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SIGNATURE INVERSION IN ODD�ODD NUCLEI�L.L. Riedingera;b, D.J. Hartleya, A. Galindo-Uribarrib,B.H. Smitha, C. Baktashb, M.P. Carpenter, M. Danheva,M. Devlind;e, C.J. Grossb, R.V.F. Janssens, M. Lipoglavsekb,S.D. Paulb, D.C. Radfordb, W. Reviola;d, D.G. Sarantitesd,D. Seweryniak, C.-H. Yub, and O. ZeidanaaDepartment of Physis and Astronomy, University of TennesseeKnoxville, TN 37996, USAbPhysis Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USAPhysis Division, Argonne National Laboratory, Argonne, IL 60439, USAdChemistry Department, Washington University, St. Louis, MO 63130, USAeLos Alamos National Laboratory, Los Alamos, NM 87545, USA(Reeived April 7, 2001)Trends in the energy staggering of the �h11=2�i13=2 and �h11=2�h11=2bands in the mass 160 and 130 regions, respetively, have been investigatedin order to better understand the origin of signature inversion. While theA � 160 nulei behave in a onsistent manner, a more ompliated senariois observed in the mass 130 region. As a result of our experiments onthe lightest Pr nulei, the systematis of these Z = 59 nulei have beenextended, whih aids in the understanding of the latter region. Triaxialdeformation, a pn interation, and quadrupole pairing are onsidered aspossible ontributors to this e�et. As all the hiral-twin bands that areknown have signature inversion in the favored band, a possible link betweenthe two phenomena should be onsidered.PACS numbers: 21.10.Re, 23.20.Lv, 27.60.+j

� 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. (2613)



2614 L.L. Riedinger et al.1. IntrodutionThe energy splitting between the two signatures of a rotational band ina deformed nuleus is a key indiator of the struture underlying the band.The signature splitting is generally small or zero for a band of high K (theprojetion of the total angular momentum on the nulear symmetry axis),but large for bands built on quasipartiles of high j and small K. This trendis a result of the mixing of the K = 1=2 omponent of a high-j shell intothe valene orbital, giving signi�ant signature splitting. However, even forFermi levels in mid or high shell for a high-j partile, there an be substantialsignature splitting as a result of small deformation or signi�ant softness ofthe nuleus. Signature splitting is thus an indiator of the shape of thenuleus.An even more sensitive indiator of nulear struture an be the inversionof the signature in a rotational band, when the signature favored to be lowin energy is shifted higher than the unfavored signature. This an happenat low spins (I < j1 + j2) as a result of angular momentum ouplings [1℄.A signature inversion that extends to higher spins is a more interestingnulear struture ase, and is the subjet of this paper.Signature inversion has been observed in rotational bands in odd�odddeformed nulei in a number of ases, and theories have been advaned to ex-plain it. Bengtsson et al. [2℄ disussed the inversion in the �h11=2�i13=2 bandin 152Eu and 154Tb and attributed this to nulear asymmetry, spei�ally = 11Æ for the former and 14Æ for the latter. Semmes and Ragnarsson [3℄have shown that a proton�neutron residual interation in a partile-rotorHamiltonian an also reprodue signature inversion in many ases. Morereently Xu, Satula, and Wyss [4℄ have demonstrated that even for axiallysymmetri nulei a quadrupole pairing interation an lead to signature in-version. It is these three theories that will be used in this paper. Othertheoretial approahes inlude the rossing of bands in the projeted shellmodel [5℄ and the horizontal expansion to mix states of di�erent tilted rank-ing angles [6℄. Also, Tajima [7℄ has ombined two of these approahes (deformation and a pn residual interation) to do alulations on spei�nulei (Cs and La).This paper explores the trend of signature inversion in two regions,�h11=2�i13=2 bands for A � 160 and �h11=2�h11=2 strutures for A � 130.The latter region is espeially ompliated and our reent measurementson three odd�odd Pr nulei help to eluidate the relative ontributions of deformation, pn residual interation, and quadrupole pairing to signatureinversion. A onnetion between this e�et and the ourrene of hiral-twinbands around N = 75 is also proposed.



Signature Inversion in Odd�Odd Nulei 26152. �h11=2�i13=2 systematisThe ourrene of signature inversion in odd�odd nulei an best be illus-trated by the partial level sheme of 154Tb [8℄ shown in Fig. 1. The favoredomponent of an odd�odd rotational band has signature quantum number�f = 1=2[(�1)jp�1=2 + (�1)jn�1=2℄. Therefore, in the �h11=2�i13=2 bandeven spins should be favored. This is not the ase for 154Tb, as odd spinsare lower in energy than expeted until around I = 18~. To quantify theamount of splitting between the two signatures, one an use the expressionE(I)� 1=2[E(I + 1) +E(I � 1)℄ whih ompares the energy of a level withthe average of the energies of the levels one spin higher and lower (of theother signature). The signature whih has a negative value of this funtionis the favored signature in the band. A plot of this staggering funtion forthe �h11=2�i13=2 band in 154Tb and many adjaent nulei is given in Fig. 2.The amount of signature inversion is largest at N = 89 and dereases asN inreases. This trend is ompatible with the alulations of Bengtsson etal. [2℄, who attribute the inversion to be a result of  > 0. Nulei beomeless  soft as one departs the N = 90 region, so it is reasonable that theamount of signature inversion dereases.
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Fig. 2. Energy staggering funtion measured for the �h11=2�i13=2 bands in variousrare-earth nulei. Filled symbols refer to the even-spin sequene, whih is favoredin energy when those symbols are low in the plot.A loser look at the e�et of  deformation on signature an be obtainedby onsidering the systematis of signature splitting in the rotating frame ofthe nuleus (Fig. 3). The �h11=2 bands have  slightly negative for Eu andTb (K = 5=2). However,  beomes more negative for N = 88�90 Tm andLu due to inreasing softness of the nuleus, even though the Fermi level hasmoved into the higher part of the �h11=2 shell (K = 9=2). Hamamoto hasalulated that  = �21Æ is needed to explain the large signature splittingseen for N = 90 171Lu [9℄. The oupling of the i13=2 neutron orbital toproton h11=2 has the e�et of driving the nuleus to  > 0, whih removes
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Fig. 3. Splitting between the signatures of the �h11=2 band observed throughoutthe rare-earth region at a rotational frequeny of 0.20 MeV. The even-N valuesrefer to odd-A nulei, odd-N to odd�odd �h11=2�i13=2 bands. Negative values of�e0 indiate signature inversion.the large signature splitting of odd-A nulei and even inverts the signaturein adjaent odd�odd isotopes. So, it appears reasonable to assoiate thelarge hange in signature splitting with the  softness of the nuleus.At N = 95 there is no signature inversion in the yrast �h11=2�i13=2 bandof 164Tm, but there is a large inversion in the exited �h9=2�i13=2 band up toI = 19 ~ [10℄. This is probably not a  e�et, sine N = 95 nulei have welldeformed shapes. Instead this is an exellent illustration of the e�et of thepn residual interation on signature. Semmes has performed partile-rotoralulations with a surfae-delta pn residual interation [10℄. The alulatedresults for 164Tm show no inversion of signature for the �h11=2�i13=2 band buta sizeable amount for �h9=2�i13=2, mathing the measurement. The reasonfor this is related to the fat that the Vpn matrix element is attrative fora proton-partile neutron-partile pair, but repulsive for a proton-partileneutron-hole pair. Sine the h9=2 proton is largely partile in nature whilethe i13=2 is quasipartile, there is an addition of terms that results in thelowering of the unfavored signature. In ontrast, both �h11=2 and �i13=2are quasipartile in nature, with no resulting inversion of signature. Similare�ets have been seen for the �h9=2�i13=2 band in other odd�odd nulei inthis region [11℄.



2618 L.L. Riedinger et al.3. A � 130 regionThe relative suess in understanding the pattern of signature inversionin the A � 160 region has enouraged the appliation of these ideas to theyrast band in odd�odd nulei in the A � 130 region: �h11=2�h11=2. The�h11=2 band in odd-N nulei has small signature splitting, medium K, andshould be equivalent to �h11=2 in the A = 160 region, i.e. drive the nuleusto  < 0. The �h11=2 band in odd-Z nulei has large signature splitting,low K, and should be equivalent to �i13=2 i.e. drive the nuleus to  > 0.The question is whether the odd�odd nulei behave in same way in thesetwo regions.While a number of odd�odd nulei have been measured in the A � 130region, we have undertaken measurements to investigate the lightest (andmost deformed) Pr nulei. A series of experiments has been performed topopulate high-spin states in neutron-de�ient odd�odd 126;128;130Pr. The40Ca + 92;94Mo reations were used to produe these Z = 59 isotopes. Ro-tational strutures in 126;128Pr were identi�ed in an experiment utilizing thenew Clarion Ge lover and HyBall CsI harged-partile arrays, along withthe Reoil Mass Spetrometer, at the Oak Ridge National Laboratory. Infat, exited states in 126Pr were observed for the �rst time, whih makesit the lightest known odd�odd Pr isotope [12℄. The other experiments usedGammasphere, in onjuntion with the Washington University Miroball, toextend the sequenes to high spins (�40 ~).A partial level sheme from our work on 130Pr is shown in Fig. 4. Thefavored � = 1 signature of the �h11=2�h11=2 band does not beome low inenergy until I = 17~. The signature staggerings for this band in 126;128;130Prfrom our data are shown in Fig. 5, along with the other suh ases known inthis region. One an see that signature inversion is present in �h11=2�h11=2bands in all odd�odd nulei in this wide range of N and Z, whih is di�erentfrom the experiene in the A = 160 region. Our data on Pr show that theamount of inversion dereases for smaller N , where the nulei have largerand sti�er deformations [14℄. However, this trend exhibited for Pr is verydi�erent than that for the Cs isotopes [15℄. This leads to the question of thedi�erent e�ets that seem to be present in these lose-lying series of isotopes.As disussed in the previous setion, it is informative to investigate thesignature inversion in odd�odd nulei by omparison to the trend of signaturesplitting in �h11=2 bands in adjaent odd-N nulei. Fig. 6 has a omparisonof Routhian energy splittings at ~! = 0.27 MeV. The splitting is alwayslarge for odd-N ases, and small and negative for odd�odd nulei. For theodd-A nulei the trend of dereasing splitting from 119Ba (K = 3=2) to129Nd (K = 7=2) is logial in view of the inreasing Fermi level in the h11=2shell. But, the large splitting for N > 69 nulei (K = 9=2) must be due
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Fig. 4. Partial level sheme of 130Pr showing the �h11=2�h11=2 and �h11=2�h9=2bands [13℄.
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Fig. 5. Energy staggering funtion measured for the �h11=2�h11=2 bands in odd�oddnulei. Open symbols refer to the odd-spin sequene, whih is favored in energywhen those symbols are low in the sequene.
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Fig. 6. Splitting between the signatures of the �h11=2 band observed throughoutthe A = 130 region at a rotational frequeny of 0.27 MeV. The odd-N values referto odd-A nulei, even-N to odd�odd �h11=2�h11=2 bands. Negative �e0 valuesindiate inversion.



Signature Inversion in Odd�Odd Nulei 2621to inreasingly negative values of . In fat Granderath et al. alulatesigni�ant negative values of  for the heavier isotopes of eah of theseelements, e.g. above N = 71 for Ce [16℄. This inreasing  softness of theheavier isotopes in eah of these series an explain the inreasing in�ueneof the deformation-driving h11=2 proton orbital in the odd�odd �h11=2�h11=2bands. For example, the signature inversion in N = 67 Pr is very small andinreases for the heavier Pr nulei, whih are softer to a resulting  < 0 for�h11=2 bands and to  > 0 for �h11=2�h11=2 strutures in odd�odd nulei.But, there must be another major e�et at play in Cs nulei, as thesignature inversion in odd�odd ases peaks not for the soft N = 75 nulei(as in Pr and Pm) but instead at N = 65. This puzzling trend in Cs nuleihas been examined by several groups [7, 15℄. A reent novel approah isto invoke the in�uene of quadrupole pairing on the signature splitting in�h11=2�h11=2 bands in Cs nulei [4℄. Quadrupole pairing gives maximuminversion in Cs at N = 65, whih is indeed the ase in experiment. Theatual inversion is twie as large as that alulated for quadrupole pairing,probably beause an equal amount of signature inversion is due to  > 0 [4℄.The ontribution from quadrupole pairing in Cs seems to go to zero for theheaviest Cs isotopes, whih means that the remnant signature inversion forN = 75 is a  > 0 e�et as for Pr and Pm.While the quadrupole pairing alulation helps to explain the trend inCs, it is not lear how Pr is a�eted. The same in�uene should be felt inPr nulei, but it is lear that the signature inversion for N = 67 Pr is almostzero, where the quadrupole pairing e�et is largest for Cs. It is possible thatlarger �2 values for Pr ompared to Cs lead to a shift of the quadrupolepairing trend to N < 67, as yet unobserved.While we have not disussed pn residual interations in this region, itseems that the general trend should be similar to that of . The e�et onsignature inversion should inrease with N as the �h11=2 orbital beomesa better high-K state, sine �h11=2 is a good partile state. Tajima hasinluded a pn residual interation in his alulations on Cs and La nulei [7℄.4. Chiral-twin bandsThe trend eluidated for odd�odd signature inversion in the A = 130region shows the largest e�et for the most  soft nulei at N = 75 (seeFig. 6). It is just at this neutron number that hiral-twin �h11=2�h11=2 bandshave been proposed in �ve isotones [17,18℄. The same onditions seem to beneessary for both phenomena � angular momenta along the three prinipalaxes of the soft deformed nuleus. In the limit of strong breaking of thehiral symmetry it is lear that the hiral-twin bands should be degenerate,



2622 L.L. Riedinger et al.the M1 transition strengths between bands should equal those within eahband, and signature splitting in eah band should not exist. However, theobserved ases do not have this omplete symmetry breaking. In fat, thereis an energy splitting between the two hiral bands, and there also seems tobe signature inversion in the lower of the two bands up to the spin at whihthe higher band is seen. Whether signature inversion is a true indiator forhirality or just simply a related e�et of the  deformation is di�ult tosay at this time. However, the oinidene of the two phenomena should beonsidered as hiral solutions are further studied.5. ConlusionsThe inversion of the signature of a band in an odd�odd nuleus resultsfrom several e�ets involving high-j states. One is a soft nuleus drivenfrom < 0 in a one-quasipartile band to  > 0 by a high-j low-K partilein an odd�odd struture: �i13=2 for A � 160 nulei and �h11=2 for A � 130.Another is the pn residual interation when one high-j partile is in midto high shell and the other is low in the shell. In fat these two are oftenrelated and should qualitatively give the same trend as a funtion of N andZ, as in the A � 130 region. A third e�et is based on quadrupole pairingin the system of the non-deformation-driving partile, e.g. �h11=2 for Csnulei. This e�et ours even for axially symmetri nulei, and has beenshown by Xu et al. to be quite important in explaining the Cs trend [4℄.The onsideration of these three e�ets with the newly established trendfor odd�odd Pr nulei (our new measurements) leads for the �rst time to aqualitative understanding of the pattern of signature inversion throughoutthe ompliated A � 130 region. However, more alulations are neededto add wide quantitative understanding to this pattern. Spei�ally, thein�uene of quadrupole pairing must be di�erent for Pr nulei ompared toCs, in view of the very di�erent measured trends. Also, more alulationson the pn residual interation in Pr and Pm nulei are needed.An even more important onept to be investigated theoretially is theproposed linkage between signature inversion and hiral-twin bands. Thismay open another important experimental measure of the ourrene ofhiral twin bands.This work is funded by the U.S. Department of Energy through the on-trat no. DE-FG02-96ER40983. The authors wish to thank Stefan Frauen-dorf for disussions onerning hiral-twin bands.
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