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STUDY OF THE K = 8 AND K = 16 ISOMERICSTATES IN 178Hf �H.J. WollersheimGesellshaft für Shwerionenforshung mbHPlankstraÿe 1, D-64291 Darmstadt, Germany(Reeived July 7, 1998)In 178Hf it has been found that some 2- and 4-quasipartile states anour lower in energy than members of the olletive ground state rotationalband with orresponding spin. Reent studies of these high-K isomers inthe Lu, Hf, Ta, region have unovered the existene of surprisingly largetransition probabilities between the K = 0 ground state band and the high-K bands whih should be forbidden if the K seletion rule is valid. Forthe population of the K�=8� isomer in 178Hf a 2-band K-mixing modelis presented whih reprodues both the long lifetime of the isomer and thestrong Coulomb exitation. In two sattering experiments at the Munihtandem aelerator and at the UNILAC in Darmstadt we searhed for ex-ited states built on the K�=16+ isomer. Miro weight quantities of 1015atoms in the isomeri state have been produed by a Dubna-Orsay-GSI ol-laboration in order to prepare a radioative target. In both measurementsthe �rst exited state built on the K�=16+ isomer has been observed atan exitation energy of 357 keV with respet to the isomeri state. Theintrinsi eletri quadrupole moment of Q0 = 8:2� 1:1 b has been derivedfrom the experimental data within the rigid rotor model.PACS numbers: 21.10.�k, 25.70.De, 25.70.Hi1. IntrodutionIn prolate, axially symmetri nulei the projetion of the total nulearangular momentum I onto the symmetry axis, K, is an approximately goodquantum number. For low K-values, one has the well known rotationalalignment where the angular momentum aligns to an axis perpendiular tothe symmetry axis ( = 00). These olletive states have been ommonlyobserved to be energetially the most favourable mode for generating spin.� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1459)



1460 H.J. WollersheimHowever, in 178Hf it has been found [1℄ that some 2- and 4-quasipartile (qp)states an our lower in energy than members of the ground state (gs) bandwith orresponding spin. This is due to the ourrene, for both protons andneutrons, of many high-
 single-partile orbitals near the Fermi-surfae. Thesingle partile angular momenta align parallel to the deformation axis lead-ing to high K-values. In the extension of the piture suggested by Bohr andMottelson [2℄, this may orrespond to a situation where a rotation aroundthe prolate symmetry axis ( = �1200) has beome energetially favourable.Fig. 1 shows the partial level sheme for 178Hf with the K� = 0+ gs-band,the K� = 8� 2-qp band and the K� = 16+ band head of a 4-qp state.

Fig. 1. Partial level sheme for 178Hf.Transitions between the two lasses of quantum states are governed bytheK-seletion rule [3℄. If the di�erene inK-quantum number4K is largerthan the multipole order, L, eletromagneti transitions are forbidden. Theobservation of 'forbidden' transitions establishes the generally important roleof K-mixing. Some admixture may be assoiated with (i) interplay betweenintrinsi (partile) motion and rotational motion (e.g. Coriolis perturbation)and (ii) deviations from axial symmetry. As a onsequene of this, the multi-quasipartile states with high K-values are often isomeri, deaying onlyby virtue of small admixtures of lower K-omponents and therefore tendto deay stepwise through lower-lying K-bands in order to minimize theK-forbiddenness.



Study of the K = 8 and K = 16 Isomeri States in 178Hf 1461Information on the K-mixing mehanism an be extrated from the sur-prising population of the K� = 8� isomer at 1147.4 keV in 178Hf. In aCoulomb exitation experiment, whih is desribed in setion 2, the nulearshape is turned with respet to the angular momentum from a rotationalaligned K = 0 on�guration to a situation where the angular momentum isparallel to the nulear symmetry axis.New spetrosopi properties ould also be obtained for the K = 16 iso-mer in 178Hf, whih was �rst reported by Helmer and Reih [4℄. Marosopiquantities of this exoti isomer have reently been prepared as a target fornulear struture experiments [5℄. Two sattering experiments will be dis-ussed in setion 3 whih made use of this very exoti target ontainingmiro weight quantities of 178Hf in the K� = 16+ isomeri state.2. Coulomb exitation of the K� = 8� isomerIn a Coulomb exitation proess nulear levels are populated primar-ily through multi-step olletive E2 and E3 transitions. Surprisingly, theK� = 8� isomer in 178Hf an be populated by heavy-ion sattering at bom-barding energies below the Coulomb barrier [6,7℄. We performed a Coulombexitation experiment using the Darmstadt-Heidelberg Crystal Ball, by bom-barding an enrihed 178Hf target of 0.5 mg/m2 thikness with a pulsed 130Tebeam at three beam energies of 560, 590 and 620 MeV. Both prompt anddelayed -rays were reorded with the Crystal Ball. The 8� isomer at anexitation energy of 1147.4 keV with t1=2=4 s is known to deay dominantlyto the 8+ state in the gs-band (K = 0) via a hindered 88.9 keV E1 transition.The population of this isomer an be identi�ed if the delayed -ray asadeof 8+ ! 6+ ! 4+ ! 2+ in the gs-band is observed (the 2+ ! 0+ and the8� ! 8+ transitions are highly onverted). The obtained exitation rosssetions for the isomer at three bombarding energies is shown in �gure 2.The exitation of the K = 8 isomeri state requires an admixture ofdi�erent K-quantum numbers in the partiipating nulear wave funtions.One an distinguish two basi ases in whih the wave funtion of one rota-tional band is always assumed to be pure. The resulting oupling shemesare depit in Fig. 3.If one inludes a small K = 8 admixture in the wave funtion of the gs-band, the E3 matrix elements an be alulated from the Alaga-rule Eq.(1)hIf jjM(E3)jjIii =p2Ii + 1hIi3K0jIfKiM30 ; (1)where M30 is the intrinsi E3 matrix element and the Clebsh-Gordan o-e�ient hIi3K0jIfKi is alulated for K = 8. From the measured lifetime(t1=2=4 s) of the 8� state, we an estimate an upper limit of the reduedintrinsi E3 matrix element of M30 � 0:01 eb3=2 leading to an exitation



1462 H.J. Wollersheim

Fig. 2. Experimental exitation ross setions for the isomer at di�erent inidentbeam energies ompared with semi-lassial Coulomb exitation alulations forvarious intrinsi E3 matrix elements, M30 [eb3=2℄.

Fig. 3. Di�erent oupling shemes relevant for the exitation of the 8� isomer in178Hf. The E3 interband transitions are shown for a K = 8 admixture in the wavefuntion of the ground state band (left) and for a K = 0 admixture in the wavefuntion of the isomeri band (right).



Study of the K = 8 and K = 16 Isomeri States in 178Hf 1463ross setion, whih is too small to aount for the observed population ofthe 8� isomer in the mb range.It is interesting to note, however, that in ase of a K = 0 admixture inthe wave funtion of the isomeri band the E3 matrix elements (using Eq. (1)with K = 0) for transitions from the gs-band to the even-spin members ofthe isomeri band vanish, while it is possible to exite the odd-spin membersin the isomeri band diretly from the gs-band via E3 transitions, i.e. 6+ !9�; 8+ ! 11�, et. Hene, the isomeri 8� state an be populated byM1 and E2 transitions from higher lying levels in the band. Free from theonstraint set by the the known 4 s half-life of the 8� level, one an determinein this ase an intrinsi E3 matrix element in the limit of the Alaga-rule.Fig. 2 shows a omparison of the alulated ross setions with the measuredones for the 8� isomer in 178Hf. Good agreement is obtained assuming anintrinsi E3 matrix element of M30 = 0:18+0:04�0:03eb3=2 (inluding systematiunertainties).Our interpretation shows that there is a reasonable explanation for theobserved yield of the 8� isomer by a pure Coulomb exitation proess. In afuture experiment with Gammasphere we hope to see the diret populationof the K = 8 rotational band whih would enable us to determine individualE3 matrix elements.3. Nulear struture of the K� = 16+ isomerLarge interest is attahed to the prodution of exoti beams and targetsfor nulear struture studies. The nuleus 178Hf, with its long-lived (t1=2 =31 years) high-spin isomeri state I� = 16+ at a relative low-exitationenergy (2.45 MeV), is indeed a unique probe to study nulear phenomenain a new way. Sine a few years a Dubna-Orsay-GSI ollaboration has beenestablished to produe this isomer in order to obtain miro weight quantitiesof it whih are su�ient for target preparation. The 176Yb(�,2n) reationat a beam energy of �35 MeV was used for the isomer prodution. Up tonow 1015 isomeri atoms have been produed in several irradiations at theU-200 ylotron in Dubna. After the hemial separation of the hafniumisotopes from the bulk of the reation produts, a target was prepared byeletro-spraying a Hf-solution onto a thin arbon foil for di�erent satteringexperiments.3.1. Inelasti sattering (d,d') experiments (Munih Tandem)In a �rst experiment a mass-separated 178Hf target, with an about 3%ontent of 178m2Hf (16+), was bombarded by proton and deuteron beamsfrom the Munih tandem aelerator at inident energies of 22 MeV and26 MeV [8℄. Elastially and inelastially sattered ions from the target were



1464 H.J. Wollersheimobserved at laboratory angles between 450 and 1000 using the Q3D spe-trograph whih was equipped with a foal plane detetor of 1.2 m length.Almost all peaks an be assigned to the population of the gs-band in 178Hf.An additional transition at Ex = 356:5 � 04 keV was assigned to the 17+member of the rotational band built on the 16+ isomeri state. There iseven some weak evidene for the 18+ state at 737 � 2 keV. The momentof inertia dedued from the 16+ ! 17+ transition is about 1.5 times largerthan the moment of inertia of the gs-band in the low-spin region. The ob-served ross setions are in agreement with alulations assuming the same�2 deformation as measured for the gs-band.3.2. Coulomb exitation with 208Pb ions (GSI Darmstadt)In a seond experiment at the UNILAC aelerator in Darmstadt theisomeri target was used in a Coulomb exitation experiment with 208Pbions at a bombarding energy of 4.77 MeV/u [9℄. The experimental set-uponsisted of eight high-e�ieny Ge-detetors positioned at 250 and 1550with respet to the beam diretion and �ve position sensitive parallel-plateavalanhe ounters for partile detetion whih overed almost 80% of therelevant solid angle. The high preision of partile identi�ation allowed fora preise Doppler orretion of the measured -ray energies. The spetra ofthe isomeri target ontain -lines whih belong mostly to 176Hf, 177Hf and178Hf. In order to searh for exited states built on the K� = 16+ isomeribandhead an 'arti�ial' spetrum was onstruted by summing up the datafor the di�erent Hf isotopes in suh a way that the resulting spetrum hadto re�et the intensities of major lines observed with the isomeri target. Aomparison of suh a spetrum with the one obtained for the 178m2Hf targetis shown in Fig. 4. Both spetra are almost idential exept for one new tran-sition observed with the isomeri target. The additional peak marked witha star appears at E = 357:4� 0:3 keV whih is in good agreement with thedeuteron sattering experiment. From the -ray intensities measured as afuntion of the impat parameter we were able to determine the eletromag-neti multipole moments. Sine only the 17+ ! 16+ transition was foundexperimentally, the E2 matrix elements were alulated in the framework ofthe rigid rotor model. The best �t to the experimental data was obtainedfor an intrinsi quadrupole moment of Q0(K = 16) = 8:2 � 1:1 b whihagrees with the Q0 = 7:2� 0:1 b derived from the spetrosopi quadrupolemoment obtained in the ollinear laser spetrosopy experiment [10℄. Thelarge olletive strength measured for the 17+ ! 16+ transition suggeststhe existene of a omplete rotational band built on the K� = 16+ isomeristate.
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Fig. 4. The �arti�ial�  -ray spetrum obtained from measurements with the 176Hf,177Hf, 178Hf and 179Hf targets (top) and the measured spetrum obtained for theisomeri target (bottom). The 17+ ! 16+ transition is marked by the full star,while the hathed area orresponds to the expeted appearane of the 18+ ! 17+transition in the isomeri K� = 16+ band.Based on these reent studies the rotational band assoiated with theK� = 16+ isomer in 178Hf has been extended using �� -time tehniquesand the inomplete fusion reation 176Yb(9Be, �3n)178Hf [11℄.
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