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High-spin states in185Os have been studied using the176Ybs13C,4nd reaction at a beam energy of 65 MeV.
Previously known one-quasiparticle bands have been extended to higher spins. New high-K bands based on
three-quasiparticle excitation have been identified. Nilsson configurations are assigned based on theg factors
deduced fromM1/E2 branching ratios within the bands. In addition, a new isomer at 5007 keV has been found
with a half-life of 18s2d ns. The hindrance in decays of the high-K intrinsic states are discussed in terms of the
g tunneling model where the low-K and high-K states interact through triaxial shape fluctuation.
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I. INTRODUCTION

In deformed nuclei with axially symmetric shapes, the
projection of the total angular momentum on the nuclear
symmetry axisKs=SVd is conserved. Consequently, transi-
tions involving aK change greater than the transition multi-
pole order, i.e.,DK.l are forbidden(K selection rule). In
the region of nuclei of massA<180, both the proton and
neutron Fermi surfaces lie among orbitals with largeV.
Therefore, high-K multiquasiparticle states can lie close to
the yrast line[1]. According to theK selection rule, decays of
high-K states take place in a stepwise fashion so as to mini-
mize theK forbiddennessns=DK−ld, and transitions with
largeDK are greatly retarded. However, transitions with low
hindrances in spite of largeK forbiddenness, which violate
the K selection rule, were observed in182Os [2], 174Hf [3],
and 176W [4]. So far, two mechanisms including Fermi-
alignment Coriolis interaction[3,5–7] and shape fluctuation
towards triaxial deformation[2,4,8,9] have been proposed
for substantialK mixing between the low-K and high-K in-
trinsic states.

In this paper, we report on detailed high-spin structure in
185Os based on new findings of excited levels including a
T1/2=18 ns isomer at 5007 keV. The decay rates of direct
transitions from high-K to low-K states observed in185Os
will be discussed in terms of theg tunneling model.

II. EXPERIMENTS

High-spin states in185Os have been studied with the
176Ybs13C,4nd reaction at a beam energy of 65 MeV. A self-
supported176Yb target enriched to 96.4% with a thickness of
2.0 mg/cm2 was bombarded by a13C dc beam derived from
the Niels Bohr Institute FN tandem accelerator. The target
was thick enough to stop the recoiling residuals inside the
target material so that delayedg-ray transitions could be ob-
served. In the reaction used,184Os (5n exit channel)and
185Os were chiefly produced.

Emittedg rays were detected with the NORDBALL array

consisting of twenty Compton-suppressed HP-Ge detectors
and an inner ball of sixty BaF2 detectors. In this array, four
groups of five Ge detectors each are placed in rings at angles
of 37° ,79° ,101°, and 143° with respect to the beam axis.
The inner ball was used to measure the multiplicity and sum
energy of the cascadeg rays. Events were recorded on mag-
netic tapes when two or more Ge detectors and at least one
BaF2 detector fired in coincidence. The time information of
eachg-ray signal relative to a BaF2 event was also measured.
The coincidence time window was set to 200 ns so that half-
lives less than,100 ns could be reliably extracted. Approxi-
mately, 4303106 gg and 303106 ggg prompt events were
collected. The prompt coincidences between any of Ge de-
tectors were defined by an energy dependent time gate,
which excludes events caused by neutrons and ensures no
degradation of the detection efficiency of low-energyg rays
delayed due to their slower charge collection times in the Ge
detectors. In addition, a time correlated event where the two
g rays are observed within 50–200 ns of each other was
sorted into a two-dimensional matrix. This effectively distin-
guishes two types ofg-ray energy projection:(i) delayed
projections, where gating on transitions that precede an iso-
mer enables the projection of those events that follow the
isomer; and (ii ) the converse early projections. A level
scheme of185Os was established using a combination of
these coincident matrices with the aid of the computer code
RADWARE [10]. The energy and efficiency calibrations of the
Ge detectors were made by using133Ba, 134Cs, and152Eu
standard sources.

In order to determine multipole order(dipole or quadru-
pole) for transitions, DCO(directional angular correlation
from oriented states) ratios can be used[11,12]. For the
NORDBALL detector array, the DCO ratios are defined as

RDCO =
Ig at 37 °sor 143 °dgated ongG at 79 °sor 101 °d
Ig at 79 °sor 101 °dgated ongG at 37 °sor 143 °d

.

Since the angle of 101°s143°d is equivalent to that of
79°s37°d f12g, the corresponding events can be summed
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when the DCO matrices are created. In the DCO analysis,
the stretchedDI =2 transitions that are close to theg ray of
interest are generally used as the gate. In this case, the
DCO ratio approaches 1 for stretched quadrupolesDI =2d
and unstretched dipolesDI =0d transitions, whereas the ra-
tio is ,0.6 for stretched dipolesDI =1d transitions. For
mixed sDI =1d transitions, the DCO ratios depend on the
the mixing ratiod, and can therefore be used in favorable
cases to deduce the sign ofd, and hence the sign ofsgK

−gRd /Q0 values.

III. RESULTS

The level structure of185Os was previously investigated
by b+ decay of185Ir [13], nuclear reactions of185Ossp,td [14]
and 183,186Wsa ,xnd [15,16]. In these studies, five one-
quasiparticle bands and anIp=23/2− isomer were identified.
In the present study, most of the known one-quasiparticle
bands have been extended to higher spins. In addition, sev-
eral new high-spin levels including an isomer withT1/2
=18s2d ns have been identified. In Figs. 1 and 2, partial level
schemes constructed by the present coincidence data are
shown. The one-quasiparticle bands are labeled with likely
Nilsson configurations, while the bands newly found in this
work are numerically labeled I-IV. The identification of tran-
sitions and levels is based on coincidence relationships,
g-ray energy sums, and intensity patterns. Transition ener-
gies, relative intensities ofg rays and the initial and finalIp

values are listed in Table I. The DCO ratios and the deduced
spin differences of the transitions are also given where they
were obtained. ForDI =2 fast transitions which compete with
lower multipole transitions,E2 assignments are made since

M2 assignments for the transitions are not considered due to
their small transition probability. Uncertain spin and parity
assignments are indicated by brackets in Figs. 1 and 2, and
Table I.

A. The 1/2−
†510‡ band

The ground state rotational band based on the 1/2−f510g
Nilsson configuration was previously extended as high as
Ip=33/2− [16]. The 3225 keV level was interpreted as an
Ip=31/2− state, decaying into theIp=27/2− state at
2571 keV via the 654 keV transition(see Fig. 2). In the
present study, an additional decay branch from the 3225 keV
level has been observed. A 327 keV transition depopulates
the 3225 keV level to a 2898 keV level. Since the 2898 keV
level has a high-K configuration, the 3225 keV level is likely
interpreted as a multiquasiparticle intrinsic state rather than a
member of the ground state band(see also Sec. III I). Four
new transitions(642, 659, 664, and 699 keV) including a
642 keV doublet transition have been observed above the
2571 keV. These transitions establish higher-lying levels of
the ground state band. DCO ratios are used to deduce spins
and parities. The small values ofRDCO=0.38–0.51 for the
DI =1 transitions in this band suggest negative signs for the
mixing ratios.

B. The 3/2−
†512‡ band

A 128 keV bandhead and five rotational levels were found
previously in the 3/2−f512g band[16]. No new levels have
been identified in this study. TheIp=19/2− level at
1756 keV is strongly populated by the 231 keVE2 transition
from theIp=23/2− level at 1987 keV. The DCO information

FIG. 1. Partial level scheme of185Os, showing the 1/2−f510g, 3 /2−f512g, 7 /2−f503g, 9 /2+f624g, 11/2+f615g bands and bands I and II.
Decay paths for the 23/2− isomer to the 1/2−f510g s634 keVd and 3/2−f512g s231 keVd bands are also illustrated. The width of the arrows
is proportional to theg-ray intensities(black) and the calculated intensities of electron conversion(white).
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is consistent with earlier spin and parity assignments[16] of
this band. The intense interband transitions from the higher
spin states would indicate that this band is not a pure con-
figuration (see Sec. IV D for more details).

C. The 7/2−
†503‡ band

The isomeric level at 102 keV was measured to have
T1/2=3 ms and was assigned the 7/2−f503g Nilsson configu-
ration [15]. This band is known up toIp=33/2− for the a
= +1/2 sequence andIp=27/2− for the a=−1/2 sequence
[16]. A level found at 3512 keV has been added to thea=
−1/2 sequence in this work. DCO ratios confirm the spin and
parity assignments, and the small values ofRDCO
=0.18–0.47 for theDI =1 transitions are consistent with
negative signs of the mixing ratios.

D. The 9/2+
†624‡ band

The previously identified 9/2+f624g band has been ex-
tended as high asIp=s33/2+d for thea= +1/2 sequence and
Ip=s23/2+d for the a=−1/2 sequence. In addition to the
in-band transitions, several interband transitions to the
11/2+f615g band have been observed. DCO ratios for the
177, 623, and 1027 keV transitions and decay properties of
the interband transitions support the spin and parity assign-
ments made for the lower-spin states in this band.

E. The 11/2+
†615‡ band

In a previous study[15], the 276 keV isomeric level was
measured to haveT1/2=780 ns, and assigned as the bandhead

of the 11/2+f615g band. Levels as high asIp=41/2+ for the
a= +1/2 sequence andIp=39/2+ for the a=−1/2 sequence
were previously known[16]. The present data extend this
band toIp=s53/2+d. DCO ratios confirm the spin and parity
assignments made for this band. The small values ofRDCO
=0.29–0.41 for theDI =1 transitions indicate negative signs
for the mixing ratios.

F. Bands I and II

Two bands labeled bands I and II have newly been ob-
served to feed the 11/2+f615g band, forming two different
signature sequences. DCO information and decay properties
of interband transitions support the spin and parity assign-
ments made for the lower-lying states. From intensities ratios
of the I → I and I → I −2 interband transitions, these bands
are interpreted asg-vibrational states coupled to ani13/2 neu-
tron, and will be discussed in Sec. IV C 1.

G. Band III based on the 1591 keV level

TheIp=19/2+ state at 1591 keV(see Fig. 2) is reported to
decay into members of the 11/2+f615g band[16]. A 165 keV
transition was also found to connect the 1591 keV level with
the Ip=19/2− state in the 3/2−f512g band. The DCO ratio
and the intensity balance for the 165 keV transition are con-
sistent with aDI =0 E1 assignment which confirms the pre-
vious Ip=19/2+ assignment for the 1591 keV level. A rota-
tional band based on the 1591 keV extending toIp

=s35/2+d, and including the previously known[16] Ip

FIG. 2. Partial level scheme showing band III, band IV, and medium- to high-spin states in185Os. The width of the arrows is proportional
to theg-ray intensities(black) and the calculated intensities of electron conversion(white). Some of the levels in the one-quasiparticle band,
and bands I and II are also illustrated.
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TABLE I. Energies, relative intensities, level assignments, DCO ratios, and multipole assignments for theg-ray transitions in185Os. The
intensities are relative to the 445.6 keV transition in the 11/2+f615gband.

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

(22) 4300.6 s35/2d → s35/2d
(38) 38 3/2− → 1/2−

(41) 2197.7 s23/2−d → s21/2−d
(52) 2602.5 27/2− → 27/2−

(61) 97.5 5/2− → 3/2−

90.1(10) 14(4) 127.8 3/2− → 3/2−

97.5(1) 49(2) 97.5 5/2− → 1/2−

101.1(1) 19(2) 198.1 7/2− → 5/2− 0.51(3) 1

103.0(10) 2(1) 2040.1 s21/2+d → s19/2+d
119.7(1) 12(1) 317.8 9/2− → 7/2− 0.43(2)

126.9(1) 33(6) 402.3 9/2+ → 11/2+

127.8(10) 7(14) 127.8 3/2− → 1/2−

138.7(1) 136(14) 414.3 13/2+ → 11/2+ 0.41(1) 1

141.7(1) 6(1) 402.3 9/2+ → 9/2−

142.7(1) 92(3) 1987.1 23/2− → 21/2+ 0.55(2) 1

151.6(10) 8(1) 1176.7 17/2+ → 15/2+

151.9(1) 11(1) 1176.7 17/2+ → 19/2+

157.4(10) 7(1) 2197.7 s23/2−d → s21/2+d
158.2(1) 136(14) 260.6 9/2− → 7/2− 0.47(1) 1

158.5(1) 54(2) 476.4 11/2− → 9/2− 0.38(1) 1

159.7(1) 130(4) 3537.2 s31/2+d → s29/2+d 0.55(1) 1

160.4(1) 36(4) 198.1 7/2− → 3/2−

164.7(1) 73(23) 1755.9 19/2− → 19/2+ 1.1(1) 0

176.1(1) 910(30) 590.4 15/2+ → 13/2+ 0.34(1)b 1

177.1(10) 16(2) 591.2 11/2+ → 13/2+ 0.34(1)b 1

178.7(1) 42(1) 1744.3 25/2+ → 23/2+

185.9(1) 615(19) 776.3 17/2+ → 15/2+ 0.30(1) 1

188.2(1) 299(10) 448.7 11/2− → 9/2− 0.47(1) 1

189.1(1) 79(3) 590.4 11/2+ → 9/2+

190.8(1) 24(1) 781.6 13/2+ → 15/2+

191.0(10) 47(2) 781.6 13/2+ → 11/2+

197.4(1) 181(6) 1222.0 21/2+ → 19/2+ 0.40(1) 1

204.8(1) 41(1) 864.8 15/2− → 13/2− 0.52(1) 1

210.2(10) 198(8) 2197.7 s23/2−d → 23/2−

211.4(1) 139(4) 660.2 13/2− → 11/2− 0.40(1) 1

217.5(1) 171(5) 666.1 13/2− → 11/2− 0.26(1) 1

220.2(1) 240(9) 317.8 9/2− → 5/2− 0.91(1) 2

220.3(10) 2(1) 2157.0 s21/2−d → s19/2+d 0.78(2) 1

223.8(10) 2(1) 351.5 7/2− → 3/2−

231.2() 660(20) 1987.1 23/2− → 19/2− 0.93(1) 2

236.5(3) 43(1) 1755.9 19/2− → 19/2+

236.7(1) 21(1) 1353.5 19/2− → 17/2−

241.1(1) 99(3) 907.3 15/2− → 13/2− 0.25(1) 1

241.9(10) 7(1) 3703.0 35/2− → 33/2−

243.3(1) 55(2) 1024.8 15/2+ → 13/2+

246.8(1) 29(1) 907.3 15/2− → 13/2− 0.09(1) 1
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TABLE I. (Continued.)

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

248.0(10) 10(1) 1981.0 s21/2+d → s21/2+d
248.1(1) 385(12) 1024.5 19/2+ → 17/2+ 0.29(1) 1

252.9(1) 28(1) 1844.4 21/2+ → 19/2+

254.1(1) 9(2) 351.5 7/2− → 5/2−

259.3(2) 4(1) 1929.1 23/2− → 21/2−

263.4(1) 53(2) 2108.0 23/2+ → 21/2+

265.9(1) 106(3) 1173.4 17/2− → 15/2− 0.19(1) 1

267.4(1) 28(1) 4432.5 s37/2d → s35/2d
268.7(1) 24(1) 1591.2 19/2+ → 17/2+

275.9(1) 20(1) 4164.9 s35/2d → s33/2d
277.1(1) 543(16) 2264.3 25/2− → 23/2− 0.37(1)b 1

278.4(1) 267(9) 476.4 11/2− → 7/2− 0.87(1)b 2

278.8(1) 28(1) 2386.7 25/2+ → 23/2+

281.0(1) 69(2) 4581.4 s39/2d → s35/2d 1.2(1) 2

287.5(1) 181(6) 2551.7 27/2− → 25/2− 0.33(1) 1

287.6(1) 40(1) 4164.9 s35/2d → s33/2d 0.58(1) 1

287.8(1) 61(2) 1461.4 19/2− → 17/2− 0.32 1

291.3(1) 33(1) 3139.8 31/2− → 29/2−

292.5(1) 11(1) 2678.9 27/2+ → 25/2+

296.0(10) 90(3) 2898.2 s29/2−d → 27/2− 0.30(1) 1

296.4(1) 124(4) 2848.4 29/2− → 27/2− 0.37(1) 1

299.9(1) 12(1) 4732.4 s39/2d → s37/2d
300.0(1) 41(7) 402.3 9/2+ → 7/2−

303.3(1) 31(1) 4581.4 s39/2d → s35/2d
307.8(1) 60(2) 1769.3 21/2− → 19/2− 0.18(1) 1

314.6(1) 31(1) 3212.9 s31/2d → s29/2d
314.7(1) 513(16) 590.4 15/2+ → 11/2+ 1.0(1) 2

319.3(1) 18(1) 3544.2 s33/2d → 31/2− 0.25(1) 1

321.0(1) 22(1) 3460.9 33/2− → 31/2−

325.6(1) 37(1) 2095.0 23/2− → 21/2−

326.7(1) 21(1) 3224.8 31/2− → s29/2−d 0.27(1) 1

337.8(1) 131(4) 2602.5 27/2− → 25/2−

339.5(1) 192(6) 2941.9 s27/2d → 27/2− 1.0(1) 0

339.5(1) 82(3) 3877.0 s33/2d → s31/2+d 0.8(1) 1

342.4(1) 410(13) 660.2 13/2− → 9/2− 1.0(1) 2

343.4(1) 125(4) 1565.5 23/2+ → 21/2+ 0.28(1) 1

346.2(1) 152(5) 448.7 11/2− → 7/2− 0.98(1) 2

346.7(10) 14(1) 2511.3 s25/2+d → s23/2+d
348.3(1) 59(2) 666.1 13/2− → 9/2−

352.6(1) 122(3) 3889.4 s33/2d → s31/2+d 0.52(2) 1

355.1(1) 52(2) 706.6 11/2− → 7/2−

362.1(1) 907(30) 776.3 17/2+ → 13/2+ 1.0(1) 2

375.8(10) 47(2) 1552.2 19/2+ → 17/2+

379.4(1) 23(1) 781.6 13/2+ → 9/2+

388.3(1) 568(17) 864.8 15/2− → 11/2− 1.1(1) 2

388.4(1) 30(1) 4278.0 s35/2d → s33/2d
389.0(1) 124(4) 706.6 11/2− → 9/2−
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TABLE I. (Continued.)

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

394.5(1) 42(2) 1176.7 17/2+ → 13/2+

(398) 4101.1 s37/2−d → 35/2−

399.6(1) 130(4) 660.2 13/2− → 9/2−

400.2(1) 22(1) 1176.7 17/2+ → 17/2+ 0.92(1) 0

401.8(10) 49(2) 4278.0 s35/2d → s33/2d 0.25(1) 1

402.5(10) 13(1) 1755.9 19/2− → 19/2−

405.0(10) 55(2) 2602.5 27/2− → s23/2−d
405.5(1) 185(6) 666.1 13/2− → 9/2− 1.1(1) 2

411.3() 44(1) 4300.6 s35/2d → s33/2d 0.43(1) 1

417.1(10) 26(1) 1442.0 s17/2+d → 15/2+

417.4(1) 16(1) 1442.0 s17/2+d → 19/2+

423.6(1) 43(2) 1745.4 21/2+ → 17/2+

424.4(10) 15(1) 4300.6 s35/2d → s33/2d 0.71(1) 1

425.0(1) 37(2) 1647.1 21/2+ → 21/2+

426.0(1) 64(2) 5007.4 s41/2d → s39/2d 0.72(3) 1

428.6(10) 11(1) 1981.0 s21/2+d → 19/2+

434.0(1) 39(2) 1755.9 19/2− → 17/2+

434.1(1) 814(25) 1024.5 19/2+ → 15/2+ 1.1(1) 2

434.3(2) 47(2) 1024.8 15/2+ → 11/2+

435.7(1) 263(8) 3377.5 s29/2+d → s27/2+d 0.63(1) 1

445.6(1) 1000(30) 1222.0 21/2+ → 17/2+ 1.1(1) 2

450.9(1) 103(3) 1116.8 17/2− → 13/2− 0.90(2) 2

456.5(1) 512(16) 1116.8 17/2− → 13/2− 0.90(1) 2

458.8(1) 181(6) 907.3 15/2− → 11/2− 1.0(1) 2

459.5(1) 42.3(15) 2204.1 27/2+ → 25/2+

470.1(1) 73(3) 1647.1 21/2+ → 17/2+

473.0(1) 182(6) 1179.5 15/2− → 11/2− 1.1(1) 2

477.1(10) 10(1) 2511.3 s25/2+d → s21/2+d
479.3(10) 12(1) 3377.5 s29/2+d → s29/2−d
481.2(1) 69(2) 2000.4 23/2+ → 19/2+

488.8(1) 597(18) 1353.5 19/2− → 15/2− 0.96(1) 2

489.4(10) 16(1) 3703.0 35/2− → 31/2−

494.9(10) 17(1) 1519.3 19/2+ → 19/2+

507.4(1) 201(6) 1173.4 17/2− → 13/2− 1.0(1) 2

511.1(10) 18(1) 2511.3 s25/2+d → 23/2+

511.4(10) 64(2) 1733.2 s21/2+d → 21/2+

512.9(1) 51(2) 1179.5 15/2− → 13/2−

516.8(1) 28(1) 2108.0 23/2+ → 19/2+

519.5(1) 121(4) 1179.5 15/2− → 13/2− 0.61(1) 1

522.4(1) 742(22) 1744.3 25/2+ → 21/2+ 0.98(1) 2

522.5(10) 24(1) 1844.4 21/2+ → 17/2+

523.4(1) 31(2) 1745.4 21/2+ → 21/2+

527.2(1) 55(2) 1552.2 19/2+ → 19/2+

527.7(1) 49(2) 1552.2 19/2+ → 15/2+

530.3(1) 68(2) 2511.3 s25/2+d → s21/2+d
535.4(1) 75(3) 2280.6 25/2+ → 21/2+

539.0(1) 38(1) 1981.0 s21/2+d → s17/2+d

T. SHIZUMA et al. PHYSICAL REVIEW C 69, 024305(2004)

024305-6



TABLE I. (Continued.)

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

541.0(1) 462(14) 1565.5 23/2+ → 19/2+ 0.96(1) 2

542.5(1) 40(2) 2386.7 25/2+ → 21/2+

545.3(10) 12(1) 2511.3 s25/2+d → s21/2+d
553.5(1) 283(9) 1670.2 21/2− → 17/2− 0.94(1) 2

554.3(1) 190(6) 1461.4 19/2− → 15/2− 1.1(1) 2

563.0(10) 113(4) 3703.0 35/2− → 31/2− 1.1(1) 2

565.0(1) 83(3) 2551.7 27/2− → 23/2− 1.0(1) 2

566.8(1) 45(2) 1591.2 19/2+ → 19/2+

567.5(10) 8(1) 4732.4 s39/2d → s35/2d
568.4(1) 27(1) 3139.8 31/2− → 27/2−

570.8(1) 44(2) 2678.9 27/2+ → 23/2+

574.9(1) 111(4) 2575.3 27/2+ → 23/2+ 1.1(1) 2

575.6(1) 528(16) 1929.1 23/2− → 19/2− 1.1(1) 2

576.2(1) 348(11) 1755.9 19/2− → 15/2− 1.1(1) 2

578.0(1) 16(1) 2928.5 31/2+ → 29/2+

584.5(1) 132(4) 2848.4 29/2− → 25/2− 1.2(1) 2

586.6(1) 54(3) 1176.7 17/2+ → 15/2+

588.2(1) 127(4) 3139.8 31/2− → 27/2− 1.1(1) 2

592.3(1) 15(1) 2034.2 s21/2+d → s17/2+d
595.9(1) 199(6) 1769.3 21/2− → 17/2− 0.92(2) 2

600.7(1) 45(2) 2987.4 s29/2+d → 25/2+

601.6(1) 83(3) 4304.6 s39/2−d → 35/2−

601.9(1) 90(3) 2249.1 25/2+ → 21/2+

604.5(1) 88(3) 2885.1 s29/2+d → 25/2+

606.2(1) 497(15) 2350.5 29/2+ → 25/2+ 0.97(1) 2

612.2(1) 66(2) 2164.4 s23/2+d → 19/2+

612.6(1) 121(4) 3460.9 33/2− → 29/2− 1.0(1) 2

615.0(1) 56(2) 1936.9 s19/2+d → 17/2+ 0.8(1) 1

615.1(1) 138(4) 2602.5 27/2− → 23/2− 1.1(1) 2

622.3(1) 30(1) 1844.4 21/2+ → 21/2+

622.6(1) 59(2) 1647.1 21/2+ → 19/2+ 0.44(1) 1

622.8(3) 92(3) 2551.7 27/2− → 23/2− 0.90(1) 2

630.3(1) 54(2) 3309.2 s31/2+d → 27/2+

633.5(1) 20(1) 1987.1 23/2− → 19/2− 1.0(1)b 2

633.8(1) 208(7) 2095.0 23/2− → 19/2− 1.0(1)b 2

634.6(1) 212(7) 2304.8 25/2− → 21/2− 0.93(1) 2

635.9(1) 59(2) 2885.1 s29/2+d → 25/2+

638.8(1) 303(9) 2204.1 27/2+ → 23/2+ 1.0(1) 2

639.2(1) 208(6) 1755.9 19/2− → 17/2− 0.78(1) 1

640.1(1) 38(2) 4101.1 s37/2−d → 33/2−

641.7(1) 323(10) 2570.8 27/2− → 23/2− 1.1(1)b 2

642.0(1) 99(3) 3212.9 31/2− → 27/2− 1.1(1)b 2

644.3(1) 99(3) 3219.6 s31/2+d → 27/2+

653.9(1) 83(3) 3224.8 31/2− → 27/2− 1.2(1) 2

658.9(1) 38(1) 3871.6 s35/2−d → 31/2−

660.4(10) 46(2) 1442.0 s17/2+d → 13/2+

664.1(1) 11(1) 4535.7 s39/2−d → s35/2−d
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TABLE I. (Continued.)

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

664.4(1) 13(1) 4209.2 → s33/2d
665.4(1) 99(3) 2434.7 25/2− → 21/2− 1.0(1) 2

667.0(1) 103(3) 3552.1 s33/2+d → s29/2+d
667.1(10) 16(1) 2511.3 s25/2+d → 21/2+

668.1(1) 34(1) 3892.8 → s31/2−d
672.0(1) 61(2) 4976.6 s43/2−d → s39/2−d
673.5(1) 11(1) 4882.7

676.0(10) 22(1) 3663.4 s33/2+d → s29/2+d
(676) 3889.4 s33/2d → s31/2−d

677.5(1) 20(1) 2941.9 s27/2d → 25/2−

678.8(1) 22(1) 3816.4 s33/2−d → s29/2−d
681.0(1) 12(1) 3718.6 35/2+ → 33/2+

681.1(10) 6(1) 2885.1 s29/2+d → 27/2+

683.6(1) 35(2) 2249.1 25/2+ → 23/2+

684.1(1) 137(4) 2988.9 29/2− → 25/2− 1.0(1) 2

685.2(1) 54(2) 3904.7 s35/2+d → s31/2+d
687.0(1) 297(9) 3037.6 33/2+ → 29/2+ 1.0(1) 2

691.6(1) 36(1) 4792.6 s41/2−d → s37/2−d
694.5(1) 76(3) 4246.6 s37/2+d → s33/2+d
694.8(1) 85(3) 2789.9 27/2− → 23/2− 0.92(1) 2

699.0(1) 13(1) 5234.7 s43/2−d → s39/2−d
701.8(1) 14(1) 4010.9 s35/2+d → s31/2+d
702.9(1) 49(2) 3137.6 s29/2−d → 25/2−

705.4(1) 36(1) 3694.3 33/2− → 29/2−

714.9(1) 109(4) 2280.6 25/2+ → 23/2+ 0.15(1) 1

719.7(1) 49(2) 2968.9 s29/2+d → 25/2+

720.8(1) 116(4) 1745.4 21/2+ → 19/2+ 0.39(1) 1

721.6(1) 21(1) 3511.5 s31/2−d → 27/2−

724.5(1) 214(7) 2928.5 31/2+ → 27/2+ 0.93(1) 2

731.4(1) 149(5) 1321.9 17/2+ → 15/2+ 0.45(1) 1

731.5(1) 46(2) 5284.9 45/2+ → 41/2+ 0.83(2) 2

734.0(10) 14(1) 4428.3 s37/2−d → 33/2−

736.3(1) 23(1) 2197.7 s23/2−d → 19/2−

736.9(1) 26(1) 5713.6 s47/2−d → s43/2−d
737.0(10) 17(1) 4629.8

742.7(1) 15(1) 4647.2 s39/2+d → s35/2+d
742.9(1) 119(4) 1519.3 19/2+ → 17/2+ 0.34(1) 1

743.3(1) 11(1) 6017.5 s47/2+d → s43/2+d
746.0(1) 32(1) 5274.2 s43/2+d → 39/2+

749.3(1) 27(1) 5541.9 s45/2−d → s41/2−d
749.4(1) 167(5) 3787.0 37/2+ → 33/2+ 1.0(1) 2

760.8(1) 24(1) 6045.7 s49/2+d → 45/2+

762.7(1) 27(2) 1176.7 17/2+ → 13/2+

764.8(10) 28(11) 2968.9 s29/2+d → 27/2+

766.4(1) 75(3) 4553.4 41/2+ → 37/2+ 0.82(2) 2

767.2(10) 9(1) 2511.3 s25/2+d → 25/2+

776.0(10) 11(1) 5204.3 s41/2−d → s37/2−d
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TABLE I. (Continued.)

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

778.3(1) 114(4) 2000.4 23/2+ → 21/2+ 0.23(1) 1

790.1(1) 134(4) 3718.6 35/2+ → 31/2+ 1.0(1) 2

793.1(1) 12(1) 6506.6 s51/2−d → s47/2−d
796.0(10) 4(1) 5425.8

796.7(1) 9(1) 6338.6 s49/2−d → s45/2−d
809.6(1) 72(2) 4528.2 39/2+ → 35/2+ 1.1(1) 2

814.9(1) 142(5) 1591.2 19/2+ → 17/2+ 0.49(1) 1

818.1(2) 4(1) 6835.6 s51/2+d → s47/2+d
819.9(1) 105(3) 1844.4 21/2+ → 19/2+ 0.33(1) 1

821.2(1) 17(1) 2386.7 25/2+ → 23/2+ 0.15(1) 1

831.1(1) 49(2) 2575.3 27/2+ → 25/2+ 0.21(1) 1

838.1(1) 13(1) 3806.9 s33/2+d → s29/2+d
839.9(1) 10(1) 6885.6 s53/2+d → s49/2+d
852.0(10) 3(1) 7358.6 s55/2−d → s51/2−d
859.5(1) 6(1) 4647.2 s39/2+d → 37/2+

860.9(5) 8(1) 2789.9 27/2− → 23/2−

864.4(10) 5(1) 2511.3 s25/2+d → 21/2+

866.0(1) 54(1) 3377.5 s29/2+d → s25/2+d 1.1(2) 2

866.3(1) 5(1) 3904.7 s35/2+d → 33/2+

869.2(1) 29(1) 3219.6 s31/2+d → 29/2+ 0.48(1) 1

871.1(1) 65(2) 1647.1 21/2+ → 17/2+

878.4(10) 5(1) 3806.9 s33/2+d → 31/2+

886.1(1) 52(2) 2108.0 23/2+ → 21/2+ 0.29(1) 1

907.8(1) 76(3) 1321.9 17/2+ → 13/2+

928.9(2) 6(1) 4647.2 s39/2+d → 35/2+

929.1(1) 63(2) 1519.3 19/2+ → 15/2+ 0.90(1) 2

934.7(1) 25(1) 2678.9 27/2+ → 25/2+

941.7(1) 23(1) 1966.1 s21/2+d → 19/2+

946.0(10) 5(1) 2511.3 s25/2+d → 23/2+

956.9(10) 6(1) 1733.2 s21/2+d → 17/2+

958.6(1) 21(1) 3309.2 s31/2+d → 29/2+

969.3(1) 37(2) 1745.4 21/2+ → 17/2+

973.2(1) 8(1) 4010.9 s35/2+d → 33/2+

976.0(1) 15(1) 2000.4 23/2+ → 19/2+

976.1(3) 4(1) 3904.7 s35/2+d → 31/2+

1001.1(1) 33(1) 1591.2 19/2+ → 15/2+

1027.2(1) 48(2) 2249.1 25/2+ → 21/2+ 0.92(2) 2

1068.4(1) 32(1) 1844.4 21/2+ → 17/2+

1141.5(1) 17(1) 2885.1 s29/2+d → 25/2+

1189.5(2) 10(1) 1966.1 s21/2+d → 17/2+

1201.6(2) 5(1) 3552.1 s33/2+d → 29/2+

1209.1(10) 2(1) 4246.6 s37/2+d → 33/2+

1224.8(1) 11(1) 2968.9 s29/2+d → 25/2+

1242.6(2) 8(1) 2987.4 s29/2+d → 25/2+

1289.5(10) 20(1) 2511.3 s25/2+d → 21/2+

1455.8(4) 3(1) 3806.9 s33/2+d → 29/2+
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=21/2+ and 23/2+ levels has newly been established. The
lower-lying levels in this band are connected by weak
M1s+E2d transitions. Decay properties of interband transi-
tions and DCO ratios are used to deduce the spins and pari-
ties of this band. From the decay curve analysis, an upper
limit of 5 ns was deduced for the half-life of the 1591 keV
bandhead.

H. Band IV based on the 1987 keV level

The 1987 keV isomeric level withT1/2=5.5s10d ns was
reported to decay into theIp=19/2− level in the 3/2−f512g
band via a 231 keVE2 transition, and into theIp=21/2+

state in the band III via a 143 keV transition[16]. In the
present work, a 634 keV transition has been observed to de-
populate the 1987 keV level into theIp=19/2− level in the
1/2−f510g band. The previous assignment ofDI =1 E1 for
the 143 keV transition is confirmed by the DCO information
and theg-ray intensity balance, and supports the assignment
of Ip=23/2− for the 1987 keV level.

The Ip=25/2−, 27/2−, and 29/2− levels at excitation en-
ergies of 2264, 2603, and 2942 keV, associated with 277,
338, 340, and 615 keV transitions, were previously placed as
rotational band members based on the 1987 keV level[16].
However, the present analysis of the coincidence data results
in a different placement of the 2603 and 2942 keV levels. In
Fig. 3, g-ray lines at 277, 288, and 296 keV as well as the
corresponding crossover transitions(565 and 585 keV) can
be seen. These transitions now establish theIp=25/2− and
27/2− rotational levels at 2552 and 2848 keV built on the
5.5 ns isomeric state instead of the 2603 and 2942 keV lev-
els. The present coincidence data also reveal additional de-
cay branches from the 2603 keV level via a 405 keV transi-
tion and an unobserved 52 keV transition. Furthermore, a
678 keV transition has been found to depopulate the

2942 keV level. The DCO ratio for the 615 keV transition is
consistent with an assignment ofDI =2, resulting in theIp

=27/2− assignment for the 2603 keV level. For the 340 keV
transition, the DCO ratio agrees with an assignment of either
DI =0 or 2. However, the presence of the 678 keV transition
which feeds theIp=25/2− level in band IV rejects an assign-
ment ofDI =2 for the following reason. ADI =2 assignment
gives spin and parityI =31/2 to the 2942 keV level which
then requires a spin change of 3" for the 678 keV transition.
An E3 or M3 transition should hardly occur at all with the
340 keV fastM2 or E2 transition in the present case. Con-
sequently, the assignment ofDI =0 for the 340 keV transi-
tion, i.e., I =27/2 for the 2942 keV level is preferred.

For higher spins of band IV, levels extending as high as
Ip=s49/2−d for the a= +1/2 sequence andIp=s55/2−d for
the a=−1/2 sequence have been observed. Three interband
DI =2 transitions(489, 568, and 623 keV) to the 1/2−f510g

TABLE I. (Continued.)

Eg skeVd Ig
a Ei skeVd Ji

p → Jf
p RDCO DI

Transitions above the 5007 keV isomerc

241.0(1) 35(6) 6203.6

353.7(1) 473(31) 5786.0

424.9(1) 1000(50) 5432.3

426.8(2) 41(18) 7007.1

(453) 7033

453.7(1) 180(26) 6803.7

499.7(1) 207(26) 6285.6

512.4(1) 198(24) 7099.1

564.0(1) 99(9) 6350.0

617.8(1) 153(20) 6580.4

800.8(1) 208(23) 6586.9

917.8(1) 126(18) 6350.0

955.2(1) 303(27) 5962.6

ag-ray intensities are normalized to the 445.6 keV transition.
bDoublet transitions.
cg-ray intensities are normalized to the 424.9 keV transition.

FIG. 3. Coincidence spectrum double gated on the 231 and 576,
639 keV g-ray combination, showing transitions above theIp

=23/2− state at 1987 keV. Transitions in(or from) the 1/2−f510g,
3 /2−f512g, and 7/2−f503g bands are marked by filled squares, open
squares, and open circles, respectively. Transition energies of dou-
blets or higher degeneracies are suffixed by asterisks.
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band have also been found. The DCO information and the
observation of both the cascade and the corresponding cross-
over transitions are used to deduce spins and parities of this
band. The small DCO ratios for theDI =1 transitions indicate
negative signs of the mixing ratios.

I. Medium- to high-spin states

As mentioned in Sec. III A, the 3225 keV level is depopu-
lated by the 327 and 654 keV transitions. The 2898 keV
level populated by the 327 keV transition decays into the
Ip=27/2− level at 2603 keV via a 296 keV transition. The
DCO ratios of the 296, 327, and 654 keV transitions are
consistent with the spin and parity assignment ofIp=31/2−

for the 3225 keV level. The presence of the 327 keV transi-
tion would indicate that the 3225 keV state has a multiqua-
siparticle character despite its direct decay to theIp=27/2−

level in the ground state rotational band. Several levels have
been placed above the 3225 keV level. However, spins and
parities are not given to these levels due to lack of the DCO
information except for the 319 keV transition.

A 3378 keV level has newly been found to decay into the
2942 keV level via a 436 keV transition. The DCO ratio for
this transition suggestsI =29/2 for the 3378 keV level. This
level is also depopulated by a 866 keV transition which es-
tablishes a 2511 keV level. The intensity ofg rays below the
2511 keV level is too weak to extract DCO ratios. However,
together with theI =29/2 assignment for the 3378 keV level,
the presence of 667, 864, and 1290 keV transitions depopu-
lating the 2511 keV level to theIp=21/2+ states in the bands
III, 9 /2+f624g, and 11/2+f615g suggests that all these transi-
tions as well as the 866 keV transition have stretched quad-
rupole sDI =2d character which would explain the spin
change of 4" by the two consecutive transitions. We there-
fore assign Ip=s25/2+d and s29/2+d for the 2511 and
3378 keV levels. Through similar considerations, spin and
parity assignments have been made for 1442, 1966, 1981,
and 2034 keV levels.

Above the 3378 keV level, several new levels have been
observed. Most of the levels are populated through the decay
of a new high-spin isomer(see also Sec. III J). Figure 4
shows theg-ray spectrum gated by the 866 keV transition.
An intense 160 keV transition depopulates a 3537 keV level

into the 3378 keV level. The total conversion coefficient of
the 160 keV transition is deduced to beatot=0.97s2d from
the g-ray intensity balance at the 3378 keV level. Compari-
son with the calculated values[17] of atot=0.12 (where the
transitions isE1), 1.5sM1d, and 0.74sE2d supports a mixed
M1+E2 assignment for the 160 keV transition. The DCO
information is also consistent with theDI =1 assignment.
The 3537 keV level is therefore assigned
to beIp=s31/2+d. The level ordering and the assignments of
spin and parity for the higher-lying levels are based on the
g-ray relative intensities and the DCO ratios.

J. New high-spin isomer at 5007 keV

From analysis of delayed coincidence data, a new high-
spin isomer has been identified at 5007 keV. Figure 5 shows
a g-ray spectrum for transitions below the isomer. In addition
to the transitions in the one-quasiparticle bands, band III and
band IV, the 866 keV transition as well as the coincidentg
rays(see Fig. 4) can be seen. The decay of the isomer is most
intensely carried out by the 426 and 160 keV transitions to
the 4581 and 3537 keV levels. Between these two levels,
g-ray intensity is dispersed among several transitions.

For the determination of the half-life of the 5007 keV
isomer, time difference spectra between transitions above
and below the isomer have been analyzed. Figure 6 illus-
trates a decay curve for the 5007 keV isomer. By fitting the
slope of the decay curve, the half-life of the 5007 keV iso-
mer has been obtained asT1/2=18s2dns.

Above the 5007 keV isomer, several transitions have been
identified as seen in Fig. 7. No regular band structure is
apparent. The level placement is based on the relative inten-
sities of the transitions. Information on the transitions above
the isomers is presented in the end of Table I.

IV. DISCUSSION

A. Alignments

In the cranked shell model[18], rotational alignmentsi
can be obtained by subtracting aligned angular momenta of

FIG. 4. Coincidence spectrum gated on the 866 keVs29/2+d
→ s25/2+d transition. Transitions in the 11/2+f615g bands are
marked by filled circles.

FIG. 5. Delayedg-ray spectrum gated on the sum of the 425,
801, 918, and 955 keV transitions, showingg rays below theIp

=s41/2d isomer. Transitions in the 1/2−f510g, 3 /2−f512g,
7 /2−f503g, and 11/2+f615g bands, band III, and band IV are
marked by filled squares, open squares, open circles, filled circles,
filled diamonds, and open diamonds, respectively. Transition ener-
gies of doublets or higher degeneracies are suffixed by asterisks.
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the reference configuration from total aligned angular mo-
menta Ixf=ÎIsI +1d−K2g. For odd-mass nuclei, the ground
state bands in neighboring even-even nuclei are used for the
reference. In Fig. 8, the rotational alignments for the bands
observed in185Os are shown as a function of rotational fre-
quencies "v in units of keV. Harris parameters ofJ0
=24 MeV−1 "2 and J1=66 MeV−3 "4 are obtained by aver-
aging the values for the ground state bands in184Os [2] and
186Os [19]. In the calculation, we assume theK quantum
numbers fixed at the bandhead spin values.

The 1/2−f510g, 3 /2−f512g, and 7/2−f503g bands show
small alignments at low rotational frequencies which are
consistent with the systematic behavior of nonaligned one-
quasiparticle bands in the region. For the 1/2−f510g and
7/2−f503g bands, rapid increases in the alignments are ob-
served at"v=330–340 keV, which can be understood as a
result of the band crossings with aligned three-quasiparticle
bands (s bands). The crossing frequencies of"v
=330–340 keV are about 110–120 keV larger than that for
the 7/2−f503g band in 183Os s"vAB <220 keVd [20]. This
can be attributed to the presence of a minor shell closure at
N=108 which increases the quasiparticle energy of thei13/2
orbital at zero rotational frequency and in turn causes de-
layedAB band crossing. Similar phenomena are observed in

the neighboring even-even nuclei withN=108,182W [21]
and 184Os [22]. For the 11/2+f615g band, the alignment is
about 2" in both the signature sequences. The large signature
splitting and the large crossing frequencies(BC andAD band
crossings) result from the blocking effect for thei13/2 neutron
orbital. Note that the notationsA,B,C, andD are prescribed
by Ref. [18].

The magnitude of alignments for multiquasiparticle bands
is the sum of those of the constituent quasiparticles. There-
fore, for bands which involvei13/2 neutrons and/orh9/2 pro-
tons, large rotational alignments are expected due to the
strong Coriolis interaction on these quasiparticles(see, e.g.,
Ref. [23]). This can be used in quasiparticle configuration
assignments for the bands observed in185Os.

B. gK factors

Intensity ratios betweenDI =1 cascade andDI =2 cross-
over transitions in a band can be used in the asymptotic limit
to deducegK factors. In the rotational model[24], mixing
ratiosd andgK factors are deduced as

d2

1 + d2 = l
Eg

5sI → I − 1d
Eg

5sI → I − 2d
kI K 2 0uI − 1 Kl2

kI K 2 0uI − 2 Kl2 s1d

and

FIG. 6. Time difference spectrum between the 955 keV transi-
tions and the 340, 353, 426, 436 keV transitions is shown with
filled circles. The time difference spectrum in prompt coincidence
between the 522 and 446 keV transitions is also shown with open
circles.

FIG. 7. Early projection gated on the delayed 340, 353, 426, and
436 keV transitions, showing the transitions above theIp=s41/2d
isomer.

FIG. 8. Alignments for the 1/2−f510g (open and filled circles),
7 /2−f503g bands(open and filled squares), band III (open and filled
diamonds), and band IV(open and filled triangles) are plotted in
upper panel(a), while those for the 11/2+f615g (open and filled
circles), 9 /2+f624g (open and filled squares), 3 /2−f512g (open dia-
mond), and bands I, II(open and filled triangles) are plotted in
lower panel(b). Thea= +1/2 and −1/2sequences are shown with
open and filled symbols, respectively. Harris parameters ofJ0

=24 MeV−1 "2 andJ1=66 MeV–3 "4 are used.
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sgK − gRd2

Q0
2 = 0.289

Eg
2sI → I − 1d

d2K2

kI K 2 0uI − 1 Kl2

kI K 1 0uI − 1 Kl2 s2d

with the transition energies in MeV, wherel is the intensity
ratio TgsI → I −2d /TgsI → I −1d, gR the gyromagnetic ratio for

the collective rotation, andQ0 the intrinsic quadrupole mo-
ment. The experimentalsgK−gRd values extracted from the
above equations are listed in Table II. When the signs of the
mixing ratios are not known from the DCO information, the
possible two values ofsgK−gRd are listed. Here, we used

TABLE II. gK values deduced from the branching ratios for the bands in185Os.

Band I i EgsE2d EgsM1/E2d l sgK
exp−gRda sgK

cal−gRdb

(keV) (keV)

1/2−f510g 5/2 160.4 101.1 1.97(30) −0.96s8d −1.70

7/2 220.2 119.7 19.9(12) −0.55s1d −1.70

9/2 278.4 158.5 4.94(23) −1.42s3d −1.70

15/2 388.3 204.8 13.8(6) −1.37s3d −1.70

19/2 488.8 236.7 28.9(14) −1.36s3d −1.70

23/2 575.6 259.3 150(18) −0.78s5d −1.70

7/2−f503g 11/2 346.2 188.2 0.51(2) −0.52s1d −0.54

13/2 405.5 217.5 1.09(5) −0.52s1d −0.54

15/2 458.8 241.1 1.83(8) −0.52s1d −0.54

17/2 507.4 265.9 1.90(9) −0.61s2d −0.54

19/2 554.3 287.8 3.13(15) −0.54s1d −0.54

21/2 595.9 307.8 3.32(15) −0.58s2d −0.54

23/2 633.8 325.6 5.56(27) −0.49s1d −0.54

9/2+f624g 13/2 379.4 191.0 0.50(3) −0.46s2d −0.25

15/2 434.3 243.3 0.85(5) −0.43s1d −0.29

17/2 394.5 151.6 5.42(36) −0.31s1d −0.31

19/2 527.7 375.8 1.05(6) −0.36s1d −0.33

11/2+f615g 15/2 314.7 176.1 0.56(2) −0.21s1d −0.23

17/2 362.1 185.9 1.47(6) −0.23s1d −0.26

19/2 434.1 248.1 2.12(9) −0.20s1d −0.28

21/2 445.6 197.4 5.54(24) −0.23s1d −0.30

23/2 541.0 343.4 3.71(16) −0.16s1d −0.31

25/2 522.4 178.7 17.6(8) −0.25s1d −0.31

27/2 638.8 459.5 7.15(34) c −0.32

31/2 724.5 578.0 13.5(8) c −0.32

35/2 790.1 681.0 11.3(7) c −0.33

Band IIId 23/2 516.8 263.4 0.52(3) ±0.19s1d −0.22

25/2 542.5 278.8 1.42(9) ±0.15s1d −0.24

27/2 570.8 292.5 3.92(29) ±0.08s1d −0.26

Band IVd 27/2 565.0 287.5 0.46(2) −0.17s1d −0.08

29/2 584.5 296.4 1.07(5) −0.15s1d −0.12

31/2 588.2 291.3 3.88(18) −0.06s1d −0.15

33/2 612.6 321.0 5.56(27) −0.01s2d −0.17

35/2 563.0 241.9 15.2(12) −0.04s1d −0.20

aQ0=5.7 e b is used.
bThe calculated values have uncertainties of ±0.05 propagated from the assumption ofgR=0.20±0.05.
cThe negative values ofd2 are obtained in Eq.(1). This may indicate that the assumption of the strong
coupling limit to derive Eq.(1) is not appropriate for describing these states.
dK=19/2 for band III andK=23/2 for band IV are assumed(see Sec. IV C).
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Q0=5.7 e b obtained by averagingQ0=5.67e b for 184Os
f2g and Q0=5.7 e b for 186Os f19g.

The effectivegK factors [25] can be calculated in the
semiclassical model[26] by the following equation:

gK
eff − gR =

SsgKj
− gRdKj

K
−

SsgKj
− gRdi j

ÎI2 − K2
, s3d

wheregKj
is the gyromagnetic factor of thej th quasiparticle,

i j the aligned angular momentum,Kj the angular momentum
projection on the deformation axis, andK=SKj. The first
term represents the usual expression ofsgK−gRd in the strong
coupling limit, while the second term is due to the Coriolis
effects which are important for configurations involvingi13/2
neutrons and/orh9/2 protons in the present case. Thei j
values were taken from the known one-quasiparticle bands
of odd-A nuclei in this mass region. ThegKj

factors for
each quasiparticle have been calculated using the formula

gKj
= skl3lgl + ks3lgsd/Kj s4d

assuming 70% of thefree nucleongs factors f27g sgs
free

=5.59 forprotons and −3.83 for neutronsd. Here,l3 ss3d is
the component of the orbital angular momentumsintrinsic
spind projected on the nuclear symmetry axis, andgl =1
for protons,gl =0 for neutrons. The expectation values of
s3 were obtained from Nilsson wave functions. Table III
summarizes thegKj

factors and the alignmentsi j used in
the calculation. The calculatedsgK−gRd values are also
shown in Table II.

C. Band properties and configuration assignments

In this section, quasiparticle configurations for bands I–IV
are discussed by comparison between the observed and pre-
dicted alignments andgK factors. We estimated excitation
energiessEx

cald of multiquasiparticle states by summing the
energies of the constituent single quasiparticle states and the
energies needed to break the quasiparticle pairs. The excita-
tion energies of the one-quasiparticle states in185Os,183Re,
and 185Re are taken from Ref.[28]. Averages of183Re and
185Re were used in the calculation for protons. The neutron
and proton pairing gap energies(Dn=706 andDp=834 keV)
were obtained by averaging those for184Os and186Os using
the third order odd-even mass differences[29], and they
were reduced by 20% for each quasiparticle broken pair to

account for the weaker pair field in the multiquasiparticle
configurations. Since the residual interaction defined by the
empirical Gallagher-Moszkowski(GM) rules [30] is impor-
tant to calculate excitation energies of multiquasiparticle
states, the associated GM splitting energiesEGM taken from
Ref. [31] are added to the calculated excitation energiesEx

cal.

1. Bands I and II

Bands I and II gain two units of alignment in the rota-
tional frequency range of 100–300 keV[see Fig. 8(b)], in-
dicating that the configuration involves one or more align-
able quasiparticles. Since these bands predominantly decay
to members of the 11/2+f615g band and have similar align-
ment behavior to the 11/2+f615g band, the aligned quasipar-
ticle is plausibly the 11/2+f615g neutron. The interband tran-
sitions to the 11/2+f615g band from band I and II also
suggest an admixture of the 11/2+f615g component in the
configuration. In the neighboring even-even nuclei182Os
[32,33], 184Os [2] and 186Os [19], low-lying g-vibrational
bands based on the 891, 943, and 768 keV levels are known
to decay to the ground state bands by bothDI =2 and 0
transitions. Assuming theI → I transitions to be ofE2 char-
acter, the measuredBsE2d ratios of theI → I and I → I −2
transitions are 6.3(5) and 18(2) at Ip=19/2+ and 21/2+ for
185Os. These can be compared to values of 2.3(2), 1.9(2),
2.4(1) at Ig

p=2+, and 7.7(15), 5.1(4), 11(3) at Ig
p=4+ for 182Os

[34], 184Os [34], 186Os [19], respectively, and 15(1) at Ig
p

=6+ for 186Os [19]. Note that theIp=19/2+ state in 185Os
corresponds toIg

p=4+ in the even-even Os nuclei, and the
transitions between theg-band and ground state rotational
band in 182Os have largeE2 components[33]. Although a
three-quasiparticle configuration cannot be completely ex-
cluded, the assignment of theg phonon ^11/2+f615g for
bands I and II is preferred. A similar band is observed in
183Os [20].

2. Band III

The bandhead spin and parity have been assigned to be
Ip=19/2+. The excitation energy of 1591 keV requires exci-
tation of three quasiparticles with at least one alignable qua-
siparticle to account for the alignment[see Fig. 8(a)]. The
following configurations give low-lyingKp=19/2+ states:

Kp = 19/21
+,nh3/2−f512g7/2−f503g9/2+f624gj,

Ex
cal + EGM = 1763 − 150 = 1613 keV,

Kp = 19/22
+,nh1/2−f521g7/2−f503g11/2+f615gj,

Ex
cal + EGM = 1915 − 150 = 1765 keV.

The expectedsgK
cal−gRd values are −0.28s5d and −0.22s5d at

Ip=23/2− for theKp=19/21
+ andKp=19/22

+ configurations,
respectively, which are consistent with one of the mea-
sured valuessgK

exp−gR=−0.19d. Since band III decays pre-
dominantly to the 11/2+f615g band rather than the
9/2+f624g band, theKp=19/22

+ configuration is preferred.

TABLE III. gKj
factors and alignments of the single-particle

orbitals considered for185Os.

Neutrons gKj
i j Protons gKj

i j

1/2−f510g −1.50 0.0 1/2−f541g 0.76 3.5
1/2−f521g 0.64 0.0 5/2+f402g 1.57 0.0
3/2−f512g 0.54 0.0 7/2+f404g 0.63 0.0
7/2−f503g −0.34 0.0 9/2−f514g 1.30 0.5
9/2+f624g −0.23 2.0
11/2+f615g −0.18 2.0
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Although the present experimental data cannot exclude the
possibility of a positivesgK

exp−gRd value, three quasiparti-
cle Kp=19/2+ configurations including more than one
quasiproton that can give the positivesgK−gRd values are
expected at higher excitation energies.

3. Band IV

The bandhead spin and parity have been determined to be
Ip=23/2−. Previously, the n3/2−f512g ^ ph9/2−f514g11/
2−f505gj configuration was assigned to this band based on
the agreement between the measured and predictedgK fac-
tors sgK−gR=0.76d [16]. Since the present level scheme dif-
fers from that of Ref.[16], the configuration should be reex-
amined. In the present data, negativesgK

exp−gRd values are
obtained, which are consistent with a three-quasineutron
configuration rather than the two-quasiproton and one-
quasineutron configuration proposed previously. The only
configuration giving a low-lying three-quasineutron state in
185Os is

nh3/2−f512g9/2+f624g11/2+f615gj,

Ex
cal + EGM = 1937 − 150 = 1787 keV.

The predictedsgK
cal−gRd values agree with the measured

ones at the lower spin statesssee Table IId. The two-
quasineutronn10+h9/2+f624g11/2+f615gj states are also
known at low excitation energies in the neighboring even-
even nuclei184Os f2g, 186Os f19g and 182W f35g. Further-
more, the nh3/2−f512g9/2+f624g11/2+f615gj state is ob-
served at2050 keV in183W f36g. We therefore assign this
configuration to band IV.

4. The K=„41/2… isomer at5007 keV

Since theEx=5007 keV state has the half-life of 18 ns, it
can be considered as an intrinsic state havingK=41/2 rather
than an excited state in a rotational band. Following configu-
rations give rise to low-lyingK=41/2 states in185Os:

Kp = 41/2−,nh1/2−f510g1/2−f521g7/2−f503g

39/2+f624g11/2+f615gj ^ ph5/2+f402g7/2+f404gj,

Ex
cal + EGM = 5182 + 28 = 5210 keV,

Kp = 41/2+,nh1/2−f510g1/2−f521g3/2−f512g

39/2+f624g11/2+f615gj ^ ph7/2+f404g9/2−f514gj,

Ex
cal + EGM = 5640 − 401 = 5239 keV,

Kp = 41/2−,nh1/2−f521g3/2−f512g7/2−f503g

39/2+f624g11/2+f615gj ^ ph1/2−f541g9/2−f514gj,

Ex
cal + EGM = 5712 − 365 = 5347 keV.

Due to the lack of information such as alignments orgK
factors, the configuration assignment is not conclusive.

D. Hindrances of transitions

Transitions which involveK changes larger than the tran-
sition multiple order, i.e.,DK.l, are forbidden in theK
selection rule. Such transitions are therefore called
K-forbidden transitions. The hindrance ofK--forbidden tran-
sitions can be discussed in terms of hindrance factorsF or
hindrance factors per degree ofK forbiddennessfn defined as

fn = F1/n = sT1/2
g /TWd1/n, s5d

where n is the order ofK forbiddenness,T1/2
g and TW are,

respectively, the partialg-ray half-life and the corresponding
Weisskopf single-particle estimate. SeveralK-forbidden
transitions have been observed in185Os. Table IV summa-
rizes theg-ray branchings from multiquasiparticle states
and the hindrance factors. Since theKp=19/2+, 27/2−, and
31/2− levels have no measurable half-lives, the upper
limit of the present detection system,T1/2%5 ns, is used.

The hindrance factors for transitions from theKp=19/2+

and 27/2− states are within the range of the systematic val-
ues[37,38]. On the other hand, the 231 and 634 keV transi-
tions from theKp=23/2− state, and the 654 keV transition
from theKp=31/2− state exhibit low hindrances despite the
largeK inhibition. The low hindrance of the 231 keV transi-
tion sF=0.57d can be explained as follows. TheIp=19/2−

1756 keV state in the 3/2−f512g populated by the 231 keV
transition has a fragmented decay into several states includ-
ing the Ip=19/2+ high-K state in the band IIIsKp=19/2+d.
This could indicate that the 1756 keV state has high-K com-
ponents which would in part explain the low hindrance of the
231 keV transition.

For the 634 and 654 keV transitions withDK=11 and 15,
respectively, hindrance factors ofF=2.93103 and F%87
have been obtained. Similar transitions with largeDK values
and low hindrances(fn=2.3–5.5 withDK=14 and 16) have
been observed in182Os [2], 174Hf [3], and 176W [4]. So far,
two differentK-mixing mechanisms involving shape fluctua-
tion with respect tog deformation [2,4,8,9] and Fermi-

TABLE IV. Hindrance factors for theK-forbidden transitions
from multiquasiparticle states in185Os.

Ki
p Eg skeVd T1/2

g snsd DK Ll F fn

19/2+ 268.7 %53 M1 %4.63104

566.8 %28 4 M1 %2.33105 %61

814.9 %9 4 M1 %2.23105 %60

1001.1 %38 4 E2 %4.33103 %66

23/2− 142.7 55 2 E1 7.53105 7.53105

231.2 7.7 10 E2 0.57 0.83

633.5 255 11 E2 2.93103 2.4

27/2− (52) M1

337.8 %13 2 M1 %2.23104 %2.23104

405.0 %40 2 E2 %49

615.1 %13 2 E2 %1.33102

s31/2−d 326.7 %26 1 M1 %4.13104

653.9 %6.5 15 E2 %87 %1.4
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alignment Coriolis interaction[3,5–7] have been proposed.
For the largeDKs^10d transitions, the importance of theg
degree of freedom is emphasized by calculation using ag
tunneling model[9,20,39]. In the following, the decay rates
for the Ip=23/2− and 31/2− states will be discussed within
the framework of theg tunneling model.

In the g tunneling model[9], no direct mixing between
low-K and high-K states is assumed. The low-K (high-K)
wave function can penetrate to the high-K (low-K) state by
tunneling through a potential barrier along theg-deformation
path. The tunneling probability is defined in the semiclassical
tunneling approximation as

T = F1 + expS2W

"
DG−1

, s6d

whereW is the WKB action,eÎ2M0sV−E0dds. Here,V is
the potential energy along the least action paths, andE0 is
the zero-point energy of the high-K sinitiald state. The
least action can be calculated by evaluating the mass pa-
rameterM0 and the potential energyV at a given angular
momentumf9g. The mass parameter depends on the effec-
tive pairing gapDeff in the random phase approximation
methodf40g, proportional toDeff

−2 f41g, and thus increases
along with a spin caused by a smaller pairing gap. The
potential barrier also changes with variation in spin, i.e.,
the barrier height decreases as the nuclear shape becomes
softer with respect tog deformation. The tunneling prob-
abilities therefore depend on these two effects. For heavier
Os nuclei, the least actions decrease with increasing spins
due to the softness towards triaxialityf20g. As shown in
Fig. 9, the potential energy surface atIp=31/2− in 185Os
becomes more triaxial than atIp=23/2−, resulting in a
smaller least action forIp=31/2− ssee Table Vd.

Assuming that the tunneling process is independent of the
electromagnetic process, the tunneling transition probability
can be obtained as a product of the in-band transition rate
and the squared mixing amplitudea2<sE0/pDEd2T where
DE is the observed energy difference of the coupling states
[9]. For stretchedE2sDI =2d transitions, the reduced transi-
tion probability thus becomes

BsE2dcal = asId2 5

16p
Q0

2kIK20uI − 2Kl2, s7d

where the quadrupole momentQ0 and theK value are those
for the final state. The calculated hindrance is then written as
BsE2dW/BsE2dcal using the Weisskopf estimate of the re-
duced transition probability,BsE2dW. Table V summarizes
the calculated results for the 634 and 654 keVE2 transi-
tions in 185Os. The calculated low hindrances are due to
the small least actions as well as the small energy differ-
ence of DE=58 keV at Ip=23/2− and DE=12 keV at Ip

=31/2−, and are consistent with the observed hindrances
within two orders of magnitude. Here we note that the
observed energy difference rather than the calculated
value is used forDE since the standard Struntinsky-typed
potential energy surface calculation used in the present
g-tunneling model does not properly reproduce the energy
difference without, e.g., alternating the single-particle en-
ergies. The calculated energy levels deviates from the ob-
served ones by 500–1000 keV in thepresent casessee Fig.
9d. Nevertheless, the calculated tunneling probabilities are
robust because they are mainly determined by the height
of potential barrier which is far from the potential minima.

The present data together with those available for the
largeDKs^10d transitions in Hf,W, and Os nuclei(see Fig.
16 in Ref. [20]) show a clear correlation between the mea-
sured and calculated hindrances. It can be concluded that the
g tunneling is an important process to introduce the largeDK
mixing between the low-K and high-K states. In our recent
work [42], we have shown that the action values of the Os
nuclei are considerably smaller than those of, e.g., Hf,W

FIG. 9. The potential energy surface for the
Ip=23/2− and 31/2− states in185Os. The poten-
tial minima and maxima are marked by solid
circles and solid triangles, while the saddle points
are marked by crosses. The solid curves show the
least action paths which go on a slanting surface.
The energy contour is drawn at intervals of
500 keV.

TABLE V. Comparison of the calculated and measured hin-
drance factors for theE2 transitions from theKp=23/2− and
s31/2−d states in185Os.

Ki
p Eg DK W E0 Q0 Fcal Fexp

(keV) s"d (MeV) se bd

23/2− 634 11 6.55 0.555 6.8 2.13102 2.93103

s31/2−d 654 15 5.00 0.507 6.5 0.52 ,87
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nuclei. This trend correlates well with the excitation energy
of the g vibrationalIp=2+ states which is known as an indi-
cator ofg softness(see Figs. 5 and 6 in Ref.[42]), although
the mechanisms of the two underlying collective motions,
the small amplitude vibrations and the large amplitude tun-
neling, are different.

It should be noted, however, that the difference between
the calculated and measured hindrance factors becomes large
for the heavier Os nucleisN^107d where the lower hin-
drances are observed. In addition, the calculated hindrance
factors are smaller than the experimental values, i.e., the cal-
culated transition strength is larger than the observed one
which indicates difficulties with the presentg-tunneling
model. This would indicate that the calculated potential sur-
face is too flat. In the case of small actions, the height of the
potential barrier in the tunneling process is low, so that the
calculated actions sensitively vary with the parameters such
as the Nilsson potential, the tunneling mass parameter, and
the zero-point energy which are involved in theg tunneling
calculations. The observed discrepancy would be reduced by
optimizing such parameters, which is, however, beyond the
scope of the present work. From this point of view, further
studies on high-K isomeric decays in the heavier Os nuclei
would give an opportunity for more detailed investigation of
the g-tunneling process.

The I =s41/2d isomer at 5007 keV has been identified to
have T1/2=18s2dns. It decays to theI =s39/2d state via a
426 keV K-allowed transition which has dipole character.
The hindrance factor is calculated to beF=6.23104 assum-

ing M1, or F=6.53106 assumingE1. These are within the
systematic values[38] for K-allowed M1sF=1–104d and
E1sF=103–107d transitions. In order to discuss this in more
detail, further experimental information on the multipolarity
is necessary.

V. SUMMARY

High-spin states in185Os have been studied using the
176Ybs13C,4nd reaction. Four new rotational bands based on
theg-vibrational, and the three-quasiparticle excitations have
been observed. From the comparison of the measuredgK
factors and excitation energies with the theoretical values,
Nilsson configurations were assigned. AK=s41/2d isomer at
5007 keV has been identified with a half-life ofT1/2
=18s2d ns. The largeDK transitions observed in185Os have
been analyzed in terms of theg tunneling model. The result
confirms our previous conclusion thatK mixing due tog
softness is important for largeDK transitions. More detailed
investigation on theg-tunneling model is required to remove
the observed discrepancy between the measured and calcu-
lated hindrance factors for the heavier Os nuclei.
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