbit. As the experimental excitation energy of
1 = 9/2 state is not known, it is normalized with the calculated
bandhead for comparison of energy levels of other states in
this figure. Interestingly, the calculated bandhead is around
1.2 MeV excitation energy with respect to the I™ =5/2%
state of band B6 (v ds,), which is very close to the prediction
of the systematics as discussed in the previous section. We
found the agreement is reasonable. This quasiproton band
naturally emerges from the PHF calculations, and thus it will
be worthwhile to search for a similar band structure in nearby
Cs isotopes.

B. Negative-parity quasiparticle bands

1. B10 band

The low-lying negative-parity band B10 has been compared
with the one-quasiproton negative-parity band. This band is
obtained by exciting the odd proton to the 2 = 1/27 orbit of
hi1, followed by angular momentum projection. Two other
bands, obtained by exciting the odd proton to & = 3/2~ and
2 =5/2" orbits of hii/, have also been mixed with the
above band built on the 2 = 1/27 orbit, for obtaining better
signature splitting and level spacings. The calculations showed
reasonable agreement with the experimental observations, as
shown in Fig. 14.
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2. B11 band

The three-quasiparticle negative-parity band B11 is built
above band B10. The signature splitting of B11 is found to be
smaller than that of B10, suggesting configurations with large
K values. Therefore, the three-quasiparticle configuration
7T(h11/2)1 Qu(7/2 + 9/2_)(h11/2) with K = 17/27 has been
used for the angular momentum projection calculation. The
calculated energy spectrum is compared with the experimental
data in Fig. 14 and found to be in fair agreement. The measured
ratio of B(M 1)/ B(E?2) transition strengths vary between 5 and
10 p3,/(eb)>.

3. B12 and B13 bands

Interband transitions from B12 and B13 bands to B10 have
been observed in the present experiment. Therefore, different
three-quasiparticle configurations with an odd proton in /1>
have been considered for angular momentum projection. One
of the two neutrons is kept in the Q = 7/2% orbit (based on
g7,2)- The other neutron is placed in the 2 = 3/27 orbit (based
on ds ) for one band and inthe 2 = 1/ 2% orbit (based on s; 2)
for the other band. The calculated energy level spectra and the
B(M1)/B(E2) ratios for B12 and B13 are plotted against
the experimental data in Figs. 15 and 16 for comparison. The
calculations are in reasonable agreement with experimental
observations.

4. Bl14 band

It has been observed that the lower levels of band B14 decay
to both BS and B10 bands. This suggests that the configuration
of this band may have both BS and B10 components. Based on
this observation, following three quasiproton configurations
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FIG. 15. Comparison of experimental levels in bands B12, B13
and B14 with results of microscopic deformed Hartree-Fock model.
21 are indicated as the spin of various levels. Theoretical I = 17/2~
states are normalized to the observed states in each of these bands.

have been considered for the angular momentum projection:

79/2%(89/2)1/2% (ds2)1/2 (hi1)2)

and

79/2%(80/2)3/27(87/2)1/27 (h11)2).

When these two configurations are diagonalised after angular
momentum projection, the later configuration is found to have
maximum component for B14.

12 [ OExpt.

m Theory Band 12

Band 13

B(M1)/B(E2) [(,/eb)’]

Band 14

1 1

9/2 172 25/2 332
Spin (h)

P B
41/2  49/2

FIG. 16. Comparison of measured B(M1)/B(E2) ratio for transi-
tions in band B12, B13, and B 14 with results of microscopic deformed
Hartree-Fock model.

PHYSICAL REVIEW C 78, 034313 (2008)

Fig. 15 and Fig. 16 show good agreement of the measured
energy levels and the B(M1)/B(E2) ratios with the calculations
for the B14 band.

C. Gamma vibrational bands

The energy level spacings (staggering pattern) and tran-
sition strengths of y-vibrational bands provide information
regarding the triaxiality of the even-even nuclei in the A ~130
mass region [5]. In the present work, two bands, namely, B1
and B9, have been observed for the first time. The decay
pattern of band B9, with bandhead spin of I = 15/27, is
found to be quite similar to that of the y-vibrational band
built on the favored signature of the 7/, band in lighter
Cs isotopes [29,31]. It will be interesting to experimentally
identify the states of the y-vibrational band with intermediate
spins I™ = 17/27,21/27, etc. The excited states of B1 decay
to the band B5 via the Al = 1 transitions with energy higher
than 1 MeV. Thus, B1 has been identified as the y band
coupled with the 7 g7/, orbital. Similar band structure has not
been observed in neighboring odd Cs isotopes. The bandhead
of the y band coupled with g7, orbital is expected to be
I™ = 11/2". However, the lowest energy state observed in B1
has a spin /™ = 13/2%. For comparison of the relative level
spacings of B1 and B9 with that of the y band of neighboring
even-even nucleus *°Xe [45], the 13/2% state of band Bl
and 15/2% state of band B9 have been normalized to 31 and
2+ states of that in 3°Xe, respectively (see Fig. 17). The y
band B1 built on mg7/, seems to have the same staggering
pattern as that of '3°Xe. At present, a similar comparison for
B9 is not possible as the intermediate levels have not yet been
identified. Another negative-parity band, B15, has been found
in the present work, which has a level spacing and feeding
pattern similar to the favored signature of the /;/, band as
that of B9. Though an equivalent band has been identified in

5
4 _
r 23/2" 1
.
r — 212 27/2° 1
S 3 —
271 19/2° .
= 17/2* . .
E 5 23/2 T
2 | + |
g2+ 15/2 o _
L 132" e 19/2° 1
; r 2" 15/2° 1
I B1 B9 ]
| 13WCS 130)(e 13WCS ]
0

FIG. 17. Comparison of the relative spacing of the experimental
levels in gamma bands B1 and B9 of '*!Cs with that of neighboring
130Xe nucleus. Spins of the different states are marked for each band.
The lowest observed states of all these gamma bands are normalized
as explained in the text.
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125Cs [29], more experimental data in other odd Cs isotopes
along with theoretical calculations are required to identify the
microscopic structure of the B15 type band. It is important to
note that through such systematic comparison of the structures
of y bands coupled with different quasiparticles in even-odd
and odd-even nuclei (e.g., 131Cs), one can understand the
coupling of the high-j particles to the even-even triaxial core
(e.g., *¥Xe). This interesting aspect in return would shed more
light on such a phenomenon as chiral doublet bands in odd-odd
nuclei (e.g., 3>Cs) which arises from the coupling of a triaxial
even-even core with high-j particle and hole.

D. Octupole collectivity in 1*!Cs

Neutron-deficient isotopes around Z = 54 are predicted to
show a softness with respect to octupole deformation at low
spin. The signature for such effects are interleaved positive-
and negative-parity bands connected by enhanced E'1 transi-
tions. This is because both proton and neutron levels, arising
from the same /1 and ds, orbitals (7 = —1, Al = Aj = 3),
are near the Fermi surface. The whyy,2, wds 2, and 7 g7/, bands
are seen in the odd-A'"7-121=133Cs isotopes. The population
strength of the mg7» and mds;; bands relative to that of
the hy;,, band increases considerably with increasing mass
number. This happens primarily because the excitation energy
of the h11,; orbital is increasing thus becoming less yrast in the
heavier isotopes. These facts are consistent with a decreasing
nuclear deformation with increasing mass. Also, in the lighter
Cs and I isotopes, significant admixture of wds/, orbitals has
been noticed in the w g7/, bands. Features of the mwg7,, and
ds > bands become distinctive in the heavier 2712131133 Cg
isotopes. In 3! Cs, these bands are populated with nearly equal
strengths, despite the fact that the Routhian for band 5 is
170 keV. Similar features have been observed in '27:12%:133Cs,
The relative energy of the states in the w1/, and ds/, bands
in 3 Csallow I — I — 1, E1 transitions. Nevertheless, 1>!Cs
with Z =55, N = 76 provides an example of the enhanced
octupole correlation that arises from a less pronounced pair
of octupole-driving orbits, i.e., w (12 ® ds;2) with Q = 1/2.
Wave functions are highly localized for lower components;
therefore, the octupole-interaction matrix elements (overlaps)
between configurations /4y, and ds;, can be larger for more
stable cases with neutron number around N = 76.

The AI =1 connecting E1 transitions are indeed very
weak; furthermore, the intensity determination is marred by
the presence of doublets. Spectra of the 140.3, 166.6, and
288.2 keV transitions are relatively clean, and intensity ratios
could be determined. Nevertheless, the presence of these E1
transitions competing with highly collective E2 transitions is
already a sign of large B(E'1) values. The relative reduced
transition probabilities between Al = 1, E1l and Al =2, E2
transitions can be expressed as

B(El) 1 ENE2)I(EI) (2

B(E2) ~ 13 x 108 E3(E1) L,(E2) I

where E,, is in MeV.
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The extracted values of the B(E1)/B(E2) ratios for
13/2%,17/2F, and 21/2% levels are 1.54 x 1078,2.74 x
1078, and 1.34 x 10~% fm~2, respectively. The B(E1)/B(E2)
ratios are similar to those observed in 141-143Cs [21], ' Ba [46],
143.1458,4 [47], and ''"Xe [48]. Based on the deformation
of the even-even core 3%Xe [49], the B(E1) values for the
131Cs have been estimated to be around ~6.0 x 10> W.u.,
indicating a similar enhancement of octupole correlation in this
nucleus.

VI. SUMMARY

The level scheme of the '3!Cs nucleus consisting of about
15 band structures has been established up to spin 49/2h
in the '>*Sn (!'B, 4n) reaction using y-ray spectroscopic
techniques with an array of clover detectors. The structures
of the various bands have been discussed on the basis of
their comparison with the projected deformed Hartree-Fock
calculations and the systematics of the nearby nuclei. The
low-lying rotational bands based on g7/, (BS), wds,, (B6),
and hy/, (B10), evolve into bands B7, B8, and B11, respec-
tively, involving rotationally aligned (A, /2)2 quasiparticles.
The coupled negative-parity bands B12 and B13 based on
three-unpaired-quasiparticle configurations whi, ® vg7/2 ®
vds;;/vsiy2, and the band B14 based on three-quasiproton
configurations 7 (g9/2 ® ds» ® hi1/2) 7(g92 ® g7/2 @ hi1/2)
have also been established. Another striking feature of the
present level scheme is the observation of the nearly degenerate
dipole bands B2 and B3. These two bands have been assigned
high-K three-quasiparticle configurations whi12 ® vhii ®
vds . Furthermore, the y-vibrational bands coupled to the
g2 (B1) and mhy/, (B9) one-quasiparticle configurations
have also been identified. More investigation is required to
identify the structure of band B15. The E'1 transitions from the
mds;; band (B6) to the why/, band (B9) have been observed
in this nucleus, indicating that the corresponding orbitals form
an octupole driving pair. The deduced B(E1) values indicate
enhancement of octupole correlation in this nucleus similar to
that reported for some of the Xe, Cs, and Ba isotopes. The
study of electromagnetic properties involving measurement of
lifetimes of excited states can throw more light on the intrinsic
structures of different bands and their evolution with angular
momentum in '3!Cs.
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