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High-spin states and possible chirality in the odd-A **Cs nucleus
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High-spin states of '**Cs have been studied using the fusion-evaporation reaction '**Te("Li, 4n) '**Cs at a
beam energy of 32 MeV. The previously reported level scheme of '33Cs is extended and modified with the
addition of nearly 30 new y transitions. A pair of nearly degenerate positive-parity doublet bands are identified
and assigned the same 7 ds;; ® vhl_lz/z configuration. The properties of both bands show general agreement with
the fingerprints of chiral rotation, and thus the bands are suggested as candidate chiral doublet bands. This
interpretation is also supported by the particle rotor model calculations. In addition, the high-j intruder A, >
band is extended to the 27/2~ state. A new decoupled Al = 2 sequence and a weak positive-parity band with
magnetic dipole (M 1) transitions are observed. The former is tentatively assigned the wdsh?, /2 configuration.
Meanwhile, the systematic studies of the 7 ds, wg7/2, and mhy; /» bands in odd-A Cs isotopes are also discussed

in the present work.
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I. INTRODUCTION

Chiral symmetry exists commonly in chemistry, biology,
particle physics, etc. In nuclear physics, the existence of chi-
rality is one of the intriguing questions of high-spin nuclear
structure studies, which was originally predicted by Frauen-
dorf and Meng in 1997 [1]. A spontaneous breaking of chiral
symmetry can take place in a rotating triaxial nucleus when
the Fermi level lies in the lower part of valence proton (neu-
tron) high-j (particle-like) subshell and in the upper part of
valence neutron (proton) high-j (hole-like) subshell. In the
laboratory frame, the restoration of the broken chiral symme-
try may give rise to pairs of nearly degenerate Al = 1 bands
with the same parity, which are called chiral doublet bands
[1]. So far, more than 50 candidate chiral nuclei have been
reported, mainly in the A ~ 80 [2—4], 100 [5-9], 130 [10-29],
and 190 [30-34] mass regions.

Since the first chiral doublet bands were reported in
the A =~ 130 mass region, much effort has been made both
experimentally and theoretically to investigate this phe-
nomenon. Particularly, the Z = 55 Cs isotopes, wherein 128
is proposed as the best known example revealing the chi-
rality [19], have attracted a lot of attention. Up to now,
candidate chiral doublet bands have been suggested in odd-
odd nuclej '?%124:126.128.130.132C5 [16-21] and odd-A nuclei
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121,123,125.127,129.131 g [35-38]. As mentioned above, it is clear

that the exploration for chirality in Cs isotopes has been ex-
tended to '¥2Cs (N = 77) [21]. Therefore, it is interesting to
investigate the systematic properties of chiral symmetry along
the cesium isotopic chain to heavier nuclei. For this purpose,
we try to extend the study of chiral rotation to neighboring
isotope '3Cs (N = 78), and explore the border of chirality for
nuclei when the neutron number approaches the closed shell
at N = 82.

Additionally, the known level structure of '**Cs is rela-
tively scarce, and there are still some confusions in the level
scheme reported in previous works [39,40]. Thus, it is neces-
sary to extend the information about excited states and clarify
the level scheme in nucleus '**Cs.

II. EXPERIMENTAL DETAILS

High-spin states in '3Cs are populated through the
139Te("Li, 4n) '*3Cs reaction. A 32 MeV ’Li beam is pro-
vided by the HI-13 tandem accelerator at China Institute of
Atomic Energy. The target consists of 2.96 mg/cm? of *°Te
(enriched to 99.4%) backed with 10.6 mg/cm? of natural Pb.
A total of approximately 1.1 x 10° y-y coincidence events
are accumulated by 24 HPGe detectors and two clover de-
tectors during the experiment. These detectors are placed at
60°, 90°, 120°, and 150° with respect to the beam direction,
respectively. In order to extract the coincidence relationships
with y rays and the multipolarities of the transitions, the data

©2024 American Physical Society


https://orcid.org/0000-0001-5803-9731
https://orcid.org/0000-0001-5928-195X
https://ror.org/00js3aw79
https://ror.org/00js3aw79
https://ror.org/00js3aw79
https://ror.org/00v5gqm66
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.024301&domain=pdf&date_stamp=2024-08-05
https://doi.org/10.1103/PhysRevC.110.024301

H. WANG et al.

PHYSICAL REVIEW C 110, 024301 (2024)

Sequence 3
q Band 5
372+
( Band 4 (30
613 + \
(3321) 570
+ — 2
@nh | X \ 31/2%) Band 6
(G117 ‘
951 | P B
. 583 (2912 870 272
i 2972+ ’ !
Band 7 ( _L_{ 1082 539 30 | ) |
. 921 | 499 / /(252% 161 ‘ 821
@) 153 819 ey 66950/8 / 215 23 5\9
23 637 455 @sn%) | 320 1025 | ] 673 688 ] oo
Loewy s b ] 3\5'6 676 - j 364 2324 46 78 =
) 197 LI o< / 2 7
(1922 , 578 ! A v 192- Loem
Y 1927 38 255 [ 21n+ \ 1085
595 604 571
1122 . \ 716 VLo
T 1512~ 10
& Lo - 15 39
152+ I 1 351 174
132+ P &
797 674 - d
Gl 366 304 g

12+ 92+

624

706
2 W sn

2t =81

T

7

N
=)

Band1 Band?2

FIG. 1. Partial level scheme of **Cs deduced from the present work. Transition energies are given in keV and their measured relative
intensities are proportional to the widths of the arrows. New transitions and levels are marked as red.

are sorted into a fully symmetrized y-y coincidence matrix
and an asymmetric directional correlation ratios of oriented
states (DCO) matrix. The DCO matrix is sorted with y rays
detected in the detectors at 90° on one axis and the coincident
y rays from the detectors at 150° on the other.

III. RESULTS

The partial level scheme of '*3Cs deduced from the present
study is shown in Fig. 1. Properties and placements of all y
rays are listed in Table I. Compared with the results reported in
previous works [39,40], the level scheme of 133Cs is extended
and modified with the addition of nearly 30 new y transitions,
including several intraband and interband transitions. The rel-
evant details of the current level scheme will be described
below.

Bands 1 and 2 have been observed and assigned as positive-
parity in the previous studies [39,40], and confirmed in present
work.

Sequence 3 is a newly observed structure built on the
I™ = (25/2%) state. Two new transitions of 1159 and 613 keV
with the quadrupole character are observed, and thereby the
spin of this structure is extended to I™ = (37/2%). Moreover,
the new linking transitions of 153 and 485 keV between the
sequence 3 and band 4 are identified and added to decay
path of sequence 3. A representative spectrum supporting the
transitions is shown in Fig. 2(a), which depicts the spectrum
gated by the 637 keV transition.

Band 4 is a positive-parity band decaying to the bands 1
and 2. In contrast to Refs. [39,40], we reverse the order of 356
and 320 keV transitions, considering that the intensity of the
356 keV transition is larger than 320 keV transition. Besides,
band 4 is extended by the addition of the intraband transitions
of 499 and 583 keV. Meanwhile, four new E2 crossover
transitions of 471, 676, 819, and 1082 keV are observed,
which firmly confirm the ordering of the dipole transitions of
band 4, extending the band up to I™ = (33/2%), as presented
in Fig. 1.

Band 5, consisting of the cascade of 161, 379,491, and 570
keV dipole transitions, is observed up to I” = (33/2%) in the
present work. It is worth noting that the 324.5 keV transition
reported in previous work [39] is removed on the basis of
our data. Instead, new decay paths including transitions of
1025, 669, 508, 673, 864, 688, and 275 keV are established,
and then the lowest observed state of band 5 is confirmed,
as shown in Fig. 1. Multipolarity analysis indicates that the
1025 keV linking transition is of Al = 2 character, and 669
and 864 keV transitions are of Al = 1 character. Thus, band
5 is also suggested as a positive-parity band as that of band 4.
Figure 2(b) shows a y-ray coincidence spectrum supporting
the proposed level scheme.

Band 6, composed of quadrupole transitions, has previ-
ously been assigned negative-parity via angular distribution
analysis [39,40]. In the present experiment, one new intraband
transition of 821 keV is observed and placed at the top of
this band. The spectrum gated by the newly observed 821
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TABLE 1. The energies, relative intensities, DCO ratios, initial and final state spins, and multipolarities for transitions assigned to 33Cs in
the present experiment.

E‘Va (keV) be RDCOC RDCOd Iiﬂ — I}T Multlpolarlty
81.0 > 100 520 — 7/2+ MI1/E2
114.9 41(4) 1.04(10) (23/27) —> 212+ (M1/E2)
1525 1.4(6) 0.8(3) (29/2+) —> (27/2%) (M1/E2)
160.6 4.1(15) 0.46(18) 27/2%) — (25/2%) (M1/E2)
174.1 3.8(15) 0.9(3) 15/2= —s 15/2+ El
190.8 17(3) 0.52(12) (25/2%) — (23/2%) (M1/E2)
2332 39(3) 0.56(6) 21/2F —> 19/2+ M1/E2
257.5 4.9(17) 0.8(3) (19/2%) — 19/2+ (M1/E2)
275.0 1.9(8) 0.9(4) (25/2%) — 23/2- (E1)
291.4 15(3) 0.49(9) (23/2%) — 21/2* (M1/E2)
303.5 16(3) 0.56(10) 11/2= — 9/2% El
318.9 44(3) 0.89(6) (19/27) — 15/2- (E2)
319.5 113) 1.03) (27/2%) —s (25/2%) (M1/E2)
320.1 3.9(15) 0.44(16) (21/2%) — (19/2%) (M1/E2)
348 4 <1 (23/27) — 19/2+ (E2)
351.0 1.3(6) 0.6(3) 15/2= — 13/2% E1l
355.8 15(3) 0.53(12) (25/27) —> (23/2%) (M1/E2)
366.0 73.1(15) 0.63(6) 11/2- —s 9/2+ El
378.5 3.1(12) 0.6(3) (29/2%) — (27/2") (M1/E2)
458.2 1.4(7) 0.6(3) (23/2+) — (21/2%) (M1/E2)
471.0 <1 (25/2%) — 21/2* (E2)
474.0 <1 (23/27) — (21/27) (M1/E2)
485.0 1.5(7) 0.9(4) (27/27) —> (25/2%) (M1/E2)
491.2 1.3(5) 1.1(5) (31/2%) —> (29/2%) (M1/E2)
499.1 1.8(7) 0.93) (29/2%) — (27/2%) (M1/E2)
502.2 22(3) 0.50(9) 17/2% — 15/2* M1/E2
508.4 1.8(8) 1.6(8) (25/27) — (25/2%) (M1/E2)
533.1 65(2) 0.95(6) 15/2= — 11/2° E2
538.5 3.0(12) 0.7(3) (25/2%) — (23/27) (E1)
539.0 <1 (29/2%) —> (25/2%) (E2)
553.0 17(3) 1.0(2) 17/2% — 13/2% E2
569.6 <1 (33/2%) — (31/2%) (M1/E2)
571.1 72) 0.55(16) (21/27) — (19/27) (M1/E2)
577.8 1.5(7) 0.6(3) (21/2%) —s 19/2* (M1/E2)
582.7 <1 (31/2%) —> (29/2%) (M1/E2)
595.3 27(4) 1.02(19) 21/2% — 17/2* E2
604.3 13(2) 0.66(13) 21/2% — (19/27) E1l
612.5 2.6(11) 0.9(3) (37/2%) — (33/2%) (E2)
624.4 95.8(3) 1.07(4) 9/2+ — 5/2+ E2
632.9 100 0.93(5) 1172 — 7/2% E2
637.3 11(3) 1.03) (29/2%) —> (25/2%) (E2)
659.1 103) 1.0(2) 15/2= — 11/2- E2
668.5 1.7(7) 0.6(3) (27/2%) — (25/2%) (M1/E2)
673.3 3.2(13) 2.0(7) (25/27) —> (25/2%) (M1/E2)
674.1 35(4) 0.94(14) 13/2+ — 9/2+ E2
675.6 4.1(16) 1.0(4) (27/2%) — (23/2") (E2)
687.5 4.7(16) 1.3(5) (25/27) —> (23/2%) (M1/E2)
705.5 33(4) 0.67(11) 9/2+ —s 7/2% M1/E2
716.2 6(2) 0.9(3) 19/2= — 15/2~ E2
737.7 2.009) 0.5(2) 23/27 — (21/27) (M1/E2)
746.5 4.0(15) 0.49(18) 13/2+ —s 11/2+ M1/E2
767.9 17(3) 0.58(12) 9/2t — 7/2+ M1/E2
785.5 1.6(7) 0.9(4) 23/2 —> 19/2- E2
797.4 95.6(5) 1.09(7) 15/2+ —s 11/2+ E2
819.0 <1 (29/27) —> (25/2%) (E2)
821.0 1.2(6) 0.8(4) 27/2- — 23/2" E2
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TABLE 1. (Continued.)
E,* (keV) 1,° Rbco® Roco? Ir =17 Multipolarity
864.2 54(3) 1.06(10) 19/2+ — 15/2* E2
864.4 2.2(9) 1.0(5) (25/27) — (23/27) (M1/E2)
870.0 <1 (31/2%) —s (27/2%) (E2)
9512 <1 (33/2+) —> (29/2%) (E2)
1025.0 1.0(5) 1.7(7) (27/2%) — (23/27) (E2)
1044.9 6.8(17) 1.14) (23/27) — (19/27) (E2)
1082.3 1.0(5) 0.9(4) (31/2%) — (27/2%) (E2)
1121.5 2.1(8) 1.2(5) 19/2%) — 15/2* (E2)
1159.4 5.1(16) 0.9(3) (33/2%) —> (29/2%) (E2)

*The energy uncertainty is about 0.2 keV for strong transitions (I, > 15) and about 0.5 keV for weak transitions (I, < 15).
"Intensities are corrected for detector efficiency and normalized to 100 for the same 632.9 keV transition as in Refs. [39,40].

‘DCO ratios from a gate on the quadrupole transition.
4DCO ratios from a gate on the dipole transition.

keV transition is provided in Fig. 2(c). Multipolarity analysis
indicates that the 821 keV transition has quadrupole character,
as can be seen from Table I. Thus, the spin of band 6 is
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FIG. 2. y-ray coincidence spectra gated on the (a) 637 keV,
(b) 356 keV, and (c) 821 keV transitions. Inset shows the higher-
energy part of the spectra. The newly identified y rays are marked
with the asterisks.

extended from I = 23/27 toI” = 27/27, and 2/ higher than
the earlier work.

Band 7 is observed for the first time. It feeds into the
positive-parity band 1 via several linking transitions. Multipo-
larity analysis indicates that the 1122 keV linking transition is
of AI = 2 character, and the 578 keV transition is of Al =1
character. Thus, band 7 is suggested as a positive-parity band
as that of band 1.

IV. DISCUSSION

The positive-parity bands 1 and 2 have been reported as
g7, and mwds;, configurations, respectively [39,40], and are
suggested as a pair of pseudospin partner bands in the early
work [40].

Sequence 3, consisting of E2 transitions, is a new structure
having the positive parity. This sequence is expected to be
mainly based on three-quasiparticle configuration, due to the
fact that it exhibits a high excitation energy and large initial
spin of (25/2)h. Meanwhile, sequence 3 mainly decays to the
mds;; band 2 with the same parity through a strong transition
of 191 keV, and thereby three-quasiparticle configuration with
an odd proton particle in the ds;, orbital is considered for
sequence 3. Additionally, the decoupled characteristic demon-
strated by sequence 3 indicates that the high-j and low-Q2
orbital whi/, may be involved in its configuration. Hence,
sequence 3 of '33Cs is tentatively assigned the 7 ds /2h%1 /2 con-
figuration. Indeed, similar decoupled structure with the same
configuration has also been observed in neighboring isotope
BICs [41].

Band 4 decays directly to the 7 g7/, and 7ds,, bands prob-
ably due to the alignment of the two A1/, neutrons [39,40],
i.e., the underlying configuration being 7 (g7,2/ds/2) ® vhl_lz/z.
The newly established band 5 decays to band 4 via several
dipole and quadrupole transitions, having the same positive-
parity as band 4, as shown in Fig. 1. The existence of several
M1/E2 and E2 linking transitions between bands 4 and 5
indicates that band 5 is likely to have the same configuration
as band 4 [14,21,23]. Additionally, bands 4 and 5 lying close
to each other in energy, we speculate that band 5 might be
a chiral partner band of band 4. To check this conjecture,
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FIG. 3. (a) Experimental excitation energies E(/), (b) energy
staggering parameters S(I), and (c) B(M1)/B(E2) ratios for bands
4 and 5 in **Cs as a function of spin in comparison with the PRM
calculations. The deformation parameter 8 = 0.20 [40] and the triax-
ial deformation parameter y = 31° are adopted as input to the PRM.
The energies are relative to the band head E, of the chiral double
bands.

the fingerprints of chiral doublet bands [5,22,42,43], i.e.,
the excitation energies E(I), energy staggering parameters
S(I)=[E(I)— E{ —1)]/2I, and reduced transition prob-
ability ratios B(M'1)/B(E?2) for bands 4 and 5 are extracted
and presented as functions of spin in Figs. 3(a), 3(b), and 3(c),
respectively.

As can be seen from Fig. 3(a), the experimental excitation
energies of band 5 are slightly higher than those of band 4,
and the two bands show a small energy difference within the
observed spin interval. In Fig. 3(b), the doublet bands have
similar S(/) values, and the S(I) exhibits a smooth variation
versus spin. Moreover, the extracted B(M1)/B(E2) ratios of
bands 4 and 5 show odd-even staggering with the same phase
as a function of spin in Fig. 3(c). These experimental proper-
ties are consistent with the fingerprints of chiral doublet bands
[5,22,42,43]. Indeed, similar bands with the wds;» ® 1)111_12/2
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FIG. 4. The root mean square components along the intermediate
(i, circles), short (s, squares), and long (/, triangles) axes of the core
(R), valence proton (J,,), and valence neutrons (J,) angular momenta
calculated as functions of spin / by means of the PRM for bands 4
and 5 in '33Cs.

configuration have been reported as chiral doublet bands in
neighboring '**La nucleus [25]. Thus, the doublet bands 4 and
5 in '*3Cs are interpreted by the same reasoning.

To further examine the chirality in '*Cs, calculations
based on the particle rotor model (PRM) [43-49] have been
performed. The calculated E(I), S(I), and B(M1)/B(E2) ra-
tios for positive-parity doublet bands 4 and 5 with wds;; ®
vhl_lz/2 configuration are shown in Fig. 3, in comparison with
the corresponding experimental data. As illustrated in Fig. 3,
the small energy differences between bands 4 and 5 are well
reproduced, and the calculated S(/) and B(M1)/B(E2) ratios
are in reasonably agreement with the experimental data. The
agreement between the experimental data and theoretical cal-
culations supports the present configuration assignment and
allows us to further investigate the chiral geometry for bands
4 and 5 in '¥Cs.

The chiral geometry can be derived from the eigenfunc-
tions calculated by PRM. In Fig. 4, the root mean square
values of the angular momentum components of the core R,
of the ds;, valence proton J,(ds/.), and of the h1_12/2 valence

neutrons Jn(hl’lz/z) are calculated and presented for bands 4
and 5. As can be seen, the angular momentum of the collective
core for both bands 4 and 5 is aligned along the intermediate
axis (i axis), which corresponds to the largest moment of
inertia. Meanwhile, the angular momentum of the ds/, valence
proton particle and the angular momentum of the hflz/z valence
neutron holes align along the short axis (s axis) and long axis
(I axis), respectively. The chiral geometry of bands 4 and
l533supp0rts the existence of possible chiral doublet bands in
°Cs.

Furthermore, in view of the mixing of ds;; and g7/, or-
bitals, an alternative interpretation of the bands 4 and 5,
in which the odd proton occupies either the ds;» or the
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FIG. 5. Systematics comparison of Al = 2 bands with the (a) wds,, (b) 7 g7,2, and (c) why; > configurations in the odd-A Cs isotopes. The
y-ray energies are in keV. The data of 1**Cs are from the present work, and of other nuclei are from Refs. [36,41,50-54].

g7,2 orbital, should also be considered. In order to exam-
ine this hypothesis, the predicted B(M1)/B(E2) ratios with
the mds;» ® vhl_lz/2 and wg7, ® vhl_lz/2 configurations are pre-
sented in Fig. 3(c), where the calculated results using the
wdsp; ® vhl’lz/2 configuration reasonably reproduce the ex-
perimental values of bands 4 and 5, while those using the
w812 ® vhl_lz/2 configuration deviate significantly from the
experimental data. Thus, we infer that the both bands are prob-
ably based on predominantly ds/, proton, which also supports
the chiral interpretation of bands 4 and 5.

Band 6, composed of quadrupole transitions, has previ-
ously been assigned negative parity via polarization analysis
[39,40]. Considering the Fermi surface for both protons
and neutrons of the '33Cs nucleus, band 6 built on the
previously known 11/27 state might be viewed as an in-
truder band with 7hy/, character [39,40]. Band 7 decaying
to band 1 is observed for the first time. This band has
higher excitation energies compared with band 1, implying
that band 7 is likely to be built on a multi-quasiparticle
configuration.

It is worth mentioning that the Al =2 bands based on
the mds), mg72, and mwhy, configurations are observed
systematically in the odd-mass cesium isotopes. To further
understand the systematics of the A/ =2 bands along the
cesium isotopic chain, the level schemes of the bands are
presented in Fig. 5. As illustrated in Fig. 5(a), the relative
level excitation energies of the mds;, bands increase from
125Cs to 133Cs till spin 13/2%, but decrease above those in
the case of '**Cs, implying that the irregular band structures
start to dominate, as the neutron number approaches towards
the N = 82 core. Indeed, similar behaviors also occur in the
same-parity g7, bands in the odd-mass Cs isotopes, as
shown in Fig. 5(b).

Figure 5(c) shows the systematics of the why, bands in
the odd-mass cesium isotopic chain until '*3Cs. The energy
level spacings across the series of Cs isotopes reflect the
decrease of quadrupole deformation as the neutron number
increases [55-58]. Because of this, the high-j intruder 7y,
orbital moves away from the proton Fermi surface, and as
a result, the why/, orbital becomes highly nonyrast relative
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to mds;, and wgy,, orbitals. It is clear from Fig. 5 that the
population strength of the mhy;/, band in 133Cs is already
significantly less than that of the wds/, or g7/, bands. Thus,
the mhy1 /2 band is more difficult to be populated in the heavier
odd-A Cs isotope than it is in '33Cs.

V. SUMMARY

Excited states of '**Cs nucleus are populated by using
the '**Te(’Li, 4n)'3Cs reaction at a beam energy of 32
MeV. Compared with the previous work, the level scheme
of 133Cs is extended with the addition of nearly 30 new
y rays. A pair of nearly degenerate positive-parity doublet
bands are identified and assigned the same 7mds;,; ® vhl_lz/2
configuration. The experiment excitation energies, the energy
staggering parameters S(/), and the B(M1)/B(E?2) ratios of
the two bands show general agreement with the fingerprints
of chiral rotation. The PRM calculations have been performed
and reproduce the experimental results well, supporting the

chiral interpretation of the doublet bands. In the present ex-
periment, the high-j intruder band with mhy;/, character is
extended to spin 27/27 h. A new decoupled Al = 2 sequence
and a weak positive-parity band consisting of magnetic dipole
transitions are observed, and the decoupled sequence is tenta-
tively assigned the mds 2h?, /> configuration. Furthermore, the
systematics of the wds», w g7/, and whyy, bands in odd-A Cs
isotopes are also investigated in the present work.
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