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ROTATING N=Z NUCLEI � A PROBE TO THE t=0AND t=1 PAIRING CORRELATIONS�Ramon A. Wyss and Wojieh SatuªaRoyal Institute of Tehnology, Physis Department FresatiFresativägen 24, 104 05 Stokholm, SwedenandInstitute of Theoretial Physis, University of WarsawHo»a 69, 00-681 Warsaw, Poland(Reeived August 3, 2001)A study of heavyN=Z nulei inluding t=1, tz=�1 pairing only learlyreveals the shortoming of that model in Tz=0 nulei. We present a simplemodel in whih we study the response of isosalar t=0 and isovetor t=1pairing orrelations to rotational motion. In partiular, we address the roleplayed by the t=1 and t=0 pair gaps with respet to the band rossingfrequeny. We argue that the t=1 neutron-proton pair �eld is of limitedimportane in even-even nulei. For the t=0 pair �eld, we introdue twodi�erent pairing modes. One is invariant with respet to signature symme-try and one is not. The signature onserving mode results in a delay of theband rossing frequeny, whereas the signature breaking part enhanes therigidity of the moment of inertia.PACS numbers: 21.60.�n, 21.10.�k, 74.20.�z1. IntrodutionDuring the very last years there has been a remarkable progress in thestudy of high spin states of heavy N=Z nulei. Experimental data of ex-ited states is now available up to 88Ru [1℄. Sine the proton and neutronwave funtions are essentially idential in N=Z nulei, one may expet inaddition to standard isovetor (t=1) the presene of isosalar (t=0) pair-ing [2,3℄. The �eld of high spin physis has played an important role in theinvestigation of isovetor t=1, tz=�1 pairing orrelations [4℄. The reent� 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. (2457)



2458 R.A. Wyss, W. Satuªaexperimental development will now allow us to investigate in a similar man-ner the signi�ane and role played by t=0 pairing orrelations. There aretwo basi high spin observables whih in partiular may serve as a probe tostati pairing orrelations: (i) the size of the moment of inertia and (ii) thefrequeny at whih the �rst pairs of partiles align their angular momentum(band rossing frequeny).In an early experiment on 72Kr, it was shown that the rossing fre-queny between the ground state and S-band appeared to be shifted [5℄.These �ndings were later on orroborated by data from Gammasphere [6℄.It was suggested that the shift ould be viewed as an evidene for neutron�proton (np) pairing orrelations although other mehanisms ould not beruled out [5℄.In this paper we will �rst disuss results of Total Routhian Surfae (TRS)alulations for rotational states of N=Z nulei from 68Se to 88Ru. Thesealulations are restrited to t=1 tz=�1 pairing only. In the following se-tion, we present a simple model in whih we an study the response of thet=1 and t=0 pair �eld to rotation. In partiular, we will address the roleplayed by the two di�erent omponents of the isosalar pairing �eld.2. High spin states in N=Z nuleiThe fore ating on a pair of partiles moving in time reversed orbitsin a rotating �eld is analogous to the fore ating on an eletroni Cooperpair in a magneti �eld. The frequeny at whih a pair of partiles align isdetermined by the ompetition of the pairing fore, keeping the partiles intime reversed orbits and the Coriolis fore that tends to break the pairs, seee.g. the disussion in Ref. [4℄. The band rossing frequeny, therefore, is anindiator on the size of pairing orrelations � the pair gap. Unfortunately,other fators, like the deformed mean �eld will a�et the band rossingfrequenies as well. Nevertheless, a systemati observation of a delayedband rossing in N=Z nulei as ompared to their N 6=Z neighbours, mayindiate, that pairing orrelations are, at least partially, responsible for it.Partiularly, that in our previous paper on Tz=1 nulei [7℄ it was shownthat our TRS alulations were rather suessful in desribing the high spindata in this mass region. Therefore, the omparison of our alulations withreent data on N=Z nulei is ruial in order to set a benhmark on thevalidity or limitations of the model.In a series of reent experiments at Gammasphere, Euroball and GASP,high spin states of N=Z nulei were studied up to 88Ru. In the followingwe omment on those ases, where we show the limitations of alulationsinluding t=1 pairing only. In these extended TRS-alulations, the shape ofthe nuleus is minimized with respet to the quadrupole and hexadeapole



Rotating N=Z Nulei : : : 2459deformations. Pairing hannel inludes t=1 tz=�1 monopole and doublestrethed quadrupole fores and is treated by means of the Lipkin�Nogami(LN) approximate number projetion, see [8,9℄ for further details. We startthe disussion with the data on 68Se, whih was reported in [10℄. Tworotational bands have been observed in that nuleus, that were interpretedin terms of an oblate and prolate struture. An alignment in the prolateband at ~! � 0:55MeV was assoiated with the simultaneous breaking ofg9=2 neutron and proton pairs [10℄.Results of our alulations are depited in Fig. 1. The energy di�erenebetween the prolate (p) and oblate (o) ground state band of 68Se is quitewell reprodued in our alulations although the moment of inertia doesnot agree so well. This is not surprising sine the deformation is rathersmall, orresponding to a more transitional like nuleus. However, in ouralulations, the prolate band is not rossed by the weakly deformed S-band,but by more deformed strutures (d1 and d2). The di�erene between thedeformed bands relates to the gamma-degree of freedom, d2 (d1) having�2 � 0:327(0:340) and  � �18Æ(+32Æ), respetively.
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Fig. 1. Routhians (left part) and aligned spin (right part) for 68Se. Experimentalvalues are shown with �lled irles for the prolate band and �lled boxes for theoblate band. See text for further details.



2460 R.A. Wyss, W. SatuªaThe alignment gain when going from the less deformed to the moredeformed band agrees quite niely with experiment. Indeed, if this bandrossing would be assoiated with the alignment of g9=2 protons and neutronsat small deformation the angular momentum gain would be onsiderablylarger than what is observed. The shape oexistene alulated for thispartiular nuleus (four di�erent shapes lose to the Fermi surfae) pointsto the importane of shape degree of freedom in this mass region (see alsoRef. [11℄ and referenes quoted therein) and, unfortunately, renders quitesome unertainty to our alulations. To disuss band rossing frequenieswithout ontrolling the shape variables does not appear very meaningful.From the alulations, Fig. 1, one an learly see, that the deformedband with positive gamma is lowest in energy and is rossed by the alignedS-band at ~! � 0:55MeV, whereas the band in experiment is seen up to~! > 0:7MeV without any band rossing. The moment of inertia agreeswith the deformed band (at negative gamma-values) but the alulated bandrossing is obviously absent. The situation thus resembles that of 72Kr [5℄,where there exist also an unertainty related to the varying shapes.The ase of 72Kr has been disussed already [5℄. The new data fromGammasphere seems to on�rm the previous GASP experiment [6℄, butthere exist still some unertainty onerning the highest spins. There isno doubt, however, that the alulated band rossing frequeny deviatesstrongly from experiment. This is in lear ontrast to the ase of 74Kr and76Kr, where the alulated frequeny agrees very well with experiment. Thealulated shape hange adds of ourse some unertainty, but at the sametime, one should note that for the ase of 74Kr, the predited shape hangehas been on�rmed by experiment [12℄.The Gammasphere experiment also reports data on 76Sr and 80Zr [6℄.Below we present our alulations for the two nulei and ompare to experi-ment, Fig. 2. One may onlude that the alulations with t=1 pairing only,agree quite well with experiment and that there is little evidene for thepresene of t=0 pairing. However, these nulei belong to the most deformedprolate nulei in this mass region. The large deformation results by itself ina very smooth alignment, from whih it is di�ult to draw any onlusionsonerning the shift of the band rossing frequeny, see Fig. 2. For the aseof 76Sr, it would be very valuable to observe another two transitions, in orderto be able to address this question. For the ase of 80Zr, one is still far fromthe alignment and the data is therefore not at all onlusive.Very reently, 88Ru data was reported from a GASP experiment [1℄.Sine the nulei beyond 80Zr are less deformed, one would expet to observethe g9=2 alignment at a lower frequeny. Again, omparing with neighbour-ing isotopes, there appears a lear shift to be present in the band rossingfrequeny [1℄. Below, we show the alulations for 84Mo and 88Ru, see Fig. 3.
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Fig. 2. Dynamial moment of inertia, J (2), as a funtion of frequeny for 76Sr and80Zr. Experimental (theoretial) values are depited by N (Æ). We also show theontribution of protons (�) and neutrons (�) to the total alulated values. Thealulated rossing frequeny is indiated by arrow. Note the smooth alignmentproess.
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Fig. 3. Calulated (open symbols) and experimental (�lled symbols) routhians as afuntion of frequeny. For the ase of 84Mo, no data is available yet. The alulatedrossing frequenies are indiated with arrows. Note, that for the ase of 88Ru thereis no sign of any band rossing in the data.



2462 R.A. Wyss, W. SatuªaData for 84Mo would be of high interest as well as higher lying states for thease of 88Ru. In the alulations, the g9=2 alignment ours quite early, inlear ontrast to experiment.3. Pairing orrelations and the rotational �eldWhen onstruting a pairing fore that an enompass both t=1 and t=0orrelations, one immediately is faed with the di�ulty of their entirelydi�erent angular momentum dependene. For a short range interation, likethe Æ-fore, it is well known that the 0+ matrix element is strongly attrativeand dominates over higher angular momentum matrix elements. Then, evenin a ase of deformed nulei (strong on�guration mixing) a struturelessseniority-type fore, �GP yP , where P y =P�>0 a+� a+~� and the index � and~� orrespond to states of opposite signature, o�ers a reliable approximationof an e�etive pairing fore. This fore is easily generalized as to inludet=1 np�orrelations:Ht=1pair = �Gt=1P y1tzP1tz ;P y1tz = X�>0;m� < 1=2 m� 1=2 m0� j1 tz > a+� m�a+~� m0� ; (1)where m� is +1=2(�1=2) for neutrons (protons), respetively [2, 3, 13℄.In ontrast, for a pair of partiles in idential orbits, the t=0 interationis essentially as attrative for the J=1 as the J=2j states, see e.g. theompilation in [14℄. Sine our model is entirely based on the spontaneouslybroken spherial symmetry (deformed mean �eld), angular momentum isnot a onserved quantity. Therefore on top of the deformed mean �eld wean onstrut two entirely di�erent pairing modes reating t=0 np pairsthat involve sattering of pairs (i) in states of opposite signature � the �~�mode similar to the t=1 pairing, and (ii) in states of the same signature,the �� mode. In terms of the spherial shell model the �~� mode wouldorrespond to low angular momentum matrix elements, whereas the ��pairs an arry large angular momenta. The fore takes the following form(see also disussion in Ref. [15℄):Ht=0pair = �Gt=01 P y1P1 �Gt=02 P y2P2 ;P y1 = 1p2X�>0�a+�na+~�p � a+�pa+~�n� ;P y2 = 1p2X�>0�a+�na+�p � a+~�na+~�p� : (2)



Rotating N=Z Nulei : : : 2463Further details of the model will be disussed in a forthoming publi-ation [16℄. The ratio of Gt=01 and Gt=02 is an open problem, and annotbe determined in our approah. Let us reall, however, that �� pairs arryangular momentum. Sine adjaent deformed Nilsson orbits usually havedi�erent angular momenta, the pair sattering in this pairing mode impliesthat angular momentum onservation is severely broken. This implies thatthis mode must be strongly suppressed with respet to the �~� mode i.e.Gt=01 > Gt=02 . Indeed the latter resembles muh the standard t=1 pair sat-tering in whih there is essentially no angular momentum violation duringthe sattering proess. One an therefore onlude that only at high spins,may the �� mode beome important, see also the disussion in Ref. [17℄. Thet=0 pairing at low angular momenta is therefore expeted to be dominatedby the �~� mode. In fat, we have found that �~� hardly mix with �� mode.More preisely, at low spins there exist only �~� pairing. At high spin, afterthe alignment, a transition into the �� mode might our provided that theGt=02 strength is over ertain ritial value [17℄.Two possibilities for the phase relation exist for the �� pairing, see def-inition of P y2 in Eq. (2), whih leads to the same phase for �� �! �� butopposite phases for �� �! ~� ~� sattering proesses. Thus far we were un-able to �nd a physial di�erene between them. However, we found that��(�) mode an mix with �~� but only in the high spin transition regionwhile ��(+) and �~� solutions seem to be always exlusive.3.1. Response of the t=1 �eld.The response of the t=1 pair �eld to rotations is well known and has beenstudied to quite some extent. Indeed, the observation of the redued momentof inertia in rotating nulei with respet to the rigid body value was essentialin order to establish the theory of super�uidity and the introdution of theBCS-formalism to nulear physis [18℄. Sine in standard BCS-theory, thetz=0 omponent of the t=1 pairing fore is omitted, it was suggested thatthe shift in the rossing frequeny may be due to the t=1, np-omponentof the fore. Two di�erent mean �eld mehanisms were proposed: (i) theexpliit isospin symmetry breaking at the level of the Hamiltonian with andad ho strong t=1, tz=0 omponent of the pairing fore [19℄ and (ii) thespontaneous isospin symmetry breaking [20℄. We propose here a di�erentmehanism where the delay is aused essentially by the �~� t=0 �eld.In the work of [19℄, the �10 pair gap was arti�ially inreased withoutdereasing the orresponding values of �1�1 and �11 whih is equivalent tointroduing a tz dependent t=1 pairing fore and the expliit violation ofisospin symmetry. This results in an arti�ial inrease of the total pairinggap �1 = q�21�1 +�211 +�210 as ompared to the value alulated for



2464 R.A. Wyss, W. Satuªaan isospin onserving Hamiltonian where the value of �1 is insensitive tothe diretion in isospae ~�1 � (�1�1;�11;�10). Sine the band rossingfrequeny is related to the size of the total gap this mehanism naturallyprodues a shift.In the work of Ref. [20℄ it was argued that the spontaneous symmetrybreaking of the t=1 pairing is the main ause of the delay in the band ross-ing frequeny and that there is no e�et from t=0 np�pairing [20℄. Thephysis mehanism behind this idea an be expressed as follows: the spon-taneous breaking and subsequent restoration of isospin symmetry shouldlower ground state band, where pairing orrelations are larger, with respetto S-band where pairing is supposed to be suppressed due the pair alignmentwhih obviously would lead to a delayed band rossing. However, the shiftwas never estimated quantitatively for a realisti ase. In addition, part ofthis e�et is already taken into aount by standard partile number pro-jetion. Moreover, it was shown later on that the onlusion of a zero e�etof the t=0 pairing fore is orret only within a single�j shell, and as soonas one inreases the strength of the J=1 omponent in the pairing �eld, onewill indeed shift the rossing frequeny in N=Z nulei [21℄. The physialmotivation for this inrease is of ourse that in heavy nulei, the Fermi sur-fae is plaed among several subshells, like f5=2; p3=2; g9=2; p1=2 and oneexpets therefore a oherene in the J=1 omponent of the fore, whereasthe J=2j part is fragmented over several shells [21℄. This is analogous inour model to the expeted oherene of the �~� (low J) with respet to the�� (high J) pairing mode.3.2. Response of the t=0 �eldThe wave funtion of the nuleus in a rotating system is usually lassi-�ed by means of the signature quantum number, whih is onserved by therotating �eld. However, the t=0 pairing has a omponent that breaks thatsymmetry, namely the �� �eld. Therefore, one is dealing with two di�erentomponents of the pair �eld, one that preserves signature and one that isbreaking it. To understand the e�et of the two di�erent t=0 pair �elds, weperform a ase study for the nuleus 72Kr, whih was the �rst where a delayof the band rossing frequeny was reported and also interpreted as beingaused by the lowering of the ground state band energy due to possible t=0orrelations. To quantify these suggestions, we have performed alulationsat �xed deformation in spite of the fat that deformation hanges play alarge role in this region. In this respet one has to view this study on aqualitative level.In Fig. 4, we show the angular momentum Ix as a funtion of frequenyfor three di�erent ases: (i) standard t=1 pairing orrelations (Æ) (let us



Rotating N=Z Nulei : : : 2465reall that in our LN alulations t=1, tz=0 omponent plays a redundantrole [17,22℄) (ii) t=1 and t=0 �~� (�) and (iii) t=1 and t=0 �� (�) pairing.For the ase of standard t=1 pairing, we see the sudden rise in the alulatedIx at ~! = 0:4MeV, orresponding to the breaking of a pair of protons andneutrons in the g9=2 orbits. As soon as we swith on the t=0 �~� pairing,the frequeny of this alignment, the band rossing frequeny ~! beomesatually shifted by �~! � 0:2MeV, whih is quite a sizeable amount. Thestrength of the pairing used for this ase is Gt=01 =1.3Gt=1, whih slightlyexeeds the strength expeted from the study of the Wigner energy [17,23℄.The shift sales diretly with the strength. Of ourse, the e�et will appearonly for values above ritial, i.e. Gt=01 > 1:1Gt=1. Clearly, if there is a o-herent t=0 pair �eld, it will a�et the band rossing frequenies, see also [21℄.The shift is easily understood. Sine the �~� pair �eld ouples proton andneutron pairs in signature inversed orbits, these pairs resist the alignmentin a similar fashion like in standard t=1 pairing. Sine the t=0 pair �eldonstitutes a new degree of freedom, there is no need to invoke a symme-try violating Hamiltonian. The situation is quite similar to the disussiononerning the mass exess in N=Z nulei, whih an be aounted for bymeans of t=0 orrelations, without any need of harge symmetry breakingHamiltonian [17℄.On the other hand the response of the �� pair �eld to rotation is quitedi�erent. These pairs ouple to high angular momentum and therefore, theCoriolis fore does not at all tend to break them. The Coriolis and entrifugalfore only tend to smoothly align those pairs along the rotational axis. Theresponse to rotation resembles fully that of a lassial rigid body. Sometimesit is suggested, that a nuleus without pairing orrelations resembles that ofa rigid body. This notation is orret only in the limit of small frequenies,where rotation an be treated by means of perturbation theory. As soonas partiles start to align, the moment of inertia in general starts to dropdue to the limited angular momentum available for a given on�guration.In ontrast, the nuleus in an �� ondensate atually ontinuously aligns itsangular momentum, sine there is no hindrane to satter pairs into higherlying orbits by means of the t=0 �� pair �eld. There is no drop in thepair �eld with inreasing frequeny, it atually inreases. No bakbend anour. In a reent paper by Goodman [24℄, the ase of 80Zr was disussed, inwhih the t=0 solution rossed the t=1, and where there was no bakbendobtained for the t=0 solution. There the t=0 pairing was essentially builtupon the J=5 omponent of the t=0 �eld and no redution of the pair�eld with frequeny was obtained. Clearly, this solution is quite analogousto our seniority �� mode, although there is no expliit angular momentumdependene present in our model. Similar results were disussed in our paperfor the ase of 48Cr [22℄, see also the disussion in [17℄.
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Fig. 4. Aligned angular momentum Ix as a funtion of ~! for three di�erent valuesof the pair �eld: (i) only standard t=1 (Æ), (ii) t=1 and t=0 �~� (�) and (iii) t=1and t=0 �� pairing (?). 4. SummaryThe omparison with the present data and alulations inluding t=1pairing only is quite instrutive but also limited in sope. The general piturethat emerges is that although the TRS-alulations are quite suessful inreproduing the rotational spetra in Tz = 1 nulei [7℄ and other nulei inthis mass region [25℄, there appears a general shortoming with respet tothe band rossing frequeny in Tz=0 nulei. The presene of a stati t=0�~� pair gap will result in a shift of the band rossing frequeny. In ontrast,the t=1, tz=0 pair gap will have little e�et on the rotational spetrum ofeven-even nulei. The t=0 �� mode results in a pair gap, that is inreasingwith frequeny, in whih the nuleus beomes like a rigid body. No suddenalignment an our. Due to the limited phase spae, it is questionablewhether suh a mode does exist in nature, possibly at very high angularmomenta [17℄.



Rotating N=Z Nulei : : : 2467To treat both isosalar and isovetor pairing on the same footing in TRSalulations is beyond this presentation. It requires a more thorough in-vestigation espeially on the deformation dependene of isosalar pairing aswell as its feedbak on the deformed potential. Sine isosalar pairing ismuh stronger than isovetor pairing, it is not at all lear, whether it an beinluded on top of a deformed single partile potential as is done with isove-tor pairing. In alulations for 48Cr inluding isosalar and isovetor pairingorrelation, the deformed potential beomes soft with inreasing isosalarpairing, until the deformed minimum disappears when Gt=01 > 1:3Gt=1. Inontrast, in self-onsistent HFB alulations involving the Skyrme SIII fore,the nuleus 48Cr beame somewhat more deformed in the presene of t=0pairing [26℄. The di�erene may be attributed to the lak of feedbak ofthe pairing interation to the deformed �eld and also to the simple typeof pairing fore used in our approah. For the proper treatment of rota-tional states at high angular momentum, the time-odd omponent of thepairing fore is essential [8, 27℄. This requires an extension of our modelto inlude the quadrupole pairing fore in the isosalar hannel. It is notobvious at all, whether suh extensions will be suessful, or whether thisis the limit of simple model alulations, where the next step will requirefully self-onsistent HFB-alulations in order to make not only qualitativebut also quantitative omparisons. This ertainly is an urgent task for thefuture as well as further experimental investigations of N=Z nulei.This work was supported in part by the Polish State Committee forSienti� Researh (KBN) and by the Göran Gustafsson Foundation.REFERENCES[1℄ N. Marginean et al., Phys. Rev. C63, 031303 (2001).[2℄ A. Goswami, Nul. Phys. 60, 228 (1964).[3℄ P. Camiz, A. Covello, M. Jean, Nuovo Cimento 36, 663 (1965).[4℄ Z. Szyma«ski, Fast Nulear Rotation, Clarendon Press, Oxford 1983.[5℄ G. de Angelis, C. Fahlander, A. Gadea, E. Farne, W. Gelletly, A. Apra-hamian, D. Bazzao, F. Beker, P.G. Bizzeti, A. Bizzeti-Sona, F. Bran-dolini, D. de Auña, M. De Poli, J. Eberth, D. Foltesu, S.M. Lenzi, S. Lu-nardi, T. Martinez, D.R. Napoli, P. Pavan, C.M. Petrahe, C. Rossi Alvarez,D. Rudolph, B. Rubio, W. Satuªa, S. Skoda, P. Spolaore, H.G. Thomas, C. Ur,R. Wyss, Phys. Lett. B415, 217 (1997).[6℄ S.M. Fisher et al., Nulear Struture 2000, MSU, MI 48824 USA, Nul.Phys. A (2001) to be published; C.J. Lister, PINGST 2000 onf. Lund (seehttp://pingst2000.kosufy.lu.se/proeedings.asp).
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