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2430 A. Gadea et al.The oupling of big Ge-arrays like EUROBALL or GASP with anillarydetetors for the study of the struture properties of very exoti nulei, farfrom the stability valley, has given outstanding results in the last years.A large fration of the experiments performed with both arrays has beendevoted to study both proton-rih and neutron-rih nulei populated usingstable beams provided by the LNL Legnaro and IReS Strasbourg aelera-tors. Nulei lying lose to the N = Z line are of partiular interest being alaboratory where olletive exitations as well as fundamental properties ofthe nulear fore an be tested, like isospin symmetry and isospin breakingterms, proton neutron pairing, dripline e�ets and oherent neutron andproton ontributions to the nulear exitations. Some of this properties aremore evident (degree of isospin mixing) or an be only observed (olletivee�ets) in heavy N = Z nulei. In this ontribution we present the exper-imental results obtained by our ollaboration along and in the viinity ofN = Z line.PACS numbers: 21.10.Re, 23.20.Lv, 25.70.Gh, 27.50.+e1. IntrodutionThe interest of nulei with N � Z omes from the oupation sym-metry between protons and neutrons orbitals. Among the topis that anbe studied in these nulei is partiularly attrative the study of the pos-sible breakdown of isospin symmetry. This is an example of the impatof nulear physis alulations on the preditions of the standard modelof the eletro-weak interation, whih requires unitarity for the Cabibbo�Kobayashi�Maskawa (CKM) matrix. Available data suggest that the CKMmatrix fails the unitarity test [1℄, pointing to physis beyond the standardmodel. Sine suh result depends on orretions for nulear isospin mixing,whih is larger for heavy N = Z nulei, the experimental results in these nu-lei are vital to test the model preditions. Spetrosopi studies of N = Znulei are relevant in this topi sine the isospin mixing probability an bedetermined using isospin forbidden -transitions. If the harge symmetry ofthe nulear fore is exat, in the limit of long wavelengths, the E1 transi-tion operator is purely isovetor and therefore E1 transitions are forbiddenin N = Z nulei between states of equal isospin and have equal strengthin mirror nulei. Failure of this symmetry rule due to the isospin non on-serving Coulomb interation an be experimentally observed as an apparent�indued isosalar term� through the presene of forbidden E1 transitions.Alternatively is possible to evaluate the isospin non-onserving terms of theinteration with the investigation of the eletromagneti deay properties inmirror pairs. In this ase the determination of the isovetor and isosalaromponents of E1 transitions allow higher sensitivity, ompared to the de-termination of the transition probability of forbidden transitions in N = Znulei, as a onsequene of the interferene between forbidden and allowedstrengths.



Spetrosopy of Heavy N=Z Nulei with GASP and EUROBALL 2431In heavy N = Z nulei due to the fat that protons and neutrons oupythe same orbitals one may also expet strong neutron�proton pairing or-relations, whih an not be observed in stable nulei where valene protonsand neutrons oupy di�erent shells. In partiular the e�ets onneted withthe rotation of the nulear super�uid and the ompetition between T = 0and T = 1 pairing are expeted to appear in suh nulei [2℄.A onsequene of oupation symmetry, in medium mass and heavy nu-lei, is that protons and neutrons an at in phase giving rise to phenomenaof oherent ontributions of both kind of partiles to olletive exitations.As an example two of the largest measured otupole transition matrix ele-ments have been dedued from experimental lifetimes in the 114Xe nuleus.Suh strong B(E3) matrix elements annot be explained within the standardmean �eld approah and an be related to a oherent enhanement of theolletivity possibly due to the dynamial oupling of the proton-neutroninteration among orbitals di�ering of three units of angular momenta.2. MeasurementsIn this ontribution we are presenting results from experiments per-formed at the GASP and EUROBALL multidetetor arrays. The mea-surements inluded -oinidenes, linear polarization and lifetime analysis.High-spin states in the N � Z nulei were populated using ompound nu-lear reations with the beams delivered by the TANDEM XTU of the Labo-ratori Nazionali di Legnaro (Italy) and the VIVITRON at IReS, Strasbourg(Frane). � oinidenes were aquired with the gamma spetrometersGASP and EUROBALL. In some of the experiments anillary devies wereused to improve the seletivity for reation hannels involving the evapo-ration of harged partiles and neutrons; GASP was oupled with the ISISsilion ball [3℄ and a ring of six liquid sintillator neutron detetors repla-ing six BGO elements of the multipliity �lter, and EUROBALL with theSi-ball EUCLIDES [4℄ and the Neutron-wall [5℄ replaing the phase I dete-tors. For the lifetime measurements we used the Cologne plunger devie [6℄with a speial set-up of the Si-ball EUCLIDES, using only the two forwardrings of Si telesopes. More details on the di�erent setups an be found inthe referenes given in the following setions. In the o�-line analysis thedi�erent hannels were partially seleted by requiring that only the eventsorresponding to the detetion of proper number of protons, neutrons andalpha partiles, in the Si telesopes and neutron detetors, were inrementedinto symmetrized E�E matries. Moreover, when neessary, we made useof triples data by onstruting E�E matries in oinidene with known-ray transitions. The spins and parities of the levels were dedued fromthe analysis of the diretional orrelation ratios from oriented states (DCO)and from linear polarization results.



2432 A. Gadea et al.3. Iospin mixing on the 64Ge nuleusIn the ase of Tz = 0 (N = Z) nulei one an investigate experimen-tally the amount of isospin impurity in the low-lying states through E1lifetime measurements. In fat the eletri dipole transitions in N = Z nu-lei between states of equal isospin are forbidden by isospin onservation.Therefore, E1 transitions between low-lying states of even-even N = Z nu-lei an only proeed through the mixing of T = 0 and T = 1 states induedby the Coulomb interation. An example is o�ered by the 64Ge nuleus,where an intense 1665 keV transition, previously assigned as a pure E1 fromsystemati [7℄, was observed to onnet the low-lying 5� and 4+ states. InFig. 1 a partial level sheme of the N = Z nuleus 64Ge, obtained fromprevious works [7℄ and reent experiments performed at EUROBALL withthe reation 32S (125 MeV)+ 40Ca [8℄, is ompared with that of the isotope66Ge [9℄. The presene in both nulei of the strong 5� ! 4+ transition israther surprising beause in the self-onjugate 64Ge nuleus the E1 transi-tion between T = 0 states should be forbidden by the isospin seletion rule.Under the assumption that the 5� ! 4+ has a E1 harater, suh transitionin 64Ge is only possible through isospin mixing with T = 1 states of equalspin and parity whih lie �3 MeV higher in exitation energy.
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Spetrosopy of Heavy N=Z Nulei with GASP and EUROBALL 2433distribution and polarization data also for the 5� ! 4+ 1510 keV transitionin 66Ge and the same quantities for the orresponding 1665 keV transitionin 64Ge. The multipolarity for both the 1665 and 1510 keV transitions wereinferred through angular distribution and DCO analysis; the mixing ratio Æand the alignment parameter �=J were dedued simultaneously from a �tof the angular distribution data. In the ase of the 1665 keV transition, thebest �t gives Æ = �3:93 � 0:41 + 0:75, with a redued �2=0.80, whereas itgives Æ � 0 for the 1510 keV transition in 66Ge.A polarization orrelation analysis was performed using the Clover dete-tors of EUROBALL. The asymmetry A = �N+ �N jj� = �N+ +N jj� for the1510 keV transition in 66Ge was found to be positive whih, ombined withthe angular distribution results, on�rms its strethed E1 harater. A sim-ilar analysis for the 1665 keV line in 64Ge gives a negative asymmetry, whihis ompatible with the large Æ value resulting from the angular distribution�t with a predominant M2 harater of the transition (93%) and a very smallE1 omponent. Despite the fat that 64;66Ge nulei have almost equal levelshemes, re�eting the same intrinsi struture for the exited states, theirdi�erent isospin is re�eted in the strong hindrane of the E1 transition in theN = Z nuleus. Lifetimes 64Ge has been measured in a dediated plungerexperiment using the RDDS method. In this experiment the EUROBALL IVGe array was oupled to the Cologne plunger as previously desribed. In theexperiment we ould follow the deay of 64Ge up to the 9� level at 5373 keV.The 1127 keV transition de-exiting this level appears ompletely shifted ata target-stopper distane of 100 �m, suggesting a quite short lifetime of thelevel. The deay urve of the 528 keV -ray de-exiting the 7� level at 4246keV orresponds to a meanlife of � = 43�8 ps. For the deay urve of the1665 keV -ray de-exiting the 5� level at 3718 keV a two level �t inludingthe lifetime of the 7� levels gives �= 26 � 13 ps. Considering the multipolemixing ratio, the experimental strengths are B(E1; 1665 keV) = 2:3�1:310�7W.u. and B(E2; 747 keV) = 1:0�0:5 W.u. The latter value is in good agree-ment with the systematis of the even Ge isotopes. In order to estimate theamount of isospin mixing implied by the presene of a forbidden E1 tran-sition between T = 0 states, a alulation has been performed with thevery shemati model desribed below. As the level shemes in the two iso-topes 64Ge and 66Ge are almost idential in the low-energy part, we assumethat the orresponding states in the two nulei have idential wavefuntions,apart from a pair of orrelated partiles in 66Ge (or holes in 64Ge) oupledto J = 0, T = 1. In order to really behave like a �spetator�, the addi-tional pair should lie outside the region of valene (sub)shells: otherwise,the antisymmetrization of the wavefuntion would imply an expansion withfrational-parentage oe�ients. However, negleting antisymmetrizationould be not too bad an approximation if the wavefuntions of the parent



2434 A. Gadea et al.state and of the orrelated pair are superpositions of a number of di�erenton�gurations. We ould assume that the levels of 66Ge are obtained byoupling a pair of orrelated neutrons to the T = 0 states of 64Ge. Thisould be a reasonable approah, but would lead to the onlusion that thestrength of the E1 transition in 66Ge is the same as in 64Ge, in ontrastwith the experimental results. Alternatively, one an assume that the rele-vant states of 64Ge are obtained by removing a pair of neutrons (oupled toJ = 0, T = 1) from the orresponding states of 66Ge. With this assumptionsand at the limit of small isospin mixing we obtain:(i; JkM(1)(E1)kf; J 0)64Ge = ��r23(i; JkM(1)(E1)kf; J 0)66Gewith �� = �i � �f the di�erene between the isospin mixing amplitudefor the initial and �nal states. To estimate the minimum isospin mixingneessary to aount for the experimental results, one onsiders the situationgiving the maximum E1 strength for a given value of �2i +�2f . This happensfor �i = ��f = �. We obtain, in this ase:B(E1; J ! J 0;64Ge) = 83�2B(E1; J ! J 0;66Ge) :However, one should remember that the mixing with other T = 1 statesould alter the above onlusions. For instane, mixing the initial (�nal)state with T = 1 states having a negligible E1 transition amplitude to the�nal (initial) state, would inrease the isospin impurity of the state withoutany onsequene on the B(E1). On the other side, if several T = 1 statesontribute to the E1 amplitude through their mixing in the initial or �nalstate, the resulting B(E1) an be substantially larger than the weightedsum of individual B(E1)'s if the ontributing amplitudes add oherently.Substituting the experimental values one obtains an isospin mixing �2 =2:50%(+1:0% � 0:7%). This value is of the same order of magnitude aspredited by various theoretial alulations of isospin mixing in the groundstates of even-even nulei (Dobazewski and Hamamoto [10℄ see Fig. 1 andColó et al. [11℄).4. High spin evidenes for p�n pairingThe existene of a p�n pair ondensate indued by the strong orrelationsin N � Z nulei is still an open question. In N = Z nulei the wave funtionsof protons and neutrons are essentially idential in addition to the standardT = 1 pairing (isovetor) it is possible the T = 0 pairing (isosalar). It hasbeen pointed out that the phenomena onneted with the T = 0 pairingmode will only exist in nulei with N � Z [2℄.



Spetrosopy of Heavy N=Z Nulei with GASP and EUROBALL 2435It is well known that the aligning frequeny of partiles in a rotatingnuleus is determined by the ompetition between pairing and the Coriolisfore and therefore the band rossing frequeny is an indiator of the orre-lation strength. In an early experiment on 72Kr [12℄ it was shown a delayin the rossing frequeny between the g.s. and S-band, latter orroboratedin GAMMASPHERE experiments [13, 14℄, and it was suggested that thisphenomena an be an evidene for n�p pairing orrelations even if otherpossible mehanisms ould not be exluded. A systemati observation ofdelay band rossing in N = Z nulei ompared with neighbouring isotonesand isotopes is neessary to eluidate the mehanism partiipating and toevaluate the ontribution of the pairing orrelations.Reent GAMMASPHERE experiments on the nulei 76Sr and 80Zr alsosuggested the delay alignment frequeny for both ases [13℄.The ontribution of the GASP ollaboration to this subjet is omingform the investigation of the two heaviest N = Z nulei were it has beenpossible to do -spetrosopy studies, i.e. the 84Mo and 88Ru [15,16℄. Thesenulei have been studied with the GASP array oupled with the anillarydetetors desribed in the measurements setion. Both nulei have beenpopulated in the 2n hannels in the reations 28Si + 58Ni at 90 MeV and32S + 58Ni at 105 MeV. The spetra of both nulei suggest delay alignmentfrequeny ompared with neighbour nulei (see Fig. 2), even if the investi-gation higher angular momentum states is neessary to further lear up ofthe problem. In addition it is neessary the omparison with self-onsistentmirosopi alulations not yet available.
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2436 A. Gadea et al.5. Enhanement of the otupole olletivity in 114XeOtupole orrelations in nulei are generated by the interation betweenorbitals of opposite parity near the Fermi surfae whih di�er by three unitsof angular momentum. In partiular, it has been suggested that otupoleorrelations should appear at low and medium spins in the light Te, I and Xenulei [17℄. The strongest otupole olletivity has been predited for thevery light Xe and Ba isotopes with N � Z � 56 when the Fermi sur-fae for both protons and neutrons lies between the d5=2 and the h11=2orbitals [17, 18℄. In the viinity of the N = Z line enhaned polariza-tion an be expeted, due to the presene of an isosalar proton and neu-tron (�(�)d5=2 �(�)h11=2)3� term. Experimentally, exited rotational bandshave been found and interpreted as built on the otupole exitation �rst in114;116Xe [19, 20℄ and then more reently in 108;109;110Te [21�23℄. The mainargument to assign a negative parity to these bands in the ase of even-evennulei or positive parity for odd nulei, whih is ruial for the otupolesenario, is the E1 harater of the transitions linking the exited bands tothe yrast bands. Suh E1 assignments have been normally based only onmeasurements of branhing ratios and angular orrelations. Sine on�r-mation of the eletri harater of these dipole transitions is of paramountimportane to establish �rmly the otupole nature of the observed bands.Therefore the linear polarization of the gamma rays in 114Xe nuleus havebeen measured in an EUROBALL experiment with the 58Ni(210 MeV)+58Nireation. In addition, using the plunger method (see measurements setion),we have measured the lifetimes of the two lowest levels of the otupole band(5� and 3� at 2000 and 1623 keV exitation energy, respetively) whih al-low the determination of the strength of the transitions linking the proposedotupole band to the g.s. band [24℄. The results �rmly establish the otupoleharater of the exited band built on the state at 1623 keV. Furthermore,two new E3 transitions deexiting the states of the otupole sequene 5�(to the 2+) and 3� (to the ground state) with -transitions of 1549.1(5) and1623(1) keV, respetively (see Fig. 3), have been the observed.The extrated branhing ratios for the 5� and 3� levels at 2000 and1623 keV of exitation energy have been obtained from the oinidene datagating on the 558 keV (for the 5�level) and on the 558 and 377 keV (for the3� level) -transitions, respetively (see Fig. 3). The ontributions to theobserved intensity ratios from the sum of oinident -rays has been esti-mated smaller than 0.5% of the reported intensities and it has been inludedin the evaluation of the errors. The olletivity of the 3� state is stronglyorroborated by the lifetime measurements. The dedued B(E3) transitionmatrix elements orrespond to �77(27) and 68(17) W.u. for the 3� ! 0+and 5� ! 2+ transitions, respetively. These are among the largest mea-



Spetrosopy of Heavy N=Z Nulei with GASP and EUROBALL 2437

Fig. 3. Right: Partial level sheme of 114Xe. Left: Coinidene gamma ray spe-trum obtained gating on the 558 keV -line of the negative parity band. In the insetthe oinidene spetrum obtained by gating on the 377 and 558 keV -transitionsis displayed.sured transition moments hitherto. They are twie as large as the B(E3) ofthe 3� ! 0+ transition (37 W.u.) in 146Gd. The strength is atually sim-ilar to the 12+ ! 9� transition in 148Gd (78(6) W.u.) whih orrespondsto the two-phonon to one-phonon de-exitation. Analogous to 146Gd, theotupole olletivity in the neutron de�ient Ba-Xe region originates mainlyfrom the strethed (d5=2h11=2)3� oupling. In order to ompare the olle-tivity of 114Xe and 146Gd, we have alulated the B(E3) matrix elements bymeans of the Tamm�Danko� approximation, using the experimental energyof the 3� as an input to the alulations. The spherial alulations yieldsimilar values of the B(E3) matrix elements for both nulei. In addition,due to the presene of quadrupole deformation in 114Xe, one would expet aredution of the B(E3) strength with respet to 146Gd. We are thus faingthe fat that one is dealing with an exeptional enhanement of the otupolestrength for the ase of 114Xe. Sine the dominant omponent of the otupolephonon in 146Gd originates from the ontribution of the proton d5=2 � h11=2on�guration, the strength of the transition in 114Xe, almost twie the oneof 146Gd, suggests a oherent ontribution of both protons and neutrons.Clearly, standard mean �eld alulations annot aount for the experimen-tal �ndings. As disussed above, the neutron (proton) Fermi surfae is justabove (below) the 
=1/2, h11=2 orbit. However, pairing orrelations smoothout the oupation probabilities implying that the quasi-partile oupationfators of protons and neutrons beome similar. A possible mehanism forthe observed enhanement in 114Xe an be related to the viinity to theN = Z line. In N = Z nulei, one does not only enounter the standard�(�) �d5=2 �h11=2� oupling but also may reouple protons and neutrons intoan isosalar ��(�)d5=2 ��(�)h11=2�3� term.
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