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TWO-QUASIPARTICLE BANDS IN A = 100 REGIONOF NEUTRON-RICH NUCLEI�J.L. Durell, T.J. ArmstrongDepartment of Physis and Astronomy, The University of ManhesterManhester M13 9PL, UKand W. UrbanInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warszawa, Poland(Reeived November 4, 2002)In the present work triple, prompt -ray oinidene data following thespontaneous �ssion of 248Cm have been used to searh for exited bands inneutron-rih nulei based upon two-quasipartile intrinsi strutures. Suhbands have been found in several even�even nulei from 96Sr to 112Pd.Careful analysis of double-gated spetra has been performed in order todetermine branhing ratios within the bands. These branhing ratios arethen used to establish the magneti properties of the intrinsi struture,permitting, in many ases, the determination of whih Nilsson orbits (andwhether they are neutron or proton states) are ontributing to the exita-tion. The results of the investigation are presented, and the single-partilestates involved in the two-quasipartile exitations in some of the nuleistudied are identi�ed. The lowest-lying two-quasipartile states will beat an exitation energy of approximately 2� above the even�even groundstate. If these lowest-lying bands are systematially populated, then itwould allow us to determine the single-partile orbits at the Fermi surfaeas the nulear mass number and deformation varies. One interesting fea-ture that arises from the present study is that the population mehanismin �ssion plays an important role in deiding what two-quasipartile statesare atually observed.PACS numbers: 23.20.Lv, 21.60.Ev, 27.60.+j� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2277)



2278 J.L. Durell, T.J. Armstrong, W. Urban1. IntrodutionThe existene of large multi-detetor arrays suh as EUROBALL andGAMMASPHERE has made possible the detailed study of the spetrosopyof neutron-rih nulei through the observation of disrete, prompt  raysemitted following �ssion [1,2℄. The use of the spontaneously �ssioning iso-topes 248Cm and 252Cf has been the most proli� method for providing newinformation on previously unobserved states in neutron-rih nulei over awide mass range. These prompt -ray investigations have built upon andomplemented the study of neutron-rih nulei through the � deay of �s-sion produts. A onsiderable amount of data has now been aumulatedon partiularly interesting mass regions: the A = 90�100 shape transitionregion; nulei near doubly magi 132Sn; and isotopes that exhibit features ofotupole degrees of freedom in the Ba�Ce region.The sensitivity and e�ieny of the large arrays has meant that not onlyan many new exited states be disovered, but also adaptations of standardspetrosopi tehniques an be applied to reveal more detailed strutural in-formation. Angular orrelation and linear polarisation measurements havebeen made in order to determine spins and multipolarities [3℄; lifetime mea-surements using Doppler e�ets (-ray lineshapes and di�erential plungertehniques) have lead to transition quadrupole moments being determined[4,5℄; and implantation into magneti hosts has enabled g-fators to be mea-sured [6℄.A large proportion of the information obtained from prompt -ray spe-trosopy of �ssion fragments has onerned yrast states and (in the ase ofnon-spherial nulei) olletive exitations. This onentration of informa-tion is a re�etion of the population mehanism in �ssion, whih stronglyfavours yrast and near-yrast states. Despite this feature of the �ssion pro-ess, a onsiderable amount of information on the struture of neutron-rihnulei has been obtained. In the present paper we shall onentrate on nuleiin the Z = 38 to 46 region.This region of neutron-rih nulei is haraterised by partiularly in-teresting evolution of nulear shape, not only as a funtion of proton andneutron number, but also as a funtion of angular momentum. The 38Sr and40Zr isotopes exhibit [7℄ a rapid hange in their ground-state deformationbetween N = 58 and 60. This has been interpreted as a rossing of �spher-ial� and highly-deformed strutures between these two neutron numbers.Reently Urban et al. [8℄ have been able to trak, at least partially, the evo-lution of eah of these strutures through the transition region. The resultsof Ref. [8℄ indiate that the deformation of both strutures hanges gradu-ally between N = 56 and N = 60. Lifetime measurements [5℄ of the exitedstates of the ground-state bands of 100Zr suggest that, after the shape hange,



Two-Quasipartile Bands in A = 100 Region of : : : 2279the highly-deformed isotopes are axially symmetri and stable in shape as afuntion of angular momentum. The neutron-rih 42Mo isotopes display fea-tures onsistent with their being  soft: low-lying  bands; a near-harmonidouble -phonon band [9℄; and reduing transition quadrupole moments [5℄in the ground-state band as a funtion of angular momentum. Evidene hasbeen presented [10℄ showing that 108�114Ru have properties onsistent withpreditions of a simple model of a rigid triaxial rotor. The trend in shapeevolution ontinues through the transitional palladium isotopes [11℄, and thespherial Z = 48 admium nulei as doubly-magi 132Sn is approahed.It is evident that a lot has been learnt about the ground-state on�g-urations of neutron-rih nulei from �ssion fragment spetrosopy. Furtherinformation on the struture of these nulei an be gained if it would bepossible to study systematially exited states formed by breaking spei�pairs in the vauum state i.e. two-quasipartile on�gurations. We wouldbe able to identify the single-partile levels near the Fermi surfae; to in-vestigate ore polarisation phenomena by determining the deformation ofthe two-quasipartile intrinsi state; and to measure the strength of pair-ing in neutron-rih nulei. With these aims in mind we have searhed forexited bands in neutron-rih nulei based upon two-quasipartile intrinsistrutures.2. Two-quasipartile bands in the A = 110 regionIf the intrinsi on�guration of a two-quasipartile state has an axially-symmetri deformation then a �good� rotational band will be built uponthe intrinsi state. This implies that the rotational model an be used todetermine parameters related to the quasipartile struture of the band. Inpartiular, the branhing ratio of �J = 1 to �J = 2 transitions within theband an be used to determine [12℄ the modulus of (gK � gR)=Q0, where gKand gR are single-partile and olletive gyromagneti ratios; and Q0 is thequadrupole moment of the intrinsi struture.In an axially-symmetri even�even nuleus, the K quantum number of atwo-quasipartile band an only be K = 
1 � 
2, where 
1;2 are the usualNilsson quantum numbers of single-partile states. As a onsequene, thegK parameter determined by the branhing ratios is given by:gKK = g
1
1 � g
2 
2 :Thus we see that the branhing ratios within the two-quasipartile bands,and hene the modulus of (gK�gR)=Q0, provide information on the quasipar-tiles that form the intrinsi state, given that one an alulate [13℄ the values



2280 J.L. Durell, T.J. Armstrong, W. Urbanof g
 of the single partiles. Good estimates of the intrinsi quadrupole mo-ment are provided by reent lifetime measurements of yrast states (see forexample Ref. [5℄).Figure 1 shows a shemati setion of a Nilsson diagram, illustratinghow, for a given nuleon number, the on�guration of a two-quasipartilean hange with deformation. At the lower deformation a two-quasipartileband will have the 52 [413℄ � 32 [411℄ on�guration, leading to bands withJ� = (1; 4)+. On the other hand, at the higher deformation the on�guration52 [532℄ � 32 [411℄ will be formed, leading to bands with J� = (1; 4)�.
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Fig. 1. Shemati setion of a Nilsson diagram showing how the spin and parity ofa two-quasipartile band for a given nuleon number ould vary with deformation.In this example, angular orrelation data an be used to determine theangular momentum of the band-head, but linear polarisation measurementswould be needed to deide between the two possible parities. Often linearpolarisation and angular orrelation measurements do not give unique J�assignments. However, the branhing ratios within the band an be used todistinguish between two andidate on�gurations sine the values of (gK �gR)=Q0 an be quite di�erent.Two-quasipartile bands have been observed in several nulei rangingfrom 96;98Sr to 112Pd. Figure 2 gives one example of a band in the isotope102Zr. The level sheme shown is a partial deay sheme only, onentratingon the relevant two-quasipartile band. The nuleus 102Zr has propertiesonsistent with it being axially-symmetri. Therefore it is expeted that Kwill be a good quantum number. This fat is re�eted by the rather omplexdeay out from the band-head state.Careful analysis of double-gated oinidene spetra has been performedin order to determine the branhing ratios within the observed bands. Inmost ases this analysis has lead to unambiguous assignment of the on�g-uration of the intrinsi states.
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Fig. 2. Partial deay sheme of 102Zr.2.1. The N = 62 nulei 102Zr and 104MoIn both 102Zr and 104Mo two-quasipartile bands have been observed thebandheads of whih have been determined, by angular orrelation measure-ments, to have J = 4. Linear polarisation measurements suggest that the102Zr band has negative parity, whereas the 104Mo band has positive parity.The portion of the Nilsson diagram for neutron single-partile states relevant



2282 J.L. Durell, T.J. Armstrong, W. Urbanto these two nulei is that shown in �gure 1. The Fermi level for neutronslies just above the 32 [411℄ orbital for the deformation range expeted forthese two nulei. Whether the two-quasipartile band will have positive ornegative parity will depend upon whether the atual deformation is lower orhigher than the deformation at whih the 52 [413℄ and 52 [532℄ orbitals ross.There are of ourse other on�gurations (both neutron and proton) thatould lead to the observed spins and parities. It transpires that the deter-minations of (gK�gR)=Q0 from the measured branhing ratios on�rm thatthe 102Zr band arises from the 52 [532℄� 32 [411℄ on�guration, and the 104Moband from the 52 [413℄ � 32 [411℄ on�guration.The values of the modulus of (gK � gR)=Q0 for 102Zr and 104Mo are0.14(1) and 0.115(5) �Neb�1, respetively. The experimental value for 102Zran be ompared to the alulated numbers for the three on�gurationsthat ould give rise to a J� = 4� band. The alulated values are setout in Table I. The assignment of the 52 [532℄ x 32 [411℄ on�guration to thetwo-quasipartile band in 102Zr is supported by the properties [12℄ of theN = 61; 63 isotopes of Zr. The values of (gK�gR)=Q0 for the K� = 32+ andK� = 52� ground-state bands of 101Zr and 103Zr lead to an experimentallybased predition for the two-quasipartile band in 102Zr of 0.15(2), in goodagreement with the observed value of 0.14(1). TABLE ICalulated values of (gK�gR)=Q0 for the on�gurations that ould give riseto a J� = 4� band in 102Zr.Con�guration gK�gRQ0� 52 [532℄ � 32 [411℄ �0:16� 52 [413℄ � 32 [541℄ �0:05� 52 [422℄ � 32 [301℄ +0:03For the ase of 104Mo, the alulated value of the modulus of (gK �gR)=Q0 is +0:10 for the 52 [413℄ � 32 [411℄ on�guration, whih is the onlyandidate to explain the experimentally observed band.As a result of this omparison between experiment and alulation it anbe dedued that the two-quasipartile band in 102Zr has a larger deformationthan that in the isotone 104Mo. This simple example is illustrative of thespetrosopi information that an be obtained from the properties of two-quasipartile bands.



Two-Quasipartile Bands in A = 100 Region of : : : 22832.2. Other two-quasipartile bands observedTwo-quasipartile bands have also been found in 96;98Sr, 100Zr, 106Mo,108;110;112Ru and 112Pd. In all ases exept 98Sr only the bands built upon thehigher angular momentum intrinsi state have been seen i.e. the state arisingfrom the parallel oupling of the individual partiles' angular momentum, 
 .This is a onsequene of the population mehanism in the �ssion proess,whereby yrast and near-yrast levels are favoured. It appears that, for atwo-quasipartile band to be observed, the atual or extrapolated J = 12member of the band must be near-yrast.In the ase of 98Sr, bands based on both the K� = 3+ and 6+ ouplingsof the 92 [404℄ � 32 [411℄ neutron on�guration have been identi�ed. This re-sults from the Gallagher�Moskowski interation whih lowers the K� = 3+intrinsi state by 696 keV relative to the K� = 6+ intrinsi state, thusenabling both bands to ful�l the riterion for signi�ant population. Theidenti�ation of these two exited bands is onsistent with the proposal ofMeyer et al. [14℄ that the two three-quasipartile intrinsi states seen in 9939Y(an isotone of 98Sr) have the struture: � 52 [422℄ � � 92 [404℄ � 32 [411℄. Theimportane of the � 92 [404℄ single-partile orbit in the N = 59; 60 region isalso evidened by the reent disovery [15℄ of a K� = 92+ band, based on anisomeri intrinsi state, in 99Zr.3. SummaryTwo-quasipartile bands have been seen in several neutron-rih nulei inthe mass range A = 96 to 112. Although the ground-state strutures ofthe nulei onerned di�er in nulear shape, all the two-quasipartile bandsobserved have the properties of good rotational bands. It appears that thebreaking of a pair of nuleons (usually neutrons) has the e�et of stabilisingthe nulear shape to be axially symmetri.The on�gurations of the two-quasipartile bands have been determinedby alulations of their magneti properties dedued from in-band branh-ing ratios. The neutrons oupying Nilsson orbitals based on the spherialh112 and g 92 single-partile states are the main ontributors to the intrinsistruture of the two-quasipartile bands.A systemati determination of the exitation energies of the lowest-lyingtwo-quasipartile states would provide data to investigate the strength ofthe pairing interation in this mass region. Whih two-quasipartile statesare atually seen is determined by the population mehanism of the �ssionproess. This may make it more di�ult to learn about pairing. Future ex-periments with aelerated �ssion fragments may provide a omplementarymethod for populating a wider range of two-quasipartile on�gurations.



2284 J.L. Durell, T.J. Armstrong, W. UrbanThis work was supported by the UK Engineering and Physial SienesResearh Counil, and by a UK�Polish, British Counil�the Polish StateCommittee for Sienti� Researh (KBN) grant. The authors are indebted,for the use of 248Cm to the O�e of Basi Energy Sienes, US Dept. ofEnergy, through the transplutonium element prodution failities at the OakRidge National Laboratory. REFERENCES[1℄ I. Ahmad, W.R. Phillips, Rep. Prog. Phys. 58, 1415 (1995).[2℄ J.H. Hamilton et al., Prog. Nul. Part. Phys. 35, 635 (1995).[3℄ M. Jones, W. Urban, W.R. Phillips, Rev. Si. Instrum. 69, 4120 (1988).[4℄ A.G. Smith et al., Phys. Rev. Lett. 77, 1711 (1996).[5℄ A.G. Smith et al., J. Phys. G: Nul. Part. Phys. 28, 2307 (2002).[6℄ A.G. Smith et al., Phys. Lett. B453, 206 (1999).[7℄ G. Lhersonneau et al., Z. Phys. A337, 143 (1990).[8℄ W. Urban et al., Nul. Phys. A689, 605 (2001).[9℄ A. Guessous et al., Phys. Rev. Lett. 75, 2280 (1995).[10℄ J.A. Shannon et al., Phys. Lett. B336, 136 (1994).[11℄ M. Houry et al., Eur. Phys. J. A6, 43 (1999).[12℄ M.A.C. Hothkis et al., Nul. Phys. A530, 111 (1991).[13℄ E. Browne, F.R. Femenia, Nul. Data Tables 10, 81 (1971).[14℄ R.A. Meyer et al., Nul. Phys. A439, 510 (1985).[15℄ W. Urban et al., to be published.


