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Investigation of the low- and medium-spin level structure in "’ As
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The low- and medium-spin level structure of ”’As nucleus has been investigated using the "Ge(a, p2n)
fusion evaporation reaction and the standard in-beam y ray spectroscopic technique. The deexciting y rays
were detected with the Indian National Gamma Array spectrometer comprising Clover and LEPS detectors.
The previously known 9/2* yrast positive-parity band, based on the 7 (gy,2) configuration, has been extended
to the excitation energy of E, ~ 7.5 MeV with J™ = (33/2%). An extension of the high-lying negative-parity
band, based on the 7 [(g9,2)] ® v[(g9,2)(f p)] configuration, has been made up to E, ~ 5.1 MeV, J™ = (25/27).
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The yrast positive-parity o« = —1/2 signature partner band has newly been identified and the occurrence of
large signature splitting associated with the partner bands have been observed. A quasi-y vibrational band
structure built on the nonyrast 13/2% state has also newly been established. The experimental findings have
been interpreted on the basis of the predicted results from the total Routhian surface, particle plus triaxial-rotor
model, and shell-model calculations. The band crossing phenomena correlated to the v(gg/») alignment and the

perseverance of triaxial shape up to the highest observed excitation regime of the 9/2% yrast positive-parity
band have been discussed. The evidence for the possible onset of the stapler-like mechanism prevailing in the

high-lying negative-parity band structure are presented.

DOI: 10.1103/PhysRevC.107.064320

I. INTRODUCTION

The odd-mass nuclei in the A =~ 70-80 mass regions ex-
hibit a variety of nuclear excitation phenomena such as the
occurrence of large signature splitting, signature inversion,
band crossing associated with quasiparticle alignment, shape
coexistence, shears, and stapler-like mechanisms associated
with the dipole bands [1,2], etc. In this context, the odd-
mass "’As nucleus, lying within the periphery of N = 50
shell closure, is expected to be an ideal candidature for
investigating these phenomena. In fact, one can expect a com-
petition between the single-particle and collective degrees of
freedom arising because of the availability of few valence
nucleons. It is also interesting to note that the 7 (go2) ex-
citation leads to the formation of the yrast 9/2% isomeric
state in 7’ As. Such an isomeric state and the yrast £2 band
structure built on the isomeric state are found to be system-
atically present in the isotopes and isotones of "’As [1,3].
Also, the previous investigations have shown large signature
splitting among the yrast g9/, positive-parity partner bands
of a few N = 44 isotones of "’As [1]. As the unfavored
(¢ = —1/2) signature partner bands are weakly populated,
they are difficult to observe experimentally and hence remain
unidentified in most of the cases. This is probably the cause
for the signature partner bands not being identified in 7’ As
by the previous investigators, along with the fact that the
previous studies [4] were carried out with the gamma arrays
consisting of a few detectors only. In addition, the band-
crossing phenomena, due to the v(gy/»)* alignment, which is
expected to occur in the yrast positive-parity band of 7’As
could not be studied in the previous investigation due to the
unavailability of data up to the expected regime of crossing
frequency [4].

It is worthwhile mentioning that the magnetic rotation
bands have previously been observed in several nuclei belong-
ing to A &~ 80 region [2,5]. The presence of the high- j intruder
go,2 orbitals are considered to be the cause for the onset of a
shears-like mechanism [6], which subsequently leads to the
formation of magnetic rotation bands. An alternate method
such as a “stapler-like” mechanism for generating the angu-
lar momentum in the high-lying negative-parity dipole band
structure is also proposed, and the same has been observed in
75 As [7]. In fact, the recent investigation of the level structure
of 7® As by our group has demonstrated the possibility for the
presence of such type of stapler-like mechanism prevailing in
the high-lying negative-parity dipole band structure of "8As
[2]. Hence, it would be interesting to identify such negative-
parity band structure in 7’ As and characterize the mechanism

for generating the angular momentum associated with the
underlying band structure.

With the aforesaid motivations, a detailed experimental
investigation has been carried out to study the different ex-
citation modes in "’ As. It is to be pointed out here that the
previous experimental studies on the low-lying level structure
of 77As were carried out by several groups using a variety
of probes. The investigations using the transfer reactions,
5Ge(*He, d) [8.,9], "®Se(d, *He) [10], and ®Se(pol d, *He)
[11] and the B~ decay of ""Ge [12-16] were carried out to
identify the low-lying levels of 7’ As. Definitive spin-parity
assignments for some of the low-lying levels of 7’ As could be
made possible from these investigations, and the level scheme
was extended up to E, &~ 4 MeV. The previous in-beam y ray
spectroscopic study for the excited levels of 7’ As was carried
out by Déring et al. [4] using the "°Ge(a, p2n) 7" As reaction
at the incident beam energies of 32, 36, and 40 MeV. A total of
six Ge detectors along with two AE-E telescopes were used
for the measurement. The extension of the level scheme up
to E, = 4.4 MeV could be made following the spectroscopic
data obtained from the measurement. This is found to be
the only in-beam y-ray spectroscopic measurement for ’’ As
available in the literature prior to the present investigation.
The present investigation on ' As has been carried out using
the fusion evaporation reaction 5Ge(a, p2n) at the incident
beam energy of 40 MeV. A modest array of gamma detectors
with good resolving power and high detection efficiency has
been used. The experimental details and the results along with
the necessary interpretations are provided in the follow-up
sections.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The 40 MeV « beam used for the present experiment was
delivered by the K-130 Cyclotron machine at the Variable
Energy Cyclotron Centre (VECC), Kolkata. The target com-
prising of 94% enriched "°Ge isotope was prepared at the
target laboratory of VECC through the centrifuge process.
The enriched "°Ge oxide powder was deposited on the Mylar
backing. The thickness of the target thus prepared was found
to be about 2 mg/cm?. For the enhancement in the produc-
tion yields of the residual nuclei, the experiment was carried
out using two such targets stacked together. The deexciting
y rays from the excited states of the residual nuclei were
detected using the Indian National Gamma Array (INGA).
The array was comprised of six Compton-suppressed clover
detectors and one low energy photon spectrometer (LEPS).
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The clover detectors were arranged in the form of two groups:
four detectors were placed at 90° and two were at 125°, with
respect to the beam direction. The single LEPS used during
the experiment was placed at 40°. The data were recorded
using a 250 MHz 12-bit PIXIE-16 digital data-acquisition
system [17]. A total of about 2.8x 10® yy coincidence events
were recorded during the experiment. The Linux-based code
TUCPIX, developed at the UGC-DAE CSR, Kolkata Centre [17]
was used for carrying out the off-line data sorting process. The
required energy and efficiency calibrations of the detectors
were performed using the y-ray transitions from the '>’Eu
and '**Ba radioactive sources. The conventional yy sym-
metric and asymmetric matrices were constructed from the
acquired data in order to perform a detailed off-line analysis.
The RADWARE [18] and TV [19] software packages were used
extensively for the subsequent spectral analysis.

The spin assignments of the excited levels of 7 As were
performed from the analysis of directional correlations of y
rays deexciting from the oriented states (DCO) ratio method
[20,21]. The measurement of the DCO ratio Rpco is based on
the ratio of intensities of a y ray obtained from the angle-
dependent yy coincidence spectra. The DCO ratios of the
concerned y transitions have been extracted in the present
work using the following definition:

L, at 125° gated with y; at 90°
I, at 90° gated with y, at 125°°

ey

Rpco =

To extract Rpco values following Eq. (1), the yy coin-
cidence data have been sorted into an asymmetric matrix
with one of its axis corresponding to the events recorded by
90° detectors and the other axis corresponding to the events
recorded by 125° detectors. The stretched and pure E2 and E'1
transitions are preferable as gating transitions for extracting
the Rpco values of the transitions with unknown multipolar-
ities. In this context, an effort has been made to extract the
Rpco values by setting gates on the several known E2 and E'1
transitions. However, the transitions with the known AJ =1,
M1 + E2 multipolarities have also been used as the gates in
extracting the Rpco values of some specific transitions where
the use of gates with the pure £2 and E'1 transitions could not
be made possible. The Rpco values of the transitions extracted
from different gating transitions are presented in Table I and
pictorially represented in Fig. 1. The Rpco values obtained by
setting the gates on AJ = 1 transitions is shown in Fig. 1(a);
whereas Fig. 1(b) represents the values extracted from the
stretched E2 gates. The AJ = 1 and AJ = 2 lines have been
drawn to guide the eye. The AJ =1 and AJ = 2 lines of
Figs. 1(a) and 1(b) have been drawn through the weighted
mean of the Rpco values of several well-known E1 and E2
transitions of '""’®Se determined by using the known stretched
and pure E2 and E'1 gating transitions. The weighted mean
values thus obtained are found to be 0.65 4= 0.03 (for AJ =1
transitions with E2 gates) and 1.46 4 0.03 (for AJ = 2 tran-
sitions with E'1 gates). The weighted Rpco values correspond
to a value of o /J = 0.35 as obtained by using the ANGCOR
code [22]. It is further to be noted that for pure nonstretched
AJ = 0 transitions, the expected Rpco values will be close to
unity when a AJ = 2 transition is used as the gate.
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FIG. 1. The experimental Rpco values extracted for the transi-
tions belonging to 7’ As.

The parity of the excited levels in 7’ As have been assigned
from the linear polarization asymmetry measurements [23]
of the y rays decaying from the concerned levels. The data
from the four clover detectors located at 90° were used for
this purpose. The electric and magnetic nature of the observed
transitions have been assigned using the extracted value of
polarization asymmetry (A,sym) defined as

A _ [a(E, )N, ] — N 2
S [a(E, N1+ Ny

where N; and Nj are the respective counts of the scattered
photons in the perpendicular and parallel planes with respect
to the reaction plane. The term a(E,, ) is defined as a(E, ) = N
(unpolarized)/N, (unpolarized), and it represents the geomet-
rical asymmetry correction factor. In the present experiment,
the value of a(E, ) has been determined from the best fit to the
data obtained from the unpolarized '3?Eu radioactive source
following the equation a(E, ) = ag + a,E,, . The values of the
coefficients thus obtained are, @y = 1.002(10) and a; =~ 107°.
As the extracted value of a; is negligibly small, the same has
not been considered in the subsequent polarization asymmetry
calculations. The required perpendicular (N,) and parallel
(N)) scattered components of the concerned in-beam y rays
were obtained from the two asymmetric matrices. The matri-
ces were constructed considering the parallel or perpendicular
scattered events recorded by the 90° clover detectors along
one axis, and the events recorded by all the other detectors
along the other axis. As an electric transition would pref-
erentially scatter in the perpendicular direction, a positive
Ageym value is expected in general for such electric transitions.
The negative value of the Ay, parameter corresponds to
the magnetic character of the scattered y ray. A near-zero
value of the Aygym indicates mixed multipole character of the
concerned transition. However, for a pure AJ = 0 transition,
the electric (magnetic) nature of a y ray corresponds to a
negative (positive) value of the Az, parameter. The extracted
Ajgsym values for the transitions of 77 As are depicted in Fig. 2.
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TABLE L. Initial level energies E’ in keV, gamma transition energies E, in keV, relative intensities (RI), initial (J7), and final ([ 7 spins,
DCO ratios (Rpco), polarization asymmetries (A,qym), and assigned multipolarities for the observed transitions belonging to 7 As. The newly
observed levels and y transitions are highlighted with bold faces. The level energies have been obtained by making least square fit to the
corresponding y transition energies using the code GTOL [48].

E! (keV) E, (keV) RI =7 Rpco Ay Multipolarity
215.64(10) 215.7(1) 14.1(20) 3/2° — 3/2° 0.92(5)* 0.19(11) M1 +E2
264.51(10) 264.5(1) 5/2 — 3/2- 0.53(3) —0.05(6) M1 +E2
475.71(14) 211.2(1) 9/2+ — 5/2- 0.95(2)¢ 0.01(3) M2 +E3
631.99(13) 367.5(2) 3.1(2) 5/2+ — 5/2- 1.46(8)° —0.03(6) El
416.5(2) 4.8(3) - 3/2- 1.05(10)¢ 0.07(6) El
631.8(4) 1.6(3) - 3/2- 1.03(10) (E1)
784.9(4) 520.4(4) 1.5(1) 7/2- — 5/2- 1.01(10)° (M1 + E2)
889.18(23) 624.5(4) 1.7(1) 5/2—5/2" 1.62(11)¢ D(+0)
673.7(4) 1.2(1) - 3/2- D+ Q]
1048.70(17) 573.01) 100(4) 13/2% — 9/2+ 0.99(3)° 0.17(6) E2
1058.92(14) 794.4(1) 12(1) 9/2- — 5/2° 2.09(8)° 0.05(4) E2
1190.25(23) 558.3(2) 8(1) 7/2- — 5/2* 0.89(6)* 0.09(6) E1+M2
1221.47(17) 745.7(1) 36.4(30) 112+ — 9/2+ 0.88(6)! —0.02(3) M1+ 4% E2
1345.4(5) 1080.9(4) 1.4(1) (1/2) — 5/2- 0.91(10)¢ D(+0Q)
1399.0(3) 208.8(4) 1.3(1) (9/2%) — 7/2- 0.87(10)° (E1)
766.8(4) 1.0(1) — 5/2¢ 1.65(18)° (E2)
1457.8(4) 1193.3(4) 1.6(2) (5/2,7/2) — 5/2- 1.33(15)¢ D(+0)
1526.1(5) 1261.6(5) 0.6(1) —5/2-
1737.03(18) 515.5(1) 20.3(20) 13/2+ — 11/2+ 0.93(6) —0.06(4) M1+1%E2
687.9(5)° 0.8(1) — 13/2* M1+ E2]
1261.6(5)° Weak — 9/2+ [E2]
1888.71(18) 840.0(1) 27.9(34) 15/2+ — 13/2+ 0.48(3)" —0.009(28) M1+ 14% E2
667.0(4) 1.4(2) — 11/2+ 1.49(13)¢ (E2)
1901.2(6)° 1012.0(5)° 0.5(1) —5/2
2000.58(19) 951.9(1) 32.7(20) 17/2+ — 13/2+ 0.96(5)" 0.10(4) E2
2123.72(25) 1064.8(2) 4.4(4) 13/2- — 9/2- 2.23(15)¢ 0.08(6) E2
2289.1(5) 400.4(5) 0.8(1) (17/2) — 15/2+ 0.69(9)" D(+0)
2513.12(20) 624.42) 6.2(5) 172+ — 15/2+ 0.50(4)" —0.012(55) M1+ 14% E2
776.1(4) 2.3(4) — 13/2* 1.65(12)" (E2)
1464.4(4) 1.402) — 13/2+ 1.02(15) (E2)
2584.72(23) 1363.4(2) 5.1(5) 13/2- — 11/2+ 1.21(10) 0.09(7) El
2745.67(21) 161.12) 4.1(4) 15/2- — 13/2- 0.96(5) (M1 +E2)
1008.5(2) 5.4(4) — 13/2* 0.97(5)" 0.07(6) El
1697.0(4) 2.9(3) — 13/2+ 0.59(10)" 0.11(11) El
2881.89(24) 881.3(2) 6.0(4) 19/2+ — 17/2+ 0.48(4)t 0.017(73) M1 +20% E2
993.0(4) 2.5(4) — 15/2+ 1.07(9) 0.09(9)" E2
3003.6(3) 258.0(2) 8.8(5) 17/2- — 15/2- 0.62(6)" —0.04(7) M1 +E2
1114.7(5) 0.9(2) — 15/2+ 1.03(15)k" (E1)
3150.93) 1150.4(1) 11.2(10) 21/2+ — 17/2+ 1.03(5)° 0.07(5) E2
3290.2(4) 1166.5(4) 1.302) 17/2) — 13/2- 1.52(15)¢ (E2)
3364.9(4) 361.3(2) 7.8(5) 19/2- — 17/2- 1.04(4)i —0.08(6) M1+ E2
3568.2(4) 1055.0(4) 1.12) (21/2%) — 17/2* [E2]
1567.6(5) 0.7(2) - 17/2+ (E2]
3732.4(6) 1443.3(4) 12(2) (19/2) — (17/2) 0.76(9)t D+ Q)
3857.1(4) 492.2(2) 5.0(3) 21/2- — 19/2- 1.04(6) —0.06(4) M1+ E2
4051.8(4) 901.1(4) 1.6(2) (23/2+) — 21/2* 0.45(10) (M1 +E2)
1169.6(5) 0.9(2) — 19/2+ (E2]
4455.5(4) 1304.6(2) 3.9(4) 25/2+ — 21/2+ 1.14(12) 0.07(11) E2
4476.6(5) 619.5(4) 1.7(2) 23/20) — 21/2- 0.95(10Y —0.099)" M1 +E2
4753.2(7)° 1185.0(5)° Weak (25/2%) — (21/2%) (E2]
5152.4(7) 675.8(5) 0.8(1) (25/27) — 23/20) 0.97(13)mn (M1 + E2)
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TABLE 1. (Continued.)

E! (keV) E, (keV) RI Jr = JE Rpco Agsym Multipolarity
5903.5(7) 1448.0(5) 0.7(2) (29/2%) — 25/2* [E2]
7499.0(9)° 1595.4(5)° Weak (33/2%) — (29/2%) [E2]

“Deduced using the 416 keV, E'1 gate.
"Deduced using the 794 keV, E2 gate.
‘Deduced using the 264 keV, M1 4 E2 gate.
9Deduced using the 558 keV, E1 + M2 gate.
°Deduced using the 952 keV, E2 gate.
"Deduced using the 515 keV, M1 + E2 gate.
¢Deduced using the 746 keV, M1 + E2 gate.
"Deduced using the 573 keV, E2 gate.
iDeduced using the 1008 keV, E1 gate.
iDeduced using the 258 keV, M1 + E2 gate.
¥Deduced using the 361 keV, M1 + E2 gate.
'Deduced using the 1150 keV, E2 gate.
"Deduced using the 492 keV, M1 + E2 gate.

"The DCO-ratio and polarization value could not be extracted unambiguously due to the presence of close-lying doublet transition.

°Tentatively placed in the level scheme.

III. EXPERIMENTAL RESULTS

The proposed level scheme of 77As as obtained from the
present yy coincidence analysis is shown in Fig. 3. A total
of nineteen new transitions and twelve new levels have been
added to the existing level scheme. This leads to the extension
of the level scheme up to E, &~ 7.5 MeV and J = 33/2 1. The
newly observed transitions have been marked with * in the
level scheme presented in Fig. 3. As can be seen from the
figure, the sequence of levels have been categorized under
five different groups for the sake of convenience in bringing
out the fruitful discussion. The spectroscopic results obtained
from the present experiment are summarized in Table I. The
quoted uncertainties associated with the Rpco, and Aggym
values are statistical only. The uncertainties for the relative
intensities of the y rays are quoted by adding in quadrature a
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FIG. 2. The experimental asymmetry (A ) values for the tran-
sitions of 7’As obtained from the polarization measurement. The
dotted line through the zero value of asymmetry has been drawn to
guide the eye.

5% uncertainty due to efficiency correction to the associated
statistical uncertainties. The uncertainties are considered to be
0.1, 0.2, 0.4, and 0.5 keV for the energies of the y transitions
having relative intensities R/ > 10, >3, >1, and <1, respec-
tively. The necessary discussion related to the positive- and
negative-parity level sequences has been provided one by one
in the following subsections.

A. Positive-parity levels

The yrast positive-parity band, built upon the isomeric
9/2% state (T, /2 = 116 us), was previously known up to E, =
4455 keV and J™ = 25/2%. In the present work, the band
has been extended up to E, = 7499 keV and J* = (33/2)"
by placing two new transitions having energies 1448 and
1595 keV that feed the 25/2%, 4455 keV, and (29/2)*, 5903
keV levels, respectively (see Fig. 3).

A representative yy coincidence spectra corresponding to
the gates of 573-, and 1305-keV transitions, belonging to
band-1a, are shown in Figs. 4(a) and 4(b), respectively. The
inset Fig. 4(c) provides the spectrum gated by the interband
(Ib — 1a) 881-keV transition of 7’As. The placements of
the new y transitions, 1448- and 1595-keV of band-1la are
justified from the coincidence spectra of Figs. 4(a) and 4(b).
It is worthwhile mentioning that the previously reported E2
multipolarities of the known transitions of band-1a up to the
25/27%, 4455 keV [4] state got confirmed from the present
investigation following the extracted values of angular asym-
metry (Rpco) in conjunction to the polarization asymmetry
(Ageym)- As the 1448- and 1595-keV transitions of band-
la are very weak in intensities, no DCO and polarization
measurements could be made possible for those transitions.
However, based on the observed regularity, £2 multipolarities
have been assigned tentatively for the 1448- and 1595-keV
transitions. The previously reported 1221- and 1889-keV lev-
els along with the newly observed 2882- and 4052-keV levels
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FIG. 3. Proposed level scheme of "’ As as deduced from the present investigation. The newly observed y rays have been marked with .
The level and y-ray energies are given in keV. The widths of the arrows are proportional to the relative intensities of the transitions. The dotted
arrow-lines represent tentatively placed y rays. The tentative levels are marked with the dotted horizontal lines.

are proposed to form the unfavored signature (o = —1/2)
band (band-1b of Fig. 3). It should be mentioned here that
Doring et al. [4] considered 1221- and 1889-keV states to be
the possible candidature for the signature partner band of the
yrast positive-parity band built on the 9/2% state. The place-
ments of the newly observed 993- and 1170-keV intraband y
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FIG. 4. Representative yy coincidence spectra with the energy
gates set on (a) 573-keV, (b) 1305-keV, and (c) 881-keV transitions
of 77 As. The peaks assigned to "’ As are marked by their energies in
keV. The identified contaminant peaks have been marked as # and &
and belong to "8Se and 7’Se, respectively.

transitions of band-1b can be justified from the coincidence
spectra of Figs. 4(c) and 5(a). Band-1b is found to decay
to band-1a via the 746-, 840-, 881-, and 901-keV interband
transitions. Figure 4(a) demonstrates the conformity of the
placements of the said transitions. In the previous investiga-
tion of Ref. [4], a level at 1930 keV was placed based on the

‘(a) Gates: i
|, | 573+840 keV 8
6l - o
_ ¢ g & 4
) 2
24 ¥ 0
g &8 S 750 850 950 1050
o N &
O &%= o
2 ] — = (sl
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FIG. 5. Partial yy coincidence spectra obtained by gating on
(a) 573 4 840-keV and (b) 515-keV transitions of 7’ As. Peaks la-
beled with their energy values (in keV) have been assigned to "’ As.
The contaminant peaks arising from 7’Se, 7Ge, and 7°Se are indi-
cated with &, #, and $, respectively.

064320-6



INVESTIGATION OF THE LOW- AND MEDIUM-SPIN ...

PHYSICAL REVIEW C 107, 064320 (2023)

709- and 881-keV transitions feeding the 1221- and 1049-keV
levels, respectively. Based on the present coincidence analy-
sis, the 881-keV transition has been placed from 2882-keV
level. The present analysis does not provide any evidence for
the presence of the 709-keV transition and hence, not being
placed in the level scheme (see Fig. 3). Hence, the 1930
keV level has been removed from the present level scheme.
The extracted DCO and polarization asymmetry values for
the 881- and 993-keV transitions lead to a firm assignment
of 19/2% for the 2882-keV level. A tentative assignment of
(23/27) has been made for the 4052-keV level as the DCO
ratio of the 901-keV transition decaying from the level could
not be measured unambiguously.

The sequence comprising of the previously reported levels
at 1737- and 2513- keV along with the newly observed levels
at 3568- and 4753-keV are proposed to form band-2 (see
Fig. 3). It is found that the levels of band-2 preferentially
decay to band-1b; whereas the comparatively weaker decay
branches from band-2 feed the levels belonging to band-1a.
The 1737- and 2513-keV levels are found to decay to the
1221- and 1889-keV levels of band-1b via the intense 515-
and 624-keV y transitions, respectively. The measured A agym
and Rpco values for the 515- and 624-keV transitions pro-
vide an unambiguous spin-parity assignments of 13/2% and
17/2% for the 1737- and 2513-keV levels, respectively. The
coincidence spectrum of 1055-keV transition provides the
indication for the presence of 1185-keV transition decaying
from the 4753-keV level. However, the 1185-keV transition
has been tentatively placed in the decay scheme due to the
lack of sufficient coincidence statistics. The placements of
the newly observed intraband y rays belonging to band-2 as
well as the other y rays that decay from band-2 and feed
the yrast level sequences of bands-la and 1b are found to
be got confirmed from the coincidence spectra of Fig. 5(b),
Fig. 5(a), and Fig. 4(a), respectively. It is interesting to note
that a similar kind of sequence of levels was also observed
previously in the isotone "Br [1].

It can be seen from Fig. 1 that the extracted DCO values
of the interband linking 515-, 624-, 746-, 840-, and 881-
keV transitions with M1 + E2 multipolarities are found to be
somewhat less than the expected value corresponding to the
depicted AJ = 1 line. Following this observation, an attempt
has been made to determine the associated mixing ratio values
(subsequently the percentage estimation of £2 component)
for the concerned transitions with the help of the ANGCOR
code [22] and using the analysis procedure as described in
Ref. [24]. The extracted mixing ratio values indicate that the
transitions are predominantly M1 in nature (see Table I).

B. Negative-parity levels

The negative-parity band (band-5) built on the 13/2(7),
2585 keV level was previously reported in Ref. [4] up to
the excitation of E,, = 3857 keV with the placements of
the 161-, 258-, 361-, 492-keV y rays decaying from 2746-,
3004-, 3365-, and 3857-keV levels, respectively. In the present
investigation, all those previously reported y rays have been
observed. Furthermore, the present investigation has made it
possible to extend the band up to an excitation of 5152-keV
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0.8l
04
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FIG. 6. Representative yy coincidence spectra with the energy
gates set on (a) 361- and 492- (b) 264-keV transitions of 7’ As. Only
the peaks assigned to /' As are marked by their energies (in keV). The
contaminant peaks identified with # and & belong to "*Ge and "’ Se,
respectively.

by placing two new transitions of 619-, and 676-keV that feed
the 21/27, 3857-keV and 23/2(’), 4477-keV levels, respec-
tively. The 1115-keV decay branch from the 3004-keV level
of band-5 has newly been placed in the decay scheme. It is to
be noted here that no y rays from band-5 have been found
to decay to the negative-parity level sequences of band-3.
This feature seems to differ somewhat in comparison to the
decay sequences observed in the neighboring isotopes [7]
and isotones [1]. All the intraband transitions of band-5, and
the interconnecting transitions to the positive-parity levels of
bands-1a, 1b, and 2 can be seen in the coincidence spectrum
shown in Fig. 6(a). The parity of the bandhead of band-5
was assigned tentatively in the previous work of Ref. [4].
In the present work, a firm spin-parity assignment of 13/2~
has been made for the bandhead on the basis of the positive
value of polarization asymmetry measured for the 1363-keV
transition. Also, the magnetic nature for the cascading 258-,
361-, 492-keV transitions have been ascertained based on
the extracted polarization asymmetry values. However, due
to weak intensities, unambiguous polarization measurements
could not be made possible for the other cascading transitions
decaying from the levels lying above 3857-keV excitation. No
crossover E2 transitions have been identified in the observed
dipole band, band-5.

The previously reported [4] negative-parity ground state
band (band-3) has been extended up to 3290-keV excitation
energy by newly adding the 1166-keV transition. The ex-
tracted DCO- and polarization asymmetry values (see Table I)
for the 1065-keV y ray suggest for a stretched E2 character.
The extracted DCO value is found to be consistent with that
for the 794-keV transition having the known E?2 character.

Attempt has also been made to undertake the multipolarity
measurements of a few of the transitions belonging to the
highly irregular level sequences (see the group of levels under
Seq-4 of Fig. 3). The spin-parity assignments for majority
of the levels were tentative in the previous work [4]. The
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spin-parity assignment for the 1399-keV level has been made
as (9/2%) in the present investigation. A (7/27) assignment
was previously made for the 1399-keV level. The tentatively
reported 5/2F) assignment [4] for the 632 keV level also gets
confirmed from the present polarization measurements of the
two intense 367- and 416-keV depopulating transitions. The
1012-keV transition has been placed tentatively based on the
coincidence relation with the 264 keV gate. The cascading
transitions those belong to Seq-4 and are in coincidence with
the ground state feeding 264-keV transition can clearly be
seen in the coincidence spectrum of Fig. 6(b).

IV. DISCUSSION

The observed excited levels of 7’ As have been classified
under six different groups (see Fig. 3) for the sake of conve-
nience in bringing out the necessary discussion. For proper
interpretation of the nuclear level structure issues associated
with the different bands of 7’As, the necessary theoretical
calculations have been carried out within the framework of
total Routhian surface (TRS), shell model (SM), particle plus
triaxial rotor model (TPRM), and semiclassical treatment.
The underlying features unveiled for the different bands are
discussed in the following subsections.

A. Yrast positive-parity states (bands-1a and 1b)

The yrast positive-parity band built on the isomeric 9/27,
476-keV level was known up to the excitation of E,, = 4455
keV with J™ = 25/2% from the previous work of Doring
et al. [4]. The yrast positive-parity states were attributed to the
proton excitations involving the m(gg/») orbital [4]. However,
the level structure was not extended to the crossing frequency
regime.

Following the extended level scheme as deduced from the
present work, the kinematic moment of inertia (J"'), dynamic
moment of inertia (), and aligned angular momentum (i, )
have been determined for band-1a at different rotational fre-
quencies (fw), and the variations have been shown in Fig. 7.
The values of the Harris parameters used for calculating the
reference rotor angular momentum are the same as that uti-
lized in the case of TPRM calculations. Figure 7(a) shows
that the rising pattern curve in J (kinematic moment of
inertia) for 7’As has a slight difference than that for the
nearest isotone, "’Br in the rotation frequency regime above
hw =~ 0.6 MeV. However, both the curves approach each other
at about siw ~ 0.8 MeV. Such kind of features can also be
clearly seen in the alignment plots of Fig. 7(c). Figure 7(b)
demonstrates the variation profile of the dynamic moment of
inertia, J® for "’As and "’Br. The figure clearly indicates a
large enhancement for "Br at fiw &~ 0.60 MeV, whereas such
a large enhancement is not seen for 7’ As at the corresponding
band crossing regime of /iw =~ 0.65 MeV. As pointed out in
Ref. [3], such a large enhancement in the J® value was also
found (not shown in Fig. 7) for the neighboring > As isotope
at iw ~ 0.50 MeV corresponding to the first band crossing
regime. The large enhancement in J® value for "*As and
"Br have been interpreted as due to the presence of relatively
weaker interaction strength associated with the pair of v(go,»)
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FIG. 7. The variation of (a) kinematic moment of inertia J@,
(b) dynamic moment of inertia J®, and (c) neutron alignments as
a function of rotational frequency, Ziw for the yrast positive-parity
states of 7’ As and "°Br. The data for 7Br are taken from [1].

alignment for generating the band-crossing phenomena [1,3].
The relatively smaller gain in J® value for "’ As is possibly
due to the involvement of moderate interaction strength for
the v(gg /2) alignment that leads to the crossing of bands above

the 4455-keV, 25/2% state. After the occurrence of first band
crossing at fiw ~ 0.65 MeV, the single quasiparticle 7 (go/2)
band structure is considered to change to a three quasiparti-
cle w(gos2) v(go /2)2 band structure similar to what has been
reported for 73 As in Ref. [3].

The nature of the quasiparticle alignment and the possible
shape change phenomena due to the effect of first band cross-
ing has been further investigated by the total Routhian surface
(TRS) calculation. The calculations are based on the Hartree-
Fock-Bogolyubov formalism as described in Refs. [25,26].
The calculations have been performed at the rotational fre-
quencies of hw = 0.30 and 0.65 MeV that simulates the
situation prior to and at the vicinity of the first band crossing
regime, respectively. The calculation predicts a triaxial shape
with 8, &~ 0.29 and y & 31° at hw = 0.30 MeV. At the vicin-
ity of band-crossing regime of /iw = 0.65 MeV, the calculated
result suggest for a shape featured with the deformation pa-
rameter values of 8, &~ 0.25, and y &~ —38°. Thus, the triaxial
shape seems to persist in the positive-parity yrast band struc-
ture of 7’ As spanning the regime of lower-frequency to that of
the first-band crossing. However, the change in the sign of y
parameter indicates the onset of nonrigid triaxial feature for
the associated band structure.

B. Particle plus triaxial rotor model calculations

The particle plus triaxial-rotor model (TPRM) is a pow-
erful tool to study the microscopic structure of a rotational
band. Under this framework, the effect of ¥ deformation on
the signature splitting of a rotational band can be addressed
in a proper way [27,28]. To understand the underlying mecha-
nism for the development of the bands-1(a,b) of 71As, TPRM

064320-8



INVESTIGATION OF THE LOW- AND MEDIUM-SPIN ...

PHYSICAL REVIEW C 107, 064320 (2023)

calculations have also been carried out in the present work. As
per the prescription of TPRM, the particle-rotor Hamiltonian
of an odd-A nucleus is expressed as

H = Heore + Hsp + Hpaira

where H.q represents the collective rotation of the even-even
core and can be written as

3
Heore = ZAk(]k - jk)2«
k=1

The parameters A, represent the inertial parameters. The mo-
ments of inertia are assumed to be of hydrodynamical type and
depend on the deformation. In the present set of calculations,
the variable moment of inertia (VMI) formalism [29] has
been used for estimating the level energies of the core nu-
cleus °Ge. The Harris parameters [30], Iy = 9.09r2 MeV~!
and I; = 5.26R* MeV 3, have been used to derive the VMI
parameters, AOO and STIFF. The single-particle Hamiltonian
Hg, is governed by the deformation parameters € and y. The
necessary quasiparticle energies for the concerned particle-
plus-rotor system have been calculated following the modified
oscillator (Nilsson) potential with the standard set of « and
u parameters [31]. The pairing interaction has been incorpo-
rated by the term Hp,; and estimated via the standard BCS
procedure. Detailed formalism of the model can be found in
Refs. [32,33]. In the calculation, the core nucleus (°Ge) has
been considered to be axially asymmetric. The rigid triaxial
nature of "°Ge has firmly been established in the recent works
of Ayangeakaa et al. [34,35]. The present formalism deals
with the motion of the unpaired odd-proton that moves in
the Nilsson’s deformed orbital and couples to the rotational
motion of the core through Coriolis interaction.

Figure 8 shows a comparison of the calculated level en-
ergies with the experimental level energies of band-1. The
calculations have been carried out with the values of the
deformation parameters, €, = 0.25 and y = 25° and a good
agreement between the experimental and theoretical level en-
ergies is obtained. The experimental level energies are found
to be reproduced well after allowing the admixture of wds»
and 7 g9 states for describing the motion of the odd-particle.
This is similar to what has been reported previously for the
lighter odd-mass "7 As isotopes [36]. The occupancy of the
odd-particle in both the 1/2[440] and 3/2[431] orbitals seem
to significantly contribute in generating the underlying wave
functions of the states.

In Fig. 9, the experimentally observed staggering pattern
for the bands-1(a,b) has been compared with the correspond-
ing calculated results following TPRM calculations. Here,
the staggering parameter S(/) has been extracted using the
relation, S(I) = [E(I) — E(I — 1)]/21, where E(I) is the en-
ergy of the state with spin /. Based on the consideration of
hydrodynamical moment of inertia in the present TPRM cal-
culation, the intermediate axis should be the preferred axis for
the collective rotation of the triaxial core [37]. Under this sce-
nario, the signature quantum number becomes approximately
a good quantum number only when the single particle angu-
lar momentum of the valence odd particle aligns along the
intermediate axis. Figure 9 brings out the fact that the experi-
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FIG. 8. Comparison of the experimentally observed energies of
the levels belonging to bands-1(a,b) with the corresponding level
energies predicted from TPRM calculation.

mental pattern of staggering is well reproduced for the lower
spin states. The good agreement between the observed and
calculated S(7) values at the regime of lower spins suggests
for the alignment of the angular momentum associated with
the m(go,2) orbital along the intermediate axis. To explore
the aforesaid issue quantitatively, the angular-momentum ex-
pectation value (R- Jx)/ | R| [38] has been calculated using
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FIG. 9. Comparison between the experimentally observed and

theoretically predicted staggering patterns associated with the sig-
nature partner bands, 1(a,b) of 77 As.
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FIG. 10. The variation in the expectation value, (R - j;) /|R|as
a function of angular momentum, 7 for the 7 g9/2 band in 7’ As.

the TPRM wave function. The quantity related to the expec-
tation value represents the alignment (i.e., projection) of the
unpaired quasiproton angular momentum (j, ) in the direction
of the collective rotation vector R. As shown in Fig. 10, the
calculated expectation value is found to be negative at the
lowest spin, thereby indicating an anti-alignment of R and
Jj» near the bandhead. However, the odd-quasiproton starts
aligning with the collective rotation with increasing spin, and
as a consequence a sudden jump in the expectation value has
been observed (see Fig. 10). The alignment process is found
to be quite similar for both the sequences, 1a and 1b. These
subsequently lead to the approximate validation of the 1b band
as the signature partner of the la band, built on the 7 (go/2)
configuration, of "’As. The similar pattern of variation of
aligned angular momenta i, for the bands-1(a,b) [see Fig. 7(c)]
also indicates their signature partner behavior [39]. Figure 9
shows the deviations between the experimental and theoretical
values of S(/) for the higher-spin states of bands-1(a,b). This
is possibly due to the gamma-soft nature of '’ As as predicted
from the TRS calculations. The experimentally observed stag-
gering pattern has also been compared in Fig. 9 to that of
the predicted pattern from the shell-model calculations as

prescribed in the following section. A reasonable reproduction
of the overall experimental profile of staggering can be seen
from the figure.

C. Shell-model calculations

To understand the dominant configurations of the experi-
mentally observed levels in 7’ As, the large-scale shell-model
(SM) calculations have been performed using two differ-
ent sets of effective interactions, JUN45 and jj44b [40].
The calculations were carried out using the code NUSHELLX
[41]. The jj44 model space comprising the 7, v(2p3,2, 1f5)2,
2pis2, 1g9s2) valance orbitals outside the SNj core have
been used for the calculations. The comparison between
the experimentally observed and theoretically predicted level
energies is made in Fig. 11. The figure includes only
those observed levels for which the definitive or tentative
spin-parity assignments could be made in the present inves-
tigation.

As can be seen from Fig. 11(a), both the JUN45 and
jj44b interactions predict correctly the 3/2~ ground-state spin.
Also, except for a few cases, the orderings of the experi-
mentally observed negative-parity levels (belonging to Seq-4,
bands-3 and 5) with E,, > 700 keV are reproduced well in
both sets of calculations. The mean level deviation (MLD)
values between the experimentally observed and theoretically
predicted negative-parity levels are found to be 108 and 258
keV for JUN45 and jj44b, respectively. This brings out the fact
that JUN45, on the average, provide better predictions for the
negative-parity levels in comparison to that following jj44b
calculations.

The comparison between the experimental and calculated
results for the positive-parity energy levels are also shown in
Fig. 11(b). The figure indicates that both the JUN45 and jj44b
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FIG. 11. Comparison of the experimentally observed levels of 7’ As with those of the predicted levels from the shell-model calculations

using JUN45 and jj44b interactions.
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interactions predict 9/27% as the spin-parity for the lowermost
positive-parity level. However, the calculated level energy is
found to be higher than the corresponding experimental level
energy by more than 500 keV in both the calculations. Both
the interactions predict that the energy of the first excited
13/2] state is higher than that of the first-excited 11/2]
state. But the reverse ordering has been observed from the
experimental findings. Except these, the orderings of all the
other experimentally observed levels belonging to the band
structure of la, 1b, and 2 are found to be correctly repro-
duced in both the calculations. The mean level deviation
(MLD) values between the experimentally observed and theo-
retically predicted positive-parity levels are found to be 625
and 771 keV for JUN45 and jj44b, respectively. Hence, as
in the case of negative-parity levels, overall better predic-
tions can be seen for JUN45 in comparison to those for
jj44b. It is important to note that the predicted results of the
higher-lying energy levels following JUN45 calculation also
corroborates the J* = (29/2%1), (33/2") assignments for the
experimentally observed 5903- and 7499- keV levels, respec-
tively. The extracted MLD values point towards the fact that
the negative-parity levels are on an average better reproduced
in comparison to that of the positive-parity levels by both the
interactions.

As the overall predicted level energies from JUN45 calcu-
lations seem to provide comparatively better agreement with
the experimental results in comparison to that from jj44b
calculations, a brief discussion on the results obtained from
the JUN4S5 calculations has been put forward. The calculations
suggest w(p32)° as the dominating partition for the underly-
ing wave functions of the observed 3/27 ground-state level.
The observed 9/27", 476 keV bandhead of the yrast positive-
parity band is found to originate mainly from the 7 (go/2)!
configuration. The calculated occupation probabilities also
point to the fact that the shape driving 1g9/, proton orbital
has no role in generating the negative-parity states belonging
to band-3. This leads to the onset of less deformation in the
observed band structure. This is reflected in the larger sepa-
ration in energies between the bandhead and the first-excited
state.

D. Nonyrast positive-parity band (band-2)

The observed decay patterns of the levels of band-2 of 77 As
are found to be quite similar with those of the band members
belonging to the y band of 7°Ge (see band-3 of Ref. [42]). It
is to be pointed out here that the population strength for the
bandhead of band-2 is found to be about two times weaker
than that of the bandhead of the yrast « = —1/2 positive-
parity band. This seems to be the reason for the nonobservance
of the corresponding partner band members (members with
J® =15/2%,19/2*, and 23/2") in the present investigation.
The experimentally observed level energies of band-2 are
compared with the calculated level energies in Fig. 12. The
calculated levels are obtained by adding the bandhead energy
and spin of band-1 to the corresponding even-spin levels of
gamma band of °Ge. As can be seen from the figure, except
for the bandhead energy, the energies of the other levels of
band-2 are nicely reproduced. The band-2 thus can be consid-
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[nlgeys) © 2 (Ge)] 1325 1584 4
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FIG. 12. Comparison between the experimental and calcu-
lated energies of the levels belonging to band-2 of ""As. The
calculated level energies are obtained from the coupling of
the 7 (g9,») bandhead of band-1 with the corresponding members of
the y-vibration band of the core nucleus "*Ge (see text for details).

ered to be a quasi-y band [43] originating from the coupling
between the odd go/> quasiproton and the y vibration of the
core nucleus "°Ge.

E. High-lying negative-parity band (band-5)

The presence of high-lying negative-parity bands with the
dominance of Al = 1 transitions were previously observed
in the neighboring isotope, ">As [7] and the isotone, Br
[1]. The experimental results point to the fact that the levels
belonging to these bands decay predominantly through M1
transitions with the associated large B(M 1) values [1]. The
previously reported negative-parity band of "’As was found
to be built on the 13/27, 2585 keV bandhead and interpreted
in terms of the 3qp m[(g9/2)] ® v[(g92)(fp)] configuration
[4]. Unlike to the cases for ”As and "Br where the high-
lying negative-parity bandheads decay to both the lower-lying
positive and negative-parity levels of the neighboring band
structures, the bandhead of band-5 of "’ As is found to de-
cay only to the positive-parity bands, and no decay path is
observed that feeds the low-lying negative-parity levels of
band-3.

The onset of possible shape at the regime of bandhead
energy of band-5 is also investigated using TRS calculations.
The calculations have been performed on the basis of the
negative-parity positive-signature framework and at the rota-
tional frequency of Ziw = 0.35 MeV. The calculated results
suggest for a near prolate shape having y ~ —15° and B, ~
0.21 (see Fig. 13).

As can be seen from Fig. 3, the level spacing between
the consecutive levels of band-5 gradually increases up to
23/ 2(=) 4477 keV level. Beyond the 23/ 2(5) level, the change
in the level spacing does not follow the same trend. This
observation indicates the onset of a different configuration
after the 23/ 2(2) 4477 keV level. Hence, we would consider
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FIG. 13. The contour plot as obtained from the TRS calcula-
tions. The plot corresponds to the bandhead regime of band-5 with
hiw = 0.35 MeV. The plot has been made by maintaining an energy
difference of 0.25 MeV between the two consecutive contours.

only the band members in between 13/2~ to 23/2() for the
subsequent discussion.

Furthermore, the underlying structure of band-5 has been
investigated by the use of semiclassical approach of Macchi-
avelli et al. [44,45]. In this approach, the observed bandhead
spin is generated by the perpendicular coupling of proton
angular momentum (j,) and neutron angular momentum
(jv). In the present work, the bandhead spin 13/2~ of
band-5 has been reproduced by assuming j, = 4.5k and
Jjv = 5.0 h. The contribution of the core rotation in the ex-
perimentally observed spin is determined by considering a
value of AR/AI = 0.4. Under this consideration, shears an-
gles have been calculated for each spin of the members of
band-5.

The rate of variation of the calculated shear angles 6 as
a function of spin 7 is shown in Fig. 14(a). The parameter,
R (=d6/dI) and the corresponding I values are extracted
following the prescription:

do 6, — 06,
dl — I, - L’

3

where the shear angles 6, and 6, are associated with spin

members [; and I, respectively:
I L+ 12'

2

Figure 14(a) also depicts the extracted variation profile for
the high-lying negative-parity band members of " As. As is
obvious from the figure, both ’>7” As exhibit the similar type
of varying trend. Figure 14(b) shows the calculated profile
for 11°Cd, where the presence of shear band has been firmly
established from the previous study [45]. The effective inter-
action strength between the two blades of the shear for 77 As
is calculated following the standard methodology prescribed
in Ref. [44]. In Fig. 14(c) we have shown the variation of the
effective interaction strength [V (6)] between the two blades as
a function of shears angle 6. The experimental level energies

“
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FIG. 14. The rate of variation of shear angle 0 as a function of
spin I for the nuclides (a) ">7’ As and (b) '°Cd. A mark difference in
the variation profile at the highest observed spin regime can clearly
be seen from plots (a) and (b) (see text for details). The dashed lines
connecting the data points have been drawn to guide the eye. (c) The
effective interaction strength V(6) among the proton and neutron
angular-momentum vectors belonging to the shear blades plotted as a
function of shear angle 6. The solid line is the fit to the experimental
data following the prescription as discussed in Ref. [44].

are found to be best reproduced for a value of V, = 1.209
MeV. Thus, the calculated interaction strength (V,) per pair
is 7604 keV.

As suggested in Refs. [2,7,46], the shear angle varies
smoothly with spin for the shear mechanism. But the fea-
ture for the onset of stapler mechanism is that the shear
angle falls rapidly as the band approaches the highest spin
value due to the closing of shears angle. Figures 14(a) and
14(b) clearly demonstrate this variance. The extracted value
of R for '"Cd is about four units as the well-established
positive-parity shears band in '"°Cd approaches the maxi-
mally observed spin value. A value of about 30 units has
been found for R in the case of As [see Fig. 14(a)] as the
previously observed high-lying negative-parity stapler band
approaches the highest observed spin. The onset of stapler
mechanism in the negative-parity band structure of > As has
been explained on the basis of the TAC-CDFT calculation [7].
In the case of 7’ As, the extracted value of R attains a value
of 24 units [see Fig. 14(a)] as the observed negative-parity
band (band-5 of Fig. 3) structure gains the maximal angular
momentum. As can be seen from Figs. 14(a) and 14(c), the
variation profile for band-5 of 7’ As exhibits a notable devi-
ation in comparison to that of the shear band structure of
19Cd; whereas a remarkable similarity persists among the
band structures of ">’ As. This comparison suggests for the
possible persistence of stapler-like mechanism in generating
the high-lying negative band structure (band-5) of ”’ As. In the
presence of moderate triaxilarity, it is expected that the tilted
angle (the angle between the symmetry axis and total spin /)
should increase faster in comparison to that for a completely
axially symmetric nucleus. As discussed in Ref. [47], the
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onset of faster growth of the tilted angle should give rise to
the rapid fall of B(M1) values with the increasing value of
spin /. However, in the absence of the experimental B(M1)
values, the said feature could not be examined in the present
investigation for 77 As.

V. CONCLUSIONS

The low and medium spin level structure of '’ As has been
investigated in the present work using the spectroscopic data
obtained from the "°Ge(«, p2n) fusion evaporation reaction
at the incident-beam energy of 40 MeV. The level scheme
has been extended up to the excitation energy of E, ~ 7.5
MeV and spin of J = 33/2 i. The band crossing phenomena,
at the frequency regime of /iw =~ 0.65 MeV, due to v(g% )
alignment has been observed in the yrast positive-parity band
structure built on the isomeric 9/2% state. The presence of tri-
axial shape before and after the band crossing regime has been
demonstrated following the results from the TRS calculations.
The experimentally observed large signature splitting of the
signature partner bands have been discussed within the frame-
work of particle plus triaxial rotor model and shell-model
calculations. The shell-model calculations have been carried
out using the fpg model space and jj44b, JUN45 interactions.
It appears that the results from JUN45 calculations provide
an overall better prediction in comparison to that from jj44b
calculations. A quasi-y vibrational band has been found to
develop on the nonyrast 13/2" state. The evidence for the
possible onset of stapler like mechanism in the observed high-
lying negative-parity dipole band has been presented. The
results from the present and previous investigations [2,7,46]

provide a tantalizing hint towards the systematic occurrence
of stapler mechanism for generating the angular momenta
in the high-lying negative-parity band structures in A &~ 80
region. However, the knowledge of B(M 1) transition rates of
the concerned transitions are very much required for proper
characterization of the observed band structures. This war-
rants further experimental and theoretical investigations.
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