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High-K negative parity states in 184Os
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High-spin states in184Os have been studied using the170Er(18O,4n) reaction at a beam energy of 85 MeV.
Several new negative parity levels including a 48-nsKp5(182) isomer have been identified. Nilsson configu-
rations for the levels are assigned by comparison with multiquasiparticle calculations. Potential-energy-surface
calculations show an increasing influence of triaxiality in nuclear shapes at higher spins. The decay rate of the
Kp5(182) isomer is discussed in relation to the role of theK quantum number.
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I. INTRODUCTION

High-K(5( iV i) isomers in the Hf-W-Os nuclei withA
'180 arise due to the presence of many high-j and high-V
orbitals near the Fermi surface@1#. For these axially de-
formed nuclei, the projection of the total angular moment
onto the nuclear symmetry axisK is approximately con-
served. Consequently, theK selection rule governs the deca
of the K isomers so that transitions from high-K to low-K
bands are strongly hindered. These transitions, in prac
can proceed by admixture ofK values. In rotating nuclei, the
Coriolis interaction changes the spin orientation to lead t
DK561 mixing. On the other hand, shape fluctuations
wardsg deformation can couple states withK quantum num-
bers differing by two units (DK562 mixing!. In this con-
text, of special interest have been the surprisingly l
hindrances for the very largeDK transitions@2–4#. So far,
different mechanisms including Fermi-aligned CoriolisK
mixing @3,5–7#, g tunneling through the potential barrie
@2,4,8,9#, and the statisticalK mixing due to high level den-
sity @10# have been proposed for these transitions.

The hindrance factors per degree ofK forbiddenness in
the decay of highly excitedK isomers in the heavier osmium
(Z576) isotopes@2,11,12# are typically much smaller than
those observed in the hafnium isomers (Z572) @13#. With
the increased number of protons, the nuclear shapes bec
softer towardsg distortion. Furthermore, it is reported th
the triaxial shapes appear at high spins in184,186Os @14,15#.
Therefore, theg-deformation degree of freedom, which in
troduces a substantialK mixing as stated above, is expecte
to play an important role in the reduction of theK conserva-
tion in the heavier osmium nuclei.

Prior to the present study, a 20-nsKp5101 isomer was
known in 184Os @2#. A recent study also revealed detaile
level structure especially for high-spin positive parity sta
in this nucleus@14#. Although there are predictions@14# that
negative parity intrinsic states based on multiquasipart
excitations are near the yrast line, less experimental evide
is available for such states. In this paper, we report on n
negative parity states includingKp592 and (132) bands, a
48-ns four-quasiparticle high-K isomer, and higher-seniority
states.
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II. EXPERIMENTS

High-spin states in184Os have been populated in th
170Er(18O,4n) reaction at a beam energy of 85 MeV. A 2
mg/cm2 170Er target enriched to 95.88% with a 10 mg/cm2

lead backing was bombarded by an18O dc beam derived
from the 12UD tandem accelerator at University of Tsuku
The target was thick enough to stop recoiling residuals. T
beam energy was optimized for production of184Os (4n exit
channel! and 183Os (5n exit channel!. Nine Compton-
suppressed HP-Ge detectors, placed at 37°~two detectors!,
79° ~2!, 101°~2!, and 143°~3! with respect to the beam axis
were used to detect in-beamg rays. In addition, one LEP
detector at the angle of 79° was employed to increase de
tion efficiency for low-energy photons. A total of 23108

correlatedg-g-time events within 200 ns were collected.
complementary data set was obtained at the Japan Ato
Energy Research Institute~JAERI!. The same reaction de
scribed above was used. 12 Compton suppressed HP-G
tectors placed at angles of 32°~two detectors!, 58° ~2!, 90°
~4!, 122° ~2!, and 148°~2! were used to collect approxi
mately 13108 g-g coincidence events. Both the data we
separately sorted into two-dimensionalg-g matrices. For
analysis of isomers,g-g matrices with different time condi-
tions were also created.

In order to determine transition multipole orders~dipole
or quadrupole!, DCO ~directional angular correlation from
oriented states! ratios @16,17# were extracted from the
TSUKUBA data set. Here, the ratios are defined as

RDCO5
I g at 37° ~or 143°! gated ongG at 79° ~or 101°!

I g at 79° ~or 101°! gated ongG at 37° ~or 143°!
.

Since the angle of 101°~143°! is equivalent to that of 79°
~37°! @17#, the corresponding events can be summed w
the DCO matrices are created. In the DCO analysis, stretc
DI 52 transitions close in the level scheme to theg ray of
interest are generally used as gates. In this case, the D
ratios fall close to unity for stretched quadrupole (DI 52)
and unstretched dipole (DI 50) transitions, andRDCO;0.6
for stretched dipole (DI 51) transitions. For mixedDI 51
transitions, the DCO ratios depend on the mixing ratiod.
©2002 The American Physical Society10-1



T. SHIZUMA et al. PHYSICAL REVIEW C 65 064310
FIG. 1. A partial level scheme for184Os, showing theKp552 level and theg-, octupole,Kp562, 81
2 , and 82

2 bands, and bands I, II.
Levels concerning theKp5(182) isomer are also shown.
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III. RESULTS

Since a detailed study of184Os has recently been pub
lished @14#, here the focus is on additional negative par
states that we found. Figure 1 shows the proposed pa
level scheme resulting from the present work. Newly o
served bands are labeled as band I and band II instead o
deducedK values. Note that the placement of 180, 231, 4
580, 661, and 669 keV transitions are different from that
Ref. @14#. The ground state band, and theKp5101 band
based on then$9/21@624#11/21@615#% two-quasiparticle
configuration were known up to high spins@2,14,18#, but
only the lower-spin members concerning the decay of a n
isomer observed in this work are shown. The levels ing
octupole bandsKp552 and 62 two-quasiparticle state
were also previously known@2,14#. The twoKp582 bands
based on then$9/21@624#7/22@503#% (81

2 band! and
n$9/21@624#7/22@514#% (82

2 band! two-quasiparticle con-
figurations are confirmed and extended to higher spins f
those reported in the previous work@14#. Table I summarizes
energies, intensities, and DCO ratios for theg-ray transitions
in 184Os shown in the level scheme~Fig. 1!.
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A. Band I

Threeg rays ~164, 194, and 301 keV! have newly been
found to deexcite a 2301 keV level into theKp582

2 and 62

bands. The DCO ratio (RDCO50.3460.03) for the 194 keV
transition is consistent with aDI 51 radiation. In addition,
based on theg-ray intensity balance, a total conversion c
efficient of the 194 keV transition was obtained asaT
50.6560.10, which agrees with anM1 multipole
@aT

cal(M1)50.88, aT
cal(E1)50.07]. The 2301 keV state

therefore, is confirmed as aKp592 state. A rotational band
~band I! built on this state has been observed. WeakDI 51
transitions connect the two signature sequences at lo
spins. The spin assignment for the higher-lying levels
based on the DCO ratios, and confirmed by interband tra
tions from and into theKp562, 81

2 , and 82
2 bands.

B. New isomer at 4756 keV

From the analysis of delayed coincidence spectra, a n
isomer has been observed atEx54756 keV, feeding theI
516 and 17 levels of band I by 634 and 289 keV transitio
@Fig. 2~a!#. A sequence of 281 and 669 keV transitions via
4475 keV I p5(172) level confirms the placement of th
0-2
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TABLE I. Energies, level assignments, relative intensities, DCO ratios, and multipole assignments
g-ray transitions in184Os shown in Fig. 1.

Eg
a ~keV! Ei ~keV! Ji

p → Jf
p I g RDCO DI

~42! 1958.3 72 → 62

~63! 3791.5 (142) → (132)
~80! 1916.4 62 → 52

83.3 2000.1 72 → 62 4~1!

88.2 2046.5 82 → 72 16~1! 0.63~4! 1
106.3 2106.4 82 → 72 3~2! 0.68~11! 1
114.4 1832.7 62 → 52 12~1! 0.53~4! 1
119.7 119.7 21 → 01 367~10! 1.00~1! 2
125.5 1958.3 72 → 62 43~1! 0.48~2! 1
129.4 2266.1 92 → 82 18~1! 0.66~3! 1
136.6 2136.7 82 → 72 18~1! 0.63~6! 1
144.9 2366.8 101 → 92 71~2! 0.57~6! 1
148.1 2106.4 82 → 72 2~1! 0.40~9! 1
156.3 2457.0 102 → 92 2~1!

158.8 2661.3 112 → 102 ,1
159.4 2266.1 92 → 82 9~1! 0.76~8! 1
163.4 2000.1 72 → 52 4~1!

164.3 2300.7 92 → 82 5~1!

175.0 2221.6 92 → 82 98~3! 0.55~6! 1
179.7 2901.0 122 → 112 ,1
179.7 3971.2 (152) → (142) 42~2! 0.50~5! 1
190.7 2457.0 102 → 92 30~1! 0.81~6! 1
194.4 2300.7 92 → 82 15~1! 0.34~3! 1
201.8 2502.5 102 → 92 ,1
204.3 2661.3 112 → 102 18~1! 0.58~4! 1
209.2 3166.8 132 → 122 ,1
209.6 2431.2 102 → 92 50~2! 0.33~3! 1
212.0 1832.7 62 → 42 51~2!

218.8 2721.3 112 → 102 ,1
220.5 2136.7 82 → 62 9~1!

228.4 2901.0 122 → 112 13~1!

230.2 2661.3 112 → 102 17~1!

230.8 4202.1 (162) → (152) 42~2! 0.61~3! 1
236.3 2957.6 122 → 112 ,1
236.4 2502.5 102 → 92 16~1! 0.71~5! 1
239.6 2901.0 122 → 112 10~1!

240.4 1958.3 72 → 52 35~2!

241.5 2672.8 112 → 102 23~1! 0.21~3! 1
243.0 2609.8 111 → 101 109~3! 0.42~1! 1
256.4 3423.2 142 → 132 6~1!

257.4 2930.3 122 → 112 12~1!

263.9 383.6 41 → 21 990~30!

~264! 2721.3 112 → 102

265.8 3166.8 132 → 122 26~1!

273.6 2106.4 82 → 62 8~1!

279.6 3209.9 132 → 122 16~1!

280.9 4756.1 (182) → (172) 3~1!

284.9 2957.6 122 → 112 5~1!

289.1 4756.1 (182) → 172 10~1!

294.9 4770.0 → (172) 3~1!

296.4 2957.6 122 → 112 14~1! 0.42~4! 1
296.5 3806.3 152 → (142) 1~1!
064310-3
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TABLE I. ~Continued.!

Eg
a ~keV! Ei ~keV! Ji

p → Jf
p I g RDCO DI

299.8 3509.8 (142) → 132 8~1!

300.5 2300.7 92 → 72 10~1!

302.1 4122.5 (162) → (152) 4~1!

302.9 4770.0 → 172 9~1!

309.6 4467.0 172 → (162) 4~1!

310.3 3820.5 (152) → (142) 8~1!

320.2 2457.0 102 → 82 16~1!

~323! 3489.6 142 → 132

325.1 3226.1 132 → 122 7~1!

329.5 5099.5 8~1!

336.2 3728.2 (132) → (121) 14~1! 0.74~5! 1
345.2 1958.3 72 → 61 18~1!

347.3 1428.2 51 → 31 4~1!

350.8 2457.0 102 → 82 47~2! 0.96~2! 2
361.7 4122.5 (162) → 152 5~1!

365.8 2502.5 102 → 82 11~1! 1.10~8! 2
~384! 3806.3 152 → 142

384.9 2431.2 102 → 82 9~1!

388.0 1613.0 61 → 41 ,1
390.4 773.9 61 → 41 1000~30! 0.97~1! 2
395.1 2661.3 112 → 92 39~1! 0.93~2! 2
404.6 1832.7 62 → 51 16~1!

406.7 2672.8 112 → 92 17~1!

408.1 1836.3 52 → 51 2~1!

410.1 4202.1 (162) → (142) 15~5!

420.8 2721.3 112 → 92 25~1! 0.92~7! 2
439.8 2661.3 112 → 92 12~1!

444.1 2901.0 122 → 102 48~2! 1.12~6! 2
451.0 2672.8 112 → 92 6~1!

455.2 2957.6 122 → 102 17~1!

469.3 4467.0 172 → 162 4~1!

488.1 1916.4 62 → 51 50~2!

493.1 1718.0 52 → 41 88~3! 0.73~2! 1
493.9 3166.8 132 → 112 13~1!

495.4 2366.8 101 → 101 25~1!

499.2 2930.3 122 → 102 15~1!

~500! 3728.2 (132) → (112)
500.8 1274.7 81 → 61 788~24! 1.01~1! 2
505.0 3226.1 132 → 112 30~1! 1.07~5! 2
505.6 3166.8 132 → 112 50~2! 1.00~5! 2
522.1 3423.2 142 → 122 51~2! 0.95~5! 2
532.0 3489.6 142 → 122 19~1! 0.96~6! 2
537.2 3209.9 132 → 112 18~1!

539.9 1620.7 42 → 31 70~2!

552.2 3509.8 (142) → 122 ,1
554.0 4756.1 (182) → (162) 20~1! 1.11~17! 2
567.9 4770.0 → (162) 14~1!

574.5 3997.7 162 → 142 43~2! 1.17~6! 2
579.5 3509.8 (142) → 122 17~1!

580.3 3806.3 152 → 132 33~1! 0.90~5! 2
594.2 3760.9 152 → 132 51~2! 1.00~5! 2
596.7 1871.2 101 → 81 641~19! 1.02~1! 2
601.0 1544.0 32 → 21 ,1
064310-4
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TABLE I. ~Continued.!

Eg
a ~keV! Ei ~keV! Ji

p → Jf
p I g RDCO DI

610.7 3820.5 (152) → 132 28~1!

611.4 1836.3 52 → 41 46~2!

633.0 4122.5 (162) → 142 32~1!

634.4 4756.1 (182) → (162) 2~1!

637.7 4635.4 182 → 162 34~1! 1.02~4! 2
647.6 4157.3 (162) → (142) 18~1!

654.3 1428.2 51 → 61 22~1!

657.8 4418.6 172 → 152 26~1! 0.90~5! 2
660.8 4467.0 172 → 152 19~1! 1.02~9! 2
669.2 4475.3 (172) → 152 15~1! 0.92~9! 2
673.8 4494.2 (172) → (152) 13~1!

683.5 1958.3 72 → 81 45~2! 0.80~2! 1
685.9 5455.9 13~1!

694.0 5329.3 202 → 182 30~1! 0.90~4! 2
697.2 1080.9 31 → 41 14~1!

704.2 4826.7 (182) → (162) 15~1!

708.1 5126.7 (192) → 172 23~1! 1.12~6! 2
721.6 6051.0 222 → 202 17~1! 1.16~6! 2
721.8 4879.2 (182) → (162) 5~1!

725.4 5192.3 (192) → 172 ,1
725.5 2000.1 72 → 81 19~1! 0.77~2! 1
732.2 5207.5 (192) → (172) 5~1!

736.3 5230.5 (192) → (172) 10~1!

739.9 6790.9 (242) → 222 11~1!

742.0 6611.7 (232) → (212) 8~1!

743.0 5869.6 (212) → (192) 10~1!

746.2 5572.8 (202) → (182) 9~1!

777.1 6007.6 (212) → (192) 4~1!

779.9 6235.8 8~1!

782.2 3392.0 (121) → 111 4~1!

791.0 5670.2 (202) → (182) 5~1!

795.7 7407.3 (252) → (232) 4~1!

797.8 3728.2 (132) → 122 13~1! 0.15~2! 1
800.0 7590.9 (262) → (242) 5~1!

805.0 6377.8 (222) → (202) 5~1!

839.0 1613.0 61 → 61 39~2! 0.84~1! b 0
841.5 1225.0 41 → 41 81~3! 0.84~1! b 0
847.3 7083.1 9~1!

884.0 8474.9 (282) → (262) 3~2!

943.0 943.0 21 → 01 ,1
944.1 1718.0 52 → 61 51~2! 0.87~2! 1
961.4 1080.9 31 → 21 69~3! 1.03~4! 1
1006.5 ~3228! (112) → 92 5~1!

1025.3 3392.0 (121) → 101 13~1! 1.09~7! 2
1044.6 1428.2 51 → 41 74~3! 0.75~2! 1
1059.6 1832.7 62 → 61 7~1!

1062.4 1836.3 52 → 61 49~2! 0.72~2! 1
1092.1 2366.8 101 → 81 38~1! 1.00~3! 2
1105.2 1225.0 41 → 21 39~2! 1.00~6! 2
1142.2 1916.4 62 → 61 62~2! 1.07~3! 0
1184.2 1958.3 72 → 61 5~1!
064310-5
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TABLE I. ~Continued.!

Eg
a ~keV! Ei ~keV! Ji

p → Jf
p I g RDCO DI

1229.3 1613.0 61 → 41 26~1! 1.02~4! 2
1237.0 1620.7 42 → 41 26~1! 1.22~4! 0
1334.3 1718.0 52 → 41 33~1! 0.60~2! 1
1452.5 1836.3 52 → 41 15~1! 0.69~3! 1
Above theI p5(182) isomer
443.6~1! 5199.6 (202) → (182) 39~2! 1.05~7! 2
457.7~1! 6797.1 (23) → (222) 15~1! 0.65~4! 1
470.2~1! 5669.8 (21) → (202) 20~1! 0.81~4! 1
473.9~1! 5230.1 (202) → (182) 41~2! 0.98~6! 2
486.1 7283.1 5~1!

572.9 6912.3 8~1!

669.7 6339.4 (222) → (21) 5~1! 0.70~5! 1
1109.3 6339.4 (222) → (202) 23~1! 1.09~5! 2

aThe uncertainties of the transition energies are60.2 keV. Unobserved or uncertain transitions are put i
parentheses.
bDoublet transitions.
rit
er

e
th
o-
ha
a

vel
ce
een
2,
eV
70
ls.
the

eV

ns.

s-
n

-

ri
a

09
rve
n

isomeric level. As discussed in Sec. III C, the spin and pa
of (182) are assigned for the isomer. Above this isom
several transitions have been observed as seen in Fig. 2~c!.

For determination of the half-life of the isomer,g-ray
time difference spectra~Fig. 3! between the transitions abov
and below the isomer have been analyzed. By fitting
decay slope,T1/254865 ns has been obtained for the is
mer. The levels above the isomer have no measurable
lives. We, therefore, tookT1/2<3 ns for these levels, as

FIG. 2. Coincidence spectra gated on~a! the early 444 and 1109
keV transitions showing the transitions below theKp5(182) iso-
mer, ~b! the 554 keV transition, and~c! the delayed 554 keV tran
sition, showing the transitions above the isomer. In panels~a! and
~b!, filled circles show the new transitions observed in the isome
decay, filled squares show the transitions above the isomer,
asterisks denote contaminant transitions from182Os.
06431
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limit of the present detection system.

C. Band II

The 4756 keV isomer also decays into a 4202 keV le
by a 554 keV transition. This transition is in coinciden
with 180, 231, 336, 798, 1007, and 1025 keV transitions s
in Fig. 2~b!, populating new levels at 4202, 3971, 379
3728, 3392, and 3228 keV. The placement of the 4202 k
level is further confirmed by transitions depopulating a 47
keV level, which feed the 4202, 4467, and 4475 keV leve
The 3792, 3971, and 4202 keV levels are connected by
180 keV (RDCO50.5060.05), 231 keV (RDCO50.61
60.03) DI 51 cascade transitions, and a weak 410 k
cross-over transition.

The 3728 keV level decays into theKp581
2 and 101

bands by the 336, 798, 1007, and 1025 keV transitio
Based on the DCO ratios of the 336 keV (RDCO50.74
60.05), 798 keV (RDCO50.1560.02), and 1025 keV
(RDCO51.0960.07) transitions, the 3728 keV state is a
signed I p5(132). The present coincidence data imply a

c
nd

FIG. 3. A time difference spectrum between the 444, 474, 11
keV transitions and the 554 keV transition, showing the decay cu
for the Kp5(182) isomer. The low intensity for time greater tha
320 ns is due to the hard-wired gating conditions.
0-6
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HIGH-K NEGATIVE PARITY STATES IN 184Os PHYSICAL REVIEW C 65 064310
existence of a 63 keV transition connecting the 3728 a
3792 keV levels. This transition, however, cannot be se
rated from the intenseKa1 x-ray line in Os isotopes, and
possibly has a large conversion factor. These preclude
observation of the 63 keVg-ray line. Assuming that the un
observed 63 keV fast transition is ofM1, E1, or E2 char-
acter, the 3792 keV level is assignedI p5(142), (141), or
(152).

On the basis of theg-ray intensity balances,M1 multipo-
larities are assigned for both the 180 keV@aT

exp51.360.2,
aT

cal(M1)51.1] and 231 keV@aT
exp50.4660.09, aT

cal(M1)
50.55] transitions. Combining these with the DCO ratio
the 554 keV transition (RDCO51.1160.17), the 4756 keV
isomer is assignedI p5(182), (181), or (192). However,
the I p5181 and 192 assignments can be excluded since
these cases the 634 keV transition to theI p5(162) state in
band I are ofM2 or M3 character, and the transition streng
for such higher multipoles is normally very weak. Cons
quently, we assignedI p5(142), (152), (162), and (182)
for the 3792, 3971, 4202, and 4756 keV states, respectiv

IV. DISCUSSION

A. Rotational alignments

The magnitude of rotational alignments for multiquasip
ticle bands depend on the alignments of constituent quas
ticles in the configuration, e.g., for bands which involvei 13/2
neutrons and/orh9/2 protons, large rotational alignments a
expected due to the strong Coriolis interaction on these q
siparticles~see, e.g., Ref.@19#!. It can, therefore, be used t
deduce quasiparticle configurations for rotational bands
the cranked shell model@20# rotational alignments can b
obtained by subtracting the aligned angular momentum
the reference configuration from the total aligned angu
momentumI x@5AI (I 11)2K2#. In Fig. 4, the rotational
alignments for the negative parity bands observed in184Os
are shown as a function of the rotational frequencies\v
given in units of keV. The Harris parameters used areI0
526 MeV21\2 andI1565 MeV23\4 taken from Ref.@14#.

FIG. 4. Alignment plots for the negative parity bands observ
in 184Os. Harris parameters ofI0526 MeV21 \2 and I1

565 MeV23 \4 are taken from Ref.@14#.
06431
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In the calculation, we assume theK values fixed to the band
head spins~see also Sec. IV C!.

The Kp562, 81
2 , and 82

2 bands show alignments o
about 2\ consistent with the previous configuration assig
ments @14#, including one alignedi 13/2 quasineutron. The
alignment for band I is similar to those for theKp581

2 and
82

2 bands, indicating the presence of ani 13/2 quasineutron
involved in the configuration. As discussed in Sec. IV C 2
large alignment of;5\ for band II is due to the presence o
three highly alignedn i 13/2 and ph9/2 quasiparticles in the
configuration.

B. gK factors

Intensity ratios ofE2 crossover toM1(1E2) cascade
transitions in a band can be used to deducegK factors within
the rotational model@21#. Experimental ugK2gRu values
were obtained from the rotational expressions@19#. The val-
ues listed in Table II have been extracted with the assu
tion thatK is equal to the band-head spin and the quadrup
moment ofQ055.67e b taken from Ref.@2#.

The calculatedgK factors @22# can be obtained in the
semiclassical model@23# by the equation

gK
eff2gR5

( j~gK j
2gR!K j

K
2

( j~gK j
2gR!i j

AI 22K2
, ~1!

wheregK j
is the gyromagnetic factor of thej th quasiparticle,

i j the aligned angular momentum,K j the angular momentum
projection on the deformation axis, andK5( jK j . The first
term represents the usual expression of (gK2gR) in the
strong coupling limit, while the second term is due to t
Coriolis effects which are important for configurations i
volving i 13/2 neutrons and/orh9/2 protons in the present case
The i j values were taken from the known one-quasiparti
bands of the neighboring odd-A nuclei. ThegK j

factors for
each quasiparticle have been calculated from the equatio
gK j5(^ l 3&gl1^s3&gs)/K j , assuming 70% of the free
nucleongs factors @24# (gs

free55.59 for protons and23.83
for neutrons!. Here,l 3 (s3) is the projected component of th
orbital angular momentum~intrinsic spin! on the nuclear
symmetry axis, andgl51 for protons,gl50 for neutrons.
The expectation values ofs3 were obtained from Nilsson
wave functions. Table III summarizes thegK j

factors and the

alignmentsi j used in the calculation.
The experimental and calculated (gK2gR) values are

compared in Table II. The deviations between the experim
tal and calculated values for theKp581

2 and 82
2 bands

were attributed@14# to the configuration mixing of the
two Kp582 configurations,n$7/22@503# 9/21@624#% and
n$7/22@514# 9/21@624#%. The gK factors for bands I and II
will be discussed below.

C. Configuration assignments

Wheldonet al. @14# have calculated the energies of mu
tiquasiparticle states in184Os using the blocked BCS theor

d
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TABLE II. gK values deduced from the branching ratios for the negative parity bands in184Os.

Band I i Eg(E2) Eg(M1/E2) l ugK
exp2gRua (gK

cal2gR)b

~keV! ~keV!

62 8 221 137 0.52~3! 0.10~2! 20.29

81
2 10 385 210 0.18~2! 0.32~2! 20.42

11 451 242 0.25~4! 0.43~1! 20.45
12 499 257 1.3~1! 0.24~1! 20.48
13 537 280 1.1~1! 0.31~1! 20.49

~14! 579 300 2.1~2! 0.25~1! 20.50
~15! 611 310 3.7~3! 0.20~1! 20.51

82
2 10 351 191 1.6~1! 0.02~2! 20.15

11 395 204 2.2~1! 0.10~1! 20.19
12 444 240 4.9~3! 0.04~1! 20.21
13 506 266 1.9~1! 0.20~1! 20.23
14 522 256 8.2~5! 0.10~1! 20.24

Band I 12 455 236 3.3~3! 0.04~2! 20.27

Band II ~16! 410 231 0.35~12! 0.15~3! 20.14

aQ055.67e b @2# is used.
bThe calculated values have uncertainties of60.05 propagated from the assumption ofgR50.3260.05 @2#.
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described in Ref.@25#. The calculations compare well wit
the observed excitation energies for the positive parity fo
and six-quasiparticle states. In the following, Nilsson co
figurations for the negative parity states are discussed
comparison with the multiquasiparticle calculations.

1. Band I

The band-head spin and parity for band I areKp592. A
favoredKp592 state withn$7/22@514# 11/21@615#% is pre-
dicted at 2385 keV close to theI p592 state of band I~2301
keV!. The alignment of about 2\ extracted for
this band ~see Fig. 4! supports the above configuratio
that involves an alignedi 13/2 neutron. However, the exper
mental smallugK2gRu value of 0.0460.02 is not consis-
tent with the predicted value of (gK

cal2gR)520.27 for the
proposed configuration. A plausible explanation is that t
is due to mixing with aKp582p$5/21@402#11/22@505#%
two-quasiparticle proton band which is predicted@14#
at 2490 keV near theKp592 state. Since the large

TABLE III. gK j
factors and alignments of the single-partic

orbitals considered for184Os.

Neutrons gK j
i j Protons gK j

i j

1/22@521# 0.64 0.0 1/22@541# 0.76 3.5
1/22@510# 21.50 0.0 5/21@402# 1.57 0.0
7/22@514# 0.26 0.0 9/22@514# 1.30 0.5
7/22@503# 20.34 0.0 11/22@505# 1.24 0.5
9/21@624# 20.23 2.0
11/21@615# 20.18 1.0
06431
r-
-
in

s

positive value of gK
cal~51.3! is expected for the

Kp582p$5/21@402#11/22@505#% band, about 20 % mixing
into the Kp592 band would be enough to reproduced t
weakDI 51 transitions.

2. Band II

The spins and parities for the 3728 and 3792 keV sta
connected by the unobserved 63 keV transition were
signed as (132) and (142) in Sec. III C. Since the uppe
limit of the half-life (T1/2<3 ns) for the 3792 keV level is
not conclusive for proving its intrinsic or collective chara
ter, possible configurations withKp5132 or 142 states are
discussed below.

In the multiquasiparticle calculations@14#, the Kp

5132 state with a four-quasiparticle configuratio
of n$9/21@624#11/21@615#% ^ p$1/22@541#5/21@402#% is
predicted atEx

cal53556 keV, while no low-lyingKp5142

state is expected in184Os. Furthermore, the observe
(gK

exp2gR) value of 6~0.1560.03! agrees with theKp

5132 configuration @(gK
cal2gR)520.14#. Consequently,

we assign the Kp5132n$9/21@624#11/21@615#%
^p$1/22@541#5/21@402#% configuration for band II built on
the 3728 keV state. The compressed first rotational transi
~63 keV! is possibly due to Coriolis effects of the aligne
1/22@541# proton involved in the proposed configuratio
This phenomenon is observed for the bands with similar c
figurations in 178W @26#, 179W @19#, and 183Os @12#. The
large alignment ofi;5\ as shown in Fig. 4 also support th
Kp5132 configuration including alignedn i 13/2 and ph9/2
orbitals.
0-8
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TABLE IV. Multiquasiparticle configurations for low-lying negative parity levels in184Os. Predictions
(Ex

cal) and the experimentalKp552, 62, 81
2 , and 82

2 states are taken from Ref.@14#.

Kp Configurations Ex
cal ~keV! Ex

exp ~keV!

52 n$1/22@510#9/21@624#% 1900 1836
62 n$1/22@521#11/21@615#% 2101 1916
81

2 n$7/22@503#9/21@624#% 2008 2046
82

2 n$7/22@514#9/21@624#% 2426 2106
92 n$7/22@514#11/21@615#% 2385 2301
132 n$9/21@624#11/21@615#%p$1/22@541#5/21@402#% 3556 3728
182 n$9/21@624#11/21@615#%p$5/21@402#11/22@505#% 4407 4756
222 n$1/22@521#7/22@503#9/21@624#11/21@615#% 5757 ~6339!

p$5/21@402#11/22@505#%
232 n$3/22@512#7/22@514#9/21@624#11/21@615#% 6278 ~6797!

p$5/21@402#11/22@505#%
252 n$7/22@503#7/22@514#9/21@624#11/21@615#% 6168

p$5/21@402#11/22@505#%
262 n$7/22@514#9/22@505#9/21@624#11/21@615#% 7205

p$5/21@402#11/22@505#%
302 n$7/22@503#7/22@514#9/21@624#11/21@615#% 7898

p$1/22@541#5/21@402#9/22@514#11/22@505#%
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3. The KpÄ(18À) isomer and the higher-lying levels

The 4756 keV isomer is assignedKp5(182) as dis-
cussed in Sec. III C. The most favoredKp5182 configura-
tion is a n$9/21@624#11/21@615#%^p$5/21@402#11/22@505#%
four-quasiparticle state predicted@14# at 4407 keV. TheKp

5(182) state having the same configuration has be
observed at 5027 keV in186Os @15#. It would be noted
that the differences between the calculated and observed
citation energies are close to each other,DE5Ex

cal2Ex
exp

52349 keV for 184Os andDE52331 keV for 186Os.
Several levels are placed above theKp5(182) isomer,

but no well-defined rotational structure can be seen. In
multiquasiparticle calculations@14#, six-quasiparticle state
of Kp 5 222 n $1/22@521# 7/22 @503#9/21@624#11/21@615#%
^p$5/21@402#11/22@505#% at Ex55757 keV
and Kp5232 n$3/22@512# 7/22@514#9/21@624#11/21@615#%
^p$5/21@402#11/22@505#% at Ex56278 keV are predicted a
favored configurations. TheI p5(222) state at Ex
56339 keV and theI 5(23) state atEx56797 keV could
correspond to the predictedKp5222 and 232 states. The
level structure will be further discussed in Sec. IV E in re
tion to triaxiality of nuclear shapes. The proposed configu
06431
n

ex-

e

-
-

tions for the negative parity states in184Os are summarized
in Table IV.

D. K-forbidden transitions

The 289, 554, and 634 keV transitions depopulating
Kp5(182) isomer areK forbidden, i.e., the changes in theK
quantum numbers are greater than the transition multip
ordersDK.l. Table V summarizes the hindrance factorsF
and the hindrance factors per degree ofK forbiddenness~or
reduced hindrance factor! f n for the transitions depopulating
theKp5(182) isomer in 184Os. These factors are defined
f n5F1/n5(T1/2

g /TW)1/n wheren(5DK2l) is the order ofK
forbiddenness,T1/2

g andTW are the partialg-ray half-life and
the corresponding Weisskopf single-particle estimate.

The f n values of 4.7, 3.7, and 8.2 for the 289, 634, a
554 keV transitions are smaller than the corresponding
ues observed in theN5108 isotone182W @27#, i.e., f n520
and 14 for the 356 keVM1 and 676 keVE2 transitions from
the Kp5151 four-quasiparticle isomer to theKp5101

band. This is possibly due to theg softness expected in th
heavier osmium nuclei@2#, or K mixing by high level density
discussed below.
TABLE V. Hindrance factors for theK-forbidden transitions from theKp5(182) isomer observed in
184Os.

Kp Eg (keV) Kfinal Ex
final ~keV! T1/2

g (ns) DK Ll a F f n

(182) 281 4475 627 M1 6.33105

289 9 4467 188 9 M1 2.03105 4.7
634 9 4123 940 9 E2 1.13104 3.8
554 ~13! 4202 94 5 E2 5.53102 8.2

aAssuming stretchedM1 for theDI 51 transitions and stretchedE2 for theDI 52 transitions in extraction
of the total~conversion-corrected! intensities.
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FIG. 5. Configuration-constrained potentia
energy-surface calculations. Top left: theKp

5132 state, top right: theKp5182 state, bottom
left: the Kp5222 state, bottom right: theKp

5232 state ~see also Table VI!. The potentials
are reflection symmetric about theg50° axis.
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Walkeret al.have analyzed decay rates of high-K isomers
in terms of statisticalK mixing which depends on the densi
of states@10#. States with lower-K values are assumed to b
mixed and introduce low-K components into the isomeri
state. The systematics reveal a striking correlation betw
the f n values and the excitation energies ofK isomers (EK),
relative to the energy of a rigid rotor@ER5(\2/2I)I (I 11)
with the moment of inertiaI of a rigid rotor# in the
K-forbidden transitions from four- to two-quasipartic
states. In the density-of-states estimate thef n value can be
obtained as

f n
stat5Fn expF2

3

n
A A

7.5
~EK2ER!G , ~2!

whereFn is a constant for a given value ofn and A is the
mass number. The reduced hindrance factors decline dep
ing on the relative excitation energies of the isomers. Us
the same prescription as in Ref.@10#, the hindrance factor for
the DK59 E2 ~634 keV! transition from theKp5(182)
isomer in 184Os, is calculated asf n

stat54.6 with EK2ER

54.75621.96852.788 MeV, which compares well with
the observedf n value of 3.7. This result follows the system
atic trend obtained in Ref.@10#. Since the rotational align
ment of band I is blocked due to the occupation of ani 13/2
neutron orbital, the effects ofK mixing in the populated
states would be small. On the other hand, it was sugge
that the lower value off n

exp52.3 observed for the182Os,
DK516 E2 ~1530 keV! transition with a similarEK2ER
value of 2.794 MeV, results from the involvement of high-K,
Fermi-aligned couplings in the populated states@10#.

A number of four- and six-quasiparticle states have b
observed in184Os. Among them, only theKp5(182) isomer
06431
en

nd-
g

ed

n

is relatively long lived (T1/2548 ns). This is a consequenc
of the details of the level structure of this nucleus. In theI
513– 18 region, only theKp5(132) and (182) intrinsic
states are observed, and thus theKp5(182) isomer can only
decay byK-forbidden transitions withDK>5.

E. Potential-energy-surface calculations

Configuration-constrained potential-energy-surface~PES!
calculations were performed for the positive parity states
184Os @14#, where the nuclear potential was calculated us
the Lipkin-Nogami formalism of pairing with a Woods
Saxon potential as described by Xuet al. @28#. While the
ground state and theKp5101 state have axially symmetric
shapes (b2'0.19 andugu'0°), the Kp5211 state is pre-
dicted to have a triaxial deformation withb250.20 andugu
511° @14#.

In the present study, the shape evolution for the nega
parity states in184Os has been investigated using the sa
configuration-constrained PES calculation code. As show
Fig. 5, theKp5132 and 182 configurations, correspondin
to the experimentally observedEx53728 and 4756 keV
state, have axially symmetric shapes (b250.23 and 0.20
with ugu'0°). On theother hand, the PES calculations pr
dict that triaxially deformed states (Kp5222, 252, and
302) become increasingly favored at higher spins, comp
ing with prolate deformed states (Kp5232 and 262) as
shown in Table VI. Deformations for theKp5222 and 232

configurations, which could correspond to the observedEx
56339 and 6797 keV states, are calculated to be~b,ugu!
5~0.19,10°! and~0.21,0°!, respectively~Fig. 5!. The occupa-
tion of the 7/22@503# neutron orbital forces the nucleus to
wards triaxial deformation@15#. The possible role of
triaxiality has been discussed in connection with the sh
0-10
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lived nature of the positive parity states in184Os @14# and
186Os @15#. Although the triaxial shapes are predicted to a
pear at low energy for the negative parity states in184Os, the
effect of the triaxiality on the level structure remains to
clarified due to lack of the experimental information. Furth
investigation is certainly needed.

V. SUMMARY

We have newly observed negative parity levels consis
of Kp592 and (132) bands as well as a 48-nsKp5(182)

TABLE VI. Calculated deformations for the four-, six-, an
eight-quasiparticle negative parity states in184Os.

Kp b2 b4 ugu

132 0.23 20.043 0°
182 0.20 20.050 0°
222 0.19 20.040 10°
232 0.21 20.065 0°
252 0.20 20.038 6°
262 0.20 20.032 0°
302 0.22 20.026 6°
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isomer. The quasiparticle configurations for these states w
assigned by comparison with multiquasiparticle calculatio
The Kp5(182) isomer decays with largeK changes (K
>5), resulting in the relatively long half-life. However, th
low hindrances (f n) for the isomeric transitions are inter
preted as being due toK mixing from a combination ofg
softness and high level density. Configuration-constrain
PES calculations for the negative parity states in184Os show
that the triaxially deformed states (Kp5222, 252, and 302)
compete with the axially deformed states (Kp5232 and
262) at high spins. The 6339 keV state has been tentativ
assigned as theKp5222 triaxially deformed state. Furthe
experimental investigation is required to reveal the role
triaxiality in K conservation.
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