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Two nearly degenerate positive-parity bands with the π g2
9/2 ⊗ νg−1

9/2 configuration and three nearly 
degenerate negative-parity bands with the π g9/2(p3/2, f5/2) ⊗ νg−1

9/2 configuration have been identified 
in 81Kr. They are interpreted as chiral doublet bands and pseudospin-chiral triplet bands, which is 
supported by the constrained covariant density functional theory and the multiparticle plus rotor 
model calculations. The present work reports two new chiral configurations π g2

9/2 ⊗ νg−1
9/2 and 

π g9/2(p3/2, f5/2) ⊗ νg−1
9/2, and the first example of pseudospin-chiral triplet bands involving the 

π(p3/2, f5/2) pseudospin doublet.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Chirality is a common property in nature. Well-known exam-
ples of systems demonstrating chirality are found in chemistry, 
biology, particle physics, etc. In nuclear physics, chirality was first 
predicted by Frauendorf and Meng in 1997 [1]. They pointed out 
that chirality is expected to occur in triaxial nuclei with unpaired 
particle(s) and hole(s) in high- j orbitals. The experimental signal 
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for chiral symmetry breaking in atomic nuclei is the existence of 
two nearly degenerate �I = 1 bands with the same parity, which 
are called chiral doublet bands. Since then, much effort has been 
devoted to searching for such bands in experiments. So far, can-
didates for chiral doublet bands have been reported in about 50 
nuclei in the A ≈ 80, 100, 130, and 190 mass regions (see recent 
reviews [2–7] and references therein).

In 2006, based on the constrained triaxial covariant density 
functional theory (CDFT) calculations, Ref. [8] suggested that mul-
tiple chiral doublet bands (MχD) can exist in a single nucleus. 
In 2013, two distinct sets of chiral doublet bands were identified 
in 133Ce [9], which was regarded as the first strong experimen-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Level scheme of 81Kr derived from the present work. The energies are given in keV, and the widths of the arrows are proportional to the relative transition intensities. 
Levels and intraband transitions are colored in group by bands. The ends of linking transitions are colored by their initial states while the tips are colored by their final 
states.
tal evidence for the existence of MχD. Subsequently, the study 
of MχD has become a hot topic in nuclear physics and a series 
of experiments were performed to further explore this interest-
ing phenomenon. Until now, MχD have been reported in several 
nuclei [10,11], i.e., 133Ce [9], 103Rh [12], 78Br [13], 136Nd [14], 
195Tl [15], 135Nd [16], 131Ba [17], 137Nd [18] and possibly in 
107Ag [19].

In 2016, the MχD with octupole correlations were identified 
in odd-odd 78Br [13], which indicates that a simultaneous break-
ing of chirality and reflection symmetries may exist in nuclei. It 
motivates further studies of the coexistence of multiple symme-
tries in a single nucleus [20,21]. Recently, the coexistence of chiral 
symmetry and pseudospin symmetry has attracted significant at-
tention. More introduction on pseudospin symmetry can be seen 
in Refs. [22,23]. A specific calculation [24] for the three nearly de-
generate bands with the π g−1

9/2 ⊗νh11/2(d5/2, g7/2) configuration in 
105Ag was performed by using the CDFT and the multiparticle plus 
rotor model (MPRM), which suggested that the 1st and 2nd, and, 
the 2nd and 3rd lowest energy bands were the pseudospin dou-
blet bands and chiral doublet bands, respectively, thereby forming 
a set of pseudospin-chiral triplet bands [24]. It points to the possi-
bility of pseudospin-chiral quartet bands existing in atomic nuclei. 
Very recently, Ref. [17] claimed that such quartet bands with the 
πh11/2(d5/2, g7/2) ⊗ νh11/2 configuration have been observed in 
131Ba. It is worth noting that the pseudospin-chiral triplet and 
quartet bands mentioned above both involve the (d5/2, g7/2) pseu-
dospin doublet. Thus, it is of highly scientific interest to investigate 
whether pseudospin doublets based on other configurations are 
also suitable for the construction of pseudospin-chiral triplet (or 
quartet) bands.

In the A ≈ 100, 130 and 190 mass regions, chirality manifests 
itself not only in the odd-odd systems but also in odd-A or even-
even systems. However, the A ≈ 80 mass region is a relatively new 
territory of chirality with four cases of odd-odd nuclei, namely 
2

78Br [13], 80Br [25], 82Br [26] and 84Rb [27]. Thus, it is interesting 
to search for chiral doublet bands (or MχD) in odd-A or even-even 
nuclei in the A ≈ 80 mass region. Additionally, pseudospin doublet 
bands are also expected to coexist with chiral doublet bands (or 
MχD) in this mass region since the quasi-particles may occupy 
the pseudospin partner orbitals p3/2 and f5/2.

In this Letter, by investigating the medium- and high-spin states 
in the odd-A nucleus 81Kr, we find two new chiral configurations 
π g2

9/2 ⊗ νg−1
9/2 and π g9/2(p3/2, f5/2) ⊗ νg−1

9/2, and the first exam-
ple of pseudospin-chiral triplet bands involving the π(p3/2, f5/2)

pseudospin doublet.

2. Experiment

Medium- and high-spin states in the odd-A nucleus 81Kr were 
populated via the strongest channel of the fusion evaporation re-
action α + 82Se at beam energies of 65 and 68 MeV. The target 
consisted of a 0.36 mg/cm2 82Se foil with 0.01 mg/cm2 12C back-
ing. The emitted γ -rays were detected by the AFRODITE array [28], 
which comprised eight Compton-suppressed clover detectors. A to-
tal of approximately 1.45×109 two-fold coincidence events were 
accumulated. The level scheme of 81Kr was constructed using γ -γ
coincidence relations and relative intensities of the γ transitions. 
Spin and parity assignments were made on the basis of the mea-
surements of the angular distributions from the oriented states 
(ADO) [29] and the polarization asymmetry (Ap) [30]. As by-
products of this experiment, excited states of 82Br and 79Se were 
studied and reported in Refs. [26,31]. More details of the experi-
mental setup and procedure can be found in Refs. [26,31].

3. Results and discussions

The level scheme of 81Kr derived from the present work is 
shown in Fig. 1. As shown in Fig. 1, the observed transitions are 
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Fig. 2. The γ -γ coincidence spectra gated on the (a) 1255.8 keV (21/2+→17/2+) transition of band 1 (b) 361.5 keV (19/2−→17/2−) + 366.9 keV (15/2−→13/2−) 
transitions of band 5 (c) 307.7 keV (17/2−→15/2−) + 399.0 keV (21/2−→19/2−) + 443.1 keV (23/2−→21/2−) transitions of band 6 (d) 294.0 keV (17/2−→15/2−) 
transition of band 7 (e) 233.0 keV (19/2−→17/2−) + 976.1 keV (13/2−→9/2−) transitions of band 5 in 81Kr. The insets in spectra (a), (b) and (c) show the expanded 
regions around 1479.0, 1237.5 and 443.1 keV, respectively. The newly identified transitions are marked with an asterisk. The peaks labeled C indicate contaminations. The 
peak energies are colored by the initial state of γ -rays.
roughly grouped into seven bands labeled as 1−7, of which bands 
1, 2, 5 and 6 were known previously [32,33]. Fig. 2 presents sam-
ple spectra to show the γ -γ coincidence relations in 81Kr. For 
the positive-parity part, bands 1 and 2 have been extended from 
21/2+ and (29/2+) to (23/2+) and (37/2+), respectively, bands 3 
and 4 are newly identified. The new transitions in bands 2, 3 and 
4 can be seen in Fig. 2(a). For the negative-parity part, the present 
work extends bands 5 and 6 from (25/2−) and (21/2) to (29/2−) 
and (25/2−), respectively. Fig. 2(b) shows the newly identified in-
traband transitions of band 5 and interband transitions which feed 
into band 5. Fig. 2(c) shows the intraband transitions of band 6 
and the interband transitions deexcited out of band 6. It is worth 
mentioning that band 7 is newly observed in the present work, 
and most of its transitions can be seen in Figs. 2(d) and (e).

Prior to this work, bands 1, 2 and 5 had already been assigned 
spins and parities, however, only tentative spin assignments were 
given for band 6 [33]. On the basis of the measured ADO ratios and 
Ap values, the present work confirms the previous known spin-
parity assignments and assigns the spins and parities for the newly 
observed levels. Fig. 3 provides the extracted ADO ratios and Ap

values for the selected linking transitions in 81Kr. For example, as 
shown in Fig. 3, the ADO ratio and the Ap value of the 950.0 keV 
transition between the lowest observed state of band 3 and the 
23/2+ state of band 2 are 1.03(0.14) and −0.11(0.08), respectively. 
These values suggest that the 950.0 keV linking transition has an 
3

M1/E2 character. Thus, we assign the spin and parity 25/2+ for 
the lowest observed state of band 3. The similar analyses lead to 
the current spin-parity assignments shown in Fig. 1.

To study the properties of the rotational bands in 81Kr, the 
quasiparticle alignments ix for all bands were extracted and pre-
sented in Fig. 4. The excitation energies E(I) and the reduced 
transition probability ratios B(M1)/B(E2) for bands 2, 3, 5, 6 and 
7 were also extracted and presented in Fig. 5. Bands 1 and 2 have 
been already assigned the νg−1

9/2 and π g2
9/2 ⊗νg−1

9/2 configurations, 
respectively [32,33]. The existence of several M1/E2 and E2 link-
ing transitions between bands 2 and 3 implies that band 3 has the 
same intrinsic configuration π g2

9/2 ⊗ νg−1
9/2 as band 2, as argued in 

Refs. [34–36]. As seen from Fig. 4, the ix values of band 3 are close 
to those of band 2, which further supports the present configura-
tion assignment for band 3. As shown in Figs. 5(a1) and 5(a2), the 
E(I) for bands 2 and 3 are close to each other, the B(M1)/B(E2)

for both bands are similar and show odd-even staggering with 
the same phase as a function of spin. These behaviors are consis-
tent with the fingerprints of chiral doublet bands [2,37–39]. Thus, 
bands 2 and 3 are likely to be a pair of chiral doublet bands.

In the A ≈ 80 mass region, the g9/2 proton and neutron align-
ments were suggested to take place at h̄ω ≈ 0.4 −0.5 and 0.6 −0.7
MeV, respectively [40,41]. As shown in Fig. 4, band 2 crosses band 
1 at h̄ω ≈ 0.5 MeV, while band 4 crosses band 1 at a higher fre-
quency of h̄ω ≈ 0.65 MeV. The band crossing between bands 1 
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Fig. 3. The ADO ratios (a) and the Ap values (b) for the select linking transitions in 
81Kr. In the present work, ADO ratios ≈1.3 and ≈0.8 (correspond to the dashed lines 
in the upper panel) are expected for the stretched quadrupole and pure stretched 
dipole transitions, respectively [26]. The transition energies are colored by the initial 
state of γ -rays. In the lower panel, the positive and negative values correspond to 
the electric and magnetic transitions, respectively.

and 2 occurs in the frequency range of the g9/2 proton align-
ment, which is consistent with the previous configuration assign-
ments [32,33]. On the other hand, the band crossing between 
bands 1 and 4 occurs in the frequency range of the g9/2 neutron 
alignment. Consequently, band 4 is assigned the νg−3

9/2 configura-
tion. The CDFT calculation for band 4 in the present work shows 
that band 4 has an oblate shape with a quadrupole deformation 
(β = 0.27, γ = 60.0◦). In the case of such deformation, the valence 
neutrons in 81Kr occupy the high- j low-
 orbitals. This will result 
in a large signature splitting and so that one signature sequence is 
not easily to be observed, which is consistent with the observation 
of band 4 in this experiment.

In Ref. [33], bands 5 and 6 were assigned the π g9/2(p3/2,

f5/2) ⊗ νg−1
9/2 configuration. Similar to the above analysis on bands 

2 and 3, based on the similar ix values (see Fig. 4) and the exis-
tence of M1/E2 and E2 linking transitions (see Fig. 1), bands 5, 6 
and 7 are considered to have the same π g9/2(p3/2, f5/2) ⊗ νg−1

9/2
configuration. As shown in Figs. 5(b1) and 5(b2), bands 5 and 6 
exhibited the expected properties of chiral doublet bands, i.e., the 
close E(I), the similar B(M1)/B(E2), and the same phase in the 
B(M1)/B(E2) staggering. However, as shown in Fig. 5(c2), bands 
5 and 7 show the opposite phase in the B(M1)/B(E2) staggering, 
which is consistent with the characteristic of pseudospin doublet 
bands proposed in Refs. [23,42]. Therefore, bands 6 and 7 are sug-
gested as the chiral partner and the pseudospin partner of band 5, 
respectively. It is worth mentioning that the π g9/2 p3/2 ⊗νg−1

9/2 and 
π g9/2 f5/2 ⊗ νg−1

9/2 configurations have different favored signature 
branches. From the signature argument, the largest component of 
the configuration for band 5 would be π g9/2 p3/2 ⊗ νg−1

9/2. Thus, 
for the chiral partner (band 6) and the pseudospin partner (band 
7) of band 5, the largest components of their configurations may 
be proposed as π g9/2 p3/2 ⊗ νg−1

9/2 and π g9/2 f5/2 ⊗ νg−1
9/2, respec-

tively.
4

Fig. 4. Quasiparticle alignments ix as function of rotational frequency for all bands 
in 81Kr. Colors of experimental points are consistent with Fig. 1. The solid and open 
symbols correspond to the branches with spin I = 2n + 1/2 and 2n − 1/2 (n =
1, 2...), respectively. The Harris parameters used are J0 = 9.0 h̄2/MeV and J1 = 1.0
h̄4/MeV3.

To further investigate the nature of the nearly degenerate 
bands 2 and 3 as well as bands 5, 6 and 7, we carried out 
the calculations based on the constrained triaxial CDFT [8,43–
45] and the MPRM [46,47]. The CDFT calculations with the pa-
rameter set PK1 [48] show that the bandheads of the π g2

9/2 ⊗
νg−1

9/2 and π g9/2(p3/2, f5/2) ⊗ νg−1
9/2 configurations have triaxial 

shapes with the deformation parameters (β, γ ) = (0.28, 45.4◦) and 
(0.24, 43.3◦), respectively. Subsequently, the quadrupole deforma-
tion parameters β obtained from the CDFT calculations were used 
as inputs to the MPRM calculations, while the triaxial deformation 
parameters γ were adjusted since the values of γ usually vary as 
rotational frequency increasing [24,49–51]. The values of γ = 24.0◦
(31.0◦) were used for bands 2 and 3 (bands 5, 6 and 7), which 
were adjusted to obtain the best agreement between the theoreti-
cal calculations and the experimental data. Taking the effect of the 
strong mixing between low- j protons into account, a Coriolis at-
tenuation factor of ξ = 0.85 has been employed for bands 5, 6 and 
7. The other parameters in MPRM follow Refs. [46,47,52].

The E(I) and B(M1)/B(E2) calculated by the MPRM for bands 
2 and 3 with the π g2

9/2 ⊗ νg−1
9/2 configuration, bands 5 and 6 

with the π g9/2 p3/2 ⊗ νg−1
9/2 configuration, and band 7 with the 

π g9/2 f5/2 ⊗ νg−1
9/2 configuration are shown in Fig. 5, in compari-

son with the available data. As shown in Figs. 5(a1) and 5(a2), the 
MPRM calculations for bands 2 and 3 are in good agreement with 
the experimental data except for the B(M1)/B(E2) at low spin. 
In Figs. 5(b1) and 5(c1), the calculated E(I) for bands 5, 6 and 7 
reproduce the characteristic of energy degeneracy observed experi-
mentally. In addition, in Figs. 5(b2) and 5(c2), the calculated results 
show that the staggering phase of B(M1)/B(E2) in band 5 is the 
same as band 6, but opposite to band 7, which reproduce the ex-
perimental staggering and the trend pattern well. The agreement 
between the calculated values and the corresponding experimen-
tal data provides additional support for the present configuration 
assignments and interpretations of the observed bands.

To examine the angular momentum geometry for the nearly de-
generate bands 2 and 3 as well as bands 5, 6 and 7 in 81Kr, the 
azimuthal plots [53–61], i.e., probability density profiles P(θ , φ) for 
the orientation of the angular momentum on the (θ , φ) plane, are 
calculated and plotted in Figs. 6 and 7. Here, the θ is the angle be-
tween the total spin I and the long-axis (l-axis), and the φ is the 
angle between the projection of I onto the intermediate-short (i-s) 
plane and the i-axis. Details of the calculation process can be seen 
in Refs. [53,56].
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Fig. 5. The experimental E(I) and B(M1)/B(E2) for bands 2, 3 with the π g2
9/2 ⊗ νg−1

9/2 configuration and bands 5, 6, 7 with the π g9/2(p3/2, f5/2) ⊗ νg−1
9/2 configuration in 

81Kr in comparison with the MPRM results. The energies at I = 25/2h̄, I = 17/2h̄ and I = 17/2h̄ are taken as references for bands 2, 5 and 7, respectively.

Fig. 6. The azimuthal plots calculated for bands 2 and 3 at I = 25/2h̄, 27/2h̄, 29/2h̄ and 31/2h̄. The black star represents the position of a local maximum.

Fig. 7. Same as Fig. 6, but calculated for bands 5, 6 and 7 at I = 15/2h̄, 17/2h̄, 19/2h̄, 21/2h̄ and 23/2h̄.
5
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Fig. 6 shows the azimuthal plots for bands 2 and 3 at I = 25/2, 
27/2, 29/2 and 31/2h̄. At I = 25/2 and 27/2h̄, the azimuthal plots
for band 2 have only one single peak at (θ ≈ 60◦ , φ ≈ 90◦). The 
angle φ ≈ 90◦ indicates that the orientation of the angular mo-
mentum is perpendicular to the i-axis. Thus, the angular momen-
tum for band 2 stays within the s-l plane, which corresponds to 
a planar rotation. The azimuthal plots for band 3 have two peaks 
at (θ ≈ 60◦ , φ ≈ 0◦) and (θ ≈ 60◦ , φ ≈ 180◦), namely, a planar ro-
tation within the i-l plane. At I = 29/2h̄, the azimuthal plots for 
bands 2 and 3 are similar, with two peaks at (68◦ , 55◦) and (68◦ , 
125◦) for band 2, and (59◦ , 58◦) and (59◦ , 122◦) for band 3. This 
shows a picture of nearly static chirality. At I = 31/2h̄, the angular 
momenta for band 2 orientate at (69◦ , 0◦) and (69◦ , 180◦), corre-
sponding to an i-l planar rotation. The angular momenta for band 
3 orientate at (64◦ , 56◦) and (64◦ , 124◦), corresponding to an apla-
nar rotation. These orientations are in accordance with the inter-
pretation of chiral vibration, as discussed in Refs. [53–55,57–59,61]. 
Therefore, as the spin increases, the rotational modes of bands 2 
and 3 change from the planar rotations to the nearly static chiral-
ity and then to the chiral vibration.

A similar analysis also applies to bands 5, 6 and 7. Fig. 7 shows 
their azimuthal plots at I = 15/2, 17/2, 19/2, 21/2 and 23/2h̄. One 
can see in Fig. 7 that bands 5 and 6 exhibit the evolutions of ro-
tational modes from the nearly static chirality at I = 15/2, 17/2h̄, 
then to the chiral vibration at I = 19/2h̄, and finally to the planar 
rotations at I = 21/2, 23/2h̄. For band 7, the peaks of the azimuthal 
plot always locate at θ = 90◦ for the whole observed spin region, 
which presents a planar rotation. Such orientations of the angu-
lar momenta for band 7 can not form the chiral geometry, which 
means that band 7 can not have chiral partner band. This is con-
sistent with the present experimental observations.

4. Summary

In summary, medium- and high-spin states in the odd-A nu-
cleus 81Kr were populated using the reaction 82Se(α, 5n) at beam 
energies of 65 and 68 MeV. Two nearly degenerate positive-parity 
bands (2 and 3) with the π g2

9/2 ⊗ νg−1
9/2 configuration and three 

nearly degenerate negative-parity bands (5, 6 and 7) with the 
π g9/2(p3/2, f5/2) ⊗νg−1

9/2 configuration have been identified. Based 
on the experimental features and theoretical calculations, bands 
2 and 3 as well as bands 5 and 6 are interpreted as chiral dou-
blet bands, and band 7 is interpreted as the pseudospin partner of 
band 5. These observations present two new chiral configurations 
π g2

9/2 ⊗ νg−1
9/2 and π g9/2(p3/2, f5/2) ⊗ νg−1

9/2, and the first exam-
ple of pseudospin-chiral triplet bands involving the π(p3/2, f5/2)

pseudospin doublet. In addition, the observation of the chiral dou-
blet bands in 81Kr indicates that chirality can exist not only in 
odd-odd nuclei but also in odd-A nuclei in the A ≈ 80 mass re-
gion.
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