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High-spin states in®0s have been studied using thHéYb(13C,4n) reaction at a beam energy of 65 MeV.
Previously known one-quasiparticle bands have been extended to higher spins. Nexvhiaghds based on
three-quasiparticle excitation have been identified. Nilsson configurations are assigned basegl facttre
deduced fronM1/E2 branching ratios within the bands. In addition, a new isomer at 5007 keV has been found
with a half-life of 182) ns. The hindrance in decays of the highntrinsic states are discussed in terms of the
v tunneling model where the loW-and highK states interact through triaxial shape fluctuation.
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[. INTRODUCTION consisting of twenty Compton-suppressed HP-Ge detectors
and an inner ball of sixty BaFdetectors. 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 cascadgrays. Events were recorded on mag-
netic tapes when two or more Ge detectors and at least one
BaF, detector fired in coincidence. The time information of

: . L X eachvy-ray signal relative to a BagFevent was also measured.
Therefore, highk multiquasiparticle states can lie close to viay sig 2

’ ! ) The coincidence time window was set to 200 ns so that half-
the yrast ling[1]. According to theK selection rule, decays Of. lives less than~100 ns could be reliably extracted. Approxi-

highK states take place in a stepwise fashion so as to mlnlr-nately 430< 10F yy and 30x 10F yyy prompt events were
mize theK forbiddenness/(=AK-A), and tran_s_|t|ons _W'th collected. The prompt coincidences between any of Ge de-
Ia_rgeAK are_grea_tly retarded. Hoyvever, transitions vv_|th oW tactors were defined by an energy dependent time gate,
hindrances in spite of largkt forbiddenness, which violate pich excludes events caused by neutrons and ensures no
the Kﬂ?ﬁ\%ecuon ruI?, were obser;]/ed. ’rﬁZOs_[Z]I, .AHf [3]. . degradation of the detection efficiency of low-energyays
and [4]. So far, two mechanisms including Fermi- yoaueq due to their slower charge collection times in the Ge
alignment .CO_HOI'S |nterac_t|orn3,5—ﬂ and shape fluctuation - yeteciors. In addition, a time correlated event where the two
towards trla_X|aI d_ef_ormatloriz,4,8,q have been_ proppsed v rays are observed within 50—200 ns of each other was
Iﬁ;;ilébsstftggak mixing between the lowk and highK in- 41464 into a two-dimensional matrix. This effectively distin-

> : : . . . guishes two types ofy-ray energy projection(i) delayed
e this paper, we report on detailed high-spin structure iny, e tions, where gating on transitions that precede an iso-

’s based on new findings of excited levels including ayq enaples the projection of those events that follow the
T1,=18 ns isomer at 5007 keV. The decay rates of dIreC?somer; and(ii) the converse early projections. A level

o . 18
transitions from highk to low-K states observed if*®0s scheme of!'8%0s was established using a combination of

will be discussed in terms of the tunneling mode. these coincident matrices with the aid of the computer code
RADWARE [10]. The energy and efficiency calibrations of the
Ge detectors were made by usiftfBa, 13‘Cs, and'>%Eu
standard sources.

High-spin states in*®0s have been studied with the In order to determine multipole ordédipole or quadru-
176yp(13C, 4n) reaction at a beam energy of 65 MeV. A self- pole) for transitions, DCO(directional angular correlation
supported78Yb target enriched to 96.4% with a thickness of from oriented statgsratios can be usei11,13. For the
2.0 mg/cnt was bombarded by #C dc beam derived from NORDBALL detector array, the DCO ratios are defined as
the Niels Bohr Institute FN tandem accelerator. The target
was thick enough to stop the recoiling residuals inside the _ 1, at 37°(or 143 °)gated onyg at 79 °(or 101 °)
target material so that delayedray transitions could be ob- pco~— I, at79 °(or 101 °)gated onyg at 37 °(or 143°)°
served. In the reaction used“Os (5n exit channel)and
1850s were chiefly produced. Since the angle of 101143° is equivalent to that of

Emitted y rays were detected with the NORDBALL array 79°(37°) [12], the corresponding events can be summed

In deformed nuclei with axially symmetric shapes, the
projection of the total angular momentum on the nuclea
symmetry axisK(=2()) is conserved. Consequently, transi-
tions involving aK change greater than the transition multi-
pole order, i.e. AK>\ are forbidden(K selection rulg. In
the region of nuclei of masé =180, both the proton and
neutron Fermi surfaces lie among orbitals with laiQe

Il. EXPERIMENTS
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FIG. 1. Partial level scheme df°0s, showing the 1/2510], 3/27[512], 7/2[503], 9/2[624], 11/2'[615] bands and bands | and II.
Decay paths for the 2372somer to the 1/2510] (634 ke\) and 3/2[512] (231 keV) bands are also illustrated. The width of the arrows
is proportional to they-ray intensitiegblack) and the calculated intensities of electron conversighite).

when the DCO matrices are created. In the DCO analysidM2 assignments for the transitions are not considered due to
the stretched\ =2 transitions that are close to thaay of  their small transition probability. Uncertain spin and parity
interest are generally used as the gate. In this case, thessignments are indicated by brackets in Figs. 1 and 2, and
DCO ratio approaches 1 for stretched quadrugdle=2)  Table I.

and unstretched dipol@=0) transitions, whereas the ra-

tio is ~0.6 for stretched dipoldAl=1) transitions. For A. The 1/27510] band

mixed (Al =1) transitions, the DCO ratios depend on the
the mixing ratios, and can therefore be used in favorable
cases to deduce the sign 6f and hence the sign dfjx
-0r)/ Qg values.

The ground state rotational band based on the [B/AD]
Nilsson configuration was previously extended as high as
I"=33/2" [16]. The 3225 keV level was interpreted as an
I"™=31/2 state, decaying into thd™=27/2 state at
2571 keV via the 654 keV transitiofsee Fig. 2 In the

Ill. RESULTS present study, an additional decay branch from the 3225 keV
8 _ ) . level has been observed. A 327 keV transition depopulates

The level structure of®Os was previously investigated e 3275 keV level to a 2898 keV level. Since the 2898 keV
by 3 1gsel%ay oft®r [13], nuclear reactions df°O(p,1) [14]  |eyel has a highk configuration, the 3225 keV level is likely
and .QN(a,XI’]) [15,18. In these studies, five one- jnterpreted as a multiquasiparticle intrinsic state rather than a
quasiparticle bands and &f=23/2 isomer were identified. emper of the ground state batgke also Sec. lll)l Four
In the present study, most of the known one-quasiparticl§e\ transitions(642, 659, 664, and 699 ke\including a
bands have been extended to higher spins. In addition, se¥42 kev doublet transition have been observed above the
eral new high-spin levels including an isomer wilh;, 2571 keV. These transitions establish higher-lying levels of
=182) ns have been identified. In Figs. 1 and 2, partial levelihe ground state band. DCO ratios are used to deduce spins
schemes constructed by the present coincidence data asgd parities. The small values &,.0=0.38—0.51 for the

shown. The one-quasiparticle bands are labeled with likely|=1 transitions in this band suggest negative signs for the
Nilsson configurations, while the bands newly found in thismixing ratios.

work are numerically labeled I-1V. The identification of tran-
sitions and levels is based on coincidence relationships,
y-ray energy sums, and intensity patterns. Transition ener- B. The 3/21512] band

gies, relative intensities of rays and the initial and findl A 128 keV bandhead and five rotational levels were found
values are listed in Table I. The DCO ratios and the deducegreviously in the 3/2(512] band[16]. No new levels have
spin differences of the transitions are also given where thepeen identified in this study. Thé"™=19/2 level at
were obtained. Fokl =2 fast transitions which compete with 1756 keV is strongly populated by the 231 k&Y transition
lower multipole transitionskE2 assignments are made since from thel"=23/2 level at 1987 keV. The DCO information
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FIG. 2. Partial level scheme showing band IlI, band IV, and medium- to high-spin stdf&® The width of the arrows is proportional
to the y-ray intensitiegblack) and the calculated intensities of electron conversgwinite). Some of the levels in the one-quasiparticle band,
and bands | and Il are also illustrated.

is consistent with earlier spin and parity assignmé¢h€ of  of the 11/2[615] band. Levels as high d§=41/2" for the
this band. The intense interband transitions from the highes=+1/2 sequence ant’=39/2" for the a=-1/2 sequence
spin states would indicate that this band is not a pure conwere previously knowr{16]. The present data extend this

figuration(see Sec. IV D for more detajls band tol™=(53/2"). DCO ratios confirm the spin and parity
assignments made for this band. The small valueBRf,
C. The 7/Z[503] band =0.29-0.41 for the\l =1 transitions indicate negative signs

The isomeric level at 102 keV was measured to havdor the mixing ratios.
T,»=3 us and was assigned the 7[203] Nilsson configu-

ration [15]. This band is known up t6"=33/2 for the « F. Bands | and II
=+1/2 sequence anti"=27/2 for the a=-1/2 sequence
[16]. A level found at 3512 keV has been added to the Two bands labeled bands | and Il have newly been ob-

dserved to feed the 117615] band, forming two different

parity assignments, and the small values Bco signature sequences. DCO information and decay properties
=0.18-0.47 for theAl=1 transitions are consistent with Of interband transitions support the spin and parity assign-

negative signs of the mixing ratios. ments made for the lower-lying states. From intensities ratios
of the | —I and | —1-2 interband transitions, these bands
D. The 9/2(624] band are interpreted ag-vibrational states coupled to &, neu-

The previously identified 9/2624] band has been ex- tron, and will be discussed in Sec. IV.C 1.

tended as high as'=(33/2") for the = +1/2 sequence and

|7=(23/2") for the a=-1/2 sequence. In addition to the G. Band Il based on the 1591 keV level

in-band transitions, several interband transitions to the The|7=19/2" state at 1591 keVsee Fig. 2is reported to

11/2'[615] band have been observed. DCO ratios for thedecay into members of the 11[B15] band[16]. A 165 keV

177, 623, and 1027 keV transitions and decay properties Gfansition was also found to connect the 1591 keV level with

the interband transitions support the spin and parity assignhe |7=19/2" state in the 3/7512] band. The DCO ratio

ments made for the lower-spin states in this band. and the intensity balance for the 165 keV transition are con-

sistent with aAl=0 E1 assignment which confirms the pre-

E. The 11/2615) band vious 17=19/2" assignment for the 1591 keV level. A rota-

In a previous study15], the 276 keV isomeric level was tional band based on the 1591 keV extending It©

measured to havg,,=780 ns, and assigned as the bandhead(35/2"), and including the previously knowifl6] |17

024305-3



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

TABLE |. Energies, relative intensities, level assignments, DCO ratios, and multipole assignments)twagheansitions int®®0s. The
intensities are relative to the 445.6 keV transition in the 1fi@25]band.

E, (keV) 12 E; (keV) a - Ny Roco Al
22 4300.6 (35/2) - (35/2)
(39) 38 312 - 112
(41) 2197.7 (23/2) - (21/2)
(52 2602.5 27/2 — 2712
(61) 975 5/2 — 31
90.1(10) 14(4) 127.8 3/2 - 3/
97.51) 492) 975 5/2 - 112
101.X1) 19(2) 198.1 712 - 5/2 0.513) 1
103.q10) 2(1) 2040.1 (21/2 - (19/2"
119.11) 12(1) 317.8 9/2 - 712 0.432)
126.91) 336) 402.3 9/2 - 11/24
127.810) 7(14) 127.8 3/2 — 1/
138.11) 136(14) 414.3 13/2 - 11/2 0.41(1) 1
141.71) 6(1) 402.3 9/2 - 9/
142.71) 92(3) 1987.1 23/2 - 21/2" 0.552) 1
151.610) 8(1) 1176.7 17/2 - 15/2
151.91) 11(1) 1176.7 17/2 - 19/2
157.410) 7(1) 2197.7 (23/2) - (21/2"
158.21) 136(14) 260.6 9/2 - ra 0.471) 1
158.51) 54(2) 476.4 11/2 — 9/ 0.391) 1
159.11) 130(4) 3537.2 (31/2" — (29/2" 0.551) 1
160.41) 36(4) 198.1 712 - 31
164.11) 73(23) 1755.9 19/2 - 19/24 1.1(1) 0
176.X1) 910(30) 590.4 15/2 - 13/2 0.341)° 1
177.X10) 16(2) 591.2 11/2 - 13/2 0.341)° 1
178.11) 42(1) 1744.3 25/2 - 23/2"
185.91) 61519) 776.3 17/2 - 15/2+ 0.30(1) 1
188.21) 29910) 448.7 11/2 — 9/ 0.471) 1
189.41) 793) 590.4 11/2 — 9/2*
190.81) 24(1) 781.6 13/2 - 15/2
191.q10) 47(2) 781.6 13/2 - 11/2
197.41) 181(6) 1222.0 21/2 - 19/2 0.40(1) 1
204.81) 41(1) 864.8 15/2 - 13/ 0.521) 1
210.210) 1988) 2197.7 (23/2) - 23/
211.41) 1394) 660.2 13/2 - 11/2 0.4Q(1) 1
217.51) 171(5) 666.1 13/2 — 11/ 0.26(1) 1
220.21) 24009) 317.8 9/2 — 5/2 0.91(1) 2
220.310) 2(1) 2157.0 (21/2) - (19/2" 0.782) 1
223.810) 2(1) 351.5 712 - 3/
231.2) 660(20) 1987.1 23/2 - 19/ 0.931) 2
236.53) 43(1) 1755.9 19/2 - 19/2
236.71) 21(1) 13535 19/2 - 1712
241.11) 99(3) 907.3 15/2 - 13/2 0.251) 1
241.910) 7(1) 3703.0 35/2 — 33/2
243.31) 55(2) 1024.8 15/2 - 13/2
246.81) 29(1) 907.3 15/2 - 13/ 0.091) 1
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TABLE I. (Continued)

E, (keV) 12 E; (keV) J7 — J Roco Al
248.0110) 10(1) 1981.0 (2112 — (2112

248.11) 38512 1024.5 19/2 — 17/2 0.291) 1
252.91) 28(1) 1844.4 21/2 — 19/2

254.1(1) 92 351.5 712 — 5/2°

259.32) 4(1) 1929.1 23/2 — 21/

263.41) 53(2) 2108.0 23/2 - 21/2

265.91) 106(3) 1173.4 17/2 — 15/ 0.191) 1
267.41) 28(1) 44325 (3712 — (35/2

268.11) 24(1) 1591.2 19/2 — 17/2

275.91) 20(1) 4164.9 (35/2 — (33/2

277.41) 54316) 2264.3 25/2 - 23/ 0.371)° 1
278.41) 267(9) 476.4 11/2 - 712 0.871)° 2
278.81) 28(1) 2386.7 25/2 — 23/2

281.q11) 692 4581.4 (39/2 — (35/2 1.21) 2
287.51) 181(6) 2551.7 2712 — 25/2 0.331) 1
287.61) 40(1) 4164.9 (35/2 — (33/2 0.591) 1
287.81) 61(2) 1461.4 19/2 — 1712 0.32 1
291.31) 331 3139.8 31/2 — 29/

292.51) 11(1) 2678.9 2712 — 25/2

296.010) 90(3) 2898.2 (29/2) — 2717 0.3Q1) 1
296.41) 124(4) 2848.4 29/2 — 2717 0.371) 1
299.91) 12(1) 4732.4 (39/2 - (3712

300.Q1) 41(7) 402.3 9/2 — 712

303.31) 31(1) 4581.4 (3972 — (35/2

307.81) 60(2) 1769.3 21/2 — 19/ 0.191) 1
314.1) 31(1) 3212.9 (3172 - (2972

314.11) 51316) 590.4 15/2 - 11/2 1.01) 2
319.31) 18(1) 3544.2 (33/2 — 31/ 0.251) 1
321.Q1) 22(1) 3460.9 33/2 — 31/

325.1) 37(1) 2095.0 23/2 - 21/

326.711) 21(1) 3224.8 31/2 — (29/2) 0.271) 1
337.81) 131(4) 2602.5 2712 — 2512

339.51) 192(6) 2941.9 (2712 — 2712 1.01) 0
339.51) 82(3) 3877.0 (33/2 - (31/2% 0.81) 1
342.41) 41013 660.2 13/2 - 9/2° 1.01) 2
343.41) 125(4) 1565.5 23/2 - 21/2 0.291) 1
346.21) 1525) 448.7 11/2 — 712 0.991) 2
346.710) 14(1) 2511.3 (25/2% - (23/2%

348.31) 592) 666.1 13/2 — 9/2

352.41) 1223) 3889.4 (33/2 — (31/2% 0.522) 1
355.11) 52(2) 706.6 11/2 — 712

362.11) 90730) 776.3 17/2 — 13/2 1.01) 2
375.810) 47(2) 1552.2 19/2 - 17/2

379.41) 23(1) 781.6 13/2 - 9/2*

388.31) 56917) 864.8 15/2 — 11/2 1.1(1) 2
388.41) 30(1) 4278.0 (35/2 - (33/2

389.Qq1) 1244) 706.6 11/2 — 9/2
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TABLE I. (Continued)

E, (keV) 12 E; (keV) J7 — J Roco Al
394.51) 42(2) 1176.7 17/2 — 13/2
(399 4101.1 (37/12) — 35/2
399.41) 130(4) 660.2 13/2 — 9/2°
400.21) 22(1) 1176.7 17/2 — 17/2 0.921) 0
401.810) 49(2) 4278.0 (35/2 — (33/2 0.251) 1
402.510) 13(1) 1755.9 19/2 - 19/2
405.q10) 55(2) 2602.5 2712 — (23/2)
405.51) 185(6) 666.1 13/2 — 9/2 1.1(1) 2
411.3) 44(1) 4300.6 (35/2 — (33/2 0.431) 1
417.X10) 26(1) 1442.0 (17/2% — 15/2
417.41) 16(1) 1442.0 (17724 - 19/2
423.1) 43(2) 1745.4 21/2 - 17/2
424.410) 15(1) 4300.6 (35/2 — (33/2 0.71(1) 1
425.Q1) 3712 1647.1 21/2 - 21/2
426.q1) 64(2) 5007.4 (4112 — (39/2 0.723) 1
428.610) 11(1) 1981.0 (2112 — 19/2
434.q1) 392 1755.9 19/2 — 17/2
434.11) 814(25) 1024.5 19/2 — 15/2 1.1(1) 2
434.32) 47(2) 1024.8 15/2 — 11/2
435.71) 2638) 33775 (29724 — (2712% 0.631) 1
445.Q1) 100Q30) 1222.0 21/2 — 17/2 1.1(1) 2
450.91) 1033) 1116.8 17/2 - 13/2 0.902) 2
456.51) 51216) 1116.8 17/2 — 13/ 0.901) 2
458.81) 181(6) 907.3 15/2 — 11/ 1.01) 2
459.51) 42.315) 2204.1 2712 — 25/2F
470.11) 73(3) 1647.1 21/2 — 17/2
473.Q1) 182(6) 1179.5 15/2 - 11/2 1.1(1) 2
477.510) 10(1) 2511.3 (25/2% - (21/2%
479.310) 12(1) 33775 (29/2% — (29/2)
481.21) 692) 2000.4 23/2 - 19/2
488.81) 597(18) 1353.5 19/2 — 15/ 0.961) 2
489.410) 16(1) 3703.0 35/2 — 31/
494.910) 17(1) 1519.3 19/2 - 19/2
507.41) 201(6) 1173.4 17/2 — 13/2 1.01) 2
511.110) 18(1) 2511.3 (25/2% - 23/2
511.410) 64(2) 1733.2 (21/2% - 21/2
512.91) 51(2) 1179.5 15/2 — 13/2
516.81) 28(1) 2108.0 23/2 - 19/2
519.51) 121(4) 1179.5 15/2 — 13/ 0.61(1) 1
522.41) 74222 1744.3 25/2 — 21/2F 0.991) 2
522.510) 24(1) 1844.4 21/2 — 17/2
523.41) 31(2) 1745.4 21/2 — 21/2
527.21) 552) 1552.2 19/2 - 19/2
527.11) 49(2) 1552.2 19/2 - 15/2
530.31) 68(2) 2511.3 (25/2% — (21/2%
535.41) 753) 2280.6 25/2 - 21/2
539.q1) 38(1) 1981.0 (2112 — (17/2)
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TABLE I. (Continued)

E, (keV) 12 E; (keV) J7 — J Roco Al
541.Q1) 46214) 1565.5 23/2 — 19/2 0.961) 2
542.51) 40(2) 2386.7 25/2 — 21/2
545.310) 12(1) 2511.3 (25/2% — (21/2%
553.51) 2839) 1670.2 21/2 — 17/2 0.941) 2
554.31) 190(6) 1461.4 19/2 — 15/2 1.1(1) 2
563.010) 1134) 3703.0 35/2 - 31/ 1.1(1) 2
565.Q1) 83(3) 2551.7 2712 — 23/ 1.01) 2
566.81) 45(2) 1591.2 19/2 — 19/2
567.510) 8(1) 4732.4 (39/2 — (35/2
568.41) 27(1) 3139.8 31/2 — 2712
570.81) 44(2) 2678.9 2712 - 23/2
574.91) 111(4) 2575.3 2712 - 23/2 1.1(1) 2
575.61) 52816) 1929.1 23/2 — 19/2 1.1(1) 2
576.31) 34811) 1755.9 19/2 - 15/2 1.1(1) 2
578.Q1) 16(1) 2928.5 31/2 — 29/2%
584.51) 1324) 2848.4 29/2 — 25/2 1.2(1) 2
586.61) 54(3) 1176.7 17/2 — 15/2
588.21) 127(4) 3139.8 31/2 — 2712 1.1(1) 2
592.31) 15(1) 2034.2 (21724 — (17/2%
595.91) 1996) 1769.3 21/2 — 17/2 0.922) 2
600.71) 45(2) 2987.4 (29/2% — 25/2
601.61) 83(3) 4304.6 (39/2) - 35/
601.91) 90(3) 2249.1 25/2 — 21/2*
604.51) 88(3) 2885.1 (29/2% — 25/2F
606.21) 497(15) 2350.5 29/2 — 25/2F 0.971) 2
612.21) 66(2) 2164.4 (237124 — 19/2
612.61) 121(4) 3460.9 33/2 - 29/ 1.01) 2
615.q11) 56(2) 1936.9 (19/2% - 17/2 0.81) 1
615.11) 1394) 2602.5 2712 — 23/ 1.1(1) 2
622.31) 30(1) 1844.4 21/2 - 21/2
622.61) 59%2) 1647.1 21/2 — 19/2 0.441) 1
622.83) 92(3) 2551.7 2712 — 23/ 0.901) 2
630.31) 54(2) 3309.2 (31/2) — 2712
633.51) 20(1) 1987.1 23/2 — 19/2 1.0)° 2
633.81) 209(7) 2095.0 23/2 - 19/2 1.0)° 2
634.61) 2127) 2304.8 25/2 - 21/ 0.931) 2
635.91) 592) 2885.1 (29/2% — 25/2
638.81) 30309) 2204.1 2712 - 23/2 1.001) 2
639.21) 209(6) 1755.9 19/2 — 17/ 0.791) 1
640.11) 38(2) 4101.1 (37/12) — 33/
641.11) 32310 2570.8 2712 — 2312 1.1(1)° 2
642.q1) 99(3) 3212.9 31/2 — 2717 1.1(1)° 2
644.31) 99(3) 3219.6 (31724 - 2712
653.91) 83(3) 3224.8 31/2 - 2717 1.21) 2
658.91) 38(1) 3871.6 (35/2) — 31/
660.410) 46(2) 1442.0 (17/2% - 13/2
664.11) 11(1) 4535.7 (39/2) — (35/2)
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TABLE I. (Continued)

E, (keV) 12 E; (keV) J7 — J Roco Al
664.41) 13(1) 4209.2 - (33/2
665.41) 99(3) 2434.7 25/2 — 21/ 1.01) 2
667.q1) 1033) 3552.1 (33/2% — (29/2%
667.110) 16(1) 2511.3 (25/2% — 21/2
668.1(1) 341) 3892.8 — (31/2)
672.q11) 61(2) 4976.6 (43/2) - (39/2)
673.51) 11(1) 4882.7
676.010) 22(1) 3663.4 (33/2% — (29/2%
(676 3889.4 (33/2 — (31/2)
677.51) 20(1) 2941.9 (2712 — 25/
678.81) 22(1) 3816.4 (33/2) - (29/2)
681.q11) 12(1) 3718.6 35/2 - 33/2
681.%10) 6(1) 2885.1 (29/2% — 2712
683.61) 352) 2249.1 25/2 - 23/2
684.11) 1374) 2988.9 29/2 — 25/2 1.01) 2
685.21) 54(2) 3904.7 (35/2% — (31/2
687.q1) 297(9) 3037.6 33/2 — 29/2F 1.01) 2
691.61) 36(1) 4792.6 (41/2) - (37/2)
694.51) 76(3) 4246.6 (37/2% — (33/2"
694.81) 85(3) 2789.9 2712 — 23/ 0.921) 2
699.q11) 13(1) 5234.7 (43/2) — (39/2)
701.81) 14(1) 4010.9 (35/2% - (31/2%
702.91) 492) 3137.6 (29/2) — 25/
705.41) 36(1) 3694.3 33/2 — 29/
714.91) 1094) 2280.6 25/2 — 23/2F 0.151) 1
719.11) 49(2) 2968.9 (29724 — 25/2
720.81) 116(4) 1745.4 21/2 - 19/2 0.391) 1
721.61) 21(1) 3511.5 (31/2) - 2717
724.51) 2147) 2928.5 31/2 — 2712 0.931) 2
731.41) 1495) 1321.9 17/2 - 15/2 0.451) 1
731.51) 46(2) 5284.9 45/2 — 41/2 0.832) 2
734.Q110) 14(1) 4428.3 (37/12) — 33/
736.31) 23(1) 2197.7 (23/2) — 19/
736.91) 26(1) 5713.6 4712) - (43/2)
737.Q10) 17(1) 4629.8
742.71) 15(1) 4647.2 (39/2% - (35/2%)
742.91) 1194) 1519.3 19/2 — 17/2 0.341) 1
743.31) 11(1) 6017.5 (4712% - (43/2%
746.Q1) 32(1) 5274.2 (4312 — 39/2
749.31) 27(1) 5541.9 (45/2) — (41/12)
749.41) 1675) 3787.0 37/2 — 33/2F 1.01) 2
760.81) 24(1) 6045.7 (49/2% — 45/2
762.71) 27(2) 1176.7 17/2 - 13/2
764.810) 28(11) 2968.9 (29/2% - 2712
766.41) 753) 4553.4 41/2 — 37/2 0.822) 2
767.210) 9(1) 2511.3 (25/2% - 25/2
776.Q10) 11(1) 5204.3 (41/12) — (37/12)
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TABLE I. (Continued)

E, (keV) 12 E; (keV) J7 — J Roco Al
778.31) 1144) 2000.4 23/2 — 21/2F 0.231) 1
790.11) 134(4) 3718.6 35/2 — 31/2 1.01) 2
793.11) 12(1) 6506.6 (51/2) — 4712)

796.Q10) 4(1) 5425.8
796.71) 9(1) 6338.6 (49/2) — (45/2)
809.61) 72(2) 4528.2 39/2 - 35/2 1.1(1) 2
814.91) 1425) 1591.2 19/2 — 17/2 0.491) 1
818.12) 4(1) 6835.6 (51/2) — (4712
819.91) 1053) 1844.4 21/2 — 19/2 0.331) 1
821.21) 17(1) 2386.7 25/2 — 23/2 0.151) 1
831.11) 49(2) 2575.3 2712 - 25/2 0.21(1) 1
838.11) 13(1) 3806.9 (33/2% — (29/2%
839.91) 10(1) 6885.6 (53/2% — (49/2%

852.010) 3(1) 7358.6 (55/2) - (51/2)
859.51) 6(1) 4647.2 (39/2) — 3712
860.95) 8(1) 2789.9 2712 — 23/

864.410) 5(1) 2511.3 (2512 — 21/2F
866.Q1) 54(1) 33775 (29724 - (25/2% 1.1(2) 2
866.31) 5(1) 3904.7 (35/2% — 33/2
869.21) 291) 3219.6 (31/2% — 29/2 0.491) 1
871.11) 65(2) 1647.1 21/2 — 17/2

878.410) 5(1) 3806.9 (33/2% - 31/2
886.11) 52(2) 2108.0 23/2 — 21/2* 0.291) 1
907.81) 76(3) 1321.9 17/2 — 13/2
928.92) 6(1) 4647.2 (39/2% - 35/2
929.11) 63(2) 1519.3 19/2 — 15/2 0.9Q1) 2
934.71) 25(1) 2678.9 2712 - 25/2
941.71) 23(1) 1966.1 (21/2% - 19/2

946.010) 5(1) 2511.3 (25/2% — 23/2

956.910) 6(1) 1733.2 (21/2% - 17/2
958.61) 21(1) 3309.2 (31/2% — 29/2%
969.31) 37(2) 1745.4 21/2 — 17/2
973.21) 8(1) 4010.9 (35/2% — 33/2
976.q11) 15(1) 2000.4 23/2 — 19/2
976.13) 4(1) 3904.7 (35/2% - 31/2

1001.11) 331 1591.2 19/2 - 15/2

1027.21) 48(2) 2249.1 25/2 — 21/2 0.922) 2
1068.41) 32(1) 1844.4 21/2 - 17/2

1141.51) 17(1) 2885.1 (29/2") — 25/2

1189.52) 10(1) 1966.1 (2112 — 17/2

1201.62) 5(1) 3552.1 (33/2% - 29/2

1209.110) 2(1) 4246.6 (37/2% — 33/2

1224.81) 11(1) 2968.9 (29/2% - 25/2

1242.62) 8(1) 2987.4 (29/2% - 25/2

1289.510) 20(1) 2511.3 (25/2% — 21/2

1455.84) 3(1) 3806.9 (33/2% - 29/2
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TABLE I. (Continued)

E, (keV) 12 E; (keV) J7 — J Roco Al
Transitions above the 5007 keV isorfier
241.Q1) 35(6) 6203.6
353.11) 47331) 5786.0
424.91) 100Q50) 5432.3
426.82) 41(18) 7007.1
(453 7033
453.11) 180(26) 6803.7
499.11) 207(26) 6285.6
512.41) 19824) 7099.1
564.qQ1) 99(9) 6350.0
617.81) 15320 6580.4
800.81) 20823) 6586.9
917.81) 126(18) 6350.0
955.71) 30327 5962.6

%y-ray intensities are normalized to the 445.6 keV transition.
PDoublet transitions.
“y-ray intensities are normalized to the 424.9 keV transition.

=21/2" and 23/2 levels has newly been established. The2942 keV level. The DCO ratio for the 615 keV transition is
lower-lying levels in this band are connected by weakconsistent with an assignment af =2, resulting in thel™
M1(+E2) transitions. Decay properties of interband transi-=27/2 assignment for the 2603 keV level. For the 340 keV
tions and DCO ratios are used to deduce the spins and patiansition, the DCO ratio agrees with an assignment of either
ties of this band. From the decay curve analysis, an uppekl =0 or 2. However, the presence of the 678 keV transition
limit of 5 ns was deduced for the half-life of the 1591 keV which feeds thé”=25/2" level in band IV rejects an assign-
bandhead. ment of Al =2 for the following reason. Al =2 assignment
gives spin and parity=31/2 to the 2942 keV level which
H. Band IV based on the 1987 keV level then requires a spin change df r the 678 keV transition.

. . . An E3 or M3 transition should hardly occur at all with the
The 1987 keV isomeric level witf;,=5.510) ns was y

) _ 340 keV fastM2 or E2 transition in the present case. Con-
reported to decay into the"=19/2" level in the 3/2[512]  goqyently, the assignment a1 =0 for the 340 keV transi-

band via a 231 keVE2 transition, and into thé"=21/2"  {jon je. 1=27/2 for the 2942 keV level is preferred.

state in the band Il via a 14_3_ keV transitigd6]. In the For higher spins of band 1V, levels extending as high as
present work, a 634 keV transition has been observed to de;w:(49/2) for the a=+1/2 sequence ant"=(55/2") for
populate the 1987 keV level into the=19/2" level in the 5 ,=_1/2 sequence have been observed. Three interband

1/27[510] band. The previous assignment &f=1 E1 for ~ A|-» transitions(489, 568, and 623 keMo the 1/2[510]
the 143 keV transition is confirmed by the DCO information

and they-ray intensity balance, and supports the assignment
of I"=23/2 for the 1987 keV level. 400+
Thel™=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 gl
However, the present analysis of the coincidence data results
in a different placement of the 2603 and 2942 keV levels. In 0
Fig. 3, y-ray lines at 277, 288, and 296 keV as well as the 0 300 200 600 =00
corresponding crossover transitiof@5 and 585 keY can Energy (keV)
be seen. These transitions now establishlffe25/2" and
2712 rotational levels at 2552 and 2848 keV built on the  F|G. 3. Coincidence spectrum double gated on the 231 and 576,
5.5 ns isomeric state instead of the 2603 and 2942 keV |eV639 keV y-ray combination, Showing transitions above the
els. The present coincidence data also reveal additional de-23/2 state at 1987 keV. Transitions {or from) the 1/2[510],
cay branches from the 2603 keV level via a 405 keV transi3/27[512], and 7/2[503] bands are marked by filled squares, open
tion and an unobserved 52 keV transition. Furthermore, aquares, and open circles, respectively. Transition energies of dou-
678 keV transition has been found to depopulate thelets or higher degeneracies are suffixed by asterisks.

Double gate {231}{576,639} ke V{

200

Counts
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. FIG. 5. Delayedy-ray spectrum gated on the sum of the 425,

FIG. 4. Com_c_ldence spgc_trum_gated on the 866 Ke9/2") 801, 918, and 955 keV transitions, showingrays below thel™
—(25/2%) transition. Transitions in the 117615 bands are =(41/2) isomer. Transitions in the 17510, 3/2512),
marked by filled circles. 7/27503], and 11/2[615] bands, band Ill, and band IV are

marked by filled squares, open squares, open circles, filled circles,

band have also been found. The DCO information and théilled diamonds, and open diamonds, respectively. Transition ener-
observation of both the cascade and the corresponding crossies of doublets or higher degeneracies are suffixed by asterisks.
over transitions are used to deduce spins and parities of this

band. The small DCO ratios for thel =1 transitions indicate nto the 3378 keV level. The total conversion coefficient of
negative signs of the mixing ratios. the 160 keV transition is deduced to bg,=0.972) from
the y-ray intensity balance at the 3378 keV level. Compari-
son with the calculated valug47] of a;,;=0.12 (where the
transitions isE1l), 1.5M1), and 0.74E2) supports a mixed

As mentioned in Sec. Il A, the 3225 keV level is depopu- 11 +E2 assignment for the 160 keV transition. The DCO
lated by the 327 and 654 keV transitions. The 2898 keViniormation is also consistent with thal=1 assignment.

level populated by the 327 keV transition decays into therne 3537 kev  level is  therefore  assigned
Im=27/2 level at 2603 keV via a 296 keV transition. The ¢, bel™=(31/2"). The level ordering and the assignments of

DCO ratios of the 296, 327, and 654 keV transitions areg,in ang parity for the higher-lying levels are based on the
consistent with the spin and parity assignment®©f31/2° _y-ray relative intensities and the DCO ratios.

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 Itfe27/2°
level in the ground state rotational band. Several levels have From analysis of delayed coincidence data, a new high-
been placed above the 3225 keV level. However, spins angpin isomer has been identified at 5007 keV. Figure 5 shows
parities are not given to these levels due to lack of the DCGa y-ray spectrum for transitions below the isomer. In addition
information except for the 319 keV transition. to the transitions in the one-quasiparticle bands, band Il and
A 3378 keV level has newly been found to decay into theband 1V, the 866 keV transition as well as the coincidgnt
2942 keV level via a 436 keV transition. The DCO ratio for rays(see Fig. 4 can be seen. The decay of the isomer is most
this transition suggests=29/2 for the 3378 keV level. This intensely carried out by the 426 and 160 keV transitions to
level is also depopulated by a 866 keV transition which esthe 4581 and 3537 keV levels. Between these two levels,
tablishes a 2511 keV level. The intensity pfays below the  y-ray intensity is dispersed among several transitions.
2511 keV level is too weak to extract DCO ratios. However, For the determination of the half-life of the 5007 keV
together with the =29/2 assignment for the 3378 keV level, isomer, time difference spectra between transitions above
the presence of 667, 864, and 1290 keV transitions depop@nd below the isomer have been analyzed. Figure 6 illus-
lating the 2511 keV level to thE'=21/2" states in the bands trates a decay curve for the 5007 keV isomer. By fitting the
I, 9/2*624], and 11/2[615] suggests that all these transi- slope of the decay curve, the half-life of the 5007 keV iso-
tions as well as the 866 keV transition have stretched quadmer has been obtained &g,=18(2)ns.
rupole (Al=2) character which would explain the spin  Above the 5007 keV isomer, several transitions have been
change of 4 by the two consecutive transitions. We there-identified as seen in Fig. 7. No regular band structure is
fore assign17=(25/2") and (29/2") for the 2511 and apparent. The level placement is based on the relative inten-
3378 keV levels. Through similar considerations, spin andpities of the transitions. Information on the transitions above
parity assignments have been made for 1442, 1966, 198ihe isomers is presented in the end of Table I.
and 2034 keV levels.
Above the 3378 keV level, several new levels have been IV. DISCUSSION
observed. Most of the levels are populated through the decay
of a new high-spin isome(see also Sec. IIl)J Figure 4
shows they-ray spectrum gated by the 866 keV transition. In the cranked shell modglL8], rotational alignments
An intense 160 keV transition depopulates a 3537 keV levetan be obtained by subtracting aligned angular momenta of

I. Medium- to high-spin states

J. New high-spin isomer at 5007 keV

A. Alignments
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FIG. 6. Time difference spectrum between the 955 keV transi- Zr " i
tions and the 340, 353, 426, 436 keV transitions is shown with 00 100 2(‘)0 360 4I00 500
filled circles. The time difference spectrum in prompt coincidence fiokeV)

between the 522 and 446 keV transitions is also shown with open

circles. FIG. 8. Alignments for the 1/4510] (open and filled circles

7/27[503] bands(open and filled squargshand 1l (open and filled
diamonds, and band IV(open and filled trianglgsare plotted in
upper panela), while those for the 11/2615] (open and filled

the reference configuration from total aligned angular mo-_; ) )
. les, 9/27[624 d filled s3/27[512 dia-
mental,[=\1(1+1)-K?]. For odd-mass nuclei, the ground circleg [624] (open and filed squarg [512] (open dia

. ] . - mond, and bands I, ll(open and filled trianglgsare plotted in
state bands in neighboring even-even nuclei are used for thgyer panelb). The a=+1/2 and -1/2sequences are shown with

reference. In Fig. 8, the rotational alignments for the bandgpen and filled symbols, respectively. Harris parametersyof
observed in'®*0s are shown as a function of rotational fre- =24 Mev- #2 and3,=66 MeV-2 7 are used.
quenciesfiw in units of keV. Harris parameters of,
=24 MeV* #2 and J,=66 MeV 2 #* are obtained by aver-
aging the values for the ground state bands$®®s [2] and
18%0s [19]. In the calculation, we assume the quantum  the neighboring even-even nuclei with=108 ¥V [21]
numbers fixed at the bandhead spin values. and 1840s [22]. For the 11/2[615] band, the alignment is

The 1/2[510], 3/2(512], and 7/2[503] bands show apout 2 in both the signature sequences. The large signature
small alignments at low rotational frequencies which aresplitting and the large crossing frequendiB€ andAD band
consistent with the systematic behavior of nonaligned Onecrossingg result from the blocking effect for thigs,, neutron
quasiparticle bands in the region. For the 1B10] and  orbital. Note that the notations,B,C, andD are prescribed
7/277503] bands, rapid increases in the alignments are obpy Ref.[18].
served athw=330-340 keV, which can be understood as a The magnitude of alignments for multiquasiparticle bands
result of the band crossings with aligned three-quasiparticlgs the sum of those of the constituent quasiparticles. There-
bands (s band$. The crossing frequencies ofiw  fore, for bands which involve, s, neutrons and/ohg, pro-
=330-340 keV are about 110-120 keV larger than that fortons, large rotational alignments are expected due to the
the 7/2[503] band in'80s (fwag =220 keV) [20]. This  strong Coriolis interaction on these quasipartigisse, e.g.,
can be attributed to the presence of a minor shell closure d@ef. [23]). This can be used in quasiparticle configuration
N=108 which increases the quasiparticle energy ofi{fgg  assignments for the bands observed&iDs.
orbital at zero rotational frequency and in turn causes de-
layed AB band crossing. Similar phenomena are observed in

B. gk factors

20000 Early projection ] Intensity ratios betweedAl=1 cascade andl=2 cross-
over transitions in a band can be used in the asymptotic limit
T to deducegy factors. In the rotational modgR4], mixing
ratios § and gy factors are deduced as

425

Counts

10000~

0 i s - i - - 5 2
300 400 500 600 700 800 900 1000 & Ey(l —I1-1D({K?2 O|| - 1K)

Energy (keV) 1+8 "B —1-2) (K 201 -2K)?

(1)

FIG. 7. Early projection gated on the delayed 340, 353, 426, and
436 keV transitions, showing the transitions above Itfre(41/2)
isomer. and
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TABLE Il. gk values deduced from the branching ratios for the band§3Ds.

Band L E,(E2) E,(M1/E2) A (g2P-ggr)? (g'-gg)®
(keV) (keV)

1/27510] 5/2 160.4 101.1 1.9330) -0.968) -1.70
712 220.2 119.7 1922 -0.551) -1.70

9/2 278.4 158.5 4.923) -1.423) -1.70

15/2 388.3 204.8 13(8) -1.373) -1.70

19/2 488.8 236.7 28(34) -1.363) -1.70

2312 575.6 259.3 1508) -0.785) -1.70

7/27[503) 11/2 346.2 188.2 0.52) -0.521) -0.54
13/2 405.5 2175 1.49) -0.521) -0.54

15/2 458.8 241.1 1.88) -0.521) -0.54

17/2 507.4 265.9 1.90) -0.61(2) -0.54

19/2 554.3 287.8 3.135) -0.541) -0.54

21/2 595.9 307.8 3.325) -0.582) -0.54

2312 633.8 325.6 5.587) -0.491) -0.54

9/2'[624] 13/2 379.4 191.0 0.508) -0.462) -0.25
15/2 434.3 243.3 0.85) -0.431) -0.29

17/2 3945 151.6 5.426) -0.31(1) -0.31

19/2 527.7 375.8 1.@6) -0.361) -0.33

11/2'[615] 15/2 314.7 176.1 0.58) -0.21(1) -0.23
17/2 362.1 185.9 1.41) -0.231) -0.26

19/2 434.1 248.1 2.19) -0.2Q1) -0.28

21/2 445.6 197.4 5.524) -0.231) -0.30

23/2 541.0 343.4 3.716) -0.161) -0.31

25/2 522.4 178.7 17(8) -0.251) -0.31

2712 638.8 459.5 7.134) ¢ -0.32

31/2 724.5 578.0 13(B) ¢ -0.32

35/2 790.1 681.0 11(3) ¢ -0.33

Band 111 23/2 516.8 263.4 0.53) +0.191) -0.22
25/2 542.5 278.8 1.49) +0.15(1) -0.24

2712 570.8 2925 3.929) +0.08(1) -0.26

Band VA 2712 565.0 287.5 0.48) -0.171) -0.08
29/2 584.5 296.4 1.03) -0.151) -0.12

31/2 588.2 291.3 3.888) -0.061) -0.15

33/2 612.6 321.0 5.587) -0.01(2) -0.17

35/2 563.0 241.9 15(22) -0.041) -0.20

4Qy=5.7e b is used.

®The calculated values have uncertainties of +0.05 propagated from the assumpjen0020+0.05.

“The negative values o#° 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.

9 =19/2 for band Ill and=23/2 for band IV are assumédee Sec. IV ¢

(O« - 9r)? E’L;(| — -1 (K 201-1K)? the collective rotation, an@, the intrinsic quadrupole mo-
T =0.289 FKZ (K101 - 1K) (2)  ment. The experimentdy—gg) Values extracted from the
0

above equations are listed in Table 1. When the signs of the
with the transition energies in MeV, whekeis the intensity  mixing ratios are not known from the DCO information, the
ratioT,(I—1-2)/T (1 —1-1), gr the gyromagnetic ratio for possible two values ofg«—gg) are listed. Here, we used
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TABLE lIl. gk factors and alignments of the single-particle account for the weaker pair field in the multiquasiparticle

orbitals considered fol30s. configurations. Since the residual interaction defined by the
empirical Gallagher-MoszkowsKiGM) rules[30] is impor-
Neutrons Ok ij Protons Ok ij tant to calculate excitation energies of multiquasiparticle

J J

states, the associated GM splitting enerdi&Y taken from

1/21510 ~180 00 1/2[541 076 35 Ref.[31] are added to the calculated excitation energigs

1/27[521] 0.64 0.0 5/2[402] 1.57 0.0
3/27[512] 0.54 0.0 712[404] 0.63 0.0

7/27503] -0.34 0.0 9/2[514 130 05 1. Bands | and Il
9/2[624] -023 20 Bands | and Il gain two units of alignment in the rota-
11/2615] -0.18 2.0 tional frequency range of 100—300 kd¥ee Fig. &)], in-

dicating that the configuration involves one or more align-
_ _ able quasiparticles. Since these bands predominantly decay
Qo=5.7e b obtained by averagin@,=5.67eb for ¥0s  to members of the 11/P615] band and have similar align-

[2] and Qy=5.7e b for *%%0s[19]. ment behavior to the 117p615] band, the aligned quasipar-
The effectivegy factors [25] can be calculated in the ticle is plausibly the 11/4615] neutron. The interband tran-
semiclassical modgR6] by the following equation: sitions to the 11/4615] band from band | and Il also
. suggest an admixture of the 11[815] component in the

ot >0 ~9RK; (g, ~ GR)ij configuration. In the neighboring even-even nuct&iOs

9 ~Or™ K T (3 32,33, 180s [2] and 1890s [19], low-lying y-vibrational

bands based on the 891, 943, and 768 keV levels are known
to decay to the ground state bands by bath=2 and 0
transitions. Assuming the— | transitions to be oE2 char-
acter, the measureB(E2) ratios of thel —1 and | —1-2
transitions are 6(3) and 182) at |"=19/2" and 21/2 for
18%0s. These can be compared to values 0{2,31.92),

wheregy. is the gyromagnetic factor of thigh quasiparticle,
ij the aligned angular momentut; the angular momentum
projection on the deformation axis, and=2K;. The first
term represents the usual expressiofigpf-gg) in the strong
coupling limit, while the second term is due to the Coriolis T ot T— gt for 18
effects which are important for configurations involving,, [23'1(]1)1%%75 [é 4]""?965;51%%]5}1‘2’&2@‘ ! g\nd4 Ifg)r atzloﬁs
! ! ! ! Y

neutrons and/ohg, protons in the present case. The _ .+ for 1860s [19]. Note that thel ™=19/2" state in¥0s

values were taken from the known one-quasiparticle bands o e .
A . . corresponds td7=4" in the even-even Os nuclei, and the
of odd-A nuclei in this mass region. Thex factors for

. ) i transitions between the-band and ground state rotational
each quasiparticle have been calculated using the formulgand in1820s have largeE2 componentg33). Although a

= ((I9)g; + (S2)go)/K: (4) three-quasiparticle configuration cannot be completely ex-
%, o+ (90K cluded, the assignment of thg phonon ®11/27615] for
assuming 70% of thdree nucleong factors[27] (g"™®  bands | and Il is preferred. A similar band is observed in

=5.59 forprotons and 3.83 forneutrons. Here,l; (s3) is  18%0s[20].
the component of the orbital angular moment(intrinsic

spin) projected on the nuclear symmetry axis, agée 1

for protons,g,=0 for neutrons. The expectation values of

s; were obtained from Nilsson wave functions. Table Il The bandhead spin and parity have been assigned to be
summarizes they factors and the alignmenis used in I"=19/2". The excitation energy of 1591 keV requires exci-

the calculation. The calculatety—ggr) values are also tation of three quasiparticles with at least one alignable qua-
shown in Table II. siparticle to account for the alignmefgee Fig. 8)]. The

following configurations give low-lyindK™=19/2" states:

2. Band lll

C. Band properties and configuration assignments K™=19/Z,v{3/27[512]7/27[503]9/2'[624]},
In this section, quasiparticle configurations for bands I-IV
are discussed by comparison between the observed and pre- E;*'+E®M=1763 - 150 = 1613 keV,
dicted alignments andgy factors. We estimated excitation
energies(E®) of multiquasiparticle states by summing the K™=19/2,1{1/27[521]7/2[503]11/2"[615]},
energies of the constituent single quasiparticle states and the
energies needed to break the quasiparticle pairs. The excita- E¢+ECM=1915-150= 1765 keV.

tion energies of the one-quasiparticle states®iDs,*®Re,

and 1®Re are taken from Ref28]. Averages off®Re and  The expectedgi®~gg) values are 6.285) and -0.225) at
185Re were used in the calculation for protons. The neutrod™=23/2 for theK™=19/2; andK™=19/2; configurations,
and proton pairing gap energies, =706 andA,=834 ke\)  respectively, which are consistent with one of the mea-
were obtained by averaging those f6fOs and'®0s using  sured valueggy®-gz=-0.19. Since band Il decays pre-
the third order odd-even mass differend@9], and they dominantly to the 11/4615] band rather than the
were reduced by 20% for each quasiparticle broken pair t®/2[624] band, theK™=19/2 configuration is preferred.
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Although the present experimental data cannot exclude the TABLE IV. Hindrance factors for the-forbidden transitions
possibility of a positive(g&*-gg) value, three quasiparti- from multiquasiparticle states itOs.
cle K™=19/2" configurations including more than one

quasiproton that can give the positiyg—gg) values are K™ E,(keV) T{,(ng AK L\ F f,
expected at higher excitation energies. 19/2"  268.7 =53 M1 =4.6x10¢
566.8 =28 4 M1 =23x10° =61
3. Band IV 8149 =9 4 ML =22x10F =60
The bandhead spin and parity have been determined to be 1001.1 =38 4 E2 =43x10° =66
|7=23/2. Previously, the V3/2_[512]® '77{9/2—[514}11/ 23/ 142.7 55 2 E1 7.5x10° 75X 10°
27[505]} configuration was assigned to this banc_i based on 231.2 77 10 E2 0.57 0.83
the agreement between 'the measured and predigtdedc- _ 633.5 255 11 B2 2.9x10° 24
tors (gxk—gr=0.76 [16]. Since the present level scheme dif-
fers from that of Ref[16], the configuration should be reex- 201z (52) M1
amined. In the present data, negatigg®—gg) values are 3378 =13 2 M1 =22x10" =2.2x10°
obtained, which are consistent with a three-quasineutron 4050 =40 2 E2 =49
configuration rather than the two-quasiproton and one- 6151 =13 2 E2 =13Xx10°
quasineutron configuration proposed previously. The only(31/2) 326.7 =26 1 M1 =4.1x10*
configuration giving a low-lying three-quasineutron state in 653.9 =65 15 E2 =87 =14

18%0s is

V{3/2_[512]9/2+[624]11/2[615]}' D. Hindrances of transitions

cal , EGM — _ - Transitions which involvK changes larger than the tran-

B +ET=1937-150= 1787 keV. sition multiple order, i.e. AK>\, are forbidden in thek
The predicted(gﬁa'—gR) values agree with the measured selection rule. Such transitions are therefore called
ones at the lower spin statdsee Table . The two- K-forbidden transitions. The hindrance f-forbidden tran-
quasineutronv107{9/2'[624]11/2'[615]} states are also sitions can be discussed in terms of hindrance fadtoos
known at low excitation energies in the neighboring even-hindrance factors per degreetoforbiddenness, defined as
even nuclei'®0s [2], 18%0s[19] and 184V [35]. Further- " y
more, the »{3/27[512]9/2'[624]11/2'[615]} state is ob- f,=F"=(TTw)™, 5
served aR050 keV in'8W [36]. We therefore assign this

i 1 Y
configuration to band IV, where v is the order ofK forbiddennessT?,, and Ty are,

respectively, the partiaj-ray half-life and the corresponding
Weisskopf single-particle estimate. SeveriHorbidden
4. The K=(41/2) isomer at5007 keV transitions have been observed'ffOs. Table IV summa-

Since theE,=5007 keV state has the half-life of 18 ns, it rizes they-ray branchings from multiquasiparticle states

can be considered as an intrinsic state hamgi1/2 rather  and the hindrance factors. Since #e=19/2", 27/2, and
than an excited state in a rotational band. Following configu31/2" levels have no measurable half-lives, the upper

rations give rise to low-lying<=41/2 states if®0Os: limit of the present detection system;,=5 ns, is used.
The hindrance factors for transitions from tKé=19/2"
K™=41/Z,v{1/27[510]1/27[521]7/2[503] 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 theK™=23/2 state, and the 654 keV transition
from theK™=31/2 state exhibit low hindrances despite the
largeK inhibition. The low hindrance of the 231 keV transi-
tion (F=0.57 can be explained as follows. THE=19/2
K7=41/Z',»{1/27[510]11/27[521]3/27[512] 1756 keV state in the 3/£512] populated by the 231 keV

X 9/2'[624]111/27[615]} ® {7/2'[404]9/27[514]}, transition has a fragmented decay into several states includ-
ing thel™=19/2" highK state in the band II[K™=19/2").
This could indicate that the 1756 keV state has Higbem-
ponents which would in part explain the low hindrance of the
~ ~ 231 keV transition.

K™=41/2,1{1/2[521]3/2[512]7/2°[503] For the 634 and 654 keV transitions wifK=11 and 15,

X 9/27[624]11/2'[615]} ® w{1/2[541]9/27[514]}, respectively, hindrance factors &=2.9x10° and F=87
have been obtained. Similar transitions with laiy€ values
and low hindrancegf,=2.3—5.5 withAK=14 and 16 have
been observed if®20s [2], *Hf [3], and 178 [4]. So far,
Due to the lack of information such as alignmentsgpr  two differentK-mixing mechanisms involving shape fluctua-
factors, the configuration assignment is not conclusive. tion with respect toy deformation[2,4,8,9 and Fermi-

X9/27[624]11/2'[615]} ® ={5/2[402]7/2"[404]},

ES®+ ECM=5182 + 28 = 5210 keV,

EC+ EGM = 5640 - 401 = 5239 keV,

E+ ECM=5712 - 365 = 5347 keV.
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I"=23/2" and 31/2 states in*®%0s. The poten-
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alignment Coriolis interactioni3,5—7 have been proposed. cal , 5 )

For the largeAK(=10) transitions, the importance of the B(E2)*"'= a(l) EQOGKZO“ - 2K)%, (7
degree of freedom is emphasized by calculation using a
tunneling model9,20,39. In the following, the decay rates
for the I"=23/2" and 31/Z states will be discussed within
the framework of they tunneling model.

where the quadrupole mome@t and theK value are those
for the final state. The calculated hindrance is then written as

(6)

TABLE V. Comparison of the calculated and measured hin-
drance factors for theE2 transitions from theK™=23/2" and
éSl/ 2) states in*8%0s.

In the y tunneling model[9], no direct mixing between B(EZ)W/B(EZ),cal using th_Pf Weissvl;opf estimate of the re-
low-K and highK states is assumed. The Idw<{high) duced transition probabilityB(E2)". Table V summarizes
wave function can penetrate to the highdow-K) state by ~ the ca}ICllJ;ated results for the 634 and 654 Ke¥ transi-
tunneling through a potential barrier along theleformation ~ 10Ns In *Os. The calculated low hindrances are due to
path. The tunneling probability is defined in the semiclassicafn® small least actions as well as the small energy differ-
tunneling approximation as ence of AE=58 keV a@l“:23/_2 and AE=12 keV_atI’T
=31/2Z, and are consistent with the observed hindrances
. within two orders of magnitude. Here we note that the
T:{1+exp<ﬁv>] obser\(ed energy difference rather than th_e calculated
h value is used foAE since the standard Struntinsky-typed
potential energy surface calculation used in the present
. . _—— , v-tunneling model does not properly reproduce the energy
whereW is the WKB action,[{2Mo(V-Eg)ds Here,Vis  ittarence without, e.g., alternating the single-particle en-
the potential energy along the least action patandEyis  ¢(gies. The calculated energy levels deviates from the ob-
the zero-point energy of the h|gh—(|n|t|all) state. The ggarved ones by 500000 keV in thepresent casésee Fig.
least action can be calculated by evaluating the mass pa) Nevertheless, the calculated tunneling probabilities are
rameterMo and the potential energy at a given angular o5t hecause they are mainly determined by the height
momentun{9]. The mass parameter depends on the effecat notential barrier which is far from the potential minima.
tive pairing gapAe in the random phase approximation  The present data together with those available for the
method[40], proportional toAcf [41], and thus increases |5rge AK(=10) transitions in Hf, W, and Os nuclgsee Fig.
along with a spin caused by a smaller pairing gap. The gy Ref.[20]) show a clear correlation between the mea-
potential barrier also changes with variation in spin, i.€..sreq and calculated hindrances. It can be concluded that the
the barrlier height decreases as the nuclear shepe becom?ﬁmneling is an important process to introduce the larte
softer with respect toy deformation. The tunneling prob- mixing between the lovik and highK states. In our recent
abilities therefore depend on these two effects. For heavief [42], we have shown that the action values of the Os
Os nuclei, the least actions decrease with increasing sping,clei are considerably smaller than those of, e.g., Hf,W
due to the softness towards triaxialif20]. As shown in ’ T
Fig. 9, the potential energy surface I&=31/2 in 180s
becomes more triaxial than af=23/2, resulting in a
smaller least action fof"=31/2 (see Table V.
Assuming that the tunneling process is independent of th
electromagnetic process, the tunneling transition probability .
can be obtained as a product of the in-band transition rate Ki E, AK- W Eo Qo Feal Few
and the squared mixing amplitudé€ =~ (E,/ 7AE)?T where (keV) (A1) (MeV) (eb)
AE is the observed energy difference of the coupling stateso3;>- 634 11 6.55 0555 6.8 2410 2.9%10°
[9]. For stretchedE2(Al=2) transitions, the reduced transi- 31/Z) 654 15 500 0507 65 052 <87
tion probability thus becomes
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nuclei. This trend correlates well with the excitation energying M1, or F=6.5x 1P assumingEl. These are within the
of the y vibrationall "= 2" states which is known as an indi- systematic value$38] for K-allowed M1(F=1-1¢) and
cator of y softnesqsee Figs. 5 and 6 in Ref42]), although  E1(F=10*-10) transitions. In order to discuss this in more
the mechanisms of the two underlying collective motions,detail, further experimental information on the multipolarity
the small amplitude vibrations and the large amplitude tunis necessary.
neling, are different.

It should be noted, however, that the difference between
the calculated and measured hindrance factors becomes large
for the heavier Os nuclefN=107) where the lower hin- High-spin states in*®™0s have been studied using the
drances are observed. In addition, the calculated hindrancé®yb(13C,4n) reaction. Four new rotational bands based on
factors are smaller than the experimental values, i.e., the calhe y-vibrational, and the three-quasiparticle excitations have
culated transition strength is larger than the observed onbeen observed. From the comparison of the measgged
which indicates difficulties with the preseng-tunneling factors and excitation energies with the theoretical values,
model. This would indicate that the calculated potential surNilsson configurations were assignedk (41/2) isomer at
face is too flat. In the case of small actions, the height of th&s007 keV has been identified with a half-life of,,
potential barrier in the tunneling process is low, so that the=18(2) ns. The largeAK transitions observed itf°0s have
calculated actions sensitively vary with the parameters sucBeen analyzed in terms of thetunneling model. The result
as the Nilsson potential, the tunneling mass parameter, ansbnfirms our previous conclusion th&t mixing due toy
the zero-point energy which are involved in theunneling  softness is important for largeK transitions. More detailed
calculations. The observed discrepancy would be reduced hyvestigation on the-tunneling model is required to remove
optimizing such parameters, which is, however, beyond théhe observed discrepancy between the measured and calcu-

scope of the present work. From this point of view, further|ated hindrance factors for the heavier Os nuclei.
studies on high< isomeric decays in the heavier Os nuclei

would give an opportunity for more detailed investigation of
the y-tunneling process.

The 1=(41/2) isomer at 5007 keV has been identified to  The tandem accelerator at the Niels Bohr Institute was
have T,,=182)ns. It decays to thé=(39/2) state via a shut down at the end of 1998, but we still owe the staff many
426 keV K-allowed transition which has dipole character. thanks for their skillful operation. This work was supported
The hindrance factor is calculated to Be6.2x 10* assum- by the Danish Natural Science Research Council.
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