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A pair of new possible chiral doublet bands has been experimentally identified for the first time in the odd-odd
nucleus '*°Cs. The possibility of multiple chiral doublet (MyxD) bands in '*°Cs was interpreted by projected
shell model (PSM) calculations with a relatively complete configuration space. The newly observed bands and
the first chiral doublet band reported earlier belong to an identical configuration, providing the first experimental
and theoretical evidence for the existence of multiple chiral doublet bands of odd-odd nuclei in the A &~ 130

mass region.

DOLI: 10.1103/PhysRevC.109.024307

I. INTRODUCTION

Chiral symmetry breaking was first theoretically predicted
for triaxial deformed nuclei in 1997 [1]. Much experimen-
tal evidence for chiral doublets has been reported in A =~
80, 100, 130, and 190 mass regions of the nuclear chart
to date [2-5]. There may be multiple chiral doublet bands
in the same nucleus, which is represented by the acronym
MyxD [6-10]. In recent years, Refs. [11-13] theoretically
proposed the existence of multiple chiral doublet bands with
identical configuration in odd-odd nuclei, which has been con-
firmed by experiments [14—16]. Theoretical studies of chiral
doublet bands have been described by various approaches.
The projected shell model (PSM) was also used to study
the chiral geometry in numerous studies, and Refs. [17-20]
obtained great results on Cs isotopes.

A pair of chiral doublet bands of '?°Cs has been studied
previously [21-24]. In this paper, two new rotational bands
labeled bands 3 and 4 and some linking transitions, which
were observed for the first time in odd-odd nucleus '*°Cs
in the A &~ 130 mass region, are established on the basis of
the previous scheme. We use a projected shell model with a
relatively complete configuration space to investigate the odd-
odd nucleus '*°Cs in this work. The configuration of the four
rotational bands of '*°Cs has been demonstrated as 7h{},, ®

vhi, by PSM. The energy spectrum and electromagnetic
transition probabilities are reproduced for the four rotational
bands. The chiral geometry of bands 1 and 2 as well as the
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evolution process of bands 3 and 4 in '2°Cs are illustrated
for the first time by the distribution of the components of the
angular momentum on the three intrinsic axes (K plot) and
the distribution of the titled angles of the angular momentum
in the intrinsic frame (azimuthal plot). The newly observed
bands 3 and 4 are designated as a new possible chiral doublet
band with the same configuration as the previously reported
yrast and its partner band, which indicates the existence of
multiple chiral doublet (M D) bands in '*°Cs.

II. EXPERIMENTAL DETAILS

The y-y coincidence data reanalyzed in this work were
collected earlier at NORDBALL by Komatsubara et al. [23].
A more complete level scheme was further deduced for '26Cs
in the present work, using the observed coincidence relations
and relative intensities of the gamma transitions and based
on the previously reported states for this nucleus. The partial
level scheme for '2°Cs showing the bands relevant to the focus
of this work is plotted in Fig. 1. Bands 1 and 2 were reported
by Wang et al. in Ref. [21], while bands 3 and 4 are newly
established on the basis of their level scheme in this work. At
the same time, multiple intraband crossover transitions and
interband transitions in both bands are established. Sample
y coincidence spectra, both gated by 141 keV, proving the
placements of the levels in band 3 and 4, respectively, is dis-
played in Fig. 2. Spin assignments for new states are based on
the ADO ratios (y-ray angular distribution from oriented nu-
clei). In the present work, Rapo values of 1.4 and 0.7 are
expected for stretched quadrupole or Al = 0 dipole radiations
and stretched dipole transitions, respectively [21]. Taking a
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FIG. 1. Partial level scheme for '2°Cs. The energies are given in keV and the widths of the arrows are proportional to the relative transition
intensities. All transitions within and outside band 3 (band 4) are shown in red (blue) color.

few strong transitions as an example, the 524 and 631 keV
transitions connecting band 3 to band 2 were assigned M1
electromagnetic features based on ADO values of 0.75 and
0.69, respectively. Similarly, the 581 keV transition linking
band 4 to band 3 is considered to be M1 character, based on
an ADO value of 0.84. These dipole transitions fix the positive
parity and the spin for bands 3 and 4. In conjunction with the
deduced M1 multipolarity of the 524, 631, and 581 keV tran-
sitions, the two new bands are both specified as positive-parity
bands. Bands 3 and 4 are both coupling bands of Al = 1.
Bands 14 all have positive parity and are linked to each other
by many transitions. Moreover, the energy difference between
the same spin levels is quite small. For the two pairs of bands

1 (3) and 2 (4), the energy difference values are both about
200 keV, and their B(M1)/B(E?2) values are extremely similar.
These properties may indicate that the four bands in '2°Cs
could correspond to two chiral doublet bands. The intensities
and ADO coefficients for all newly observed rays are provided
in Table I.

III. DISCUSSION

A. Projected shell model calculations

Calculations based on the projected shell model (PSM)
were performed to investigate the properties of the four ro-
tational bands. The PSM program improved in Refs. [18,19]
is used in this paper, where quadrupole deformation
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FIG. 2. Sample y coincidence spectra gated by the 141 keV obtained in the present work showing the placement of the y rays in bands 3
and 4. Transitions with band 3, band 4, and linking transitions are marked with stars, and labeled in red, blue, and green, respectively.
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TABLE 1. Energies, y rays and ADO rations of y rays in '2°Cs.

TABLE 1. (Continued.)

E, E K
(keV) I, (%) ADOratio (keV) (keV) I =1
Band 1

140.8  100.03.0) 0.93(0.06) 900.5 759.7 (10%) — (9*)
254.8 63.0(6.5) 0.70(0.08) 1493.0 1238.0 (12*) — (117)
337.5 62.2(3.8) 0.65(0.09) 1238.0 900.5 (11%)— (10%)
343.2 17.8(2.6) 0.74(0.11) 2232.2 1888.5 (14%)— (13™)
395.7 47.9(3.2) 0.66(0.08) 1888.5 1493.0 (13%)— (12%)
415.5 2.5(0.4) 3111.2 2695.5 (167) — (15%)
463.5 26.7(2.5) 0.66(0.08) 26955 22322 (157) — (14%)
478.1 2.7(0.5) 1238.0 759.7 (117) — (9%)
495.8 15.6(3.3) 0.68(0.13) 3606.3 3111.2 (17F) — (16™)
527.7 3.0(0.7) 4599.3 40719 (197) — (18%)
554.5 3.2(0.7) 5671.5 5117.4 (217) — (20™)
592.5 53.7(5.8) 1.36(0.19) 1493.0 900.5 (12%) — (10%)
650.5 10.6(1.6) 1.44(0.35) 1888.5 1238.0 (13%) — (117)
739.2 48.2(5.5) 1.33(0.21) 22322 1493.0 (14%) — (12%)
807.0 12.6(1.6) 1.34(0.27) 26955 1888.5 (157) — (13%)
879.0 32.7(1.77) 1.43(0.25) 3111.2 22322 (16%) — (14™)
910.8 13.0(2.9) 1.39(0.27) 3606.3 2695.5 (171) — (15%)
960.7 16.5(3.5) 1.45(0.28) 4071.9 3111.2 (18") — (16%)
993.0 4.7(1.0) 1.46(0.46) 4599.3 3606.3 (19%) — (171)
1045.5 14.1(2.6) 1.63(0.34) 5117.4 4071.9 (20%) — (18%)
1072.2 5.7(1.3) 1.27(0.35) 5671.5 4599.3 (217) — (19%)
1135.2 2.6(0.8) 6252.6 5117.4 (22%7) — (20™)
1148.0 1.0(0.3) 7967.8 6819.8 (257) — (23%)
1148.3 1.4(0.4) 6819.8 56715 (237) — (217)
1198.5 1.0(0.3) 7451.1 6252.6 (247) — (22%)
Band 2

327.1 4.6(0.6) 0.64(0.19) 2086.3 1759.1 (13%) — (12%)
3444 6.4(1.0) 0.71(0.22) 2430.2 2086.3 (14%) — (13%)
361.9 4.7(0.8) 0.59(0.17) 1759.1 1397.0 (12%) — (11%)
426.5 11.7(1.5) 0.66(0.16) 2857.3 2430.2 (157) — (14%)
461.1 3.2(0.7) 37934 33317 (177) — (16™)
671.1 5.7(0.8) 1.35(0.48) 2430.2 1759.1 (14%) — (12%)
689.3 11.6(1.0) 1.37(0.28) 2086.3 1397.0 (13%) — (117)
771.0 9.4(1.2) 1.36(0.34) 2857.3 2086.3 (15%) — (13%)
901.5 3.6(0.7) 1.44(0.48) 3331.7 24302 (167) — (14%)
936.1 12.3(2.3) 1.41(0.27) 3793.4 28573 (17%) — (15%)
1007.6 6.2(1.5) 1.48(0.45) 4801.0 3793.4 (19%) — (17%)
1013.3 1.6(0.5) 4345.0 3331.7 (187) — (16™)
1046.5 0.7(0.2) 5391.5 43450 (207) — (18™)
1064.2 0.6(0.2) 64557 5391.5 (227) — (20™)
1066.0 42(1.2) 1.51(0.46) 5867.0 4801.0 (21%)— (197)
1106.8 1.7(0.4) 6973.8 5867.0 (237) — (211)
Band 3

371.0 0.5(0.1) 0.70(0.10) 2654.1 2283.1 (14%)— (13%)
413.0 1.5(0.1) 0.82(0.07) 3978.9 3566.6 (171) — (16%)
505.3 1.3(0.1) 0.66(0.23) 3566.6 3061.4 (167) — (15%)
689.1 0.7(0.1) 1.46(0.28) 2654.1 1965.0 (14%) — (12%)
707.7 0.8(0.1) 1.37(0.20) 2283.1 15754 (13%) — (117%)
778.3 1.1(0.1) 1.45(0.36) 3061.4 2283.1 (15%)— (13™)
912.5 1.9(0.1) 1.21(0.25) 3566.6 2654.1 (16%) — (14T)
918.0 2.2(0.1) 1.35(0.21) 3978.9 3061.4 (17F) — (15%)
980.2 1.1(0.1) 1.36(0.42) 4959.1 3978.9 (19%) — (171)
985.5 1.3(0.1) 1.32(0.37) 4552.1 3566.6 (18%)— (16%)
1040.1 0.2(0.1) 1.41(0.31) 5592.2 4552.1 (20%) — (18%)
1074.1 0.1(0.1) 1.40(0.65) 6033.2 4959.1 (217) — (19%)

E, E  E
(keV) I, (%) ADOratio (keV) (keV) Ir - 17
Band 4

334.5 0.2(0.1) 2502.3 2167.8 (13%) — (121)
362.1 0.5(0.1) 0.84(0.14) 2864.1 2502.3 (147) — (13%)
438.5 0.7(0.1) 0.68(0.12) 3303.5 2864.1 (157) — (14%)
457.9 0.5(0.1) 0.63(0.05) 3760.1 3303.5 (167) — (15%)
696.3 0.7(0.1) 1.31(0.85) 2864.1 2167.8 (147) — (12%)
801.2 1.00.1) 1.35(0.16) 3303.5 2502.3 (157) — (13%)
896.0 1.2(0.1) 1.42(0.18) 3760.1 2864.1 (16%)— (14*)
936.2 0.8(0.1) 1.47(0.39) 4239.7 3303.5 (177) — (15%)
992.0 0.5(0.1) 1.42(0.31) 5231.7 4239.7 (197) — (171)
1009.5 0.8(0.1) 1.30(0.32) 4769.6 3760.1 (187) — (16")
Linking transitions

95.5 5.0(1.0) 0.94(0.26) 1493.0 1397.0 (127) — (11%)
145.4 3.7(0.6) 0.85(0.25) 2232.2 2086.3 (14%)— (13*)
254.0 12.5(1.1) 0.69(0.13) 3111.2 28573 (167) — (15%)
2717.5 4.1(1.1) 0.66(0.19) 4071.9 37934 (18")— (171)
496.5 27.9(3.2) 0.59(0.08) 1397.0 900.5 (117)— (10%)
521.1 14.9(1.1) 0.72(0.08) 1759.1 1238.0 (127) — (11%)
524.0 8.6(0.1) 0.75(0.11) 2283.1 1759.1 (13%) — (12%)
542.5 25.1(2.5) 0.64(0.06) 2430.2 1888.5 (147)— (13%)
568.0 1.1(0.1) 0.69(0.03) 1965.0 1397.0 (127) — (11%)
581.0 0.7(0.1) 0.84(0.09) 2864.1 2283.1 (147)— (13%)
593.5 5.3(0.9) 0.74(0.2) 2086.3 1493.0 (137) — (12%)
614.3 2.1(0.1) 0.71(0.05) 4959.1 4345.0 (197) — (18%)
631.1 5.9(0.1) 0.69(0.11) 3061.4 2430.2 (157) — (14%)
637.0 8.4(2.5) 0.66(0.14) 3331.7 2695.5 (16%)— (151)
637.5 9.4(2.6) 1.38(0.31) 1397.0 759.7 (11t)— (9%)
642.2 0.9(0.1) 0.86(0.13) 6033.2 5391.5 (217) — (20%)
647.0 4.0(0.1) 0.63(0.05) 3978.9 3331.7 (17") — (16™)
679.8 2.1(0.6) 3111.2 2430.2 (16%) — (141)
698.8 0.8(0.1) 0.83(0.14) 3760.1 3061.4 (167)— (15%)
709.0 4.9(0.1) 0.80(0.11) 3566.6 2857.3 (167) — (15T)
739.0 6.4(1.5) 0.77(0.25) 4345.0 3606.3 (187) — (171)
760.0 1.1(0.1) 0.91(0.11) 4552.1 37934 (187)— (17%)
785.0 6455.7 5671.5 (22%) —» (211)
791.8 3.8(1.0) 0.72(0.21) 5391.5 4599.3 (207) — (19%)
847.8 2.7(0.9) 2086.3 1238.0 (13%) — (111)
968.9 7.02.1) 1.34(0.37) 2857.3 1888.5 (157) — (13%)
975.1 2.3(0.1) 1.35(0.23) 3061.4 2086.3 (157) — (13%1)
1100.0 1.4(0.4) 3331.7 22322 (16%) — (141)
1105.5 0.4(0.1) 1.38(0.31) 2864.1 1759.1 (147) — (12%)
1136.0 1.9(0.1) 1.32(0.16) 3566.6 2430.2 (167)— (14T)
1330.0 0.4(0.1) 1.37(0.41) 3760.1 2430.2 (167) — (14%)

parameters (S, y) are constrained at (0.26, 24°), consistent
with the parameters used in the particle rotor model in
Ref. [25], applied to the observed rotation band of the chiral
nucleus '*%Cs.

B. Results and discussion

The results of the calculations in Fig. 3 are compared with
our experimental data. For close excitation energies, an ap-
proximately constant staggering parameter S(/), and a similar
behavior of the B(M1)/B(E2) ratios, are evident for both
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FIG. 3. (a),(b) Experimental excitation energies, (c),(d) S(/) pa-
rameters, and (e),(f) B(M1)/B(E2) ratios for the positive-parity
chiral doublet in '*°Cs. Also shown are results of PSM calculations
with the indicated deformation parameters.

chiral pairs. In Fig. 4, the compositions of configurations for
band 14 are shown as functions of spin. For bands 1 and

2, the configuration 7/}, ® vh{}}, is dominant. For bands 3

and 4, the dominating configurations are also /3!, ® vhif),,
but the configuration A}, ® vy}, strongly competes with
h}1/2 ® Vh?lll}z

The K distributions for the angular momentum on the three
principal axes at the spins [ = 114, 14k, 17k, and 207 for
bands 1-4 are shown in Figs. 5 and 6.

Bands 1 and 2. (i) For spin I = 114, the K plots shown
in Fig. 5 are in accordance with the expectation for chiral
vibration with respect to the s-I plane. The probability at
K; = 0 is significant for band 1, which corresponds to a zero-
phonon state. On the other hand, the vanishing probability at
K; = 0 for band 2 indicates an antisymmetric wave function
corresponding to a one-phonon state. (ii) For spin I = 144,
the most probable value for K; appears at K; ~ 124 for band
1, which suggests that the collective rotation around the i
axis develops and the angular momenta deviate from the s-/
plane with the increase of spin. The peaks of the K; and K;
distributions also correspond to K values substantially away
from zero, so the most probable orientation of the angular
momentum is aplanar. The K plots for band 2 are similar to
those for band 1, supporting the occurrence of static chirality.
(iii)) For spins I = 17k and 207, the K; and K; distribu-
tions become broad, and the peaks of the K; distributions
become sharp at K; ~ I. Both features suggest that the angular
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FIG. 4. Composition of configurations for bands 1-4. The corre-
sponding configuration for each band is labeled by the same color.

momenta move close to the i axis, therefore the static chirality
disappears.

Bands 3 and 4. (1) For spins I = 11/ and 147, there are
two peaks at K; =~ O/, 12/i, and a node at K; ~ 6k for band 3,
corresponding to the two-phonon vibration. For band 4, there
are two peaks at K; &~ 5h, 131, and two nodes at K; ~ 0#, 107,
corresponding to three-phonon vibration. The K plots, shown
in Fig. 6, are consistent with the expectation for chiral vibra-
tion with respect to the s-I plane. (ii) For spin I = 17h, the
chiral vibration for the two bands begins to disappear. The
K; distributions become broad, and the peaks of the K; and
K; distributions become sharp at K; and K, ~ I. Both features
suggest that the angular momenta move close to the i or s axis.
(iii) For spin I = 20#, the most probable values for K; appear
at K; ~ I for band 3, and collective rotation develops around
the i axis. The most probable values for K, appear at K; ~ [
for band 4, and collective rotation develops around the s
axis.
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FIG. 5. The K plot, the K distributions for the angular momen-
tum on the short (s), intermediate (i), and long (/) axes, calculated at
spins [ = 114, 144, 174, and 20, respectively, for the chiral doublet
bands 1 and 2 in '*°Cs.
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FIG. 6. The K plot, the K distributions for the angular momen-
tum on the short (s), intermediate (i), and long (/) axes, calculated at
spins I = 1174, 144, 171, and 204, respectively, for the bands 3 and 4
in 2Cs.

In Fig. 7, the profiles for the orientation of the angular mo-
mentum on the (6, ¢) plane, the azimuthal plot, are shown for
the same spins as in Figs. 5 and 6, respectively. The definitions
of the angles (6, ¢) can be found in Refs. [18,19].

Bands 1 and 2. (1) For spin I = 11h, the profiles for the
orientation of the angular momentum for band 1 have a single
peak at (6 =~ 70°, ¢ = 90°), which suggests that the angular
momentum stays within the s-/ plane, in accordance with the
expectation for a zero-phonon state. The profiles for band
2 show a node at (6 =~ 70°, ¢ = 90°), with two peaks at
(0 = 80° ¢ ~45°) and (0 ~ 80°, ¢ ~ 135°), respectively,
which supports the interpretation of a one-phonon vibration.
Thus, the interpretation of chiral vibration is demonstrated.
(ii) For spin I = 14h, the azimuthal plots for bands 1 and 2 are
similar. Two peaks corresponding to aplanar orientations are
found, i.e., (8 ~ 80°, ¢ &~ 45°) and (0 ~ 80°, ¢ ~ 135°) for
band 1, while (6 ~ 65°, ¢ ~ 45°) and (6 ~ 65°, ¢ ~ 135°)
for band 2. These features can be understood as a realization
of static chirality. (iii) For spins I = 17/ and 204, the peaks
for the azimuthal plot for band 1 move toward (6 =~ 90°,
¢ ~ 20°)and (8 ~ 90°, ¢ =~ 160°), namely close to the i axis.
It suggests the disappearance of the chiral geometry and the
onset of principal axis rotation. The peaks for the azimuthal
plot locate at (6 =~ 90°, ¢ ~ 25°) and (6 =~ 90°, ¢ ~ 155°)
for band 2, which approach the i axis, meaning the chiral
geometry is weakened.

Bands 3 and 4. (i) For spins I = 114 and 14#, the pro-
files for the orientation of the angular momentum for band 3
have three peaks and two nodes at 8 &~ 65°, which suggests
that the angular momentum stays within the s-/ plane, in
accordance with the expectation for a two-phonon vibration.
On the other hand, the profiles for band 4 show three nodes
at 0 ~ 70°, with four peaks, supporting the interpretation of
a three-phonon vibration. Thus, the interpretation of chiral
vibration is demonstrated. (ii) For spin / = 17#, there are
three peaks located at (6 = 75°, ¢ = 90°), (6 =~ 90°, ¢ = 0°),
and (60 ~ 90°, ¢ = 180°) and two unclear nodes at (8 ~ 75°,
¢ ~ 35°) and (0 =~ 75°, ¢ ~ 145°) for band 3. There are four
peaks located at (6 = 75°, ¢ ~ 55°), (6 = 75°, ¢ =~ 125°),
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FIG. 7. The azimuthal plot, i.e., profile for the orientation of the
angular momentum on the (6, ¢) plane, calculated at I = 114, 14h,
17h, and 207 for bands 1—4 in '2°Cs.

® =90° ¢ =0°), and (§ = 90°, ¢ = 180°), one clear node
at (0 =~ 70°, ¢ =90°), and two unclear nodes at (6 =~ 70°,
¢ ~ 30°) and (6 ~ 70°, ¢ ~ 150°) for band 4, which means
that the chiral vibration is disappearing. (iii) For spins / =
20#h, there are two peaks at (6 = 90°, ¢ = 0°) and (6 = 90°,
¢ = 180°) for band 3, and collective rotation develops around
the i-axis; and there is one peak at (6 = 90°, ¢ = 90°) for
band 4, and collective rotation develops around the s-axis.

IV. CONCLUSION

In summary, in addition to the yrast and its partner band
previously reported, a new pair of chiral doublet bands based

on the two-quasiparticle 7h},, ® vh{}, configuration has

been identified in odd-odd nucleus *°Cs belonging to A ~
130. The experimental data have been compared with the
results of the projected shell model with a complete configura-
tion space. The evolution from chiral vibration to static chiral
rotation for bands 1 and 2 as well as the evolution of bands 3
and 4 in '?°Cs were also investigated for the first time in this
paper. The chiral geometry with bands 3 and 4 is not typical
due to the high excitation energy and the mixed configura-
tion, and thus exhibits more chiral vibrational features. All
these results provide theoretical and experimental evidence
for the possible existence of MxD with the identical con-
figuration in the odd-odd nucleus '?°Cs in the A ~ 130 mass
region.
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