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Collective structure in 70As
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High-spin states in70As were populated using the58Ni ~16O, 3pn! reaction at 70 MeV energy. Lifetime
measurements of the 11(1)→9(1) 980.7 keV and (131)→11(1) 1342.7 keV transitions using the Doppler-shift
attenuation method determined that both are enhancedE2 transitions. This measurement indicates the onset of
deformation with increasing spin in70As, as has been seen in neighboring nuclei.@S0556-2813~97!04310-0#

PACS number~s!: 21.10.Re, 21.10.Tg, 23.20.2g, 27.50.1e
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One of the most important characteristics of the m
70–80 region is the sudden change in nuclear structure p
erties with the change of a small number of particles.
particular the observation of different deformations in t
same nucleus leads to the introduction of the concep
shape coexistence phenomena.

It is well known that in this mass region soft nuclei, whic
present several collective bands with a rich variety of nucl
deformations such as prolate, oblate, and triaxial shapes
be found. For instance,82Sr presents a spherical ground sta
and evolves with increasing angular momentum into sev
bands with different deformations, all coexisting in the sa
nucleus@1,2#.

The first example of this shape coexistence phenome
was found in the study of high-spin states in182Hg @3#. A
subsequent work concerning the nuclear structure of72Se@4#
demonstrated these effects in the mass 70–80 region.

The purpose of this investigation is to study the doub
odd nucleus70As. This nucleus lies in the vicinity of the so
doubly-even72Se and68Ge nuclei. As a result the nuclea
structure of70As is expected to share some of the propert
seen in both neighboring nuclei. Let us now outline the
formation available on the decay schemes of these nucle

The nucleus68Ge displays bands of oblate and prola
deformation as well as a group of three 81 states at around 5
MeV of excitation energy which aroused the interest of s
eral groups and was extensively studied both experimen
and theoretically@5,6#. In contrast to the complicated struc
ture exhibited by68Ge, the decay scheme of72Se is domi-
nated by a single band@6#. Both nuclei present a nuclea
structure in which shape coexistence effects are clearly
served.

The decay scheme of70As was established@7,8# up to a
tentative angular momentum of (131). Figure 1 shows a
partial decay scheme@8# of the positive-parity levels of70As
and a very schematic view of its decay to the ground st
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The low angular momentum states up to 81 were analyzed in
Ref. @8# and interpreted as a coupling of the unpaired pro
and neutron moving in a spherical shell. Several levels
tentative positive-parity above 1676.2 keV were attributed
the excitations of both odd particles to the intruderg9/2 sub-
shell.

The observation of these positive-parity levels, usua
grouped in a collective band, is a well known feature of th
mass region and, in general, indicates the onset of defor
tion. For instance, a recent study of the neighboring doub
odd nucleus72As @9# found that the occupation of theg9/2
subshell by the unpaired proton and neutron produced a b
with a substantial deformation ofb2'0.26 compared with a
spherical ground state. A partial level scheme of72As @9,10#

e

s,

FIG. 1. Partial decay schemes of70As and 72As adapted from
Refs. @8# and @9,10#, respectively. Only some of the lower energ
levels and their connections with the positive-parity states are i
cated.
2869 © 1997 The American Physical Society
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is included in Fig. 1 for comparison.
The aim of the present work is to determine this tran

tional region in which the nuclear structure evolves from
spherical to a deformed shape. To this end we have meas
the lifetimes ofg transitions deexciting levels of the positive
parity band.

The energies of theg rays of interest lie above 800 keV
and lifetimes of about one picosecond or lower are expec
Therefore the Doppler-shift attenuation method~DSAM!
was used.

High-spin states in70As were populated using the58Ni
(16O, 3pn! reaction at 70 MeV energy. The16O beam was
provided by the Florida State University~FSU! Tandem-
LINAC accelerator facility. The target consisted of a s
supporting 280mg/cm2 foil enriched to 99.7% in58Ni. The
backing material was181Ta with a thickness of 50 mg/cm2.
Promptg-g coincidences were detected with the Pittsburg
FSU combined detector array@11#. Ten Compton-suppresse
Ge detectors were used during this experiment. Four of
detectors were placed at 90° relative to the beam line,
were at 35° and four at 145°. Each of the detectors w
placed at a distance of 15 cm from the target. A total
approximately 108 g-g coincidences were measured.

The coincidence events were sorted into two different
rays. One of them collected all theg-g coincidences detecte
in the 35° detectors and the other in either the 145° or
detectors. In turn, the other array stored the events in wh
oneg ray was measured in the 145° detectors and the o
in any of the others. From these two arrays it was possibl
obtain the coincidentg-ray spectra in both the forward an
backward directions.

This search established only two transitions affected
Doppler shifting. The non-observation of a Doppler shift f
the 788.3 keV transition that deexcites theI p58(1) level
~Fig. 1! indicates that below this level all the transitions we
unshifted and therefore out of range for DSAM measu
ments.

The spectra were obtained by projecting out from theg-g
coincidence matrix the events in coincidence with the inte
lower transitions such as the 788.3 keV and the 321.1 keg
rays. The spectra gated by these lines were summed to
crease the statistical accuracy, and the results for the forw
and backward detector angles are shown in Fig. 2.

The computer codeFITS @12# was used to perform the
analysis. This code calculates Doppler-shifted line shape
taking into account several effects such as deceleration o
beam in the target, distribution of recoil velocities, detec
resolution and geometry, direct feeding from known leve
and continuum side feeding. The stopping power was ta
from Ziegler et al. @13# and the angular straggling wa
treated in Blaugrund’s approximation@14#.

The lifetime of the highest level was extracted witho
taking into account any side feeding and this result was u
to fit the lifetime of the lower levels. In particular th
(131)→11(1) transition of 1342.7 keV energy is the firs
observedg ray of the cascade and the result is considered
an effective lifetime necessary for the following analysis.

This g ray feeds the 2733.0 keV level which deca
through the 980.7 keV transition. From the measuremen
the intensity balance of the level, the contribution of the s
feeding provides (4369)% of the total intensity. The side
-
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feeding time was assumed to be in the range between 0.0
to 0.2 ps, which is typical for nuclei in this mass regio
populated by heavy-ion reactions and at this excitation
ergy and spin@15,16#. No otherg ray deexciting lower en-
ergy levels exhibited a measurable Doppler shift in the sp
tra.

The theoretical line shape generated by the program
compared with the measured spectrum, and the lifetime
varied until the best fit was obtained. The side-feeding li
time, which is fixed during a particular fitting calculatio
was varied to estimate its influence over the final result. T
uncertainty in the lifetime was determined by comparing
accuracy of the best fit with the accuracy for lifetime fits ne
the measured best value. Figure 2 shows the best fit
shape simulations and also the fit obtained with the lifeti
held fixed at the uncertainty estimates.

The experimental value for the 1342.7 keV transition
0.660.1 ps is an effective lifetime or an upper limit for th
4075.7 keV level. The mean lifetime of the 980.7 keV tra
sition was found to be 1.160.3 ps, which takes into accoun
the lifetime of the 1342.7 keV feeding transition and a fix
0.2 ps side-feeding lifetime. The final value of the 980.7 k
transition results from the average of the lifetimes obtain
analyzing the spectra of both forward and backward de
tors.

From these lifetimes, the reduced transition strengths
be calculated. The resultingB(E2) values measured in
single particle Weisskopf units~W.u.! are 48610

20 and greater
than 18 W.u. for the 980.7 and 1342.7 keV transitions,
spectively (1 W.u.517.8e2 fm4). The transition quadrupole
momentsuQtu51.8(3) e b and uQtu>1.1 e b were inferred

FIG. 2. Dopppler-shifted line shapes observed in the~a! back-
ward and~b! forward detectors. The smooth curves represent
best-fit lifetimes and the uncertainty limits.
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from the B(E2) values according to the standard rotation
formula@17#. For the intrinsic angular momentumK, a value
of 4 was assumed.

This enhacement in theB(E2) values, which implies a
collective structure, also was observed in theg9/2 positive-
parity bands in neighboring nuclei. Figure 3 shows the tr
sition quadrupole moments, as a function of the angular
quency\v, in 70As compared with the values measured
the positive-parity bands in the neighboring nuclei72As @9#
and 71As @17#. As can be seen, theuQtu moments fluctuate
around a constant value and our measurement agrees r
well with these systematics.

The present measurement determined a strong enha
ment in theB(E2) values of the 980.7 and 1342.7 keV tra
sitions depopulating levels of the positive-parity band t
suggested the onset of deformation.

Thus the shape of the70As can be interpreted as almo
spherical near the ground state, as a recent (p,n) reaction
work suggested@18#. Then at higher spins, corresponding
the population of theg9/2 subshell by the odd particles, th
shape becomes deformed.

Total Routhian surfaces~TRS! were determined from
Woods-Saxon Hartree-Fock-Bogolyubov~HFB! cranking

FIG. 3. The transition quadrupole moments, as a function of
angular frequency\v, in 70As compared with the values measur
in the positive-parity band in the neighboring nuclei72As and71As.
The experimental point with an arrow indicates a lower limit
.
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calculations@19#. A TRS plot for 70As is shown in Fig. 4 for
the positive-parity states which span the rotational frequ
cies close to the 980 keV transition. At low frequencies~not
shown in the figure! the calculations predicted the shape
the nucleus to be very soft with respect to the triaxial
parameterg with a broad minimum near the oblate, nonco
lective axis atg'60°. At a frequency of 0.51 MeV, as
shown in Fig. 4, a new nearly prolate, collective minimu
(b2'0.3 andg'15°! appears, which probably correspon
to the observed positive-parity band. It would imply aQt
value of 1.75e b in good agreement with the measur
value.

In conclusion, the present lifetime measurements h
demonstrated enhancedE2 transitions among the high-spi
states of70As, in agreement with Hartree-Fock-Bogolyubo
calculations. This result parallels an earlier observation
the onset of deformation in the high-spin states of the nei
boring isotope72As.

This work was supported in part by the NSF-CONICE
~Argentina! U.S.-Latin American Cooperative Science Pr
gram under Grant No. INT-9314496, in part by the Nation
Science Foundation under Grant No. PHY-9210082, and
part by the U.S. Department of Energy under Contract N
DE-AC05-96OR22464.

e
FIG. 4. Total Routhian surface in the (b2 ,g) plane for the low-

est positive-parity configuration in70As at a rotational frequency o
\v50.51 MeV.
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