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PARTICLE�HOLE MULTIPLETSNEAR CLOSED SHELLS�A. Covello, L. Coraggio, A. Gargano, and N. ItaoDipartimento di Sienze Fisihe, Università di Napoli Federio IIandIstituto Nazionale di Fisia NuleareComplesso Universitario di Monte S. AngeloVia Cintia, 80126 Napoli, Italy(Reeived Deember 6, 2002)We report here on a shell-model study of nulei lose to doubly magi132Sn and 100Sn fousing attention on partile�hole multiplets. In our studywe make use of realisti e�etive interations derived from the CD-Bonnnuleon�nuleon potential. We present results for the four nulei 132Sb,130Sb, 102In and 98Ag. Comparison shows that the alulated results arein very good agreement with the experimental data available for these nu-lei far from stability. This supports on�dene in the preditions of ouralulations whih may stimulate, and be helpful to, future experiments.PACS numbers: 21.60.Cs, 21.30.Fe, 27.60+j1. IntrodutionThe study of nulei around double shell losures plays a key role in testingthe preditive power of the shell model. In this ontext, of speial interest arenulei in the lose viinity to 208Pb, 132Sn and 100Sn, whih may be assumedto be good losed ores. Experimentally, a large body of data is availablein the 208Pb region, whereas it is a very hard task to obtain information on132Sn and 100Sn neighbors. In reent years, however, substantial progresshas been made to aess the regions of shell losures o� stability, whihhas paved the way to spetrosopi studies of nulei in the neighborhoodof both 132Sn and 100Sn. These data o�er the opportunity for testing thebasi ingredients of shell-model alulations, espeially the matrix elementsof the e�etive interation, well away from the valley of stability. This may� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2257)



2258 A. Covello et al.support on�dene in the preditions of alulations, whih may, in turn,stimulate e�orts to gain more experimental information on these nulei.During the last few years, we have studied [1,2℄ several nulei around132Sn and 100Sn within the framework of the shell model employing realistie�etive interations derived from modern nuleon�nuleon (NN) poten-tials. In these studies we have been mainly onerned with nulei havingfew idential partiles or holes.The main aim of this paper is to report on some results of our urrentwork in these regions, whih we have obtained starting from the CD-Bonnfree NN potential [3℄. In partiular, we shall onsider the four odd�oddnulei 132Sb, 130Sb, 102In and 98Ag. The motivation for this hoie lies inthe fat that these nulei are a soure of information on the e�etive neutron�proton interation in the 132Sn and 100Sn regions. More preisely, we fousattention on proton�neutron hole and neutron�proton hole multiplets in theformer and latter region, respetively.To plae this work in its proper perspetives, a brief historial digressionis in order. More than thirty years ago the study of partile�hole multipletsin the 208Pb region was the subjet of great experimental and theoretialinterest [4-7℄. In partiular, the spetrum of 208Bi was extensively studiedthrough pik-up and stripping reations and several proton�neutron holemultiplets were identi�ed [4,5℄. It turned out that a main feature of allmultiplets with more than two members is that the states with minimumand maximum J have the highest exitation energy, while the state withnext to the highest J is the lowest one. On the theoretial side, a verygood agreement with experiment was obtained in the shell-model study ofRef. [6℄, where partile�hole matrix elements dedued from the Hamada-Johnston NN potential [8℄ were employed.Despite these early ahievements, little work along these lines has beendone ever sine. By onsidering the new data whih are beoming availablein the 132Sn and 100Sn regions and the prospet of spetrosopi studies ofunstable nulei opened up by the development of radioative ion beams, wefeel that the time is ripe to revive theoretial interest in this subjet andperform shell-model alulations making use of a modern NN potential andimproved many-body methods for deriving the e�etive interation.In Se. 2 we give an outline of the theoretial framework in whih ourrealisti shell-model alulations have been performed. In Se. 3 we presentseveral alulated partile�hole multiplets and show that all the availableexperimental data are well reprodued by our alulations. Se. 4 presentssome onlusions of our study.



Partile�Hole Multiplets Near Closed Shells 22592. Theoretial frameworkIn our alulations for the Sb isotopes we assume that 132Sn is a losedore and let the valene proton and neutron holes oupy the �ve single-partile levels 0g7=2, 1d5=2, 1d3=2, 2s1=2, and 0h11=2 of the 50�82 shell. Simi-larly, for 102In and 98Ag we assume these orbits are oupied by the valeneneutrons outside the 100Sn ore while for the proton holes the model spaeinludes the four orbits 0g9=2, 1p1=2, 1p3=2, and 0f5=2 of the 28�50 shell. Forthe Sb isotopes the single-proton and single neutron�hole energies have beentaken from the experimental spetra [9�11℄ of 133Sb and 131Sn, respetively.The only exeption is the proton "s1=2 whih was taken from Ref. [12℄, sinethe orresponding single-partile level is still missing in 133Sb. For 102Inand 98Ag the single-partile and single-hole energies annot be taken fromexperiment, sine no spetrosopi data are yet available for 101Sn and 99In.Therefore, we have taken them from Ref. [13℄ and Ref. [14℄, respetively,where they were determined by an analysis of the low-energy spetra of theSn isotopes with A � 111 and of the N = 50 isotones with A � 89.As already mentioned in the Introdution, in our shell-model alulationswe have made use of a realisti e�etive interation derived from the CD-Bonn free nuleon�nuleon potential [3℄. This high-quality NN potential,whih is based upon meson exhange, �ts very aurately (�2/datum � 1)the world NN data below 350 MeV available in the year 2000.The shell-model e�etive interation Ve� is de�ned, as usual, in the fol-lowing way. In priniple, one should solve a nulear many-body Shrödingerequation of the form H	i = Ei	i; (1)with H = T + VNN , where T denotes the kineti energy. This full-spaemany-body problem is redued to a smaller model-spae problem of theform PHe�P	i = P (H0 + Ve�)P	i = EiP	i: (2)Here H0 = T +U is the unperturbed Hamiltonian, U being an auxiliary po-tential introdued to de�ne a onvenient single-partile basis, and P denotesthe projetion operator onto the hosen model spae.A main di�ulty enountered in the derivation of Ve� from a modernNN potential, suh as CD-Bonn, is the existene of a strong repulsive orewhih prevents its diret use in nulear struture alulations. This di�ultyis usually overome by resorting to the well known Bruekner G-matrixmethod. Here, we have made use of a new approah [15℄ whih has provedto be an advantageous alternative [15,16℄ to the use of the above method.The basi idea underlying this approah is to onstrut a low-momentumNN potential, Vlow�k, that preserves the physis of the original potential



2260 A. Covello et al.VNN up to a ertain ut-o� momentum �. In partiular, the satteringphase shifts and deuteron binding energy alulated by VNN are reproduedby Vlow�k. The latter is a smooth potential that an be used diretly asinput for the alulation of shell-model e�etive interations. A detaileddesription of our derivation of Vlow�k an be found in Ref. [15℄, where ariterion for the hoie of the ut-o� parameter � is also given. We haveused here the value � = 2:1 fm�1.One the Vlow�k is obtained, the alulation of the matrix elements of thepartile-partile and hole�hole interation is arried out within the frame-work of a folded-diagram method, as desribed, for instane, in Refs. [14,17℄.It should be pointed out that the e�etive interation in the proton�neutronhannel has been expliitly derived in the partile�hole formalism. A de-sription of the derivation of the partile�hole e�etive interation is givenin Ref. [2℄. 3. Results and omparison with experimentWe report here some seleted results of our study of nulei in the regionsof shell losures o� stability. The alulations have been performed usingthe OXBASH shell-model ode [18℄.We start by onsidering the Sb isotopes. The most appropriate systemto study the proton�neutron interation is 132Sb whih, having one protonvalene partile and one neutron valene hole, plays in the 132Sn region therole played by 208Bi in the Pb region. Experimental information on thisnuleus is provided by the studies of Refs. [19�21℄. Two �-deaying isomerswith J� = 4+ and 8� are known, whih originate from the �g7=2 �d�13=2 and�g7=2 �h�111=2 on�gurations, respetively. While the relative energy of thesetwo states has not been determined, there are indiations that the 8� stateis loated about 200 keV above the 4+ ground state [19℄.As regards the positive-parity states, besides the other three membersof the �g7=2 �d�13=2 multiplet, some states originating from the �g7=2 �s�11=2,�d5=2 �d�13=2, and �g7=2 �d�15=2 on�gurations have been identi�ed. For thenegative-parity states, very little experimental information is presently avail-able. In a very reent study [21℄, several new transitions feeding the 8�isomer have been revealed. In partiular, a 9� state at 1.025 MeV has beenidenti�ed whih may be attributed to the �g7=2 �h�111=2 on�guration. Thismakes very interesting the study of 130Sb, for whih �ve low-lying states withJ� = 5�; 6�; 7�; 8� and 9� have been identi�ed [22,23℄ and interpreted asmembers of the same multiplet.Several alulated multiplets for 132Sb are reported in Fig. 1 and om-pared with the existing experimental data. Note that in Fig. 1(a) all energies



Partile�Hole Multiplets Near Closed Shells 2261are relative to the 4+ state while in Fig. 1(b) they are relative to the 8�state (our alulations predit that the 8� state lies 226 keV above the 4+ground state).
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Fig. 1. Proton partile-neutron hole multiplets in 132Sb. The theoretial resultsare represented by open irles while the experimental data by solid triangles. Thelines are drawn to onnet the points.As regards the omparison between theory and experiment, we see thatthe alulated energies are in good agreement with the observed ones. Infat, the disrepanies are all in the order of few tens of keV, the only ex-eptions being the 1+ and 9� states of the �d5=2 �d�13=2 and �g7=2 �h�111=2multiplets, whih ome about 300 keV above and 200 keV below their ex-perimental ounterparts, respetively.The alulated �g7=2 �h�111=2 multiplet for 130Sb is reported and omparedwith the experimental data in Fig. 2. We see that the agreement betweenexperiment and theory is remarkably good, thus providing further supportto our preditions for 132Sb. It should be noted that both the experimentaland alulated energies are relative to the 8� state, whih has been exper-imentally observed to be the ground state. Our alulations predit [2℄ forthe ground state J� = 4+, the 8� state lying at 92 keV exitation energy.As regards the wave funtions of the states reported in Fig. 2, we �nd thatthey are indeed dominated by the p�h on�guration �g7=2 �h�111=2 while theremaining two neutron holes give rise to a zero-oupled pair oupying thed3=2, h11=2, and s1=2 levels.
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Fig. 2. Same as Fig. 1, but for the �g7=2 �h�111=2 multiplet in 130Sb.It is evident from Figs. 1 and 2 that a main feature of the alulatedmultiplets is that the states with minimum and maximum J have the high-est exitation energy and are well separated from the other states, for whihthe splitting is relatively small. This pattern is in agreement with the exper-imental one for the �g7=2 �d�13=2 multiplet in 132Sb and the experimental dataavailable for the other multiplets also go in the same diretion. It should bepointed out that this behavior is quite similar to that exhibited [6,7℄ by themultiplets in the heavier partile�hole nuleus 208Bi. Also, it is worth notingthat in all of our alulated multiplets the state of spin (j� + j� � 1) is thelowest, in agreement with the early preditions of the Brennan�Bernsteinoupling rule [24℄.We turn now to the 100Sn region. In this region the ounterpart of 208Biand 132Sb is 100In, for whih studies of exited states are at present out ofreah. We have therefore onsidered the two neighboring odd�odd isotopes102In and 98Ag, fousing attention on the �g�19=2�d5=2 multiplet for whihsome experimental information is available. In Figs. 3 and 4 we report theresults of our alulations for 102In and 98Ag, respetively, and omparethem with the experimental data [25℄. We see that the agreement betweenexperiment and theory is of the same quality as that obtained in the 132Snregion, the largest disrepany being 130 keV for the 5+ state in 98Ag. Thepattern of the alulated multiplets turns out to be similar to that of themultiplets in the Sb isotopes, but with the states with minimum and max-imum J less separate from the other ones. Atually, for 102In we �nd thatthe energy of the 7+ state is about the same as that of the 3+ state. In thisonnetion, it should be mentioned that for the former state the perentageof on�gurations other than those having a g9=2 proton hole and a d5=2 neu-tron is about 50%. A detailed disussion of the struture of the alulatedstates will be inluded in a forthoming publiation.



Partile�Hole Multiplets Near Closed Shells 2263
0.0

0.5

  J
 2  3  4  5  6  7

 E
(M

eV
)

 
102

In

π g9/2 ν d5/2

–1

Fig. 3. Same as Fig. 1, but for the �g�19=2 �d5=2 multiplet in 102In.
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Fig. 4. Same as Fig. 1, but for the �g�19=2 �d5=2 multiplet in 98Ag.4. SummaryWe have presented here some results of a shell-model study of nulei inthe lose viinity to doubly magi 132Sn and 100Sn fousing attention onthe partile�hole multiplets, whih are a diret soure of information on theneutron�proton e�etive interation. In our alulations we have employed arealisti e�etive interation derived from the CD-Bonn NN potential. Thishas been done using a new approah [15℄ to shell-model e�etive interationsinstead of the usual Bruekner G-matrix method.We have shown that our results are in very good agreement with theavailable experimental data. It should be stressed that in our alulationsno use has been made of any adjustable parameter. In fat, for the single-neutron and single proton�hole energies in the 100Sn region, whih are notavailable from experiment, we have adopted the values determined in ourearlier studies [13,14℄ on Sn isotopes and N = 50 isotones.
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