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EPJ manuscript No.(will be inserted by the editor)The �9/2[404] orbital and the deformation in the A�100 regionW. Urban1;2, J.A. Pinston1, J. Genevey1, T. Rz�aca-Urban2, A. Z lomaniec2, G. Simpson3, J.L. Durell4, W.R. Phillips4,A.G. Smith4, B.J. Varley4, I. Ahmad5, and N. Schulz61 Laboratoire de Physique Subatomique et de Cosmologie, IN2P3-CNRS/Universit�e Joseph Fourier, F-38026 Grenoble Cedex,France2 Institute of Experimental Physics, Warsaw University, ul.Ho_za 69, 00-681 Warszawa, Poland3 Institut Laue-Langevin, F-38042 Grenoble Cedex, France4 Schuster Laboratory, Department of Physics and Astronomy, University of Manchester, Manchester M13 9PL, UK.5 Argonne National Laboratory, Argonne, IL 60439, U.S.A.6 Institut de Recherches Subatomiques UMR7500, CNRS-IN2P3 et Universit�e Louis Pasteur, 67037 Strasbourg, FranceAbstract. A T1=2=16(2) ns isomeric level, populated in the spontaneous �ssion of 248Cm, has been found in101Zr at 941.8 keV in a measurement of prompt -rays using the EUROGAM2 array. The level is interpretedas a K-isomer corresponding to the 9/2[404] neutron-hole excitation. The quadrupole moment, Q0= 3.6(4)eb, deduced for the new band indicates a large deformation of �2=0.38(4), which is produced by a speci�cshape-coexistence mechanism. This is another observation of the �9/2[404] orbital in the mass A�100region, con�rming the presence of the e�ect reported �rst in our previous work. The 9/2[404] neutron-holeexcitation is also con�rmed in the 97Sr nucleus and the deformation �2=0.44(2) is determined for thiscon�guration. The properties of the 9/2[404] neutron orbital and its inuence on the onset of deformationin the A�100 region are discussed.PACS. 2 3.20.Lv, 21.60.Cs, 25.85.Ca, 27.60.+j1 IntroductionIn a study of highly-deformed 11/2[505] neutron-hole statesin the lanthanides, Kleinheinz et al. [1,2] pointed out thatsimilar strongly-deformed con�gurations should be observedin the neutron-rich nuclei of the A�100 region. It tooknearly three decades to �nd this e�ect. In a recent work [3]we have reported the �rst observation of the �(9/2[404])orbital in the 99Zr nucleus. In other regions, such holestates have been seen in several neighbouring nuclei [2].By analogy one expects that the �(9/2[404]) orbital inthe A�100 region should be observed in a number of nu-clei close to 99Zr. It is important, therefore, to identifyanother case of the �(9/2[404]) orbital in the A�100 re-gion, to verify the proposed interpretation of the 1038.8keV isomer in 99Zr as the K=9/2, 9/2+[404] neutron-holecon�guration.An obvious candidate to search for another �(9/2[404])occurrence is the 97Sr nucleus, the N=59 isotone of 99Zr,which has a very similar pattern of the near-yrast exci-tations to that observed in 99Zr [4]. While investigatingthe �(9/2[404]) level in 99Zr, we have also searched for ananalogous excitation in 97Sr. A characteristic signature ofsuch a level is its isomerism, caused by the K-forbiddenessof the depopulating transitions. In 97Sr an isomeric levelwith T1=2=0.43(3) �s has been found at 830.8 keV al-ready some time ago [5,6]. The level has been tentatively
assigned spin 11/2�, based on systematics. This level de-cays to the 7/2+ level at 308.1 keV via the 522.7 keVtransition, analogous to the 786.8 keV transition from the�(9/2[404]), 1038.8 keV isomer in 99Zr. Assuming that the522.7 keV transition has the same character as that of the786.8 keV transition, and rescaling the partial half-life forthe 786.8 keV decay, T1=2(768.8)= 186(35) ns, with thefactor (786.8/522.7)3 (we neglect an E2 contribution) oneobtains the expected partial half-life for the 522.7 keV de-cay of Tex1=2(522.7)=635(120) ns. This estimate is less thantwo standard deviations from the observed half-life of the830.8 keV isomer in 97Sr, for which only the 522.7 keV de-cay branch is known. Therefore the 830.8 keV level in 97Srcould be the K=9/2, 9/2+[404] neutron-hole excitation.Despite these indications, our search for the �(9/2[404])band in 97Sr was unsuccessful, probably due to experimen-tal limitations and contaminations in gamma spectra, aswill be discussed in detail in Section 3. In the mean timeanother group has studied the 97Sr nucleus in search of the�(9/2[404]) excitation [7]. They report that the 830.8 keVisomer (their energy is 829.8 keV) indeed corresponds tothe �(9/2[404]) excitation although they report the defor-mation for this con�guration signi�cantly lower than ob-served in 99Zr. Their results will be disussed in detail fur-ther in the text, while here we only note that in Ref.[7] noexperimental data were presented to support the I�=9/2+spin and parity assignment to the 830 keV isomeric level.



2 W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 regionThe authors of Ref.[7] aimed to verify the presence ofthe �(9/2[404]) excitation in the A�100 region by �ndinganother case. However, the association of the new bandin 97Sr with the �(9/2[404]) con�guration is based on thesimilarity of this band to the K=9/2 band in 99Zr. Oneneeds, therefore, to �nd another case of the �(9/2[404])excitation in the region, with well documented spin andparity.One expects that the addition of two nucleons doesnot change signi�cantly the position of the Fermi leveland the observed schemes of single-particle levels. Indeed,the analogous 9/2+[404] proton-hole excitation is observedin a number of the Z=51 and Z=53 isotopes [8] (see alsoFig.17 in Ref.[2]) in the A�115 mass region. By analogyone expects that the 9/2+[404] neutron level, observednow in the N=59 isotones, might be also seen in the N=61nuclei of the A�100 region. We have performed a detailedstudy of the 101Zr nucleus to search for the � 9/2[404] ex-citation. In the next section we report on the identi�cationof such a band in 101Zr.To search for the �(9/2[404]) excitation we used thedata from spontaneous �ssion of 248Cm. In the measure-ment multiple, prompt-gammacoincidences were collected,using the EUROGAM 2 array of anti-Compton spectrome-ters. More details on experimental and data analysis tech-niques can be found in our previous works [3,9,10].2 Band structure of the 101Zr nucleusThe 9/2[404] neutron-hole excitation in the 101Zr nucleuswas �rst considered by Meyer et al [11]. They reportedin this nucleus three delayed transitions of 91.6 keV, 98.2keV and 133.7 keV, showing a half-life of 18 ns. The iso-meric level was not located, however. That �nding wasconsistent with an earlier reporting of delayed transitionsobserved in spontaneous �ssion of 252Cf, where delayedtransitions of 91.5 keV and 98.3 keV, showing half-lives of19 ns and 21 ns, respectively, were assigned to mass A=101[12]. Another later work [13] reported delayed transitionsof 91.6 keV, 98.4 keV and 133.8 keV as belonging to 101Zr,though the half-lives quoted there have very large errors.In a recent detailed investigation of 101Zr populated in�� decay of 101Y [14], the authors have dismissed the 91.6keV line as belonging to 101Zr. They also could not see the18 ns component in the 98.2 keV and 133.7 keV transitionsin their data. It is interesting to note that levels with spinsI=9/2 are clearly populated in �� decay of 101Y [14]. Theground state of 101Y, interpreted as the 5/2+[422] protoncon�guration [15], decays to both, the I�=9/2+, 467.5 keVmember of the �(3/2+[411]) ground-state band [16], andto the I�=9/2�, 467.5 keV member of the �(5/2�[532])band [17]. The non-population of the discussed isomer in�� decay suggests that this isomeric level either has spinhigher than I=9/2 or its structure is signi�cantly di�erentfrom the other two 9/2 excitations in 101Zr.In a search for this isomer, we have analysed spectragated on a time signal. Figure 1a shows a -coincidencespectrum gated on the 133.6 keV line. The spectrum wascut from the, so called, \delay-delay" (dd) matrix, sorted
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Fig. 1. Coincidence spectra of  radiation following sponta-neous �ssion of 248Cm, gated on lines in 101Zr in the dd matrix(see text for more details).with a \delay" window (100 ns < t < 300 ns) imposed onall energies sorted into the matrix. Known lines at 98.0keV and 176.4 keV [17] are seen in the spectrum. This ob-servation con�rms that these lines are part of an isomericcascade. A new strong line at 710.0 keV is also seen in thespectrum. A spectrum gated on this line in the dd ma-trix is shown in Fig.1b. The spectrum is clean and simple,characteristic of an isomeric decay. The 98.0 keV, 133.6keV and the crossover 231.7 keV transitions are present,
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Fig. 2. Time spectrum gated on the 710.0 keV line of 101Zrwhile the 176.4 keV transition is not seen. This indicatesthat the 710.0 keV transition feeds the 231.7 keV level in101Zr. The 231.7 keV gate shown in Fig.1c con�rms thisconclusion as the 98.0 keV and 133.6 keV lines are notseen, while the 176.4 keV and 710.0 keV lines are presentin this spectrum. In spectra gated on the 98.0 keV and176.4 keV, shown in Figs.1d and 1e, respectively, besidesthe known 98.0 keV, 133.6 keV and 176.4 keV lines, newlines at 843.7 keV and 533.6 keV are seen (the latter isalso present in Figs.1a and 1c). Spectra gated on thesenew lines are shown in Figs.1f and 1g, respectively, con-�rming that the 843.7 keV transition feeds the 98.0 keVlevel and the 533.8 keV transition feeds the 408.1 keVlevel in 101Zr. The new 533.8 keV, 710.0 keV and 843.7keV transitions de�ne a new level in 101Zr at 941.8 keV.Since there are no common, new lines in the spectra gatedon these transitions in the dd matrix, the 941.8 keV levelis likely to be an isomer.A time spectrum, gated on the 710.0 keV decay branchof the 941.8 keV level, is shown in Fig.2. The spectrumshows a slope corresponding to the half-life of the 941.8keV level. The prompt component is due to prompt con-taminants of the 710 keV line from other �ssion products.The half-life of the 941.8 keV level, deduced from the timespectrum shown in Fig.2, is T1=2=16(2) ns. To obtain thisvalue we used the analysis methods and calibrations de-scribed in Ref.[4]. The obtained half-life agrees with theT1=2=18 ns value reported in Ref.[11].To search for transitions feeding the 941.8 keV iso-mer we have analysed spectra from the so called \delayed-prompt" (dp) matrix sorted with a \delayed" time window(100 ns < t < 300 ns) on the \d" axis and a \prompt" timewindow (t < 60 ns) on the \p" axis of the dp matrix. Aspectrum gated on the 710.0 keV line on the \delayed" axisof the dp matrix, displayed in Figure 3a, reveals prompttransitions feeding the 941.8 keV level. One can see newlines at 222.6 keV, 259.8 keV and 295.6 keV in this spec-
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Fig. 3. Coincidence spectra of  radiation following the �ssionof 248Cm, gated on lines of the new band in 101Zr (see text formore details).trum. In an analogous spectrum gated on the 843.7 keVline on the \delay" axis of the dp matrix, shown in Fig.3b,these new lines can be seen as well. A spectrum gated onthe new, 222.6 keV line on the \prompt" axis of the dpmatrix, shown in Fig.3c, contains the 98.0, 133.6, 176.4,231.7, 533.8 710.0 and 843.7 keV lines corresponding tothe decay of the 941.8 keV isomeric level.Finally, we have analysed gated spectra from the socalled  cube, sorted with full time window (0 <t < 300ns). The spectrum shown in Figure 3d, double-gated onthe 222.6 keV and 710.0 keV lines in the cube, shows the259.6 keV, 295.6 keV and 331.3 keV lines. We tentativelyadd to this list the 365 keV transition. Further gating ontriple-gamma coincidence data revealed four more decaybranches of the 941.8 keV level (621 keV, 474.3 keV, 331.3keV and 322.3 keV) and two more transitions above it(325.0 keV and 520 keV).The above energy and time coincidence relations in-dicate the presence of an isomeric level at 941.8 keV in101Zr. The isomeric level with its feeding and depopulat-ing transitions is shown in Fig.4, where we also show otherexcitations and gammatransitions in 101Zr observed in ourdata, which are briey reported below.
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688Fig. 4. Level scheme of 101Zr, as obtained in this work.The 3/2+, ground-state band and the band on top ofthe 5/2�, 216.6 keV level in 101Zr were established up tothe 17/2+, 1437.0 keV level and the 19/2�, 1617.1 keVlevel, respectively, in a study of prompt-gamma rays fol-lowing spontaneous �ssion of 248Cm [17]. In our work wecon�rm all the levels and transitions reported in Ref.[17]and add, apart from the 941.8 keV con�guration, 10 newlevels. These are �ve new levels in the two bands men-tioned above and �ve non-yrast levels, shown to the right-hand side of Fig.4, which do not form any band.In Ref.[17] spins were proposed tentatively based onthe expected single-particle con�gurations in 101Zr. Im-portant new experimental information, added by the ��decay study [14], is �rm spin and parity assignment to thelow-energy excitations in 101Zr, up to the 9/2�, 467.5 keVlevel. We have used this information to extend spin andparity assignments further up the bands based on angularcorrelation data for transitions in 101Zr, obtained usingthe methods of Ref.[18] and shown in Table 1.

The angular correlation data from Table 1 are con-sistent with the spin and parity assignments reported inRefs.[14,17]. Considering the stretched quadrupole char-acter of the 231.7 keV, 310.0 keV, 378.6 keV, 450.5 keV,510.5 keV and 578.3 keV transitions, we assigned spins inthe ground-state band, as shown in Fig.4, assuming thatspins in the band are growing with increasing excitationenergy, as commonly observed for levels populated in thespontaneous �ssion. For the levels at 1750 keV, 2133 keVand 2488 keV the assignment is tentative, suggested bythe regular, rotational character of the band. Similarly,the stretched quadrupole character of the 251.0 keV, 298.7keV, 401.8 keV, 428.0 keV, 562.4 keV and 569.5 keV tran-sitions indicates spins in the band on top of the 5/2�,216.6 keV level, as shown in Fig.4. The assignments tothe 2152 keV and 2329 keV levels are tentative, based onthe fact that the 712 keV and 720 keV transitions �t therotational pattern of the in-band transitions. To the newlevels, shown at the right hand side of Fig.4, we make ten-tative spin assignments, which are based on the observeddecay patterns and the assumption that �ssion populatespredominantly levels close to the yrast line.The most important conclusion drawn from the ob-tained angular correlations concerns the spin and parity



W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 region 5Table 1. Angular correlations for cascades of two consequtivegamma transitions in the 101Zr nucleus.E - E A2/A0 A4/A0[keV] - [keV]98.1 - 310.0 -0.10(1) -0.04(2)104.3 - 298.7 -0.07(1) 0.04(2)133.6 - 378.6 -0.20(1) 0.07(2)146.6 - 401.8 -0.10(1) 0.04(2)152.1 - 428.0 -0.11(2) 0.05(2)176.4 - 450.0 -0.13(2) 0.01(2)178.1 - 401.8 -0.24(3) 0.02(4)202.3 - 310.0 -0.07(1) 0.04(2)213.8 - 378.6 0.10(1) -0.08(2)222.8 - 298.7 -0.05(2) 0.00(2)222.6 - 710.0 0.11(2) 0.03(3)248.5 - 378.6 -0.06(2) -0.06(2)249.6 - 298.7 -0.19(2) -0.04(2)251.0 - 401.8 0.04(2) 0.02(4)259.8 - 222.6 0.13(2) -0.04(3)261.1 - 450.0 -0.09(3) 0.08(4)298.7 - 428.0 0.11(2) 0.06(2)310.0 - 450.0 0.10(1) 0.02(2)316.1 - 510.5 -0.22(3) 0.07(4)378.6 - 510.0 0.06(1) 0.01(1)428.0 - 298.7 0.09(1) -0.03(2)450.0 - 310.0 0.06(1) 0.03(2)510.5 - 202.3 -0.01(2) -0.07(2)555.5 - 222.6 -0.12(3) 0.16(4)562.4 - 401.8 0.10(2) 0.15(4)569.5 - 428.0 0.08(2) 0.06(2)578.3 - 450.0 0.13(2) -0.01(3)629 - 510.5 -0.01(2) 0.00(2)710.0 - 133.6 0.33(4) -0.03(5)710.0 - 231.7 -0.15(4) -0.02(5)777.6 - 222.6 0.23(4) -0.01(5)777.6 - 325.0 0.40(3) 0.08(3)843.7 - 98.1 -0.08(5) 0.12(7)assignment to the 941.8 keV, isomeric level. The correla-tion for the 710.0 keV - 231.7 keV cascade indicates the�I�1 multipolarity of the 710.0 keV transition, consider-ing the stretched, quadrupole character of the 231.7 keVtransition. This is consistent with the dipole-dipole anddipole-quadrupole correlations observed for the 710.0 keV- 133.6 keV and 133.6 keV - 378.6 keV cascades, respec-tively. The above observations set an upper limit of 9/2for the spin of the 941.8 keV isomeric level. The angularcorrelation for the 843.7 keV - 98.0 keV pair, characteristicof a quadrupole-dipole cascade, is also consistent with thislimit and indicates spin I=9/2 for the 941.8 keV isomer.We could not determine angular correlations for othertransitions depopulating the 941.8 keV isomer either dueto contaminations from the complementary Ba isotopes orbecause of their low intensities. The observation of thesedecays helps, however, to �x spin and parity of the isomer.The observation of the 322.3 keV and 331.3 keV transi-tions to the 11/2�, 619.6 keV and 11/2+, 610.4 keV states,respectively, rules out both, I�=7/2+ and I�=7/2� spinand parity assignments for the 941.8 keV level, since in

either case one of the transitions would be M2, while theother an E2. The single-particle estimate of the half-lifefor an M2 transition of such energy is of the order of 104ns while for an E2 transition it is of the order of 1 ns.Table 2 shows branching ratios from the levels in 101Zr, asobtained in this work. The branching ratios for the 941.8keV level can be used to �nd partial half-lives for transi-tions depopulating the isomer. They are shown in Table3. Partial half-lives of 361 ns and 276 ns for the 322.3 keVand 331.3 keV transitions, respectively, di�er signi�cantlyfrom values expected for an M2 or E2 transition of about330 keV. Possible solutions are the E1 and M1+E2 mul-tipolarities for the two discussed transitions, respectively.Such an assignment is consistent with spin I=9/2 for the941.8 keV level. Similar arguments allow the rejection ofspins lower than 7/2. From the evidence presented abovewe conclude that the spin of the 941.8 keV isomeric levelin 101Zr is I=9/2.To �nd the parity of the isomeric level we note thatone observes the 843.7 keV quadrupole transition fromthe 941.8 keV isomer to the 5/2+ level at 98.1 keV, whilstthere is no decay to the 5/2� level at 216.6 keV. The par-tial half-life for the 843.7 keV decay of the 941.8 keV iso-mer is 87(12) ns while the lower limit for the partial half-life of the (unobserved) 725 keV transition to the 216.6keV level is about 5000 ns. Single-particle half-life esti-mates are 3 ns (0.05 ns) for an M2 (E2) transition of 843keV and 7 ns (0.1 ns) for an M2(E2) transition of 725 keV.If the parity of the 941.8 keV isomer is negative then thepartial half-life for the 843.7 keV transition is consistentwith an M2 multipolarity assignment for this transition,assuming a typical hindrance of 20 for an M2 transitions.In this case, however, the non-observation of an E2 decayto the 216.6 keV level is surprising. It would require hin-drance higher than 5 � 104 to explain the absence of anE2 transition with an energy of 725 keV. If, on the otherhand, one assigns positive parity to the isomer, then theexperimental data can be explained, assuming that thereis a hindrance of 1:7�103 to the 843.7 keV, E2 decay anda hindrance of 0:7� 103 to the unobserved, 752 keV, M2decay, the two values being of the same order.A possible explanation of the nature of the 941.8 keVisomer is that it is caused by K isomerism. The K valueof the isomer should be as high as 9/2 to account for the87 ns partial half-life corresponding to the the 843.7 keV,E2 decay branch and the observed branching ratios. As-suming, for instance, K=7/2 for the 941.8 keV level allowsan unhindered E2 transitions to the K=3/2, ground-stateband. In such a case, M1 components of the 710.0 keV and533.8 keV transitions have a n=1 degree of K forbiddeness,and can be neglected. The relative probabilities for the843.7 keV E2 and 710.0 keV transitions, calculated fromAlaga rules are Bcal(E2; 843:7keV )=Bcal(E2; 710:0keV )= 2.5. This is signi�cantly di�erent from the experimentalbranching ratio Bexp(E2; 843:7keV )=Bexp(E2; 710:0keV )= 0.23(4) and allow, therefore, the rejection of the K=7/2hypothesis.In Table 3 partial half-lives for the decay branches ofthe isomer are compared to their single-particle, Weisskopf



6 W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 regionTable 2. Branching ratios for levels in the 101Zr nucleus.Excited level Transition energy Transition intensity[keV] [keV] [rel. units]216.6 118.4 0.13(1)216.6 1.00(5)231.7 133.6 1.00(5)231.7 0.41(3)320.9 89.1 0.014(2)104.3 1.00(5)222.8 0.094(5)408.1 176.4 0.88(4)310.0 1.00(5)467.5 146.6 1.00(5)235.7 0.16(1)251.0 0.27(2)610.4 143.2 0.10(3)202.3 0.30(4)378.6 1.00(7)619.6 152.1 1.00(5)211.5 0.07(2)298.7 0.91(5)858.6 239 0.05(2)248.5 0.45(3)450.0 1.00(5)869.3 249.6 1.00(6)401.8 0.95(5)941.8 322.3 0.13(3)331.3 0.17(3)474.3 0.74(5)533.8 0.29(2)621 0.06(2)710.0 1.00(5)843.7 0.54(4)1047.6 178.1 0.34(3)428.0 1.00(5)1120.8 262.1 0.52(8)510.5 1.00(13)1424.2 259.8 1.00(6)482.5 0.42(9)1431.7 384.2 0.34(3)562.4 1.00(6)1437.0 316.1 0.20(4)578.3 1.00(6)1617.1 185.4 0.26(5)569.5 1.00(8)1719.8 295.6 1.00(16)555.5 0.38(8)2051.1 331.3 1.00(6)627.0 0.25(8)estimates taking I�=9/2+ and K=9/2 for the 941.8 keVlevel. For all the decay branches a considerable hindrance(H) is observed. Following the procedure of Ref.[19] we cal-culated a hindrance per degree of forbiddeness, (log H)/n� 2 for the E2+M1, 843.7 keV, 710.0 keV and 533.8 keVdecays to the K=3/2 ground-state band. The values ob-tained are consistent with the (log H)/n values observedfor M1 and E2 transitions in this region [19,20], support-ing the K isomerism of the 941.8 keV level.

Table 3. Properties of the transitions deexciting the 941.8 keVisomer in 101Zr. TW is the single-particle Weisskopf estimate, His the hindrance and n is the degree of forbiddeness, as de�nedin Ref.[19]. For the 331.3, 533.8 and 710.0 keV transitions both,M1 and E2 multipolarities were considered.E Mult. Tpart:1=2 TW H log H[keV] [ns] [s] n322.3 E1 361(85) 9.3 10�15 3.9 107331.3 M1 276(63) 6.4 10�13 4.3 105 2.8331.3 E2 276(63) 5.0 10�9 55 1.8474.3 E1 63(8) 2.9 10�15 2.2 107533.8 M1 162(22) 1.5 10�13 1.1 106 3.0533.8 E2 162(22) 4.6 10�10 352 2.5621 E1 782(260) 1.3 10�15 5.9 108710.0 M1 47(6) 6.5 10�14 7.2 105 2.9710.0 E2 47(6) 1.1 10�10 427 2.6843.7 E2 87(12) 4.7 10�11 1851 3.3Summarizing, to explain the observed decay proper-ties of the 941.8 keV isomer we propose that this level isa K=9/2 isomer with spin and parity I�=9/2+.The onlyneutron orbital in this region characterised by such quan-tum numbers is the � 9/2[404], recently observed in 99Zr[3]. Therefore we propose that this is the con�guration ofthe 941.8 keV isomer. This is another observation of the �9/2[404] orbital in the A�100 region, which con�rms ourprevious report [3] on the presence of this excitation inthe region.On top of the 941.8 keV isomer we have found a bandof four transitions of 222.6 keV, 259.8 keV, 295.6 keV,331.3 keV and a tentative 365 keV transition. The �rstthree transitions from this list are �I=1 in character ascan be deduced from the angular correlation data. Theangular correlation for the 843.7 keV - 222.6 keV and 710.0keV - 222.6 keV cascades are consistent with a quadrupolemultipolarity for the 843.7 keV and dipole multipolaritiesfor the 710.0 keV and 222.6 keV transitions. Further upthe band, angular correlations for the 222.6 keV - 259.8keV and 259.8 keV - 295.6 keV pairs are consistent with�I=1 character of all the three transitions. Since the 331.3keV transition and the tentative 365 keV transition followthe very regular rotational pattern of the band we assumethat they belong to this structure and are also of �I=1character.It is expected that, as observed in 99Zr [3], the 9/2[404]orbital in 101Zr will show very small alignment. In Fig.5we have plotted the total aligned angular momentum,Ix=p(I + 1=2)2 �K2 for the new band and �tted a lin-ear dependence to the experimental points, shown as thedashed line in Fig.5. Experimental points �t nearly ex-actly the line, which is characteristic of a rigid rotor. Themoment of inertia of a nucleus, usually parametrized asJ = J0 + J1!2, has in such case a vanishing J1!2 compo-nent. Therefore the Ix can be represented as Ix = J!+ i,where the J! term corresponds to the collective rotationand i is the aligned angular momentum of the valenceparticle. For the new band in 101Zr, however, the J1!2 isneglected and Ix = J0! + i is represented by the straight
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Fig. 5. Aligned angular momentum for the new K=9/2 bandbased on the 9/2+, 941.8 keV isomer in 101Zr.line in Fig.5. Since this line goes very close to the zeropoint, it is evident that the value of alignment i is closeto zero, as expected for the K=9/2, 9/2+[404] neutronorbital.The 1164.4 keV level of the new band is fed by the777.6 keV transition from 1942.0 keV level. Angular cor-relations for the 777.6 keV -222.6 keV pair are character-istic of a dipole-dipole or quadrupole-quadrupole cascade.Since the 222.6 keV transition has been shown to be adipole, we conclude that the 777.6 keV transition has adipole character. On top of the 1942.0 keV keV level acascade of two transitions, 325.0 keV and 520 keV is ob-served. Angular correlations for the 777.6 keV - 325.0 keVcascade are consistent with a dipole character for both the325.0 keV and 777.6 keV transitions.3 The 9/2[404] band in 97SrThe 829.8 keV isomer in 97Sr decays by the cascade of522.0 keV, 140.8 keV, and 167.0 keV transitions [7]. Fig.1of Ref.[7] shows a complex spectrum, double gated on the522.0 keV and 167.0 keV lines. The 205.9 keV, 239.6 keV,272.5 keV and 304.0 keV transitions, seen in this spec-trum, were assigned to the band built on top of the 829.8keV isomer in97Sr [7].The search for the 9/2[404] band on top of the 830 keVlevel in 97Sr in our experiment is greatly complicated bythe fact that in our data the 522 keV line is rather com-plex, even in time-gated spectra. The main e�ect in con-nection with this line, seen in our data, is due to the 522.1keV transition in a cascade depopulating the T1=2�20 nsisomer at 5806 keV in the 134Te isotope [21,22].In Fig.6a we show the 522 keV gate cut from the ddmatrix. One sees there transitions depopulating the 5806keV isomer in 134Te and other unidenti�ed lines. The 167keV and 141 keV transitions from 97Sr are probably hid-den in the background and cannot be identi�ed. A spec-
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Fig. 6. Coincidence spectra of  radiation following the �ssionof 248Cm, gated on lines in 97Sr.trum double-gated on the 522 keV and 167 keV transitionsin a  histogram is shown in Fig.6b. This spectrum hasmore counts in it and is more selective. One can see herea weak line at 141 keV. However, the transitions in the9/2[404] band, shown in Fig.1 of Ref.[7], are not seen. Apossible reason for this discrepancy is lack of cross co-incidences through the 830 keV isomer in our data. Inour measurement the electronic time window for accept-ing events was about 300 ns. Consequently, the observa-tion of isomers with half-lives longer than that is stronglyreduced. The time window used in Ref.[7] was about 1microsecond, which could signi�cantly enhance the obser-vation of long-living isomers. This argument holds if thehalf-life of the 830 keV isomer is around the 515 ns value,reported in Ref.[6]. However, in Ref.[7] a two times shorterhalf-life of T1=2 = 265 ns is now reported for the 830 keVisomer, which complicates the story. In our data we shouldbe able to \see through" such an isomer. Another mea-



8 W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 regionsurement to verify the new, 265 ns half-life of the 830 keVisomer, reported in Ref.[7], would be valuable.Though the connection of the new band, reported inRef.[7], to the levels below the 830 keV isomer is not seenin our data, we do observe prompt coincidences betweenthe lines in this band. In Fig.6c we show a spectrum doublegated on the 205 keV and 304 keV lines, reported in Ref.[7]as members of the band on top of the 830 keV isomer. Inthis spectrum lines at 239.7 keV, 272.5 keV and 512.1keV are seen, which is consistent with the gamma cascadereported in Ref.[7] (note that there is no sign of the 522keV line). The lines in Fig.6c are quite intense, with about4000 counts in the highest peak. Double gates set on otherlines of the band are also consistent with the coincidencesabove the isomer, reported in Ref.[7]. In addition we seethe 335.5 keV line, which corresponds to the next, �I=1transition in the discussed band. In the spectrum doublegated on the 304 keV and 335 keV lines, shown in Fig.6d,the 239.7 keV, 272.4 keV and 272.4 keV lines can be seen,con�rming the assignment of the 335.5 keV line to the newband in 97Sr.We can also see prompt coincidences between the newband and the gamma transitions in the complementary �s-sion fragments. In Fig.6e the 158.4, 295.1, 386.3 and 451.0keV lines, corresponding to transitions in the ground-stateband of 148Ce, the most abundant �ssion-fragment partnerto 97Sr, are present. This observation supports the assign-ments of the new band to 97Sr. Summarizing, we observea gamma cascade of 205.6 keV 239.7 keV, 272.4 keV, 304.4and the 335.5 keV transitions and assign this band to the97Sr nucleus, con�rming the observation and the assign-ment of this band reported in Ref.[7]. Some facts remainunexplained though, as for instance the lack of \acrossthe isomer" coincidences which might be expected, con-sidering the new, shorter half-life of the 830 keV isomer.Though there is no experimental data to assign spin andparity to the 830 keV isomer, we cautiously assume thatthe new band corresponds to the 9/2[404] excitation be-cause of its similarity to the 9/2[404] band in 99Zr. In ourdata the coincidences below the isomer indicate that theenergy of the isomer is 830.7 keV.4 Discussions and ConclusionsThe enriched data on the �9/2+[404] con�guration in theA�100 region allows us to discuss various subjects relatedto these excitations. Below, we will compare the propertiesof these bands which have now been seen in three nuclei.We will then discuss their role in the onset of deforma-tion in the region and �nally will mention some relatedproblems which are not yet solved.4.1 Properties of �(9/2+[404]) bandsIt is interesting to ask what is the deformation of the101Zr nucleus in the band based on the 941.8 keV iso-mer. One can estimate the quadrupole moment for the

Table 4. Branching ratios and experimental gyromagnetic ra-tios for levels in the 9/2[404] band in 97Sr, as obtained in thiswork. Level E(97Sr) I(97Sr) [(gK � gR)=Q0]expspin [keV] [relative] 97Sr13/2 239.7 3.0(2) 0.108(10)445.4 1.0(4)15/2 272.4 1.8(2) 0.124(10)512.1 1.0(1))17/2 304.4 1.2(1)) 0.130(20)576.7 1.0(1))9/2+[404] band, where gK = -0.255 �N [3], from gyro-magnetic ratios in this band. Experimental gyromagneticratios, jgK � gRj/Q0 were derived for levels in the K=9/2band in 101Zr, taking branchings from Table 2 and follow-ing the calculation procedure described in Ref.[23]. Thevalues obtained in this way are 0.102(15), 0.15(2) and0.26(5) for the 13/2+, 15/2+ and 17/2+ band members,respectively. The weighted average, < gexp > =0.127(14),used to estimate the quadrupole moment from the rela-tion Q0 = jgK - gRj/< gexp >, assuming gR=0.2 �N [23]and taking gK = -0.255 �N , yields Q0 = 3.6(4) eb, a simi-lar value to that obtained for the 9/2+[404] band in 99Zr.From the quadrupole moment one can estimate the defor-mation parameter, �2, using the standard formula �2 =(91:7Q0)=(ZA2=3) [24]. Taking Q0 = 3.6(4) eb we calculate�2=0.38(4) for the 9/2+[404] band in 101Zr. This result isclose to the �2=0.41(3) value obtained for the 9/2+[404]band in 99Zr [3] (in the present work we have improved thisvalue, which now reads �2=0.420(25), determining moreaccurately the branching for the 2105.4 keV, 17/2+ level:I(313.8 keV)=1.00(8), I(597.7 keV)=0.38(10)).In view of this similarity, the quite di�erent Q0 andthe resulting �2, reported for the 9/2+[404] band in 97Sr[7], calls for an explanation if the interpretation of theband should stay. We note that 97Sr and 99Zr have ex-actly the same neutron cores in the 9/2+[404] bands, andfrom Fig.3 of Ref.[7] one can see that the 9/2+[404] bandsin 97Sr and 99Zr have nearly identical kinematic momentsof inertia. We also note that the 9/2+[404] bands in 97Srand 99Zr have a very similar branching ratio for the 13/2+level [3,7]. Since other parameters of the bands are alsothe same, while the Q0 in 97Sr reported in Ref.[7] is quitedi�erent from Q0 values found in 99Zr and 101Zr, we havechecked the calculations of Ref.[7]. Using branching ratiosfrom Table 1 of Ref.[7] we obtained jgK � gRj/Q0 valuesof 0.104(4), 0.161(10) and 0.206(14) for the 13/2+, 15/2+and 17/2+ band members, respectively. The recalculatedvalues are in good agreement with those obtained for 99Zrand 101Zr, while they are di�erent from those reported inRef.[7] (we note that, if misread, the formulas of Ref.[23],used to calculate jgK � gRj/Q0, give results reported inRef.[7]). The weighted average of the new jgK�gRj/Q0 val-ues in 97Sr, < gexp > =0.118(4), gives quadrupole momentof Q0 = 3.86(13) eb, which converts [24] to �2=0.441(15)for the 9/2+[404] band in 97Sr. This result is consistentwith the �2 values obtained for 99Zr and 101Zr.



W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 region 9Table 5. Rotational properties of the �(9/2[404]) bands.97Sr 99Zr 101ZrQ0 3.9(2) 3.8(3) 3.6(4)�2 0.44(2) 0.42(3) 0.38(4)J0[MeV] 28.0 26.8 25.8J0/Jrig 0.88 0.79 0.76For the disputed band in 97Sr we were able to extractbranching ratios from our 248Cm �ssion data. The resultsare shown in Table 4. The weighted average of experi-mental gyromagnetic ratios, < gexp > =0.118(7), yieldsquadrupole moment Q0=3.86(23) eb, and the deforma-tion parameter, �2= 0.441(26). These values are identicalto those obtained from the branchings reported in Ref.[7].The similarity to the Q0 values, obtained for 9/2+[404]bands in 99Zr and 101Zr, supports the interpretation ofthe band discussed here in 97Sr as the strongly deformed9/2+[404] neutron-hole con�guration.In Table 5 we compare rotational properties of thethree known �9/2+[404] bands. The J1 moment is in allthree cases negligible, i.e., the bands correspond to a nearlyrigid rotor, as also seen in the last line of Table 5, wherewe compare experimental moments of inertia to the cor-responding rigid-body values.In Fig.7 we show schemes of the three bands and markthe positions of the 3/2+, 3/2� and 5/2� deformed con-�gurations in the discussed nuclei. The 9/2+[404] is po-sitioned about 200 keV above the 3/2+ and 3/2� levelsin 97Sr and this distance increases with increasing neu-tron and proton number. Consequently, the half-lives ofthe 9/2+[404] isomers become shorter. Using this trend asa rough guide, one expects that the possible � 9/2+[404]bands in 101Mo and 103Mo will be placed higher in energyand may have shorter half-lives. This could make themmore di�cult to detect.4.2 The onset of deformation in the A�100 regionIn Fig.8, which is an updated version of Fig.9 from Ref.[4],we compare �2 values for the three known 9/2+[404] bandsin 97Sr, 99Zr and 101Zr with �2 values found for otherbands in strontium and zirconium isotopes of the A�100region. Included are new �2 values for the deformed 3/2+and 5/2� bands in 101Zr, obtained from Q0 moments mea-sured [26] for the 3/2+, g.s. band and the 5/2�, 216.6 keVband using the Doppler Pro�le method (DPM) [27], andapplying the relation �2 = (91:7Q0)=(ZA2=3) [24]. We alsoshow �2 values deduced in other works [14,28{38] from theproperties of low-energy levels populated in �� decay, forwhich half-lives were measured (if more than one valuewas available for a given nucleus, we took their average).In the past the possibility of a sudden onset of thedeformation at N=59 was considered (see e.g. Fig.10 inRef.[37]). In our previous work [4] we have pointed outthat at medium spins the deformation increases rathergradually. There are indications, both experimental (seeFig. 8) and theoretical [39], that in the zirconium isotopes

97
Sr

830.7 (9/2+)

T=265(27)ns

1036.3 (11/2+)

1276.0 (13/2+)

1548.4 (15/2+)

1852.8 (17/2+)

2188.3 (19/2+)

584.9 3/2+
644.5 3/2–

205.6

239.7

272.4

304.4

335.5

445.4

512.1

576.7

99
Zr

1038.8        9/2+ 

T=54(10)ns

1256.8 (11/2+)

1508.3 (13/2+)

1791.6 (15/2+)

2105.4 (17/2+)

575.7 3/2+614.1 3/2–

218.0

251.1

283.3

313.8

534.5

597.7

469.6

101
Zr

0.0 3/2+

941.8       9/2+ 

T=16(2)ns

1164.4 (11/2+)

1424.2 (13/2+)

1719.8 (15/2+)

2051.1 (17/2+)

2416

216.6 5/2–

222.6

259.8

295.6

331.3

365

482.5

555.5

627.0

Fig. 7. The �9/2+[404] bands in 97Sr, 99Zr and 101Zr.
β2 spherical

9/2[404]

0.4

0.1

0.2

0.3

0.1

0.4

0.3

0.2

50 6052 54 56 58 62 64

def.(DPM)

Sr

Zr

def.(   decay)β

Fig. 8. Deformation of various con�gurations in Sr and Zr iso-topes. Lines are drawn to guide the eye. The data are from thiswork and Refs. [3,14,28{38]. See text for more explanations.



10 W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 region
5.8

5.7

5.6

5.5

E/hωo a)

0.40.30.2

c)

ε

b)

d)
N=61N=61

N=59

3/2

9/2

1/2

3/2

3/2  band 3/2  band 9/2  band
+ +

5/2 [532]

3/2 [411]

3/2 [422] 9/
2 

[4
04

]

-

9/2  [404] bands5/2  band
-+

3/2   band
+

1/2 1/2

9/2 9/2

3/2 3/2

3/23/2

5/2 5/2 --

- -

++

-

-

+

+

+

-

+

-

3/2 [541]

1/2 [550]

56

58

60

Fig. 9. a) Portion of the Nilsson neutron levels (after Ref.[17])and b-d) schematic representations of deformed con�gurationsin Sr and Zr isotopes.this change takes place over a neutron range 58�N�62.The observation of the �9/2+[404] con�gurations in thisregion o�ers now more insight into this e�ect.As seen in Fig.8, in Sr and Zr isotopes with N=59neutrons, one observes three di�erent deformations. Thenearly spherical con�gurations based on the s1=2, d5=2and g7=2 neutron levels (open circles), the deformed con-�gurations, based on the �(3/2+[411]), �(3/2�[541]) and�(5/2�[541]) Nilsson orbitals (�lled circles - values ob-tained using the DPM method [27]; �lled squares - val-ues obtained in �� decay studies) and the strongly de-formed �(9/2+[404]) con�gurations (open squares). It isevident that at N=59 the deformation of the �(3/2+[411])and �(3/2�[541]) con�guration is half-way to the satu-ration limit. On the other hand, the deformation of the�(9/2+[404]) con�gurations at N=59 is as high as the sat-uration limit for the deformed con�gurations.Paradoxically, slowing down of the deformation on-set may be due to the presence at the Fermi level of thesame �(9/2+[404]) orbital, which produces the spectacu-lar, large deformation at N=59. In fact, the �(9/2+[404])neutron-hole bands, observed now in 97Sr, 99Zr and 101Zr,\simulate" the situation of what would have happened ifthe 9/2[404] orbital was not present. This is illustratedschematically in Fig.9.Figure 9a shows a portion of a Nilsson diagram forneutrons in the N�60 region, taken from Ref.[17]. Whenthe number of neutrons reaches N=58, the �(1/2�[550])deformation driving orbital is �lled and the deformationappears. It corresponds to moving towards larger � valuesin Fig.9a. The increase of the deformation stops when the

strongly upsloping �(9/2[404]) level is encountered at amoderate � value.At N=59, the odd neutron can be placed either onthe 3/2�[541] or the 3/2+[411] orbital. The deformationis larger than at N=58 but the �(9/2[404]) orbital still lim-its the deformation. This is illustrated in Fig.9b where weshow schematically the population of orbitals, correspond-ing to the deformed bands with spins 3/2� and 3/2+, re-spectively, observed at N=59. In both bands the core hasthe same two pairs of neutrons, one pair in the deformationdriving �(1/2�[550]) orbital and the other pair in the up-sloping �(9/2+[404]) orbital, working against the deforma-tion. It is only when one neutron of the �(9/2+[404])2 pairis promoted to the 3/2�[541] orbital and couples to theother neutron in that orbital, that the situation changesdramatically, as �rst described by Kleinheinz et al. [2] inthe lanthanide region for an analogous �(11/2�[505]) or-bital. The corresponding population of levels is shown tothe right-hand side of Fig.9b. Now the \spectator" neu-tron is in the 9/2+[404] orbital and the core contains twopairs of neutrons in the deformation driving, 1/2�[550]and 3/2�[541] orbitals, respectively. This con�gurationcorresponds to the strongly deformed �(9/2+[404]) bandsseen in the 97Sr and 99Zr nuclei. Since the two most im-portant deformation driving orbitals (and no 9/2+[404]neutrons) are in the core here, this con�guration has itsdeformation at the saturation limit already at N=59.At N=60 the deformation increases further becausethe �(3/2�[541]) orbital is �lled. Consequently, the corehas now the same deformation driving orbitals as in thestrongly deformed �(9/2+[404]) bands at N=59. But thereis also a pair of neutrons in the �(9/2+[404]) orbital, whichmay still limit the deformation increase. Such a pair mustbe near the Fermi level at N=60 in zirconium isotopes,as indicated by the observation of the �(9/2+[404]) bandsboth in 99Zr and 101Zr. Therefore, in 100Zr the deforma-tion is still below the saturation limit. This can be seenin Fig.8 and is also indicated by the di�erent excitationenergies in the ground state bands of 100Zr and 102Zr.In contrast, in strontium isotopes the deformation is sat-urated already at N=60, as can be seen in Fig.8. Thisis con�rmed by similar excitation energies in the groundstate bands in 98Sr and 100Sr, which are one of the bestexamples of identical bands [36,40].At present we cannot explain why the deformation setsin faster in strontium than in zirconium isotopes. It is aninteresting question whether this di�erence could be re-lated to the position of the �(9/2+[404]) orbital in theNilsson diagram. In Fig.7 one can see that the position ofthe �(9/2+[404]) orbital relative to the deformed con�gu-rations di�ers signi�cantly in Sr and Zr nuclei.It is possible that the saturation of the deformationin 98Sr is a \normal" phenomenon while in 100Zr one ob-serves another e�ect, slowing down the onset of deforma-tion. We note that in molybdenum isotopes, the deforma-tion change is even slower than in zirconiums and that thistrend continues with the increasing proton number (see,for instance, Fig. 1a. of Ref.[41]).



W. Urban et al.: The �9/2[404] orbital and the deformation in the A�100 region 11At N=61 the situation is analogous to that at N=59.In 101Zr one sees two deformed bands with the odd neu-tron in the 3/2+[411] and 5/2�[532] orbitals, respectively.Their con�gurations are illustrated in Fig.9c. The newlyobserved, 9/2+[404] band in 101Zr most likely correspondsto one of the two con�gurations shown in Fig.9d. One maysee in Fig.8 that deformations of the 3/2+[411], 5/2�[532]and 9/2+[404] bands are nearly the same. This suggeststhat the �(9/2+[404])2 pair in the core does not inuencethe deformation at N=61.4.3 Further studiesWith the presence of the 9/2[404] orbital now well es-tablished one can discuss possible further studies in the�eld of \9/2[404] spectroscopy". These may involve thesearch for further examples of the 9/2[404] neutron exci-tations in odd-N nuclei; in two-quasiparticle excitations ofeven-even nuclei; in proton-neutron excitations of odd-oddnuclei; and in three-quasiparticle excitations of odd-Z nu-clei of the A�100 region. Some results have already beenreported. The examples are the 11/2� and 17/2� three-quasiparticle isomers in the 99Y nucleus, with the pro-posed �5/2[422]
f�(9/2[404])�(3/2[411])g3+;6+ con�gura-tion [19], or the corresponding two-quasiparticle K�=3+isomer in 98Sr with f�(9/2[404])�(3/2[411])g3+ con�gu-ration, [20]. We note that in 98Sr one expects also theK�=6+ coupling of the two orbitals, as seen in 99Y.An interesting feature of 101Zr, which will need furtherstudies, is the side feeding to the 9/2[404] band shown inFig.4. The 1942.0 keV level decays to the 11/2+ level ofthe 9/2[404] band rather than to the 11/2+ level of theground-state band, which is lower in energy. This observa-tion suggests structural similarity between the 1942.0 keVlevel and the 9/2[404] band and a signi�cant hindrance ofthe decay to the 11/2+ member of the ground-state band.This could be explained assuming that the 1942.0 keVlevel has K�9/2. We note that, in principle, the 9/2[404]con�guration in 101Zr can be produced in more than oneway. As illustrated in Fig.9d, this could be done by pro-moting the 9/2[404] neutron either to the 3/2+[411] or tothe 5/2�[532] orbital. The 3/2+ and the 5/2� excitationsin 101Zr are close in energy, as can be seen in Fig.4. There-fore, in principle, one may expect two 9/2[404] bands withsimilar core deformations. At present we are not able toanswer if the 1942.0 keV, 2267.0 keV and 2787 keV levelsbelong to such a hypothetical, second 9/2[404] band. An-other possibility is that these levels belong to the signaturepartner band.The work was supported by the French-Polish IN2P3-KBN collaboration No. 01-100, by the UK EPSRC undergrant no. GRH71161 and by the US Dept. of Energy undercontract No. W-31-109-ENG-38. The authors are also in-debted, for the use of 248Cm to the O�ce of Basic EnergySciences, US Dept. of Energy, through the transplutoniumelement production facilities at the Oak Ridge NationalLaboratory.
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