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First observation of candidate chiral doublet bands in Z = 37 Rb isotopes
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High-spin states in 3*Rb have been studied using the °Ge('' B, 3n) reaction at a beam energy of 36 MeV. A
pair of nearly degenerate positive-parity doublet bands have been extended and interpreted as candidate chiral
doublet bands based on their experimental properties. This interpretation is supported by the triaxial relativistic
mean-field theory and the triaxial particle-rotor model calculations. The systematic comparison of the candidate
chiral bands in the A ~ 80 mass region are also discussed. This work is the first observation of candidate chiral
doublet bands in Z = 37 Rb isotopes and extends the boundaries of the chiral nuclei in the A ~ 80 mass region.
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I. INTRODUCTION

In 1997, Frauendorf and Meng [1] pointed out that rotating
triaxial nucleus may exhibit chiral geometry. The ideal chiral
geometry in nuclei entails the angular momentum vectors of
the valence proton, valance neutron, and core are mutually
perpendicular to each other, thereby forming either a left- or
a right-handed system. The experimental signal of the chiral
symmetry breaking in nuclei is the observation of chiral dou-
blet bands, which are a pair of nearly degenerate Al = 1 bands
with the same parity. So far, candidate chiral doublet bands
have been reported experimentally in the A ~ 80, 100, 130,
and 190 mass regions of the nuclear chart; see recent reviews
[2-10] and references therein.

The A ~ 80 mass region is a recently identified chiral re-
gion where only three cases of candidate chiral nuclei have
been reported in Br isotopes [11-13]. In 2011, a pair of
candidate chiral doublet bands was observed in 3°Br, which
provided the first evidence for chirality in the A ~ 80 mass
region, and gave a new chiral configuration w g9, ® vgo/»
[11]. Subsequently, the first evidence for the multiple chiral
doublet bands with octupole correlations was found in ®*Br
[12]. This observation indicated that nuclear chirality can be
robust against the octupole correlations, and a simultaneous
breaking of chiral and space-reflection symmetries may exist
in a single nucleus. Very recently, a pair of candidate chiral
doublet bands was observed in ¥Br [13], which extended
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the border of the chiral nuclei in the A ~ 80 mass region to
N = 47. Reference [13] suggested that the chiral geometry
in 32Br is more stable than those in *Br and %°Br based on
the calculated coupling pattern of the angular momentum.
It is naturally interesting to find more chiral candidates and
explore the boundaries of the chiral nuclei in the A &~ 80 mass
region. The present work identifies candidate chiral doublet
bands in 34Rb (Z = 37), and provides the first evidence for
candidate chiral nuclei in the A ~ 80 mass region beyond the
Br isotopes.

II. EXPERIMENTAL DETAILS

Excited states of ®Rb were populated via the reaction
"6Ge(''B, 3n) at a beam energy of 36 MeV using the HI-13
tandem accelerator at the China Institute of Atomic Energy
(CIAE). The target consisted of 1 mg/cm? 7°Ge evaporated
on a 10mg/cm? gold backing. The emitted y rays were
detected by an array of six Compton-suppressed high-purity
germanium (HPGe) detectors and one clover detector. The
detectors were placed at 90° (two HPGe and the clover),
42° (two HPGe), 140° (one HPGe), and 150° (one HPGe)
with respect to the beam axis. Approximately 3.8 x 107 y-y
coincidence events were recorded in prompt coincidence
(<150 ns) with a general-purpose digital data acquisition sys-
tem (GDDAQ) [14] based on Pixie-16 modules from XIA
LLC [15].

In the offline analysis, energy and efficiency calibra-
tions of these detectors were achieved using standard '**Ba
and 'P?Eu radioactive sources placed at the target position.
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FIG. 1. Partial level scheme of **Rb deduced from the present
work. The newly observed transitions and level are in red. All the
observed transitions in the present work eventually feed into 7%
state at 619.2 keV. The experimental information below the 7
state was taken from Refs. [22,23], and is given in the inset with
an expanded view.

The gain-matched data were sorted into one symmetric and
two asymmetric matrices used for y-ray coincidence and an-
gular distributions from the oriented states (ADO) [16] analy-
ses, respectively. The typical ADO ratios were extracted from
the strong transitions of known multipolarities in 3*Rb [17]. In
the present geometry, the typical ADO ratio ~1.4 is expected
for the stretched quadrupole or Al = 0 dipole transitions and
~ (0.8 for the pure stretched dipole ones.

III. RESULTS AND DISCUSSION

Prior to the present work, High-spin states of ®*Rb have
been studied by two groups [18-21]. Based on the present y-y
coincidence relationships, energy and intensity balances, we
constructed the level structures of 8*Rb. The updated partial
level scheme of ®Rb is given in Fig. 1, in which the two
positive-parity rotational bands are labeled as bands 1 and
2. Spectra showing the newly identified transitions in 3*Rb
are given in Fig. 2. For the placements of y rays in the
positive-parity bands, there exist some differences between
Refs. [20,21]. For example, the 719.0 keV y transition de-
cayed into the 10 state at 1757.3 keV was rather strong in
Ref. [20] while it was very weak (shown as a dashed line)

in Ref. [21]. In order to clarify the difference, the sample
spectrum gated on 424.0 keV was given in Fig. 3. As shown
in Fig. 3, the strong 719.0 keV transition and the existence
of the 689.7 and 1159.7 keV transitions supported the present
placements of y rays in Fig. 1, which are consistent with those
in Ref. [20].

In the present work, the spin-parity assignments are de-
duced from the measured ADO ratios. It should be noted
that there exist a contradiction in the spin assignment for
the 2427.9 keV state between Refs. [20] and [21]. Reference
[20] assigned 10" for the 2427.9 keV state, while the same
state was assigned as 11" in Ref. [21]. This contradiction
is caused by the different multipolarity for the 1095.0 keV
transition linking the 2427.9 keV state to the 9*) state at
1333.0 keV. Based on the present ADO measurement, the
ADQO ratio of the 1095.0 keV transition is 1.08(0.09), which
indicates an M1/E2 character. Therefore, the 2427.9 keV
state was proposed as 1™ = 10" in the present work. A new
level at 3966.6 keV identified in this work connected the 12
and 11" states in band 1 through the 801.4 and 1491.5 keV
transitions, respectively. The ADO ratio of the 801.4 keV
transition is 0.75(0.20), which indicates an M1/E2 or E1
character. We adopted the M 1/E?2 character for the 801.4 keV
transition due to the empirical rotational band structure of
band 1. Therefore, we assigned (13™) for the newly observed
level. Based on the same reasons, the spin-parity of the highest
observed state in band 2 was tentatively suggested as (137).
The excitation energies, spin-parity assignments for the initial
and final states, the transition energies, relative intensities, and
ADO ratios of the y rays in 3/Rb are listed in Table I.

In 1991, the yrast states from 5 to 10" in #*Rb have
been assigned the wgg/» ® vg9/» configuration based on the
systematic comparison of the energy spacings with the neigh-
boring odd-odd Br isotopes [23]. Thanks to the experimental
progress in high-spin states of the odd-odd Rb isotopes
[20,24-26], it allowed us to perform a systematic compar-
ison of the energy spacings for the 76:78:80.82.84Rp isotopes.
Figure 4 presents the systematics of the excitation energies for
the positive-parity yrast states in 7678808284 A5 shown in
Fig. 4, the energy levels of yrast bands in 7678:30-82.84Rp have
a smooth systematic trend. It indicates that the yrast band in
84Rb have the same physical origin as those in 7%7880-82Rp
isotopes. The yrast bands in 7¢738%32Rb have been already
assigned the wg9/» ® vgo/» configuration [20,24-26]. There-
fore, we suggested the mg9/» ® vgo/» configuration to the
positive-parity yrast band in ®*Rb. As shown in Fig. 1, band 2
feeds into band 1 through several M1/E?2 linking transitions,
which implies that band 2 is built on the same 7w g9/» ® vgo/»
configuration as band 1 [27-29].

The excitation energies E(I), energy staggering parame-
ters S(I) =[E({)—E({ — 1)]/21, and B(M1)/B(E2) ratios
for the positive-parity doublet bands in 3Rb as a function
of spin are provided in Fig. 5. As shown in Fig. 5, bands 1
and 2 have a small energy difference and a relatively smooth
variation of S(/) values. The B(M1)/B(E?2) ratios for the two
bands are close to each other and show odd-even staggering
with the same phase as a function of spin. These experimental
properties are consistent with the fingerprints of chiral dou-
blet bands [4,30-32]. Therefore, the positive-parity doublet
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FIG. 2. The y-ray coincidence spectra gated on the 630.7 + 719.0 + 489.3 + 489.6 keV transitions in **Rb. Peaks marked with asterisks
are new in the present work. The transitions marked with triangles belong to **Rb and are not included in Fig. 1. Contaminants are denoted
with C.
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FIG. 3. The y-ray coincidence spectrum gated on the 424.0 keV transition in % Rb. The inset is a section of the same spectrum expanded.
The transitions marked with triangles belong to 3'Rb and are not included in Fig. 1. Contaminants are denoted with C.
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TABLE I. The excitation energies and the spin-parity assignments for the initial and final states, the transition energies, relative intensities,
and the measured ADO ratios of the y rays in **Rb above the J7 = 7 state at 619.2 keV. The uncertainties in the energies of y rays are
0.3 keV for intense (1, > 10) transitions and 0.7 keV for weak (I, < 10) transitions.

E, (keV) E; (keV) E; (keV) I - If I, ADQO ratio
82.6 702.1 619.2 8 — 7 189.8(11.6) 0.74(0.09)
424.0 1757.3 1333.0 10 — 9@ 45.3(5.9) 0.89(0.06)
489.3 2917.3 2427.9 (11%) — 109 13.6(4.9) 0.93(0.08)
489.6 3406.7 2917.3 (12%) — (11%) 15.5(5.2) 0.93(0.08)
556.6 2427.9 1871.2 10 — (9%) 6.6(1.0)
630.7 1333.0 702.1 9 — g 100(1.7) 0.81(0.11)
689.7 3165.9 2476.5 260 — 1148 14.5(4.1) 0.79(0.11)
714.1 1333.0 619.2 9 — 7 3.3(1.7)
719.0 2476.5 1757.3 114 — 104 32.0(0.9) 0.98(0.13)
801.4 3967.9 3165.9 (13%) — 129 10.4(3.7) 0.75(0.20)
837.7 4244.1 3406.7 (13%7) = (12%) 9.6(2.7) 0.79(0.28)
855.7 4823.6 3967.9 149 — (13%) 5.1(3.3)
930.2 3406.7 2476.5 (12%) — 11 8.4(4.4)
979.0 3406.7 2427.9 (12%) — 109 4.12.1)
1046.5 2917.3 1871.2 11t) - (9% 3.3(1.2)
1054.7 1757.3 702.1 10 — 8 54.4(4.7) 1.38(0.20)
1095.0 2427.9 1333.0 10 — 9@ 14.3(2.6) 1.08(0.09)
1143.9 2476.5 1333.0 11 — 9@ 5.2(1.5)
1159.7 2917.3 1757.3 (11%) — 10 3.6(1.2)
1169.4 1871.2 702.1 9%) — 8 10.0(2.7) 0.86(0.19)
1326.5 42441 2917.3 (13%) — (11%) <20
1408.2 3165.9 1757.3 120 — 1049 42.9(4.7) 1.44(0.20)
1491.5 3967.9 2476.5 (13%) — 11 4.1(2.5)
1657.8 4823.6 3165.9 144 — 124 6.8(4.8)

bands in ®*Rb may be considered as candidate chiral doublet
bands.

To gain a better understanding of the positive-parity dou-
blet bands in ¥ Rb, we have carried out calculations based
on the triaxial particle rotor model (TPRM) [33-37]. In
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FIG. 4. The systematics of the positive-parity yrast states in Rb
[24], 7*Rb [25], 3°Rb [26], 3?Rb [20], and *Rb in this work.

the TPRM calculations, several parameters are involved.
The quadrupole deformation B, = 0.28 was obtained from
the triaxial relativistic mean-field (RMF) [38-42] calculations
for the wg9/» ® vgo/» configuration in 84RbD. Accordingly, the
single- j shell Hamiltonian parameter is defined as 0.551 MeV
[37]. To preserve the number of particles, the proton and neu-
tron Fermi surfaces of 3Rb are placed in the 7 go/2[431]3/2
and vg9,2[404]9/2 orbitals, respectively. The moment of iner-
tia was adjusted to reproduce the trend of the energy spectra
and the calculation of the electromagnetic transition probabil-
ities followed the process described in Refs. [33-36]. Because
of the y softness in 84Rb [19-21,43], the y deformation was
adjusted to achieve a good description of the experiment data;
the approach has been successfully applied to study the level
structures in 3*Rb [19,20]. It is found that the calculated
results with y = 27° was the optimal agreement with the
experimental data.

The calculated E(I), S(I), and B(M1)/B(E2) ratios for
the doublet bands in **Rb are presented in Fig. 5, together
with the corresponding experimental data. As shown in Fig. 5,
the TPRM calculations are in reasonable agreement with the
experimental data, which supports the present configuration
assignment and allows us to further investigate the chiral
geometry for the doublet bands in 34Rb.

To investigate the chiral geometry in 3*Rb, the root-mean-
square values of the angular momentum components for

the core Ry = v/ (Ri), the valence proton J,; = v/( jf,k), and

the valence neutron J,; = +/( jﬁk) (k =1,1, s) of the doublet
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FIG. 5. Experimental excitation energies, energy staggering pa-
rameter S(/) = [E(I) — E(I — 1)]/21, and B(M1)/B(E?2) ratios for
the positive-parity doublet bands in 3Rb as a function of spin in
comparison with the TPRM calculations.

bands are calculated and presented in Fig. 6. As shown in
Fig. 6, the angular momentum of the core and J,, mainly
lie along the intermediate and long axes, respectively. Mean-
while, J, for band 1 mainly aligns along the intermediate axis,
and the orientations of J, for band 2 show a large mixture
between the short and intermediate axes. The present coupling
pattern departs from the static chirality [44], which indicates
the characteristics of chiral vibrations for candidate chiral
doublet bands in 3*Rb. The lack of static chirality may be
caused by the Fermi surface of the proton in 3*Rb placed
in the mgg/[431]3/2 orbital instead of the mgg/2[440]1/2
orbital.

From the above discussion, the positive-parity doublet
bands in 3*Rb are proposed to be candidate chiral vibrational
bands, which makes 3*Rb the first Z = 37 chiral nucleus in the
A =~ 80 mass region. The present work extends the border of
the chiral island in the A ~ 80 mass region to Z = 37, which
allows us to investigate the evolution of chiral geometry with
the proton number increasing. Figure 7 presents the excitation
energies E (1), the energy differences AE (1), the energy stag-
gering parameter S(), and the kinematic moments of inertia
JW for chiral doublet bands with 7 gg/> ® vgg/> configuration
in *Br [12], **Br [11], *Br [13], and *Rb as a function of
spin. As shown in Fig. 7, 3¥Rb shows some differences in
comparison with "*Br, °Br, and ¥ Br. The energy differences
in 3 Rb show a sharp decreasing at / = 107 rather than nearly
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FIG. 6. The root-mean-square components along the intermedi-
ate (i, squares), short (s, circles), and long (I, triangles) axes of
the core, valence proton, and valence neutron angular momenta
calculated as functions of spin / by means of the TPRM for the
positive-parity doublet bands in %Rb.

constant values in '33%32Br. In addition, comparing with the
close S(I) values and the kinematic moments of inertia for
the doublet bands in "38%32Br, these values in ®*Rb show
some differences for the doublet bands. Similar experimental
properties have been found in candidate chiral doublet bands
of '%Ag and were suggested to be caused by the chiral
vibrations resulting from a large degree of y softness [45].
Therefore, the doublet bands in 3*Rb might be interpreted
similarly, i.e., the chiral vibrational bands occur because of
the y softness. Remarkably, the interpretation of the doublet
bands in '%Ag is still an open question prompting many
discussions [46—48]. Further measurements on lifetime and g
factor for the doublet bands in 3*Rb are highly expected to
obtain an unambiguous conclusion.

IV. CONCLUSION

In summary, high-spin states in 3*Rb have been studied
using the "°Ge(!'B, 3n) reaction at a beam energy of 36 MeV.
The positive-parity doublet bands in 3*Rb have been extended.
The experimental properties and the theoretical calculations
suggest that the doublet bands in *Rb are candidate chi-
ral doublet bands with the 7 g9/» ® vgo/> configuration. The
present work extends the border of the chiral island in the
A =~ 80 mass region to Z = 37. The calculated root-mean-
square values of the angular momentum components of the
doublet bands in #Rb and the systematic comparison of the
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candidate chiral bands in the A ~ 80 mass region suggest the
doublet bands in 3Rb as chiral vibration resulting from the y
softness.
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