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High-spin states in 70As were studied using the 55Mn( 18O,3n) fusion-evaporation reaction at a beam energy
of 50 MeV. Prompt γ -γ coincidences were measured using the Florida State University Compton-suppressed
Ge array consisting of three Clover detectors and seven single-crystal detectors. A reinvestigation of the known
level scheme resulted in the addition of 32 new transitions and the rearrangement of 10 others. The high-spin
decay pattern of yrast negative-parity states was modified and enhanced extensively. Spins were assigned based
on directional correlation of oriented nuclei ratios. Lifetimes of seven excited states were measured using the
Doppler-shift attenuation method. The B(E2) rates inferred from the lifetimes of states in the yrast positive-parity
band imply substantial collectivity, in agreement with the results of previous studies. Substantial signature splitting
and large alternations in the B(M1) strengths were observed in this band as well, supporting the interpretation
of an aligned πg9/2 ⊗ νg9/2 intrinsic configuration for this structure beginning at the lowest 9+ state. Large-scale
shell-model calculations performed for 70As reproduce the relative energy differences between adjacent levels
and the B(M1) rates in the yrast positive-parity band rather well, but underestimate the B(E2) strengths. The g9/2

orbital occupancies for the lowest 9+ state predicted by the shell-model calculations provide additional evidence
of a stretched πg9/2 ⊗ νg9/2 configuration for this state.
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I. INTRODUCTION

Nuclei in the mass A ≈ 70 region continue to provide a
fruitful testing ground for exploring the interplay between
single-particle and collective modes of excitation. The valence
space for both protons and neutrons lies in a transitional region
of the f -p-g shell, between the spherical shell closure at
N = Z = 28 and a locus of strongly deformed nuclei in the
middle of this shell. The valence nucleons can also polarize the
core shape, since the potential-energy surfaces of these nuclei
tend to be insensitive to both the quadrupole deformation β2

and triaxiality γ shape parameters. In particular, quasiparticle
(qp) occupation of the g9/2 orbital is well known to drive
the nucleus toward increased collectivity and deformation [1].
Investigating the microscopic framework of these behaviors
provides a challenging test of contemporary shell-model
predictions, especially due to the large number of basis states
required in the calculations.

Odd-odd nuclei in this region provide a laboratory particu-
larly well suited to investigate the competition between single-
particle and collective degrees of freedom. Single-particle
excitations are manifested clearly at low excitation energy by
a complex spectrum of excited states due to the many different
2qp states that can be generated by the unpaired nucleons.
However, this picture can quickly evolve to one in which
regular rotational structures are observed with increasing
excitation energy and spin, usually due to qp occupation of
the high-j g9/2 “intruder” orbital. Occupation of this orbital
is, of course, sensitive to the Fermi level of valence protons
and neutrons, so a precise understanding of the single-particle

energy spectrum (and its dependence on the underlying core
shape) is very important for an accurate description of how
nuclear structure changes with N and Z.

The proton-rich, odd-odd As isotopes provide a clear exam-
ple of the transitional nature of this mass region, and illustrate
how competing single-particle and collective behaviors depend
sensitively on nucleon number. The excited states of 68As
systematically show irregular spacings, even at high spin,
characteristic of noncollective, single-particle excitations [2].
On the other hand, evidence of rotational structures associated
with both positive- and negative-parity configurations was
observed above an excitation energy of about 800 keV in
72As, one of which was associated with the πg9/2 ⊗ νg9/2

configuration [3,4].
The 70As nucleus, lying intermediate between 68As and

72As, might be expected to show strong competition between
single-particle and collective behavior. At low spin, the excited
states and their decays were observed to form a complex
network typical of 2qp spin coupling [5–7]. Early studies of
high-spin states using heavy-ion reactions discovered states
suggested to be based on the πg9/2 ⊗ νg9/2 configuration [8],
and later observed evidence for the onset of a rotational band
based on this configuration [9]. The most recent high-spin
study [10] extended this band up to a (19+) state at 8941 keV,
and found a signature-partner band up to a (14+) state at 4900
keV. Curiously, the normalized energy differences between
adjacent states (indicative of signature splitting) in these
signature-partner bands do not follow the same pattern as what
is typically observed for yrast positive-parity bands in this
mass region [11]. Usually, states with even spin lie relatively
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lower in energy than the odd-spin ones below spin J ≈ 9,
with small amplitudes associated with this alternating pattern.
Above spin J ≈ 9, there is a reversal in the pattern, such
that the odd-spin states lie relatively lower in energy than the
even-spin ones with an increasing amplitude of the alternating
pattern with spin. Such behavior has been observed in the yrast
positive-parity band of 72As [3], and can be explained [12] by
a predominance of qp realignment (collective rotation) below
(above) J = 9, the maximum spin of two unlike g9/2 nucleons.
However, a phase change in the signature splitting pattern of
the yrast positive-parity band has not been observed in 70As,
which has been attributed to a fully aligned πg9/2 ⊗ νg9/2

configuration and a deformed prolate core shape at the onset
of this band [10]. Further theoretical explorations of this rather
unique behavior in 70As could lend to the understanding
of its microscopic underpinnings. Additionally, quantitative
estimates of the degree of collectivity with spin throughout
this band from measured B(E2) rates would be especially
useful in testing the assertion of fully aligned, collective states
at and above the 9+ state. However, so far lifetimes have
only been measured for the 8+ and 9+ states using the γ -ray
line-shape method [13], and the 11+ and 13+ states using the
Doppler-shift attenuation method [14] (with the lifetime of the
13+ state representing an upper limit only).

A high-spin, negative-parity band with signature α = 0 was
also discovered recently, with energy spacings indicative of
rotational behavior [10]. A similar sequence was observed in
72As based on a 6− state at 834 keV [3], along with a signature
α = 1 partner band and several linking transitions between
the two bands. However, unlike the corresponding negative-
parity band structure in 72As, there was only one high-spin
(13−) → (11−) transition observed in the α = 1 sequence
in 70As, and only one linking transition discovered between
the two signature partners. Although the yrast negative-parity
states in 68As do not follow a rotational pattern, high-spin
states grouped into bands include those with J = 7 and 9, as
they do in 72As. Therefore, it seems likely that such odd-spin
negative-parity states should also exist in 70As. Finding these
“missing” states could provide insight into the underlying
structure properties associated with the negative-parity states,
and how they fit within the contrasting picture of the rather
irregular E2 transition energies associated with the yrast
negative-parity sequences in 68As [2] and the much more
regular ones observed in 72As [3].

An important goal of the present work was thus to
reinvestigate the level scheme of 70As to search for new
negative-parity states, and to verify the additions at high spin
put forth in Ref. [10]. In order to address the unresolved
questions concerning the irregular signature-splitting pattern
in the yrast positive-parity states, which may be attributed to
the underlying shape and degree of collectivity, the lifetimes of
several high-spin states were measured using the Doppler-shift
attenuation method (DSAM). These results could then be
augmented by the recent lifetime measurements of the yrast
8+ and 9+ states (which are too long to be measured by
the DSAM) to provide a fuller picture of the evolution of
collectivity with spin in this band structure. Additionally,
large-scale shell-model calculations were performed to test
how well they reproduce the experimental energy spectrum

for the positive-parity high-spin states, as well as the E2 and
M1 transition rates between them.

II. EXPERIMENTAL AND ANALYSIS METHODS

High-spin states in 70As were populated by the
55Mn( 18O,3n) fusion-evaporation reaction at a beam energy of
50 MeV using the John D. Fox Superconducting Accelerator
Facility at Florida State University (FSU). The 3n channel
comprised approximately 12% of the total reaction cross
section and represented the third-largest yield among several
reaction products. The 55Mn target had a thickness of
611 μg/cm2 and was evaporated on to a 15-mg/cm2 197Au
backing to stop all recoils produced from the reaction and
to allow for an analysis of Doppler-shifted γ -ray line shapes
using the DSAM.

The γ rays emitted from the reaction products were detected
by an array of ten Compton-suppressed Ge detectors. Three
Clover detectors and two single-crystal detectors were placed
at 90◦ relative to the beam axis, and two (three) single-crystal
detectors were placed at 35◦ (145◦). Approximately 2.3 × 108

prompt γ -γ coincidences were recorded by the array under
the condition that each twofold (or higher) multiplicity event
occurred within a time window of 100 ns. These data were
then sorted into a variety of γ -γ coincidence matrices with a
dispersion of 0.8 keV/channel. Both the sorting and analysis
of the γ -ray spectra were performed using GNUSCOPE, a γ -
spectrum analysis software package developed at FSU [15,16].

The γ -ray coincidences used to verify and enhance the
existing 70As level scheme were investigated mostly with
background-subtracted spectra projected from matrices of
coincidences among the 90◦ detectors, in order to minimize
Doppler shifting. For the DSAM lifetime analysis, Doppler-
shifted line shapes measured at 35◦ (145◦) were obtained from
background-subtracted spectra projected from matrices con-
sisting of coincidence events between any 35◦ (145◦) detector
and all other detectors in the array in order to maximize the
measurement statistics. This choice was also motivated by the
fact that only clean gates on low-lying transitions (i.e., those
that did not show evidence of Doppler shifting) were used
to project 35◦ and 145◦ spectra. Approximately 3.6 × 107

(4.6 × 107) coincidence pairs were sorted in the matrix that
incorporated coincidences between any 35◦ (145◦) detector
and all other detectors in the array. Additional details about
the DSAM analysis method are discussed in Sec. IV.

Transition energies were determined by measuring the line
centroids for the decays in as many clean gates as possible in
the 90◦ coincidence spectra and taking a weighted average
(based on the uncertainties of individual measurements).
Preliminary energy calibrations were obtained from an 152Eu
source, then modified to include a broader energy range based
on the known energies of several clean γ -ray lines produced in
beam. The γ -ray intensities were first determined at 90◦ and
then corrected for angular distribution effects using theoretical
a2 and a4 coefficients determined from the spin change of the
transition. These coefficients were then used to deduce A0, the
angle-independent first-order term in the series of Legendre
polynomials that describe the experimental intensities as a
function of observation angle. Last, the A0 values were
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TABLE I. Energies, spin-parity assignments for the initial and
final state, relative intensities (Iγ ), DCO ratios (RDCO), multipolarities
(σL), and parent-level energies associated with the transitions
assigned to 70As.

Eγ (keV) J π
i J π

f Iγ
a RDCO σL ELev (keV)

18.3b 7− 6− M1/E2 887.8(2)
32.1(1)b 2+ 4+ >1.5b E2 32.1(1)b

76.2(1) 9+ 8+ 64(10)c 0.56d M1/E2 1752.2(2)
81.2(1) 5− 4− 148(12)c M1/E2 566.7(1)
95.0(2) 4− 3+ 3.8(6)c E1 485.5(1)
134.7(2) 3+ 2+ 87(4)c M1/E2 166.8(1)
153.0(3) 11+ 10+ 2.0(4)c M1/E2 2733.0(3)
166.8(1) 3+ 4+ 22.1(11)c M1/E2 166.8(1)
221.8(4) 8+ 6+ 1.4(4) E2 1676.0(2)
223.4(4) 3+ 3+ 2.4(8) M1/E2 390.2(4)
271.8(3) 7(+) 6+ 2.4(3) 0.49(10) (M1/E2) 1726.0(4)
302.8(1) 6− 5− 31(2) 1.47(31)e M1/E2 869.5(1)
312.0(6) 6+ 1.3(4) 1765.6(4)
318.9(2) 4− 3+ 90(9) 0.65(14) E1 485.5(1)
321.1(2) 7− 5− 113(11) 1.16(18) E2 887.8(2)
331.8(2) (5) 5− 2.0(9) 898.5(2)
398.0(1) 13− 12− 3.2(4) 0.46(9) M1/E2 4605.0(3)
406.1(4) 10(+) 9(+) 0.6(4) (M1/E2) 2873.3(4)
408.2(3) 6+ 6− 1.8(4) E1 1454.2(2)
479.2(1) 6− 5− 11.3(4) 0.87(10) M1/E2 1045.9(1)
485.5(1) 4− 4+ 72(4) 0.87(2) E1 485.5(1)
490.3(4) 13− 11− 2.8(10) E2 4605.0(3)
566.4(1) 6+ 7− 9.9(8) 0.48(5) E1 1454.2(2)
596.3(3) 9− 8− 11(3) 0.55(18) M1/E2 2579.5(3)
612.3(3) 14− 12− 10(2) 0.92(11) E2 4819.4(6)
626.9(2) 7− 6− 9.4(9) 0.88(14)f M1/E2 1496.4(2)
693.2(3) 11(+) 10+ 9(2) 0.27(6) (M1/E2) 3273.2(3)
703.5(8) 9(+) 8+ 1.6(5) 1.24(29)e (M1/E2) 2379.6(5)
719.5(5) 6− 1.2(5) 1765.6(4)
741.5(8) 9(+) 7(+) 2.2(10) (E2) 2467.5(9)
743.2(2) 14− 13+ 7.1(10) 0.56(3) E1 4819.4(6)
759.9(6) (14−) 13− 2.2(9) 0.18(7) (M1/E2) (5365.4)
771.5(8) 9− 7− 1.0(3) 1.02(22) E2 2579.5(3)
788.2(1) 8+ 7− 100(3)g 0.44(1) E1 1676.0(2)
791.5(9) 9(+) 8+ 7(2) 0.52(6)e (M1/E2) 2467.5(9)
805.1(4) 11(+) 9(+) 3.5(10) (E2) 3273.2(3)
812.1(3) 13− 12+ 1.6(4) 0.47(6) E1 4605.0(3)
827.9(3) 10+ 9+ 13(2) 1.21(34)e M1/E2 2580.0(3)
832.4(3) 13− 11− 13(3) 1.10(10) E2 4605.0(3)
893.9(4) 15− 13− 9(2) 0.87(10) E2 5498.9(5)
896.4(6) 6− 5.2(10) 1765.6(4)
904.0(4) 10+ 8+ 20(5) 0.80(17) E2 2580.0(3)
905.7(6) 12− 10− 7(2) 1.27(18) E2 4207.0(3)
919.0(4) 7− 7− 5.0(10) 0.81(8) M1/E2 1806.8(4)
929.6(4) 7− 5− 5.8(18) 0.91(31) E2 1496.4(2)
934.1(8) 12− 11(+) 0.6(3) (E1) 4207.0(3)
938.4(6) 8− 6− 4.7(14) 0.83(22) E2 1984.2(3)
980.7(3) 11+ 9+ 47(4) 0.95(14) E2 2733.0(3)
1015.1(3) 9(+) 8+ 6.0(12) 0.35(10) (M1/E2) 2691.1(4)
1058.9(6) 12+ 11+ 4.6(14) 0.68(14) M1/E2 3792.0(5)
1065.3(5) 15(−) 14− 2.5(8) 0.64(18) (M1/E2) 5884.7(8)
1081.9(5) 9− 7− 5.8(16) 1.62(28) E2 2579.5(3)
1114.7(4) 8− 6− 15.6(15) 0.84(20) E2 1984.2(3)
1121.1(4) 10(+) 9+ 6.1(15) 0.30(10) (M1/E2) 2873.3(4)
1159.2(8) (14−) 12− 1.8(8) (E2) (5365.4)

TABLE I. (Contined).

Eγ (keV) J π
i J π

f Iγ
a RDCO σL ELev (keV)

1194.0(8) 11− 9− 4.0(10) 0.88(23) E2 3773.5(9)
1212.0(6) 12+ 10+ 12(4) 0.85(16) E2 3792.0(5)
1227.3(10) 10(+) 9(+) 4.3(10) 0.50(12) (M1/E2) 3694.8(13)
1317.0(7) 10− 8− 7.4(15) 1.26(26) E2 3301.2(8)
1343.3(6) 13+ 11+ 19(2) 0.96(5) E2 4076.3(7)
1381.8(8) (15+) 13+ 3.9(15) (E2) 5458.1(11)
1394.4(3) 9− 7− 15(2) 0.88(10) E2 2282.2(4)
1427.7(6) (16−) 14− 1.9(9) (E2) 6247.1(8)
1454.2(8) 6+ 4+ 1.3(6) E2 1454.2(2)
1474.0(3) 12− 11+ 6.2(9) 0.55(4) E1 4207.0(3)
1490.0(3) 11− 9− 9.0(15) 0.80(15) E2 3773.5(9)
1521.3(8) 11(+) 9+ 3.0(5) (E2) 3273.2(3)
1832.8(10) 11− 9− 1.3(6) E2 4115.5(7)

aDetermined at 90◦ and corrected for angular distribution effects (see
text) unless otherwise noted.
bFrom Ref. [9].
cDetermined at 35◦ and corrected for angular distribution effects (see
text).
dFrom Ref. [10].
eObtained by gating on the 788.2-keV E1 transition.
fObtained by gating on the 318.9-keV E1 transition.
gIntensities normalized to this transition.

normalized to the one obtained for the 788.2-keV transition,
resulting in a final relative intensity Iγ for each transition.
Intensities for transitions with energy Eγ > 200 keV were
determined either through clean gates on transitions below
the lines of interest or from the total projection of 90◦
detector coincidences. Due to a low-energy discriminator
threshold problem with some of the 90◦ detector electronics,
the intensities of transitions with energy Eγ < 200 keV were
determined from a γ -singles spectrum recorded by one of the
35◦ detectors, with the results corrected to compensate for
angular distribution effects as described above. The relative
efficiency of the detectors as a function of Eγ was determined
from the known intensities of a 152Eu calibration source [17]
and a standard logarithmic parametrization for Ge detectors.
All measured γ -ray energies and intensities for 70As are given
in Table I.

Spin changes were measured for as many transitions in
70As as possible based on directional correlation of oriented
nuclei (DCO) ratios, defined according to:

RDCO = Iγ (at 35◦,145◦; gated by γG at 90◦)

Iγ (at 90◦; gated by γG at 35◦,145◦)
. (1)

In order to increase the statistics of the DCO ratio
measurement, the analysis was performed using a matrix
constructed to exploit the angular symmetry of the FSU Ge
array, in which both 35◦ and 145◦ detector events were sorted
against only the 90◦ detector events. Based on the geometry
of the array, if the gate γG represents one or more stretched
electric quadrupole (E2) transitions, then the DCO ratios for
stretched E2 transitions as well as for �J = 0 transitions are
expected to be approximately unity, while �J = 1 transitions
yield ratios of about 0.5 if the mixing ratio δ is small [18]. Most
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FIG. 1. (Color online) The level scheme of 70As as deduced from the present work. Transitions with energies less than 76 keV have not
been observed directly but are included for completeness. The vertical energy scale has been compressed by a factor of 1.5 above an excitation
energy of 567 keV. Transitions and states shown in red (light grey) are new to this work, while those indicated in black have been verified from
previous investigations. Transitions with rearranged placements compared with a prior high-spin study [10] are shown in blue (light grey).

DCO ratios were measured by gating on stretched E2 decays,
while a few others were determined by gating on known E1
transitions assuming δ = 0. All such measurable ratios are
shown in Table I and in most cases reflect weighted averages
(based on the measurement uncertainty) of the results obtained
from two or more gates.

III. LEVEL SCHEME

The level scheme of 70As based on the present work is
shown in Fig. 1. All of the states and transitions shown in
Ref. [9] have been verified. Some of the additional low-lying
states reported in Ref. [7] were also observed. However,
a significant rearrangement of the high-spin level scheme
compared to that shown in Ref. [10] has been performed,
based primarily on the measured γ -γ coincidence relations

and relative γ -ray intensities. In all, 32 new transitions were
assigned to 70As in this work, and 10 others have had their
placement rearranged compared to Ref. [10]. The supporting
evidence for these changes and other new additions to the level
scheme are discussed in detail below.

A. Low-lying states

The low-lying states of 70As below about 2 MeV have
been established from the β+ decay of 70Se [5], (p,nγ )
reactions [6,7], and heavy-ion reactions [8–10]. Most of
the low-lying states observed previously through heavy-ion
reactions were verified in this work, with the exception of the
933.4-, 1809.2-, and 2030.2-keV levels reported in Ref. [8].

Most of the spin-parity assignments of the low-lying states
were taken directly from Ref. [7]. In some cases, it was
possible to unambiguously assign spins and parities for states
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that previously only had tentative assignments, based on
the discovery of new linking transitions. For example, the
1454.4-keV state first reported in Ref. [9] was assigned a
spin of either J = 6, 7, or 8 (without a suggested parity
assignment) based on the properties of the decays to and
from this state. In this work, we have discovered a weak
1454.2-keV transition from this state to the ground state, which
has a firm spin-parity of 4+ [19,20]. This uniquely establishes
the spin-parity of the 1454.2-keV state as Jπ = 6+ based on
transition probability arguments. Similarly, the 1045.9-keV
state, listed with Jπ = 6(+) in Ref. [9], has been assigned
Jπ = 6− in this work based on a newly observed 938.4-keV
�J = 2 transition (which almost certainly has E2 character)
to this state from an 8− parent state at 1984.2 keV.

The new 6+ assignment for the 1454.2-keV state and the
recent mean lifetime measurement of the 1676.0-keV 8+
state [13] strongly support E2 multipolarity for the 221.8-keV
transition between these levels based on transition proba-
bility arguments, confirming the positive-parity assignment
for the 1676.0-keV state [9]. The known E1 character of
the 788.2-keV transition, the E2 nature of the 321.1-keV
transition, and the firm spin assignments of their corresponding
parent states [9] therefore allows an unambiguous spin-parity
assignment of 7− (5−) to the 887.8-keV (566.7-keV) state.
These assignments are consistent with the implications of
the measured upper limit for the half-life of the 567-keV
state (T1/2 < 2 ns) [9]. This lifetime limit strongly favors
an M1/E2, rather than E1, multipolarity for the 81-keV
transition based on the resulting lower limits placed on
the corresponding B(E1) and B(E2) strengths, and thus a
negative-parity assignment for the 567-keV parent state given
the firm 4− assignment for the 486-keV level [9].

B. High-spin positive-parity states

Excited states at 1676.2 and 1752.3 keV were first observed
from heavy-ion fusion-evaporation reactions [8,9], and were
assigned Jπ = 8+ and 9+, respectively, based on angular
distribution data, linear polarization measurements, and ex-
citation function arguments [9]. At the time of their discovery,
it was speculated that these states were associated with the
πg9/2 ⊗ νg9/2 intrinsic configuration [8,9]. High-spin states
were also observed up to a (13+) state at 4075.7 keV based
on the same intrinsic configuration [9]. More recently, yrast
positive-parity states were extended up to a (19+) state at
8941 keV and a (14+) state at 4900 keV as part of an
even- and odd-spin band structure indicative of a coupled
rotational sequence with pronounced signature splitting [10].
Although we observed a 1212.0-keV line belonging to the
signature α = 0 sequence, which probably corresponds to the
1210-keV decay shown in Ref. [10], we could neither confirm
its placement nor observe any of the other new transitions
reported above the 13+ (10+) state in the α = 1 (α = 0)
sequence. Instead, our data suggest the addition of a single
1381.8-keV (1212.0-keV) transition above the 13+ (10+) state
in the α = 1 (α = 0) sequence, extending this band up to
a (15+) (12+) state at 5458.1 keV (3792.0 keV). This new
construction is further supported by the observation of a
1058.9-keV linking transition between the new 12+ state and
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FIG. 2. (Color online) A portion of the 90◦ background-
subtracted coincidence spectrum obtained by gating on the 788.2-
and 980.7-keV γ rays. New (rearranged) transitions in the 70As level
scheme, as determined from this work, have their energies labeled in
red (blue) or light grey.

the known 11+ state at 2733 keV [9], and the discovery of a
new high-spin negative-parity structure that feeds the 12+ state
through a 812.1-keV transition (see Fig. 1 and Sec. III C).
Figure 2 shows a portion of the background-corrected 90◦
γ -ray spectrum measured in coincidence with the 788.2-
and 980.7-keV transitions, showing evidence for the new
construction of the high-spin positive-parity yrast states.

Several additional states were observed to feed directly to
the yrast positive-parity levels (and to each other) within an
excitation energy range of about 1700–3700 keV (see Fig. 1).
Most of the transitions from these states were strong enough to
support spin assignments based on DCO ratio measurements.
A tentative assignment of positive parity has been suggested
for these states due to the strong decay flux to the yrast positive-
parity levels.

C. High-spin negative-parity states

As mentioned in Sec. I, an even-spin negative-parity band
based on the known 6(−) state at 869.6 keV [9] was shown in the
most recent 70As level scheme, extending up to a (14−) state
at 5679 keV [10]. Our measured coincidence relations and
relative intensity measurements suggest a different ordering
of the lowest three members of this band, as indicated in
Fig. 1. This new arrangement is further supported by linking
transitions found to/from the new 8− state at 1984.2 keV and
the new 12− state at 4207.0 keV. Spin-parity assignments in
this band are proposed on the basis of DCO ratio measurements
and the likely E2 multipolarity of the prompt �J = 2
transitions that were observed. Figure 3 shows a portion
of the background-corrected 90◦ γ -ray spectrum measured
in coincidence with the 302.8-keV transition, indicating the
transitions in this band.

The 1475-keV decay that was proposed to be the highest-
lying transition in this negative-parity band [10] has been rear-
ranged as a new 12− → 11+ transition of energy 1474.0 keV,
in agreement with our observed coincidence relations (see
Fig. 4), the energy difference between these two states, and
the measured DCO ratio for this transition (see Table I).
As illustrated in Fig. 4, the 1474-keV transition is not in
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FIG. 3. (Color online) A portion of the 90◦ background-
subtracted coincidence spectrum obtained by gating on the 302.8-keV
γ ray. New (rearranged) transitions in the 70As level scheme, as
determined from this work, have their energies labeled in red (blue)
or light grey.

coincidence with a 1317-keV line, as it would be in the
previous level scheme construction [10]. The strong peaks
observed near 906 and 1115 keV in this spectrum are very
likely due to coincidences between the known [21] 1474.8-keV
decay and transitions of energy 905.3 and 1112.7 keV in
the ground-state band of 70Ge, a strong byproduct of the
reaction used in our experiment. Note that 70Ge was also
produced significantly [22] in the 46Ti( 28Si,3pn) reaction used
to populate 70As in Ref. [10], and thus the same contaminating
lines from 70Ge would likely have been observed in a gate on
the 1474-keV decay from that data set as well.

Our coincidence data also revealed two new odd-spin decay
sequences that almost certainly have negative parity based
on the likely E2 character of the observed �J = 2 decays
(established from measured DCO ratios) that depopulate these
states. One sequence appears to be based on the 5− state at
566.7 keV, while the other seems to begin at the 7− state at
887.8 keV. Interestingly, both sequences share a common 11−
state at 3773.5 keV as they progress to higher spins, although
a second, more weakly populated, 11− state was found at
4115.5 keV that decays by a weak 1832.8-keV transition to
the 9− state at 2282.2 keV. Many of the transitions associated
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subtracted coincidence spectrum obtained by gating on the
1474.0-keV γ ray. Transitions with rearranged placements in the
70As level scheme, as determined from this work, have their energies
labeled in blue (light grey).

with these odd-spin negative-parity sequences (most of which
have not been placed in previous studies) are shown in Fig. 3.

Above an excitation energy of about 4 MeV, the observed
negative-parity sequences appear to fragment and split among
multiple structures. Some of the transitions associated with
these structures were previously placed as part of a decay
sequence that funneled to the 11+ yrast state [10], but this
construction was inconsistent with our observed coincidence
relations. Unfortunately, the generally poor statistics asso-
ciated with the decays of these higher-lying states made it
difficult to find any band structures, although the effective
lifetime measurement of the 14− state at 4819.4 keV (see
Sec. IV) seems to suggest the onset of increased collectivity
(and thus rotational structures) in this spin range.

IV. LIFETIME MEASUREMENTS

Lifetimes of seven excited states were measured by apply-
ing the DSAM to the experimental line shapes of coincident
γ rays detected at 35◦ and 145◦. A comparison between the
decay time of the recoiling nuclei and the slowing down in
a thin target with a backing foil was carried out using the
simulation code FITS [18], which integrates over the thickness
of the target with backing and accounts for evaporation of
charged particles by determining a Gaussian distribution of
recoil velocities (with a width that is 10% of the kinematic
mean) at the time of decay. It corrects for direct feeding from
up to four known higher-lying states and side feeding from
one unknown state, as well as for finite detector solid angle
and resolution, and the changing (energy-dependent) reaction
cross sections due to the beam slowing down through the target
and backing. The nuclear and electronic stopping powers were
obtained from the SRIM software [23].

By varying the lifetime of the parent state of interest, a set
of theoretical line shapes for each associated transition was
produced and compared with the measured Doppler-shifted
spectrum at 35◦ and 145◦ to find the best fit. The lifetime
associated with the theoretical line shape that best fit the
experimental one through a χ2 minimization was taken as
the lifetime of the parent state. The limits of uncertainty in
the individual lifetimes were taken to be the lifetime values
above and below the best-fit value that increased the minimum
χ2 value by one unit, and thus represent an estimate of
the statistical uncertainties (one-standard deviation) in the
lifetime measurements [24]. The accepted lifetime values
were determined from a weighted average (based on the
estimated uncertainties) of the individual lifetimes whenever
measurements were possible at both angles (see Table II). If a
measurement could only be performed at one angle, then the
accepted lifetime (and its uncertainty) came directly from the
measurement at that angle. The uncertainties in the accepted
lifetimes representing a weighted average were deduced from
the reciprocal square root of the sum of the individual weights,
with each individual weight given by the reciprocal square of
the measurement uncertainty [26].

All line shapes were obtained from coincidence spectra
of transitions gated from below the transition of interest. It
was not possible to obtain reliable line shapes from spectra
gated from above the transitions of interest due to either
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TABLE II. γ -ray branching ratios RB , lifetimes, and reduced transition strengths in 70As. Individual lifetimes deduced from a DSAM
analysis of line shapes measured at the indicated angles from transitions with energy Eγ are given in the same row. The accepted lifetimes
(τacc) represent the weighted average (based on the uncertainties) of the measurements at 35◦ and 145◦ where results are available.

ELev J π
i Eγ RB τprev

a τ35◦ τ145◦ τacc B(E2) B(M1)
(keV) (keV) (%) (ps) (ps) (ps) (ps) (W.u.)b (μ2

N )

1676.0 8+ 788.2 98.6(4) 80(29)c 80(29)c 1.6(6) × 10−5d

221.8 1.4(4) 15.5(9)
1752.2 9+ 76.2 100e 85(43)c 85(43)c 1.3(6)f

2580.0 10+ 904.0 62(7) 0.80+10
−8 0.73+9

−8 0.76(6) 64(9)
827.9 38(7) 0.050(10)

2733.0 11+ 980.7 95.9(8) 1.1(3)g 0.75+3
−2 0.77(2) 0.76(2) 66(2)

153.0 4.1(8) 0.83(16)h

3792.0 12+ 1212.0 72(10) <0.41i <0.47i <0.45i >29
1058.9 28(10) >0.030

4076.3 13+ 1343.3 100 <0.6g 0.11(1) 0.09(1) 0.10(1) 109(11)
4207.0 12− 1474.0 44(7) <1.10i <1.10i >7.9 × 10−5j

934.1 4(2) >2.8 × 10−5j

905.7 52(7) >37
4819.4 14− 743.2 42(6) <3.20i <3.20i >2.0 × 10−4j

612.3 58(6) >100
5458.1 (15+) 1381.8 100 <0.22i <0.28i <0.26i >36

aLifetimes measured from previous work as indicated in the table.
b1 W.u. = 17.14 e2 fm4.
cFrom Ref. [13].
dB(E1) in e2 fm2 using a dipole-quadrupole mixing ratio δ = 0.017(13) [9] and the γ -ray branching ratio determined in this work.
eTransition branching ratio including both γ -ray and electron conversion branching.
fCalculated using δ = 0.008(27) [9], an M1 internal conversion coefficient αT (M1) = 0.190(4) [25], and an E2 internal conversion coefficient
αT (E2) = 2.172 [25].
gFrom Ref. [14].
hCalculated using δ = 0 and an M1 internal conversion coefficient αT (M1) = 0.0288(5) [25].
iEffective lifetime.
jB(E1) in e2 fm2 assuming δ = 0.

limited statistics or interference from contaminant reaction
products. Effective lifetimes, which do not include feeding
corrections, were first determined for each line shape with
adequate statistics. Whenever possible, an accepted effective
lifetime of each state was determined from the weighted
average (based on the individual uncertainties) of the results
obtained at 35◦ and 145◦. All line shapes for which the direct
feeding pattern to the parent state was known were then refit
with feeding corrections, with the exception of those from the
highest fitted transition in each decay sequence, where only an
upper-limit effective lifetime could be obtained.

The feeding corrections used the effective lifetime of
the state (or possibly multiple states) immediately above
and one side-feeding state to populate the state of interest.
Side-feeding times were determined from a procedure adopted
for a similar heavy-ion reaction used to populate high-spin
states in 71As [27], where the highest measurable state for
which a mean lifetime can be determined is given a short
side-feeding time, with an increase of about 0.04 ps per MeV
of de-excitation. This choice was also motivated by a rigorous
theoretical study of side-feeding times in this mass region [28],
as well as the measured results for 82Sr [29] and 83Y [30]. The
present study incorporated a side-feeding time of 0.10 ps for
the 13+ state in 70As, which on average provided line-shape fits
with the lowest χ2 at both detector angles for a given assumed

mean lifetime of this state. All other side-feeding times were
then based on this value using the method described above due
to the insensitivity of the line-shape fits to the side-feeding time
for states below the 13+ level. Modeling the side-feeding times
in this fashion leads to a side-feeding time of 0.15 ps for the
yrast 11+ state, consistent with the value of 0.2 ps used for this
state in a previous DSAM measurement [14]. In order to test
the sensitivity of the mean lifetime on the side-feeding time
in the simulation, the estimated side-feeding time was varied
for the yrast 10+ and 11+ states. As an example, doubling the
side-feeding time resulted in a 13% average reduction of the
associated mean lifetime. Therefore, it was determined that
the measured mean lifetimes were mostly insensitive to the
side-feeding time, probably because the side-feeding intensity
was typically a small fraction of the total feeding intensity.

Of the seven lifetimes measured in this work, four represent
upper-limits based on effective lifetimes and three correspond
to mean lifetimes. No additional measurements were possible
due to either the lack of a Doppler-shifted component to
the observed line shape, limited statistics, or contamination
from other reaction products. In particular, the line shapes
corresponding to decays from yrast negative-parity states
below the 12− state at 4207.0 keV did not show a Doppler-
shifted component, possibly indicating rather noncollective
behavior associated with these states.
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Five of the seven lifetimes represent new measurements,
and the mean lifetime of the 13+ state has been determined
for the first time. Although our measured mean lifetime of the
13+ state agrees with the upper-limit constraint determined
previously [14], the mean lifetime of the yrast 11+ state
deduced in this work indicates a slight disagreement with the
previous measurement [14] (see Table II). The line-shape fits
to the 980.7- and 1343.3-keV transitions at both 35◦ and 145◦,
used to infer the mean lifetimes of the yrast 11+ and 13+ states,
respectively, are shown in Fig. 5.

A particularly interesting feature of the 1343.3-keV line
shape is that it contains both a significant shifted and unshifted
component, indicative of both a fast and slow component of
the feeding pattern that are competing favorably toward the
population of the 13+ state. This seems to imply a more
complex feeding pattern for the 13+ state than just the simple
fast intraband feeding shown in Ref. [10], and tends to support
the proposed changes to the feeding pattern indicated in Fig. 1.

All measured lifetimes in 70As, including those determined
in Refs. [13] and [14], are given in Table II, along with
reduced electric quadrupole transition strengths B(E2) and
reduced magnetic dipole transition strengths B(M1). Most
B(M1) strengths were calculated assuming δ = 0 (pure dipole
decay) since they are rather insensitive to δ as long as it is
small. Small values of δ have been observed systematically

for mixed intraband M1/E2 transitions in several neighboring
odd-odd nuclei, and are thus expected for similar transitions
in 70As. The one measured value of δ = 0.008(27) [9] that
exists for a �J = 1 transition in the yrast positive-parity band,
corresponding to the 76.2-keV 9+ → 8+ transition, agrees
with this assumption.

V. DISCUSSION

The lifetimes measured for the yrast positive-parity states
indicate enhanced B(E2) rates (see Table II) consistent with
the expectation of a collective structure based on the πg9/2 ⊗
νg9/2 intrinsic configuration. Previous work has interpreted
the associated high-spin rotational band within the context
of the frequency evolution of the experimental kinematic
moments of inertia, the signature splitting between adjacent
spin states, and shape calculations using a cranked Woods-
Saxon approach [10]. Since, however, the high-spin decays
have been changed somewhat in this study, the kinematic
moments of inertia and the signature-splitting pattern have
been reinvestigated to see how these quantities may have
been affected and how they now compare with those of
neighboring odd-odd As isotopes. In addition, large-scale
shell-model calculations were performed to see how well the
collective features of this band could be reproduced from a
more microscopic approach.

Coriolis mixing of the negative-parity orbitals tends to
cloud the theoretical interpretation of negative-parity states at
high spin. Nevertheless, the kinematic moments of inertia and
signature-splitting pattern were also investigated for the lowest
high-spin negative-parity states in order to characterize their
behavior among similar structures throughout several proton-
rich, odd-odd As isotopes. The results of these various inter-
pretive calculations are described in the subsections below,
following a brief description of the shell-model calculations
that were performed.

A. Shell-model calculations

Shell-model (SM) calculations were performed for 70As us-
ing the COSMO code [31] incorporating the 1p3/2, 0f5/2, 1p1/2,
and 0g9/2 single-particle orbitals, and the JUN45 effective
interaction [32]. Only positive-parity states were considered
since the emphasis was on the calculation of high-spin yrast
states with rather pure intrinsic configurations. Despite this
restriction, a rich excitation spectrum was produced, consisting
of 153 total states up to a maximum energy of 7.168 MeV (a
nonyrast 15+ state). However, two distinct sequences of yrast
states emerged from this spectrum above the lowest 9+ state,
representing the lowest even- and odd-spin levels with J > 9.
The mostly regular energy spacings between successive levels
sharing the same signature implies an underlying rotational
structure, supported by the enhanced B(E2) rates predicted
between states with �J = 2 (see Sec. V D). These sequences
were compared with the analogous positive-parity levels
observed experimentally in a variety of ways, as discussed
in the following subsections.

An overall comparison between the observed positive-
parity states in 70As above an excitation energy of 1000 keV
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FIG. 6. Experimental and theoretical [as predicted by shell-model
(SM) calculations] positive-parity level schemes for 70As above an
excitation energy of 1000 keV. The observed high-spin yrast states
(which were grouped into two rotational bands in Fig. 1) are indicated
in the first column of experimental levels, while the other measured
states that are either known or assumed to have positive parity form the
second column of states. The corresponding subset of states predicted
by the SM calculations are arranged in similar fashion in the third
and fourth columns.

and the corresponding states predicted by the SM calculations
is illustrated in Fig. 6. The observed high-spin yrast states
(which were grouped into two rotational bands in Fig. 1) are
indicated in the first column of experimental levels, while
the other measured states that are either known or assumed
to have positive parity form the second column of states in
the figure. The corresponding subset of states predicted by the
SM calculations are arranged in similar fashion in the third and
fourth columns. As seen in this level-scheme comparison, the
SM calculations reproduce some of the observed states rather
well, especially the 6+ state which has a root-mean-square
(rms) variance with the corresponding experimental level of
only 62 keV. On the other hand, other predicted states show
significant systematic differences with the experimental levels
(rms deviations on the order of 1 MeV).

Focusing on the yrast high-spin levels (first and third
columns of states in Fig. 6), the average rms variance between
the experimental and theoretical excitation energies is 337 keV
for states with J > 8, with a minimum (maximum) variance
of 86 (649) keV for the 10+ (13+) state. In general, the SM
calculations also predict the correct ordering of these levels.
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FIG. 7. (Color online) Experimental kinematic moments of iner-
tia J (1) as a function of rotational frequency for the yrast positive-
and negative-parity decay sequences in 68As [2], 70As, 72As [3], and
74As [33]. The J (1) values inferred from the energies and spins of the
yrast positive-parity states in 70As as predicted by shell-model (SM)
calculations are also included in the top panel. Filled (open) symbols
are used for sequences with signature α = 0 (α = 1). A common
value of K = 4 was used for the spin-projection quantum number in
each sequence except for the negative-parity bands in 74As, in which
K = 2 was used.

However, the lowest 8+ (10+) state is predicted to lie 1306
(396) keV above the yrast 9+ (11+) state, but experimentally
it is observed to be 76 (153) keV below the lowest 9+ (11+)
state.

B. Kinematic moments of inertia

Kinematic moments of inertia J (1) were calculated from
the rotational model as a function of rotational frequency.
The experimental values for the lowest positive- and negative-
parity sequences with signature α = 0 and α = 1 in 68As [2],
70As, 72As [3], and 74As [33] are shown in Fig. 7. Previously,
the behavior of the J (1) values for the yrast positive-parity band
in 70As (see Fig. 3 in Ref. [10]) was very similar to that shown
for 74As in Fig. 7, having a rather smooth convergence toward
a nearly constant value of about 25 �

2/MeV with increasing
frequency. Such a trend is typical of odd-odd nuclei in the
A ∼ 80 region [11,34]. With the changes to the high-spin
decays instituted in this work, however, the J (1) spectrum
for the yrast positive-parity states in 70As now seems to
more strongly resemble that of 72As, including an upturn
in the pattern near �ω ≈ 0.6 MeV for the α = 1 sequence.
This upturn is probably not associated with a qp alignment,
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since both a quasiproton and quasineutron alignment are
Pauli blocked for the yrast positive-parity states. Rather, it
could be a consequence of the γ -soft shapes associated with
the lowest positive-parity configurations, as determined from
previous total Routhian surface (TRS) calculations for both
70As [10,14] and 72As [3]. Conversely, pronounced triaxial
minima develop in the potential-energy surfaces based on
Cranked Nilsson-Strutinsky model calculations for the lowest
high-spin positive-parity states in 74As [33], which might
account for the more consistent J (1) values in the same
frequency range. The rather anomalous behavior of the J (1)

values for the lowest positive-parity states in 68As could be
due to the lack of a regular E2 band built on the yrast 9(+)

state, suggested to be the lowest member of the πg9/2 ⊗ νg9/2

configuration [2].
Superimposed in the top panel of Fig. 7 are the J (1) values

inferred from the energies and spins of the yrast positive-parity
states in 70As predicted by the SM calculations. The magnitude
of these values are similar to the experimental ones over
the range of frequencies in which the two overlap, although the
upturn in the experimental pattern for the α = 1 sequence
near �ω ≈ 0.6 MeV is not reproduced by the SM calculations.
The theoretical J (1) spectrum for the α = 1 sequence also
extends across a wider range of values (and frequencies)
over the same spin range in which the experimental values
were determined, reflecting a larger difference between the
measured and predicted E2 transition energies near the top
and bottom of this band.

The negative-parity J (1) spectra for 68−74As are consider-
ably more complex, as indicated in the lower panel of Fig. 7,
presumably due (at least in part) to qp alignments. In particular,
the sharp backbends that occur in the J (1) curves for both
signatures of the lowest negative-parity sequences in 70As
near �ω ≈ 0.6 MeV are likely associated with band crossings
that evidently result in increased collectivity for the favored
band above the crossing (see Sec. IV). Similar backbends are
also observed in the J (1) spectra for the lowest negative-parity
states in 68As and 74As, although the frequencies at which
the backbends occur vary somewhat. In this regard, the yrast
negative-parity states in 70As appear to be more similar to
the analogous structures in these nuclei than in 72As, which
shows little if any evidence of a backbend in the negative-parity
structures. Still, the J (1) values for negative-parity states in
72As should be interpreted with caution since they do not
extend to as high a frequency as they do for the other nuclei
shown in the figure. Moreover, the degree of collectivity
for the yrast negative-parity sequences in 68−74As have yet
to be quantified through lifetime measurements, making the
interpretation of J (1) as the appropriate moment-of-inertia
parameter for these structures somewhat unclear.

C. Signature splitting

The normalized energy differences between states differing
in spin by �J = 1 as a function of the upper-state spin Ji

in the lowest positive- and negative-parity band sequences
for the odd-odd 68−74As isotopes are shown in Fig. 8. Such
energy differences are indicative of the degree of signature
splitting between the favored and unfavored decay sequences
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FIG. 8. (Color online) Normalized energy differences between
adjacent states as a function of the spin Ji of the upper state for the
yrast positive- and negative-parity decay sequences in 68As [2], 70As,
72As [3], and 74As [33]. Theoretical values predicted by shell-model
(SM) calculations for the yrast positive-parity sequence in 70As are
also included in the top panel. Filled (open) symbols are used for
states with even (odd) Ji .

of a given intrinsic configuration and tend to be sensitive to
underlying structural properties. As demonstrated in the top
panel of this figure, the alternating pattern associated with the
yrast positive-parity band in 70As seems most similar (in phase
and magnitude) to the ones corresponding to the analogous
decay sequences in 68As [2] and 72As [3]. Moreover, if one
were to interpret the J = 8 level at 2474 keV in 68As as the
suspected [2] yrast 8+ state, then even the magnitudes of the
alternating patterns for 70As and 68As would be quite similar
over the entire spin range for which the energy differences can
be compared (although this 8+ state in 68As would lie above
the lowest 9+ state, unlike the situation in 70As).

Good agreement was also observed in general between
the signature-splitting pattern predicted by SM calculations
and the experimental one for the yrast positive-parity states
in 70As, particularly for the states with Ji = 10 and 12, as
indicated in the top panel of Fig. 8. This agreement, however,
is more a reflection of the accuracy with which the SM
calculations reproduce the relative energy spacings between
adjacent levels, rather than the absolute excitation energies of
each individual state (see Sec. V A and Fig. 6).

The rather large alternations above Ji � 9, with the odd-
spin states being energetically favored, has been explained [12]
for structures based on the πg9/2 ⊗ νg9/2 configuration in
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terms of angular momentum generated exclusively by collec-
tive rotation once the spins of the two unlike g9/2 nucleons
become fully aligned with the core spin near J ≈ 9 (the
maximum angular momentum generated by the unpaired
proton and neutron). The collective nature of this band in
70As has been verified and extended to higher spin in this
work, and previous lifetime measurements in 72As [3] have
indicated a similar degree of collectivity in the same spin range
(see Sec. V D). As mentioned in Sec. V B, however, a regular
E2 band was not observed for the yrast positive-parity states
in 68As, despite TRS calculations that predicted a sequence
of collective states at a triaxial deformation of β2 ≈ 0.27 and
γ ≈ 22◦ [2]. The SM calculations also predicted collective E2
transitions between yrast positive-parity states with Ji > 10 in
70As (see Sec. V D). This is consistent with the picture of large
alternations in the signature-splitting pattern revealed by these
calculations in the same spin range.

Below J ≈ 9, the two-qp-plus-rotor calculation of Ref. [12]
suggests that angular momentum is generated by both col-
lective rotation and a realignment of qp spins, manifested
by a reversal in the phase of the alternating pattern such
that the even-spin states now lie relatively lower in energy
than the odd-spin ones. The fact that the alternating pattern
does not continue below J = 9 in 70As and has consistently
large amplitudes at higher spins seems to be consistent with
the interpretation [10] of two fully aligned g9/2 particles at
the start of the band (representing a stretched πg9/2 ⊗ νg9/2

configuration), considering the predictions of the two-qp-
plus-rotor calculation described above. The predicted orbital
occupancies associated with the yrast 9+ state, determined
from the SM calculations performed in this work, indicate
approximately one neutron (1.33) and one proton (1.07) in
the g9/2 orbital, lending further support to this interpretation.
Additionally, the SM calculations do not yield collective
transitions below the yrast 9+ state, suggesting that the
collective structure terminates at the 91

+ level.
On the other hand, the degree of triaxiality could also affect

the observed signature splitting variations, and could possibly
account for the differences between the observed alternations
in 70As and 72As [10]. In fact, the phase reversal in the
alternating pattern at high spin in 74As has been attributed
to an unpaired band crossing associated with significant
triaxiality [33]. However, the γ -soft shapes associated with
the lowest positive-parity configurations determined from
previous TRS calculations in 68As [2], 70As [10,14], and
72As [3] make it difficult to draw any conclusions about
the relative importance of the γ shape parameter on the
signature-splitting behavior. It is interesting to note that the
current SM calculations for 70As also predict the possible onset
of a reversal in the phase of the alternating pattern beginning
at the 15+ state, perhaps indicating increased triaxiality as
in 74As. However, this predicted change in the staggering
amplitude awaits experimental verification since the yrast 14+
state has not yet been observed.

The signature-splitting patterns associated with the yrast
negative-parity sequences also reveal similarities among the
same odd-odd As isotopes (bottom panel of Fig. 8), although
they are much more difficult to interpret theoretically. Still, it
seems clear that the pattern associated with 70As is the most

similar to that of 68As over the spin range in which they can be
compared, perhaps giving an indication of similar underlying
structures.

D. Transition strengths

Theoretical B(E2) and B(M1) strengths were determined
from the current SM calculations for transitions between the
lowest positive-parity states in 70As predicted by the calcu-
lations (third column of states in Fig. 6). The E2 transition
operator invoked an effective neutron (proton) charge of 0.5
(1.5), adopted from previous f -p shell calculations [35].
B(E2) and B(M1) rates were also calculated between nonyrast
positive-parity states, but the resulting values were usually
significantly smaller than those corresponding to transitions
between the yrast states. Some of these transitions could,
however, correspond to those associated with the nonyrast
positive-parity states observed experimentally.

When comparing the theoretical B(E2) strengths with the
experimental ones, as indicated in the top panel of Fig. 9,
it becomes evident that the SM calculations systematically
underestimate the degree of collectivity. Similar discrepancies
have been observed for other f -p-g shell nuclei using the
JUN45 effective interaction and have been attributed to the
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FIG. 9. (Color online) B(E2) (top) and B(M1) (bottom)
strengths for transitions within the yrast positive-parity bands in
70As and 72As [3] as a function of the parent-state spin. Theoretical
B(E2) and B(M1) values predicted by shell-model (SM) calculations
for the yrast positive-parity sequences in 70As are also included.
Filled (open) symbols are used for states with even (odd) parent-state
spin Ji . Symbols with arrows indicate lower limits established by
effective-lifetime measurements. Some error bars are smaller than
the symbol size. The experimental B(M1) value for the Ji = 9 state
in 70As was inferred from a previous lifetime measurement [13].
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lack of incorporating the f7/2 and d5/2 orbitals into the model
space [32]. The degree of quadrupole collectivity could be
enhanced by increasing the neutron effective charge, but
usually this comes at the cost of worsening the agreement
between the predicted and measured excitation energies [32].
Furthermore, the somewhat steadily decreasing trend in B(E2)
with spin predicted by the SM calculations was not observed
experimentally. [A theoretical B(E2) rate is not included for
the yrast 10+ → 8+ transition since the 81

+ state is predicted
to lie above the 101

+ state in the calculations.]
The theoretical B(M1) values of 0.028 μ2

N and 0.0063
μ2

N predicted for the 10+
1 and 12+

1 parent states, respectively,
compare very favorably with the experimental ones, as
illustrated by the strong overlap between the two sets of
points in the bottom panel of Fig. 9. We did not compare
the theoretical and experimental B(M1) strengths for the
yrast 9+ and 11+ parent-state transitions since the 81

+ (101
+)

state lies above the 91
+ (111

+) state in the calculations (see
Fig. 6).

Figure 9 also shows the B(E2) and B(M1) strengths
measured within the yrast positive-parity band in 72As [3],
the only other neighboring odd-odd As isotope for which
these results are available. These measurements show good
agreement with the corresponding values in 70As within
experimental uncertainty, with the exception of the B(E2)
rates associated with the yrast 11+ and 13+ parent-state
transitions in each nucleus. The strong alternations observed
in the B(M1) strengths for both nuclei are consistent in phase
and magnitude with those of other odd-odd nuclei in this mass
region [11]. They have been understood within the context
of both the interacting boson-fermion approximation [36]
and the two-qp-plus-rotor coupling model [37] in terms of
how the odd particles couple to the core spin. A �J = 1
decay from a favored signature (α = 1) state involves only a
realignment of the single-particle spin without altering the core
spin and hence generates relatively strong M1 radiation. The
corresponding decay originating from an unfavored signature
(α = 0) state requires a change in the core rotation (or boson
number), which leads to reduced B(M1) strength. Projected
shell-model calculations performed for the yrast positive-
parity band in odd-odd 80Y [38] indicated that the B(M1)
staggering amplitudes are also sensitive to the underlying
core deformation, and thus which orbitals lie closer to the
Fermi level. When g9/2 orbitals with smaller K components
are closer to the Fermi level, their occupation leads to increased
B(M1) staggering amplitudes. The strong amplitudes seen in
the B(M1) alternations for 70As thus seem to yield further
evidence supporting a picture of a stretched πg9/2 ⊗ νg9/2

configuration for the yrast positive-parity band, since the
occupation of low-K orbitals tends to provide a more rapid
onset of spin alignment [10].

VI. SUMMARY

The high-spin decay of 70As was studied using the
55Mn( 18O,3n) reaction at a beam energy of 50 MeV using
the John D. Fox Superconducting Accelerator Facility at
Florida State University. The isotopically enriched 55Mn
target included a gold backing foil to stop all recoils and

hence allowed for the measurement of lifetimes using the
Doppler-shift attenuation method (DSAM). Prompt γ -γ coin-
cidences were detected using a Compton-suppressed Ge array
consisting of three Clover detectors and seven single-crystal
detectors.

A thorough reinvestigation of the 70As level scheme
resulted in the assignment of 32 new transitions and a reassign-
ment of 10 others when compared to the most recent published
high-spin work. The intensities of all observed transitions in
70As were measured, and spin-parity assignments were made
based on directional correlation of oriented nuclei (DCO)
ratios coupled with transition probability arguments. Modifi-
cations were made to the yrast positive-parity band sequences,
resulting in new 12+ and (15+) states. Significant changes
were made to the negative-parity decay structure, supported
by the observed coincidence relations, new linking transitions,
and the measured γ -ray intensities. Several nonyrast states
were observed within an excitation energy range of about
1700–3700 keV, and were tentatively assigned positive parity
based on their decay to only the yrast positive-parity states and
to each other.

The lifetimes of seven excited states were measured using
the DSAM, with the experimental line shapes obtained at two
separate detector angles. Five of the seven lifetimes represent
new measurements, and the mean lifetime determined for the
yrast 13+ state replaces the upper limit known previously.
The B(E2) transition strengths inferred from the lifetimes
measured in the yrast positive-parity band indicate a significant
degree of collectivity for this structure, in agreement with
the interpretations proposed in previous studies. In general,
the B(E2) strengths also show good agreement with those
deduced for a similar structure in 72As. Strong alternations
were observed in the B(M1) rates with spin in this band, very
similar to that observed in 72As and other odd-odd nuclei in
this mass region.

Large-scale shell-model calculations were performed for
70As using the JUN45 interaction and the 1p3/2, 0f5/2, 1p1/2,
and 0g9/2 valence states in the f -p-g shell, and were used
to predict the excitation energies as well as the B(E2) and
B(M1) rates for transitions between the lowest high-spin yrast
positive-parity states. Overall, the calculations reproduced the
relative energy differences between adjacent spin states in this
band rather well, resulting in generally good agreement with
the experimental signature-splitting pattern and fair agreement
with the inferred kinematic moments of inertia J (1). The level
of agreement achieved with parameters associated with the
excitation energies, however, came at the cost of systematically
smaller B(E2) rates predicted for this band structure. On the
other hand, good agreement was achieved between the theo-
retical and experimental B(M1) strengths where comparisons
were made. More similarities than differences were observed
in the signature-splitting patterns and J (1) spectra associated
with the yrast positive-parity bands in the 68−74As odd-odd
isotopes, although the signature-splitting (J (1)) pattern for
70As seems most similar to that of 68As ( 72As). The behavior
of the signature-splitting pattern and B(M1) alternations seem
consistent with the interpretation of a stretched πg9/2 ⊗ νg9/2

configuration for the yrast positive-parity band beginning at
the lowest 9+ state, in agreement with the calculated g9/2
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orbital occupancies determined for the 91
+ state predicted by

the shell-model calculations.
Significantly more variation was observed in the signature-

splitting patterns and J (1) spectra within the yrast negative-
parity sequences among the odd-odd 68−74As isotopes, ow-
ing to the mixed intrinsic configurations involved in these
structures. Despite these variations, the behaviors of the
signature-splitting pattern and J (1) spectrum associated with
these sequences in 70As appear most similar to those related
with the analogous structures in 68As. The various similarities
that 70As shows with both 68As and 72As seems to underscore
its transitional character as the neutron number evolves among
the proton-rich odd-odd As isotopes.
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