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SPECTROSCOPY AT THE NEUTRON-RICH EDGEOF �-STABILITY VALLEY�B. Fornala, R. Brodaa, W. Królasa, T. Pawªata, J. Wrzesi«skia,P.J. Dalyb, P. Bhattaharyyab , Z.W. Grabowskib, C.T. Zhangb,D. Bazzao, S. Lunardi, C. Rossi Alvarez, G. Viesti, G. deAngelisd, M. Cinauserod, and D.R. NapolidaH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, PolandbChemistry and Physis Departments, Purdue UniversityWest Lafayette, IN 47907, USADipartimento di Fisia dell'Universitá and INFN Sezione di PadovaI-35131 Padova, ItalydINFN Laboratori Nazionali di LegnaroI-35020 Legnaro, Italy(Reeived January 15, 1999)New results obtained in spetrosopi studies of three-valene -partilenulei 211Po and 135Te are presented. Yrast states above the �-deayingisomer in 211Po have been loated in the -ray studies of deep-inelastiproduts of 450 MeV 76Ge + 208Pb ollision. Prompt -ray asades in135Te �ssion produt nuleus have been measured at GASP using a 252Cfsoure. Coinidenes aross the 0.5 �s 19/2� isomeri state in 135Te dis-played the -rays feeding the isomer. Similarities between the yrast stru-tures in 211Po and 135Te nulei are disussed.PACS numbers: 21.60.Cs, 23.20.Lv, 27.80.+w, 25.85.Ca, 27.60.+j1. IntrodutionSpetrosopi studies of nulei on the neutron-rih side of the stabilityvalley were until reently very muh restrited due to their inaessibility instandard fusion evaporation reations. In a series of reent experiments wehave shown that yrast states of neutron-rih nulei an be studied very su-essfully in heavy-ion multinuleon transfer proesses (�15% above Coulombbarrier), using - thik target tehnique [e.g. 1,2℄. Among others, region� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1219)



1220 B. Fornal et al.around doubly magi 208Pb nuleus beame available for yrast spetrosopy.Also, reent investigations using large -ray detetor arrays to study �ssionfragments from atinide soures have opened prospets for broad explorationof the yrast spetrosopy of neutron-rih speies in the 132Sn neighborhood[3,4℄.There is speial interest in studying the struture of few-valene-partilenulei around doubly magi 132Sn and 208Pb, whih an yield informationabout nuleon-nuleon interation and e�etive harges in these importantparts of the nulidi hart. Blomqvist [5℄ has pointed out that there shouldbe many points of resemblane between the spetrosopy of the 132Sn regionand the well studied nulei around doubly-magi 208Pb. The orbitals aboveand below the energy gaps in the two ases are similarly ordered, and everysingle partile state in the 132Sn region has its ounterpart around 208Pb withthe same radial quantum number n, and one unit larger angular momenta land j.In the following we shall report new spetrosopi results on the three-valene-partile nulei 211Po and 135Te and ompare both strutures.2. High spin states in 211PoThe 25.2 s �-deaying state with I�=25/2+ at 1462 keV in 211Po is oneof the lassi examples of yrast �spin-gap� isomers in nulei. In this three-partile nuleus the (�h29=2�g9=2)25/2+ level lies below the 19/2+, 21/2+,and 23/2+ multiplet members beause the �h9=2�g9=2 proton-neutron at-tration is signi�antly stronger in the maximally aligned J = 9 ouplingthan in the states with J = 8; 7; 6; 5 or 4. The level struture of 211Po is notaessible for study by heavy-ion indued fusion-evaporation reations, andonly lower spin levels up to the 1462 keV isomer have been loated in 211Bi�� deay and in 208Pb(�; n)211Po investigations [6℄.In the present work we have investigated the yrast exitations of 211Poabove the 25.2 s isomer using few-nuleon transfer reations ouring during76Ge+208Pb heavy-ion ollision [7℄. The experiment was performed at theLegnaro linear aelerator ALPI using pulsed beam of 450 MeV 76Ge ions ona target of 50 mg/m2 208Pb. The time spaing between beam bursts was400 ns. Gamma-rays were deteted with the GASP array, whih onsists of40 Compton-suppressed Ge detetors and an inner BGO ball of 80 elements.Known high spin -rays in the neutron-rih Pb, Bi, Po, At nulei werelearly observed in the data and analysis of the produt yield distributionindiated that also in 211Po the higher spin states should be populated.In the N = 127 211Po nuleus with two valene protons and one va-lene neutron, one may expet low-lying multiplets arising from oupling ofthe �h29=2 and �h9=2i13=2 on�gurations to the �g9=2 neutron, with highest



Spetrosopy at the Neutron-Rih Edge of �-Stability Valley 1221spin members 25/2+ and 31/2�, respetively. Further, one ould expetan isomeri 31/2� ! 25=2+ E3 transition in 211Po analogous to the 210Po11� ! 8+ E3.We searhed for this 211Po 31/2� ! 25=2+ transition in the  prompt-delayed oinidene matrix from the 76Ge + 208Pb reation by examining theross oinidene relationship between omplementary Po and Zn reationproduts. Gates were set on prompt -rays in 72Zn, 70Zn, and 68Zn, anddelayed -rays de-exiting isomeri states with 10-500 ns half-lives in Popartner nulei were displayed. These delayed transitions inluded known-rays from several Po isotopes as well as a prominent 673 keV -ray notknown previously. The intensity pattern of prompt transitions from 68�72Znisotopes observed in oinidene with the delayed 673 keV line indiatedlearly that this -ray ours in the 211Po nuleus, and is thus very likelyto be the 31/2� ! 25=2+ transition. No gamma-rays appeared in promptoinidene with the 673 keV -ray, but 316 and 357 keV -rays in asadeparallel to the 673 keV transition were subsequently found. The 316 keV-ray intensity was observed to be about 2.5 times lower than that of the357 keV -ray; intensity balane requirements point towards M2 haraterfor the 316 keV transition (�tot �2.0), with M1 for the 357 keV transition(�tot �0.3). These results loate an intermediate level at 1819 keV.

shell model calc.Fig. 1. Partial level sheme of the yrast level spetra established for 211Po. Arrowwidths denote the relative -ray intensities observed in prompt-delayed oinidenewith the 673 keV transition. Results of the shell model alulations from Ref. [8℄are also shown.



1222 B. Fornal et al.A gate on the delayed 673 keV -ray showed, in addition to -rays fromthe Zn reation partners, a group of transitions with energies 1308, 922, 509,731, and 1499 keV, whih were thus identi�ed as 211Po -rays preeding the31/2� isomer. By detailed examination of the oinidene data, new stateswere loated at 2866, 3443, 4365, and 4874 keV exitation energy, of whihthe highest is an isomer with T1=2 = 2 � 1�s. The partial level sheme of211Po is shown in Fig. 1. Analysis of the T time distributions between the673 keV -ray and the strong transitions preeding that -ray (1308, 922, 509keV) yielded the value T1=2 = 0.25(7) �s for the 31/2� state. Calulationof the B(E3) for the 673 keV transition, taking into aount the 316 keVbranhing, gives B(E3; 31/2�!25/2+) = 57(15)�103 e2fm6, or 22(6) W.u.Warburton [8℄ has performed shell model alulations for 211Po usingmodi�ed Kuo-Herling nuleon-nuleon interations, and the results agreerather well with the experimental level spetrum up to the 25/2+ isomer(Fig. 1). These alulations also predit higher lying 27/2+, 31/2�, 33/2�and 37/2+ yrast states that should deay by -ray asades feeding the25/2+ isomeri state. The level at 1819 keV, almost ertainly orrespondsto the (�h29=2�i11=2)27/2+ alulated at about this energy. The 31/2� yrastlevel is predited at 498 keV above the 25/2+ isomer. The same alulationsgive only two yrast states above the 31/2� isomer: a 33/2� level at 2655 keVarising from the �h9=2i13=2� �i11=2 oupling, and a 37/2+ state at 3192 keVof �h9=2i13=2 � �j15=2 type. Both states should deay to the 31/2� isomerby M1 and E3 transitions, respetively. The levels plaed in this work at2866 keV and 3443 keV, deaying to the 31/2� isomer by 731 keV and 1308keV transitions are probably these 33/2� and 37/2+ exitations.The two highest states loated at 4365 and 4874 keV must involve exi-tation of the 208Pb ore.The 211Po nuleus was also reently studied in 9Be and 7Li induedinomplete fusion reations by MGoram et al. [9℄ and their results fullyon�rmed our �ndings.3. Yrast states of neutron-rih N=83 135Te nuleusThe ourrene of a 0.51 �s yrast isomer in the three valene partilenuleus 135Te has long been known from �ssion fragment mass separatorstudies by Kawade et al. [10℄. Its nature is similar to the I�=25/2+ �-deaying state in 211Po. In 135Te the (�g27=2�f7=2)19/2� level lies below the17/2�, state and only 50 keV above 15/2� multiplet member beause the�g7=2�f7=2 proton-neutron attration is signi�antly stronger in the maxi-mally aligned J = 7 oupling than in the states with lower J . The 19/2�isomer deays by a 50 keV E2 transition followed by 325 and 1180 keV -rays



Spetrosopy at the Neutron-Rih Edge of �-Stability Valley 1223through the 15/2�, 11/2� levels to the 7/2� ground state all of whih areof mainly �g27=2�f7=2 harater.Reent investigation using multidetetor Ge array Eurogam II to study�ssion produt -rays from 248Cm soure has identi�ed prompt and delayed-ray asades from individual produt nulei in the 132Sn neighborhood,inluding -rays feeding the 19/2� isomer in 135Te [11℄ New states in 135Teat 2641, 3235, 4592, and 5642 keV were loated and are shown in Fig. 2.

shell  model  calc.Fig. 2. Partial level sheme of the yrast level spetra for 135Te. Arrow widthsdenote the relative -ray intensities observed in prompt-delayed oinidene withthe 1180 keV transition. Results of the shell model alulations (see text) are alsoshown.The shell model alulations with empirial interation matrix elements,desribed in Ref. [11℄ support the interpretation of the 2641 and 3235 keVlevels as (�g27=2�h9=2)21=2� and (�g7=2h11=2�f7=2)25=2+ states. This 25/2+state is losely related to the (�g7=2h11=2)9� state in 134Te [4℄. The levelat 4592 keV may be either (�g7=2h11=2�h9=2)27=2+ or (�g27=2�i13=2)25=2+,both of whih are predited around 4.6 MeV. The topmost level at 5642 keVould be a (�g7=2h11=2�j13=2)31=2� state predited around that energy ora level of (�g27=2�f7=2h�111=2) type diretly related to the ore-exited statesidenti�ed in 134Te at similar exitation energy [4℄.



1224 B. Fornal et al.Unfortunately, the Eurogam II  oinidene data were aquired withrather narrow TAC time ranges, not well suited for investigating delayedoinidene relationships aross �s isomers.We have performed another measurement at the GASP germanium arrayloated at the Laboratori Nazionali di Legnaro. In that experiment wereorded -ray oinidene events from a sealed 252Cf soure delivering �104�ssions/se. The data were taken event-by-event with a trigger requiringprompt �ring of at least two inner ball BGO detetors and two Ge detetorswithin an 200 ns time interval. An 800 ns wide time gate opened by aprompt event allowed detetion of delayed -rays. During 3 weeks 2�109- Ge oinidene events (with the inner ball fold treshold F �2) wereaumulated.Very good prompt-delayed sorting onditions ould be ahieved for the135Te ase by seleting prompt -rays in an 100-800 ns time interval pre-eding the 1180 and/or 325 keV -rays, whih deexite 0.5 �s isomer. Theresulting spetrum of -rays preeding the 1180 keV transition, presented inFig. 3, shows several low-energy Pd lines from ross oinidenes and, theknown (from the Eurogam measurement [11℄) 135Te transitions above the0.5 �s isomer: 1086, 1678, 1357 and 2407 keV -rays. Those -rays, barelyvisible in the orresponding spetrum from the Eurogam data, now appearas very distint lines. In addition, new 1917, 2468 and 2292 keV transitionspreeding the 19/2� 0.5 �s isomer ould be identi�ed.
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Fig. 3. Key -ray oinidene spetrum from the GASP measurement. It displays-rays preeding the 1180 keV 135Te transition. Only strong ross-oinident linesfrom Pd parners are marked.



Spetrosopy at the Neutron-Rih Edge of �-Stability Valley 1225The present data essentialy on�rm the 135Te level sheme above the19/2� isomer established in the Eurogam study [11℄. The new 1917, 2468and 2292 keV weak transitions probably deexite non-yrast states.The shell model alulations for 135Te were performed with the OXBASHode using modi�ed Kuo-Herling nuleon-nuleon interations [12℄ saledfrom the Pb region with A�1=3 fator and the results are shown in Fig.2. The agreement with experimental level spetrum up to the 19/2� iso-mer is very good. The alulations also predit higher lying 21/2�, 25/2+,27/2+, and 31/2� yrast states at energies lose to the experimental levels at2641, 3235, 4592, and 5642 keV, respetively, supporting the previous spinassignments.4. Comparison of yrast strutures in 211Po and 135TeAs mentioned earlier every single partile state in the doubly magi 132Snregion has a orresponding single partile state around doubly magi 208Pbwith one unit larger angular momenta l and j. For example, the proton or-bitals around 132Sn: �g7=2, �d5=2, �h11=2, orrespond to the single partile�h9=2, �f7=2, and �i13=2 states in the 208Pb neighborhood, respetively. Theneutron orbitals �f7=2, �h9=2, �i13=2 have partners �g9=2, �i11=2, and �j15=2,respetively.
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1226 B. Fornal et al.Taking into aount these similarities one may expet a resemblane betweenlevel strutures of the three-valene-partile nulei 211Po and 135Te. Theyrast levels above the isomers in 211Po and 135Te are shown in Fig. 4. Closeinspetion reveals striking similarity between high spin states in both ases.Eah yrast level in 211Po has its ounterpart in 135Te and, sine three valenepartiles are involved, their are of opposite parity and the spins di�er by 3units. The ordering of orresponding states is the same and their relativespaings in energy and -ray deay patterns are very similar. We onludethat the resemblane of the single partile orbitals in the 132Sn and 208Pbneighborhoods determines also a similarity between muh more omplexshell model on�gurations in these regions.5. SummaryGamma-ray spetrosopi studies of hard-to-aess neutron-rih nuleiin the doubly magi 208Pb and 132Sn regions have been performed usingdeep-inelasti heavy ion reation 76Ge+208Pb and spontaneous �ssion of252Cf soure. Yrast states above the 25 s �-deaying isomer in 211Po andabove the 0.5 �s 19/2� isomer in 135Te have been loated. Level shemes ofthese three-valene-partile nulei exhibit striking similarities, whih may betraed bak to the similarity between the shell strutures in the two regions.This work was partly sponsored by the Polish State Committee for Si-enti� Researh under grant No. 2P03B 150 10, by the U.S. DOE underontrat no. DE-FG02-87ER40346 and by the Italian�Polish ollaboration.REFERENCES[1℄ R. Broda et al., Phys. Rev. Lett. 68, 1671 (1992).[2℄ B. Fornal et al., Ata Phys. Pol. B26, 357 (1995).[3℄ J.H. Hamilton et al., Prog. Part. Nul. Phys. 35, 635 (1995).[4℄ C.T. Zhang et al., Phys. Rev. Lett. 77, 3743 (1996).[5℄ J. Blomqvist, in Proeedings of the 4th International Conferene on Nulei FarFrom Stability, Helsingor, 1981, CERN, Geneva 1981, p. 536.[6℄ B. Fant et al., Nul. Phys. A355, 171 (1981).[7℄ B.Fornal et al., Eur. Phys. J. A1, 355 (1998).[8℄ E.K. Warburton, Phys. Rev. C44, 1500 (1991).[9℄ T.R. MGoram et al., Nul. Phys. A637, 469 (1998).[10℄ K. Kawade et al., Z. Phys. A298, 273 (1980).[11℄ P. Bhattaharyya et al., Phys. Rev. C56, R2363 (1997).[12℄ E.K. Warburton, B.A. Brown, Phys. Rev. C43, 602 (1991).


