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Level lifetimes for the candidate chiral doublet bands of 8°Br were extracted by means of the Doppler-
shift attenuation method. The absolute transition probabilities derived from the lifetimes agree well with
the M1 and E2 chiral electromagnetic selection rules, and are well reproduced by the triaxial particle
rotor model calculations. Such good agreements among the experimental data, selection rules of chiral
doublet bands and theoretical calculations are rare and outstanding in researches of nuclear chirality.

Besides odd-odd Cs isotopes, odd-odd Br isotopes in the A ~ 80 mass region represent another territory
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that exhibits the ideal selection rules expected for chiral doublet bands.
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1. Introduction

Chirality is a quite common phenomenon in the branches of
science like chemistry, biology and high energy physics. The chi-
rality in nuclei has been originally predicted in Ref. [1], and ex-
tensively investigated over the past two decades from both the
experimental and theoretical standpoints. The rotational motion
of triaxial nuclei attains a chiral character where the angular mo-
menta of the valence protons and neutrons, and the core are mu-
tually perpendicular, and therefore result in the formation of left-
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and right-handed orientations. The experimental signal of nuclear
chirality is the appearance of doublet bands with the same pari-
ties and nearly degenerate energies, which are called chiral doublet
bands [1]. Up to now, a number of chiral doublet bands have been
reported in the A~ 80, 100, 130, and 190 mass regions ([2-10]
and references therein).

At the beginning of the experimental exploration of chirality
in nuclei, the main sign to identify chiral doublet bands was the
existence of nearly degenerate states with the same parities. It is
well known that the electromagnetic transition probabilities carry
more stringent information on the intrinsic structure than excita-
tion energies. The chiral doublet bands were expected to exhibit
the following electromagnetic selection rules [11-13]. (i) The elec-
tromagnetic transition probabilities B(M1) and B(E2) values for
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Table 1

The present measured lifetimes t and the previous lifetime results in Ref. [39], as
well as the measured branching ratios (BR) and DCO ratios for the transitions of
chiral doublet bands in 8Br.

I T 0 Ey BR DCO ratio®
(h) (ps) (ps) (keV)
Band 1
9+ 0387097 525.6 0.94(0.09) 0.56(0.06)
693.1 0.06(0.01) 0.93(0.14)
10+ 0.667013 11104 4471 0.53(0.05) 0.52(0.05)
972.6 0.47(0.05) 1.04(0.11)
11+ 0221592 05752 668.9 0.79(0.07) 0.53(0.06)
1116.0 0.21(0.02) 0.94(0.10)
12+ 0177004 09753 264.8 0.14(0.02)
687.8 0.10(0.01)
1356.0 0.76(0.07) 0.90(0.12)
13+ <016 7133 0.46(0.07) 0.64(0.07)
14011 0.46(0.07)
(14)* 793.1 0.11(0.03)
1507.8 0.89(0.14)
(15)*+ 743.4 0.39(0.04)
1537.2 0.61(0.07)
Band 2
9t 0371008 918.8 0.64(0.06) 0.49(0.06)
1086.3 0.36(0.03) 0.97(0.10)
10" 0271907 4674 0.25(0.02)
860.7 0.75(0.07) 0.43(0.05)
11+ 0.2610%8 679.2 0.71(0.11)
1091.8 0.06(0.01)
11463 0.23(0.03) 0.97(0.21)
12+ <024 5315 0.11(0.02)
955.3 0.62(0.08) 0.57(0.06)
1209.6 0.27(0.04)

2 The present lifetimes.
b previous lifetimes in Ref. [39].
¢ DCO ratio obtained by using stretched E2 transitions as gating transitions.

the doublet bands should be almost identical. (ii) The B(M1) ex-
hibit odd-even staggering, and the phase of staggering for in-band
and interband B(M1) should be opposite. (iii) The interband E2
transitions should vanish at the high spin regime. Recently, several
chiral doublet bands have been tested by the absolute transition
probabilities obtained from the lifetime measurements [14-25]. It
was found that only the candidate chiral doublet bands in odd-odd
Cs isotopes (124:126.128.130¢5) [18-21] completely fulfill the above
selection rules.

The A ~ 80 mass region is a new region of chirality [26-30]
compared to the A~ 100, 130, and 190 mass regions. In the A ~
80 mass region, the nucleus 39Br was firstly reported as a can-
didate chiral nucleus [26]. It opens up a new mass region and
configuration that chiral nuclei can be established. However, can-
didate chiral doublet bands in 8°Br were suggested only by their
behaviors on energy spectra and the ratios of transition proba-
bilities. Therefore, it is essential to obtain the absolute transition
probabilities of the chiral doublet bands in 8°Br by precise lifetime
measurements, in order to test whether it fulfills the chiral elec-
tromagnetic selection rules.

2. Experiment

The experiments were carried out at the MP tandem accel-
erator of the Max-Planck-Institut fiir Kernphysik Heidelberg and
employed a 35 MeV ’Li beam to populate high-spin states of 8°Br
with the 76Ge(’Li, 3n) reaction. Two experiments were performed:
one with a thin target consisting of 0.2 mg/cm? 7Ge on a 0.05
mg/cm? carbon backing, and the other with a relatively thick tar-
get consisting of 0.6 mg/cm? 76Ge on a 2.5 mg/cm? gold backing.
The thickness of the second backing was chosen such that the
recoil nuclei are completely stopped, thus enabling the determina-
tion of level lifetimes using the Doppler-shift-attenuation method
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Fig. 1. Candidate chiral doublet bands with the 7 g9/ ® vgg/ configuration in 8°Br
observed in the experiment. The arrow widths are proportional to the branching
ratios (except for the very weak 446.0, 741.3, 760.0 and 1292.6 keV transitions). The
sum of transition intensities depopulating the given level is normalized to unity. The
lifetime of levels is given in red under the spins of the corresponding levels.

(DSAM). Emitted y rays were measured with six EUROBALL CLUS-
TER detectors [31] positioned at +40°, +90°, and £140° relative
to the beam direction. In each of the experiment about 7 x 108
coincidence events of fold two or higher were recorded. Transition
intensities used to obtain branching ratios were extracted using
the symmetric matrix from the first experiment. The analysis of
directional correlations of coincident y rays emitted from oriented
states (DCO) was applied to deduce the multipole order of the y
rays and to assign spins to the emitting states. The DCO ratios
referred to a stretched quadrupole gate obtained for the present
geometry are 1.0 for stretched quadrupole transitions and 0.5 for
the pure stretched dipoles. The branching ratios and DCO ratios
are listed in Table 1. Three asymmetric matrices were constructed
in the second experiment to perform the lineshape analysis using
DSAM. More details on the experiments can be found in Ref. [32].

The analysis of experimental lineshapes was carried out using
an updated version of the computer code LINESHAPE for DSAM [33].
The code was used to generate 10000 Monte Carlo simulations for
the velocity history of recoiling nuclei traversing the backed target
in time steps of 0.01 ps with recoil velocities of the order of 0.7%
¢ following the used reaction in the present work. Electronic stop-
ping powers were taken from Ziegler's tabulation with low-energy
modifications [34]. A x? minimization for the observed Doppler
shifted lineshapes was then carried out using the level lifetimes,
side-feeding lifetimes, background and contaminant peaks (i.e.,
FWHM and intensity) as input parameters. Experimental uncer-
tainties in the extracted lifetimes were determined based on the
behavior of the x2 fit in the vicinity of the minimum [33,35-37].
More details on the fitting method can be found in Refs. [33,35,38].
Furthermore, the present lifetime measurements for the respective
17/27 and 25/2; levels in 79Br provide a good comparison of re-
sults measured using the modified DSAM code (i.e., 0.60+0.04 and
0.1740.02 ps) [33] and the old code (i.e., 0.59+0.10 and 0.18+0.01
ps) reported in the Ref. [32].

3. Results and discussions

The candidate chiral doublet bands in 8°Br [26] are shown in
Fig. 1, labeled as bands 1 and 2. The present investigation focused
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Fig. 2. Doppler broadened lineshapes of y-transitions calculated at angles of £40°, +90° and +140° with respect to the beam direction have been shown in red line. The
contamination peaks have been presented in green. Black line shows fit to the experimental data plotted in gray. Blue line represents the background.

primarily on the lifetime measurements of states in the two bands.
Experimental data and line shape fits at forward, transverse and
backward angles are displayed in Fig. 2. The extracted lifetimes are
listed in Table 1 and are marked with red in Fig. 1 for the corre-
sponding states. Systematic errors in the stopping power values are
not included in the quoted errors and may be as large as 15% [24].
Prior to this work, lifetimes of 10", 11% and 12% states belonging
to band 1 had been measured in Ref. [39], which are also tabu-
lated in Table 1. Following the comparison of results tabulated in
Table 1, it can be suggested that the larger statistical magnitude in
the present measurements has resulted in a significant amount of
reduction of errors (factor of 3-10) which is within an agreement
of 2 sigma level.

The absolute transition probabilities B(E2) and B(M1) of bands
1 and 2 were extracted and displayed in Fig. 3. The B(M1) val-
ues were obtained by assuming pure M1 multipolarity, since the
extracted DCO ratio of M1 transitions (see Table 1) is very close
to that of the pure stretched dipoles. It can be seen from Fig. 3
(a) and (b) that the B(E2) and B(M1) values are very similar
for bands 1 and 2, and the in-band B(M1) values exhibit odd-
even staggering with spin. In addition, as shown in Fig. 3 (b) and
(c), the B(M1)qyt values also show odd-even staggering but have
the opposite phase compared to the in-band ones. These features
are consistent with the chiral electromagnetic selection rules men-
tioned in the introduction, and give strong support for these bands
to be chiral doublet bands. Similar experimental features were also
observed in 76Br, which were reported in Ref. [40]. Therefore, one
can conclude that, besides odd-odd Cs isotopes, odd-odd Br iso-

topes in the A~ 80 mass region also represent another territory
that exhibits the ideal selection rules expected for chiral doublet
bands.

In order to have a better understanding of the experimen-
tal results, a comparison of the presently measured transition
probabilities has been made in Fig. 3, with the calculations re-
ported in Ref. [26] employing the triaxial particle rotor model
(TPRM) coupled with two quasiparticles [41-44]. The calculations
are observed to well reproduce the absolute transition probabili-
ties which can be seen in Fig. 3. It indicates that the calculations
achieve a good description for the rotational mode of 8°Br. Further
the discussion in Ref. [26] points to the chiral vibration pattern
for the observed chiral doublet bands in 8°Br, which is suggested
by the analysis of the probability distributions of the angular mo-
mentum. Therefore, the combinations of the experimental and cal-
culated results manifest that chirality vibration follows the chiral
electromagnetic selection rules. On investigating further, it is found
that the different chiral isotopes have different characteristics for
the transition probabilities. In Cs isotopes, the chiral doublet bands
in 124.126.128.130¢ [18-21] are found to satisfy the complete se-
lection rules of chirality and maintain energy differences around
200 keV within the observed spin interval. As typical examples,
the chiral doublet bands in 124130Cs were suggested to correspond
to chiral vibration [44,45], i.e., a rapid conversion between the
left-handed and right-handed configurations [23]. Similarly, in the
case of present 80Br nucleus, with the observed energy differences
around 350 keV and satisfying the selection rules of chirality, chiral
vibration still can be exhibited. By contrast, in 134Pr, the measured
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Fig. 3. Comparisons of experimentally measured and theoretically calculated electro-
magnetic transition probabilities in bands 1 and 2. The B(E2) and B(M1) values for
the in-band transitions are shown in panels (a) and (b), respectively. For interband
transitions, B(M1)oy¢ values are shown in panel (c).

electromagnetic properties are inconsistent with electromagnetic
selection rules of chirality [22], although the energy differences are
smaller than those of doublet bands in 8°Br. 134Pr was suggested to
have a possible dynamical character with the deformation param-
eters of chiral doublet bands fluctuating [46]. Thus, based on the
above discussion, it is concluded that the measurement of absolute
transition probabilities is the most effective method to distinguish
chiral vibration and dynamic chirality. Further, more experimental
investigations are still needed to find the well-established chiral
configurations (static chirality), satisfying electromagnetic selection
rules and degenerate energies in a certain spin range (as predicted
in Ref. [12]).

4. Summary

In summary, the level lifetimes are measured using the Doppler-
shift attenuation method for the candidate chiral doublet bands in
80Br, The absolute transition probabilities obtained from the life-
time results agree well with the electromagnetic selection rules
of chiral doublet bands, and are well reproduced by the previous
TPRM calculations. Such good agreements among the experimental
data, chiral selection rules and theoretical calculations are rare and
outstanding in researches of nuclear chirality, proving the chiral-
ity in 80Br. Further investigations of chiral nuclei indicate that the
measurement of absolute transition probabilities is the most effec-
tive method to distinguish chiral vibration and dynamic chirality.
More experimental investigations are still needed to find the static
chirality, satisfying electromagnetic selection rules and with quite
degenerate energies in a certain spin range.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Physics Letters B 833 (2022) 137344

Acknowledgements

We thank professors J. Meng and S.Q. Zhang for useful dis-
cussions, as well as professors U. Garg and A.D. Ayangeakaa for
providing and the very helpful discussions on the DSAM analysis
code. This work is partly supported by the Major Program of Nat-
ural Science Foundation of Shandong Province (No. ZR2020ZD30),
the National Natural Science Foundation of China (No. 12075137,
No. 12075138), and the Young Scholars Program of Shandong Uni-
versity, Weihai. The numerical calculations in this paper have been
done on the supercomputing system in the Supercomputing Cen-
ter and an HP Proliant DL785G6 server hosted by the Institute of
Space Science in Shandong Unversity, Weihai.

References

[1] S. Frauendorf, J. Meng, Nucl. Phys. A 617 (1997) 131, https://www.sciencedirect.
com/science/article/pii/S0375947497000043.

[2] S. Frauendorf, Rev. Mod. Phys. 73 (2001) 463, https://journals.aps.org/rmp/
abstract/10.1103/RevModPhys.73.463.

[3] J. Meng, B. Qi, S.Q. Zhang, S.Y. Wang, Mod. Phys. Lett. A 23 (2008) 2560, https://
doi.org/10.1142/S0217732308029800.

[4] J. Meng, S.Q. Zhang, J. Phys. G 37 (2010) 064025, https://iopscience.iop.org/
article/10.1088/0954-3899/37/6/064025.

[5] RA. Bark, E.O. Lieder, RM. Lieder, E.A. Lawrie, ].J. Lawrie, S.P. Bvumbi, N.Y.
Kheswa, S.S. Ntshangase, T.E. Madiba, PL. Masiteng, S.M. Mullins, S. Murray,
P. Papka, O. Shirinda, Q.B. Chen, S.Q. Zhang, ZH. Zhang, PW. Zhao, C. Xu,
J. Meng, D.G. Roux, Z.P. Li, ]. Peng, B. Qi, S.Y. Wang, Z.G. Xiao, Int. J. Mod.
Phys. E 23 (2014) 1461001, https://www.worldscientific.com/doi/abs/10.1142/
S0218301314610011.

[6] J. Meng, PW. Zhao, Phys. Scr. 91 (2016) 053008, https://iopscience.iop.org/
article/10.1088/0031-8949/91/5/053008.

[7] A.A. Raduta, Prog. Part. Nucl. Phys. 90 (2016) 241, https://www.sciencedirect.
com/science/article/pii/S0146641016300199.

[8] K. Starosta, T. Koike, Phys. Scr. 92 (2017) 093002, https://iopscience.iop.org/
article/10.1088/1402-4896/aa800e.

[9] B.W. Xiong, Y.Y. Wang, At. Data Nucl. Data Tables 125 (2019) 193, https://
www.sciencedirect.com/journal/atomic-data-and-nuclear-data-tables/vol/125/
suppl/C.

[10] S.Y. Wang, Chin. Phys. C 40 (2020) 112001, https://iopscience.iop.org/article/10.
1088/1674-1137/abaed2.

[11] T. Koike, K. Starosta, C. Vaman, T. Ahn, D.B. Fossan, RM. Clark, M.
Cromaz, LY. Lee, A.O. Macchiavelli, in: P. Fallon, R. Clark (Eds.), Fron-
tiers of Nuclear Structure, in: AIP Conf. Proc., vol. 656, AIP, Melville,
New York, 2003, p. 160, http://refhub.elsevier.com/S0370-2693(22)00140-X/
bibE7FDBB72646B451EEB411954FB7264D7s1.

[12] T. Koike, K. Starosta, I. Hamamoto, Phys. Rev. Lett. 93 (2004) 172502, https://
journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.172502.

[13] S.Y. Wang, S.Q. Zhang, B. Qi, J. Meng, Chin. Phys. Lett. 24 (2007) 664, http://
cpliphy.ac.cn/Y2007/V24/13/664.

[14] D. Tonev, M.S. Yavahchova, N. Goutev, G. de Angelis, P. Petkov, R.K. Bhowmik,
R.P. Singh, S. Muralithar, N. Madhavan, R. Kumar, M. Kumar Raju, ]. Kaur,
G. Mohanto, A. Singh, N. Kaur, R. Garg, A. Shukla, Ts.K. Marinov, S. Brant,
Phys. Rev. Lett. 112 (2014) 052501, https://journals.aps.org/prl/abstract/10.
1103/PhysRevLett.112.052501.

[15] Y. Zheng, L.H. Zhu, X.G. Wu, C.Y. He, G.S. Li, X. Hao, B.B. Yu, S.H. Yao, B. Zhang,
C. Xu, J.G. Wang, L. Gu, Chin. Phys. Lett. 31 (2014) 202502, http://cpl.iphy.ac.
cn/10.1088/0256-307X/31/6/062101.

[16] E.O. Lieder, R.M. Lieder, RA. Bark, Q.B. Chen, S.Q. Zhang, J. Meng, E.A. Lawrie,
J.J. Lawrie, S.P. Bvumbi, N.Y. Kheswa, S.S. Ntshangase, T.E. Madiba, P.L. Masiteng,
S.M. Mullins, S. Murray, P. Papka, D.G. Roux, O. Shirinda, Z.H. Zhang, PW. Zhao,
Z.P. Li, J. Peng, B. Qi, S.Y. Wang, Z.G. Xiao, C. Xu, Phys. Rev. Lett. 112 (2014)
202502, https:/[/journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.202502.

[17] N. Rather, P. Datta, S. Chattopadhyay, S. Rajbanshi, A. Goswami, G.H. Bhat,
J.A. Sheikh, S. Roy, R. Palit, S. Pal, S. Saha, J. Sethi, S. Biswas, P. Singh, H.C.
Jain, Phys. Rev. Lett. 112 (2014) 202502, https://journals.aps.org/prl/abstract/
10.1103/PhysRevLett.112.202503.

[18] K. Selvakumar, A.K. Singh, Chandan Ghosh, Purnima Singh, A. Goswami, R. Raut,
A. Mukherjee, U. Datta, P. Datta, S. Roy, G. Gangopadhyay, S. Bhowal, S. Mu-
ralithar, R. Kumar, R.P. Singh, M. Kumar Raju, Phys. Rev. C 92 (2015) 064307,
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.064307.

[19] E. Grodner, I. Sankowskaa, T. Morek, S.G. Rohozifiski, Ch. Droste, ]. Srebrny, A.A.
Pasternak, M. Kisielifiski, M. Kowalczyk, ]. Kownacki, J. Mierzejewski, A. Krdl, K.
Wrzosek, Phys. Lett. B 703 (2011) 46, https://www.sciencedirect.com/science/
article/pii/S0370269311008665.

[20] E. Grodner, J. Srebrny, A.A. Pasternak, I. Zalewska, T. Morek, Ch. Droste, ].
Mierzejewski, M. Kowalczyk, ]J. Kownacki, M. Kisielifski, S.G. Rohoziaski, T.


https://www.sciencedirect.com/science/article/pii/S0375947497000043
https://www.sciencedirect.com/science/article/pii/S0375947497000043
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.73.463
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.73.463
https://doi.org/10.1142/S0217732308029800
https://doi.org/10.1142/S0217732308029800
https://iopscience.iop.org/article/10.1088/0954-3899/37/6/064025
https://iopscience.iop.org/article/10.1088/0954-3899/37/6/064025
https://www.worldscientific.com/doi/abs/10.1142/S0218301314610011
https://www.worldscientific.com/doi/abs/10.1142/S0218301314610011
https://iopscience.iop.org/article/10.1088/0031-8949/91/5/053008
https://iopscience.iop.org/article/10.1088/0031-8949/91/5/053008
https://www.sciencedirect.com/science/article/pii/S0146641016300199
https://www.sciencedirect.com/science/article/pii/S0146641016300199
https://iopscience.iop.org/article/10.1088/1402-4896/aa800e
https://iopscience.iop.org/article/10.1088/1402-4896/aa800e
https://www.sciencedirect.com/journal/atomic-data-and-nuclear-data-tables/vol/125/suppl/C
https://www.sciencedirect.com/journal/atomic-data-and-nuclear-data-tables/vol/125/suppl/C
https://www.sciencedirect.com/journal/atomic-data-and-nuclear-data-tables/vol/125/suppl/C
https://iopscience.iop.org/article/10.1088/1674-1137/abaed2
https://iopscience.iop.org/article/10.1088/1674-1137/abaed2
http://refhub.elsevier.com/S0370-2693(22)00140-X/bibE7FDBB72646B451EEB411954FB7264D7s1
http://refhub.elsevier.com/S0370-2693(22)00140-X/bibE7FDBB72646B451EEB411954FB7264D7s1
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.172502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.172502
http://cpl.iphy.ac.cn/Y2007/V24/I3/664
http://cpl.iphy.ac.cn/Y2007/V24/I3/664
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.052501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.052501
http://cpl.iphy.ac.cn/10.1088/0256-307X/31/6/062101
http://cpl.iphy.ac.cn/10.1088/0256-307X/31/6/062101
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.202502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.202503
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.202503
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.064307
https://www.sciencedirect.com/science/article/pii/S0370269311008665
https://www.sciencedirect.com/science/article/pii/S0370269311008665

RJ. Guo, S.Y. Wang, R. Schwengner et al.

Koike, K. Starosta, A. Kordyasz, P.J. Napiorkowski, M. Wolifiska-Cichocka, E. Ru-
chowska, W. Ptéciennik, J. Perkowski, Phys. Rev. Lett. 97 (2006) 172501, https://
journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.172501.

[21] L.L. Wang, X.G. Wu, LH. Zhu, G.S. Li, X. Hao, Y. Zheng, C.Y. He, L. Wang, X.Q. Li,
Y. Liu, B. Pan, Y.Z. Li, H.B. Ding, Chin. Phys. C 33 (2009) 173.

[22] D. Toneyv, G. de Angelis, P. Petkov, A. Dewald, S. Brant, S. Frauendorf, D.L. Bala-
banski, P. Pejovic, D. Bazzacco, P. Bednarczyk, F. Camera, A. Fitzler, A. Gadea, S.
Lenzi, S. Lunardi, N. Marginean, O. Méller, D.R. Napoli, A. Paleni, C.M. Petrache,
G. Prete, K.O. Zell, Y.H. Zhang, ].Y. Zhang, Q. Zhong, D. Curien, Phys. Rev. Lett.
96 (2006) 052501, https://iopscience.iop.org/article/10.1088/1674-1137/33/S1/
055/meta.

[23] S. Mukhopadhyay, D. Almehed, U. Garg, S. Frauendorf, T. Li, P.V. Madhusudhana
Rao, X. Wang, S.S. Ghugre, M.P. Carpenter, S. Gros, A. Hecht, RV.F. Janssens, E.G.
Kondev, T. Lauritsen, D. Seweryniak, S. Zhu, Phys. Rev. Lett. 99 (2007) 172501,
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.99.172501.

[24] S. Mukhopadhyay, D. Almehed, U. Garg, S. Frauendorf, T. Li, P.V. Madhusudhana
Rao, X. Wang, S.S. Ghugre, M.P. Carpenter, S. Gros, A. Hecht, RV.F. Janssens,
F.G. Kondev, T. Lauritsen, D. Seweryniak, S. Zhu, Phys. Rev. C 78 (2008) 034311,
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.78.034311.

[25] PL. Masiteng, A.A. Pasternak, E.A. Lawrie, O. Shirinda, J.J. Lawrie, R.A. Bark,
S.P. Bvumbi, N.Y. Kheswa, R. Lindsay, E.O. Lieder, R.M. Lieder, T.E. Madiba, S.M.
Mullins, S.H.T. Murray, J. Ndayishimye, S.S. Ntshangase, P. Papka, J.F. Sharpey-
Schafer, Phys. Rev. Lett. 52 (2016) 28, https://linkspringer.53yu.com/article/10.
1140/epja/i2016-16028-y.

[26] S.Y. Wang, B. Qi, L. Liu, S.Q. Zhang, H. Hua, X.Q. Li, Y.Y. Chen, LH. Zhu, J.
Meng, S.M. Wyngaardt, P. Papka, T.T. Ibrahim, R.A. Bark, P. Datta, E.A. Lawrie,
]J. Lawrie, S.N.T. Majola, PL. Masiteng, S.M. Mullins, J. Gal, G. Kalinka, J. Mol-
nar, B.M. Nyakd, ]J. Timar, K. Juhasz, R. Schwengner, Phys. Lett. B 703 (2011) 40,
https://www.sciencedirect.com/science/article/pii/S0370269311008598.

[27] C. Liu, S.Y. Wang, R.A. Bark, S.Q. Zhang, ]. Meng, B. Qi, P. Jones, S.M. Wyn-
gaardt, J. Zhao, C. Xu, S.G. Zhou, S. Wang, D.P. Sun, L. Liu, Z.Q. Li, N.B. Zhang,
H. Jia, X.Q. Li, H. Hua, Q.B. Chen, Z.G. Xiao, HJ. Li, LH. Zhu, T.D. Bucher, T. Di-
noko, J. Easton, K. Juhdsz, A. Kamblawe, E. Khaleel, N. Khumalo, E.A. Lawrie, J.J.
Lawrie, S.N.T. Majola, S.M. Mullins, S. Murray, J. Ndayishimye, D. Negi, S.P. Non-
colela, S.S. Ntshangase, B.M. Nyakd, J.N. Orce, P. Papka, ].F. Sharpey-Schafer, O.
Shirinda, P. Sithole, M.A. Stankiewicz, M. Wiedeking, Phys. Rev. Lett. 116 (2016)
112501, https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.112501.

[28] C. Liu, S.Y. Wang, B. Qi, S. Wang, D.P. Sun, Z.Q. Li, R.A. Bark, P. Jones, J.J. Lawrie,
L. Masebi, M. Wiedeking, J. Meng, S.Q. Zhang, H. Hua, X.Q. Li, C.G. Li, R. Han,
S.M. Wyngaardt, B.H. Sun, LH. Zhu, T.D. Bucher, B.V. Kheswa, K.L. Malatji, J.
Ndayishimye, O. Shirinda, T. Dinoko, N. Khumalo, E.A. Lawrie, S.S. Ntshangase,
Phys. Rev. C 100 (2019) 054309, https://journals.aps.org/prc/abstract/10.1103/
PhysRevC.100.054309.

[29] X.C. Han, S.Y. Wang, B. Qi, C. Liu, S. Wang, D.P. Sun, Z.Q. Li, H. Jia, RJ. Guo,
X. Xiao, L. My, X. Lu, Q. Wang, W.Z. Xu, HW. Li, X.G. Wu, Y. Zheng, C.B. Li,
T.X. Li, Z.Y. Huang, H.Y. Wu, D.W. Luo, Phys. Rev. C 104 (2021) 014327, https://
journals.aps.org/prc/abstract/10.1103/PhysRevC.104.014327.

[30] L. Mu, S.Y. Wang, C. Liu, B. Qi, RA. Bark, J. Meng, S.Q. Zhang, P. Jones, S.M.
Wyngaardt, H. Jia, Q.B. Chen, Z.Q. Li, S. Wang, D.P. Sun, RJ. Guo, X.C. Han,
W.Z. Xu, X. Xiao, PY. Zhu, HW. Li, H. Hua, X.Q. Li, C.G. Li, R. Han, B.H.
Sun, LH. Zhu, T.D. Bucher, B.V. Kheswa, N. Khumalo, E.A. Lawrie, J.J. Lawrie,
K.L. Malatji, L. Msebi, J. Ndayishimye, J.F. Sharpey-Schafer, O. Shirinda, M.
Wiedeking, T. Dinoko, S.S. Ntshangas, Phys. Lett. B 827 (2022) 137006, https://
www.sciencedirect.com/science/article/pii/S037026932200140X.

[31] ]. Eberth, P. Von Brentano, W. Teichert, H.G. Thomas, A.V.D. Werth, R.M. Lieder,
H. Jager, H. Kimmerling, D. Kutchin, K.H. Maier, M. Berst, D. Gutknecht, R.

Physics Letters B 833 (2022) 137344

Henck, Prog. Part. Nucl. Phys. 28 (1992) 495, https://www.sciencedirect.com/
science/article/abs/pii/0146641092900513.

[32] R. Schwengner, F. Dénau, T. Servene, H. Schnare, J. Reif, G. Winter, L. Kdubler,
H. Prade, S. Skoda, ]. Eberth, H.G. Thomas, F. Becker, B. Fiedler, S. Freund, S.
Kasemann, T. Steinhardt, O. Thelen, T. Hartlein, C. Ender, F. Kock, P. Reiter, D.
Schwalm, Phys. Rev. C 65 (2002) 044326, https://journals.aps.org/prc/abstract/
10.1103/PhysRevC.65.044326.

[33] AD. Ayangeakaa, U. Garg, M.A. Caprio, M.P. Carpenter, S.S. Ghugre, RV.F.
Janssens, EG. Kondev, ].T. Matta, S. Mukhopadhyay, D. Patel, D. Seweryniak,
J. Sun, S. Zhu, S. Frauendorf, Phys. Rev. Lett. 110 (2013) 102501, https://
journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.102501.

[34] J. Ziegler, Stopping and Ranges of Ions in Matter, Pergamon Press, New York,
1980, Vols. 3 and 5.

[35] CJ. Chiara, SJ. Asztalos, B. Busse, RM. Clark, M. Cromaz, M.A. Deleplanque,
R.M. Diamond, P. Fallon, D.B. Fossan, D.G. Jenkins, S. Juutinen, N.S. Kelsall, R.
Kriicken, G.J. Lane, LY. Lee, A.O. Macchiavelli, RW. MacLeod, G. Schmid, J.M.
Sears, J.E. Smith, ES. Stephens, K. Vetter, R. Wadsworth, S. Frauendorf, Phys. Rev.
C 61 (2000) 034318, https://journals.aps.org/prc/abstract/10.1103/PhysRevC.61.
034318.

[36] U. Garg, A. Chaudhury, M.W. Drigert, E.G. Funk, J.W. Mihelich, D. Cradford, H.
Helppi, R. Holzmann, RV.F. Janssens, T.L. Khoo, A.M. Vandenberg, J.L.. Wood,
Phys. Lett. B 180 (1986) 319, https://www.sciencedirect.com/science/article/
abs/pii/0370269386911950.

[37] E. James, M. Roos, Comput. Phys. Commun. 10 (1975) 343, https://linkinghub.
elsevier.com/retrieve/pii/0010465575900399.

[38] CJ. Chiara, D.B. Fossan, V.P. Janzen, T. Koike, D.R. LaFosse, GJ. Lane, S.M.
Mullins, E.S. Paul, D.C. Radford, H. Schnare, ].M. Sears, J.F. Smith, K. Starosta,
P. Vaska, R. Wadsworth, D. Ward, S. Frauendorf, Phys. Rev. C 64 (2001) 054314,
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.64.054314.

[39] L. Raya, P. Banerjee, S. Bhattacharya, M. Saha-Sarkar, S. Muralithar, R.P. Singh,
R.K. Bhowmik, Nucl. Phys. A 678 (2000) 258, https://www.sciencedirect.com/
science/article/pii/S0375947400003353.

[40] W.Z. Xu, S.Y. Wang, C. Liu, X.G. Wu, RJ. Guo, B. Qi, J. Zhao, A. Rohilla, H. Jia,
G.S. Li, Y. Zheng, C.B. Li, X.C. Han, L. Mu, X. Xiao, S. Wang, D.P. Sun, Z.Q. Li,
Y.M. Zhang, CL. Wang, Y. Li, Phys. Lett. B 833 (2022) 137287, https://www.
sciencedirect.com/science/article/pii/S037026932200421X.

[41] S.Q. Zhang, B. Qi, S.Y. Wang, ]. Meng, Phys. Rev. C 75 (2007) 044307, https://
journals.aps.org/prc/abstract/10.1103/PhysRevC.75.044307.

[42] S.Y. Wang, S.Q. Zhang, B. Qi, ]. Meng, Phys. Rev. C 75 (2007) 024309, https://
journals.aps.org/prc/abstract/10.1103/PhysRevC.75.024309.

[43] S.Y. Wang, S.Q. Zhang, B. Qi, J. Peng, J.M. Yao, ]. Meng, Phys. Rev. C 77 (2008)
034314, https://journals.aps.org/prc/abstract/10.1103/PhysRevC.77.034314.

[44] S.Y. Wang, B. Qi, D.P. Sun, Phys. Rev. C 82 (2010) 027303, https://journals.aps.
org/prc/abstract/10.1103/PhysRevC.82.027303.

[45] K. Starosta, T. Koike, C]J. Chiara, D.B. Fossan, D.R. LaFosse, A.A. Hecht, CW.
Beausang, M.A. Caprio, J.R. Cooper, R. Kriicken, J.R. Novak, N.V. Zamfir, K.E.
Zyromski, D.J. Hartley, D.L. Balabanski, Jing-ye Zhang, S. Frauendorf, V.I. Dim-
itrov, Phys. Rev. Lett. 86 (2001) 971, https://journals.aps.org/prl/abstract/10.
1103/PhysRevLett.86.971.

[46] D. Tonev, G. de Angelis, S. Brant, S. Frauendorf, P. Petkov, A. Dewald, F. Dénau,
D.L. Balabanski, Q. Zhong, P. Pejovic, D. Bazzacco, P. Bednarczyk, F. Camera, D.
Curien, F. Della Vedova, A. Fitzler, A. Gadea, G. Lo Bianco, S. Lenzi, S. Lunardi, N.
Marginean, O. Moller, D.R. Napoli, R. Orlandi, E. Sahin, A. Saltarelli, ]. Valiente
Dobon, K.O. Zell, Jing-ye Zhang, Y.H. Zhang, Phys. Rev. C 76 (2007) 044311,
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.76.044313.


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.172501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.97.172501
http://refhub.elsevier.com/S0370-2693(22)00478-6/bib7F00D3FB585613F6B0578E94CAD3DFF9s1
http://refhub.elsevier.com/S0370-2693(22)00478-6/bib7F00D3FB585613F6B0578E94CAD3DFF9s1
https://iopscience.iop.org/article/10.1088/1674-1137/33/S1/055/meta
https://iopscience.iop.org/article/10.1088/1674-1137/33/S1/055/meta
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.99.172501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.78.034311
https://linkspringer.53yu.com/article/10.1140/epja/i2016-16028-y
https://linkspringer.53yu.com/article/10.1140/epja/i2016-16028-y
https://www.sciencedirect.com/science/article/pii/S0370269311008598
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.112501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.054309
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.054309
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.014327
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.104.014327
https://www.sciencedirect.com/science/article/pii/S037026932200140X
https://www.sciencedirect.com/science/article/pii/S037026932200140X
https://www.sciencedirect.com/science/article/abs/pii/0146641092900513
https://www.sciencedirect.com/science/article/abs/pii/0146641092900513
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.65.044326
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.65.044326
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.102501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.102501
http://refhub.elsevier.com/S0370-2693(22)00478-6/bib736E1521AEB171541AE518B919B00553s1
http://refhub.elsevier.com/S0370-2693(22)00478-6/bib736E1521AEB171541AE518B919B00553s1
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.61.034318
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.61.034318
https://www.sciencedirect.com/science/article/abs/pii/0370269386911950
https://www.sciencedirect.com/science/article/abs/pii/0370269386911950
https://linkinghub.elsevier.com/retrieve/pii/0010465575900399
https://linkinghub.elsevier.com/retrieve/pii/0010465575900399
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.64.054314
https://www.sciencedirect.com/science/article/pii/S0375947400003353
https://www.sciencedirect.com/science/article/pii/S0375947400003353
https://www.sciencedirect.com/science/article/pii/S037026932200421X
https://www.sciencedirect.com/science/article/pii/S037026932200421X
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.75.044307
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.75.044307
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.75.024309
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.75.024309
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.77.034314
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.027303
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.82.027303
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.86.971
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.86.971
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.76.044313

	Lifetime measurements in 80Br and a new region for observation of chiral electromagnetic selection rules
	1 Introduction
	2 Experiment
	3 Results and discussions
	4 Summary
	Declaration of competing interest
	Acknowledgements
	References


