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First observation of band structure in "°As: Possible chirality and octupole correlations
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High-spin states in "®As have been observed for the first time by using the “He 4+ "*Ge reaction at beam
energies of 58.6 and 62.6 MeV. Two positive-parity and three negative-parity bands have been found in "As.
The two positive-parity bands with w gy, ® vg9/» configurations are tentatively interpreted as chiral doublet
bands, which are supported by triaxial particle rotor model calculations. The electric dipole transitions linking
the yrast positive- and negative-parity bands are also observed in this work, implying the possible presence of

octupole correlations in 7®As.
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I. INTRODUCTION

The investigation of high-spin states in atomic nuclei is
a critical aspect of nuclear physics that is indispensable for
comprehending nuclear structure and its fundamental char-
acteristics. For the past few decades, the high-spin states of
atomic nuclei have been extensively studied thanks to the
advancements in accelerators and large-scale detector arrays.
These research endeavors have led to the discovery of several
intriguing nuclear structural phenomena, such as backbending
[1] superdeformed bands [2], octupole bands [3], and chiral
doublet bands [4]. It should be noted that there is still a
limited amount of data available on high-spin states in nuclei
located near the stability line and in neutron-rich regions. This
is primarily due to the limited accessibility of these nuclei
through fusion-evaporation reactions using stable beam/target
combinations.
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Chiral symmetry breaking in atomic nuclei has attracted
considerable attention since it was first predicted by Frauen-
dorf and Meng [4]. They pointed out that, in the intrinsic
frame of the rotating triaxial nucleus, the angular momenta
of high-j particles and high-j holes align along the short and
long axes, respectively, and the angular momentum of the
core aligns with the intermediate axis. The three mutually
perpendicular angular momenta construct the chiral geometry
and result in the formation of two chiral systems, namely, left-
and right-handed orientations. The restoration of spontaneous
chiral symmetry breaking in the laboratory frame may give
rise to pairs of nearly degenerate Al = 1 bands with the same
parity, which are called chiral doublet bands [4]. Up to now,
lots of candidate chiral doublet bands have been found in
the A ~ 80, 100, 130, and 190 mass regions [5—12]. In the
A ~ 80 mass region, chirality has been systematically studied,
where chiral doublet bands can be formed with 7 g9/2 ® vg9,2
configurations [13-19]. In Br isotopes, the coexistence of
chiral doublet bands and octupole correlations has been ob-
served, enabling the systematic study of the evolution of chiral
geometry with neutron number in the presence of octupole
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correlations [13—16]. In #Rb, a pair of positive-parity doublet
bands was suggested as chiral vibration. The lack of static
chirality in ®Rb may be attributed to the deviation of the
valence proton from ideal particlelike behavior [17]. Recently,
chirality and octupole correlations also have been reported in
74 As [18]. It is worth mentioning that As isotopes are expected
to possess a more stable chiral geometry compared to the Br
and Rb isotopes because they have fewer valence protons,
making them closer to the ideal particlelike configuration.
Exploring the evolution of chiral geometry in the presence of
octupole correlations in As isotopes is particularly important
for obtaining systematic insights into chirality and octupole
correlations in the A ~ 80 mass region. However, information
on high-spin states for As isotopes on the neutron-rich side
near the line of stability is scarce; in particular, high-spin
states of "%As have not been observed. In order to supplement
the nuclear structure information of As isotopes and carry out
a systematic study, the current work focuses on investigating
the high-spin states of "0As.

II. EXPERIMENTAL DETAILS

The fusion-evaporation reaction involving the bombard-
ment of *He or weakly bound "Li projectiles on a relatively
neutron-rich target is an effective method for populating high-
spin states of nuclei in the neutron-rich side near the stability
line [20,21]. In the present work, high-spin states of "°As were
populated via the *He + "*Ge reaction at beam energies of
58.6 and 62.6 MeV. The beam was delivered by the Separated
Sector Cyclotron of iThemba LABS, South Africa. The target
consisted of 2.85 mg/cm? "*Ge with a 10.8 mg/cm? carbon
backing. The emitted y rays were detected by the AFRODITE
array [22] which consists of eight Compton-suppressed clover
detectors and two low-energy photon spectrometer detec-
tors. A total of 1.9 x 10° twofold and higher prompt y-ray
coincidence events were collected and sorted into several
symmetric and asymmetric matrices. The two-dimensional
(E,-E,) and three-dimensional (E,-E,-E,) symmetric ma-
trices were used for y-y coincidence analyses, and the
two-dimensional (E,-E, ) asymmetric matrices were used to
perform the angular distributions from oriented states (ADO)
[23] and polarization asymmetry (A,) measurements [24]. In
this experiment, typical ADO ratios ~1.2 are expected for
stretched quadrupole transitions or Al = 0 pure dipole tran-
sitions and ~0.8 for the stretched pure dipole transitions. The
positive and negative A, values correspond to the stretched
electric and the stretched magnetic transitions, respectively
[24-26]. More details of the experimental setup and procedure
can be found in Refs. [18,27]. The obtained y-ray energies,
excitation energies for the initial states, relative intensities,
spin-parity assignments for the initial and final states, and
ADO ratios of the transitions in "%As are listed in Table I.

III. EXPERIMENTAL RESULTS

Prior to this work, the excited states in "°As were studied
by using "°Ge(p, n) [28], As(d, p) [29], " As(n, y) [30],
7%Se(d, *He) [31], °Ge(*He, 1) [32,33], and 7°Se(u~, v)
[34] reactions, and the 2~ ground state was assigned the
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FIG. 1. Partial level scheme of "°As. The energies of the y tran-
sitions and levels are given in keV. The thicknesses of the arrows
correspond to the y-ray intensities. New transitions and levels are
shown in red.

7 fs5;2 ® vgoy» configuration [28]. However, no high-spin
states of this nucleus have been reported up to now. In the
present work, we first reported the high-spin states in "°As
and identified a pair of positive-parity bands (bands 1 and 2)
and three negative-parity bands (bands 3, 4, and 5), as shown
in Fig. 1. The new transitions were identified on the basis of
the coincidence relationships with known transitions, such as
164.7,296.9 keV, etc. The positive-parity bands 1 and 2 decay
to the 5T state; Figs. 2(a) and 2(b) show the typical gated
spectra for the corresponding transitions of bands 1 and 2. For
the negative-parity bands, band 4 decays to band 3, which is
built on the 2~ ground state via several linking transitions;
typical gated spectra for the corresponding transitions are
shown in Figs. 2(a) and 2(c). Figures 2(a) and 2(d) exhibit
the typical gated spectra showing the placement of band 5.
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TABLE L. y-ray energies, excitation energies for the initial states, relative intensities, spin-parity assignments for the initial and final states,
and ADO ratios of the transitions in "°As. The y-ray energies are accurate to 0.5 keV.

E, (keV) E; (keV) L, Ir =1 ADO ratio
46.1 211.0 30.5(4.4) 4 —> 3~
74.6 285.7 40.5(3.0) 5" >4~ 0.91(0.07)
85.8 593.6 39.5(3.4) (7t) —> 5* 1.12(0.12)
90.9 376.4 13.1(1.4) 57 > 5° 1.15(0.12)
114.6 707.9 41.0(3.1) &) — (7 0.85(0.06)
116.8 327.8 14.4(1.0) 4 > 4~ 1.24(0.09)
131.1 507.8 1.1(0.2) 57 — 5
141.3 517.8 4.0(0.5) 6~ — 5~ 0.64(0.06)
142.0 507.8 15.1(1.1) 5t 5 4 0.72(0.05)
151.5 1256.9 < 0.5 ®)—> (7))
154.6 365.6 8.8(0.8) 44 5 4~ 1.25(0.09)
164.7 164.6 100.0 37— 27 0.81(0.06)
165.0 552.6 9.0(0.8) G7)—> @) 0.84(0.06)
179.9 507.8 9.6(0.7) 57 — 4~ 0.84(0.06)
190.0 517.8 < 0.5 6~ — 4~
198.5 483.8 12.9(1.0) 6~ —> 5~ 0.91(0.07)
200.9 365.6 6.5(0.7) 44 5 3~ 0.76(0.08)
210.9 211.0 27.1(2.0) 47 > 2- 1.25(0.09)
211.9 376.4 < 0.5 57 = 3°
222.3 507.8 1.6(0.2) 5t —> 57 1.15(0.11)
223.0 387.6 12.1(1.3) 4 )—> 3" 0.68(0.05)
231.2 715.1 2.6(0.3) 7" — 6~ 0.67(0.08)
232.5 517.8 12.5(1.3) 6~ —> 5- 0.87(0.08)
272.5 483.8 1.3(0.2) 6~ — 4~
276.0 1105.3 4.2(1.0) (T7)—> (67)
276.5 829.1 7.2(1.0) 67)—>(57) 0.71(0.06)
296.9 507.8 38.1(2.8) 5t — 4~ 0.81(0.06)
352.7 870.7 4.0(0.5) 7" — 6~ 0.74(0.06)
382.7 1603.1 2.7(0.3) (107) — (9%) 0.79(0.09)
386.9 870.7 3.7(0.4) 7 — 6~ 0.91(0.10)
428.0 1256.9 3.0(0.3) 8 )—> (67) 1.35(0.17)
429.5 715.1 1.0(0.2) 7~ — 5"
440.5 1537.2 1.3(0.3) @) — 8h)
451.3 1708.0 1.3(0.2) 9)—> 8
4943 870.7 6.6(0.8) 7 =5 1.17(0.15)
502.7 1096.5 5.7(0.5) &) — (7h) 0.93(0.10)
512.4 1220.4 15.7(1.3) 9" — (8h) 0.88(0.07)
540.0 2521.9 0.6(0.2) (117) — (10™)
552.2 1659.0 2.4(0.4) 97 — 8§~ 0.43(0.10)
562.5 1046.4 1.0(0.1) 87 )—> 6
589.1 1106.9 6.5(0.7) 8 — 6~ 1.29(0.10)
592.5 2195.6 4.40.4) (11%) — (10™) 0.83(0.07)
602.6 1708.0 3.6(0.4) O)—> (7)) 1.15(0.10)
626.5 1220.4 < 0.5 9" — (7
761.5 1981.9 3.2(0.3) (107) — (91) 0.82(0.07)
771.6 1992.0 0.5(0.2) 100 — (91)
788.2 1659.0 2.5(0.3) 97 —» 7° 1.15(0.23)
829.5 1537.2 1.7(0.2) @) — 8h) 0.70(0.21)
885.1 1992.0 3.5(0.4) 100 — 8~ 1.16(0.18)
885.5 1981.9 2.2(0.3) (107) — (8%) 1.24(0.30)
895.2 1603.1 8.5(0.7) (10") — (8%) 1.18(0.09)
943.6 1537.2 2.9(0.3) 9" — (7 1.27(0.24)
975.2 2195.6 1.7(0.3) (11%) — (9%)
1203.3 2806.4 2.2(0.3) (12%) — (10™) 1.12(0.20)
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FIG. 2. (a) Typical y-y coincidence spectrum gated on the 164.7-keV transition showing all new transitions, and y-y-y coincidence
spectra (b) gated on 164.7 and 85.8 keV + 164.7 and 114.6 keV showing the placement of bands 1 and 2, (c) gated on 164.7 and 45.8 keV
+ 164.7 and 74.6 keV showing the placement of bands 3 and 4, and (d) gated on 164.7 and 223.0 keV + 164.7 and 276.5 keV showing the

[TPRL]

placement of band 5. Peaks labeled with a “c

The previously known spin-parity of the 2~ ground state
has been adopted in the present work and serves as a basis for
the spin-parity assignments of the other states using the mea-
sured ADO ratios and A, values. Reference [30] suggested
37 and 4~ assignments for the 164.6- and 211.0-keV states,
respectively, and tentatively suggested (37), 4=, or 5= for
285.7-keV state. In Ref. [29], a tentative 5~ was assigned for
the 285.7-keV state. Combined with the ADO ratio analysis
in the present work, we suggested 37, 4~ and 5~ for 164.6-,
211.0-. and 285.7-keV states, respectively. In Ref. [30], (37)
or (4 —5)~ were assigned to the state at 507.8 keV due to
the 179.9-keV transition having an E2 character. However,
from the present ADO ratio analysis, the 179.9-keV transition
should have a Al = 1 dipole type. In addition, an E'1 character

are contaminate transitions.

to the 296.9-keV transition (decays to 47) is assigned based
on the positive A, value of 0.11(0.04) and the ADO ratio of
0.81(0.06), thus determining 5" for the state at 507.8 keV. It
should be mentioned that only one A, value for the 296.9-keV
transition in "°As could be accurately extracted due to the lim-
ited statistics. The spin-parity assignments for the higher spin
levels of bands 1-5 were based on ADO ratios and empirical
rotational band structures.

IV. DISCUSSION

As shown in Fig. 1, the present work found two positive-
parity bands 1 and 2 in "®As. The aligned angular momenta of
these positive-parity bands are approximately 5% greater than

044303-4
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FIG. 3. The systematics of the excitation energies for the positive
yrast (black) and side (red) bands above 7+ in 778 As [18,35-37].
The states of "°As were deduced from the present work.

that of the even-even *Ge ground-state band; such a large
alignment can be obtained only for the 7 g9/» ® vg9/> config-
uration in this mass region. In As isotopes, the positive-parity
yrast bands in "°As [35], 7?As [36], 7*As [18], and "®As [37]
were assigned the wg9/» ® vgy,> configuration. In addition, a
positive-parity side band with the 7 g9/ ® vg9,> configuration
was also found in 7*As [18]. The yrast and side bands in
74 As were interpreted as chiral doublet bands [18]. Figure 3
presents the systematic comparison of the excitation energies
of the positive-parity yrast bands in °~"8As [18,35-37] and
the side bands in #7®As [18]. One can see in Fig. 3 that the ex-
citation energies of states with the same spins show a smooth
decrease from °As to 74 As and an increase from "*As to "®As,
which follows the systematic trend. It implies that bands 1 and
2 in "® As should have the same 7 89/2 ® vgo/» configuration as
the positive-parity bands in other As isotopes. Band 2 decays
to band 1 via several M1/E2 and E2 linking transitions,
which also suggests that band 2 has the same configuration
as band 1, as discussed in Ref. [38]. Similar positive-parity
doublet bands with the 7 g9, ® vg9/» configuration were also
observed in odd-odd ™As [18], *"¥Br [13-16], and **Rb
[17] and interpreted as chiral doublet bands. The systematic
observation of the nearly degenerate doublet bands with the
892 ® V89,2 configuration in the A ~ 80 mass region im-
plies the same physical origin for these bands. Therefore,
bands 1 and 2 in "%As are likely to be a pair of chiral doublet
bands.

To investigate the characteristics of bands 1 and 2 in
6 As, the excitation energies E (), the energy staggering pa-
rameters S(/), and the reduced transition probability ratios
B(M1)/B(E2) for bands 1 and 2 are shown in Figs. 4(a),
4(b), and 4(c), respectively. The doublet bands exhibit nearly
degenerate states and smooth variation of S(/) as a function of
spin, as shown in Figs. 4(a) and 4(b), respectively. In addition,
it can be seen from Fig. 4(c) that the B(M1)/B(E2) values of
bands 1 and 2 are close and show odd-even staggering with
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FIG. 4. The experimental excitation energies E(I), energy stag-
gering parameters S(/) = [E(I) — E(I — 1)]/21, and reduced transi-
tion probability ratios B(M1)/B(E?2) as functions of spin for bands 1
and 2 in " As in comparison with the TPRM calculations.

the same phase. These experimental properties are consistent
with the fingerprints of the chiral doublet bands [7,39-41].
Triaxial particle rotor model (TPRM) calculations [42—45]
were performed to further understand the chirality in "®As.
The deformation parameters (8,, y) = (0.37,27.0) for the
892 ® V892 configuration of "6As were calculated using
the relativistic mean-field calculations [46]. The deformation
parameter 8, = 0.37 was used as input to the present TPRM
calculations. To reproduce the experimental data for bands 1
and 2, a slightly larger triaxial deformation of y = 30° was
used in TPRM calculations. The calculated E (1), S(I), and
B(M1)/B(E2) values for bands 1 and 2 are shown in Fig. 4,
in comparison with the present experimental data. One can
see that the small energy differences between bands 1 and 2
are well reproduced, as well as the S(/) values and the trend
of the B(M1)/B(E?2) ratios. To exhibit the chiral geometry
in 7%As, the root-mean-square values of the angular momen-
tum components for the core, the valence proton, and the
valence neutron of the doublet bands are calculated following
Refs. [13,15,16,18]. The present calculated results are shown
in Fig. 5, in which k =i, [, and s represent the intermedi-
ate, short, and long axes, respectively. In Fig. 5, the angular
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FIG. 5. The root-mean-square components along the intermedi-
ate (i, circles), short (s, squares), and long (1, triangles) axes of the
core, valence neutron, and valence proton angular momenta calcu-
lated as functions of spin by means of the particle rotor model for the
doublet bands in " As. “R” represents the core, “7 go/,” represents the
unpaired proton in gy,> orbital, and “vgy,,” represents the unpaired
neutron in gg, orbital.

momenta of the core and the valence proton in 7% As are mainly
aligned along the intermediate and the short axes, respectively.
Meanwhile, the angular momentum of the valence neutron in
76 As shows a mixture between the intermediate and the long
axes. The above results show that the total angular momentum
is aplanar, which allows bands 1 and 2 to be interpreted as
chiral doublet bands.

Besides positive-parity doublet bands, the negative-parity
bands 3 and 4 also form a pair of doublet bands with linking
transitions, suggesting similar intrinsic configurations for both
bands. Band 3 is built on the 2~ ground state with the 7 f5,, ®
Vg9, configuration. It should be noted that the f5,, and
D32 orbitals are pseudospin partner orbitals, and pseudospin-
chiral triplet bands involving the 7 (ps/2, f5/2) pseudospin
doublet have been reported in ¥'Kr [19]. Considering the
strong mixing of these two pseudospin partner orbitals, the
(P32, f52) @ vgoyn configuration was tentatively assigned
to bands 3 and 4. For band 5, the wg9/» ® v(p3,2, f5/2) con-
figuration is a candidate according to the Nilsson diagram.

In the A & 80 mass region, the proton numbers are close
to 34, which may lead to the presence of octupole correla-
tions [47]. Octupole correlations were observed in 72,7478, 19g0
[48-51], ™78 As [18,37], and "®7®Br [14,16] via in-beam -
ray spectroscopy using a fusion-evaporation reaction in this
mass region [52]. In addition, octupole collectivity in ">Se
and "*7°Kr was studied via inelastic proton scattering in
inverse kinematics recently [53]. In the present work, the
observation of the linking E'1 transitions between positive-
parity band 1 and negative-parity band 4 may indicate the
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FIG. 6. The experimental B(E1)/B(E2) ratios between the
positive- and negative-parity bands as a function of spin in °As,
together with those in " As [18], "Br [14], and "°Br [16].

presence of octupole correlations in 7®As. To further study the
octupole correlations in 7%As, one value and an upper limit of
B(E1)/B(E?2) ratios in "®As were obtained and are shown in
Fig. 6, in comparison with those in odd-odd "*As [18], 7*Br
[16], and "®Br [14]. In Fig. 6, the B(E1)/B(E2) ratios in "%As
are comparable with those in 76.78Br and "* As, which indicates
the enhancement of B(E1)/B(E2) ratios in ®As supporting
the possible presence of octupole correlations.

V. SUMMARY

In summary, high-spin states of °As were observed for
the first time via the “He + *Ge reaction. A pair of nearly
degenerate positive-parity bands 1 and 2, a pair of nearly
degenerate negative-parity bands 3 and 4, and a negative-
parity band 5 were observed. Based on the observed band
structures, 7 go/2 & vgo2, (P32, f572) ® Vg2, and w gy @
v(p3)2, f5/2) configurations were assigned to bands 1 and 2,
bands 3 and 4, and band 5, respectively. The positive-parity
bands 1 and 2 are tentatively interpreted as candidate chi-
ral doublet bands. Calculations based on TPRM have been
performed to investigate bands 1 and 2, which support the
chiral interpretation of the doublet bands. The presence of E'1
transitions between the opposite-parity bands 1 and 4 indi-
cates possible octupole correlations in "6 As. The present work
implies that chiral doublet bands (bands 1 and 2), pseudospin
doublet bands (bands 3 and 4), and octupole correlations may
coexist in "®As, which needs to be verified by further experi-
ments with higher statistics and lifetime measurements.
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