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High-spin states in 7*As were studied using the "*Ge(*He, 1p3n) reaction at beam energies of 58.6 and 62.6
MeV. Two positive- and one negative-parity bands have been identified in *As. The two positive-parity bands are
interpreted as chiral doublet bands, which is supported by the triaxial particle rotor model. Three electric dipole

transitions linking the yrast positive- and negative-parity bands were also observed in this work, suggesting the

existence of octupole correlations in "*As.
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I. INTRODUCTION

Chirality in nuclei was first proposed by Frauendorf and
Meng in 1997 [1]. They pointed out that the rotation of tri-
axial nuclei may demonstrate chiral symmetry, and result in
pairs of nearly degenerate A/ = 1 bands with the same parity,
i.e., chiral doublet bands [1]. From then on, theoretical and
experimental studies were carried out widely on the subject of
nuclear chirality. In 2006, covariant density functional theory
(CDFT) calculations suggested that multiple chiral doublet
(MxD) bands can exist in a single nucleus [2]. So far, experi-
mental evidence for candidate chiral doublet bands, including
M D bands, has been found in the A & 80, 100, 130, and 190
mass regions, as discussed in Refs. [3-9].

The A ~ 80 mass region is a recently identified chiral re-
gion where five nuclei with candidate chiral bands have been
reported [10—-14]. Chiral doublet bands were first reported in
the Br isotopes [10-12] in this mass region. Subsequently,
chiral doublet bands were reported in 84Rb [13] and 3'Kr [14].
The observation of these chiral nuclei makes the A &~ 80 mass
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region a new chiral island. It is naturally interesting to explore
the boundaries of the chirality in the A ~ 80 mass region.

Recently, MxD bands with octupole correlations were
found in "®Br [11], which indicated that chiral and reflec-
tion symmetry can be simultaneously breaking and nuclear
chirality can be robust against the octupole correlations. The
experimental observation has motivated corresponding theo-
retical studies [15,16] on the simultaneous breaking of chiral
and reflection symmetries in nuclei. Up to now, the coexis-
tence of chirality and octupole correlations in a nucleus has
been reported in ®Br [11], '**Cs [17], and '*'Ba [18].

In order to explore the boundaries of the chiral nuclei in
the A ~ 80 mass region and investigate the coexistence of
chirality and octupole correlations, we carried out a series
of experimental studies in the 80 mass region as mentioned
above. In this paper, we report on a coexistence of chiral-
ity and octupole correlations in "*As, and extend the low Z
boundaries of the chiral nuclei in the A &~ 80 mass region to
the Z = 33 As isotopes for the first time.

II. EXPERIMENTAL DETAILS

High-spin states of *As were populated via the reaction
"4Ge(*He, 1p3n) at beam energies of 58.6 and 62.6 MeV.

©2022 American Physical Society
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TABLE I. y-ray energies, spin-parity assignments and excitation energies for the initial and final states, relative intensities, ADO ratios,
and A, values of the transitions in " As. The y-ray energies are accurate to & 0.5 keV.

E, (keV) Ir = I E; (keV) - E; (keV) I, Rino A,
(19.6) 3+ s 4t 277.4 — 257.9 <0.2°

55.0 6t — 5t 324.9 — 269.7 49.7(20.2)*

63.0 5 > 4 333.5 — 270.6 20.3(10.0)

75.4 4t = 3 257.9 — 182.5 66.4(12.4)

78.5 8+t — 7t 604.6 — 526.2 48.7(11.8)*

87.9 4 = 3 270.6 — 182.5 21.1(16.9)

146.8 2t — 3+ 4242 — 277.4 0.6(0.2)

1523 7 = 6 697.6 — 544.9 10.72.7) 0.85(0.16) —0.08(0.04)
1823 3 2 182.5 — 0.0 100.0(11.5) 0.81(0.13) —0.07(0.02)
200.9 7t > 6F 526.2 — 324.9 62.1(12.1) 0.73(0.11) —0.08(0.01)
211.1 6~ — 5 544.9 — 3335 29.4(5.6) 0.86(0.12) —0.11(0.01)
256.6 Tt 5t 526.2 — 269.7 1.1(0.3) 1.19(0.14)

270.9 4= = 2 270.6 — 0.0 26.0(6.0) 1.23(0.13) 0.09(0.01)
277.3 3t 2 277.4 — 0.0 0.2(0.1)

279.9 8t — 6F 604.6 — 324.9 10.2(2.4) 1.14(0.12) 0.11(0.06)
3412 10t — 9+ 1443.5 — 1102.1 3.7(0.7) 0.69(0.06) —0.03(0.04)
345.7 8 — 7 1445.3 — 1099.6 0.3(0.2)

3724 7 = 6* 697.6 — 324.9 1.7(0.4) 0.75(0.06) 0.06(0.05)
401.4 7 = 7 1099.6 — 697.6 0.3(0.1)

485.0 10t — 9+ 1906.5 — 1421.5 0.8(0.3)

497.4 9+ —» 8+ 1102.1 — 604.6 27.1(4.5) 0.71(0.03) —0.05(0.01)
529.1 11+ — 10+ 2435.9 — 1906.5 2.0(0.8) 0.63(0.03) —0.12(0.05)
570.6 11+ — 10+ 2014.4 — 1443.5 19.8(5.2) 0.73(0.03) —0.04(0.01)
575.5 9+t 7+ 1102.1 — 526.2 <0.2

585.8 13+ — 12+ 3193.7 — 2608.0 3.3(1.8) 0.74(0.06) —0.08(0.03)
603.3 15% — 14+ 4616.9 — 4013.6 0.7(0.4)

684.9 13+ — 12+ 3674.2 — 2989.0 1.0(0.6)

7473 8 — 7 14453 — 697.6 1.6(0.6) 0.63(0.14)

766.4 7- > 5 1099.6 — 333.5 2.0(0.4) 1.10(0.06) 0.06(0.03)
774.9 7= - 6* 1099.6 — 324.9 0.5(0.1)

798.7 9 — 7 1898.3 — 1099.6 2.6(1.0) 1.29(0.17) 0.14(0.06)
804.4 100 — 9+ 1906.5 — 1102.1 7.4(1.4) 0.63(0.02) —0.02(0.02)
817.0 9+ — 8 1421.5 — 604.6 7.1(1.2) 0.60(0.02) —0.02(0.02)
828.7 12 — 10~ 3168.1 — 2339.4 8.3(2.4) 1.24(0.04) 0.19(0.05)
839.6 100 — 8+ 1443.5 — 604.6 34.7(5.7) 1.17(0.05) 0.06(0.01)
894.1 100 — 8§ 2339.4 —> 1445.3 8.2(2.4) 1.30(0.03) 0.08(0.02)
895.0 9t — 7+ 1421.5 — 526.2 6.1(1.0) 1.16(0.03) 0.06(0.04)
900.5 8 — 6 1445.3 — 544.9 9.1(2.6) 1.28(0.02) 0.10(0.01)
912.2 1+ — 9+ 2014.4 — 1102.1 3.2(0.6) 1.21(0.08) 0.11(0.04)
919.4 8 — 7t 1445.3 — 526.2 0.9(0.3)

974.3 12t — 11+ 2989.0 — 2014.4 4.2(2.0) 0.83(0.06) —0.49(0.19)
993.0 1+ — 10* 2435.9 — 1443.5 1.0(0.3)

1002.3 11~ — 9- 2900.6 — 1898.3 4.8(1.9) 1.35(0.07) 0.16(0.05)
1008.7 137 — 11° 3909.3 — 2900.6 3.2(1.3) 1.19(0.15) 0.11(0.04)
1014.1 1+ — 9+ 24359 — 1421.5 1.4(0.9) 1.23(0.04)

1082.6 12+ — 10* 2989.0 — 1906.5 1.4(0.7) 1.36(0.33)

1164.6 12t — 10+ 2608.0 — 1443.5 14.6(3.9) 1.24(0.07) 0.12(0.02)
1179.2 13+ — 11+ 3193.7 — 2014.4 3.4(1.7) 1.27(0.07) 0.14(0.04)
1201.0 9 — 7 1898.3 — 697.6 6.4(2.5) 1.22(0.03) 0.08(0.03)
1238.5 13* — 11+ 3674.2 — 2435.9 1.4(0.7) 1.32(0.3)

1293.4 9~ — 8+ 1898.3 — 604.6 0.7(0.2)

1302.2 14- — 12- 4470.3 — 3168.1 3.4(1.1) 1.11(0.10) 0.07(0.05)
1384.0 (14%) — 12+ 4373.0 — 2989.0 0.8(0.4)
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TABLE 1. (Continued.)

E, (keV) JE E; (keV) > E; (keV) I, Rano A,
1405.5 14+ — 12+ 4013.6 — 2608.0 3.7(2.1) 1.08(0.07) 0.07(0.05)
1423.3 15t — 13+ 4616.9 — 3193.7 1.9(1.1) 1.34(0.09) 0.08(0.03)
1646.0 (16%) — 14+ 5659.6 — 4013.6 0.7(0.4)

“Intensities of the transitions are deduced from intensity balances. The internal conversion coefficients of the 55.0, 63.0, and 78.5 keV
transitions, which are calculated using their mixing ratios based on the angular distribution measurements [30], are 0.500(0.324), 0.549(0.404),
and 0.220(0.183), respectively. The internal conversion coefficients of the 75.4 and 87.9 keV transition are 0.144(0.020) and 0.137(0.015) [31],

respectively.

The beam was delivered by the Separated Sector Cyclotron
of iThemba LABS, South Africa. A 2.85 mg/cm2 thick
"4Ge target with a 10.8 mg/cm? carbon backing was used
in the experiment. The deexciting y rays were detected by
the AFRODITE array [19] which consisted of eight Comp-
ton suppressed clover detectors and two low-energy photon
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spectrometer (LEPS) detectors. Four clover detectors were
positioned at 135° with respect to the beam axis, the other
four and the two LEPS detectors were positioned at 90°.
The energy and efficiency calibrations of the detectors were
made using a standard '"*Eu radioactive source. Approxi-
mately 1.9 x 10° y-y coincidence events were accumulated
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FIG. 1. Partial level scheme of "*As established in the present work. The energies of the y transitions and levels are given in keV. The
measured relative intensities of transitions are proportional to the widths of the arrows. New transitions and levels are marked as red.
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FIG. 2. A spectrum of y rays gated on the 55.0 keV transition. The peaks marked with asterisks are transitions of #As but not included in

Fig. 1, whereas those labeled with C are contaminations.

and sorted into a symmetric and several asymmetric matrices.
The symmetric matrix was used for y-y coincidence analy-
ses, and the asymmetric matrices were used to perform the
angular distributions from the oriented states (ADO) [20] and
the polarization asymmetry (A,) measurements [21]. In the
present geometry, typical ADO ratios &1.2 are expected for
the stretched quadrupole or Al =0 dipole transitions and
~(0.8 for the stretched pure dipole transitions. The positive
and negative A, values correspond to the stretched electric
or Al =0 magnetic transitions and the stretched magnetic
transitions, respectively [21-23]. The obtained y ray energies,
spin-parity assignments for the initial and final states, relative
intensities, ADO ratios, and A, values of the transitions in
" As are listed in Table I. More details of the experimental
setup and procedure can be found in Ref. [24].

III. EXPERIMENTAL RESULTS

Prior to this work, the low-lying states of "*As were stud-
ied in Refs. [25-31]. The 2~ ground state was assigned the
7 f5/2 ® vgoy» configuration [27]. An isomeric state with a
lifetime of 26.8 ns was identified [28] and assigned the spin-
parity of I = 4% [29]. Furthermore, high-spin states of "*As
were first reported in Ref. [32], in which a positive- and a
negative-parity bands were established.

A partial level scheme of "As, derived from the present
work, is presented in Fig. 1. As shown in Fig. 1, three Al =1
bands (labeled as 1-3) and a number of linking transitions
are observed. In the present work, band 1 is extended to
higher spins. Band 2 is established for the first time by adding
five new transitions into the positive-parity sequence observed
in Ref. [32], and it feeds into band 1 via five interband
transitions. In addition, four new transitions of 372.4, 774.9,
919.4, and 1293.4 keV are observed linking the positive- and
negative-parity level structures. Figure 2 shows the spectrum
gated on the 55.0 keV transition. All the newly observed
transitions can be seen in this figure. It should be noted that
the newly observed 895.0 keV transition linking bands 1 and

2 is very close to the 894.1 keV transition in band 3. The
two transitions can be distinguished by the specific y-y co-
incidence analysis. For example, we have gated on the 900.5,
55.0, and 1014.1 keV transitions and show the gated spectra
in Fig. 3. The 894.1 and 895.0 keV transitions can be seen in
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FIG. 3. Spectra gated on 900.5, 55.0, and 1014.1 keV transitions.
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FIG. 4. The systematics of the excitation energies for the yrast states above / = 7 in 7072 A5 [33,34] and " As. The states of "*As deduced
from present work are marked as red, whereas those reported in Ref. [32] are marked as blue.

Figs. 3(a) and 3(c), respectively. In Fig. 3(b), both the 894.1
and 895.0 keV transitions can be seen. Therefore, the 8§95.0
keV transition is a different transition from the 894.1 keV
transition.

The newly observed transitions of 1293.4,919.4, 774.9 and
372.4 keV give rise to several new decay paths between the
positive- and negative-parity level structures. Based on the
energy conservation, a missing ~11.8 keV energy gap exists
somewhere between the level fed by the 372.4 keV transition
and the ground state. The placements of the 19.6, 75.4, 182.3,
277.3 keV transitions have been fixed in Ref. [29], and the
placement of the 55.0 keV transition has been fixed because
of the existence of the 256.6 keV crossover transition. Thus,
the energy gap can only exist between the 41 isomeric state
and the final state of the 55.0 keV transition.

The spins and parities of the previously known low-lying
states in "*As were assigned based on the measurements of
the B decay, angular distributions, and internal conversion
coefficients of the y rays [26,29,30], while those of the high-
spin states were determined from the directional correlation
of oriented states (DCO) ratios of the y rays [32]. The present
work has confirmed most of the multipolarity assignments of
the known transitions, and assigned the multipolarities of the
newly observed transitions by measuring ADO ratios and A,
values of the transitions. For example, the present work iden-
tified a 372.4 keV transition linking the first 7~ state and band
1. The measured ADO ratio and A, value of the 372.4 keV
linking transition are 0.75(0.06) and 0.06(0.05), respectively.

These values indicate that the 372.4 keV transition has an E'1
character. We therefore assigned the spin-parity 6 to the final
state of 372.4 keV transition. We have assigned the spins and
parities of the other levels in "*As based on the same method.
In the present work, the spins of the states in band 1 are
17 larger than those in Ref. [32]. To examine the present spin
assignments for the positive-parity level structures in "*As, we
performed a systematic comparison of the excitation energies
of the yrast states above I = 7 in "®7?As [33,34] with those
in *As, and we present the results in Fig. 4. As shown in
Fig. 4(a), based on the present spin-parity assignments, the
excitation energies of levels with the same spins in /%774 As
show a smooth decrease as the neutron number increases.
However, the excitation energies presented in Fig. 4(b) do
not exhibit systematic trends. Thus, the systematic analysis
supports the present spin assignments for the levels in *As.

IV. DISCUSSION

Band 1 had been assigned to the wg9/» ® vg9/» configura-
tion [32]. The newly established band 2 feeds into band 1 by
four M1/E?2 and an E2 linking transitions. The linking tran-
sitions should be strongly hindered unless the sidebands are
built on the same configuration as main bands, as discussed
in [35-37]. Thus, the observation of the Al = 1 M1/E2 and
Al =2 E2 linking transitions between bands 1 and 2 indi-
cates that band 2 has the same w g9/» ® vgy/» configuration as
band 1.
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FIG. 5. The experimental excitation energies, energy stagger-
ing parameters S(/) = [E(I) — E(I — 1)]/21, and reduced transition
probability ratios B(M1)/B(E2) for bands 1 and 2 in "As as func-
tions of spin in comparison with the TPRM calculations.

To investigate the nature of bands 1 and 2, the exci-
tation energies E(I), energy staggering parameters S(I) =
[E(I) — E(I — 1)]/21, and reduced transition probability ra-
tios B(M1)/B(E2) were extracted and presented in Fig. 5
as functions of spin. As shown in Fig. 5, bands 1 and 2
maintain an energy difference of ~400 keV over the ob-
served spin range. The two bands have similar S(/) values,
and the S(I) exhibits a smooth variation versus spin. The
B(M1)/B(E2) values of bands 1 and 2 are close and show
odd-even staggering. These experimental properties are sim-
ilar to the positive-parity chiral doublet bands in "33%32Br
[10-12], and fulfill the fingerprints of the chiral doublet bands
[3,38-40]. Therefore, we suggest that bands 1 and 2 are a pair
of chiral doublet bands with the 7 g9,» ® vg9,> configuration.

In order to further understand the chirality in 74 As, calcula-
tions based on the triaxial particle rotor model (TPRM) [1,41—
45] were performed. The TPRM is a quantum mechanical
method that describes the system in the laboratory framework
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= s, ot i 0 128N 0°
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FIG. 6. The root-mean-square components along the intermedi-
ate (i, circles), short (s, squares), and long (/, triangles) axes of the
core, valence proton, and valence neutron angular momenta calcu-
lated as functions of spin / by means of the TPRM for bands 1 and 2
in ™As.

and yields directly the energy splitting and tunneling between
doublet bands. It has been extensively used in the investigation
of chiral doublet bands [46—48]. We obtained the deforma-
tion parameters (B2, y) = (0.37, 23.6°) for the wg9/» ® vgo/»
configuration from the previous relativistic mean-field (RMF)
calculations [2,49]. The deformation parameter B, = 0.37
was used as input to the TPRM calculations. The triaxial
deformation parameter y and the moment of inertia J were
adjusted to reproduce the experimental energy spectra and
B(M1)/B(E2) values, which occurred when y = 21.6° and
J =12 h*/MeV. To preserve the number of particles, the
proton Fermi surface was placed on the gy /2[440]% or-
bital, and the neutron Fermi surface was placed between the
V892 [422]% and vgo/» [413]% orbitals. Other parameters in the
TPRM were fixed following those in Refs. [41-44].

The calculated E(I), S(I), and B(M1)/B(E2) ratios as
functions of spin are presented in Fig. 5 and compared with
the corresponding experimental data. As illustrated in Fig. 5,
the small energy differences between bands 1 and 2 are well
reproduced, and the calculated S(/) are in good agreement
with the available data, as well as the magnitude and the
staggering phase of the B(M1)/B(E2) ratios. The agreement
between the experimental data and the calculations supports
the present configuration assignment and allows us to further
investigate the chiral geometry of the doublet bands in 7*As.

To study the chiral geometry of bands 1 and 2 in "*As,
similarly to the calculations in Refs. [10,12], the root-mean-
quare values of the squared angular momenta components for
the core Ry, the valence proton Jp, and the valence neutron
Jux were calculated. The calculated results are presented in
Fig. 6, in which k =i, [, s represent the intermediate, long,

064302-6



CHIRALITY AND OCTUPOLE CORRELATIONS IN ...

PHYSICAL REVIEW C 106, 064302 (2022)

and short axes, respectively. As shown in Fig. 6, the angular
momenta of the core and valence proton respectively align
along the intermediate axis and the short axis, whereas the
angular momentum of the valence neutron exhibits a large
mixture between the three axes. For the ideal case of chiral ge-
ometry, the core, the valence proton, and the valence neutron
mainly align their angular momenta along the intermediate,
short, and long axes respectively [1,42,47,50,51]. Therefore,
the coupling pattern of angular momenta in *As somewhat
departs from the ideal chiral geometry, being attributed to the
Fermi surface of the neutron placed between the vggy /2[422]§

and vg9/2[413]% orbitals, instead of at the top of the vgo,,
subshell. However, the total angular momentum is still apla-
nar, which supports the chiral interpretation for bands 1 and
2.

Three new E1 transitions linking bands 1 and 3 have
been observed, implying the existence of octupole correla-
tions in "*As. To investigate the possible octupole correlations
in *As, the experimental B(E1)/B(E2) values and energy
displacement §E [52,53] between bands 1 and 3 have been
extracted and compared with those in 78Br [11] and ***Th
[54] in Fig. 7. The positive- and negative-parity bands con-
nected by E1 transitions in "*Br were interpreted as evidence
of octupole correlations [11], whereas the alternating parity
band in ***Th was reported to have stable octupole defor-
mation [54]. In Figs. 7(a) and 7(b), it can be seen that the
B(E1)/B(E2) values and the §E in "*As are comparable with
those in ®Br, but deviate substantially from those in >?*Th.
These features suggest that octupole correlations exist in *As.
In the A &~ 80 mass region, the positive- and negative-parity
bands connected by E1 in 7*Br also indicated octupole cor-
relations [55]. It is suggested that the octupole correlations
in *Br and ®Br were generated from the valence protons
occupying the 7 g9/, and 7 p3, orbits [11,55]. Strong octupole
correlations were expected to occur when particle numbers are
near 34 (g9/2<>p3/2 coupling), 56 (hy1,2<>ds;> coupling), 88
(i13/2¢> f1/2 coupling), and 134 (ji5/2<>g9/2 coupling) [56].
The proton number for "*As (Z = 33) is closer to the particle
number 34 than its neutron number (N = 41). The occurrence
of octupole correlations in ’*As are more likely to result from
valence protons occupying the 7 g9/, and 7 p3,, orbits. There-
fore, band 3 is tentatively assigned the m fs5,2/p3;2 ® vgos»
configuration.

In summary, high-spin states of "*As were investigated via
the reaction "*Ge(*He, 1p3n). Three AI = 1 bands have been
identified. Bands 1 and 2 are interpreted as chiral doublet
bands. Calculations based on TPRM have been performed
to investigate bands 1 and 2, which support the chiral in-
terpretation of the doublet bands. Three E'1 transitions are
observed between bands 1 and 3, combined with the analyses
for the B(E'1)/B(E?2) values and the energy displacement §E,
indicating the existence of octupole correlations in "#As. The

S 10§ HL I B S R B B BN
@é i I\!ﬂ-/!(a) ]
| o -
= 1 E

: 74 E
g - —— ;As ]
= 0.1;_ 3, —A—'Br _
a\ : +§(2)4Th 3
= [ f ]
R 0.01 ———+————+——+—F—+——+——

0.9- (b)
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8 10 12 14 16 18
Spin [7]

FIG. 7. The experimental B(E1)/B(E2) values (a) and energy

displacement §E (b) between bands 1 and 3 as functions of spin in
" As, together with those in ®Br [11] and ***Th [54].

present work extends the border of the chiral nuclei in the
A ~ 80 mass region to Z = 33 and provides a new example
of coexistence of chirality and octupole correlations in one
nucleus.
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