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The high-spin states in *3*Cs, populated using the reaction 130Te(7Li74n) with 45 MeV beam
energy, have been extended up to an excitation energy of 5.265 MeV using the Indian National
Gamma Array (INGA). The observed one- and three-quasiparticle bands in '**Cs, built on the

—2

Thi1/2,TG7/2, Tds/2; and (7rg7/27rd5/2)1 ® Vh11/2 configurations, respectively, have similar structure
as seen in the lighter odd-A Cs isotopes. The experimental level scheme has been compared with
the large scale shell model calculation without truncation using the j755pna interaction, showing a
good agreement for both positive and negative-parity states.

I. INTRODUCTION

The study of high-spin states of Cs isotopes with pro-
ton particles beyond Z = 50 and neutron holes below
N = 82 continues to provide information on variety
of nuclear structure phenomena like signature inversion
[1], chirality [2], etc. The heavier Cs isotopes near the
N = 82 closed shell are the testing ground of continu-
ously evolving shell model calculations based on the effec-
tive interactions [3, 4]. With the increasing neutron num-
ber, the Finite-Range Liquid-Drop Model (FRLDM) pre-
dicts an evolution of ground state shape from deformed
to spherical, while going from ?1Cs to 37Cs [5]. Here,
the active orbitals for the neutrons are hiy /o, s1/2 and
d3/2, and that of pI‘OtODS are h11/27 g7/27 d5/2 and gg/g.
Cesium isotopes are the best examples in this mass re-
gion which show four distinct one-quasiparticle collective
features [6-11]; (i) a series of AT = 2 bands built on
11/27 state in 197131Cs, (ii) a series of Al = 2 bands
built on 7/27 state in 12°7133Cs, (iii) a series of AT = 2
bands built on 5/27F state in 12°7131Cs, and (iv) a series
of AI = 1 bands built on 9/27F state in 1°7127Cs. The
135Cs isotope, being very close to the shell closure has a
spherical structure and shell model calculations compare
favorably with the observed level scheme [3].

In a recent shell model calculation [4], excited states
of 13L133,135137Cg isotopes were studied and compared
with the experimental states. While the calculation pro-
vided an overall good description of the excited positive-
parity medium-spin states, discrepancies between theory
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and experiment have been noted for the relative order-
ing of low-spin positive-parity states. In this calculation,
as the two-body interactions which affect the negative-
parity states have not been introduced, large inconsis-
tencies for the negative-parity states have been observed.
The calculation also pointed out its limitation in explain-
ing the states associated with neutron and proton inter-
action.

The '33Cs isotope lies in between the deformed '3'Cs
and the spherical 13°Cs, and is the subject of present
investigation. Previously, the low-lying excited states
in 133Cs were studied via the reaction 39Te(a,n)!33Xe
which in turn S-decays to ¥3Cs [12], and from the de-
cay of 13Ba [13]. The high-spin states of 133Cs were
populated up to an excitation energy of 2.833 MeV us-
ing the reaction 39Te(°Li,3n)*¥3Cs [11]. In the present
work, the high-spin states were investigated using the re-
action 139Te("Li,4n)133Cs up to an excitation energy of
5.265 MeV. An extension of the available level structure
of 133Cs up to high spin for both positive and negative-
parity states was required to see how its high spin states
compare with that of the lighter odd-A Cs isotopes which
have regular band structures as well as the heavier iso-
topes, i.e., 13%137Cs, which show shell model like excita-
tion. These chain of nuclei would provide good testing
ground for various theoretical models. In the present
manuscript, we have restricted to the comparison with
the large scale shell model (LSSM) calculations without
truncation, which is possible up to 33Cs isotope below
N = 82. The comparison of the measured level structure
up to high spin for 33Cs with large scale shell model
calculation without truncation will test the effective in-
teraction used in the shell model calculation and provide
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FIG. 1. Level scheme of ®3Cs. Transitions marked with an asterisk are new.

a guidance for the interpretation of the excited states.

The current paper is organized as follows: The exper-
imental details are given in the Section II. Section IIT
discusses the experimental results. Section IV shows the
systematics of Cs isotopes, and comparison between the
experimental observations and theoretical calculations
with Large Scale Shell Model (LSSM). Section V briefly
summarizes the work reported in the paper.

II. EXPERIMENTAL DETAILS

The experiment was carried out with the Indian Na-
tional Gamma Array (INGA) at Tata Institute of Fun-
damental Research (TIFR), Mumbai using the reac-
tion 130Te("Li,4n)'33Cs. A 7Li beam with 45 MeV
energy was bombarded on a 5-mg/cm? ¥0Te target
backed with 2-mg/cm? Al. During the experiment, there
were 15 Compton Suppressed High Purity Germanium
(HPGe) clover detectors in the array. The detectors

were placed in rings at angles (number of detectors)
40°(2),65°(2),115°(2),140°(2),157°(3) and 90°(4) with
respect to the beam direction. Gamma-rays emitted from
the deexciting residual nuclei were detected in the ar-
ray and stored with a Digital Data AcQuisition (DDAQ)
system, based on Pixie-16 modules of XIA LLC [14], in
two-fold coincidence mode.

The time stamped data were processed on an event by
event basis into -y matrices and y-v-v cubes for subse-
quent analysis using the MultipARameter COincidence
Search program developed at TIFR [15]. There were
about 1.06x 108 events in the y-y-y cube, which was an-
alyzed using the RADWARE package [16] to obtain the
coincidences among the different v rays to construct the
level scheme. The spin of the levels were obtained us-
ing Directional Correlation from Oriented states (DCO),
using the detectors at 90° and 157°, defined by the fol-
lowing relation [17]:

L, (measured at 157°; gated by 2 at 90°)
I, (measured at 90°; gated by 2 at 157°)

Rpco =
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FIG. 2. (a) Spectrum obtained by sum of double gates of 191/L and 324/L keV, L depicting a list gate of 633-, 797-, 864-, 233-
and 115-keV transitions. (b) Spectrum obtained by double gating on 713/L with L denoting a list gate of 633-, 797-, 864-, and
233-keV transitions. (c) Spectrum obtained by sum of double gates on 624- and 674-; and 553- and 674-keV transitions. The

newly observed transitions have been marked with an asterisk.

The DCO ratios of stretched dipole and quadrupole tran-
sitions are ~0.5(1.0) and ~1.0(2.0), respectively, for a
pure quadrupole (dipole) gate.

The parities of the states were obtained by measuring
the polarization asymmetry (A) defined as in Ref. [18]:

Q(E.Y)NL — NH

A= ——~——
G(EV)NJ_ + NH

using the clover detectors as a polarimeter, for which all
the four 90° detectors were used [19]. Here, Ny (Ny) is
the number of «y transitions scattered parallel (perpen-
dicular) to the reaction plane and a(FE,) is a correction
factor for the parallel to perpendicular scattering asym-
metry within the crystals of a clover. In the present ex-
periment, for the four clovers kept at 90° with respect
to the beam direction, a(E,) was measured as 1.00(1)
from the 33Ba and '°2Eu sources. Using the integrated
polarization direction correlation method [18], the polar-
ization asymmetry values of the v transitions have been
extracted. For this analysis, two asymmetric matrices
were constructed with coincident events corresponding
to parallel or perpendicular scattered ~ rays at 90° de-
tectors with another v ray detected at any other angle.
In the case of unmixed stretched transition, a positive
(negative) value of the polarization asymmetry indicates
the electric (magnetic) nature of the transitions [20].

IIT. EXPERIMENTAL RESULTS

The level scheme of '33Cs established in this work is
shown in Fig. 1. In the present work, 22 new transitions
have been identified both in the positive-parity and the
negative-parity bands. The new transitions have been
marked with an asterisk in Fig. 1. A list of the level ener-
gies (E;), v-ray energies (E), initial and final spins along
with the parities of the levels (If—>1§)7 relative intensities
(I,), DCO-Ratio (Rpco), and polarization asymmetry
(A) values is given in Table I. Multipolarities of most of
the transitions are extracted from the stretched Al = 2
transitions with 533, 624, 633, 674, and 797 keV energies.

1. Positive-Parity States

In the level scheme of '33Cs reported in Ref. [11],
positive-parity states have been observed up to I™ =
19/2% at an excitation energy of 2.295 MeV. Three more
transitions extending up to spin (25/2) above the 19/2%
state, were identified in this reference, but the parities of
those states had not been identified.

In the present work, the positive-parity band has been
extended to I™ = (33/271) with an excitation energy of
5.265 MeV. A strong Al = 2 band, consisting of 633-,
797-, and 864-keV transitions built on the 7/2% state,
has been observed which is consistent with the previ-
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FIG. 3. (a) Spectrum obtained by sum of double gates on 366- and 624-; 366- and 705-; and 533- and 366-keV transitions. (b)
Spectrum obtained by sum of double gates on 624- and 660-; 366- and 660-keV transitions.

ous work. The 233-, 115- and 191-keV transitions, which
were identified as dipole transitions in the previous work,
have also been observed in the present work as evident
from the measured values of Rpco in the 633 keV gate.
The parity of the 2.527 MeV state, which deexcites by
the 233-keV transition was confirmed by the Rpco and
A values for 604-keV transition. A sum of double gates
of 191/L and 324/L with L denoting the list gate of 633-,
797-, 864-, 233- and 115-keV transitions, has been shown
in Fig. 2(a). This spectrum shows many of the new tran-
sitions, namely the 160, 318, 356, 378, 491, 501, 553, 595,
604, 713, 844 and 1159 keV and have been marked with
asterisks. The 501-keV interconnecting transition has a
AI = 1, M1 character. The other interconnecting tran-
sition, namely the 745-keV transition (shown in the level
scheme), is not seen in this spectrum as it is very weak,
but confirmed in the double gate of 633- and 553-keV
transitions. The spin and parity of the 2.967 MeV state,
which is populated by the 160-keV transition, is fixed by
the 324- and 1045-keV transitions. With the measured
Rpco in the 633-keV gate and A values , the 318-, 356-,
378-, and 491-keV transitions have been assigned as form-
ing a Al = 1 band with M1 transitions. The Rpco of the
160-keV transition in the 633-keV gate suggests Al = 1
nature and since it has been observed in coincidence with
the 318-, 356-, 378-, 491-, and 595-keV transitions and
further assuming its magnetic nature (due to the similar-
ity with the lower-A Cs isotopes), this cascade of AT =1
~-ray transitions has been designated as a M1 band. The
newly identified 1159-keV transition has been assigned as

Al = 2, E2 transition from the measured Rpco in the
633-keV gate and A value. With a double gate on 713/L
with L being the list gate of 633-, 797-, 864-, and 233-
keV transitions, a new 844-keV transition is observed in
addition to the known 115-, 191-, 233-, 633-, 797-, and
864-keV transitions, as shown in Fig. 2(b). This 844-keV
transition has been identified as Al = 2, E2 transition.

Another new Al = 2 cascade of 624-, 674-, 553-, 595-
, and 291-keV 4-rays built on the 5/2% state has been
observed in the present work. Though the 624-keV tran-
sition was already established in the previous work [11],
this 674-keV transition was placed in the negative-parity
band in coincidence with the 366- and 624-keV transi-
tions. However with a double gate on 624- and 366-
keV transitions, the 674-keV transition has not been ob-
served. Fig. 2(c) shows the spectrum obtained by sum
of double gates of 624/674; and 553/674-keV transitions.
This spectrum shows the 81-, 115-, 160-, 191-, 291-, 318-
, 324-, 356-, 378-, 553- , 595-, and 624-keV coincident
transitions. The newly observed 553-, 595- and 291-keV
transitions are Al = 2 transitions.

2. Negative-Parity States

In the previous work [11], the negative-parity states
were reported up to I™ = (15/27) at an excitation en-
ergy of 1.604 MeV. Two more transitions of 318 and 348
keV were identified above this (15/27) states in this refer-
ence, and the corresponding states with excitation ener-



TABLE I. Level energies (E;), y-ray energies (E,), initial and final spins and parities of the levels (I7 —17%), relative intensities
(1), DCO-Ratio (Rpco), and polarization asymmetry (A) values for '*3*Cs arranged in order of increasing excitation energies.
The uncertainties in the energies of v rays are 0.5 keV for intense peaks and 0.7 keV for weak peaks.

E; (keV) E, (keV) I; —=I% I, DCO-Ratio (Rpco) Polarization Asymmetry (A) Assignment
81 80.8 5/2T — 7/27  318(22) 0.58(9) M1
633 632.7 11/2F — 7/2% 100 1.00(15) 0.112(19) E2
705 623.9 9/27 — 5/2% 96(5) 0.98(14) 0.089(13) E2
705 705.4 9/2t — 7/2% 22(4) 0.53(10) -0.059(12) M1
768 767.6 9/2% — 7/2%  7.3(7) 0.58(9) -0.041(27) M1
1071 303.4 11/27 — 9/2%  5.6(8) 0.55(9) 0.048(28) El
1071 366.3 11/27 — 9/2F  53(4) 0.61(10) 0.118(33) El
1379 674.4 13/2T — 9/2%  39(3) 1.03(16) 0.169(25) E2
1379 7454  13/27 — 11/2%  0.3(1) M1
1430 796.7  15/2T — 11/2%  86(5) 0.96(15) 0.057(13) E2
1604 533.4  15/27 — 11/27  48(4) 1.02(15) 0.084(19) E2
1731 659.7  15/27 — 11/27  9(1) 1.09(25) 0.068(34) E2
1922 3182 19/27 — 15/27  35(4) 0.95(14) 0.055(12) E2
1932 501.4  17/2t — 15/2%  21(3) 0.46(10) -0.078(27) M1
1932 552.6  17/2% — 13/27  18(3) 0.81(13) 0.156(77) E2
2199 2772 21/27 — 19/27  4.2(8) 0.54(15) -0.032(13) M1
2270 347.6  21/27 — 19/27  8(2) 0.44(12) -0.038(13) M1
2294 864.3  19/27 — 15/2%  57(5) 0.95(15) 0.074(12) E2
2447 715.8  19/27 — 15/27  3.1(4) 0.85(11) 0.167(23) E2
2527 233.0  21/2t — 19/2%  39(4) 0.61(10) -0.086(28) M1
2527 595.4  21/2t — 17/2%  9(2) E2
2527 604.1  21/2t — 19/27  12(3) 0.62(18) 0.034(17) El
2642 114.7 2372t — 21/2%  37(6) 0.62(9) M1
2722 4522 23/27 — 21/27  2.5(5) 0.54(10) -0.043(12) M1
2818 290.7  25/2% — 21/2%  4.8(8) 0.93(17) 0.114(42) E2
2833 190.7  25/20) — 23/2F%  7.5(9) 0.60(9)

2967 3242 21/2t — 23/2%  25(5) 0.57(11) -0.048(15) M1
2067  1044.7  21/2% — 19/27  5.1(7) 0.59(10) 0.132(70) El
3127 160.3  23/2t — 21/27  23(4) 0.51(12)

3232 785.2  (23/27) — 19/27 0.5(2)

3445 318.2  25/2T — 23/2%  18(3) 0.64(10) -0.045(24) M1
3546 713.2  27/249) — 25/2(0) 2.9(6) 0.50(11) -0.042(21) M1
3801 355.6  27/2t — 25/27  12(2) 0.51(10) -0.127(31) M1
3992 11589 29/2() — 25/2(H) 2.1(4) 1.06(20) 0.058(23) E2
4179 377.8  29/27 — 27/2%  8.9(9) 0.69(12) -0.030(15) M1
4390 844.4 31209 — 27729 2.3(3) 0.89(12) 0.103(35) E2
4670 490.7  31/2% — 29/27  3.3(5) 0.67(10) -0.117(33) M1
5265 595.3  (33/2%) — 31/2%  0.8(3)

gies 1.923 and 1.952 MeV were assigned the spins (19/2)
and (17/2), respectively, but the parities were not mea-
sured.

In the present work, the negative-parity band has been
extended up to I™ = (23/27) with an excitation energy
of 3.232 MeV. To obtain the «-ray transitions at higher
spins, a spectrum was obtained by sum of double gates
of 366/624; 366/705; and 533/366-keV transitions as de-
picted in Fig. 3(a). New ~ rays 160-, 277-, 318-, 324-, 356-
, 378-, 452-, 491-, 595-, 604-, 660-, 713-, 716-, 844- and
1045-keV transitions are observed in coincidence. The
160-, 318-, 324-, 356-, 378-, 491-, 595-, 713- and 844-keV
transitions have already been observed in the positive-

parity band, with 318-keV being a doublet. Out of the
remaining transitions, the measured Rpco in the 624-
keV gate and A values show that the 604-, and 1045-keV
transitions have a Al = 1, E1 character. The positive-
parity band is connected to the negative-parity states by
these two transitions. A newly observed M1 transition,
277 keV, is in coincidence with the 533-, and 366-keV
transitions. Also, the 452-keV M1 transition is in coinci-
dence with the 348-keV transition. In addition, 660- and
716-keV E2 transitions have been observed in coincidence
too. In order to see higher spin states above the 660- and
716-keV transitions, a spectrum was obtained by sum of
double gates of 624/660; and 366/660-keV transitions as
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FIG. 4. (Color online) (a) The evolution of the 5/2%, 7/27 and 11/2~ bandheads as a function of neutron number for the
odd-A '?"7137Cs isotopes denoted by indices (i-vi): (i) *"Csz2 (black), (i) '*°Csza (blue), (iii) **'Cs7¢ (green), (iv) '**Csrs
(magenta), (v) ***Csgo (indigo) and (vi) *3"Csga (maroon)). The bandhead energies and their half-life (wherever known) has
also been quoted. Comparison of the bands built on (b) 5/2%, (c) 7/2T, and (d) 11/27 states in odd-A 2"7'37Cs isotopes
[3, 8, 21-23]. The excitation energies corresponding to J™ = 07, 27 and 47 states of even-A '267136Xe isotopes have been

shown by red circles.

shown in Fig. 3(b). Newly identified 716-keV E2 transi-
tion, and 785-keV transition have been observed in coin-
cidence in this spectrum.

IV. CALCULATIONS AND DISCUSSION
1. Energy Systematics

One- and three-quasiparticle bands similar to those ob-
served in 1277131Cs [6-11] have also been observed in
133Cs. Three distinct one-quasiparticle band structures
have been observed in 133Cs: (i) a AI = 2 band built over
the 5/27% state (ii) a Al = 2 band built over the 7/27
state (iii) a AI = 2 band built over the 11/2 state.

The evolution of bandhead energies as a function of
neutron number (N = 72 (black), 74 (blue), 76 (green),
78 (magenta), 80 (indigo), and 82 (maroon)) correspond-
ing to the isotopes 127:129,131,133,135,137C  regpectively,
has been shown in Fig. 4(a) [3, 8, 21-23]. As can be
seen from Fig. 4 (a), there is a decrease in the band-
head energy of the 5/2% state till N = 76 and again
increases at N = 78. Also, the bandhead energy of the
7/2% state decreases as a function of N, in contrary to
that for the 11/27 state, showing that the 7/2% band

becomes highly yrast and the 11/2~ band becomes non-
yrast as N increases from 72 to 78. Systematics of the
two positive-parity (built on 5/2% and 7/2% states) and
negative-parity (built on 11/27 state) one-quasiparticle
band structures in odd-A 1277137Cs (shown in black,
blue, green, magenta, indigo, and maroon colors respec-
tively) have been shown in Figs. 4 (b), (c¢) and (d), re-
spectively. The relative excitation energies of the excited
states of the 5/27 band (Fig. 4 (b)) increases till spin
13/2% with increasing N, but decreases above that in the
case of 133Cs showing a structural change of this band in
133Cs. Also, the increase in the relative excitation ener-
gies of the 7/27 band with increasing N (Fig. 4 (c)) shows
that the deformation decreases as IV increases. Again the
increase in the relative excitation energies of the 11/2~
band with increasing N (Fig. 4 (d)) shows that the de-
formation decreases from N = 72 to 78. These band
structures have also been compared with the yrast bands
of respective even-even Xe isotopes to probe the evolu-
tion of collectivity in odd-Cs. The evolution of the three
bands matches quite well with that of the even-even Xe
isotopes. This shows that the valance proton occupancy
in odd-Cs doesn’t have a strong influence on the evolution
of deformation of odd-Cs isotopes. The positive-parity
three-quasiparticle band structures in odd-A '27-133Cs
have also been studied and they follow the systematics
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FIG. 5. (Color online) The evolution of the dipole band as
a function of neutron number for the odd-A *?"7133Cs iso-
topes denoted by indices (i-iv): (i) *"Csz2 [8] (black), (ii)
129Csr4 (blue) [24], (iii) '3 Cszs (green) [22], and (iv) *3Csrs
(magenta).

as well (see Fig. 5) [8, 22, 24].

2. Large Scale Shell Model (LSSM) Calculations

The wavefunctions for the excited states in '33Cs can
be understood microscopically by comparing with the
Large Scale Shell Model (LSSM) calculations, carried
out using the code NuShellX [25, 26], without any trun-
cation. The orbitals, 097/2, 1d5/2, 1d3/2, 251/2 and
Oh11/2 outside of the 1008y core, were used as the va-
lence space for both protons and neutrons. The single-
particle energies used with the jj55pna interaction [27]
are 0.80720 (70g7/2), 1.56230 (71ds/2), 3.31600 (7lds/2),
3.22380 (7T2Sl/2), 3.60510 (ﬂ'Ohll/g), -10.60890 (VOg'y/Q),
-10.28930 (v1d5)2), -8.71670 (v1ds/2), -8.69440 (1254 /2)
and -8.81520 (v0hyq/2) MeV. The single particle ener-
gies of these orbitals were chosen so as to reproduce the
excited states in '33Sb and '3'Sn. The residual two-
body matrix elements for the jj5opna interaction was
obtained starting with a G matrix derived from the CD-
Bonn nucleon-nucleon potential [28]. The n-n interaction
strength for the jj55pna interaction was reduced by a fac-
tor of 0.9 to better reproduce the levels in 13°Sn [27]. This
interaction has been used to explain the excited states in
19-126Gy [29, 30], 124-132Te [31, 32|, and N = 82 iso-
tones 136Xe, 137Cs, 138Ba, 1%9La, and 4°Ce [33].

The Fig. 6 above shows a comparison of the experimen-
tally obtained positive-parity yrast, dipole, and negative-
parity bands with those obtained from shell model calcu-
lations. Previously in Ref. [4], the same model space was
used but with the inclusion of an extended pairing plus
quadrupole-quadrupole effective interaction to calculate
the excited states of Sn, Sh, Te, I, Xe, Cs and Ba isotopes.

In the case of 133Cs, the ordering of 7/2% and 5/2F states
were reversed. Also, they did not obtain good agreement
for the negative-parity states. It is evident from this fig-
ure that the shell model predicts quite well the positive-
and negative-parity E2 bands within ~ 150 keV for most
spins, but ~ 350 keV for the 21/2] —25/2] states. How-
ever it underestimates the energies of the dipole band by
~ 800 keV. There are a few features which are well repro-
duced in the calculations and are thus worth mentioning:
(i) the ordering of the 7/2% and 5/2" states is correctly
predicted with the energy difference being 4 keV, (ii) the
second 9/27 state lies just above the first 9/2% state with
the difference being 151 (63) keV for the shell model (ex-
perimental) case, (iii) the 21/27 state in the dipole band
is located above the first 25/2% state with the difference
being 104 (149) keV for the shell model (experimental)
case, and, (iv) the position of the 11/2~ state agrees with
the experimental observation within ~ 80 keV. Table II
lists the decomposition of angular momenta for protons
and neutrons (I; ®I,)) (with probabilities greater than 10
%) and the corresponding dominant wavefunctions along
with their probabilities for the positive-parity g7,2, ds /2
and dipole bands; and the two negative-parity bands due
to proton and neutron hole in hyy /o orbital.

As it is evident from the wavefunctions in Table II, the
positive-parity g7 /o band is mainly based on three proton
particles in g7/ and two proton particles in ds /5 orbital.
In addition, there are two neutron holes in the dz,, and
h11/2 orbitals. Thus in the ground state, the valence pro-
ton particle in g7 /5 orbital is responsible for the spin 7/2F
and the neutron holes are coupled to an angular momen-
tum of 0", which has the most dominant decomposition
angular momentum probability (57.36 %). As the spin
increases, the neutron hole pair in the hy, /o orbital aligns
completely giving rise to an angular momentum of 10T
in the 23/2% state with 28.18% decomposition probabil-
ity. For the case of positive-parity ds /o band, there is one
proton particle in d5 /5 orbital and four proton particles in
g7 /2 orbital. Similar to the g7/5 band, here there are two
neutron holes in the dg/o and hyy /5 orbitals. The valence
proton particle in ds/, orbital is responsible for the spin
5/2% for the lowest state of this band and the neutron
holes are coupled to an angular momentum of 0%, which
has the most dominant decomposition probability (51.06
%). Again, as the spin increases, the neutron hole pair in
the hy1 /9 orbital breaks giving rise to an angular momen-
tum of 10" in the 21/2% state with 42.64% probability.
The 25/27 state, however, has a 44.58% (19.63%) angu-
lar momentum decomposition probability from protons
coupled to 7/2% (5/27) and neutrons coupled to 10T. In
the case of the dipole band, the 21/27 state has a pro-
ton configuration g2 /2d§ /o but for the higher spins this

changes to g‘% /Qdé /20 indicating that the valence proton
lies mostly in ds /5 orbital. Here also, the dominant neu-
tron configuration is d /22h1_12/2. But for the excited states
in the dipole band, the neutron pair in the h;; /5 orbital
is completely aligned with probabilities 17.93% (21/23),



TABLE II. Decomposition of angular momenta of protons and neutrons (with probabilities greater than 10%) and the cor-
responding dominant partition of wave-functions for the positive-parity g7,2, ds/2, dipole bands; and the two negative-parity

bands, due to proton and neutron hole in h;; /5 orbital, in 133Cs using the jj55pna interaction.

1 I ® I, (Probability) Wavefunction (Probability)
/2% 7/2F ® 0F (57.36) (9323 /2) <d3/2h1£"/2) (21.67)
5/2:: ®4j (1403) (g;/zdi/Z) (d3 2h;1 2) (493)
11/2% 7/27 @27 (38.40) (932 W) ® (d g/zhu 2)v (15.34)
1172+ @ 0 (29.07) (92203 /2)= ® (d3 phiys)v (12.30)
15/2% 11/2F @ 25 (30.72) (93242 5)= ® (d 3/Qh;fQ)V (14.28)
15/2F © 0F (21.64) (932 o/z) ®(d 3/2hu/2)y (11.81)
7/2f ® 47 (18.49) (g 7/zd 2)r @ (dy M 25w (7.86)
19/2% 7//2;;@ 6j+ ((18.89) Egz/ 5 ;W ® E( 3/2 1 2; (8.97;
11/2f ® 4 (16.46) g2 5 2)r ® dv2 o) (8.04
5/2% @ 8¢ (10.77) (e ) © (0o s ), (569
15/2F @ 27 (10.00) (g;)/zdg/g)w ® (d3 Shis)v (5.43)
23/2T 7/2F © 107 (28.18) (93203 )2)r ® (dd/zh;l/z)y (14.34)
5/2F ® 107 (20.50) (97202 /2) 7 @ (dy /ol n)v (9.74)
5/2+ 5/2:; ®0j (5106) (g$/2dé/2) (dz/zhuz/z) ( 999)
5/2F ® 2 (15.49) (g;*/zdl 2)r ® (dg 5hie)v (9.34)
9/2% 5/27 © 25 (31.40) (97/2d5/2)= © (d z/zhu 2)v (16.54)
9/2F ® 0, (29.69) (97/2d5/2) ® (d3 11 5)v (16.25)
13/27 13/2} ® 0] (29.28) (qmd 2)r @ (d3 Rhiyyg)e (19.71)
9/2+ ® 2% (25.95) (9723 2) = @ (d3 /5 h7,0) 0 (13.67)
5/2F @ 4F (10.37) (g7/2d o) ® (djzhuz/z L (4.72)
13/2% @23 (10.23) (9724 a/g)w®( a/2hitys)v (6:57)
17/27 17/27 ® 0} (39.41) (97/2d52)x ® (dd/‘zhu?z),, (29.54)
13/2f @ 2 (22.52) (97208 2)= ® (d5 5his)w (12.53)
21/2% 5/2F ® 107 (42.64) (97/203 )2) = @ (d by 1),)w (23.98)
25/2% 7/2F ®10] (44.58) (97203 /2)x ® (d3 5h11),)v (18.04)
5/2F ® 105 (19.63) (93/2)= ® (d3/3hi 0 0)w (5.65)
21/25 7/2% ® 8 (25.74) (93242 5) ®(d3/2 11/2) (10.52)
7/25 ® 10} (17.93) (97/2452)x (da/zhn 2)v (7.58)
5/25 ® 8} (10.01) (93243 /2) © (d3 3h1,0)v (3:62)
23/25 5/2F ® 107 (43.96) (97/2d3)2) 7 ® (dd/2 U/z) (22.90)
9/2f ® 107 (11.54) (97/2d52)= ® (dy, his)v (5.79)
25/25 5/2% ® 105 (22.91) (97/205 )= (dmhu/z) (11.13)
5/25 ® 125 (22.87) (97/2d3/2)x ® (d3 )55 l/zhu/Q) (14.89)
7/2% ©107 (16.52) (gé/zd;/z)w ® (dyfshirys)v (9-14)
27/25 5/2F @127 (21.38) (97/2d3)2) ® (d ;/22 ;/ghjfﬂ) (11.66)
7/2f ® 107 (18.81) (97/2)= ® (dg 5y )%5)v (5.14)
29/27 9/2F © 107 (18.99) (g7/2d5/2) (d3/zh11"’/z) (10.76)
5/2+ ® 12+ (18 32) (97/2d5/2) ® (d3/2 1/2h1122) (7 23)
7/2F ®12) (15.43) (97/2d5/2) ®(d;z 1 2 ny2)v (7:28)
31/25 11/2F ® 107 (21.38) (97/2d5)2)= (ds/zzhizz)" (13.77)
13/2f ® 10} (19.04) (97/2d%)2) = ® (dd/2hl’l/2),, (12.97)
7/2% ®12F (15.12) (97/2)7 © (dgjy81 50 1)v (4.88)
33/25 13/2F ® 107 (25.39) (97/2d5)2)= (dd/zhu 5)v (15.64)
17/2F © 10,7 (24.09) (97/2d5/2)n ® <d3,2hn/2) (17.64)
15/2F © 107 (12.82) (97/2d5/2) ® (dy /3 i75)v (7.14)
11/2° 11/27 ® 0 (47.28) (97211 /2)= © (ds/é ll{2),, (26.57)
11/2; @27 (27.93) (97/2M11/2)7 ® (d322h11 5)v (15.28)
15/2~ 11/2,; ® 2} (34.01) (g;*/ghn/g)w (ds/2 o)v (17.86)
15/27 © 07 (24.95) (97/2 11/2) (d3 2h1_1 2)1/ (12.69)
15/2; ® 2 (11.53) (97/2h11/2) @ (ds, z 11 2)v (4.78)
19/27 19/27 ® 07 (34.60) (g;‘/zhil/z,)w@(dg/ghn 2w (22.43)
19/27 ® 25 (24.49) (97/2M11/2)= © (dmha v (14.99)
15/2; ® 2} (17.72) (97/2h11/2)7 ® (d3j5hT75)w (9:36)
23/2° 23/2; ® 0 (34.17) (97/2d)/2h11/2) @(dg/zhn/g) (13.85)
23/2; ® 2} (17.58) (97/2‘15/2h11/2) ®(d3/2 11/2) (8.01)
19/27 ® 2 (13.4) (97/2h11/2) ® (dghits)v (5.43)
15/2; 7/2F @5, (40.58) (92/2)r @ (dy o5 5y )v (15.94)
5/24 @5, (24.16) (93)2)7 ® (dy /557 Qhu/z)v (11.10)
19/2; 7/2F ® 7, (44.75) (93)2)= ® (czmh11 o)v (16.53)
5/2F @7, (24.91) (97/2)% @ (dg)5h7)),)v (10.92)
21/25 7/27 ®T, (53.56) (97/2)= @ (dg)5h7)),)0 (22.24)
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FIG. 6. (Color online) Comparison between experiment and shell model calculations for the positive-parity yrast, dipole, and

negative-parity bands in *3Cs.

43.96% (23/27), 22.91% (25/25), 18.81 (27/25) showing
that the shell model agrees with the three-quasiparticle
nature of this dipole band. In addition, for the 25/23
and 27/25 states, there are contributions from the neu-
tron conﬁguratlon al3 /251 /2h11 /20 giving a neutron angu-
lar momentum coupling of 127, For the remaining higher
spin states (29/25 to 33/25), the proton-particle pair in
g7/2 breaks giving rise to dominant proton angular mo-
mentum coupling of 9/2% (18.99%), 11/2% (21.38%), and
13/2% (25.39%) respectively.

The negative-parity bands as shown in Table II, have
two different origins: (i) due to the presence of a pro-
ton particle in the /1 /5 orbital (7g7 ,hy, /,) and (ii) due
to a neutron hole in the 31/2 or dz; and hyy/9 orbital
(Vd3/22 ;/12h111/2 or Vd3/2h11/2) Bands arising from these
two structures have been observed in the present exper-
iment. Similar bands have also been observed in '3°La
as given in Refs. [34, 35]. The first set of negative-parity
bands (11/27,15/27,19/27, and 23/27) have a domi-
nant wavefunction with four proton particles in the gz /o
orbital and one proton particle in the h; /5 orbital. There
are two neutron holes in the d3 /5 and hy; /o orbitals, sim-
ilar to the case of positive-parity states. The valence

proton particle in 7y, /o orbital is responsible for the spin
11/27 and the neutron holes are coupled to an angu-
lar momentum of 07 for the lowest state of this band,
which is the most dominant decomposition probability
(47.28%). For the 15/27 state, the maximum contribu-
tion (34.01%) comes from the decomposition I, ® I, =
11/2; ® 2, with additional contribution from a proton
pair breaklng in g7/, orbital giving rise to 15/2 and neu-
trons coupled to 0F. For the 19/2~ and 23/2~ states,
the governing contributions are from neutrons coupled
to 0 and protons coupled to 19/2~ (34.60%) and 23/2~
(34.17%) respectively. The second set of negative-parity
states (15/25,19/25 , and 21/25 ) have a dominant wave-
function with all five proton particleb in the g7/o orbital

and neutron configuration Vd3/2 1/2 11/2 for 15/25 and

d3/2h111/2 for 19/25 and 21/25 states. The valence pro-

ton particle in g7/, orbital and one neutron hole each in
s1/2 and hyy /o orbital is responsible for the spin 15/25
state of this band, which has a maximum decomposition
probability (40.58%). The maximum contributions for
the 19/2; and 21/2; states comes from I, = 7/2% and
I, = 7~ with probabilities 44.75% and 53.56%, respec-
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There are two expressions for each state: the first expression

shows the dominant angular momentum decomposition and the second expression shows the largest wavefunction partition
corresponding to the dominant angular momentum decomposition. A detailed explanation of these expressions are given in the

text.

tively.

LSSM calculations without truncation for 3%37Cs iso-
topes when compared with the experimental results give
an overall good description of the level structure for the
positive as well as negative-parity states [33, 36]. How-
ever, some deviation has been observed for the nega-
tive parity states with higher spin. Comparison be-
tween experiment (black filled circles) and shell model
calculations for the 7/2%, 11/2% and 15/2% states of
the positive-parity yrast bands in 133:13%137Cs have been
shown in the Fig. 7. The dominant angular momentum
decomposition and the corresponding largest wavefunc-
tion partition (the most dominant configuration) have
also been shown. For the ground state (7/2%) in 137Cs,
the first expression depicts the angular momentum de-
composition due to protons (7) and neutrons (v), respec-
tively: 7/2F x 0} (100%). The neutrons do not partici-
pate in the excitation as the shell is completely filled. The
five valence proton particles thus couple to generate an
angular momentum of 7/2 and this leads to the angular

momentum decomposition probability being 100%. How-
ever, this angular momentum decomposition does not
convey the exact configuration of the valence proton par-
ticles in the different valence orbitals, and hence a knowl-
edge of the wavefunction is required. The wavefunction
(configuration) of the 7/27% state corresponding to the
angular momentum decomposition 7/2F x 0} is given in
the second expression. The LSSM calculations give the
following wavefunction partitions, which add to 96.65%
(< 100%): (i) (g?/Q),r (45.40%), (ii) (g§/2d§/2),r (29.89%),
(iii) (gg/zhfl/g)w (11.46%), (iv) (gg/zdg/g)ﬂ' (4.16%), (v)
(97242 231 jo)w (2:23%), (V) (97/9d5/0)x (1.87%), and
(vii) (g7 /957 2)x (1.64%). In Fig. 7, only the most domi-
nant wavefunction partition has been shown.

The angular momentum decomposition for the ground
state (7/27) in 13°Cs has also been shown in the first
expression: 7/2F x 0} (78.52%). Here, the neutrons
also participate in excitations and hence the angular mo-
mentum decomposition probability is not 100% (contrary



to 137Cs). LSSM also gives other decompositions like:
5/2F x 25 (7.60%), 11/2% x 27 (5.33%), 9/2F x 2
(2.87%), 3/2 x 21 (2.05%) and 7/2F x 27 (1.38%). The
sum of all these probabilities gives 97.756% (< 100%).
Only the dominant angular momentum decomposition is
shown in Fig. 7. The second expression depicts the wave-
function of the 7/2% state corresponding to the dominant
angular momentum decomposition, 7/2F x 0} (78.52%).
Shell model again gives a number of wavefunction parti-
tions: (93 5)x X (dg/22)l, (33.58%), (93,2 5)x X (d;/g)y
(23.78%), (9% 513, /o) X (d573)y (9.48%), ete. The sum
of probabilities for all these partitions add to 66.84% (<
78.52%).

The analysis of the wavefunctions indicated that the
amplitude of the most dominant configuration for the
15/2F state reduces from 47.38% for 37Cs to 14.28%
for 133Cs. This demonstrates the increase in the mixing
of configurations when one goes away from N=82 shell
gap. Shell model calculations with a truncated model
space, i.e., model space consisting of proton g2, ds/2
orbitals and neutron g7/, ds/2, d3/2, $1/2, and hyy/ or-
bitals have also been used to calculate the positive-parity
energy levels in 1297133Cs. However, the energy levels ob-
tained from such calculations are very much compressed.
This shows that a full model space is required to explain
the excited sates in odd-A Cs isotopes.

V. SUMMARY AND CONCLUSIONS

High-spin states in '33Cs have been studied us-
ing the heavy ion induced fusion evaporation reaction
139Te("Li,4n)133Cs. The new data on the high spin states
in 133Cs are important addition to the systematics of
odd-A Cs isotopes, i.e., 127:129:13L,135,137Cg - Three differ-
ent band structures, also seen in other odd-A Cs nuclei,
viz. bands built on the 7/2%, 5/2% and 11/2 states
have been identified in 3Cs. The proton h11/2 band
reported in the present work fits nicely with the system-
atics. The excitation energy of this band-head is increas-
ing with mass number for odd-A Cs isotopes, making
it non-yrast and therefore difficult to observe for heav-
ier odd-A Cs isotopes. The evolution of collectivity for

11

these bands in odd-Cs looks similar to that of their even-
even Xe cores. Additionally, a dipole band arising from
a three quasiparticle structure has also been observed.
Large scale shell model calculations using the jj55pna
interaction have been used to compare the experimental
levels of '33Cs with the calculated ones. This compari-
son of the measured levels with the results of the shell
model calculations provided a way for the interpretation
of the various excited states in '33Cs. The energy levels
from the shell model calculations match remarkably well
with the experimental data for the two sets of positive
and negative-parity states as has been observed for the
measured levels in '3%137Cs isotopes. In case of '33Cs,
the shell model calculation has been carried out without
truncation of the model space. Therefore, the present
comparison really tests the predictive power of the in-
teraction used in the calculation. It will be interesting
to test the predictive power of the same model for the
lighter odd-A Cs isotopes. However, with the present
resources it is difficult to perform calculations for the
lighter Cs isotopes without truncation. It is important
to note that there is scope for improvements of the cal-
culations to understand the observed discrepancies with
the measurements for the dipole band which is underesti-
mated. Interestingly, from the analysis of the LSSM wave
functions of certain positive parity states in 133:13%:137Cg,
it has been demonstarted that the mixing of configura-
tions increases when one goes away from N=82 shell gap.
It is important to carry out future measurement of life-
times of excited states and compare the measured tran-
sition strengths with the prediction of the shell model
calculation to probe the nature of collectivity of these
states.
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