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Rotational and intrinsic states above theK "=252", T,,=25 day isomer in 1"°Hf
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Time-correlated, particle-taggedspectroscopy of the stable nucleti§Hf was undertaken with incomplete
fusion reactions initiated by beams ¥Be and’Li incident on targets of"%vb. Intrinsic and rotational states
above the three-quasipartick™= 25/2", T,,=25 day isomer}"*Hf ™ are reported. The rotational band
based on Hf™ has gc—gg values that are consistent with the previously suggest€d2"
®w?[7/2*,9/27] configuration assignment. A value gg=0.34(5) was derived for the collectivgfactor of
17%f M2 which is considerably higher than that found for the™9tround state. The difference is consistent
with a reduction of the proton pairing strength due to blocking in kie=25/2" v® 72 configuration. A
number of v372 five-quasiparticle configurations were identified, the highest of which is an Wast
=43/2", T,,=15(5) us isomer. It decays to an yrasf’=39/2" state, which in turn decays to a rotational
band based onl§™=233/2" state. TheK "=33/2" state decays to the rotational band associated ¥ftHf ™2,
Semiempirical calculations reproduce the excitation energies of the three- and five-quasiparticle states above
1794f M2 to within ~200 keV. The calculations predict that the lowest seven-quasiparticle state will arise from
a v°72 configuration withK ™=47/2", which is just beyond the maximum spin accessible with the reactions
employed here.

PACS numbgs): 27.70+q, 23.20.Lv, 21.10.Re, 21.60.Ev

I. INTRODUCTION only decay via low-energy, high-multipolarity-ray transi-
tions, so that they are also “spin traps,” as well lasso-

In an axially symmetric deformed nucleus, the total angu-mers. This can result in some remarkably long half-lives. A
lar momentum operatdd) and its component);) along the  prime example is th&™=25/2" three-quasiparticle state at
symmetry axis both commute with the Hamiltonian of the 1106 keV in"*Hf [1,2], which has a half-life of 25 dayS].
system. Hence, the eigenvalues associated with each operatgie decay and magnetic momd#i of this isomer(some-
(namely,J andK, respectively are both good quantum num- times referred to ad’*Hf ™) have been studied, but excited
bers. This has particular significance in the: 180 region of  gtates above it, in particular its associated rotational band,
prolate-deformed nuclei, where mult|qua5|part|ple states Withove not been reported, since it is difficult to popultHf
largeK values are common. The larievalues arise because 4 o fficiently high angular momentum. This is because the

ouasipartcle states themseive have large angular momeg!y Conventional (Hi) fusion-evaporation reaction that
quasip ge ang IS available is*"%b(«,n)'"®Hf. Though this reaction has

tum projections ) on the nuclear symmetry axis. Electro- been used to produce samplesi&Hf ™ [1,2], it would not

magnetic transitions between highstates are in principle b ted 1o lead t i lati f stat b
forbidden if the change iK is greater than the multipolarity 17eg|_(|afxn[32(ac ed to lead to a strong population of states above

of the photon. In practice, transitions proceed due to admix- , )
tures of otheiK values into one or both of the states, though N the measurements reported here, incomplete fusion or
the decay is often severely retarded. Hence, the approximat@reakup” reactions, were employed to populate states up to
Conservation Of thd( quantum number can |ead to meta- ~22h in 179Hf, and thUS enabled the IeVel structure abOVe
stable (“isomeric”) behavior for many states which are %4t M2 to be studied for the first time. These states include
based on high&, multiquasiparticle configurations. the rotational band based dA®Hf ™2, which allows an inde-
A number of multiquasiparticle states in the heaviestpendent characterization of the isomeric configuration via the
stable hafnium nuclei are so highly favored that they carin-band branching ratios. In addition, four new three-
quasiparticle states were found, and placed relative to
17%4f ™2 with the aid of time-correlateg-vy coincidences. It
*Joint appointment with the Department of Physics, The Faculwas possible to make configuration assignments to two of
ties, The Australian National University, Canberra, ACT 0200,these states from the characteristics of their associated rota-

Australia. tional bands. Furthermore, a number of five-quasiparticle
"Permanent address: National Accelerator Center, Faure, Sousitates were identified. Configuration assignments were made
Africa. from a comparison with multiquasiparticle calculations that

*Permanent address: LaboratoPelletron, Departamento dé-Fi  included configuration-dependent blocking of pairing corre-
sica Nuclear, Instituto de §ica, Universidade de 8aPaulo, Sa lations and residual orbital-orbital interactions. A rotational

Paulo, Brazil. band was established on one of these states, and its branch-
Spresent address: Argonne National Laboratory, Argonne, ILing ratios agreed with those expected for the assigned con-
60439. figuration.
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FIG. 1. Partial level scheme fdr*Hf in which one-quasineutron states and associated rotational bands are shown. Also shown is the
proposedK "=17/2" three-quasiparticle state which decays to the ground-state band.

Il. EXPERIMENTAL TECHNIQUES ployed a thick Al disk (160 mg/cm) of diameter 16 mm,
as did the’Li measurements, which reduced the active solid
angle of the front detectors by about 50%.

It was also found useful to analyze some archived data
that were obtained from th&Be+ 1®Yb reaction at 40 MeV,
\)Nhere time-correlated coincidences were measured with the

CAESAR array with a beam that was bunched into nanosec-
ond pulses separated by 864 [14]. A number of weakly
populated low-spin states were found that were not observed
in the particle-tagged data.

The measurements were performed with beamsBé
and ’Li ions provided by the ANU 14UD Pelletron accelera-
tor. Self-supporting metallic foils of’®Yb, isotopically en-
riched to 96%, were used as targets. THBe beams were
continuous and delivered at energies of 55, 45, and 38 Me
The nominal target thickness was 4.6 mgfcfor the 55
MeV measurement, while a thinner target of 2 mglaomas
used for the two lower beam energies. States’if were
populated via thea2n exit channel, where thex-particle
yield came mainly from breakup of the beam. This process is
known as “incomplete fusion” or “massive transfef5—7], IIl. DATA REDUCTION AND ANALYSIS
and is believed to occur for collisions localized forward of
the grazing angle. To first order, the reaction mechanism can
be considered as breakup into + “ °He,” followed by The level scheme for"*Hf is shown in three parts for
fusion and evaporation of the forf®vb(** °He,’’2n)*"*Hf. clarity. In Figs. 1 and 2, the one-quasineutron states are

The Li+'"%Yb reaction populated states i¥*Hf via  shown, together with some three-quasiparticle states that de-
three possible exit channels, namghgn, d2n, andtn. The  cayed to the ground-state band. The higher spin structure
yield of 1"®Hf (and 1"®Hf) was found to be similar to that of proposed to reside above tK&=25/2" metastable state is
1 u and *"8.u, which were populated via4n and a3n  presented in Fig. 3. All transitions above this state were de-
emission, respectivelj8]. Particle-taggedy-y coincidence coupled from the rest of the level scheme, due to the long
data were acquired at 50 MeV with continuous beams. Delifetime of the isomer. In the analysis of thg,,=55 MeV
layed y-y coincidences were measured at a beam energy afata, the assignment of these transitiond’fif was guided
45 MeV where the beam was chopped with on/off periods oby the dependence of the relatiyeray intensity on whether
11/324 us. the a particle was detected in the front, middle, or back

The ANU Particle Detector BallPDB) is an array of 14 elements of the particle detector ball, since, as discussed in
fast/slow plastic scintillators which covers85% of 47 and  previous publication$12-14], this shows an empirical cor-
detects charged particles using the phoswich techrjigjudt relation with the relative yield of a particular isotope. The
was placed around the target position at the center of thangular dependence of the relative yield also changed with
CAESAR y-ray array[10]. All -y coincidences within 856 the bombarding energy, probably due to the dependence of
ns of the detected charged particle were recorded. Pasticle-the grazing angle on the latter. It was found that the
measurements were also undertaken at 55 and 45 MeV with-particle yield associated with’*Hf was strongly forward
the °Be beam. peaked at 55 MeV, so front-gated and middle/back-gated

In order to reduce the amount of scattered beam incidenmnatrices were produced. Coincidence intensities for known
on the front particle detectors, they were screened wittbands in1""Hf [15-17, 1’84f [18], and 1"Hf [19] were
~46 mg/cnt Al absorber foils for the measurement made atextracted from the two matrices. A ratio of they coinci-
Ege=55 MeV. The 45 and 38 MeV measurements em-dence intensities of the forrRss(F/MB) was generated to

A. Level scheme and intensity ratios
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FIG. 2. Partial level scheme fdf*Hf in which states that were only observed in the 38 Me\-y and 40 MeV nanosecond-pulsgey
data are shown. These states arise from nonyrast one-quasineutron orbitals and possible three-quasiparticle structures, one of which may be
a higher-lyingk "= 17/2" configuration.

aid with the assignment of new bands that could not be con R(FM45/55)" ratio [Fig. 4b)] showed separation be-
nected to the known level schemes in either prompt or detween 1"*Hf and 178Hf for the entire spin range, which pro-
layed coincidence. The results are shown in Fi@).4The vided unambiguous confirmation of the assignments made on
low yield of 1"*Hf in the middle-back matrix relative to that the basis of théRsg(F/MB) ratios.
in the forward matrix resulted in poorer statistical accuracy At Eg.=38 MeV, the beam energy was just above the
for the 1"°Hf Rs5(F/MB) intensity ratios when compared to Coulomb barrier Y.,=36 MeV), and there was no mea-
those for"8f and 17"Hf. surablea-particle yield in the front elements of the particle
At Eg.=45 MeV, the ratio of!"*Hf to 1"8f was found  detector ball. Hence a middle/back-gated matrix was pro-
to be essentially the same for both the front-gated andiuced, and these data were essentially pur&’$Hf, which
middle-gated matrices, so they were added together. Thallowed the observation of a number of weak transitions
back-gated matrix contained a higher fraction of events asfrom low-spin, nonyrast states.
sociated with 8Hf, but though a ‘R,g(FM/B)” ratio Five new rotational bands were found, only one of which
showed separation of lower spin transitions iffHf and  decayed to known states iW°Hf. The other four did not
1784, it found to be of little use in the cross-check of the show coincidences with known lines in any of the hafnium
assignment of new high-spin transitionstfOHf. This could  isotopes that were present in the data. All four bands were
have been due to the effect of the absorber disk whichweakly populated in the 55 MeV middle-back matrix, which
stopped the most forward-peaked particles. Instead, a hampered the extraction of reliabiReg(F/MB) intensity ra-
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FIG. 3. Partial level scheme fol”®Hf in which states above th&™=25/2", T,,=25 day isomer are shown. The levels of the
ground-state band are shown to provide an energy scale.
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obtained. Since no significant changes in quadrupole defor-

mation are expected between the ground and multiquasipar-
[ ] ticle states, the same value@f, was used for all bands. This

100 - 1pf - _§_§. 1 was taken from the measured quadrupole moment of the

)
é i 9/2* ground state, namely, 3.79(39 b [20] which corre-
o [ sponds t0Q,=6.95(6) eb. The extractedyx factors are
50 - shown in Table II.
[ 178Hf gsb
[ 1T
0.0 [ty : : . IV. ROTATIONAL BANDS AND CONFIGURATION
20F ®» ] ASSIGNMENTS

. kY § %Nm ] A. One-quasineutron configurations

. = ] The one-quasineutron intrinsic states presented in Figs. 1
1ok - - i ] and 2 had all been observed in previous light-ion transfer
{ gy studies by other investigatof21-24 and in theB™ decay
05 L = ] of 1%u [25]. Some of the rotational levels based on these
. T g ] intrinsic states had also been previously observed; additional
oob v v e higher-spin levels were found in the present work, and for
0 5 10 15 20 the sake of completeness are reported briefly below.
Spin (h)

R(FM45/F55)

1. 92%[624] ground state
FIG. 4. (a)"“Forward/middle-back” at 55 MeV intensity ratios
(see textfor y-y coincidences within known bands #Hf, 178Hf, The band based on the stable 9/ground state had been

and °Hf (open symbols together with those for transitions above Previously observed up to the 21/3tate from the decay of
m_ ivarticle i i i 94f M2 It has been extended to its 27/2state in the
the K™=25/2" three-quasiparticle isomeric state *Hf (solid .

symbols, labeled by transition energy in KeVb) FM45F55 in-  present data. Negative, values were found for the strongest

tensity ratios for'”*Hf and 178Hf. AJ=1 cascade transitions, which imply negative mixing ra-
tios. Hence, the negative sign was taken fok € gg)/Qo-

tios, but clearly suggested that they should all be assigned fbhe value ofgx= —0.22(4) is in good agreement with the

17%4f. One band was populated with twice the intengity ~ Nilsson model estimate, in contrast with the analogous band

the forward-gated matrjxof the strongest of the other three in the isotone'®W. This suggests that th€ mixing is not as

(see Table)l In Fig. 4a) this band is represented by solid strong in "*Hf as it is in *¥'W. A similar conclusion was

symbols that correspond to the 287.0 and 309.6 keV transieached for the 9/2 bands in the\= 105 isotones'’'Hf and

tions. TheRsg(F/MB) ratios clearly show that the band be- 1’%. This may reflect a more negatiyg, deformation in

longs to "°Hf, and due to its intensity, it has been assignedthe W isotope$26] when compared to their Hf isotonfz3],

to the K™=25/2" isomer, since this state is yrast by since this distortion leads to an energy compression of the

~500 keV. The assignment t&’°Hf is confirmed by the i3, orbital “fan,” which mediates greatel mixing.

R(FM45/F55) ratios shown in Fig. @). A coincidence

spectrum gated by the 287.0 keV transition is shown in Fig. 2. 727[514] state at 214 keV

5(a). The spectrum shows members of the rotational band

assigned to th&”=25/2 state, but there are also transi- nded to its 23/2 member, whereas it had been previousl
tions that belong to another band which decays via an 847.t.le ’ : P y
Observed only to the 1172state. Sinceyk=gg for this con-

keV transition. The two remaining bands are both in CO'nC'_figuration, theB(M1) strength is very weak, and theJ

dence with the 298.8 keV transition, which is assigned to_1 cascade transitions are not observed above the 13/2
"%Hf on the basis of its intensity ratios. A coincidence spec- _ " v v

trum gated by the 298.8 keV transition is shown in Fig)5 level.
where members of both bands can be seen.

The band based on the 7/Zirst excited state was ex-

3. ¥27[510] state at 375 keV

B. Branching ratios and angular distributions The 1/2° state that arises from the I/510] neutron
orbital is isomeric, with a half-life of 18.67 s, since it can

~ i only decay to the 7/2 state via arM 3 transition. The band
calculate values of gy —gr)/Qq from the observedy-ray based on this state had been previously established to its

branching ratios. Brgnchlng ratios do not determine the S19%/2- state from light-ion transfer studies, but it was possible
of (9~ 9r)/Qo, but it can be defined througpray angular 7oy oo ihe decay from the 25/Znember in the present

anisotropies which depend on both the sign and the magn}data
tude of the mixing ratios of thAJ=1 cascade transitions. In '
the present cases, the partigletata were used to determine _
the sign of theA, coefficient where possible, from a fit to 4. 927[512] state at 519 keV

three-point angular distributions. If the collective moments The first three levels of this band had been assigned from
gr and Q, are known, then the intrinsig factor gx can be the light-ion transfer data. It was observed to its I5f@em-

The well-known rotational model formulas were used to
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TABLE I. Measured and derived quantities fgeray transitions in'”®Hf. All intensities taken from 55
MeV °Be particley-y data except where noted. A, values taken from 55 MeV particlg-data.

E, (keV) Elevel (keV) L, Azl Ag (7, K)— (I ,Ky)

(91) 2548.8 (33/2,33/2)—(29/2",29/2)
97.7 680.8 0.01) 9127 ,1/27127,1/2
98.6 617.5 1.01) 7127, 5/2—5/2",5/2
101.4 476.0 5.0) 5/27,1/2—1/2",1/2
106.1 582.4 1.3) 7127 ,1/2-5/27 112
122.9 122.9 50@.3 -0.324) 11/2",9/29/2* ,9/2
123.3 338.0 8.6Y) 9127, 7127127712
123.3 1198.7 o 2 (7127 ,5/2)— (52" ,5/2)
126.0 743.6 1.0) 9/27 5/27/2" 512
146.3 269.2 27@.1) -0.376) 13/2",9/211/2",9/2
149.9 1348.8 0m)2 (9/27,5/2)— (712 ,5/2)
150.0 488.3 2@ 11/27,7/2—9/127, 712
1535 897.3 0.7) 11/27,5/2—9/27,5/2
161.1 680.2 48)° (3/27,1/2)—5/2",5/2
161.3 582.4 0.9) 7127123127 ,1/2
170.0 439.3 16.46) —0.4010) 15/2",9/213/2" ,9/2
171.0 3437.9 g)°P (39/2°,39/2)—(37/27,37/2)
171.4 788.7 1.6) 2 (5/27,3/2)—7/2" 512
176.3 664.8 0.4L) 13/27,7/2—11/27,7/12
179.5 1077.0 04) 13/27,5/211/27,5/2
182.9 701.7 2.8)° 5/27,1/2—5/2",5/2
192.8 632.1 8. ~0.1815) 17/2",9/2—15/2",9/2
202.2 721.1 6.8)° 3/27,3/2-5/27,5/2
204.8 680.8 3.8) 9127 ,1/2-5/27,1/2
207.2 1282.2 082 (15/27,5/2)— (13/2,5/2)
210.9 1521.3 448) 19/2°,17/2-17/27 1712
210.9 912.4 2.2 (9/27,1/2)— (5127 ,1/2)
214.6 214.6 34(D) -0.2915) 71277129127, 912
215 788.7 0.01) @ (7/27,3/2)—3/2",3/2
217.6 849.6 4.B) 19/2",9/217/2",9/2
224.7 743.6 0.4) 9/27,5/2—5/2",5/2
232.9 1754.3 1@) 21/2" ,17/2-19/2" 1712
236.7 1086.1 2@ 21/2+,9/2-519/2",9/2
254.3 2008.4 04) 23/2",17/2-21/2" 1712
260.7 843.0 1.®) 11/27,1/2—7127,1/2
266.0 1352.0 1Q) 23/2+,9/2-521/2",9/2
268 1972+ A 0.4(1) (21/2,19/2)—(19/2",19/2)
269.3 269.3 11.@) 0.2313 13/2",9/2—9/2* ,9/2
269.9 788.7 3.6)2 (5/2°,3/2)—5/2",5/2
273.4 1625.4 04) 25/2+,9/2-523/2",9/2
273.7 488.3 13.®) 0.2911) 11/2°,7/2— 712,712
273.9 2282.3 0Q) 25/2% 17/2-23/2" 1712
(274 (2134 <0.1 (23/2°,19/2)—(21/2",19/2)
274.2 1348.8 1) (9/27,5/2)—5/2",5/2
275.0 1679.8+ A 2.43) 0.2619) (23/2",21/2)— (2112, 21/2)
279.4 617.5 1.@) 71275129127, 712
280.1 897.3 0.8) 11/27,5/2— 712 ,5/2
283.3 1688.1+ A 0.9(1) (21/2*,21/2)— (21/2",21/2)
287.0 1393.0 7@) 0.00(11) 27127 ,25/2-25/2",25/2
(287 (2258+A) <0.1 (2312 ,19/2)—(21/27,19/2)
294.9 1974.7+ A 1.4(2) (25/2",21/223/2",21/2)
298.8 1405.0 56) -0.0311) 23/2",23/2-525/27,25/2)
304.3 519.0 12.(6) 0.31(16) 5/27,5/27/27,7/2
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TABLE I. (Continued)

304.7 985.5 40 13/27,1/2—9/27,1/2
308.6 1713.4 23 0.4325) 25/2",23/2-523/2",23/2
309.6 1702.0 6.@) 0.2013) 29/27,25/2-27/2",25/2
313.2 2287.9+ A 0.6(1) (27/2%,21/2)—(25/2",21/2)
316.5 439.3 12.®) 0.2212) 15/2",9/2—11/2",9/2
319.8 936.8 2.(6) @ (7/27,312)—7/2" 512
320.2 1256.8 03?2 (11/2°,3/2)—(712,3/2)
326.8 664.8 143) 13/27,7/2—9/27,712
331.2 2044.7 0@) 27/2",23/2-25/2",23/2
331.3 2033.9 23 29/2°,25/227/2,25/2
334.2 1077.0 0@) 13/2°,5/2—-9/2 5/2
336.0 3773.9 WP (43/2",43/2)—(39/27,39/2)
338.0 338.0 7.@)2 9/27,7/2—9/2",9/2
348.4 2897.2 0® 0.3325) (35/2°,33/2)—(33/27,33/2)
352.5 2397.2 0@) 29/2",23/2-27/2",23/2
352.8 2386.6 0@ 31/2°,25/2-529/2",25/2
353.3 1196.3 0@) 15/2°,1/2—11/27,1/2
362.9 632.1 10(B) 0.26112) 17/2",9/2—13/2",9/2
365.5 1675.8 0® ¢ (19/2+,19/2)—~17/2" ,17/2
370.4 3266.4 04) (37/2,33/2)—(35/2",33/2)
373.2 2770.4 0.1) 31/2+,23/2-529/2",23/2
373.5 2760.0 0Q) 33/2°,25/2531/2",25/2
378.2 866.5 8.@) 0.317) 15/2°,7/2—11/27,7/2
387 1282 0.81) (15/27,5/2)— (11/2",5/2)
(391 (3658 <0.1 (39/2 ,33/2)—(37/27,33/2)
(392 (3151 <0.1 (37/2,25/2)—35/2" 25/2
(392 (3162 <0.1 (33/2,23/2)—25/2" ,23/2
396.2 1381.9 2@ 0.31(16) 17/27,1/2—13/27,1/2
402.8 617.2 366)2 71275127127, 712
410.3 849.6 8.8) 0.3412) 19/2",9/215/2",9/2
422.4 1827.2+ A 0.82) (23/2°,23/2)—(21/2",21/2)
428.4 1093.2 8.5) 17/2°,7/2—13/27,7/2
443.2 1754.3 0@ 21/2%,17/2-17/2",17/2
453.9 1086.1 6.0 21/2%,9/2—17/2%,9/2
474.1 1856.0 1) 21/2°,1/2-17/2°,1/2
477.9 1344.4 3@ 19/2°,7/2—15/27,7/2
486.4 2008.4 0Q) 23/27,17/2-19/2" ,17/2
502.3 1352.0 3@ 23/2",9/219/2",9/2
(516) 2548.8 <0.1 (33/2°,33/2)—31/2" ,25/2
525.0 1618.2 1@) 25/2%,9/2—21/2%,9/2
531.9 870.1 40)2 7127, 7129127, 7/2)
539.1 2395.0 0.1) 21/2°, 71217127, 712
539.6 1625.4 1@ 25/2°,1/2—21/2" 1/2
549.4 1859.7 10)° (21/2%,19/2)~17/2 ,17/2
(556) (2258+A) <0.1 (23/2°,19/2)—(19/2",19/2)
569.6 1974.7+ A 0.52) (25/2",21/2)— (21127 ,21/2)
571.2 1915.6 0@) 23/2°,7/2-19/2°,7/2
591.1 1943.1 0@) 2712+ ,912—23/2%,9/2
597.0 1702.6 5®) 29/2°,25/2—25/2",25/2
607.5 2287.9+ A 0.6(2) (27/2° 2112y (23/2",21/2)
639.4 2044.7 0Q) 27/2",23/2-23/2",23/2
640.4 2033.9 08®) 31/2°,25/227/2",25/2
655.9 870.1 5@)2 71275127127, 712
678.4 1310.5 0Q) 17/2",17/2-17/2",9/2
683.5 2397.2 0Q) 29/2",23/2-25/2",23/2
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TABLE I. (Continued)

683.9 2386.6 0@ 33/2°,25/2-529/2" ,25/2
718.5 3266.4 0@) (37/27,33/2)—(33/2",33/2)
725.5 2770.4 04) 31/27,23/2-27/2" 2312
725.8 2760.0 o) 35/27,25/2-531/2",25/2
847.1 2549.0 1@ (33/27,33/2)—29/2",25/2
860.4 1074.9 10() @ (527,512~ 712", 712
870.1 101) 2 870.1 712, 712912 ,9/2
871.1 1310.5 4@) 0.1317) 17/2%,17/2—15/2",9/2
933.4 1372.8 0@)° (17/2%,17/2)—15/2" ,9/2
1041.0 1310.5 8(6) 0.2414) 17/2%,17/2—13/2",9/2
1052.4 1491.3 0@)° (17/2F,17/2)—15/2" ,9/2
1103.5 1372.8 1(p)° (17/27,17/2)—13/2",9/2
1222.0 1491.3 1(3)° (17/27,17/2)—13/2",9/2
1351 2457 0.e1) d (29/27,29/2)—25/2",25/2

@Taken from 38 MeV°Be a-vy-vy, wherel ,1304.3=88.4 (not normalized to 55 MeV daja

bDelayed intensity from gate Ofg47, Normalized t0y,g; (us-chopped 45 MeVLi data).

Taken from nanosecond-pulsed 40 MéBe y-vy data.

9Delayed intensity from sum of gates on,,+ yszs, Normalized toys,s (us-chopped 45 MeVLi data).

ber in the 38 MeV data obtained here, but was only weakly B. Three-quasiparticle configurations
populated at the two higher bombarding energies. 1. K"=252", T,,,=25d state at 1106 ke\A7%Hf ™

_ _ _ _ The only previously known multiquasiparticle state in
5. 327[512], 727[503], ¥27[521], and 327[523] states at 721, 179%f was theK ™= 25/2" three-quasiparticle isomét.,2].
870, 614, and 1075 keV, respectively Its metastability T,,=25 dayg3]) makes it a configuration

Evid for th lati f th daf of considerable interest. It is analogous to the™
vidence for the population of these states and a few as= 939t T,,=11 s three-quasiparticle state i ’Hf

sociated rotational levels was found only in the 38 MeV datawhich arises from coupling the 7/2514] ground-state neu-
They were assigned from comparison with the light-ioni.qn orpital to the 7/2[ 404/ 9/2 [514] excited pair of
transfer dat§21—-24, and the~ decay of"%Lu [25]. Most quasiprotons. In1"Hf, the coupling of the 9/2[624]

of these states decayed directly or indirectly to the BBA2]  ground-state neutron orbital to the same pair of quasiprotons
state, as shown in Fig. 2. results in theK”=25/2" configuration. The extractedy
value agrees wel(Table 1) with the previously mentioned
v9/2" w?[7/2",9/27] configuration. It is worth noting that
Gate: 287.0 keV ] there is no ambiguity concerning the purity of the 8vo-
quasiproton component, since the mixing that occurs be-
tween ther?[9/2",7/2" ] and w?[9/2,7/2"] 8~ configura-
tions in the'"®Hf core[27] is removed by the addition of the
9/2* quasineutron. This will be discussed in more detail be-
low.

3
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©
@
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N}
S

counts per channel
» o
(=] [=]

(=]

3
S

(b1
Gate: 2988 keV ] 2. K™=232* and 2¥2* states at 1405 and 1488A keV,
1 respectively

213 (8Hf)
2750

80

Hf X=roys

The two bands that were assignedtHf due to coinci-
dences with the 298.8 keV transition have been placed above
17%4f M2 as is shown in Fig. 3. One is proposed to be based
on aK™=23/2" three-quasiparticle state that arises from the
v712” 7?[7/2",9/27 ] configuration, where the purity of the
w28~ component is guaranteed by the presence of the 7/2

FIG. 5. (a) Coincidence spectrum from a projection made on theduasineutron. Thew 298.8 keV transition is asiigned as the
287.0 keV transition in"Hf, which is assigned as the lowest cas- decay from theK7=23/2" bandhead to theK7”=25/2"

counts per channel

cade transition in the rotational band based on Kfe=25/2",  state, '"*Hf ™. The other band that is coincident with the
T.,=25 day isomer {"*Hf ™). (b) Coincidence spectrum made 298.8 keV transition has been assigned to Ke=21/2",
from a projection on the 298.8 keV transition 1°Hf. v9/2" w?[ 712" 5/2" ] three-quasiparticle state. In both cases

044315-7



S. M. MULLINS et al. PHYSICAL REVIEW C61 044315

TABLE Il. Configurations and)y factors for single-quasiparticle and multiquasiparticle staté$%f.

Configuratiorf Ok
K™ v T Expt. Nilssor® Semiempiricaf
9/2* 9/27[624] -0.224)°  -0.245
712" 7/27[514] 0.31(4)® 0.28
5/2° 5/27[512] -0.29112> -0.38
1/2° 1/27[510] -1.79
12’ 1/27[521] 0.68
17/2° 0.124)° 0.241),(v1/2” ®8, [178Hf])
0.484) ¢
7127,9/2",112° -0.07

12 7/12%,9/127 0.84

12~ 712%,9/12 0.51
21/2° 9/2" 7/2%,5/2°  0.545)°¢ 0.48 0.518),(v9/2" ® w26 T [178Hf])

5/2" 7/2%,9/2" 0.67 0.713), (¥5/2~ @ w28 [Nilsson])
23/2% 712" 7/27,9/27  0.8620)° 0.78 0.79(10), ¢7/2 ® w8 [Nilssor)
25/2° 9/2* 7/12°,9/27 0.607)° 0.55 0.561), (»9/2" ® w28 [Nilssori)
(33/27)  1/27,7127,9/2%  7/2F,9127 0.464)° 0.45 0.466), (v1/2° ®16"[173Hf])

8m:7/27:7/2[404]; 9/2:9/27[514]; 5/2":5/2'[402]. v: as shown.

b(gx — gr)/ Qo Negative,Qy=6.95(6) b, gr=0.22(3) (one-quasiparticle statesandgg=0.3 (17/2" state.
“(gk— dr)/Q, positive,Q,=6.95(6) b, gg=0.345)(25/2", 23/2", and 21/2 state$, andgg=0.3 (17/2"
and (33/2") states.

dNilsson wave functionsgs=0.7gs,ee, deformations of §,, &,)=(0.254,0.053).

®Combination of present single-quasineutgynvalues with multiquasiparticle components frdfiHf [14]
where available, otherwise Nilsson value used(farre 728~ (gx=1).

102 T T T T T T T T T
. . (a) {287.0}{309.6}
the meangy values extracted from the in-band branching

ratios are in reasonable agreement with the Nilsson and
semiempirical predictions. A spectrum of the intermediate 10l
time between the 298.8 keV transition and the lowest 23/2
band membe(308.6 keV is consistent with a half-life of
4(1) ns, as is shown in Fig.(B). It is proposed that the 2172 "l
band head decays to the 23/8tate, since if it fell below the 100 P——+——
latter, it would have to decay to the 25/2somer via arivi2
transition. A lifetime in the region of microseconds would
then be expected, whereas a half-life of2s was derived
from a projection of the time difference between the 298.8
keV transition and the 275.0 keV 2172and member, as is
shown in Fig. 6c). There was no evidence for a 21/2
—23/2" y-ray transition, presumably because it has low en- 100
ergy and is heavily converted. This concurs with our multi-
quasiparticle calculations, which predict that the 234hd
21/2" states should lie close in excitation ene(@gble 11I).

Two other y-ray transitions were found to be in coinci- 101
dence with the 298.8 keV transition, and they both showed
time correlations consistent with their placement above the
21/2" state. The 283.3 keV transition may decay from a 0
K™=19/2" three-quasiparticlev7/2” w*[5/2",7/12*] con- T, 0 50 100
figuration. No branching ratio information could be extracted time [ns]
from the band built on this state, since it was possible to FIG. 6. Intermediate time spectra betwdehthe 287.0 and the
identify only the first cascade transition. The 422.4 keV tran-309.6 keV transitions(b) the 298.8 keV and the 308.6 transitions,
sition may decay from a seco”=21/2" state that is ex- and(c) the 298.8 keV transition and the 275.0 keV transitions, in
pected from thev5/2” 72[7/2*,9/2" ] configuration. 17945,

\ ‘prompt’ i

T T T
g
—
[
0
I
o
e
w T
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TABLE llI. Calculated and observed excitation energies for multiquasiparticle state€Hh

Configuratiorf Energy(keV)
K™ v ™ Eqp Eresid Ecaic Eexpt
9/2* 9/2* 0 0 0 0
712 712 176 0 176 214
512~ 5/2~ 394 0 394 519
1/2- 1/27 528 0 528 375
1/2- 1/27' 565 0 634 614
3/2 3/2” 659 0 659 720
7127 7127 802 0 802 870
17/2" 7127 ,9/2"7 1/2 1677 -131 1546 1310
17/2" 1/27 7/2% 912~ 1782 -143 1639 (1372
17/2" 1/27' 7/2% 912~ 1818 -85 1733 (1491
19/27 ra 7/2% 5/2F 1647 —-223 1424 (1688A)
19/2" 7127 ,9/2" 312~ 1805 -55 1750
19/2° 3/2” 7/2% 912~ 1912 -98 1814
21/2¢ 9/2* 7/2" 512" 1471 -193 1278 1406A
21/2 5/2 712+ 912~ 1647 -151 1495 (1827A)
23/2" 712 712t 912~ 1429 -200 1229 1405
25/2° 9/2" 712t 912~ 1252 -129 1123 1106
29/2" 3/2,9/27 1/27 7/2% 912~ 3450 -190 3260 (2457
29/2° 7127912 112~ 7/2% 5/2F 3148 -397 2751
31/2° 7127 ,9/2" 312~ 7/2* 5/2F 3276 —-290 2996
31/2° 5/27,9/2" 1/2~ 7/2% 912~ 3150 +306 3456
33/2° 7127 ,9/2" 112~ 7/12% 912~ 2930 -359 2571 2549
33/2" 71279127 7127 7/2" 512" 3635 -313 3322
35/2° 7/27,9/2" 312~ 7/2%,9/2~ 3058 —-237 2821
35/2" 7127,9/12% 7127 7/2* 512" 3419 -313 3106
35/2° 712751277127 7/2% 912~ 3605 —473 3132
39/2° 7129127 7127 7/2% 912~ 3201 —-269 2932 3437

3347°

43/2° 7/27,9/2% 11/2*F 7/2% 912~ 4315 272 4043 3774
47/2 7/27,9/2% 71273127 52~ 7/12% 912~ 5151 -517 4634

aSingle-quasiparticle orbitals labeled with asymptotic Nilsson quantum numbegs2":9/2"[624];
7127:7/27[514]; 5/27:5/27[512]; 1/27:1/27[510]; 1/2"":1/27[521]; 3/2 :3/27[512]; 7/2"":7/27[503];
11/27:11/2°[615]; m:7/27:7/27[404]; 9/2 :9/2 [514]; 5/2*:5/2*[402).

PEmpirical estimateE,(39/27) =E (16" [Y8Hf]) + E,(»7/27[503]) + E i =30 keV).

3. K™=17/2* state at 1311 keV than ther1/27[521] orbital) to the 8 two-quasiproton and

The only three-quasiparticle band that could be connectevo-guasineutron components in th&Hf core. These two-
directly to known states int’°Hf decayed to the 13f2  duasiparticleK™=8" core-states are, as noted earlier, known
15/2°, and 17/2 members of the 9/2 ground-state band, to be mixed, which suggests that the 8omponent in each
consistent with an assignment &™=17/2" to the band- of the 17/2" configurations in*"*Hf will probably not be
head. Our multiquasiparticle calculations indicate three pospure. In this case thgy value for the 17/2 band will devi-
sible K™=17/2" configurations that should lie within ate from that expected for the unmixed configuration. Unfor-
~200 keV of each othe(see Table Ill. The lowest of these tunately, the sign ofdx —gr)/ Qg could not be determined,
is the »%[1/27[510],7/27,9/2"] configuration, while the due to the weakness of the cascade transitions in the particle-
next two, in increasing order of energy, are they data. If the negative sign is taken, then the lgwvalue
v1/27[510|7%[7/2",9/27] and v1/2 [521]7?[7/2",9/27] obtained(Table 1) suggests that the dominant component in
configurations. Hence, the calculations suggest that the twihe configuration is/>. If the positive sign is taken, then the
lowest states can be considered as coupling of they value is in accordance with the purd/2 [521] 728~
v1/27[510] orbital (which is 239 keV lower in excitation configuration, but considerations of the relative excitation
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energies of the possible 17/2configurations(Table Il)
make this a doubtful scenarié. priori it might be expected
that thegk value obtained from combining the lower of the
mixed 8 states observed iA"8Hf with the 1/27[510] or-
bital would agree with experiment, but this is not the case
(Table 1. The problem can be inverted by using additivity
to obtain thegk value for the 8 component from the ex-
perimentalgy value for the 17/2 band, if the Nilssorgy 0
value for the 1/2[510] neutron orbital is assumed. The re- -
sult isgx=0.62(2) for the 8 component, consistent with a
v?[ 36%] %[ 64%] mixture, which suggests that the relative
energies of the unmixed? and »?8~ components int"*Hf
have shifted as the neutron Fermi level moves higher. This
suggestion is consistent with the fact that k&=8" iso-
meric states in'®Hf and ®Hf have essentially purer?
charactef28,29. 0
Candidates for the relatei"=17/2" state, which would
arise from the complementary 8] 64%] [ 36%] mixed
component coupled with the 17p510] neutron, are limited FIG. 7. Coincidence spectra gated ) the 847.1 keV transi-
to a few weakly populated states that are shown in Fig. otion and(b) the 1351 keV transition, obtained from the out-of-beam
These states were only observed in the 38 Me\f-y and (45 MeV'Li) data _in t_he time region 0-8Qus. The reIa’Fiver
the 40 MeV archived data. Two of them decay both to theStrong Hf x rays arise in ,S,pec,tr“lsb) from electron conversion of
15/2" and 13/2 members of the ground-state band, which ist® 93 kethh—>0 trar:(sutnoln in ", which is mfollc?e;?yed comn-
consistent with assignments 6 = 17/2* . This suggests, in Cence with the 1351 keV line vig"/EC decay of*"Ta.
accordance with the multiquasiparticle calculations, that
there might be two higheK™=17/2" configurations. No 847.1 keV transition from the microsecond-chopped
associated rotational transitions could be found in eitherLi-induced data in the out-of-beam time region. This spec-
case, but there are also three other states that decay directiyym, with a time condition optimized such that the pair of
to the lowestK™=17/2" state. These states may be unre-coincidenty rays were recorded within 8@s of the beam
lated, but they could be rotational levels associated with onéurst, is shown in Fig. (). In addition to the two lowest

@ Gate 847keV, out—of—beam

S
2870

1710

Hf X-rays

counts per channel

Gate 1351 keV, out—of—beam

s per channel
S
Hf X—rays |-
93 (78Hf)
70
3360
3484

count:
3704

] ﬂ
5.0 ' 150 250 3-%0 * 450 * 550
E, (keV)

or both of the higher 17/2 configurations. members of both the 25/2and 33/2 bands, peaks &,
=171 and 336 keV can be seen. These transitions were
C. Five-quasiparticle configurations found to be mutually coincident, which suggests that they

decay sequentially from a long-lived state into the 37/2
member of the 33/2 band. A fit to the time spectrum pro-
The 847.1 keV transition to the 2972rotational level jected on the 847.1 keV transition is consistent with a half-
associated with th&™=25/2" isomer was assumed to have life of 15(5) us of the isomeric state, as is shown in Fig. 8.
stretchedE2 character, and hence that it decayed from arhe ordering of the two transitions was fixed by the obser-
K7=(33/2") state. This is consistent with the evidence for avation that the 171 keV transition decayed with a half-life of
weak 516 keV transition to the 31/2band member and the 12(6) ns when a projection of the intermediate coincidence
lack of a transition to the 27/2rotational state. The lowest time was made between the 336 keV transition andktfie
two cascade transitions could be confidently assigned to the (33/27) band members. Delayed intensity balances sug-
band based on th€™=(33/2") state, with a weak crossover gest that the 171 keV transition has a total conversion coef-
transition that was more clearly observed in the measuremefficient of «,,;=0.7(3), which is consistent with a mixed
made with the’Li chopped beam. Our multiquasiparticle M1/E2 character. Similarlyg,,=0.5(3) was found for the
calculations predictTable Ill) that a five-quasiparticleK™ 336 keV transition, which is consistent with &h2 assign-
=33/2" state, which arises from the ment. This suggests that the 171 keV transition probably
v3[7/27,9/2" 112" 1% 7/2",9/2" ] configuration, should lie decays from aK™=39/2" five-quasiparticle state which
close to the observed excitation energy. The branching ratigrises from the3[7/27,9/2",7/2~ 17 7/2",9/2" ] configu-
obtained fromus-chopped'Li data was consistent with@x  ration. TheM2 assignment to the 336 keV transition sug-

value that agreed with this configuration assignment. A half'gests that it deexcites K™=43/2" state which most likely
life of 30(10) ns was obtained from a projection of the inter- 5iises from thewd[7/27,9/2+ 11/27 1=2[7/27,9/27] five-

mediate coincidence time between transitions above and b%]‘uasiparticle configuration.
low the K™= (33/2") state.

1. K™=(3327) state at 2549 keV

2. K™=(3927) and (432") states at 3438 and 3374 keV, 3. K™=(292") state at 2457 keV

respectively When out-of-beam coincidence projections were made on

Two higher-lying five-quasiparticle states were foundthe transitions that constitute the decay path from Kife
when a spectrum was projected in coincidence with the=43/2" state to theK"=33/2" state, a 1351 keV transition
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FIG. 8. Decay spectrum that illustrates the lifetime of & H r
=(43/2") state at 3774 keV. The spectrum corresponds to the time
at which the 847 keV transition was detected relative to the beam 10~
burst in the microsecond-choppéti data. The line corresponds to
a half-life of 15 us. r
0IIIIIIII|IIII|IIII|IIII

was common to all spectra. This is illustrated in Figh)7n 0 5 10 15 20 25
which a spectrum of transitions in the delayed-time region, Spin (1)

but in prompt coincidence with the 1351 keV line, is shown.
The absence of coincidences with the 287.0 and 309.6 keV FIG. 9. Plot of excitation versus spin for calculatgarge open
K™=25/2" band members suggests that the 1351 keV transymbol$ multiquasiparticle states and experiméatge solid sym-
sition decays directly td"Hf ™ from a state at 2457 keV, as bols) for *"*Hf. Rotational states associated with a particular multi-
is shown in Fig. 3. The placement of the 1351 keV transitionquasiparticle configuration are shown as the small solid symbols,
was confirmed by the observation of prompt coincidencegonnected by a solid line. The band based onifie=9/2" ground
between it and the 348.4, 370.4, and 171.0 keV transitions itate is shown for comparison, while the “*” depicts the lowest
the particley-y data obtained with théLi beam. These ob- Seven-quasparticle state predicted by the calculatioks™ (
servations clearly suggest that there is a decay branch from47/2)-

theK™=33/2" state at 2548.8 keV to the state at 2457 keV,

with a transition energy of 91 keV. The line close to this V. DISCUSSION

energy in Fig. T) is in fact the 93 keV 2—07 transition
in 184f, which is in coincidence with a 1351 keV transition
that deexcites &™=0" vibrational state populated in the It is instructive to plot the level structure of *Hf in a
T1,=9.3min B*/EC decay of1®Ta[30,31. Since the 91 conventional excitation energy versus spin diagram, and then
keV v-ray transition had no measurable intensity Elnas-  compare with predictions of multiquasiparticle calculations.
signment could be excluded on the basis of the limit on theThis is a useful means with which to track the evolution of
implied conversion, which rules out an assignmentJ&f  the yrast(and near-yrastline in order to identify favored
=31/2" to the state at 2457 keV. ARI2 assignment to the configurations. The recipe for these types of calculation has
91 keV transition can be ruled out, since the correspondingeen outlined in a number of previous publicati¢@g,13.
partial y-ray half-life would be~1 ms. The most likely In the present case, the single-quasiproton and single-
assignment to the 91 keV transition is eitddd or E2, so  quasineutron energies from a Nilsson model calculation were
that the state at 2457 keV has eithEt=31/2" or 29/2°,  adjusted to approximate the experimental state¥ ffia and
respectively. TheJ”=31/2" assignment can be rejected, 1"*Hf, respectively. The pairing strengths were fixedGat
since the absence of a measurable lifetime for the 1351 keV-19.2/A MeV and G,=18.0A MeV, with blocking of
transition is inconsistent with aM 3 character. Thus, the specific orbitals in multiquasiparticle configurations ac-
state at 2457 keV is assigndd=29/2", which impliesE2 counted for within the Lipkin-Nogami formalism.
character for both the 91 and 1351 keV transitions. NeitheConfiguration-dependent residual interactions were evalu-
transition isK forbidden, which allows the 91 ke¥2 to  ated with the method of Jaigt al.[33], in which the contri-
compete with the twice-forbidden 847.1 k&2 in the de-  bution of each two-quasiparticle component was summed,
excitation of theK™=33/2" state. If the level at 2457 keV is with the Gallagher-Moszkowski splittings taken from experi-
an intrinsic state, it would havel™=K7"=29/2". The ment. The comparison is presented in the form of a (#aj.
lowest 29/2 state predicted by the multiquasiparticle 9) and in Table Ill. The agreement of the calculations and
calculations  (Table 1) arises from the experiment to within~20 keV for theK™=25/2" and the
v3[3/27,1/27",9/2 17w?[7/27,9/27] configuration, which K7=(33/2") states is presumably fortuitous. The compari-
falls considerably higher at-3300 keV, as will be dis- son for other states suggests that an agreement to within
cussed below. ~200 keV is a more realistic expectation.

A. Comparison with blocked multiquasiparticle calculations
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The calculations predict that tHe™=39/2" state should B. Gyromagnetic ratios
be low lying, and, on the basis of tikeselection rule, would

be expected to decay to rotational states based orKthe )
—33/2° configuration. This is consistent with the assign- 1N€dk factors extracted for each band are shown in Table

ment of K™=39/2" to the state at 3438 keV, though the Il, where they are compared with values calculated from the
calculations predict it to be rather more favored, with anNIISSOn 'model and with sem|emp|r|cal estimates. The agree-
excitation energy of 2.9 MeV. If, however, the excitation ment with the Nilsson model is generally good enough to

energy of the 39/2 configuration is estimated by simply confirm the configuration assignments, in the sense that all

. . other plausible alternatives could be rejected. A slight im-
agdlng t:e?menergy .Of Lheﬂ;:l%SOS] orb|taI| o trf'a:;f ??f'\;ht\a/ provement is achieved when empirical values are used.
?e;j:;’e state in the core, a value of 5.5 Ve The situation regarding the band assigned to K

: . ) ion in 179 =17/2" three-quasiparticle configuration is not clear, as was
It is worth noting that the 39/2 configuration in“"Hf  giscyssed earlier. The interpretation depends largely on the
may be also be regarded as a §/202] proton removed degree of mixing between the two 8components which

from a 22 six-quasiparticle configuration calculated to oc- gffects the composition of the 17/2configuration. In con-
cur in the isotone'®*Ta[13]. The 22 state was predicted to trast the 8 component in thes9/2" ® 728~ configuration
fall so low in energy in'®°Ta that it could have been meta- for the K™=25/2" isomerhasto have pure two-quasiproton
stable. This state was not observed, presumably becausectaracter. This is because the 8wo-quasineutron state
was at the limit of the maximum angular momentum with arises from coupling the 9/2624] and 7/2 [514] orbitals.
which ®Ta was populated, although in retrospect theThe occupancy of the 9/2624] orbital in the 25/2 con-
present results suggest that both it and the 3%fate in  figuration blocks the two-quasineutron amplitude in the 8
1%t were predicted too low in energy. component, so it has to have pure two-quasiproton character.

The calculations also predict that theK™  This can be demonstrated if the empiricgl value for the
=43/2°, »[7/27,9/2% 11/2" = 7/2 ,9/27] configura- v9/2" state is placed in the additivity relation
tion should fall at an excitation energy of 4.0 MgVable _

Kge=2 Q0

[lI). This is in acceptable accordance with the experimental
in order to extract thgy value for the 8 component of the

1. Intrinsic g factors

value of 3.77 MeV. Th&K "=43/2" state can also be related

to a favored, but presently inaccessiblé”=24" six-  35/7 state. This givem(8)=1.06(11), which is indeed
quasiparticle state predicted to occur i#Ta [13] by the  consistent with the Nilsson model value for a pure two-
removal of the 5/2[402] prOton. The 43/2 Configuration quasiproton staté35] For Comparison, a value @K(B_)
may be regarded as coupling the "1@ore state to the —=1.08(5) was derived from the magnetic moment of
11/2"[615] orbital, but the latter has not been observed ex-17%4f ™2 [4]. Since the latter result was consistent with a
perimentally in 1"*Hf. This orbital has been invoked, how- value greater than unity, it was taken as evidence for an
ever, as a component in ™=10" two-quasiparticle iso- anomalous contribution to the proton magnetic moment from
meric state in'8Hf [28]. It is also probably implicated in the meson-exchange effedt86]. Unfortunately the error on the
K™=18") four-quasiparticle v3[9/2",7/27,11/2"179/2" present value is too large to enable confirmation of this re-
state in'®Ta. sult.
The interpretation of th&™=(29/2") state at 2457 keV
as the lowest five-quasiparticle configuration ¥Hf is
problematic, since the multiquasiparticle calculations predict The parameteggr represents the effectivg factor that
(Table 1) it to fall ~700 keV higher in excitation energy arises from rotational motion in =0 band so thaf37]
than theK™=33/2" state. Indeed, a number of other five- n=0gl.
guasiparticle configurations with the same or higher spin are ) ) o
predicted to be more favored. An alternative epranatioHt characterizes the. fractional confcr|but|on of th.e protons to
could be that the 2972 state arises from K”=2" phonon the nuclear magnetic moment, which suggests it can be writ-

coupled to"*Hf ™, Recent calculations of vibrational states ten as
built on 1"*Hf ™ have been carried oli84], and these pre- gr= LT 1)
dict that the lowest mode should give rise t&K&=29/2" 2J:+NJ,

state at an excitation energy of 2.2 MeV. The calculation%vherej1T (J,) corresponds to the protdneutron moment

have an expected accuracy 0.2 MeV [34], so the pre-  of inertia. An increase in7, will therefore lead to a larger
dicted excitation energy is consistent with the present experiya|ye ofg,, while the opposite is true if7, increases. Su-
mental value of 2.457 MeV. perfluid pairing correlations tend to redugé so that a re-

A final point worth noting is the prediction of a favored duction in pairing strength, through, for example, blocking
seven-quasiparticle state wik’=47/2" at 4.6 MeV, which  due to quasiparticle excitations, is expected to increase the
is lowered by an attractive residual interaction of moment of inertia.
~0.5 MeV. This state could be yrast, and would be ex- For bands witlK>1/2, the intrinsic motion contributes to
pected to decay to members of tK&=43/2" band. the magnetic moment, so that

2. Collectiveg factors for the ground state and”°Hf ™?
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w=0gl + (g —gr) K? C (@ I175’Hfa1ilgnmentls I I I ]
RO ORIy 40 b ]
The quantity k—ggr) can be evaluated from in-band 30 F .
branching ratios, provided the intrinsic quadrupole moment L n
is known. In the case of*Hf, the magnetic moments of the 20 L h
9/2* state[38] and the 25/2 isomer[4] have been mea- i ]
sured, and hence can be combined with the valueggpf ( 1oL ]
—gr) to find gg for these two configurations. A value of =) i b
gr=0.221(25) was found for the9/2" band, which can be = 0.0 Lot
compared withgr=0.230(19) for thev7/2" ground-state € F ® sdativiy o 1
band in 1""Hf [39]. This rules out the large decrease in the 40 o/ ]
ground-stategg from "’Hf (gg=0.24-0.28 to "Hf(gg 2 b v vaieemino” g ]
=0.12-0.14 that was predicted by cranking-model calcula- 30 o e cmpos T ]

tions [40]. The value extracted forgg in the three- . v9/z++,,26+(mﬂf)%"*25’2_ h
quasiparticle 25/2 band was considerably higher, 0(3% [ - ]

- .Ng -
In the v® 72K ™=25/2" configuration, our blocked Lipkin- 20 3 VIR + RECTHD &7 70 g1 ]
Nogami pairing calculations suggest that the proton pairing Lok AT
in the 25/Z configuration is reduced te-70% of the Tr 1
ground-state value. Though recent results oW [41] and o . . . . L
178 [42] suggest that the Lipkin-Nogami method probably 0900 " om0 o oz
overestimates pairing, when this value is inserted in the o (MeV)

Migdal two-fluid formula and the resultant moment of inertia
is used in Eq(1), an increase obgg=+0.07 is predicted
relative to that of the ground state. This is consistent with th
experimental increase @fgg=+0.146).

FIG. 10. (a) Aligned angular momenta for rotational bands in
1%, calculated with constarit values taken from the respective
%andheads. The Harris reference parameters used \ygre
=31.81%/MeV and J;=70k*/MeV. (b) Additivity comparison
between alignments for some multiquasiparticle bands'’ff

C. Alignments (solid symbols, solid lingswith “equivalent” configurationsopen
symbols, dashed linggonstructed from core components iffHf
1. General comments [14] and single-quasineutron bands %fHf.

Net alignments have been extracted for the rotational ) )
bands in1"*Hf, and are plotted relative to a common Harris =25/2" band which has the largest alignment of the three-
reference rotor in Fig. 18). A few points are worth noting. duasiparticle configurations. IA”'Hf, however, the align-
The alignments of the one-quasineutron9k2and begin to Ment of theK™=25/2" three-quasiparticle band Isigher
oscillate beyond a rotational frequency bt»=0.2 Mev, than that of the<™=37/2" five-quasiparticle banfll7], and
indicative of Coriolis-inducedk mixing with the other mem-  there are many other cases where this effect is seen, as dis-
bers of thei,5, multiplet. The magnitude of the oscillations cussed in Ref[43]. This seemingly anomalous behavior is
is considerably smaller than that seen in the analogous ban@§0Posed to be due to reduced pairing, which is expected to
in either the isotond®W or in Y7Hf. This suggests that the increase the moment of inertia of the collective core, while
K mixing in the »9/2* band in "*Hf is weaker than in the reducing the alignment contributed by the component quasi-
other two nuclei, which is consistent with the extractgd ~ Particles. An apparent increase in alignment will regiulbe
values as discussed earlier, since, unftk@f, they deviate collective moment of inertia increasesd the Harris refer-
considerably from the Nilsson model estimates. ence used is that which is more appropriate for the maxi-

Of the three-quasiparticle bands, the one based on tH@ally paired, low-seniority states. If the reduction in quasi-
K7™=25/2" state has the largest alignment, consistent witpparticle alignment is greater than this artificial increase,

the presence of ais), neutron. The same neutron orbital is however, t_hen a Iow_er_net alignment can result for a configu-
occupied in theK ™=21/2" configuration, but the net align- ration of higher seniority, when compared to that of related

ment is lower, probably due to the smaller contribution of theconfiguration of lower seniority. Clearly this is a

726" component compared to that of th€8~ component configuraf[ion-depen.de;gt effec.t, since t_l*{é’=39./2’r five-
in the K™=25/2" configuration. The alignments of tHe™ quasiparticle band in . Hf, which contains twoiq 3, neu-
=23/2° K™=17/2", andK"=25/2" v bands, relative to trons, has_ a larger alignment than_that of llhé_=25/2‘
one another, are approximately consistent with the relativ@@nd in this nucleus. It W?de be of Interest to find the rota-
values of their respective single-quasineutron componentdonal band based on the”=43/2" state in °Hf, since it
namely, the 7/2, 1/2", and 9/2 one-quasineutron bands. 00 contains twa s, neutrons.

The K™=33/2" five-quasiparticle band has the highest "
alignment of all the rotational structures observed thus far in 2. Additivity
17%4¢. This is to be expected, due to the presence of an extra The alignments for some of the bands based on multiqua-
two unpaired neutrons compared to, for example, Kie  siparticle configurations int’*Hf can, in principle, be con-
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TABLE IV. Reduced hindrances fd¢-forbidden transitions irt”°Hf.

K™ Ty, (N9 E, (keV) I, LA age AK v T, (9 T (9 f,
17/2¢ 3(1) 1041 8.66) E2 0.004 4 2 %) 7.7x10° 2 25(5)
871 464 M1 0012 4 3 ) 3.3x10° % 657)
678 0.42) (M1) 0.023 4 4 1084 7.1x10°%*  353)
33/27 3010 847 1.42) E2 0006 4 2 30000 2.15x10° % 37(6)
39/2° 12(6) 171 51) M1 0.9 3 2 2812) 4.4x10°% 7218
structed from two- and four-quasiparticle bands-ifHf [14] It is worth noting that the reduced hindrance obtained for

combined with the relevant single-quasineutron band irthe 171 keVv=2 decay from theK"=39/2" state (,
1%t Since theK™=25/2" and 23/2 configurations con- =70) offers an explanation as to why the 541 kB2, v

tain a purem?[8~ ] component, it was necessary to calculate=1 decay from the same state was not observed. If the same
the alignment for the uncoupled?[ 8] states by removing reduced hindrance is assumed for the 541 keV transition, it
the mixing with the?[87] states in thel’®Hf core. The  would constitute less than a 1% branch of the decay from the
results of the “additivity” are shown in Fig. 10) for the = K7=39/2" state.

K7™=21/2", 23/2", 25/2", and 33/2 configurations in

1%t In all cases, the constructed alignments are greater

than those obtained for the configuration itself. This failure VI. SUMMARY

of additivity in the var? configurations suggests that the

alignment of the “bare” single-quasineutron orbitals is re- Time-correlated particle~y spectroscopy has been em-
duced by the presence of the pair of decoupled quasiprotonployed to study the level structure at moderate spins of the
The addition of the 1/2[510] neutron to thev?m?K™  stable nucleus'’®Hf. These measurements have enabled
=16" core state would be expected to reduce the neutrogtates above th&@,,=25 day, K7=25/2" isomer to be
pairing by blocking, and hence lessen the alignment of thgtudied for the first time, and allowed the rotational band
quasineutrons in the resultait™=33/2" configuration, a based on the isomer to be established. Fhealue derived

feature not taken into account. from the in-band branching ratios is consistent with the pre-
viously suggestea9/2* ® 72 7/2",9/2 ] configuration. The
D. K-hindered transitions from multiquasiparticle states collective g factor (gg) derived for this state was 0.@),

The degree oK forbiddenness of a transition of multipo- WNich is considerably higher than the value of 0.22) for

larity \ between two states that differ Kiby AK is defined € 9/2 ground state.
asv—=AK—\. If »>0, then the transition is K forbidden,” A number of five-quasiparticle states were found above

but in practice admixtures of othé¢ values into the wave the 25 day isomer. These includeckd=33/2" configura-
functions of one or Other or both of the states |ead to hin_tion for Wh|Ch an associated rotational band was found. De-
dered decays_ These hindered decays still Obey th@yed feeding was observed into the 37/2vel of this band.
K-selection rule in the sense that they proceed via the miniThis came from the decay of &K7=(43/2"), Ty,
mum change irK. A useful measure of the extent to which =15(5) us state, which deexcited viaka" = (39/2") state
the K-selection rule is obeyed is the hindrance per degree dhto the 37/2 rotational band member.
K forbiddennessf,, or reduced hindrance for short. It is ~ Multiquasiparticle calculations, which reproduce the exci-
defined as tation energies of the three- and five-quasiparticle states to
within  ~200 keV, predict that the lowest seven-
quasiparticle state will arise from K"=47/2" configura-
, tion. It would be expected to decay to members of the band
based on th& ™=43/2" state, but confirmation of this pre-
diction would require'’®Hf to be populated at higher angular
momentum than was possible with the incomplete fusion re-
actions employed here.

T 1lv

f:T_W

14

whereT” is the partialy-ray lifetime, andT" is the Weis-
skopf single-particle estimate.

The details oK-hindered transitions if"*Hf are listed in
Table 1V, where the , values are listed for decays from the
K™=17/2", 33/2", and 39/2 multiquasiparticle states. In ACKNOWLEDGMENTS
general the reduced hindrances are in the range 25-75, but
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