
PHYSICAL REVIEW C 90, 034310 (2014)

Lifetime measurements of the yrast 8+ and 9+ states in 70As
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The lifetimes of the yrast 8+ and 9+ states of 70As have been measured via the γ -ray lineshape method following
population by the 9Be (78Rb,70As) reaction at 101.6 MeV/nucleon. The strength of the E1 8+ → 7− transition
is found to be B(E1) = 1.3(5) × 10−5 e2 fm2 or 1.2(4) × 10−5 Weisskopf units (W.u.) while the 9+ → 8+ M1
transition is found to have a strength of B(M1) = 1.5(8) μ2

N or 0.85(42) W.u. The implications for the structure
of these states is discussed and found to be consistent with an assignment to a πg9/2νg9/2 configuration.
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I. INTRODUCTION

Nuclei in the A ∼ 70, Z ∼ 34 region of the nuclear chart
are known to be the site of a diverse set of structural
phenomena [1]. As a function of nucleon number, many nuclei
in this region evolve through a range of collectivity and nuclear
shapes, including nearly spherical, prolate, and oblate, and
with varying degrees of triaxiality. In addition, multiple shapes
may coexist within the same nucleus, with different configu-
rations competing to become the yrast configuration [2].

The evolution of the structure of the A ∼ 70, Z ∼ 34 nuclei
is not constrained to vary only with changes in nucleon number
but may also evolve with increasing excitation energy and
angular momentum. Especially for A � 70 nuclei which are
located in the lighter area of this mass region, low-lying excited
states may be expected to be well-described by nucleons that
occupy primarily the p and f shell-model orbitals. At higher
excitation energies, however, these nuclei may be expected to
show evidence for increasing occupation of the g9/2 intruder
orbital in the structure of the nuclear states [3].

Odd-odd nuclei offer a unique opportunity to study the
effects of the occupation of intruder orbitals by valence
nucleons. In the absence of collectivity, the states of an odd-odd
nucleus of mass A can be constructed from the coupling
of the odd proton and odd neutron into angular momentum
multiplets coupled to the (A − 2) even-even core. In such
a picture, transitions between excited states in the nucleus
should have a strong single-particle character, as it is only the
odd particles which participate in the transitions. Conversely,
it is well-known that the g9/2 configuration is considered to be
responsible for driving deformation and collectivity in this
region of the nuclear chart [4], and so one might expect
that, upon occupation of the g9/2 orbital by either or both
of the uncoupled nucleons, the excited states would display
a collective rather than single-particle nature. The study of
states in which these nucleons occupy the g9/2 orbital can
therefore provide valuable insight into the effects of intruder
configurations on nuclear structure.

In order to investigate the effects of occupying such high-
lying intruder configurations, we have studied the odd-odd
nucleus 70

33As37. We have measured for the first time the
lifetimes of the yrast 8+ and 9+ states in this nucleus and
deduced the reduced transition strengths B(E1; 8+ → 7−)
and B(M1; 9+ → 8+). Previous studies [5,6] have suggested
that the parent states in these transitions can be described
well by the coupling of the odd proton and odd neutron in
the configuration where they both occupy the g9/2 orbital
(denoted πg9/2νg9/2 hereafter). These assignments were based
on arguments stemming from the correlation of the 9+ energy
with the sum of the 9

2
+

state energies in the neighboring odd-A
nuclei [5,6] and the strong M1 branch connecting the 9+ and
the 8+ states [6]. These studies also suggest that there is a
decoupled band [7] built on the 9+ state, specifically consisting
of the 9+, 11+, and possibly the (13+) states, which indicates
that these states may have a collective nature. By contrast, the
low-lying states of 70As have been found to be well-described
by a nearly spherical shape when the odd nucleons are not
both in the g9/2 orbital [6], and earlier work did not find
any collective features among the low-lying states [5]. The
new lifetime data in this work provide further insight into the
nature of the higher-lying states and the possibility that the
70As nucleus evolves collective features at moderate excitation
energy.

Odd-odd nuclei present a challenging proposition for
experimental studies. In this work, we use the γ -ray lineshape
method [8,9] in combination with a simulation package [10]
to measure the lifetime of the 8+ and 9+ states in 70As, which
were populated using a multiple-nucleon removal reaction
from a rare isotope beam of 78Rb in order to excite levels
with high angular momentum. The γ -ray lineshape provides
an efficient way to measure the lifetimes of excited states
of nuclei produced in rare isotope beams, especially those
in the range of several tens to hundreds of picoseconds. In
particular, it provides an alternative to the Recoil Distance
Doppler-Shift (RDDS) technique [11] when the production
rate of the nucleus of interest is insufficient for an RDDS
measurement. However, the level schemes of odd-odd nuclei

0556-2813/2014/90(3)/034310(9) 034310-1 ©2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevC.90.034310


C. MORSE et al. PHYSICAL REVIEW C 90, 034310 (2014)

are typically dense such that the identification of individual
γ rays can be difficult. In addition, higher-lying states may
have lifetimes which are sizable compared to those of the
states of interest such that their feeding contribution may
introduce systematic biases in the measurement. In order to
circumvent these issues, the lineshape method was used with
γ γ coincidence data to control possible feeding effects and
reduce contamination from other coincident γ rays.

II. EXPERIMENT

The experiment was performed at the National Supercon-
ducting Cyclotron Laboratory at Michigan State University. A
primary beam of 78Kr was accelerated to 150 MeV/nucleon
in the Coupled Cyclotron Facility and impinged on a 9Be
target to produce 78Rb via nuclear charge exchange. The
A1900 fragment separator [12] was used with an aluminum
degrader to purify the secondary beam at a setting of 0.5%
momentum acceptance. The resulting beam was composed of
approximately 70% 78Rb at 101.6 MeV/nucleon at an average
rate of 1 × 105 pps. This secondary beam was transported
to the experimental area where secondary reactions were
induced on a 376-mg/cm2 9Be target to produce 70As. The
reaction residues were identified according to the time-of-
flight and energy-loss measured in the focal plane of the S800
spectrometer [13].

The γ rays from the deexcitation of reaction products
were detected with 15 HPGe detectors from the Segmented
Germanium Array (SeGA) [14]. The array was deployed
in a barrel configuration composed of two rings, one with
eight detectors covering backward angles from 95◦ to 125◦
and the other with seven detectors covering forward angles
from 50◦ to 80◦ with respect to the beam axis. This detector
configuration was chosen in order to achieve both a high γ -ray
detection efficiency (7.4% at 1 MeV for γ -ray singles events
and 0.5% for 1 MeV γ γ coincidence) and to maximize the
sensitivity of the shape of the γ -ray spectrum to the lifetime
of the excited states. The resulting γ -ray spectra, split into
backward and forward angles and detected in coincidence
with 70As residues in the S800, are shown in Figs. 1(a)
and 1(b), respectively. The energies of several prominent γ
rays observed in these spectra are labeled as candidates to
explain the features of the spectrum. The 788.3-keV 8+ → 7−
transition can be clearly seen in both rings, as well as γ -ray
peaks which may be explained by the 301.8-keV 2−

1 → 1+
1

and the 474.12-keV 3+
4 → 2+

2 [15] transitions. On the other
hand, there is a peak below 100 keV that is only visible in
the backward ring. This discrepancy is due to the detection
threshold on the forward ring being increased during the
experiment to reduce the rate of photons being detected to
a manageable level. The peak in the backward ring can be
explained as originating from a combination of the 76.1-keV
9+ → 8+ transition and a contribution from radiative electron
capture (REC) [16,17] in the target which will be discussed in
more detail later.

The lifetimes of the 8+ and 9+ states in 70As were measured
via the γ -ray lineshape method [8,9], which takes advantage of
the emission-point distribution of γ rays emitted in flight from
excited reaction residues. The Doppler reconstruction of these
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FIG. 1. Doppler-corrected γ -ray spectra obtained in coincidence
with 70As fragments detected in the S800 for (a) the backward
detectors and (b) the forward detectors, along with candidates for
the most prominent γ rays observed in these spectra. The insets
show a closer view of the 8+ → 7− transition and the asymmetry
in the associated 788.3-keV γ -ray peak due to the lifetime of the
8+ state. Also pictured in the insets is a simulation assuming a
lifetime τ8+ = 0 ps (dashed line). Comparison between the simulated
backward and forward spectra shows that the backward spectrum
already has a significant low-energy tail even with τ8+ = 0 ps because
of decays happening at different velocities inside the target, and so
will not be as sensitive as the forward detectors to the lifetime.

γ rays assumes that they are emitted at the target position,
but the lifetime of the excited states causes the emission to
occur at some distance downstream of the target (about 1 mm
for every 10 ps of flight time at a velocity β = 0.34). This
causes the Doppler-reconstructed γ -ray photopeaks to acquire
a slight shift in the peak position towards lower energies as
well as a low-energy tail [8,9]; an example of the asymmetry
of the 8+ → 7−γ -ray peak in 70As can be seen in the insets
of Fig. 1. In order to maximize the sensitivity of the shape
of the photopeaks to the lifetime, the Doppler correction was
performed by measuring the velocity of each recoil event-by-
event in the S800.

III. ANALYSIS

In order to extract lifetime information from the shape of
the γ -ray distribution, simulated spectra were generated using
a simulation package [10] which is based on the GEANT4
framework and has been modified to describe the current
experimental setup, similarly to Ref. [9]. The simulation
propagates the unreacted and reacted beams through the target
material and models the reaction as a sudden, one-step process
in which the initial projectile nucleus is instantaneously
converted into the reaction residue of interest by the removal
of the appropriate number of nucleons. To compensate for
the possible bias that this reaction model may introduce, the
simulation accepts three inputs which parametrize the energy
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and momentum imparted to the outgoing beam fragment by
the reaction. These inputs are the fraction of the momentum
lost due to the reaction mechanism (separate from the energy
loss of the projectile or fragment as it propagates through
the target material), the full width at half maximum of the
momentum distribution of the outgoing fragment (a Gaussian
shape is used for this profile), and finally an additional spread
in the momentum which is modeled as a kick from the
reaction in a random direction. With these parameters, the
experimentally measured energy and momentum profile of
the beam can be reproduced in the simulations. In addition,
the spatial profile of the incoming beam is described in the
simulations by providing the focus position of the incoming
beam relative to the target position, as well as the spatial
spread of the beam (which is assumed to be uniform) in both
directions normal to the beam direction at the focus point.
The beam direction is specified by providing the center of
the distribution of angles in the dispersive and nondispersive
directions measured in the S800 spectrometer along with the
width of these angular distributions, which are modeled as
Gaussian. Providing these parameters allows the simulation
to reproduce the spatial properties of the beam which are
measured in the S800 spectrometer.

With the properties of the beam fixed in the simulation,
simulated γ -ray spectra were generated. As with the ex-
perimental data, the simulation uses the target position for
Doppler-shift correction but the lifetime that is input to the
simulation allows the excited reaction residues to propagate
some distance downstream of the target before decaying.
This causes the simulated photopeaks to acquire the same
asymmetric shape as those in the data, and therefore the
simulated spectra can be compared to the data in order to
determine the excited state lifetime. The simulated spectra
were fit to the data using a χ2 minimization procedure and
the minimum was used to extract the lifetime of the excited
states. During the analysis, it was found that the backward ring
of detectors was not sufficiently sensitive to the lineshape to
extract a reliable lifetime. Therefore, only the forward ring was
used to determine lifetimes, while the backward ring was used
primarily to understand feeding patterns and to place gating
conditions to generate γ γ coincidence spectra.

The relationship between the 8+ and 9+ states which are
of interest to this study and other nearby levels in 70As are
shown in Fig. 2. The 9+ level deexcites to the 8+ level via
a 76.1-keV γ ray, while the 8+ deexcites mainly through a
788.3-keV transition to the 7− level but also has a branch
to the 933.16-keV state [13(2)% intensity relative to the
788.3-keV branch] and to the 1454.3-keV state [8(1)%
intensity relative to the 788.3-keV branch]. Figure 2 also
shows that both the 8+ and 9+ levels may be fed by several
other states. In particular, the 8+ state may be fed directly by
transitions from the 2467.5-keV state and the 2579.9-keV 10+
state. The 9+ state is also fed by the 2579.9-keV 10+ state
and by the 2732.9-keV 11+ state. It should be noted that the
Jπ values and the γ -ray and level energies given in Fig. 2
and throughout this text are from [6,15], as these values were
not measured in this work. Levels below the 7− state are not
shown in the figure because the lifetime of this state is very
long (6.5 ns [6]), which causes the γ rays from this state and
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FIG. 2. A partial level scheme of 70As indicating the levels which
are relevant to this study, with the transitions labeled by the vertical
text (in keV). The transitions which were used as gates to determine
the lifetimes of the 8(+) and 9+ levels are indicated by the dashed
boxes and are labeled I and II, respectively. Parentheses for tentative
assignments are dropped in the text for simplicity. Data are from [15]
except for the J π of the (13+) state, which is from [6].

the levels that it feeds to be so delayed that on average they
are emitted long after the fragments have passed the SeGA
detectors.

In order to understand the γ -ray singles spectrum from
the forward ring of detectors, simulations were produced for
the γ rays depopulating the 1676.11-keV 8+ level. As can
be seen in Fig. 3, which shows a simulation assuming an 8+
lifetime of 150 ps, small populations of higher-lying states can
be observed above the 788.3-keV γ ray depopulating the 8+
level, and so simulations for the γ rays from the states between
the 9+ and 13+ levels shown in Fig. 2 were generated. For this
initial fit, no account was taken of the lifetimes of these states
or the feeding of the 8+ state by the 9+ state. A 944.9-keV
γ ray from the known 1026.3-keV level [15] (not shown in
Fig. 2 because it is otherwise unrelated to the analysis) was
also added, and an exponential background was fit across the
region shown in Fig. 3. Feeding from the 2467.5-keV state had
to be included in the simulations to account for a high-energy
shoulder on the 8+ 788.3-keV γ -ray peak. This level directly
feeds the 8+ state by a 791.3-keV γ ray and cannot be resolved
from the 788.3-keV 8+ → 7− γ ray. In addition, because it
does not have a known lifetime, it may introduce a bias into
the shape of the 788.3-keV γ -ray peak which would give an
inaccurate lifetime determination.

Because of the near degeneracy of the 791.3- and 788.3-keV
γ rays, a different approach was necessary to determine the
lifetime of the 8+ state. Therefore, the lineshape method was
used with γ γ coincidence data. By fitting the coincidence
spectra, feeding contributions to the 8+ state lifetime can be
eliminated by selecting a suitably fast decay as a gate. At the
same time, by gating on a γ ray that bypasses the 791.3-keV
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FIG. 3. (Color online) Fits to the Doppler-corrected γ -ray singles
spectrum obtained with the forward ring of detectors for 70As, where
the lifetime of the 8+ state is fixed to 150 ps and only the amplitudes
of the simulations are varied. The fit shown in (a) does not include the
791.3-keV γ ray from the 2467.5-keV state, while (b) does contain
the 791.3-keV γ ray. Comparison between (a) and (b) makes it clear
that the 791.3-keV γ ray is necessary to reproduce the spectrum.
Individual γ rays included in the simulation in (b) can be seen in (c).
The assumption for the exponential background is shown in (a) and
(b) by the dashed curve. The vertical dashed lines indicate the area
used to create gate I in Fig. 2 in order to generate the spectrum shown
in Fig. 4(a).

decay, the problem of having another unresolved transition
beneath the 8+ → 7− γ ray is circumvented.

A coincidence spectrum for the 8+ transition is shown in
Fig. 4(a), which was created by placing a gate on the 903.8-keV
transition depopulating the 2579.9-keV 10+ state (gate I in
Fig. 2). This decay connects directly to the 1676.11-keV
8+ state, bypassing any other feeding contributions. The
coincidence spectrum was then fit with simulations of the
8+ → 7− decay and the lifetime of the state was extracted from
the χ2 distribution as τ8+ = 80(28) ps, where the uncertainty
is only statistical. While the lifetime of the (10+) state is not
known in 70As, the analogous 10+ state in 72As has a 10+ → 8+
decay energy of 893.9 keV and a known lifetime of 1.10(20) ps
[18]. By assuming the same decay strength in 70As and 72As, the
lifetime of the 10+ state in 70As can be estimated to be 0.73 ps;
this is less than 1% of the measured 8+ state lifetime, and
therefore it was neglected in the lifetime analysis. The best-fit
result of the simulation to the data is shown in Fig. 4(a) by the
solid line, and the inset shows the reduced χ2 distribution.
The background assumption is shown by the short-dashed
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FIG. 4. (Color online) Fits to the Doppler-corrected γ γ coinci-
dence data, with all panels showing the γ rays in the forward ring.
In each panel the solid curve is the best fit to the data while the
short-dashed line indicates the assumption of the background. The
long-dashed curve shows a simulation with a lifetime of 0 ps for
comparison. Also shown in each panel is the χ 2 distribution for that
fit. Panel (a) shows the fit to the experimental spectrum gated on
the 903.8-keV γ ray from the 10+ state along with simulations in
which the lifetime of the 8+ state is varied. χ 2 analysis yields a
lifetime of τ8+ = 80(28) ps. Panel (b) shows the experimental data
gated on the 76.1-keV γ ray from the 9+ state but attempts to fit
these data with simulations which do not account for the 9+ lifetime.
These simulations fail to reproduce the experimental lineshape and
result in a poor χ 2 distribution. Panel (c) shows the same data, but
the simulations include feeding from the 9+ state (with τ8+ = 80 ps
fixed), as well as allowing for coincidence from above with the 827.7-
and 980.7-keV γ rays which populate the 9+ state. This fit reproduces
the lineshape of the 8+ state, and χ 2 analysis yields a lifetime for the
9+ state of τ9+ = 85(30) ps.

line and was constrained by initially fitting over an energy
range including the 8+ → 7− transition plus background on
either side, then the background was fixed and the lifetime was
evaluated over a small region including only the peak area. A
simulation which assumes a lifetime of 0 ps (long-dashed line)
is also shown in Fig. 4(a) to demonstrate the sensitivity of the
simulations to the lifetime.
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Determination of the 9+ lifetime was complicated by the
fact that the 76.1-keV γ ray that depopulates the 9+ level is
only visible in the backward ring which, as mentioned earlier,
was found to be insufficiently sensitive to lifetime effects.
In addition, as can be seen in Fig. 1(a), the 76.1-keV peak
lies nearly on the detection threshold of the backward ring.
Consequently, the low-energy tail of this peak may cross below
the detector threshold, which can severely impede the accurate
determination of the lifetime. Finally, the REC process
referenced earlier makes the extraction of the lifetime from the
γ -ray singles spectrum impractical. As stated in [16,17], the
energy of the REC peak in the projectile frame (corresponding
to the Doppler-reconstructed energy spectrum in Fig. 1) is the
sum of the target electron kinetic energy in the beam frame
and K electron binding energy in 70As:

EREC =
(

1√
1 − β2

− 1

)
mec

2 + Eb, (1)

where Eb is the electron binding energy and me is the electron
mass. REC can have a cross section of tens of barns [16,17]
and can happen either before or after the incoming 78Rb beam
reacts to form 70As, and so the range of REC energies was
calculated using velocities which correspond to 78Rb as it
enters the target (β = 0.43) and to 70As as it exits the target
(β = 0.34). Approximating the electron binding energy as that
of a hydrogenlike atom of the appropriate species, the REC
energy is calculated to range from EREC = 47 keV to EREC =
74 keV. The proximity of the 76.1-keV decay energy of the 9+
state to the upper bound of the REC energy, combined with the
lack of sensitivity and the threshold setting of the backward
ring, made the determination of the lifetime of the 9+ state
also require γ γ coincidence data.

To avoid the complications involved in measuring the
9+ state lineshape directly, the lifetime of the 9+ state was
measured by analyzing its effect on the lineshape of the 8+
state. A coincidence gate set on the 76.1-keV γ ray from the
9+ state (gate II in Fig. 2) resulted in the coincidence spectrum
shown in Figs. 4(b) and 4(c), and simulations were performed
to attempt to reproduce the 8+ lineshape. Unlike the fit in
Fig. 4(a), the 76.1-keV γ ray can be in coincidence with the
827.7-keV γ ray from the 10+ state and the 980.7-keV γ ray
from the 11+ state, and therefore these γ rays were included
in the simulations. In order to demonstrate the sensitivity of
the data to the feeding lifetime of the 9+ state, two sets of
simulations were generated, one set which includes feeding
from the 9+ state and one set which does not. The solid curve
in Fig. 4(b) shows simulations which do not include the feeding
effects from the 9+ state. These simulations cannot reproduce
the lineshape of the experimental spectrum, even when the
lifetime of the 8+ state is increased to 160 ps. For comparison,
the long-dashed line shows a simulation with an 8+ lifetime
of 0 ps to indicate the effect of increasing the lifetime. Finally,
the inset shows that the reduced χ2 distribution for this set
of simulations does not find a good minimum. By contrast,
Fig. 4(c) shows a fit to the same experimental spectrum as
Fig. 4(b), but with simulations which properly account for the
lifetime of the 9+ state (the 8+ lifetime was fixed to 80 ps
as measured in this work). This fit provides a much better
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FIG. 5. (Color online) (a) Doppler-corrected spectra from the
forward ring generated for the gate on the 903.8-keV γ ray from
the 10+ state and a gate of the same width placed at approximately
1200 keV in order to show the contribution from the background.
There is a clear peak at 788.3 keV from the 8+ state in the gate
on the 903.8-keV γ ray while there is no obvious contribution in
the background gate. (b) Doppler-corrected spectra from the forward
ring generated by placing a gate on the 76.1-keV γ ray from the 9+

state and a gate of the same width placed immediately above it in
energy in order to show the background contribution. As in (a), there
is a clear peak from the 8+ state in the gate on the 76.1-keV γ ray,
but no evidence for a peak in the background spectrum. The peak
at approximately 300 keV in the spectrum gated on 76.1 keV can
be explained by coincidence with the 81.2-keV γ ray from the 51

(−)

state, which can be populated from the 6(−) and (5)1 states [15].

reproduction of the lineshape of the 788.3-keV γ ray from the
8+ state. The long-dashed curve shows a simulation with a 9+
lifetime of 0 ps, further demonstrating the sensitivity of the
lineshape to the lifetime in such a feeding scenario. The inset
shows that the reduced χ2 distribution has a clear minimum
which yields a lifetime for the 9+ state of τ9+ = 85(30) ps,
where the error is again only statistical. As in Fig. 4(a), the
background in Figs. 4(b) and 4(c) is shown by the short-dashed
line, and was constrained in the same manner as it was for the
lifetime of the 8+ state.

In order to verify that the gates used to generate the
γ γ coincidence data are valid, γ γ background spectra were
generated and are shown in Fig. 5. Energy gates were placed on
the γ -ray singles spectrum in locations where no coincidence
with the 788.3-keV γ ray from the 8+ state was expected.
For the gate on the 903.8-keV γ ray from the 10+ state, the
presence of the 827.7- and 980.7-keV γ rays from the 10+ and
11+ states, respectively, can contribute to the background gate,
and so a higher energy background gate with the same width as
the 903.8-keV gate was chosen at approximately 1200 keV to
show the shape of the background. The results of the 903.8-keV
gate and the background gate can be seen in Fig. 5(a), which
does not demonstrate a clear contribution to the 788.3-keV
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8+ state in the background spectrum. A similar procedure
was followed to evaluate the background contribution for the
76.1-keV γ ray from the 9+ state. As mentioned earlier, the
76.1-keV γ ray lies almost on the threshold of the SeGA
detectors, and so a background gate was placed immediately
above the 76.1-keV gate where no coincidence is expected
with the 788.3-keV γ ray from the 8+ state. The gate on
the 9+ state along with the corresponding background gate
can be seen in Fig. 5(b). It can be seen that there is a clear
peak from the 8+ state in the 76.1-keV gate, but evidently no
contribution in the background gate. There is a broad peak at
about 300 keV which may be from the Jπ = (5)1 and 6(−)

states around 860–900 keV decaying to the 51
(−) state, both

of which can be coincident with the 81.2-keV γ ray from
the 51

(−) state at 566.5 keV [15]. Background subtraction was
not performed because the coincidence gates could not have
background spectra generated by gating immediately above
and below them, and therefore the shape of the background
generated may not truly represent the background below the
8+ state in Fig. 4. However, the absence of a clear peak in the
background spectra in Fig. 5 demonstrates that the signals are
coming from true coincidence events.

As an independent check that consistent results can be
obtained, a fit to the γ -ray singles spectrum was performed in
which the 8+ and 9+ lifetimes were varied simultaneously and
a search for a minimum in the χ2 distribution was undertaken
with respect to both of these variables. A full set of simulations
including all feeding contributions to both the 8+ and 9+ states
was generated and then fit to the data, resulting in the fit shown
in Fig. 6(a) which assumes τ8+ = 100 ps and τ9+ = 80 ps. The
individual components of the fit can be seen in Fig. 6(b), all
of which include the correct feeding to the 8+ state through
either direct population or feeding from above (the 944.9-keV
γ ray excepted, since it comes from a state below the 8+
state), thus ensuring that the intensity balance of the transitions
incorporated in this fit is self-consistent. For these fits, the
measured value of 1.1(3) ps was used for the lifetime of the
11+ state [19], while the lifetime of the 10+ state was assumed
to be 0.73 ps based on the strength and γ -ray energy of the
analogous decay in 72As [18]. The lifetime of the 791.3-keV γ
ray from the 2467.5-keV state is unknown but was assumed to
be comparable to the 10+ state at about 1 ps. The components
show that the population of the 8+ state can be explained
almost entirely by feeding from higher-lying states, with the
direct population of the 8+ and 9+ states being essentially zero.
The inset in Fig. 6(b) shows the two-dimensional reduced χ2

surface generated by searching for the best fit with respect to
the 8+ and 9+ state lifetimes, as well as the projection of the
minimum χ2 value for a given lifetime onto the axes of the plot.
These projections show that the minimum of the χ2 surface
lies in the vicinity of τ8+ = 100 ps and τ9+ = 80 ps. There
is an apparent minimum in the χ2 surface corresponding to
τ8+ = 0 ps and τ9+ = 160 ps, but this result is clearly excluded
by the γ γ coincidence fit result for the 8+ lifetime shown
in Fig. 4(a). The sensitivity of the fit to the singles spectrum
is lower than that of the γ γ coincidence spectra and so the
1σ uncertainty limits lie outside of the search area, but the
minimum of the two dimensional χ2 surface is in agreement
with the coincidence results.
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FIG. 6. (Color online) (a) The fit to the Doppler-corrected γ -ray
singles spectrum from the forward detector ring. The fit pictured was
generated assuming the lifetimes τ8+ = 100 ps and τ9+ = 80 ps. The
background was assumed to be exponential in shape and is indicated
by the dashed line. (b) The individual components that went into
the fit in (a). In contrast to Fig. 3, each component’s feeding into
the 8+ state is included in the simulations, with the exception of the
944.9-keV γ ray which does not feed the 8+ state. Shown in the inset
is the χ 2 surface generated by varying the lifetimes of the 8+ and 9+

states, with the projections of the minimum value for each grid line
shown along each axis. To provide a sense of scale, the red area in the
lower left of the χ 2 distribution corresponds to a value of χ 2/N ≈ 2,
while the minimum value is approximately χ 2/N ≈ 1.15. Although
the 1σ uncertainty limits lie outside the search area, the minimum
can be clearly seen at τ8+ ≈ 100 ps and τ9+ ≈ 80 ps, in agreement
with the results from the γ γ coincidence fits.

Final uncertainty values for the lifetimes measured in
this work were determined by examining systematic effects
and accounting for the uncertainty of the 8+ lifetime in the
determination of the 9+ lifetime. Systematic uncertainties were
evaluated and found to be mostly due to the assumption of
the background and to uncertainties in the geometry of the
setup. The lifetimes of the 8+ and 9+ states were found to
have a similar sensitivity to the background shape, with the
8+ lifetime being slightly less sensitive (6.3% effect) than
the 9+ state lifetime (8.2% effect). The lifetimes were also
found to have a small sensitivity to the range over which the
background shape was fit, with the 8+ sensitivity (1.1% effect)
smaller than the 9+ sensitivity (4.5% effect). The uncertainty
due to the geometry of the experimental setup, in particular
the relative positions of the target and the SeGA detectors,
was evaluated and found to induce a 3% uncertainty in the
lifetimes, consistent with Ref. [9] in which the same setup was
used. Finally, the assumption of the lifetime of the (10+) state
can induce an additional systematic uncertainty. If this lifetime
was increased by a factor of five, which would indicate a
large change in the structure between 70As and 72As, it would
change the lifetime of the 8+ state by 3.4% and the lifetime
of the 9+ state by 4.4%. Added in quadrature, the systematic
effects give an additional uncertainty of 7.8% to the 8+ lifetime
and 10.7% to the 9+ lifetime. The uncertainty of the 8+
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lifetime was also propagated to the 9+ lifetime uncertainty.
Combining these uncertainties, the final lifetimes are given as
τ8+ = 80(29) ps and τ9+ = 85(43) ps.

IV. DISCUSSION

In order to discuss the structure of the 8+ and 9+ states
in 70As, the lifetimes of the states measured in this work
have been converted into reduced transition strengths. For the
8+ → 7− transition, which has an E1 character with a small
M2 admixture [δ = 0.017(13)] [15], the transition strength
is B(E1) = 1.3(5) × 10−5 e2 fm2 or 1.2(4) × 10−5 W.u. The
9+ → 8+ transition strength, which has an M1 character with
a small E2 admixture [δ = 0.01(3)] [15], is calculated to be
B(M1) = 1.5(8) μ2

N or 0.85(42) W.u. As shown in Fig. 2,
the parities of the 8+ and 7− states are only given tentatively
in [15], and therefore it is possible that different transition
strengths should be calculated. If the parity of the J = 8
state is in fact negative, then the calculated transition strength
should be B(E1; 9+ → 8−) = 1.5 × 10−2 W.u. However, this
exceeds the recommended upper limit for E1 transition
strengths given in [20], which is 1.0 × 10−2 W.u. Since the
recommended upper limit for M1 transitions is 3 W.u. [20],
it is more likely that the J = 8 state is of positive parity. For
the J = 7 state, a previous linear polarization measurement
indicated that it is of negative parity [6]. Although the
study reported this parity assignment as tentative, there is no
experimental evidence to the contrary and so the parity of the
J = 7 state is assumed to be negative in this work.

As discussed in the Introduction, previous studies [5,6]
have suggested that the 8+ state in 70As should be composed
primarily of the πg9/2νg9/2 configuration, and the strength
of the 8+ → 7− transition can give further insight into this
assignment. The small strength of this E1 transition compared
to those in the broader mass region [20] can be interpreted
as indicating a hindrance of the decay. The 7− state has been
assigned to be composed mainly of the stretched configuration
πf5/2νg9/2, based on the comparison of the measured half-
life and magnetic dipole moment with theoretical calcula-
tions [6,21]. For a pure E1 transition and states described by
only the given shell model configurations, this decay should be
forbidden by angular momentum conservation, as the proton
must make a 
J = 2 transition from the g9/2 orbital to the f5/2

orbital. Small admixtures of other configurations can explain
the existence of this transition, but the overall hindrance of the
transition is consistent with the assignment of the 8+ level to
the πg9/2νg9/2 dominant configuration.

Information from analogous transitions can also help to
characterize the structure of the 8+ state in 70As. The 8+ → 7−
transition in 72As has a measured lifetime and has also been
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FIG. 7. B(M1) values for several 9+ → 8+ transitions in nuclei
in the vicinity of 70As, along with a particle-vibration coupling model
prediction indicated by the horizontal dashed line. The solid line is
intended to emphasize the relative differences among the data points.
The values for the selected nuclei with mass A > 70 are known, while
the value for 66Ga is tentative in that it is not certain whether the decay
is of E1 or M1 character. If it is M1, then the drastic reduction from
70As to 66Ga suggests a sudden change in the nuclear structure. B(M1)
(or lifetime) data for other nuclei are taken from [25–28].

interpreted as originating from a πg9/2νg9/2 configuration [22]
and ending in a πf5/2νg9/2 configuration [23]. The lifetime
of this transition was measured to be 580(20) ps [24] and
the E1 transition strength was deduced to be B(E1) =
1.34(18) × 10−5 e2 fm2 or 1.22(16) × 10−5 W.u. [22]. The
close correspondence of the transition strength in 72As with
that found in 70As supports the conclusion that the dominant
coupling scheme of these states is the same.

The 9+ state in 70As has also been assigned a configuration
of πg9/2νg9/2 based on the sum of the single-particle energies
of the neighboring nuclei [6]. While the appropriate data are
missing in neighboring As isotopes, the relevant lifetimes are
known among the isotopes of other nearby elements [25–28].
Figure 7 shows the B(M1) strengths of 9+ → 8+ transitions
in nuclei along the α chain that includes 70As in which the 9+
state is a member of the πg9/2νg9/2 configuration multiplet.
As shown in the figure, the strength of the 9+ → 8+ transition
in 70As is comparable to the strength of the corresponding
transitions in 74Br, 78Rb, and 82Y, averaging between a factor
of two to three times larger than in these nuclei. This similarity
supports the assignment of the πg9/2νg9/2 configuration to the
9+ state in 70As.

Further insight into the nature of the 9+ → 8+ transition
can be gained by using a model to calculate the expected
M1 transition strength. The model chosen here has been used
before to investigate the lower-lying states of 70As [6] and
is based on the coupling of two quasiparticles coupled to a
vibrational core [29]. The form of the B(M1) strength in this
model (when Ii > If ) is

B(M1; Ii → If ) = 3(jp + jn + Ii + 1)(jp − jn + Ii)(−jp + jn + Ii)(jp + jn − Ii + 1)

4πIi(2Ii + 1)

(
μp

2jp

− μn

2jn

)2

. (2)
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With the odd-particle angular momenta jp = jn = 9
2 , Ii = 9,

and following [29] in taking the quenching of the spin g-factors
to be 0.6 such that

μp

2jp

− μn

2jn

= 1

2

{
1 + 2.35

2lp + 1
+ 2.29

2ln + 1

}
μN, (3)

the strength of the 9+ → 8+ transition calculated from the
model is B(M1) = 1.2 μ2

N or 0.69 W.u. Compared to the
measured strength of B(M1) = 1.5(8) μ2

N or 0.85(42) W.u.,
the calculated value is consistent within the uncertainty and is
shown in Fig. 7 as the horizontal dashed line. The sensitivity of
the model can be evaluated by checking the result for the case
of other spin scenarios. If the identification of the 8+ and 9+
states was reversed as is suggested to be the case in 68As [30],
the model would require that all Ii become If with the
exception of the one in parentheses in the denominator [29]. In
this case, the strength would be B(M1) = 2.9 μ2

N or 1.6 W.u.,
which is beyond the 1σ uncertainty limits of the experimentally
measured value. However, the correct assignment of Jπ = 8+
and 9+ spins gives better agreement between the calculation
and experiment and supports the previous assignment of the
πg9/2νg9/2 configuration to the 9+ state.

Two final remarks about 70As should be made before
concluding. The first is to note the large difference in
B(M1; 9+ → 8+) strength between 70As and 66Ga shown in
Fig. 7. The point for the strength of the 66Ga is tentative
in that the parity of the J = 8 final state is not certain,
and the knowledge of the character of the γ ray connecting
the two states is only that it is of dipole character [31]. If
the parity of the state is positive and the γ ray therefore
of an M1 nature, then the B(M1; 9+ → 8+) value between
70As and 66Ga experiences a drastic decrease of four orders
of magnitude. This sudden change in the transition strength
compared to that between other nuclei in Fig. 7 indicates that
while 70As has a similar structure to the heavier nuclei along
the α chain, there is a sudden change in the structure at 66Ga
and that 70As lies on the edge of this change.

The second remark to be made is that a DSAM measurement
of the lifetimes of the higher-lying 2732.9-keV 11+ and
4075.6-keV (13+) states has been performed previously and
it was found that the B(E2) strengths of these transitions

indicated substantial collectivity [19]. Based on these results,
it was concluded that the occupation of the g9/2 orbital by
both the odd proton and the odd neutron causes the shape of
70As to become deformed in these high-spin states. Similarly,
an interacting boson-fermion-fermion model calculation done
for 72As for the πg9/2νg9/2 multiplet of states found that it
was necessary to assume a prolate-deformed core in order to
reproduce the energy splitting of the levels in the multiplet [32].
In contrast, the results of this work do not necessarily require
the core of 70As to become deformed, as the strength of
the 9+ → 8+ transition is fully consistent with a particle-
vibration coupling description. A possible explanation for
this contrasting behavior is that while core excitations are
not required to produce the πg9/2νg9/2 coupling states up to
spin 9+ in 70As, they are essential for the higher spin states
above 9+ and induce the deformation previously observed.
A more complete understanding of the evolution of the core
deformation as a function of spin in this nucleus could provide
motivation for future investigations in 70As.

In summary, we have measured the lifetimes of the 8+
and 9+ states in 70As using the γ -ray lineshape method
with γ γ coincidence spectra. The calculated B(E1; 8+ → 7−)
transition strength was found to indicate that the decay is
a hindered transition, as well as being in good agreement
with the corresponding decay in 72As in which the 8+
state has been assigned to the πg9/2νg9/2 configuration. The
B(M1; 9+ → 8+) transition strength was found to agree well
with the transition strength of decays between the 9+ and 8+
members of the πg9/2νg9/2 multiplet in neighboring nuclei and
was also consistent with a particle-vibration coupling model
calculation which assumed the same configuration. Based on
these findings, the lifetime measurements in this work support
previous studies which placed the 8+ and 9+ states in 70As as
members of the πg9/2νg9/2 configuration multiplet.
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