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SHELL MODEL APPLICATIONS TO N = Z NUCLEI�Gabriel Martínez-PinedoDepartment für Physik und Astronomie, Universität BaselCH-4056 Basel, Switzerland(Reeived April 27, 2001)This manusript reviews reent results of large sale shell model al-ulations for N = Z nulei. The topis disussed inlude the role of theproton�neutron pairing in determining the binding energies of pf shell nu-lei and properties of bakbending rotors, as well as the Coulomb energydi�erenes and their relationship with alignment. Proton�neutron orre-lations are found responsible for the harateristi features of the isotopishifts in alium, i.e., for the paraboli dependene on A and prominentodd�even staggering.PACS numbers: 21.10.�k, 21.60.Cs, 27.40.+z1. IntrodutionIn the reent years, thanks to the enormous progress that ourred inomputer apabilities and programming tehniques, the shell-model alu-lations based on mirosopi e�etive interations, and in model spaes thatinlude all the basi physis ingredients, have beome available. The spher-ial shell model approah has provided an exellent desription of manynulear properties, from level shemes to rare proesses suh as the doublebeta deay, and has given a uni�ed desription of the single partile and ol-letive degrees of freedom of nuleus. Taking advantage of the availabilityof detailed mirosopi alulations, in this paper we study the role of theproton�neutron orrelations in N = Z nulei. We �rst disuss the e�etsof the proton�neutron pairing on the binding energies of the pf -shell nuleiand its in�uene on the rotational properties, taking 48Cr as an example.� Invited talk presented at the High Spin Physis 2001 NATO Advaned ResearhWorkshop, dediated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. The results presented in this talk have been obtained in ol-laboration with E. Caurier, K. Langanke, F. Nowaki, A. Poves, J. Sánhez-Solano,P. Vogel, and A. Zuker. (2423)



2424 G. Martínez-PinedoNext we examine how the alignment of partiles evolves as a funtion of theangular momentum and what is its relationship with the observed Coulombenergy di�erenes in mirror nulei. Finally, we show how the ross�shellproton�neutron orrelations are responsible for the isotope shifts in alium.2. Pairing and N = Z nuleiThe study of isovetor pairing interation among the like partiles isone of the lassial themes of nulear physis. The proton�neutron pairinghas been muh less studied, in partiular its isosalar part. The advent ofhigh-spin spetrosopi data in heavy N � Z nulei has again brought theold question: how does the pairing evolve with the angular momentum?We shall examine these issues in what follows. To start, we selet as ourT = 0 and T = 1 pairing Hamiltonians those extrated in Ref. [1℄ from therealisti G-matries. We keep the notation of Ref. [1℄, and all P01 and P10the isovetor and isosalar L = 0 pairing Hamiltonians. In the absene ofany other interation their spetra are given by:EP01 = �G �(n� vs)(4
 + 6� n� vs)8 + t(t+ 1)2 � T (T + 1)2 � ; (1)EP10 = �G �(n� vt)(4
 + 6� n� vt)8 + s(s+ 1)2 � S(S + 1)2 � ; (2)where G is a oupling onstant, 
 is the maximum number of L = 0 statesin the valene spae, n is the number of valene partiles, vs and vt are thesinglet and triplet seniorities, t and T are the redued and total isospins, ands and S are the redued and total spins. It is interesting to note that whilethe isovetor pairing favors states with good isospin, the isosalar pairingfavors those with good spin. Due to the presene of a strong spin-orbit termin the nulear fore, the presene of an L = 0 isosalar ondensate in theground state of N = Z nulei is very unlikely [2℄.In order to determine the role of the pairing operators in the behaviorof di�erent nulei and di�erent physial quantities, we �rst make a referenealulation using the interation KB3 [3℄, then we subtrat from the KB3fore the isovetor or isosalar pairing Hamiltonians, and then we performthe alulations with the new interations KB3-P01 and KB3-P10. In thisway, we obtain the e�et of eah pairing hannel by a diret omparison withthe referene alulation. The value of the oupling onstant G is obtainedfrom the numbers given in Table I of Ref. [1℄. We use G = �0:295 MeV forP01 and G = �0:459 MeV for P10.Figure 1 shows the ontributions to the ground state binding energyfrom the isovetor pairing (labeled P01) and from the isosalar pairing (la-beled P10), for several isotopi hains. The �gure shows a strong odd�even
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A=50Fig. 1. Pairing ontributions to the ground state energies of the A = 46; 48, and 50isobari hains as a funtion of the isospin (T ).staggering of the P01 points, mostly suppressed in the P10. The only littlesurprise is that for A = 46 and 50, when moving from T = 1 to T = 0not only the ontribution of P01 dereases, but also the ontribution of P10.This may explain why the ground states of 46V and 50Mn have T = 1 insteadof T = 0. The monopole part (the symmetry-energy part) of KB3 puts theentroid of the T = 0 states lower than the entroid of the T = 1 states byabout 1.3 MeV; on the other hand, the total pairing ontribution to T = 1 islarger by nearly 2 MeV than the ontribution to T = 0. Therefore, it is theT = 1 state that beomes the ground state of the odd�odd Tz = 0 nulei.To study evolution of the pair ontent of a nuleus as the rotationalfrequeny inreases, we have hosen 48Cr whih is the most representativeexample. In �gure 2(a) we present (in the form a bakbending plot) thee�et of the pairing orrelations, basially re�eted in the hange of thestati moment of inertia. For states below the bakbending (i.e. for thosethat an be viewed as assoiated with the same intrinsi, well deformed stateas the ground state) the wavefuntions with or without pairing have the same
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Fig. 2. (a) The e�et of the isosalar and isovetor pairing in the gamma energiesalong the yrast line in 48Cr. (b) Gamma energies obtained with the Gogny forein the Shell-Model and ranked Hartree�Fok�Bogoliubov approahes.struture. Their B(E2) values and quadrupole moments are equal within afew per ent, and their overlaps are always better than 95%. This means thatpairing does not a�et the quadrupole properties that have somehow reahedsaturation in the deformed regime. This suggests that the disrepaniesfound in the omparison of the CHFB and SM results in Ref. [4℄ are dueto de�ienies in the treatment of pairing in the mean-�eld desription. Tolarify this point we have used the matrix elements of the Gogny fore [5℄(obtained [6℄ using the wave funtions omputed in a spherial Hartree�Fokalulation with the same fore). The results are plotted in �gure 2(b). It islearly seen that the shell model alulation with the Gogny fore now givesa muh better moment of inertia than the CHFB alulation with the samefore.



Shell Model Appliations to N = Z Nulei 24273. Coulomb displaement energies and alignmentIn the previous setion we have studied the pairing orrelations as afuntion of the rotational frequeny. However, traditionally phenomena suhas the bakbending, or the appearane of the yrast traps, are related to thealignment of partiles. In Ref. [7℄ it was shown that the 12+ yrast trap in52Fe an be related to the alignment of two pairs of partiles. We an use ashemati Hamiltonian to �ount� the number of aligned partiles:Halign =Xrs Zyrs(JT ) � Zrs(JT ) ; (3)where the sum runs over di�erent orbits (rs) and Zyrs(JT ) is the reationoperator for a normalized pair of partiles in the orbits rs with the angularmomentum J and isospin T . As the ommutator [Zyrs(JT ); Zrs(JT )℄ is not a-number the operator above is not a true number operator, however, it anprovide qualitative information about the hange in the number of pairs. In�gure 3 we present the expetation value of Halign (J = 6 is the maximumspin with T = 1 in the pf shell) for the yrast band of 52Fe. We inlude alsothe expetation value of P01 using G = 1. For low spin states (J = 0�4) 52Fepresents a rotational spetrum. As an be seen in the �gure, the rotationis olletive, no alignment of partiles takes plae (�at Halign). For J = 6a pair of partiles is aligned. As J = 6 is the maximum possible spin withonly a J = 0 pair broken, a seond pair is broken produing a sudden dropin P01. A progressive inrease in Halign takes now plae, and for J = 12
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2428 G. Martínez-Pinedotwo pairs of partiles are fully aligned. Note that this sudden alignment ofpartiles ould be responsible for very small B(E4) (5�10�4 W.u.) reentlymeasured in a study of the deay of 12+ state [8℄. For spins higher than12+ there is a lear orrelation between the points of maximum alignment(in the pf shell there ould be only 2 pairs with J = 6 and T = 1) and thebreaking of the J = 0 pair.Gamma-ray spetrosopy of high spin states in mirror nulei has beenrevitalized in reent years through the development of large gamma-ray spe-trometers. Suh spetrometers have yielded a wealth of new information onhigh spin states in N = Z nulei and in proton-rih nulei in the f7=2 shell.Small di�erenes (normally a few tens of keV) observed in the exitationsenergies are mainly due to the isospin symmetry breaking Coulomb intera-tion. In reent works [9, 10℄, the high spin states of T = 1=2 mirror nulei47Cr/47V and 49Mn/49Cr have been studied. It was found that the CED'sare extremely sensitive to the struture of the nulear wave funtions. Inreent experiments [11, 12℄ high spin states up to the band termination inthe mirror pair 51Fe/51Mn have been observed. The measured CED's areshown in �gure 4, where they are ompared with the shell-model alula-tions that inlude the Coulomb matrix elements denoted �A42�, Ref. [9℄;they were obtained from the A = 42 mirror pair. It is seen that there is anabrupt hange in the CED's at J = 17=2�. The e�et is also present in thealulation that shows exatly the same trends as the experiment, althoughwith enhaned values. (See Ref. [13℄ for a quantitative reprodution of themeasured CED's.) The large inrease in the CED an be interpreted asdue to the alignment of a pair of protons in 51Fe, whih redues the overlapof their spatial distributions and auses a orresponding redution in theCoulomb energy. In 51Mn, the odd proton bloks this alignment and a pairof neutrons is aligned, with no Coulomb e�et. Beyond J = 17=2� the pro-tons start aligning also in 51Mn and therefore the CED's approah zero atthe band termination. In order to make it more visible we have omputedthe expetation value of the proton ontribution to Halign, de�ned in equa-tion (3). Figure 4() shows the di�erene between the expetation values forstates in 51Mn and 51Fe.It is interesting to note the similarities between the alignment observedin 52Fe and in the mirror pair 51Fe/51Mn. In fat, the aligned J = 17=2�state in 51Fe/51Mn ould be seen as resulting from the oupling of a j = 7=2�hole to the yrast trap 12+ state in 52Fe. Similarly to what happens in 52Fe,where a very small B(E4) deay probability has been measured, the 17=2�state in 51Fe/51Mn has also very small eletromagneti transitions [14℄.
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(a) Experiment

(b) Shell Model

(c) Shell ModelFig. 4. Experimental (a) and alulated (b) CED de�ned as Ex(51Fe)�Ex(51Mn).() � Di�erene of the proton ontribution to Halign in 51Mn and 51Fe.4. Cross-shell orrelations: isotope shifts in aliumThe appearane of shell gaps assoiated with magi nuleon numbersis one of the ornerstones of nulear struture. However, it has beomeinreasingly evident in reent years that these magi numbers, and the or-responding shell losures, might get eroded with inreasing neutron exess.A prominent example is the magi neutron number N = 20 whih vanishesin proton-de�ient nulei with Z � 12. This erosion of the shell losure hasbeen related to ross-shell proton-neutron interation whih orrelates the2s1=2 and 1d3=2 orbitals with the 1f7=2 and 2p3=2 orbitals [15℄. Similar ross-shell orrelations are also responsible for the superdeformed band seen in36Ar [16℄ (see also C. E. Svensson's ontribution). If ross-shell orrelationsare indeed the mehanism for the shell erosion, then the �rst indiations arealready visible in stable alium isotopes. Our argument is based on theunderstanding and explanation of nulear harge radii, hr2 i, in the alium



2430 G. Martínez-Pinedoisotopes. The isotopi shifts show a harateristi paraboli shape with apronouned odd�even staggering when neutrons �ll the f7=2 orbit and themass number hanges from A = 40 to A = 48.The nulear harge radii an be written as:r2 = r2 (mean �eld) + r2 (orrelations): (4)Mean-�eld alulations, whih usually aim at desribing nulear masses, de-formation parameters, and radii over a large region of nulear masses andharges, annot aount for the details of the alium isotope shifts. Thedependene of hr2 i on A is usually featureless. Some of the approahes,however, are able to aount at least for the near equality of hr2 i in 40Caand 48Ca. To this ategory belong alulations based on the Hartree�Fokmethod with Skyrme interations [17℄, relativisti mean-�eld methods [18℄,and the extended Thomas�Fermi model with the Strutinsky-integral [19℄.Then we will assume that r2 (mean �eld) in equation (4) is onstant for allthe alium isotopes and determine the ontribution of the orrelations usingthe shell-model alulations.Sine here we are interested in the desription of alium isotopes, itis imperative to inlude states in the viinity of the N = Z = 20 shellboundary. Therefore, the hosen valene spae onsists of the d3=2, s1=2,f7=2, and p3=2 subshells for both protons and neutrons. (Thus 28Si representsthe inert ore.) Our alulations [20℄ reprodue the energies of the intruderstates in S and Ca, as well as the energies of the low-lying 2+ and 3� states(and B(E2)) in the even Ca isotopes.Due to the on�guration mixing aross the Z = 20 shell boundary, pro-tons are lifted from the sd to the fp shell, resulting in an inrease of r2 that,assuming harmoni osillator wave funtions, is given by:Ær2 = 1Zn�fpb2 ; (5)where Z = 20, and b is the osillator parameter whih we assume onstantfor A = 40�48. (Note that this assumption is supported by the fat that r2is onstant in the mean-�eld alulations.) n�fp is the number of protons inthe fp shell that we obtain from our shell-model alulations.Figure 5 ompares the omputed isotopi shifts with data. The trends,paraboli shape, and the odd�even staggering are learly reprodued, but themagnitude of the alulated shifts is smaller than the experiment suggests.That ould be due to some small dependene of b with A, or to the fat thatwe have negleted the d5=2 and f5=2 orbitals in our model spae. However,our results learly show that the ross-shell orrelations are responsible forthe observed isotopi shifts in the alium isotopes.
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