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IN-BEAM AND DECAY STUDIES OFNEUTRON-DEFICIENT ISOTOPESOF HEAVY ELEMENTS�M. Leinoa, R.G. Allattb, J.F.C. Coksa, O. DorvauxaK. Eskola, P.T. Greenleesa;b, K. Helariuttaa, P.M. JonesaR. Julina, S. Juutinena, H. Kankaanpääa, A. KeenanbH. Kettunena, P. Kuusiniemia, M. Muikkua, P. NieminenaR.D. Pageb, P. Rahkilaa, A. Saveliusa, W.H. TrzaskaaJ. Uusitaloa;dand the JUROSPHERE and SARI CollaborationsaUniversity of Jyväskylä, Department of Physis,P.O. Box 35 (Y5), FIN-40351 Jyväskylä, FinlandbUniversity of Liverpool, Department of Physis, Liverpool, U.K.University of Helsinki, Department of Physis, Helsinki, FinlanddPresent address: Argonne National Laboratory, Argonne, Illinois, USA(Reeived February 8, 1999)An intensive program to study the prodution, deay properties, andnulear struture of isotopes of heavy elements is underway at the Depart-ment of Physis, University of Jyväskylä, Finland (JYFL). The main toolsused in these studies are the gas-�lled reoil separator RITU and variousgermanium detetor arrays. Illustrative examples from both deay andin-beam studies will be presented.PACS numbers: 23.20.Lv, 25.70.�z, 23.60.+e1. IntrodutionThe availability of large esape suppressed Ge detetor arrays [1℄ hasduring the past few years made it possible to study the development ofolletive phenomena in nulei far from stability. The established methodof produing these nulei is heavy ion indued fusion. In the region ofheavy elements where �ssion of the ompound system strongly dominates� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998. (635)



636 M. Leino et al.over partile evaporation, e�ient �ltering is needed to extrat in-beam -rays originating from weak evaporation hannels. This an be ahieved byombining the Ge array with a reoil separator and by using the Reoil DeayTagging (RDT) method [2℄. Only those -rays will be aepted whih arein oinidene with separated evaporation residues, identi�ed through theirharateristi deay in a position sensitive foal plane silion detetor. Mostoften, alpha deay is used for identi�ation. An example of the power of theRDT method will be shown in Set. 4 in onnetion with the disussion ofthe 184Pb in-beam study.Due to the seletivity of the proess through whih nulear levels arepopulated by the emission of -rays following the prodution of evaporationresidues, important non-yrast low lying levels are not always aessible tostudy using in-beam methods. A omplementary method is then providedby radioative � or � deay. An example is the observation of deformed 2p�2h intruder 0+ states in the losed shell nulei 192�198Pb from beta deayof Bi isotopes [3℄. The determination of hindrane fators in alpha deaymay also provide information on nulear struture [4℄. An example of suhomplementary studies will be disussed in Set. 5 in onnetion with thealpha deay �ne struture study of 192Po.The region of neutron-de�ient nulei around Pb with the losed Z = 82proton shell is partiularly interesting for the study of shape oexistenephenomena and the related intruder states. The losed proton shell favoursspherial shape but around the midshell (N = 104) the interation of 2p�2h, 4p�4h and higher exitations aross the shell with the large number ofative valene neutrons leads to a deliate ompetition between spherialand deformed states at low spin and exitation energy [5,6℄.In this paper, we will present results from in-beam and deay studiesof neutron-de�ient Hg, Pb, and Po nulei performed at the Departmentof Physis, University of Jyväskylä, or JYFL. In addition, a preliminaryreport on results from an in-beam study of 254No will be given. In all theexperiments, the gas-�lled heavy ion reoil separator RITU [7℄ was usedto separate and identify the nulei. Heavy ions were aelerated using theK = 130 MeV JYFL ylotron.2. The JUROSPHERE and SARI ollaborationsDuring the year 1997, a series of in-beam -ray measurements were per-formed at JYFL using the JUROSPHERE array of esape-suppressed spe-trometers. Some 3500 h of beam time were devoted to 25 experiments,most of them RDT-measurements. The Ge detetors were provided by theFrenh/UK Loan Pool.



In-Beam and Deay Studies : : : 637JUROSPHERE onsisted of 15 Eurogam phase I detetors [8℄ and 10TESSA detetors [9℄. The Eurogam detetors have a relative e�ieny of70% (ompared with a 76mm�76mm NaI(Tl) detetor at 1.3 MeV) and werepositioned at 134Æ and 158Æ relative to the beam diretion. The TESSAdetetors have a relative e�ieny of 25% and were plaed at 79Æ and 101Æ.The array had a total photopeak e�ieny of � 1.5% at 1.3 MeV. Typialbeam intensities used were 5�15 pnA.During the seven-month ampaign, exited states were observed for the�rst time in several very neutron-de�ient isotopes in the range Z = 74�92. Highlights from the projet inlude struture studies of the followingnulides:� 226U from the reation 208Pb(22Ne,4n) [10℄� 206Ra from the reation 170Yb(40Ar,4n) [11℄� 198Rn from the reation 166Er(36Ar,4n) [12℄� 184Pb from the reation 148Sm(40Ca,4n) [13℄� 168;170Pt from the reation 112Sn(58;60Ni,2n) [14℄Typial ross setions for the prodution of the most neutron-de�ientnulides were on the order of a few �b with the exeption of 198Rn for whihthe prodution ross setion was about 200 nb.In 1998, another set of detetors alled SARI (Segmented Array at RITU)was assembled for a ampaign during whih some 1800 hours of beam timewere devoted to 10 mostly RDT-experiments. The array onsisted of three orfour segmented lover detetors positioned around the target. The detetorswere operated without Compton suppression shields but were proteted bya thik layer of lead against radiation from the beam tube and the surround-ings. The absolute e�ieny of the array was 2�4% at 1.3 MeV depending onthe number of detetors and on the target-to-detetor distane. The set-upalso involved Ge detetors at the RITU foal plane to detet -rays fromlong-lived isomers or from exited states populated through alpha deay. Alose geometry system of four TESSA detetors with an e�ieny of 0.8%was normally used. In two experiments, a large volume Ge lover on loanfrom GSI was used. Its e�ieny was about 1.5%. In addition, a set-up on-sisting of three mini-orange type eletron spetrometers around the targetwas used in some of the experiments.Examples of RDT work performed using JUROSPHERE and SARI willbe disussed in the following.



638 M. Leino et al.3. The shape of the nulide 176Hg along the yrast lineMerury isotopes provide some of the best examples of shape oexistene.The known even�even Hg isotopes are weakly oblate (�2 � �0.15) in theirground states, and their yrast strutures display the orresponding oblaterotational bands down to 190Hg. In lighter isotopes, the prolate intruderband with �2 � 0:25 and with a larger moment of inertia beomes yrast atmoderate spin. As expeted, the prolate exited minimum reahes its lowestenergy lose to the mid-shell at N = 102 [15℄. In very light even�even Hgisotopes, aording to reent Nilsson�Strutinsky alulations [6℄, the groundstate is expeted to be spherial while the prolate struture might disappearor give way to a superdeformed struture with �2 � 0:5.The inrease in the exitation energy of the prolate band, as one pro-eeds towards the proton drip line, was veri�ed for 178Hg in a reent RDTexperiment [16℄ using the JUROSPHERE array. In the same work, three-ray transitions were tentatively assigned to an E2 asade de-exiting thelowest 2+, 4+, and 6+ states in 176Hg. The question of the disappearane ofthe prolate minimum remained open, however. In the present work [17℄, wehave performed an extended study of the level struture of 176Hg, produedin the reation 144Sm(36Ar,4n)176Hg at a bombarding energy of 190 MeV.The estimated ross setion was about 7 �b, and altogether 90000 176Hg �deay events with full � partile energy were observed.
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Mass numberFig. 1. Energy level systematis of neutron-de�ient even-mass isotopes of Hg.The tentative level sheme of 176Hg, based on results from the presentwork, inluding RDT � oinidene data, on�rms the assignments of Car-penter et al. [16℄ for the lowest three levels. The energy level systematis ofa range of Hg isotopes is shown in Fig. 1. The rise of the lowest 2+ and 4+level energies in 176Hg is an indiation of a transition towards a spherialground state in aordane with preditions [6℄. The ompression of theenergy di�erenes between the positive parity yrast levels above the 6+ and8+ state is interpreted to be the result of the rossing of the prolate band.



In-Beam and Deay Studies : : : 639The two-band mixing model [18℄ was used to extrat the undisturbed energydi�erene between the prolate and oblate band heads. Variable moment ofinertia (VMI) parameters and the prolate-oblate interation strength (� 100keV) whih reprodued the 178Hg level sheme [16℄ were used. A value ofroughly 1300 keV was dedued for the energy di�erene. This is approx-imately 600 keV higher than in 178Hg, revealing a rapid inrease of theexitation energy of the prolate struture with dereasing neutron number.4. First observation of exited states in 184PbThe ourrene of di�erent shapes in one nuleus at low exitation energyand angular momentum is a well-known feature of neutron-de�ient nulidesaround Z = 82 [19℄. Low-lying 0+2 states assoiated with weakly-deformedoblate strutures have been observed to oexist with spherial ground statesin several Pb isotopes with N � 106 [19,20℄. These states are usually de-sribed as resulting from 2p�2h exitations aross the shell gap. In 186;188Pb,low-lying deformed rotational strutures have been observed at I > 2~ byHeese et al. [21℄ and Baxter et al. [22℄. The bands, whih are similar tothose in the orresponding isotones 184;186Hg, are assoiated with predited[6℄ prolate-deformed minima. In the work desribed here [13℄, exited stateshave been observed for the �rst time in 184Pb.Exited states in 184Pb were populated in the reation 148Sm(40Ca,4n)184Pb at a bombarding energy of 195 MeV. Prompt -rays from the tar-get were observed using the JUROSHERE array. Approximately 9000 fullenergy alpha partiles from the 0.6 s ground state in 184Pb were olleted inthe RDT-experiment.The spetrum in Fig. 2(a) shows prompt -rays in oinidene with allreoils deteted at the RITU foal plane. It is dominated by -rays fromHg isotopes produed in �xn evaporation hannels and in fusion reationsbetween the ontaminant 40Ar beam (relative intensity approximately 5%)and the 148Sm target. The power of the RDT method is seen by omparingthe spetrum in Fig. 2(a) with that in Fig. 2(b) whih shows those -raysidenti�ed as belonging to 184Pb. A maximum time di�erene of 1.5 s i.e.approximately three 184Pb half-lives was allowed between an evaporationresidue and an 6.63 keV � partile.The intensity of the peaks in the spetrum displayed in Fig. 2(b) doesnot allow a � oinidene study of 184Pb. Assignment of -ray peaks totransitions within a rotational band is based on systematis and on relativeintensities of the transitions. The resulting exitation energies are shownfor the isotopes 184;186;188Pb in Fig. 3. By using variable moment of inertia(VMI) �ts it was possible to extrat the prolate band head energies for thethree isotopes 184;186;188Pb. The following results were obtained: 610 keV



640 M. Leino et al.
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In-Beam and Deay Studies : : : 6415. Fine struture in the � deay of 192PoAs disussed in the preeding Setion, prolate strutures in the neutron-de�ient 184Pb, 186Pb and 188Pb nulei were disovered reently in in-beamexperiments [13,21,22℄. It was onluded [21℄ that the struture of the ob-served bands is di�erent from the 2p�2h proton intruder states in 190�208Pbmentioned above. Due to deay out of the bands, the 0+ band heads werenot observed in these experiments.In another reent work [20℄, on �ne struture in the � deay of 192Po,an exited 0+ state was observed in 188Pb. It was onluded that this wasthe oblately deformed 2p�2h proton intruder state observed in heavier Pbisotopes.In the work performed at JYFL [23℄, the standard position-sensitivefoal plane detetor [7℄ was ombined with an auxiliary detetor system forobserving alpha partiles and onversion eletrons esaping from the stopdetetor at bakward angles. The reation used to study �ne struture inthe alpha deay of 192Po was 36Ar + 160Dy. The bombarding energy wasvaried between 172 and 184 MeV and the target thikness was 500 �g/m2.When alpha deay takes plae from the ground state of 192Po to low-lyingexited 0+ states in 188Pb, the exitation energy in the daughter nuleusis expeted to be removed primarily through onversion eletrons from E0transitions. Thus, by demanding a oinidene between alpha deays inthe stop detetor and onversion eletrons in the auxiliary detetor, it waspossible to observe alpha deay �ne struture to two low-lying 0+ states in188Pb. One of these, at an exitation energy of (568�4) keV, was identi�edas the oblate band head thus on�rming the result of Ref. [20℄. The otherstate has an exitation energy of (767�12) keV and was identi�ed as theprolate 0+ band head.It is of interest to dedue the mixing amplitude of the oblate 4p�2h statein the ground state of 192Po. This an be ahieved through experimentalalpha deay hindrane fators and mixing amplitudes for the exited 0+states in 188Pb [4℄. The hindrane fators as determined relative to alphadeay to the ground state of 188Pb were dedued to be 0.67�0.10 (deay tothe oblate 0+ state) and 0.22�0.08 (deay to the prolate 0+ state). Themixing amplitudes were determined following the proedure of Draoulis[24℄ by �tting to the experimental levels from this work and from Ref. [21℄.Then, by representing the ground state of 192Po as a ombination of 2p�0hand 4p�2h states, it was possible to determine the admixture of � 63% forthe intruder 4p�2h on�guration in the ground state of 192Po. The unmixedprolate 0+ level energy of � 730 keV in 188Pb agrees well with the valueof � 710 keV estimated from the energies of higher members of the band[13,21℄ (see Setion 4).



642 M. Leino et al.6. Observation of exited states in 254NoE�orts aimed at the synthesis of new elements have, following a steadyprogress in detetion tehniques, lead to prodution of elements up to protonnumber 112 [25℄. Methods suh as He-jet tehniques in ombination withbombardment of atinide targets with relatively light ions lead to the syn-thesis of elements with Z = 102�106 [26℄. The elements with Z = 107�112were produed using the method of old fusion [27℄ where Pb or Bi targetswere bombarded with ions of Cr�Zn so that the 1n neutron evaporationhannel was observed. To separate the new nulei from unwanted partiles,the fast and e�ient method of in-�ight separation with the on-line veloity�lter SHIP [28℄ at GSI, Darmstadt, was used.The ultimate goal of the study of the heaviest elements is not only to �ndthe limit of existene of elements but also to searh for the long-preditedisland of spherial super heavy nulei [26℄. The main result from reentprogress in this �eld is the disovery that the shell stabilized island is notseparated from the peninsula of known nulei by the sea of �ssion as orig-inally expeted. Rather, a region of enhaned stability against �ssion hasbeen found. The reason behind this enhanement is mirosopi stabiliza-tion, and the main deay mode for isotopes of the heaviest elements is alphadeay.The rather neutron-de�ient isotopes of the heaviest elements are ex-peted, on the basis of theoretial alulations, to be deformed. The shellstabilization of the trans-atinides has been found to originate from a neg-ative hexadeapole (�4) deformation in the ground state [29℄. As expeted,the most important omponent in the deformation is the quadrupole defor-mation whih has a relatively onstant value of �2 � 0.24 in a large regionon the hart of nulei entered around 256No [29℄. The relative importaneof higher order terms depends on the nulide.Two of the most important goals of further studies in the region of theheaviest elements are experimental establishment of their deformation anddeeper insight into their prodution mehanism in heavy-ion-indued fusionreations. Measurement of the level energies of the ground state band of aneven�even nuleus would provide valuable information on the deformationand might also give the �rst hints onerning the limitation on angularmomentum values leading to the formation of evaporation residues.The exited states of even�even nulei in the region of quadrupole defor-mation around 254No are haraterized by losely spaed rotational bandswhere the �rst 2+ energy is around 50 keV. This exitation energy has beenmeasured for 248;254;256Fm on the basis of � or � deay studies [30℄. No datawere known for No isotopes previously but there is an estimate of (51�35)keV for the 2+1 energy of 256Rf (Z = 104) from alpha deay of 260Sg [31℄. On



In-Beam and Deay Studies : : : 643theoretial grounds, no sudden hanges in struture are expeted for 254No.There is a deformed neutron subshell losure (N = 152) at 254No but itse�et on energies of exited states is expeted to be small. One an withrather good on�dene estimate that the �rst exited levels of the groundstate rotational band in 254No are at about 50 keV (2+), 150 keV (4+), and300 keV (6+). The orresponding onversion oe�ients for E2 transitionsare � 1000, � 25, and � 6 for 2+ ! 0+, 4+ ! 2+, and 6+ ! 4+ transitions,respetively. It is thus expeted that the most likely gamma-rays to be ob-served in an in-beam experiment, taking into aount the estimated fusionrate, are the 6+ ! 4+ and 8+ ! 6+ transitions.Experiments to study exited states of 254No have reently been per-formed in two laboratories. In the Argonne National Laboratory, the Gam-masphere Ge detetor array [32℄ oupled to the Fragment Mass Analyzer[33℄ was used in a suessful experiment in July, 1998 [34℄. In August, 1998,the SARI array together with RITU was employed in a three-week experi-ment. Results from this experiment will be given in the following. In bothexperiments, the reation 48Ca + 208Pb was used. At JYFL, the exita-tion funtion was measured. The maximum ross setion was determinedto be about 2.1 �b at a bombarding energy of 216 MeV, orresponding toabout 21 MeV exitation of the ompound nuleus. This ompares wellwith results from measurements at SHIP but is somewhat lower than valuesfrom experiments performed using methods of nulear hemistry [35℄. Thebeam intensity was typially 10 pnA, and the target thiknesses used variedbetween about 250 and 700 �g/m2. The ounting rate of 254No � parti-les with full energy was typially 20�40/h, and altogether about 12000 fullenergy alpha partiles were observed in the experiment.The reoil-gated and RDT gamma-ray spetra were somewhat a�etedby the Compton bakground resulting from the lak of Compton-suppressionshields. Nevertheless, several -ray peaks assigned to 254No were observed,in general agreement with data from the Argonne experiment. In addition,a new -peak with an energy of � 414 keV, tentatively assigned to the16+ ! 14+ transition, was observed. The analysis of the data is in progress.7. DisussionWe have presented results from both deay and in-beam studies per-formed mainly in the region of very neutron-de�ient isotopes ranging fromHg to Po. The ombination of -ray detetors with a reoil separator hasbeen fruitful in this work beause of rather favourable experimental ondi-tions. Reation ross setions, typially on the order of a few �b, are stillsu�ient for RDT studies and the half-lives, well below one seond, arewell suited to the orrelation tehnique. The ontinuation of these studies



644 M. Leino et al.to even more neutron-de�ient isotopes will be di�ult due to the rapidlydereasing ross setions.In the ase of Hg and Pb isotopes, new data have been olleted onrotational strutures. The systematis for 184;186;188Pb [13℄ onerning theexitation energy of the prolate band head is well in line with the result for188Pb based on our alpha deay �ne struture study [23℄.An interesting example of the kind of omplementary information onean dedue from deay experiments is our value for the admixture of theoblate 4p�2h omponent in the ground state of 192Po as dedued on thebasis of alpha deay hindrane fators, � 63% [20,23℄. On the basis ofNilsson�Strutinsky type of alulations it was suggested by May et al. [5℄that in 192Po an oblate deformed minimum beomes the ground state. Theresult is also ompatible with that from our RDT in-beam work on levels of192Po [36℄.The pair of experiments on the struture of 254No [34,37℄ have aom-plished a major step towards a deeper understanding of the physis of veryheavy nulei. The progress was made possible by the exeptionally highross setion in the reation employed, 48Ca + 248Cm. There is now, for the�rst time, diret experimental evidene on both the shape of a transfermiumnulide and the amount of angular momentum suh a nuleus an sustain.Beause the internal onversion oe�ients of the low-lying ground stateband transitions are high, improvement on the data an be expeted onereoil deay tagged onversion eletron measurements, presently at the plan-ning stage at JYFL, an be realised. It would also be of great importane togain knowledge on single partile energies from studies of the odd nulidesin this region. These require onsiderable improvements in the overall ef-�ieny of the experiments, however, sine the ross setions for produingthe nulides 253;255No and 255Lr are about one order of magnitude lower [35℄than that for the reation leading to 254No used at JYFL and Argonne. Fur-ther redutions in -ray transition intensities may result from frationateddeay paths in the odd-mass nulei.RDT experiments will ontinue to be a major part of the work at JYFL.Experimental developments inlude a detetor system that allows the use ofbeta deay for tagging of fusion produts. Due to wide interest in nulidesprodued in symmetri reations, design of an improved separator with bet-ter bakground onditions but high transmission will be undertaken.This work has been partly supported by the Finnish Aademy and by theAess to Large Sale Faility program under the Training and Mobility ofResearhers Program of the European Union. RDP aknowledges reeipt ofa UK EPSRC Advaned Fellowship. The SARI projet is jointly funded byEPSRC (UK) and CEA/DSM/DAPNIA (Frane). Useful disussions withP. Armbruster and A. Sobizewski are gratefully aknowledged.
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