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NUCLEAR STRUCTURE NEAR AND BEYONDTHE PROTON DRIP LINE�Jolie A. Cizewski, Kwan Ying Ding and Martin B. SmithDepartment of Physis and Astronomy, Rutgers UniversityNew Brunswik, New Jersey, 08903 USA(Reeived November 2, 2000)Two nulear systems near and beyond the proton drip line are examinedfollowing spetrosopy with Gammasphere oupled to the Fragment MassAnalyzer. The proton-rih N = 84; 85 isotones are found to have an yraststruture dominated by �h9=2 on�gurations. In 173Au the �rst evideneis seen for the limit of energy whih a nuleus beyond the proton drip linean sustain.PACS numbers: 27.70.+q, 23.20.Lv1. IntrodutionTraditionally nulear struture studies have been limited to nulei nearthe line of stability, or neutron-de�ient nulei populated in fusion reationsfollowing the evaporation of a few neutrons. Reent developments in exper-imental tehniques allow studies near and beyond the proton drip line toprobe possible hanges in single-partile struture for systems in whih thelast proton is at best weakly bound.There is also onsiderable interest in the limits of exitation energy andangular momentum that weakly bound nulear systems an sustain. Re-ently, the energy-spin (E; I) phase spae of 254No [1℄ has been determined.These distributions show that this very heavy nuleus, whih would be un-stable against spontaneous �ssion but for shell orretions, is surprisinglyrobust. Nulei whih are unstable to deay by proton emission, either fromtheir ground state or from an isomeri state, provide another laboratory forthe study of the amount of energy and angular momentum whih a weaklybound system an withstand.� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(933)



934 J.A. Cizewski, Kwan Ying Ding, M.B. SmithThis paper will fous on two systems near and beyond the proton dripline: nulear struture of proton-rih N=84,85 isotones near the proton dripline and the limits of energy and angular momentum in weakly bound Aunulei beyond the proton drip line.2. Experimental tehniquesThe measurements reported here were performed at the ATLAS ael-erator faility at Argonne National Laboratory and exploited the power ofthe Gammasphere array of -ray detetors oupled to the Fragment MassAnalyzer (FMA) reoil separator. For both measurements Gammasphereonsisted of 101 Ge detetors, eah surrounded by an array of BGO sin-tillators for Compton suppression; the hevimet shields in front of the BGOdetetors were not in plae. For the Au measurements, an additional 5 BGOshields were plaed at forward angles, for a total of 106 modules, to over asolid angle as lose to 4� as possible.The FMA selets M=Q of the evaporation residues. At the foal plane,a position-sensitive Parallel-Grid Avalanhe Counter (PGAC) was used toidentify theM=Q of residues, whih were subsequently implanted in a 48�48Doubled-sided Silion Strip Detetor (DSSD) plaed 40m behind the PGAC.The information reorded inluded -ray energies (E) and time withrespet to the radio frequeny (RF) of the aelerator, the position (XPGAC,YPGAC) and energy loss (�Er) of the evaporation residues in the PGAC, andthe position (X;Y ) and energy (Er) of reoils in the DSSD. The Time OfFlight (TOF) of the reoils between (i) the PGAC and DSSD and (ii) the re-oils and the prompt -ray �ash at the target position were also reorded, aswell as the energy (E�) and position (X;Y ) of the deay partiles of the im-planted residues. In addition, the time from an absolute lok was reordedfor every event throughout the experiment to obtain the time elapsed be-tween implantation and deay of a reoil.The data analysis exploited the Reoil�Deay Tagging tehnique (RDT),in whih prompt -ray events in Gammasphere at the target position wereorrelated with the isomer-spei� deay of implanted evaporation residues,milliseonds to seonds after the prompt reation.3. Struture of N = 84; 85 isotones near the proton drip lineThe 58Ni reation on an enrihed 102Pd target at 270 MeV was used topopulate N = 84; 85 isotones near the proton drip line. Sine the proton-rih 160W ompound system has a large number of exit hannels and thefusion-evaporation proess has strong ompetition from the dominant �ssionhannel, reoil tagging was essential to selet -ray transitions assoiated



Nulear Struture Near and Beyond the Proton Drip Line 935with partiular nulei. For the more weakly populated isomers, whih deayby alpha-partile emission, the RDT tehnique was ritial. Figure 1, inwhih the �-deays orrelated with M=Q are summarized, illustrates therihness of this reation measurement, as well as the importane to haveboth �-deay and mass information to selet a spei� isomer. Exitationsin the N = 84 Lu, Hf, Ta, and W isotopes, as well as N = 85 Yb and Luisotopes were dedued [2�5℄.

Fig. 1. Two-dimensional display of the E� vs XPGAC matrix for deays whihourred within 200 ms after implantation.The doubly-magi nature of 14664Gd was originally identi�ed by Kleinheinzand oworkers [6℄. Above the Z = 64 gap, the high-spin proton level ish11=2 � this orbital will be the dominant proton orbital populated in high-spin studies. On the neutron side, the �rst orbital is f7=2 with a sizeablegap before the i13=2 orbital and the h9=2 orbital lies at even higher energy.Therefore, near 146Gd the low-lying struture is expeted to be dominatedby the f7=2 neutrons.However, the single-neutron struture hanges when protons are addedabove Z = 64. While the h9=2 neutron exitation is at almost 1.4 MeV in147Gd, it drops to as low as 400 keV in 155Hf, with 8 more protons. Thisdropping of the energy of the h9=2 neutron orbital also a�ets the even�even



936 J.A. Cizewski, Kwan Ying Ding, M.B. SmithN = 84 isotones, displayed in Fig. 2. In 148Gd the yrast 2+; 4+; 6+ states,formed by oupling two neutrons in the f7=2 orbital, are well separated fromthe 8+ state formed by oupling (�f7=2h9=2)8+ . This 8+ state beomes lowerin energy as the neutron number inreases, below the 6+ states in 156Hf and158W. The � deay of these 8+ isomers has enabled spetrosopy above theseexitations, in partiular, for 156Hf, using the RDT method [4℄.
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Fig. 3. Level struture above the 11/2� and 25/2� isomers in 155Lu. The transi-tions above the 11/2� state were taken from Ref. [4℄.
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938 J.A. Cizewski, Kwan Ying Ding, M.B. Smithh9=2 orbital to the 1+ on�guration, an assignment originally proposed inthe lighter N = 84 isotones by the Kleinheinz group [8℄. This 25=2� staterapidly dereases in energy as the proton number inreases, oming belowthe 23=2� (�f7=2)2 state in 155Lu and nearly degenerate with the 19=2�member of the (�f7=2)2 multiplet in 157Ta.The N = 85 isotones populated in the present work are 155Yb and theodd�odd 156Lu. In the lighter even-Z, N = 85 isotones, the yrast struture isbuilt on the �f7=2 on�guration, with non-yrast �h9=2 exitations. However,in 155Yb and 157Hf the yrast exitations are built on the �h9=2 on�guration,although the �-deaying isomer is the �f7=2 state.The interpretation of the yrast states of the odd�odd N = 85 156Luisotone is rather ompliated. The higher spin isomer was identi�ed by Pageand oworkers [7℄ as (�h11=2�f7=2)9+ . However, the yrast struture appearsto be built on the 10+ on�guration obtained by oupling the h11=2 proton to�h9=2, and then to (�f7=2)2. This interpretation is based on the systematisof both odd- and even-Z, N = 85 isotones, displayed in Fig. 5. In the lighterodd-Z, N = 85 isotones, exitations built upon both the 9+, (�h11=2�f7=2)and 10+, (�h11=2�h9=2) on�gurations are observed. Exitations built on
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Fig. 5. Systematis of the asades built on the (�h11=2�f27=2h9=2)10+ states in theN = 85 isotones. The exitation energies of the (�f37=2)7=2� states relative to the(�f27=2h9=2)9=2� states in the even-Z, N=85 isotones are also displayed. Data takenfrom Refs. [2, 3, 10�14℄.



Nulear Struture Near and Beyond the Proton Drip Line 939the �h9=2 orbital follow the (�f7=2)2 exitations in the even-even ore, withsimilar spaings for even and odd-Z, N = 85 isotones. Sine our yrast levelsfor 156Lu are similar to those built on the 9/2� levels in Yb and Hf isotones,the (�h11=2�h9=2)10+ assignment is proposed for the yrast asade in 156Lu.The isomer is probably 9+, as originally proposed [7℄. We do not see any M1transition at the bottom of this asade. Therefore, the energy di�erenebetween the 10+ and 9+ states in 156Lu is at most 100 keV, with an M1transition whih would be predominantly onverted.4. Limits of energy and angular momentum in Au isotopesbeyond the proton drip lineFor nulei lose to stability, the entry distribution in energy and spinfollowing a heavy-ion fusion reation re�ets the number of partiles evapo-rated from the ompound system. However, as one moves towards the protondrip line, it is reasonable to expet that the weak binding of the last protonshould a�et the energy and angular momentum that the nuleus an sus-tain, when ompared to an isobar in whih the last proton is more stronglybound. In addition, the barrier for deay is dependent on the orbital angu-lar momentum ` of the deaying state. The barrier is onsiderably higherfor emission from a high-` state, than for emission from a state of low `.Therefore, it ould be expeted that the entry distribution for population oflow-spin isomers ould be restrited beause of the lower barrier for protonemission. The high-spin population of these nulei in heavy-ion reationsshould also be limited by �ssion of the ompound system. Sine both low-and high-spin isomers have often been identi�ed in the same nuleus, entrydistributions leading to yrast and non-yrast exitations an be omparedand ontrasted.The 84Sr + 92;94;96Mo reations were used to populate neutron-de�ientA = 172�177 Hg, Au, and Pt isotopes. The odd-A Au isotopes were pro-dued via the p2n hannels. In the ase of 173;177Au two alpha-emittingisomers have been identi�ed [15, 16℄, one with low spin, the other from theproton h11=2 orbital. Gammasphere was again oupled to the FMA and theRDT method was used to selet photons assoiated with spei� isomers.The response funtion of Gammasphere was determined from souremeasurements, using an event-mixing tehnique [17℄. Based on these re-sponse funtions, a two dimensional Monte Carlo unfolding proedure [18℄was used to transform raw modular energy and modular multipliity, (H;K),to exitation energy and multipliity, (E;M). The dependene of e�ienyon multipliity was taken into aount, in order to orret for the e�et ofthe trigger ondition. To onvert multipliity, M , to angular momentum,I, the standard assumption [1,19℄ was made that non-statistial transitions



940 J.A. Cizewski, Kwan Ying Ding, M.B. Smitharry 2 units of angular momentum and 3 statistial transitions eah arry0.25 units of spin. For the present study of Au isotopes, the multipliity ofonversion eletrons was negleted.An example of the entry distribution in energy-spin spae is displayed inFig. 6 for 175Au and 175Pt. Inluded in this �gure are the yrast lines for thesenulei, determined by Kondev [20℄. The slopes of the entry distributions aresimilar to those of the yrast lines, as expeted for statistial evaporation ofpartiles from the ompound system.
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942 J.A. Cizewski, Kwan Ying Ding, M.B. Smith5. Summary and onlusionsThe strutures of two nulear systems have been presented whih arenear and beyond the proton drip line. The knowledge of exitations nearN = 82 and above Z = 64 has been extended. The attrative interationbetween h11=2 protons and h9=2 neutrons in these spin-orbit partner orbitalslowers the h9=2 neutron orbital so that it dominates the yrast struture inthe N = 84; 85 isotones near the proton drip line. A similar hange in single-partile levels has been observed in other parts of the periodi table [22℄ �it is not unique to nulei near the proton drip line. In fat, beause wehave been able to use the behavior of nulei near stability to understandthe struture of nulei near the proton drip line, nulear struture is robust,perhaps surprisingly robust, even far from stability.In the ase of the 173;175;177Au isotopes, all lie beyond the proton dripline, although none of these are su�iently unbound that proton deay anbe observed to ompete with alpha-partile emission. The �rst evidene forthe limit to the energy that suh a weakly bound system an sustain wasobserved by omparing entry distributions of 173Au to its more stable isobar173Pt, as well as to analogous distributions in heavier Au isotopes.These studies have only begun to probe weakly bound systems near andbeyond the proton drip line. Plans are to ontinue suh entry distributionstudies using an array of BGO detetors oupled to the FMA. This will allowfurther studies of entry distributions, not only in proton unbound nulei,but also for the heaviest elements. In the far future, with the advent ofthe next generation of radioative ion beam aelerators, suh studies wouldbe extended to neutron-rih nulei, where the inreased di�useness of thenulear surfae ould a�et the maxima in energy and angular momentumin unexpeted ways.We would like to thank our olleagues at Argonne National Laboratoryfor their ritial ontributions at all stages of the data taking, analysis, andinterpretation, and Peter Kleinheinz for stimulating disussions about theN = 84 isotones. This work was supported in part by the U.S. NationalSiene Foundation. REFERENCES[1℄ P. Reiter et al., Phys. Rev. Lett. 84, 3542 (2000).[2℄ K.Y. Ding, Ph.D. dissertation, Rutgers University, 1999.[3℄ K.Y. Ding et al., Phys. Rev. C62, 034316 (2000) and to be published.[4℄ D. Seweryniak et al., in Proeedings of the Conferene on Nulear Strutureat the Limits, 1996, p.247.
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