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Excited levels in69As were studied using the40Cas32S,3pd69As reaction at 95 and 105 MeV beam energy.
Gamma rays were detected with the EUROBALL spectrometer operated in conjunction with the Neutron Wall
and the charged-particle detector array EUCLIDES. New level sequences with positive and negative parity
were identified from 3p-gg andggg coincidences. Spins were assigned to many of the levels on the basis of
directional correlations of oriented states measurements. The previously observed positive-parity band was
extended to spin 45/2+ and it was found to exhibit a crossing with another configuration identified up to spin
53/2+. Three negative-parity bands were observed for the first time up to spinss43/2−d , 39/2−, ands41/2−d.
The previously known band was extended to spins49/2−d. No evidence for superdeformation was found,
despite very high counting statistics. Configurations were assigned to each of the observed bands through
comparisons to the cranked Nilsson-Strutinsky calculations.
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I. INTRODUCTION

Low-spin structures in odd-As isotopes are known from
several investigations employingb-decay studies[1,2],
s3He,dd and sp,nd reactions[3,4], or heavy-ion reactions
[5–8]. Decoupled rotational bands built on theg9/2 orbital
have been firmly established and their systematic trends ex-
tensively discussed[3,5,7,8]. The low-lying negative-parity
structures were found to consist of single-particle states and
rotational bands whose properties are mainly determined by
the p1/2,p3/2, and f5/2 orbitals.

Although the experimental efforts were mostly concen-
trated on high-spin studies in the last decade, information
about the structure of the odd-As isotopes at high excitation
energy is still rather scarce. Positive-parity states above spin
21/2+ have been observed so far in67,69,71As [9–12] whereas
high-spin negative-parity bands are firmly identified only in
71As [12,13]. The investigations revealed that the general
structures of these nuclei have some features in common,
but, with increasing neutron number, important differences
occur. For example, the yrast bands in67,69As were found to
exhibit a sharp backbending at"v<0.52 MeV [9,11], while
in 71As no evidence for a band crossing was found up to the
highest observed spin ofs29/2+d corresponding to"v
<0.65 MeV [12]. Such differences in the structure of nuclei
are probably connected with the competing gaps in the Nils-
son single-particle levels forN=34, 36, and 38 at prolate or
oblate deformations, leading to different nuclear shapes and
different behaviors of the yrast line with increasing neutron
number.

In this paper we present new comprehensive low- and
high-spin data for the nucleus69As. Prior to this work,
positive-parity states up to spins41/2+d have been reported
in Ref. [11]. High-spin negative-parity states up to spin
25/2− have been observed in the work of Mitaraiet al. [10]
and partially confirmed in[11]. Thus, the present study was
aimed at extending the positive-parity structure to higher
spin and rigorously identifying the negative-parity states in
69As. Since a low-lying negative-parity band based on the
f7/2 proton orbital has been identified in71As [13], we ad-
dress the question whether such a band exists in69As.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

High-spin states in 69As were populated via the
40Cas32S,3pd reaction at 95 and 105 MeV beam energy de-
livered by the VIVITRON accelerator of the IReS Stras-
bourg. In the experiment at 105 MeV, the target consisted of
a 860mg/cm2 self-supporting foil of 40Ca enriched to
99.965%. In the second experiment, performed at 95 MeV
beam energy, a foil of 1 mg/cm2 of 40Ca enriched to 99.9%
evaporated onto a 15 mg/cm2 gold backing was used.
Gamma rays were detected with the EUROBALL array
[14,15] consisting of 15 Cluster[16] and 26 Clover[17]
composite Ge detectors each surrounded by a bismuth ger-
manate shield providing Compton suppression. Charged par-
ticles were detected using the 4p device EUCLIDES[18],
composed of 40DE-E silicon telescopes with the five for-
ward elements electrically segmented into four parts. The
evaporated neutrons were detected with the Neutron Wall
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[19], consisting of 50 liquid scintillators covering the for-
ward 1p section of EUROBALL. The events in the experi-
ment at 105 MeV were collected when at least three Ge
detectors and one event(neutron org) in the Neutron Wall
were registered in coincidence. The data from the experiment
at 95 MeV were acquired if a minimum of two Ge detectors
fired in coincidence with one event in the Neutron Wall.

Data were stored on tapes and sorted off line intoEg-Eg

matrices andEg-Eg-Eg cubes, with particle gates on three
protons in order to enhance the69As reaction channel. For
energy and efficiency calibrations,152Eu and56Co sources
were used. A comparison of the peak positions at different
detector angles yielded an average velocity of the recoiling
nuclei v /c=2.67%. With this value, a Doppler correction of
theg-ray energies was carried out on an event-by-event basis
for the data from the self-supporting target experiment. A
total number of 83109 ggg events were recorded in the
experiment at 105 MeV, whereas in the experiment per-
formed at 95 MeV, theggg cubes contained about 33109

events. The cubes and the matrices were analyzed using the
GASPWARE [20] andRADWARE [21] software packages.

An analysis of the directional correlations from oriented
states(DCO’s) was performed in order to assign spins to the
newly observed states. Since the DCO ratios are very sensi-
tive to the observation angles of the coincidentg rays, spe-
cific groups of detectors have to be chosen for the analysis.
The geometry of the EUROBALL leads to the formation of
13 rings positioned at angles of 72°, 81°, 99°, 107°, 123°,

129°, 133°, 137°, 141°, 146°, 149°, 156°, and 163°. For the
present DCO analysis, the coincidence data were added up
for the four most backward-angle rings(163°, 156°, 149°,
and 146°), resulting in a quasiring at a weighted average
angle of 155° to the beam axis and the four rings near 90°
(72°, 81°, 99°, and 107°). A 155° versus 90°g-g matrix was
created in coincidence with three protons for each experi-
ment. From these matrices, we extracted the DCO ratios de-
fined as[22]

RDCO
expt =

I155°
g2 sgate90°

g1 d
I90°

g2 sgate155°
g1 d

, s1d

where I155°
g2 sgate90°

g1 d denotes the efficiency-corrected coinci-
dence intensity of theg2 transition observed at 155° when
gating on theg1 transition observed at 90°. In this geometry,
if one gates on a stretched quadrupole transition, the theoret-
ical DCO ratios are,1 for stretched quadrupole transitions
and,0.5 for pure dipole transitions. If, in contrast, gates are
set on a pure dipole transition, the extracted DCO ratios are
,2 for pure quadrupole transitions and,1 for pure dipole
transitions.

III. EXPERIMENTAL RESULTS

The ground state spin ofIp=5/2− in 69As has been deter-
mined in an atomic-beam nuclear magnetic resonance
(NMR) experiment[23]. Low-lying positive-parity states up

FIG. 1. Low-lying positive-parity states in69As obtained from the present work. The widths of the arrows are proportional to theg-ray
intensities.

FIG. 2. Low-lying negative-parity states in69As obtained from the present work. The widths of the arrows are proportional to theg-ray
intensities.
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to an excitation energy of 5.2 MeV have been investigated in
detail in the work of Hellmeisteret al. [7]. Within that work,
on the basis ofg-g coincidences, angular distributions, and
excitation functions, a rotational alignedg9/2 proton band has
been established. Their proposed level scheme consists
mainly of the favored yrast structure observed up to spin
25/2+. In the unfavored yrast band only the 11/2+ and 15/2+

states could be identified[7]. The proposed protonic charac-
ter for theg9/2 band was later confirmed by the measurement
of the magnetic momentfm=s4.64±0.59dmNg of the Ip

=9/2+, 1305.6-keV level[24]. The recent works of Mitarai
et al. [10] and Bruceet al. [11] confirmed the existence of
the levels found by Hellmeister and co-workers[7] and ex-
tended the favored yrast structure up to spins 33/2+ and
s41/2+d, respectively.

The low-lying level scheme of69As deduced from our
coincidence measurements is shown in Figs. 1(positive-
parity states) and 2 (negative-parity states). The high-spin
states obtained from the present analysis are presented in
Fig. 3. The level structure contains many newly introduced

levels as compared to the previous work[10,11]. Examples
of doubly gated co-incidence spectra, revealing the newly
observed transitions in69As, are shown in Fig. 4. The respec-
tive spectra were extracted mainly from theggg cube be-
cause of the better statistics compared to the 3p-ggg cube.
The low-lying non-yrast states were better populated in the
experiment at 95 MeV, while in the analysis of the high-spin
states the 105 MeV data set has been used.

The results of the level determinations,g energies, inten-
sities, DCO ratios, multipolarities, and spin assignments are
given in Table I.

A. Positive-parity states

1. Low-lying non-yrast states

Prior to this work, no non-yrast states of positive parity
were known in 69As. The double-gating procedure using
known transitions depopulating the unfavored yrast structure
led to the identification of new states at 2808.0, 3507.1,
3660.4, 3840.2, and 4148.2 keV(see Fig. 1). Good statistics

FIG. 3. High-spin states in69As obtained from the present analysis.
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made it possible to extract the multipole order of the transi-
tions depopulating these levels supporting the spin assign-
ments of 13/2+,15/2+,17/2+,17/2+ and 17/2+, respectively.
The spectrum presented in Fig. 4(a) shows a double gate on
the 853.8-1103.8 keV transitions. All the 17/2+ states enu-
merated above have a decay branch to the 15/2+ state at
3263.2 keV via the 397.2-, 577.0-, and 885.0-keVg rays.
The investigation of the doubly gated spectra using gates on
intense transitions depopulating the favored yrast band re-
vealed a second decay path of the newly observed levels to

the yrast levels, thus confirming their placement in the level
scheme of69As.

The new state at 2169.0 keV was found to decay via the
635.0-, 952.7-, and 1305.8-keV transitions. The DCO ratio
obtained by gating on the intense 863.2-keVg ray sDI =1d is
consistent with aDI =1 character for the 1305.8-keV line,
suggesting anI =9/2 spin assignment for the level at 2169.0
keV (see Fig. 1 and Table I). This level is populated by the
639.0-keV transition decaying from the positive-parity state
at 2808.0 keV. No feeding from higher negative-parity levels

FIG. 4. Examples of doubly gated coincidence spectra from theggg cube.(a) presents a spectrum acquired from the experiment at 95
MeV using the gold-backed40Ca target and(b), (c), and (d) contain spectra acquired from the experiment at 105 MeV using the self-
supporting target. Peaks labeled with their energies in keV are assigned to69As.
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TABLE I. Energies, relative intensities, and DCO ratios ofg-ray transitions assigned to69As. The inten-
sities are normalized to the 853.8-keV transition, set to be 100.

Elevel (keV) Eg (keV) Ig
a RDCO Gate sL Ii

p I f
p

0.0 5/2−

98.2 98.2(3) 7.8(3) 0.50(5)b 1097.6 M1/E2 3/2− 5/2−

863.2 765.0(4) 11.9(29) 1.85(15)b 442.4 E2 7/2− 3/2−

863.2(5) 69.1(29) 0.61(5)b 1097.6 M1/E2 7/2− 5/2−

1216.3 1118.1(3) 15.8(10) 1.36(12)c 799.2 E2 7/2− 3/2−

1216.3(5) 6.9(14) 0.41(6)c 799.2 M1/E2 7/2− 5/2−

1305.6 89.3(2) 3.5(10) 0.46(6)b 1097.6 E1 9/2+ 7/2−

442.4(5) 91.7(44) 0.65(5)b 1204.2 E1 9/2+ 7/2−

1305.6(4) 58.4(62) 1.05(7)b 1097.6 M2 9/2+ 5/2−

1470.3 1470.3(2) 18.9(16) 0.98(7)b 808.3 E2 9/2− 5/2−

1534.0 228.4(3) 0.22(3) sE2d s5/2+d 9/2+

1435.8(4) 3.1(3) sE1d s5/2+d 3/2−

1987.5 1987.5(2) 0.19(1) 0.42(1)c 790.9 M1/E2 7/2− 5/2−

2159.4 853.8(5) 100 1.01(6)b 1097.6 E2 13/2+ 9/2+

2169.0 635.0(3) 0.33(6) 2.2(7)b 648.5 sE2d 9/2s+d s5/2+d
952.7(2) 0.20(3) sE1d 9/2s+d 7/2−

1305.8(3) 2.1(3) 2.5(3)c 863.2 sE1d 9/2s+d 7/2−

2199.7 1336.5(2) 4.1(2) 2.3(2)c 863.2 E2 11/2− 7/2−

2210.7 905.1(3) 19.5(10) 0.19(4)c 756.9 M1/E2 11/2+ 9/2+

2311.2 323.7(3) 0.18(4) 0.64(13)c 808.3 M1/E2 9/2− 7/2−

1005.6(5) 1.5(1) 0.61(6)c 808.3 E1 9/2− 9/2+

1094.9(4) 1.18(9) M1/E2 9/2− 7/2−

1448.0(4) 0.8(5) M1/E2 9/2− 7/2−

2311.2(3) 6.4(7) 1.08(9)b 808.3 E2 9/2− 5/2−

2627.6 316.4(2) 0.18(3) 0.57(13)c 790.9 M1/E2 11/2− 9/2−

468.2(3) ,0.1 0.7(3)b 790.9 E1 11/2− 13/2+

640.1(2) 0.2(4) 1.3(2)c 790.9 E2 11/2− 7/2−

1322.0(5) 2.4(1) 0.67(6)c 790.9 E1 11/2− 9/2+

1411.3(1) 5.0(3) 0.95(18)c 756.9 E2 11/2− 7/2−

2777.1 1306.8(3) 11.4(12) 1.01(8)b 1470.3 E2 13/2− 9/2−

2808.0 597.3(4) 3.6(7) 0.34(5)c 756.9 M1/E2 13/2+ 11/2+

639.0(4) 1.2(1) 1.7(2)b 648.5 E2 13/2+ 9/2s+d

648.6(2) 2.1(2) M1 13/2+ 13/2+

1502.4(4) 4.7(10) 2.1(3)b 648.5 E2 13/2+ 9/2+

3045.4 268.3(2) 0.12(1) 0.68(9)c 1470.3 M1 13/2− 13/2−

334.4(1) 5.3(4) 0.51(5)c 799.2 M1/E2 13/2− 11/2−

379.4(3) 1.6(1) M1/E2 13/2− 11/2−

417.8(4) 0.41(3) 0.52(7)c 808.3 M1/E2 13/2− 11/2−

601.3(2) 0.91(6) 0.96(17)c 808.3 E2 13/2− 9/2−

734.2(4) 14.3(17) 1.15(11)b 808.3 E2 13/2− 9/2−

886.0(2) 3.2(2) 1.1(1)c 808.3 E1 13/2− 13/2+

3257.0 449.0(4) ,0.1 E2 17/2+ 13/2+

1097.6(2) 90.2(44) 0.95(6)b 1204.2 E2 17/2+ 13/2+

3263.2 455.2(5) 0.11(3) M1/E2 15/2+ 13/2+

1052.5(4) 1.55(4) 1.08(21)c 756.9 E2 15/2+ 11/2+

1103.8(2) 1.9(5) 0.19(2)c 756.9 M1/E2 15/2+ 13/2+

3418.5 373.1(4) 1.0(2) M1/E2 15/2− 13/2−

641.4(3) 1.7(4) 0.67(10)c 1470.3 M1/E2 15/2− 13/2−
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TABLE I. (Continued.)

Elevel (keV) Eg (keV) Ig
a RDCO Gate sL Ii

p I f
p

790.9(2) 7.6(14) 1.2(1)b 756.9 E2 15/2− 11/2−

1218.8(3) 2.1(4) 0.77(10)c 756.9 E2 15/2− 11/2−

1259.1(2) 6.1(3) 0.49(6)b 756.9 E1/M2 15/2− 13/2+

3507.1 699.1(3) ,0.1 M1/E2 15/2+ 13/2+

1296.4(4) 0.32(4) 1.12(6)b 1305.6 E2 15/2+ 11/2+

1347.7(3) 0.24(3) 0.41(16)c 756.9 M1/E2 15/2+ 13/2+

3660.4 153.3(5) 0.16(1) M1/E2 17/2+ 15/2+

397.2(3) 0.17(1) 0.57(13)c 1052.5 M1/E2 17/2+ 15/2+

403.4(2) 2.7(2) M1 17/2+ 17/2+

852.4(3) 4.4(3) 1.24(5)b 853.8 E2 17/2+ 13/2+

1501.0(3) 4.1(3) 1.76(14)c 853.8 E2 17/2+ 13/2+

3840.2 333.1(3) 1.9(6) 0.49(23)c 756.9 M1/E2 17/2+ 15/2+

577.0(4) 3.5(12) 0.39(6)c 756.9 M1/E2 17/5+ 15/2+

583.2(4) ,0.1 M1 17/2+ 17/2+

1032.2(2) 5.7(4) 1.3(1)b 853.8 E2 17/2+ 13/2+

1680.8(6) 1.9(6) 1.15(27)c 756.9 E2 17/2+ 13/2+

3844.6 426.1(3) 0.17(1) 0.76(13)c 790.9 M1/E2 17/2− 15/2−

587.6(3) 0.86(6) 1.25(20)c 808.3 E1 17/2− 17/2+

799.2(3) 12.1(12) 1.01(8)b 808.3 E2 17/2− 13/2−

1067.5(2) 8.9(8) 1.01(8)b 808.3 E2 17/2− 13/2−

3947.5 902.3(3) 1.00(5) M1/E2 15/2− 13/2−

1748.0(4) 3.1(4) 2.91(55)c 863.2 E2 15/2− 11/2−

1788.7(4) 2.6(3) 0.44(9)c 853.8 E1 15/2− 13/2+

4148.2 641.1(2) 0.25(2) 0.80(14)c 756.9 M1/E2 17/2+ 15/2+

885.0(4) 0.14(2) 0.56(8)c 756.9 M1/E2 17/2+ 15/2+

891.2(2) ,0.1 M1 17/2+ 17/2+

4306.1 465.9(4) ,0.1 sM1/E2d s19/2+d 17/2+

645.7(3) 0.12(3) sM1/E2d s19/2+d 17/2+

1042.9(3) 0.24(5) sE2d s19/2+d 15/2+

4356.2 937.7(2) 5.4(3) 1.23(12)b 853.8 E2 19/2− 15/2−

1099.2(5) 5.6(6) E1 19/2− 17/2+

4461.2 1204.2(1) 68.2(31) 1.16(7)b 1097.6 E2 21/2+ 17/2+

4488.7 340.5(3) 0.8(1) 0.42(3)c 756.9 E1 19/2− 17/2+

541.0(3) 0.22(3) 1.23(25)c 756.9 E2 19/2− 15/2−

644.1(4) ,0.1 M1/E2 19/2− 17/2−

648.5(2) 1.4(2) 0.55(6)c 756.9 E1 19/2− 17/2+

828.3(4) 0.8(1) 0.53(7)c 756.9 E1 19/2− 17/2+

1070.2(3) 1.6(1) 1.04(8)b 756.9 E2 19/2− 15/2−

1231.7(5) 0.12(2) 0.53(11)b 756.9 E1 19/2− 17/2+

4554.0 405.8(3) 2.1(5) E1 19/2− 17/2+

606.3(3) 2.5(8) E2 19/2− 15/2−

709.4(1) 0.17(4) 0.33(7)c 799.2 M1/E2 19/2− 17/2−

893.6(3) 2.4(4) 0.39(10)c 1097.6 E1 19/2− 17/2+

1135.5(2) 2.9(12) 1.4(3)c 790.9 E2 19/2− 15/2−

1297.0(4) 1.4(4) 0.54(4)b 1097.6 E1 19/2− 17/2+

4652.9 808.3(2) 6.3(4) 0.93(8)b 1470.3 E2 21/2− 17/2−

4713.3 565.1(5) ,0.1 17/2+

4847.2 194.3(3) 0.11(2) 0.54(7)c 808.3 M1 21/2− 21/2−
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TABLE I. (Continued.)

Elevel (keV) Eg (keV) Ig
a RDCO Gate sL Ii

p I f
p

1002.6(5) 2.3(2) 0.94(7)b 1470.3 E2 21/2− 17/2−

4929.4 468.2(1) 0.27(2) M1 21/2+ 21/2+

1672.4(6) 1.2(1) 1.39(14)b 1097.6 E2 21/2+ 17/2+

5150.0 436.7(3) ,0.1

5152.3 598.3(2) 3.1(7) 19/2−

5193.3 263.8(2) 0.5(1) E2 25/2+ 21/2+

732.1(4) 57.6(27) 0.94(6)b 1097.6 E2 25/2+ 21/2+

5245.6 398.4(3) 1.13(8) 0.51(8)c 808.3 M1/E2 23/2− 21/2−

592.7(2) 2.8(2) 0.36(3)c 808.3 M1/E2 23/2− 21/2−

691.6(4) 1.25(9) 0.9(2)b 799.2 E2 23/2− 19/2−

756.9(2) 1.35(1) 0.94(13)b 790.9 E2 23/2− 19/2−

5452.4 1096.2(5) 3.4(2) 0.94(7)b 937.7 E2 19/2− 15/2−

5711.1 1249.9(3) 17.4(8) 0.47(5)b 1097.6 M1/E2 23/2+ 21/2+

5918.3 672.7(5) 0.29(2) 0.51(9)c 756.9 M1/E2 25/2− 23/2−

1265.4(3) 4.0(3) 1.00(8)b 799.2 E2 25/2− 21/2−

5941.0 1479.8(1) 12.3(5) 0.84(6)b 1204.2 E2 25/2+ 21/2+

6089.2 843.6(3) 0.43(3) M1/E2 25/2− 23/2−

1242.0(4) 1.6(1) 1.22(14)b 799.2 E2 25/2− 21/2−

6359.7 1166.4(5) 12.5(6) 1.03(19)b 1097.6 E2 29/2+ 25/2+

6369.4 1176.1(2) 25.4(11) 1.04(12)b 1097.6 E2 29/2+ 25/2+

6571.5 1325.9(4) 1.1(1) 1.07(8)b 756.9 E2 27/2− 23/2−

6742.0 1289.6(3) 2.5(2) 1.28(13)b 937.7 E2 27/2− 23/2−

6847.3 477.9(3) 0.62(17) 1.28(13)b 1176.1 E2 25/2+ 29/2+

1136.2(5) 6.0(17) 0.47(7)b 1097.6 M1/E2 25/2+ 23/2+

7446.5 1505.5(6) 5.6(7) 0.35(3)b 1204.4 E2 27/2+ 25/2+

1735.4(5) 0.23(3) E2 27/2+ 23/2+

7448.3 1359.1(3) 1.08(8) E2 29/2− 25/2−

1530.0(4) 2.8(2) 1.49(11)b 1265.4 E2 29/2− 25/2−

7519.5 1430.3(5) 0.73(6) 0.93(10)b 799.2 E2 29/2− 25/2−

7614.5 1696.2(3) 1.8(6) 1.43(10)b 808.3 E2 29/2− 25/2−

7627.2 1686.2(3) 1.2(2) 1.2(3)b 1204.2 E2 29/2+ 25/2+

7689.9 842.6(2) 1.8(4) 0.45(13)b 1136.2 M1/E2 27/2+ 25/2+

1320.5(2) 4.9(13) 0.36(5)b 1176.1 M1/E2 27/2+ 29/2+

7716.7 1347.4(3) 4.9(3) 1.2(2)b 1176.1 E2 33/2+ 29/2+

1357.1(2) 4.1(2) 1.32(10)b 1166.4 E2 33/2+ 29/2+

7896.6 1527.2(4) 18.9(8) 1.15(8)b 1176.1 E2 33/2+ 29/2+

8142.8 1571.3(5) 0.64(5) 0.98(10)b 756.9 E2 31/2− 27/2−

8185.8 1443.8(6) 1.3(2) 1.06(8)b 937.7 E2 31/2− 27/2−

8382.4 692.5(2) 0.12(2) 0.50(11)b 1320.5 M1/E2 29/2+ 27/2+

1535.1(5) 0.3(1) 1.16(13)b 1136.2 E2 29/2+ 25/2+

8455.4 765.5(3) 0.9(2) sM1/E2d s29/2+d 27/2+

1608.1(3) 1.98(55) sE2d s29/2+d 25/2+

2095.7(7) 6.1(17) 1.27(11)b 1204.2 sM1d s29/2+d 29/2+

8641.5 1193.2(4) 2.9(2) 1.05(9)b 799.2 E2 33/2− 29/2−

1027.0(3) 1.1(3) E2 33/2− 29/2−

9095.4 1575.9(4) 0.6(1) sE2d s33/2−d 29/2−

9393.0 1250.2(5) 0.18(2) 1.25(17)b 756.9 E2 35/2− 31/2−

9472.2 1755.4(7) 3.1(2) 0.97(20)b 1166.4 E2 37/2+ 33/2+
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has been observed. Therefore, a positive parity is tentatively
proposed for the 2169.0-keV level, although negative parity
cannot be excluded. The coincidence data revealed the exis-
tence of a state at 1534.0 keV which decays mainly to the
first negative-parity excited level of 98.2 keV. A 5/2+ state
close in energy with the yrast 9/2+ state exists in the heavier
71,73,75,77As isotopes, investigated by thes3He,dd transfer re-
action in the work of Bettset al. [3]. Within that work, based
on measured deuteron angular distributions, spins and pari-
ties 5/2+ for the respective states have been assigned. Such
assignment is also in agreement with the theoretical predic-
tions [3]. Consequently, spin paritys5/2+d is assigned to the
state at 1534.0 keV in69As.

The DCO ratios of the 340.5-, 648.5-, and 828.3-keV tran-
sitions populating the three 17/2+ newly observed states in-
dicate dipole character, which results in the assignment ofI
=19/2 for the level at 4488.7 keV. A positive-parity assign-
ment for this level would imply the existence of at least one
stretchedE2 transition to one of the 15/2+ states but there is
no experimental evidence for such transitions. Similar decay
sequences have been also observed in the light65,67,69Ge iso-
topes [25–27]. Polarization measurements for the 19/2
→17/2+ connecting transitions were always consistent with
an electric character, leading to a negative-parity assignment
for the states of spinI =19/2 [25–27]. Such decays have
already been observed in71As, where three 19/2s−d levels
have been found, each of them populating at least one of the
17/2+ levels [12]. Therefore, a negative-parity assignment
for the state at 4488.7 keV is proposed.

The coincidence data for69As show clear evidence for the
existence of two otherIp=19/2 states at 4554.0 and 4356.2
keV, respectively. The observation of several decaying tran-

sitions to the negative-parity states and the systematic fea-
tures discussed above in connection with theI =19/2 state at
4488.7 keV suggest negative-parity assignments to both lev-
els.

2. Positive-parity rotational structures

Band 1. This band includes the previously known yrast
levels below spin 21/2+ and the new levels at 4306.1,
5711.1, 5941.0, 7446.5, and 7627.2 keV(Fig. 3). The low
intensities of the 465.9-, 645.7-, and 1042.9-keV transitions
depopulating the state at 4306.1 keV prevent DCO measure-
ments and firm spin assignment for the newly observed level.
Likely spin values for this state would be 17/2 and 19/2 and
positive parity since only decay branches toward the
positive-parity states have been observed. A spin parity
17/2+ would further imply the existence of at least one popu-
lating transition from the newly identified 19/2− states, in
agreement with the systematics. Since no such transition
could be observed, a tentative spin of 19/2+ is assigned to
the level at 4306.1 keV. The DCO ratios of the 1479.8- and
1686.2-keVg rays are both consistent with a stretchedE2
character, supporting the 25/2+ and 29/2+ spin assignments
for the levels at 5941.0 and 7627.2 keV, respectively(see
Table I). The state of spin 23/2+ at 5711.1 keV found in Ref.
[10] has been confirmed in the present work. In fact, the
sequence consisting of levels at 5711.1, 5941.0, 7446.5, and
7627.2 keV exhibits the same degree of signature splitting as
the yrast sequence below spin 21/2+. This makes the newly
observed sequence a candidate for the continuation of the
ground-state band at higher spins.

Band 2. Above spinIp=25/2+ a forking into two almost
degenerateIp=29/2+ states occurs. The level at 6359.7 keV

TABLE I. (Continued.)

Elevel (keV) Eg (keV) Ig
a RDCO Gate sL Ii

p I f
p

9738.5 1552.7(3) 0.8(1) 0.90(8)b 937.7 E2 35/2− 31/2−

9819.4 1922.8(6) 6.2(3) 1.4(1)b 1204.2 E2 37/2+ 33/2+

9985.7 1344.2(5) 2.3(2) 1.03(8)b 1265.4 E2 37/2− 33/2−

10097.0 1641.6(4) 3.9(3) sE2d s29/2+d s25/2+d
10795.8 1700.4(4) 0.80(5) sE2d s37/2−d s33/2−d
11180.3 1787.3(3) 0.16(2) 1.2(2)b 757.6 E2 39/2− 35/2−

11434.6 1696.1(6) 0.4(1) 1.5(2)b 937.7 E2 39/2− 35/2−

11551.8 1566.1(5) 2.3(2) 1.15(10)b 1265.4 E2 41/2− 37/2−

11977.2 2157.8(4) 2.9(1) 1.15(14)b 1176.1 E2 41/2+ 37/2+

12677.0 1881.4(2) 0.4(1) sE2d s41/2−d s37/2−d
13325.0 1890.4(3) 0.2(1) sE2d s43/2−d 39/2−

13545.8 1994.0(2) 0.50(6) 0.96(10)b 1193.2 E2 45/2− 41/2−

13871.5 1894.3(4) 2.1(3) sE2d s45/2+d s41/2+d
14567.0 2589.8(3) 1.8(4) sE2d s45/2+d 41/2+

15765.0 1893.5(5) 1.6(4) sE2d s49/2+d s45/2+d
16005.6 2459.8(3) 0.3(2) sE2d s49/2−d 45/2−

18180.6 2415.6(2) 1.23(6) sE2d s53/2+d s49/2+d
aRelative intensities derived from the 3p-gg matrix sorted from the self-supporting target experiment.
bDCO ratio deduced from the 3p-gg matrix sorted from the self-supporting target experiment.
cDCO ratio determined from the 3p-gg matrix sorted from the backed-target experiment.
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is yrast and is fed by a cascade consisting of 1357.1- and
1755.4-keV transitions depopulating the states at 7716.8 and
9472.2 keV, respectively(Fig. 3). The spinIp=29/2+ of the
6359.7-keV yrast state is fixed by the DCO ratio of the
1166.4-keVg ray, whereas the spinIp=33/2+ of the 7716.8-
keV yrast level is fixed by the DCO ratio of the 1347.4-keV
g ray populating the second 29/2+ state, at 6369.4 keV. Al-
though band 2 is yrast in the 29/2+–s37/2+d spin region, it
carries little flux and the higher-spin configurations decay
mainly to the second 29/2+ state(band 3 in Fig. 3).

Band 3. The results of the current investigations have con-
firmed the states up to spin 37/2+ reported in the work of
Bruceet al. [11]. A g ray of 2091 keV has been previously
observed[11] as feeding the 37/2+ level of this band. The
data from the present experiments do not show any coinci-
dence relation which would support the placement of a 2091-
keV transition on top of the level at 9819.4 keV. Instead, this
level was found to be populated by the 2157.8-keVg ray
whose DCO ratio is consistent with a stretchedE2 character.
Band 3 has been extended up to a tentative spin ofs45/2+d.

Band 4. Around spin 41/2+ band 3 is found from the
present analysis to be crossed by the structure labeled as
band 4 in the level scheme of Fig. 3. The poor statistics and
the presence of the 1894-keV doublet prevent DCO measure-
ments in this high-spin region; therefore the spins of the
observed states are only tentatively assigned. Figure 4(b)
shows a 732.1-1894.3 keV doubly gated spectrum. The cho-
sen double gate selects only the transitions in bands 3 and 4,
and constitutes a firm evidence for the placement of the sec-
ond 1893.5-keV transition in the level scheme of69As.

Other positive-parity bands. The coincidence analysis
supports the placement in the level scheme of69As of two
other positive-parity structures. The states at 6847.3, 7689.9,
and 8382.4 keV form a spin sequence 25/2+-27/2+-29/2+.
The spin 27/2+ assigned to the level at 7689.9 keV is based
on the DCO value of the 1320.5-keV transition which is
consistent with a dipole character. A quadrupole 1322-keV
transition has been reported in Ref.[10], which is most likely
the 1320.5-keV transition discussed above. The present data
support its placement but not the spin. The second new se-
quence consists of the 8455.4- and 10 097.0-keV states. The
DCO ratio of the 2095.7-keV transition is consistent with a
quadrupole character suggesting anIp=33/2+ spin assign-
ment for the level at 8455.4 keV. The observation of the
765.5- and 1608.1-keV transitions populating the firmly es-
tablished 27/2+ state at 7689.9 keV and the 25/2+ state at
6847.3 keV, respectively, rules out theIp=33/2+ spin value
for the state at 8455.4 keV. Therefore, a spinIp=29/2+ has
been proposed for this state.

B. Negative-parity states

1. Low-lying negative-parity states

The first negative-parity excited state lies at only 98.2
keV excitation energy(see Fig. 2). From angular distribution
measurements, a spinIp=3/2− has been assigned to this
level [28]. The two 9/2− levels at 1470.3 and 2311.2 keV
have been reported by Mitaraiet al. in Ref. [10]. The state at
1470.3 keV was found to be fed by anE2 transition of

1306.8 keV decaying from the state at 2777.1 keV. Further-
more, the sequence consisting of the 1470.3-, 1306.8-, and
1067.5-keV quadrupole transitions was found to form a de-
cay path parallel to the 2311.2-, 734.2-, and 799.2-keV tran-
sitions with the level at 3844.6 keV as a common level[10].
Bruce and coworkers confirmed the decay pattern observed
by Mitarai et al. [10] and assigned spins and parities to the
involved states[11].

The two sequences have been well populated in both data
sets used in the present analysis and the DCO ratios for the
connecting transitions could be extracted with good accu-
racy. The ratios are all consistent with a quadrupole character
supporting the 13/2− spin assignment for the states at 2777.1
and 3045.4 keV, 17/2− for the state at 3844.7 keV, and 21/2−

for the state at 4652.9 keV(see Fig. 2 and Table I). A third
new, rather well populated sequence consisting of the levels
at 1216.3, 2627.6, and 3418.5 keV has been observed on top
of the 98.2-keV level. The DCO ratios of the 1118.1-,
1411.3-, and 790.9-keVg rays are compatible with aDI =2
character, supporting the 7/2−, 11/2−, and 15/2− spin as-
signment for the respective levels. The negative-parity as-
signment to the levels at 2627.6 and 3418.5 keV is also sup-
ported by the observation of the weak cascade of dipoleg
rays between these levels and the firmly established
negative-parity levels at 2311.1 and 3045.4 keV. The excita-
tion energy of 3418.5 keV and the existence of the decay
branch to the yrast 13/2+ state makes theIp=15/2− state a
candidate for the octupole state in69As, in agreement with
the systematics[26,27]. The second candidate for the octu-
pole state in69As is the newly observed level at 3947.5 keV.

2. Negative-parity rotational structures

Band 5. This band was identified for the first time in the
present analysis. The spin assignments were deduced from
the measured DCO ratios which are close to 1.0 for all in-
band transitions, hence giving evidence for theDI =2 nature
of theseg rays. The band is yrast and shows an irregularity
around spin 31/2− (Fig. 3). The maximum spin observed in
band 5 is 39/2−, which corresponds to an excitation energy
of 11 180.3 keV.

Band 6. This band is also new and is better populated than
band 5. The DCO ratios of the inband transitions are all
consistent with a stretched quadrupole character. Band 6 has
been observed up to an excitation energy of 13 325.0 keV
and a tentative spin ofs43/2−d. The coincidence spectrum
obtained by gating on the 937.7- and 1696.1-keV transitions
is shown in Fig. 4(c). The transitions assigned to band 6 in
69As are marked in the figure. No interband transitions con-
necting this band with the other negative-parity structures
could be identified.

Band 7. On top of the level at 3844.6 keV two parallel
bands develop(bands 7 and 8 in Fig. 3). Band 7 is yrast and
is well populated in the experiment at 105-MeV beam en-
ergy. The levels at 4652.9 and 5918.3 keV which have been
previously reported[10] are confirmed by the present analy-
sis. The duplication of theIp=29/2− levels around 7.5-MeV
excitation energy may be connected with the irregularity in
rotational energy observed in this spin region in band 7. The
g-ray spectrum in Fig. 4(d) shows several transitions, e.g.,
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1530.0-, 1193.2-, and 1344.2-keV lines which were firmly
assigned to band 7. The band has been extended up to an
excitation energy of 16 005.6 keV and a tentative spin of
s49/2−d.

Band 8. This band was identified for the first time in the
present analysis. Based on DCO measurements, the spins
could be firmly assigned only to the low members of the
band. However, band 8 does not show any irregularity in the
spin region it is observed, appearing consistent with a rota-
tional cascade ofE2 transitions. Band 8 was populated in the
present experiments up to a tentative spin ofs41/2−d and
12 677.0 keV excitation energy(see Fig. 3).

IV. DISCUSSION

A. Low-lying positive-parity states

The low-lying positive-parity states in69As fit very well
in the systematics of the light odd-mass As isotopes. General
trends like the small splitting between the lowest 11/2+ and
13/2+ states and between the 15/2+ and 17/2+ states or the
presence of the 9/2+-5/2+ doublet at low excitation energies
have already been discussed in the past[5–7].

The decoupled character of the yrast positive-parity bands
suggests prolate deformations in the odd-mass As nuclei.
Lifetime measurements in69As, employing the Doppler
recoil-distance method led to a quadrupole deformation of
b2<0.2 for the yrast 13/2+ state and the deformation was
found to decrease with increasing spin[7]. For the low mem-
bers of theg9/2 bands in the71,73As isotopes, larger and rather
stable deformationsb2<0.3 have been extracted in the work
of Heits et al. [5].

Several models have been proposed to describe the prop-
erties of the low-lying states in the odd-mass As nuclei. The
investigations within the particle-core[5,7,29] formalism in-
dicated that a deformed picture with the inclusion of the
Coriolis coupling provides the most adequate first-order rep-
resentation of odd-As isotopes. A better parametrization for
the core taking into account theg deformation and a variable
moment of inertia(VMI ) has been proposed by Toki and
Faessler[30]. Within that approach, the small energy split-
tings between the 13/2+ and 11/2+ states and between the
17/2+ and 15/2+ states in71,73As are closely related to the
triaxiality of the core[31]. Recently, an Interacting Boson
Fermion Model(IBFM) treatment has been applied to the
states below 1.5-MeV excitation energy in73As [32].

In the present work we succeeded to extend the ground-
state band in69As above the crossing point and we found that
with increasing spin, the splitting between the favored and
the unfavored states slightly increases. Moreover, the inten-
sities of theE2 transitions depopulating the favored band
were found to decrease drastically above spin 21/2+. The
kinematicsJs1dd and the dynamicsJs2dd moments of inertia for
the favored band are plotted in Fig. 5. For comparison, the
kinematic moments of inertia for the ground-state bands in
71As [12] and 68Ge [36] are also represented. Although the
kinematic moment of inertia for the favored band in69As
shows no clear evidence for a crossing, the peak around 0.53
MeV in the dynamic moment of inertia(Fig. 5, bottom) may

reflect a band crossing within the sequence. We made an
attempt to describe the states in band 1 by applying the rigid
triaxial rotor plus particle model[33,34] with variable mo-
ment of inertia[30]. The triaxial rotor is called “rigid” be-
cause its shape is kept fixed throughout the calculation(the
deformation parameters«2 andg are constant). No single set
of s«2,gd could be found to reproduce the signature splitting
and the level order in band 1 simultaneously. According to
our calculations, the observed small splitting between the
11/2+ and 13/2+ states and between the 15/2+ and 17/2+

states can only be reproduced forg values in the interval
from 20° to 25°, whereas in order to fit the splitting between
the higher-spin states we had to employg values greater than
30°. The calculations revealed an energy spectrum strongly
dependent on theg parameter, while the variation of the
other model parameters(quadrupole deformation or the VMI
parameters) does not have a strong influence on the fit. These
results suggest ag-soft low-lying spectrum in69As, which is
in agreement with the expectations and the predictions of the
calculated total Routhian surfaces(TRS’s) for the As iso-
topes[11,12].

B. Low-lying negative-parity states

The negative-parity states in the nuclei of theA,70 mass
region are in general correlated with the single-particle exci-
tation of the particles lying in thep1/2, p3/2, and f5/2 shell-
model orbitals. In69As, the states below 3-MeV excitation
energy show a nonregular energy spacing, presumably being
of single-particle character. Competing with these states, two
main configurations could be distinguished. The configura-
tion consisting of states at 1987.5, 2627.6, and 3418.5 keV
may be considered the signature partner of the configuration
consisting of states at 2311.2, 3045.4, and 3844.6 keV(see
Fig. 2). This is justified by the occurrence of the weak
M1/E2 crossover transitions between the levels of the two
configurations.

Similar negative-parity structures have been identified
previously in71As [12]. There, theE2 transitions in the band

FIG. 5. KinematicsJs1dd and dynamicsJs2dd moments of inertia
for the band 1 in69As and ground-state bands in71As and68Ge. For
the As nuclei, a value ofK=5/2 hasbeen used in the analysis.
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built on the second 9/2− state were found to show a high
collectivity. Total Routhian calculations for thep=−,a=
+1/2 states in71As showed the presence of three shallow
minima for rotational frequencies below 0.4 MeV[12]. The
minima were located nearg=0° andg= ±60°. With increas-
ing rotational frequency one triaxial minimum was calcu-
lated to persist. In a recent work, Fotiadeset al. [13] ex-
tended the negative-parity band found in Ref.[12] up to spin
s37/2−d and observed a new sequence of negative-parity lev-
els developing at low excitation energies. The newly ob-
served structure has been interpreted as being part of a
strong-coupling-like band built on the 7/2−f303g proton or-
bital which approaches the Fermi surface forZ=33 at large
b2.0.3 prolate deformations. Thef7/2 band in 71As was
found to be aDI =1 sequence withBsM1d /BsE2d ratios vary-
ing between 4 and 6mN

2 / se2b2d and could be reproduced with
a quadrupole moment ofQt=3.1 eb which corresponds to the
deformationb2=0.38 [13].

A possible candidate for af7/2 band in69As could be the
structure containing the levels discussed above. However, the
properties of this structure do not really resemble those of
the f7/2 band found in71As. In 69As, the M1/E2 crossover
transitions between the favored and the unfavored members
of the presumedf7/2 band are very weak with respect to the
intrabandE2 transitions. The correspondingBsM1d /BsE2d
ratios calculated with the experimental branching ratios are
found to vary between 0.04 and 2.1mN

2 / se2b2d. Since theM1
strengths are proportional to the differencesgK−gRd and the
gyromagnetic ratio for collective rotation isgR<0.48, such
low values of theBsM1d /BsE2d ratios indicategK<gR for
this sequence. A near cancellation ofsgK−gRd is expected to
occur for a 5/2− structure, but not for a 7/2− band.

As pointed out in the previous section, the two 15/2−

states at 3418.5 and 3947.5 keV(see Fig. 2) are candidates
for octupole states in69As. Such states are generated in the
odd-A nuclei by coupling theg9/2 particle to the 3− state in
the even-even core. Both states show the systematic features
characteristic of the octupole states found in the neighboring
odd-A nuclei, namely, the direct feeding viaE2 transitions
from the higher 19/2− states and the decay viaE1 transitions
into the respective 13/2+ yrast level. In68Ge, the 3− state has
been observed at an excitation energy of 2649 keV[35]. By
combining this energy with the excitation energy of theg9/2
proton excitation in69As (1306 keV) we obtain an energy of
3955 keV, very close to the observed energy of 3947.5 keV
of the second 15/2− state in69As. Similarly, two of the three
observed 19/2− levels can be interpreted as coupling of the
g9/2 proton to the 5− states at 3582 and 3649 keV in68Ge
[35], even though the excitation energy of the 19/2− states in
69As is by some 300 keV lower than expected. Analogous
discussions could be applied to the higher-spin states like
21/2−s6−d and 23/2−s7−d.

C. High-spin positive-parity states

Figure 6 shows the kinematicsJs1dd and the dynamicsJs2dd
moments of inertia for the three excited positive-parity bands
2, 3, and 4 identified in69As, the excited configuration re-
cently observed in67As [9], and the neutron-aligned band in

68Ge [36]. Unfortunately, positive-parity excited configura-
tions in 71,73As are not known to high enough spin to see the
first upbend or backbend, preventing a more detailed system-
atic comparison. Similar behavior of theJs1d andJs2d in both
67,69As may indicate similar shapes in these nuclei at inter-
mediate spin. The sharp backbendings occurring in all nuclei
around 0.53 MeV rotational frequency reflect the change in
structures associated in Refs.[9,11,37] with the breaking of a
pair of g9/2 neutrons, as suggested by the gain of,7" units
of angular momentum obtained in each of the alignment pro-
cesses(see Fig. 7). In 68Ge, additional experimental evidence
for the neutron character of the alignment came from the
measuredg factor of the 8+ state of the band[38].

Above spin 29/2+, two modes of rotation are present in
69As, represented by bands 2 and 3 in the level scheme of
Fig. 3. Although band 3 is not yrast, it involves a larger
intensity of the intraband transitions, suggesting a higher col-
lectivity than in band 2. In Fig. 6 the kinematic and the
dynamic moments of inertia for the excited bands in

FIG. 6. KinematicsJs1dd and dynamicsJs2dd moments of inertia
for the excited bands in67,69As and68Ge. A value ofK=5/2 has
been used in the analysis. Due to the limited spin range over which
band 4 was observed, its dynamic moment of inertia has not been
represented.

FIG. 7. Alignmentsixsix= Ix− i refd in 67,69As and68Ge. A com-
mon set of Harris parameters ofJ0=6 "2/MeV and J1

=3.5 "4/MeV3 taken from Ref.[11] has been used for all nuclei.
The alignments in the As nuclei have been calculated considering
K=5/2.
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69As, 67As, and68Ge are plotted. The gradual down sloping
of the kinematic moment of inertia of band 3 in69As at the
highest spins is characteristic of a band moving toward ter-
mination and losing collectivity. On the contrary,Js1d ex-
tracted for the neutron-aligned band in68Ge increases
smoothly. TRS calculations for68Ge in this spin region pre-
dicted two coexisting prolate minima(b2<0.2 and g
<13° ; g<−15°), one being expected to correspond to the
band considered in the present work and the other one cor-
responding to the proton-aligned band[39].

The irregularity in the kinematic moment of inertia at
"v<1 MeV in 69As (see Fig. 6) indicates a second change
in the positive-parity yrast line. There, band 4 crosses band
3, the former becoming yrast and contributing to the total
alignment with,6" units of angular momentum(Fig. 7).

D. High-spin negative-parity states

The kinematic and the dynamic moments of inertia for the
p=−,a=−1/2 bands 5 and 6 are plotted in Fig. 8. At"v
<0.67 MeV, band 5 undergoes a crossing, as suggested by
the very irregular behavior of bothJs1d andJs2d. Although the
kinematic moment of inertia for band 6 shows a smooth
increase with increasing rotational frequency, the weak peak
around 0.76 MeV in the dynamic moment of inertia may
reflect a band crossing also for this structure.

The p=−,a= +1/2 yrast structure(band 7) exhibits a
rather sharp backbending at"v<0.7 MeV (see Fig. 9)
which may be associated with an alignment ofg9/2 particles
in a near-prolate potential. The decrease inJs1d with increas-
ing rotational frequency and the smooth drop inJs2d to values
lower thanJs1d in band 7 suggests an unpaired regime of
rotation typical of terminating bands. On the contrary, both
the kinematic and dynamic moments of inertia extracted for
band 8 show a smooth increase with increasing rotational
frequency. This behavior is similar to that of thep=−,a=
+1/2 yrast band in71As [12]. In 71As, TRS calculations for

rotational frequencies around 0.4 MeV predict a single pro-
late g-soft minimum in the potential energy. Above"v
=0.6 MeV this minimum was found to stabilize atg<30°
[12].

E. Cranked Nilsson-Strutinsky calculations at high spin

The high-spin states observed in69As have been com-
pared with the predictions of the cranked Nilsson-Strutinsky
(CNS) approach[40]. Within this approach, the observed
bands are described in terms of configurations specified by
the occupation of the low-j and the high-j valence orbitals
with signaturea and approximate principal quantum number
N [40,41]. The calculated configurations are traced in the
deformation spacese2,e4,gd as a function of spinI. Their
energies are usually expressed in terms ofsE−Erldd, i.e., the
excitation energies with a rigid rotor reference subtracted
[40]. In the present calculations, theA=80 parameters given
in Ref. [42] have been used for the Nilsson potential. This
model neglects the pairing correlations, so the calculations
are realistic only for states with spin above 15". In the A
,70 mass region, the CNS model has been rather successful
in describing the properties of the high-spin states in68Ge
[36], 70Se [43], and70,72,73Br nuclei [44–46].

In the following, the configurations calculated for69As
will be specified with respect to the doubly magic28

56Ni28 core
as having five active protons and eight active neutrons. Cal-
culations within the CNS approach for some neighboring
nuclei have shown that the properties of the high-spin bands
are essentially determined by the number of particles lifted
from the p3/2, p1/2, and f5/2 subshells in theg9/2 orbitals
[36,43–45]. Thus, low-lying configurations in69As are ex-
pected to have one or twog9/2 protons and two or threeg9/2
neutrons.

Those configurations of this type which appear to be rel-
evant when assigning theoretical counterparts to the experi-
mental bands are summarized in Table II. These configura-

FIG. 8. KinematicsJs1dd and dynamicsJs2dd moments of inertia
for the p=−, a=−1/2 bands 5 and 6 in69As. In the plots, the
19/2− states at 4488.7 and 4356.2 keV, respectively, have been
taken as the lowest states. A value ofK=5/2 hasbeen used in the
analysis.

FIG. 9. KinematicsJs1dd and dynamicsJs2dd moments of inertia
for the p=−, a= +1/2 bands in69,71As. The 17/2− state at 3844.6
keV has been taken lowest state for both bands. For71As, the closed
circles are the band labeled as band 1 in Ref.[13]. A value of K
=5/2 hasbeen used in the analysis.
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tions are labeled asfp,ng specifying the number of protons
spd and the number of neutronssnd in the g9/2 subshell. The
maximum spins of these configurations are in theI
=s25–30d" range, as specified in Table II. In the correspond-
ing terminating states at oblate shape,g=60°, the deforma-
tion is generally rather large,«2<0.30. At these deforma-
tions, thef5/2 and p3/2 (and p1/2) orbitals are generally split
apart rather strongly with threenz=1 orbitals with spin pro-
jections mi =V= ±5/2, ±3/2, and ±1/2coming lowest in
energy, as seen in a standard Nilsson diagram; see, e.g., Fig.
1 of Ref.[47]. It is therefore often energetically favorable for
the f5/2p3/2 valence particles to stay in these low-lying orbit-
als. For example, with sixf5/2p3/2 particles, it is favorable for
them to couple toI =0 or to I =4 with one particle lifted to
the nz=2 orbitals instead of the maximum spin stateI =6
when two particles are excited to thenz=2 orbitals. Simi-
larly, with five f5/2p3/2 particles having signaturea= +1/2, it
is more favorable for them to couple toI =5/2 than the maxi-
mal spin stateI =9/2. These facts are reflected in the proton
and neutron configurations listed in Table II.

Combining the proton and neutron configurations of Table
II leads to total configurations which terminate at their maxi-
mal spin values as well as configurations which terminate at
lower spin. These different configurations often lead to co-
existent minima in the potential energy surfaces withg de-
formations at intermediate spin in the range 15°–30° for the
former andg<50° for the latter. Thus, they are labeled with
such an approximateg value in Table II.

In the top panel of Fig. 10, thesE−Erldd curves for the
lowest calculatedp= + ,a= +1/2 bands are shown. At low
spin, a configuration with one proton and two neutrons in the
g9/2 orbital ([1, 2]) is calculated to be lowest in energy. This

configuration was found to exhibit two minima in the poten-
tial energy surface, one atg<50° and the other atg<30°,
see Fig. 11. The bandsf1,2gg,50° andf1,2gg,30° are built on
these minima. The[2, 3] configuration lies somewhat higher
at low spins but falls rapidly with increasing spin and is
predicted to cross the configurationf1,2gg,30° at spin 41/2+.

These calculated configurations are compared with those
of the experimental positive-parity bands 2, 3, and 4. Con-

TABLE II. The proton and neutron configurations and their contributions to the total configurations drawn in Figs. 10–14. The superscript
indicates the number of particles in the different subshells and the subscripts favored total spin contribution from these particles at
terminating states. The total configurations, having specified signature and paritysp ,ad are labeled by the number ofg9/2 protons and
neutrons with typicalg deformation at intermediate spin as subscript. Furthermore, their terminating spin value is specified and underlined
if it coincides with the maximum spin value of that specific configuration,Imax. The experimental bands assigned to the different configu-
rations are specified asB2,B3,… ,B8. Note the specific character of the second neutron configuration where an even number off5/2p3/2

particles couple to an odd-spin value(signaturea=1) which means that there are two more neutrons of one signature compared with the
other signature, in this case four neutrons witha= +1/2 and two witha=−1/2. It is only in exceptional cases that such configurations come
close to yrast and, as discussed in the text, they are only one possible option when considering experimental counterparts in the present case.

Protons

Neutrons sg9/2d4.5
1 sf5/2p3/2d4,6

4 sg9/2d8
2sf5/2p3/2d2.5,4.5

3 sg9/2d8
2sf5/2p3/2d3.5,5.5

3

(1,11/2) (2,11/2) (2,21/2)

sg9/2d8
2sf5/2p3/2d0,4,6

6 f1,2gg,30°,49/2I
+ sB3d

f1,2gg,50°,41/2+ sB2d
f2,2gg,15°,49/2− sB7d

f2,2gg,50°,41/2−
f2,2gg,15°,55/2I

− sB6d
f2,2gg,50°,39/2− sB5d

sg9/2d8
2sf5/2p3/2d3,5

6
(2,21/2)

[2, 2], 47/2−
(2,11/2)

[2, 2], 45/2−

sg9/2d10.5
3 sf5/2p3/2d5.5

5
(2,11/2)

[1, 3], 53/2I
− sB8d

(1,11/2)
[2, 3], 57/2I

+ sB4d

sg9/2d10.5
3 sf5/2p3/2d2.5

5
(2,21/2)

[1, 3], 43/2−

FIG. 10. Calculated(top) and experimental(bottom) energies of
thesp= + , a= +1/2d configurations relative to a standard rotor ref-
erence. The calculated bands are labeled by the number of theg9/2

protons and neutrons. The aligned statessg=60°d are indicated by
large open circles. The maximum spin for thef1,2gg,30° configu-
ration is predicted atg,53°, which can in principle be considered
a terminating state.
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figurationsf1,2gg,50° andf1,2gg,30° are good candidates for
bands 2 and 3, respectively. The experimental and the calcu-
lated bands show about the same curvature in the energy
graphs. The calculated terminating spins for thef1,2gg,50°

and f1,2gg,30° configurations(see Table II and Fig. 3) sug-
gest that these bands are observed up to two units of angular
momentum below their respective terminations. The crossing
between the two experimental bands, observed around spin
29/2+ is not well described by the theory. However, the exact
crossing point is sensitive to the detailed features of the
single-particle energies used in the model. Moreover, in this
spin region pairing correlations could still be important so
the CNS calculations should be considered with some cau-
tion.

In the spin range 45/2+–57/2+, the [2,3] configuration is
calculated to be the lowest in energy. This is in close agree-
ment with the experimental situation where at spin 45/2+,
band 4 becomes yrast(Fig. 10, bottom). Thus, the crossing
between band 3 and band 4 may be interpreted as the cross-
ing between configurations with different numbers ofg9/2
particles([1,2] and [2,3], respectively) and slightly different
deformations. At the predicted crossing spinI =41/2+, the
calculated shapes for thef1,2gg,30° and[2,3] configurations
are «2=0.24, g=22° and«2=0.33,g=26°, respectively. In
this region of rather high rotational frequencies, it is reason-
able to believe that at crossing, theg9/2 particles in the[2, 3]
configuration have their angular momentum almost fully
aligned with the axis of rotation. A gain in alignment of,6"
units is expected from the additionalg9/2 proton and neutron
in the [2, 3] configuration with respect to thef1,2gg,30° con-
figuration. This is in a very good agreement with the experi-
mental observations(see Fig. 7).

In this spin region, the TRS calculations for69As per-
formed in Ref.[11] predicted a strongly deformed minimum
sb2<0.45d coexisting with a triaxial prolate minimumsb2

<0.20,g<25°d. The corresponding configuration has one
or two protons excited from thef7/2 orbitals. Evidence for a

superdeformed band obtained by promoting two protons
from the f7/2 orbital into theg9/2 orbital has been reported in
the neighboring even-even core68Ge and interpreted within
the CNS approach[36]. The experimental excitation energy
of the band is not known so the calculated configurations
with two proton holes in thef7/2 subshell were compared
with the superdeformed band in68Ge assuming different spin
values and arbitrary excitation energies[36]. The nucleus
69As is only one proton away from68Ge, so, in principle, a
f7/2
−2 strongly deformed band is likely to occur, although it is

not expected to become yrast until very high spin. We have
carried out calculations for a few low-lying configurations of
this kind and we found that they are predicted to lie 1–2
MeV higher in energy than the lowest pure valence space
configurations. On the other hand, they become yrast around
I =30" when the spin is exhausted in the valence space con-
figurations.

The lowest calculatedp=−,a=−1/2 configurations are
represented in the top panel of Fig. 12. Above spin 15", four
configurations are predicted to lie close to the yrast line, all
of which being energetically favored at some spin. The cal-
culations indicate that the[1, 3] configuration competes with
three configurations of[2,2] nature in the 31/2−–43/2− spin
range. Configurationsf2,2gg,50° and f2,2gg,15° are built in
the two competing minima in the potential energy surface of
the same fixed configuration, which differ from the configu-
ration simply labeled as[2,2] by the signature of thesfpd
particles(see Fig. 13 and Table II).

The [1,3] andf2,2gg,50° configurations(or some mixture
of them) are both candidates for band 5, above spin 31/2−

(Fig. 12, lower panel). The theoretical band[1,3] is calcu-
lated to terminate at spin 43/2−, whereas the termination for
the bandf2,2gg,50° is reached at spin 39/2−.

When drawn relative to a rigid rotor reference, the energy
graph of thep=−,a=−1/2 band 6 decreases smoothly with
increasing spin as illustrated in the lower panel of Fig. 12.
This behavior is similar to that of the calculated bands[2,2]
and f2,2gg,15°. Since below spin 39/2−,f2,2gg,15° is lower
in energy than[2,2], the former is favored in the interpreta-

FIG. 11. Potential-energy surface for thesp= + , a= +1/2d,
[1,2] configuration at spinI =29/2+. The minima are located at«2

<0.33,g<50° and«2<0.28,g<30°. The energy difference be-
tween neighboring equipotential lines is 0.4 MeV.

FIG. 12. Same as Fig. 10 but for negative-parity bands with
signaturea=−1/2. The open square indicates a collective state of
maximum spin,Imax.
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tion of the experimental band 6. Furthermore, at spin 31/2−,
the two minima corresponding to thef2,2gg,50° and
f2,2gg,15° configurations are predicted very close in energy,
in agreement with the observed near-degeneracy of bands 5
and 6. Due to the similar structures of these two configura-
tions and the rather small potential-energy barrier between
them, it is expected that they will mix strongly. Such mixing
may be the cause for the irregularities observed in the dy-
namic moments of inertia of the two bands, as discussed in
the previous section(see also Fig. 8). This situation is similar
to that recently found in the even-even neighboring nucleus
70Se [43]. There, the potential-energy surface calculated for
thep=−,a=−1/2 structures showed two minima that devel-
oped from configurations with the same number of nucleons
lifted from the fp shell to theg9/2 orbital. The two observed
negative-parity bands were believed to belong to such differ-
ent minima, thus representing a coexistence of different
nuclear shapes at high spin[43].

For the last two states observed in band 6, our calcula-
tions predict a crossing of thef2,2gg,15° and [2,2] configu-
rations. The latter becomes lowest after the crossing but the
two configurations remain close in energy. In any case, the
question arises whether the high-spin part of the[2,2] con-
figuration should rather be considered when making configu-
ration assignments to the experimental band 6. In fact, the
relative energies and the crossings of the calculated bands
depend on the parametrization of the Nilsson potential. In
order to investigate this effect, we have also carried out cal-
culations using the set of single-particle parameters from
Ref. [47]. Employing this set of parameters, we found that
the configurations discussed above do not exhibit any cross-
ing, they only come very close in energy in the spin region of
interest.

The lowest calculatedp=−, a= +1/2 configurations are
displayed in the top panel of Fig. 14. The positive signature
of the theoretical bands is obtained by changing the signature
of ansfpd neutron in the[1,3] configuration and the signature
of an sfpd proton in all other configurations, with respect to

their negative signature partners discussed above. From the
comparison of the theoreticalsE−Erldd curves with that of
band 7(Fig. 14) it is clear that band 7 cannot be identified
with the bandf2,2gg,50°, because this configuration is pre-
dicted to terminate below the maximum spin observed in
band 7. The theoretical band is built in the noncollective
minimum of the potential energy surface displayed in Fig. 15
and may not have a counterpart in the observed spectrum.
The next lowest calculated configuration which might be
taken into account in the interpretation of band 7 is the[1,3]
configuration. However, we prefer to associate band 7 with
the configurationf2,2gg,15° because of the better agreement
in the slopes of the corresponding energy graphs above spin
29/2−. The calculated termination for thef2,2gg,15° configu-
ration at spin 49/2− coincides with the maximum spin ob-
served in band 7, this suggesting that this band has been
observed to termination.

The correspondence between the slopes of the theoretical
and experimentalsE−Erldd curves suggests that the configu-

FIG. 13. Potential-energy surface for thesp=−,a=−1/2d, [2,2]
configuration at spinI =35/2−. The minima are located at«2

<0.31,g<50° and «2<0.3, g<15°. The energy difference be-
tween neighboring equipotential lines is 0.4 MeV.

FIG. 14. Same as Figs. 10 and 12 but for negative-parity bands
with signaturea= +1/2.

FIG. 15. Potential-energy surface for thesp=−, a= +1/2d,
[2,2] configuration at spinI =33/2−. The minima are located at«2

<0.31,g<50° and«2<0.29,g<15°. The energy difference be-
tween neighboring equipotential lines is 0.4 MeV.
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rations[1,3] and [2,2] may be considered when making as-
signments for band 8. For this band, however, more experi-
mental information at higher spin than that observed in the
present work is needed in order to make a more firm assign-
ment.

V. SUMMARY

We have revised and extended the previously known level
scheme of the nucleus69As, employing the40Cas32S,3pd re-
action. Double and tripleg-ray coincidences and directional
correlations have been measured. The present analysis brings
a large amount of new information about the structure of
69As at high spin. The previously observed positive-parity
band has been extended up to spins53/2+d. The continuation
of the ground state band has also been investigated up to spin
s29/2+d. Three negative-parity bands have been observed for
the first time, and the negative-parity band identified in[10]
has been extended up to spins49/2−d. It was found that, at
low spin, the negative-parity bands coexist with states of
single-particle character suggesting a competition of shapes
with different deformations. No experimental evidence for a
f7/2 proton-hole low-lying negative-parity band could be
found, which may indicate that in this energy region69As is
less deformed than71As.

The high-spin bands were interpreted using the cranked
Nilsson-Strutinsky formalism. It was shown that their prop-

erties are essentially determined by the number of the nucle-
ons lifted from thefp shell to theg9/2 orbital. The crossing of
the positive-parity bands 3 and 4 was interpreted as being the
crossing of psg9/2d1nsg9/2d2 (band 3) and psg9/2d2nsg9/2d3

(band 4) configurations with slightly different deformations.
The theoretical bands are predicted to terminate at spins
49/2+ and 57/2+, respectively, in each case two units of
angular momentum higher than the maximum spin experi-
mentally observed. Configurations ofpsg9/2d2nsg9/2d2 and
psg9/2d1nsg9/2d3 nature were proposed for the negative-parity
bands, the theory predicting that one band was observed to
termination and the other bands to spin values close to their
respective terminations.
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