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High-spin states in the neutron-deficient71As nucleus have been studied using in-beamg-ray spectroscopic
techniques combined with mass identification. A new decay sequence of negative parity has been assigned to
71As and previously known sequences have been extended to higher spin and excitation. The new sequence has
been identified as originating from the protonf 7/2 extruder orbital, which approaches the Fermi surface at large
prolate deformations. Comparisons of experimentalB(M1)/B(E2) ratios to theoretical expectations support
this interpretation.@S0556-2813~99!04005-4#
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The nuclei in theA570 mass region exhibit a compl
cated interplay of single-particle and collective degrees
freedom, reflecting the influence of competing shell gaps
the Nilsson single-particle levels. As a result, different def
mations occur in the same nucleus, as first observed in
mass region in72Se@1#. The same interplay is expected to b
present in the isotone71As. Indeed, recent experimental stu
ies @2# of this isotope support the coexistence of triaxial c
lective and spherical single-particle states, and the con
sions are supported by theoretical calculations of the t
Routhian surface~TRS! @2,3#. The calculations for the
negative-parity states predict shallow minima at prolate
noncollective oblate deformations at low rotational freque
cies, which become more deformed as a function of f
quency and triaxial above\v50.5 MeV. At large deforma-
tions, the prolate minima in the energy surfaces could al
the protonf 7/2 extruder orbital to come sufficiently close t
the Fermi surface to be populated in a heavy-ion indu
reaction. This orbital is also critical in the development
deformed and superdeformed shapes inA560 nuclei@4#.

High-spin states in71As have been investigated using th
16O158Ni reaction at a beam energy of 59.5 MeV. The16O
beam from the ATLAS accelerator at Argonne Nation
Laboratory bombarded a self-supporting 484mg/cm2 foil of
58Ni. g rays at the target position were detected by the Ga
masphere array@5# which was coupled to the Fragment Ma
Analyzer @6# in order to separate evaporation residues fr
other reaction products and from scattered beam. This
the first experiment with this setup.g-g coincidence events
as well asg-recoil mass coincidences, have been establish
A total g-g coincidence matrix, as well as severalg-g ma-
trices gated on the mass of the recoils, were construc
Measurements of the directional correlations of the tran
tions ~DCO ratios! have provided the basis for angular m
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mentum and parity assignments for most of the transiti
observed. Approximately 6.3 milliong-g coincidence events
were recorded in coincidence with a recoil. Mass 71 and
were the strongest channels in this reaction. In addition to
3p, 71As reaction channel, 68Ge (2pa), 71Se (2pn),
72Se (2p), and 72Br (pn) have also been identified in thi
data set. A preliminary report of this work was presented
Ref. @7#.

The present study confirms the positive-parity part of
71As level scheme as reported in Ref.@2#. The partial level
scheme of the negative-parity states of71As obtained in the
present work is shown in Fig. 1. The placement of the tr
sitions is based primarily on the coincidence relations
tween these transitions, their relative intensities, and exc
tion energy sums. A summary of the experimen
information deduced for the transitions in Fig. 1 is given
Table I. Typical values of DCO ratios for stretched dipo
and quadrupole transitions are, respectively, 0.5 and
when gated on a stretched quadrupole transition and, res
tively, 1.0 and 2.0, when gated on a stretched dipole tra
tion.

The previously known negative-parity band 1@2# in Fig. 1
has been extended up to;10 MeV in excitation energy and
the decay of this band towards the lower-lying negative p
ity states has been confirmed. Previously established@2# tran-
sitions to the positive-parity band have been confirmed
are not displayed in Fig. 1. This separation of the negati
and positive-parity portions of the level scheme is approp
ate since, for the most part, the deexcitations of the negat
and positive-parity states preserve the parity. The except
are a few transitions in the signaturea521/2 partner of
band 1 which also feed the positive-parity cascade, as
played in Fig. 5 of Ref.@2# and as confirmed in the prese
work. The DCO values for the members of negative-par
2919 ©1999 The American Physical Society
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band 1 support the spin-parity assignments up to the 332

state. The 671.8-keV transition (13/22→9/22) could also be
regarded as part of the band and it has been included in
calculations below. However, the bulk of the intensity out
the 13/22 state is carried away by the 1075.4-keV transiti
towards the lower-lying 9/22 state at an excitation energy o
1394.9 keV.

Band 2 in Fig. 1 is a new sequence of negative-pa
levels observed at moderate excitations. The spectrum in
2 is a sum of gates on several band-2 transitions from
matrix gated onA571. The band consists of dipole trans
tions which compete favorably with quadrupole crosso
transitions. The DCO values in Table I support these ass
ments. Since band 2 only populates the lower-lying negat
parity states and the positive- and negative-parity casca
are essentially decoupled, negative-parity has been assu
for band 2. This band is regular and attains the maximum
its intensity (;20%) at spin 11/22. At higher excitations,
the intensity drops gradually until the band disappears at
23/22 and\v;525 keV.

Due to its rotationlike properties, band 1 has been a
lyzed extensively in the framework of the cranked sh
model in Ref.@2#. The extension of this band to higher e
citations in the present work confirms the persistence
these properties at high spins. The kinematicJ(1) and dy-
namicJ(2) moments of inertia for this band are shown in F
3. The onset of collectivity occurs at a rotational frequen
of ;0.32 MeV and persists up to;0.8 MeV, with both
moments of inertia gradually increasing. The small kink
the dynamical moment of inertia at;0.42 MeV could be a

FIG. 1. Partial level scheme of71As obtained in the presen
work. Only the states with negative parity are displayed. The wi
of the arrows is proportional to the intensity of the transitions. T
g-ray energies are in keV.
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TABLE I. Energies, intensities, DCO ratios, and placements
transitions in71As displayed in Fig. 1. DCO values marked with a
asterisk were obtained by gating on aDI 51 dipole transition.

Energya Intensityb Excitationc Assignment
~keV! (‰) DCO Ei ~keV! Ef ~keV! I i

p ° I f
p

147.7 277~40! 0.83~7!* 147.7 0.0 3
2

2 ° 5
2

2

302.7 49~10! 1.06~11!* 2062.2 1759.4 9
2

2 ° 7
2

2

312.7 12~4! 0.52~8! 2111.0 1798.4 11
2

2 ° 9
2

2

333.2 79~15! 1.02~6!* 2062.2 1729.0 9
2

2 ° 7
2

2

354.8 141~20! 1.18~9!* 2417.0 2062.2 11
2

2 ° 9
2

2

369.6 30~6! 0.40~12! 3290.9 2921.2 17
2

2 ° 15
2

2

403.5 145~25! 1.09~6!* 2820.5 2417.0 13
2

2 ° 11
2

2

442.6 154~25! 0.90~6!* 3263.1 2820.5 15
2

2 ° 13
2

2

451.0 109~20! 0.59~9! 2921.2 2470.3 15
2

2 ° 13
2

2

455.2 129~30! 0.43~6! 4372.4 3917.2 21
2

2 ° 19
2

2

470.2 30~5! 1394.9 924.6 9
2

2 ° 7
2

2

475.9 102~15! 0.93~9!* 3739.0 3263.1 17
2

2 ° 15
2

2

483.6 15~3! 0.70~10!* 1729.0 1245.5 7
2

2 ° 5
2

2

494.2 81~10! 0.94~9!* 4233.2 3739.0 19
2

2 ° 17
2

2

514.0 26~7! 1759.4 1245.5 7
2

2 ° 5
2

2

541.6 31~6! 1.03~24!* 4774.8 4233.2 21
2

2 ° 19
2

2

552.6 35~8! 0.75~7! 1798.4 1245.5 9
2

2 ° 5
2

2

584.6 6~2! 5359.4 4774.8 23
2

2 ° 21
2

2

626.4 86~10! 0.48~4! 3917.2 3290.9 19
2

2 ° 17
2

2

671.8 149~30! 0.99~7! 2470.3 1798.4 13
2

2 ° 9
2

2

716.1 30~10! 2111.0 1394.9 11
2

2 ° 9
2

2

758.1 40~8! 1.61~31!* 2820.5 2062.2 13
2

2 ° 9
2

2

777.0 33~9! 924.6 147.7 7
2

2 ° 3
2

2

810.2 119~25! 0.89~10! 2921.2 2111.0 15
2

2 ° 11
2

2

846.0 58~10! 3263.1 2417.0 15
2

2 ° 11
2

2

873.8 75~10! 1798.4 924.6 9
2

2 ° 7
2

2

820.6 471~60! 1.02~8! 3290.9 2470.3 17
2

2 ° 13
2

2

918.1 42~5! 2.58~54!* 3739.0 2820.5 17
2

2 ° 13
2

2

924.6 270~50! 0.48~5! 924.6 0.0 7
2

2 ° 5
2

2

943.4 217~40! 1.10~7! 4234.0 3290.9 21
2

2 ° 17
2

2

969.9 80~10! 1.80~33!* 4233.2 3263.1 19
2

2 ° 15
2

2

996.0 351~70! 0.85~10! 3917.2 2921.2 19
2

2 ° 15
2

2

1035.9 26~5! 4774.8 3739.0 21
2

2 ° 17
2

2

1075.4 393~50! 1.03~6! 2470.3 1394.9 13
2

2 ° 9
2

2

1097.8 76~20! 1.45~16!* 1245.5 147.7 5
2

2 ° 3
2

2

1126.0 28~6! 5359.4 4774.8 23
2

2 ° 19
2

2

1137.5 187~20! 1.01~7! 5371.5 4234.0 25
2

2 ° 21
2

2

1156.9 86~15! 5074.1 3917.2 23
2

2 ° 19
2

2

1186.4 82~20! 0.90~13! 2111.0 924.6 11
2

2 ° 7
2

2

1301.4 135~30! 1.03~13! 6672.9 5371.5 29
2

2 ° 25
2

2

1394.9 315~40! 1.03~7! 1394.9 0.0 9
2

2 ° 5
2

2

1442.0 63~15! 1.37~18! 8114.9 6672.9 33
2

2 ° 29
2

2

1570.0 30~7! 9684.9 8114.9 37
2

2 ° 33
2

2

1581.5 14~4! 1729.0 147.7 7
2

2 ° 3
2

2

1729.0 43~15! 2.05~38!* 1729.0 0.0 7
2

2 ° 5
2

2

1759.0 ,17 1759.4 0.0 7
2

2 ° 5
2

2

aUncertainties on theg-ray energies vary from 0.2 to 0.4 keV fo
the strong transitions and from 0.8 to 1.0 keV for the weakest on
bIntensities relative to the intensity of the 714.0-keV transition@2#
derived from coincidence gates.
cUncertainties on the excitation energies vary from 0.2 to 0.8 k
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trace of a band crossing within the sequence. TRS calc
tions @2# for 71As suggest a deformed, prolate shape (e2
;0.31,g;5°) at \v;0.3–0.5 MeV, which evolves to a
triaxial (e2;0.24,g;30°) shape for this negative-parit
configuration at high frequencies.

In Fig. 3 the kinematic and dynamic moments of iner
for band 2 are also displayed. Similar behavior to that
band 1 is observed, suggesting similar, prolate deformati
However, band 2 is aDI 51 sequence withB(M1)/B(E2)
ratios varying between 4 and 6mN

2 /(eb)2. This observation
supports a high-K, prolate character for this band. The re

FIG. 2. Spectrum obtained from the sum of coincidence ga
placed on the 147.7-, 333.2-, 354.8-, 403.5, 442.6-, 475.9-,
494.2-keV transitions of band 2 in a matrix gated onA571.

FIG. 3. KinematicJ(1) and dynamicJ(2) moments of inertia as a
function of rotational frequency~in MeV! for bands 1~squares! and
2 ~circles! in 71As.
a-

f
s.

evant Nilsson model orbitals@8# as a function of deformation
e2 are shown in Fig. 4. The only available high-K orbital is
the f 7/2 extruder configuration, with asymptotic quantu
numbers 7/22@303#, which approaches the Fermi surface
Z533 only for large,e2.0.25, deformations. Although the
5/22@303# orbital is near the Fermi surface for oblate defo
mations,gK'gR for this f 5/2 orbital. Therefore, theB(M1)
value would be very small, in contrast to the observed, re
tively large,B(M1)/B(E2) ratios.

The experimentalB(M1)/B(E2) ratios for band 2 are
shown in Fig. 5, together with theoretical expectations of t
ratio for a f 7/2, K57/2 proton orbital, withgs50.65gs

(free)

@9#. The B(E2) value for the 17/22 state of band 2 was
assumed to be between 58 and 83 W.u., in accordance
experimental limits@2# for the B(E2) value of 68210

115 W.u.
for the 17/22 state of band 1. Since both negative-par

s
d

FIG. 4. Nilsson model calculations as a function of deformat
e2 for proton orbitals in71As. The Nilsson parametersk50.0626
andm50.614 were used.

FIG. 5. ExperimentalB(M1)/B(E2) ratios~circles! for the lev-
els of band 2 as a function of spin. The dashed curves represen
range of values for these ratios expected for the 7/22@303# proton
extruder orbital with empiricalB(E2) values for band 1@2#. The
solid curve is expected for momentQt53.1 eb, as discussed in the
text.
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bands exhibit similar collectivity, this range of values shou
be a good estimate of theB(E2) value for the 17/22 state of
band 2. These theoretical predictions give values somew
larger than experimentally observed. This could, perhaps
attributed to a slightly larger prolate deformation in band
compared to that measured for band 1. Alternatively, the l
of signature splitting for band 2 suggests an axial shape
to the highest observed frequency. This could, in turn, c
respond to a larger transition quadrupole moment,Qt , for
the same deformation. The experimentalB(M1)/B(E2) ra-
tios in Fig. 5 can be reproduced with a momentQt

53.1 eb, which corresponds to ane2 value of 0.37, using
Eq. ~3! of Ref. @2#.

Proton 7/22 states with modest spectroscopic factors ha
been previously observed in (d,3He) reactions@10,11# at ex-
citation energies similar to the 7/22 states at the beginning o
n-
.

.C

d

at
be

k
p

r-

e

band 2. However, this is the first clear observation of a
formed rotational band built upon the high-K 7/22@303# ex-
truder configuration.

In summary, the negative-parity level scheme of71As has
been enriched and extended to higher excitations. The pr
ously known negative-parity triaxial band is extended up
0.8 MeV rotational frequency. A newDI 51 band is ob-
served with the properties expected for a rotational ba
built on the f 7/2, 7/22@303# proton extruder orbital. This is
the first observation of a deformed protonf 7/2 configuration
in the A570 mass region.
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