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RESIDUAL INTERACTIONS AND HIGH SPIN STATESIN A = 211 ISOBARS�A.P. Byrnea;b, G.J. Lanea and G.D. DraoulisaaDepartment of Nulear PhysisResearh Shool of Physial Sienes and EngineeringThe Australian National University ACT, 0200 AustraliabJoint appointment, Department of Physis The FaultiesThe Australian National University ACT 0200, Australia(Reeived November 8, 2002)The shell model has been partiularly suessful in desribing the stru-ture of states near the doubly magi 208Pb ore. In partiular semi-empirialalulations are able to reprodue the yrast states in the three valeneproton nuleus, 211At to a high degree of auray. Reent spetrosopimeasurements using a variety of novel reation mehanisms have providedinformation on the related A = 211 nulei 211At, 211Po 211Bi and 211Pballowing a omparison between the data and the results of semi-empirialalulations. While good agreement is observed for the lower spin yraststates, the alulations predit the presene of isomeri states not yet om-pletely haraterized in the urrent experiments.PACS numbers: 21.60.Cs, 23.20.Lv, 25.60.�t, 25.70.Gh1. IntrodutionThe nulei around the doubly magi 208Pb ore provide some of the bestexamples of ases where the shell model an be used to explain the stru-ture of yrast states formed by the exitation of several nuleons. A detaileddesription of the highest spin states known in the region, in the radon andfranium isotopes, an be provided by the semi-empirial shell model [1, 2℄.These nulei explore the valene proton, neutron and neutron-hole modelspae, sine the high spin states involve exitation aross the neutron shellgap. Muh is also known about the nulei with valene proton holes andneutron holes, however a region not greatly explored is that whih involvesonly valene protons and neutrons added to 208Pb, primarily beause of� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2285)



2286 A.P. Byrne, G.J. Lane, G.D. Draoulisthe di�ulty in produing these nulei with onventional heavy-ion fusionevaporation reations using stable beams and targets. Results from reentspetrosopi measurements in progress [3�6℄, whih use a variety of alter-native tehniques are now beginning to provide information on the nulei inthis neutron rih orner. Here we report some of the latest results, fousingon the behaviour of the A = 211 isobars and we demonstrate the suessof the semi-empirial shell model in explaining the struture of the yraststates. 2. Semi-empirial alulationsA variety of shell model approahes has been applied to nulei in thelead region. The most enduring of these has been the use of a realistiinteration from the work of Kuo and Herling [7℄ and subsequent modi�-ations of this by Warburton and Brown [8℄. Other approahes have beento use phenomenologial interations, suh as the surfae delta interationby Zwarts and Glaudemanns [9℄ and more reent work by Alexa et al. [10℄.Current alulations also inlude the work of the Napoli group [11℄ andCaurier et al. [12℄. The disadvantage of most of these alulations is thatthe restrited model spaes onsidered do not readily allow the determina-tion of the struture of states whih involve exitation of both protons andneutrons. Additionally, few of the alulations address the many-partile o-tupole vibrational oupling whih plays suh a dominant role in determiningthe yrast struture in this region. Consequently the empirial approah, aspioneered by Blomqvist [13℄ and o-workers, has beome perhaps the mostsuessful way of alulating the properties of the high spin yrast states inthe region.For the alulation of the yrast states within the empirial model, asuitable trunation is to onsider only the lowest three ative orbits in boththe proton and neutron spaes, namely h9=2, i13=2, and f7=2 for the protons;and g9=2, i11=2, j15=2 for the neutrons. The dominant neutron hole orbits,p�11=2 and f�15=2 must also be inluded in the alulation of most high spinstates as they are ativated through ore exitation. Calulations for nuleion the neutron de�ient side of the line of stability must also inlude theneutron i�113=2 and p�13=2 orbits.A large number of the residual two body interations required for thismodel spae an be derived diretly from the states known in the two valenenuleon systems about the 208Pb ore. For example, the two proton inter-ation energies an be determined from 210Po, the two neutron interationsfrom 210Pb and the proton-neutron interations from 210Bi. These intera-tions have been tabulated by Lönnroth [14℄ with a more up-to-date list givenin our own work [15,16℄. Where interation energies are not known we have



Residual Interations and High Spin States in A = 211 Isobars 2287tended to take the values given by Kuo and Herling [7℄. Further disussionon residual interations is found below in the ontext of the alulationsfor 211Bi. It should be emphasized that while our alulations do take intoaount the mixing between states that an our when more than one stateof the same spin and parity is able to be formed by the same on�guration,mixing between states of di�erent on�gurations is not inluded expliitly.To some degree this mixing may often be indiretly inluded via the use ofempirial interations whih are themselves derived from states with mixedon�gurations.3. The three valene proton system, 211AtExited states in 211At have been produed using the 208Pb(7Li,4n) re-ation with beams provided by the ANU 14UD Pelletron aelerator. Thisreation is highly seletive and of high yield, making the study relativelystraight forward. Indeed, the early work of Bergström et al. [18, 19℄ andMaier et al. [20℄ on 211At were among some of the de�ning experiments inthe region. Our work has extensively expanded the original level shemeand details of the measurements and results an be found in the papers byBayer et al. [16, 17℄A omparison of the alulated states with the observed yrast states isshown in Fig. 1. This �gure inludes the omplete set of valene states forspins J � 92 available using the h9=2, i13=2, and f7=2 orbits (open and losedirles). For ore-exited states (triangles), at most the lowest three statesfor any given spin in a on�guration are shown. For the yrast states formedonly from the three valene protons the agreement between experiment andtheory is exeptional with the largest deviations being for the ground state(33 keV) the 27/2� state (33 keV) and the 29/2+ state (27 keV). The de-viation in the ground state an be understood sine the model does notinlude mixing between the other seniority one, 9/2� states while the othertwo states are a�eted by otupole orrelations [21℄. The agreement forstates involving ore exitation is also very good, with most states observedwithin 100 keV of the alulated value. One notable exeption is the 39/2�state from the �[h29=2i13=2℄�g9=2p�11=2on�guration whih in the simple empir-ial model is alulated 142 keV too low in exitation energy. Again, likethe 29/2+ state, this is strongly a�eted by otupole mixing and a more so-phistiated approah is needed to reprodue its energy. These states an beunderstood in terms of a model whih inludes a spei� oupling to the o-tupole vibration. This model an be used to make de�nite preditions aboutthe struture of mixed states and about possible hanges in the nature of themirosopi struture of the otupole vibration itself [21℄. We have reentlyextended the work on the systematis of the otupole mixed states in the



2288 A.P. Byrne, G.J. Lane, G.D. Draoulisastatine isotopes with a measurement of states in 213At [6℄. The result fromthat work bears out the predited redution in E3 transition strength whihours in the deay of spei� on�gurations as one moves to more neutronrih systems.The suess of the semi-empirial model is not restrited to states formedonly from the three valene protons. The struture of the high spin, ore-exited states in 211At above the previously known isomers an also besuessfully understood in terms of relatively simple on�gurations. Theapproah an also be used to highlight spei� deviations from the simplemodel, leading Bayer et al. [16℄ to examine the need for ore-polarizatione�ets in reproduing state energies.
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Residual Interations and High Spin States in A = 211 Isobars 2289reations [23℄. The independent results from the two groups are in goodaord, with both identifying a high spin isomer at an exitation energyof 4874 keV, although the inomplete fusion reations allow the identi�a-tion of onsiderably more non-yrast states. Again, the empirial shell modelalulations, shown in Table I, reprodue the observed yrast deay shemerather well. The highest lying isomer is attributed to the 43/2+ state fromTABLE IConfigurations assigned to valene states in 211Po (From [23℄.)Con�guration J� Energy Theory ��[h29=2℄�g9=2 9/2+ 0 48 4813/2+ 1181 1263 8215/2+ 1459 1440 �1917/2+ 1428 1477 4921/2+ 1428+� 1516 <8823/2+ 164925/2+ 1463 1530 67�[h29=2℄�i11=2 11/2+ 687 587 10027/2+ 1820 1837 13�[h29=2℄�j15=2 15/2� 1065 1079 14�[h9=2i13=2℄�g9=2 31/2� 2136 2105 �31�[h9=2i13=2℄�i11=2 33/2� 2867 2850 �17�[h9=2i13=2℄�j15=2 37/2+ 3443 3408 35�[h29=2℄�g9=2i11=2p�11=2 37/2� 4365 4492 127�[h9=2i13=2℄�g9=2i11=2p�11=2 43/2+ 4874 4802 �72the �[h9=2i13=2℄�g9=2i11=2p�11=2 on�guration. It deays via an enhaned E3transition with a strength of 17(5) single partile units to the 37/2� statefrom the �[h29=2℄�g9=2i11=2p�11=2 on�guration. While most enhaned E3 de-ays in the astatine isotopes are well understood within the framework of thepartile-vibration oupling model, this partiular deay, and the orrespond-ing deay from the 31/2� state, involve spin �ip �i13=2 ! �h9=2 transitionsand are predited to have strengths less than half their observed values [23℄.Further insight into the anomalous nature of these deays may be ob-tained by studying states with related on�gurations in 212Po. To date,population of this nuleus has been di�ult with only states up to the �-deaying isomer at 2.9 MeV being observed [24℄. One option now availableis the use of neutron rih radioative beams suh as those at the SPIRALfaility [25℄ at GANIL. In April 2002, the �rst approved experiment wasperformed with the EXOGAM array [26℄ using a radioative beam fromSPIRAL [3℄. The 208Pb(8He,4n) reation was used with radioative 8He



2290 A.P. Byrne, G.J. Lane, G.D. Draoulisprodued through fragmentation of a 75 MeV/A 13C beam on a arbon tar-get. After extration, the 8He beam was re-aelerated to 28 MeV and bom-barded a 30 mg/m2 208Pb target. Over the ourse of the measurement,approximately 58 hours of beam was delivered on target with an averagebeam intensity in the range 3 � 104�3 � 105 ions per seond. The transi-tions from levels up to the 11� state in 212Po were learly visible [3℄ andthe measurement represents a signi�ant milestone, opening the door to theexploration of a number of di�erent neutron rih systems in this region.5. The one proton-two neutron system, 211BiUntil reently only a few low-lying states from the �h9=2�g29=2 on�g-uration were known in 211Bi. States up to the [�h9=2�g29=2℄21=2� isomerilevel at 1227 keV (�=101ns) were identi�ed by Maier et al. [29℄ using the209Bi(t,p) reation and -ray spetrosopy. A level at 1257(10) keV was ob-served using a magneti spetrometer and the 210Bim(d,p) reation [28℄ andtentatively assigned as the 25/2� state from the maximum spin oupling ofthe �h9=2�g29=2 on�guration. An isomer with � = 2:1 �s was observed byPfützner et al. [30℄ in a relativisti fragmentation experiment but they ouldnot determine whether the lifetime was assoiated with the [�h9=2�g29=2℄25=2�or [�h9=2�g9=2i11=2℄29=2� on�guration.An experiment has been performed [4, 5℄ using the Gammasphere arrayat the Argonne National Laboratory to study exited states in neutron-rihisotopes near and above 208Pb populated in deep-inelasti ollisions. Detailsof the experiment have been presented in Refs [4,5℄. Exited states in 211Biwere identi�ed by projeting a matrix of all pairs of -rays whih preeded intime, the known -rays below the 101 ns and 2.1 �s isomers. A preliminarylevel sheme from that work is shown in the right-hand side of Fig. 2. Theleft-hand side shows the results of empirial shell model alulations usingthe same two-body interations as used in the alulation of the 211At and211Po level shemes disussed earlier. Above the 4835 keV state a fragmenta-tion of the level sheme is observed, indiating a hange in struture beyondthis point. It is likely that the state at 4835 keV orresponds to the maxi-mum spin possible from the three valene nuleons, the alulated exitationenergy of the 41/2+ state of the [�i13=2�j215=2℄ on�guration, 4865 keV, beingin exellent agreement with the observed energy. States of higher angularmomentum must be generated by ore exitation. Unfortunately it is notlear from the urrent data whether the transitions observed feeding thislevel are from yrast states. Indeed, the pauity of �rm spetrosopi in-formation for the transitions deexiting this level allows several alternativeinterpretations of the level sheme. If the empirial shell model alulations
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Fig. 2. Empirial shell model alulations for 211Bi. The �lled and un�lled sym-bols show the alulated energy levels for states of positive and negative parityrespetively. From [6℄.are to be believed, (and support for this is given by the suess of the alu-lations for 211At and 211Po disussed above), the yrast asade would ourthrough the states listed as Alternative 1 in Table II. The di�ulty with thisinterpretation is the lak of a diret E3 deay from the state at 2316 keVto that at 1257 keV. Alternative 1 suggests an E2 transition deexiting the2316 keV state whih will be faster, but it will have a deay width only alittle over twie that of the E3 transition. Also there is no lear andidatefor the branh whih inludes the state at 2782 keV. An alternative pathway(Alternative 2) takes the deay through non-yrast states and diretly feedsthe 25/2� state. While at �rst sight this may seem unlikely, the alulationspredit that the 29/2� state will fall below the 25/2� state resulting in astate whih is likely to �-deay in a manner similar to the related statesin 212Po and 211Po. The present way of identifying states as belonging to211Bi by using time orrelated oinidenes assoiated with transitions be-low the 2 �s isomer may have seleted a non-yrast sequene, bypassing apossible very long lived isomeri state. Maier et al. searhed spei�ally foran �-deaying isomer in their 209Bi(t,p)211Bi measurement [29℄ but did notobserve any �-deay with a half-life between 1 s and 10 hr, with greater than



2292 A.P. Byrne, G.J. Lane, G.D. Draoulis0.5% of the ground state intensity. The lifetime measurement of Pfützner etal. [30℄ ould not assign the measured 2.1 �s lifetime to a partiular state.However, assuming that the states arise from the same multiplet, the ob-served B(E2; 21=2� ! 17=2�) transition strength an be used to obtainthe transition strength for the 25/2� ! 21/2� deay. Assuming a transi-tion energy of 30(10) keV this gives a lifetime for the 25/2� state of about150 ns, a value relatively onstant for any transition energy between 80 and22 keV. A 2.1 �s lifetime is onsistent with a 25/2� ! 21/2� deay only ifthe energy of this transition is between 2.5 and 4.5 keV. Higher transitionenergies imply that the 2.1 �s lifetime must be attributed to another state,most likely the 29/2� state. TABLE IIAlternative Configurations assigned to states in 211BiState Alternative 1 Alternative 2Con�guration J� Theory � Con�guration J� Theory �(keV) (keV) (keV) (keV) (keV)4835 �[i13=2℄�j215=2 41/2+ 4856 35 �[i13=2℄�j215=2 41/2+ 4856 353602 �[i13=2℄�i11=2j15=2 39/2� 3794 192 �[h9=2℄�j215=2 37/2� 3778 1763138 �[i13=2℄�g9=2j15=2 37/2� 3129 �11 �[i13=2℄�g9=2j15=2 35/2� 3298 1602782 ? �[h9=2℄�i11=2j15=2 33/2+ 2934 1522316 �[h9=2℄�i11=2j15=2 35/2+ 2374 58 �[h9=2℄�g9=2j15=2 31/2+ 2293 �232059 �[h9=2℄�g9=2j15=2 31/2+ 2293 234 �[i13=2℄�g29=2 29/2+ 2147 881257+� �[h9=2℄�g9=2i11=2 29/2� 12471257 �[h9=2℄�g29=2 25/2� 1257 0Of key importane are the energies. The states involved have very simpleon�gurations, and as indiated with the alulations for 211At and 211Podesribed above, the energies an be alulated to a high degree of au-ray. All of the states in 211Po with on�gurations related to the states in211Bi an be alulated with an auray of better than 100 keV as shownin Table I. In 211Bi the same interations are involved yet the simplest in-terpretation inorretly alulates the energy of the �[h9=2℄�g9=2j15=2 stateby over 234 keV. Also of importane is whether the 29/2� state atuallyfalls below the 25/2�. Again, all the residual interations are well deter-mined empirially from states in 210Pb and 210Bi. The main reason thestates are lose in energy at all, is that the observed residual interation for[�h9=2�i11=2℄10� oupling is abnormally attrative ompared to the Kuo andHerling interations [7℄. It is highly unlikely that the 10� state in 210Bi hasbeen mis-assigned and Bergström et al. [27℄ have pointed out that the dis-repany ours beause of the large spatial overlap of the two orbits involved



Residual Interations and High Spin States in A = 211 Isobars 2293the alulation of whih is sensitive to the form of potential hosen. Sim-ilar behaviour is also observed for the spin orbit partners [�h�111=2�i�113=2℄12�in 206Tl. Of interest is whether modern realisti interations are able toreprodue these energies orretly.From an experimental point of view what is needed is better time in-formation. The alternative deay paths above the known isomers preditdi�erent nanoseond isomers due to either E3 or M2 transitions. A moreextensive measurement of the 2.1 �s isomer is also required to establishwhether it arises from either of the 25/2� or 29/2� states.6. The three neutron system 211PbLow spin states in 211Pb are known from the alpha deay of 215At [31℄.High spin states have been populated in the same deep inelasti measurementdesribed above for 211Bi [4, 5℄. The deay sheme dedued from that workhas identi�ed levels up to an exitation energy of 4400 keV, with two isomeristates present. For 211Pb the residual interations within the �g29=2i11=2on�guration predit an inversion of the ordering of the highest spin levels(in ontrast to the �h29=2f7=2 on�guration in 211At). Again, as in 211Bi,the inability to assoiate the lifetimes to partiular states prevents de�niteassignment to states above this point.7. ConlusionsThe systems with a few valene nuleons outside the lead ore provide arih testing ground for the nulear shell model. New measurements, usingexoti reations and powerful arrays are beginning to unravel the struture ofthe neutron rih systems. Empirial shell alulations predit isomeri statesinluding some whih are expeted to deay by alpha emission. The verysimple struture of the states allows a detailed examination of the residualinterations used in the alulations, with the measurements hinting thathanges from the set of interations urrently used may be required.The results of several experiments have been used here. Our thanks goto a large number of olleagues and, in partiular, S. Bayer, T. MGoram,T. Kibédi and A.M. Baxter and sta� of the Heavy-Ion Faility at the Aus-tralian National University, P. Walker and H. Mah as spokespersons forthe SPIRAL experiment, and R. Broda and B. Fornal as o-spokespersonand prinipal ollaborator for the deep-inelasti experiment at Argonne Na-tional Laboratory. The authors aknowledge assistane from the AustralianGovernment, Aess to Major Researh Failities Program for their support.
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