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HIGH RESOLUTION MEASUREMENTOF THE 91Zr(p; t)89Zr REACTION�P. Guazzonia, L. Zettaa, M. Jaskóªab, J.N. GuyA. Vitturi, Y. Eisermannd, G. Grawd, R. Hertenbergerdand G. Staudtea Dipartimento di Fisia dell'Università and I.N.F.N, I-20133 Milano, Italyb The Andrzej Soªtan Institute for Nulear Studies, 05-400 �wierk, Poland Dipartimento di Fisia dell'Università and I.N.F.N, I-35100 Padova, Italyd Sektion Physik der Universität Münhen, D-85748 Garhing, Germanye Physikalishes Institut der Universität, D-72076 Tübingen, Germany(Reeived Deember 7, 1999)The 91Zr(p; t)89Zr reation has been studied in a high resolution experi-ment at an inident energy of 25 MeV. Angular distributions for transitionsto the levels of 89Zr up to an exitation energy of � 3.400 MeV have beenmeasured. The data are ompared with the DWBA preditions.The energylevels of 89Zr has been studied in the framework of shell model.PACS numbers: 25.40.Hs, 27.50.+e, 21.60.Cs1. IntrodutionA study of the 91Zr(p; t)89Zr reation was performed to improve theinformation on the 89Zr by means of an aurate measurement of the di�er-ential ross setions and in omparison with the angular distributions of the90Zr(p; t)88Zr reation [1℄ measured at the same inident energy.The level struture of 89Zr nuleus has been evidened by di�erent kindsof experimental measurements. Mainly radioativity investigations and inbeam  - ray spetrosopy has been applied, using the reations 86Sr(�,n),83Sr(�; 2n), 88Sr(�; 3n) and (HI,xn). Further, levels in 89Zr have beenstudied using (p; n), (p; n) and (3He; t) reations and one and two nuleontransfer reations 90Zr(p; d), 90Zr(d; t), 90Zr(3He,�) and 91Zr(p; t) [2, 3℄.� Presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e, PolandSeptember 1�11, 1999.y guest researher, permanent address: Institute of Modern Physis, Aademia Sinia,Lanzhou, P.R.China. (417)



418 P. Guazzoni et al.The experimental results are summarized in the NDS ompilation [4℄,where more omplete olletion of referenes an be found.2. Experimental resultsA 25 MeV proton beam from the Munih University MP tandem ael-erator, bombarded a 50 �g/m2 thik 91Zr enrihed target (94.59%), on a12 �g/m2 arbon foil. Outgoing tritons have been deteted in the foalplane of the Q3D magneti spetrometer by the light-ion foal plane dete-tor with periodi readout [5℄. Absolute ross setions are estimated with anunertainty of �15% and the energy auray is �3 keV.In Table I the integrated ross setion values and the attributed spinsand parities are given together with the energies, spins and parities of 89Zrlevels adopted so far [4℄ and with the energies, spins and parities of the levelsobserved in previous (p; t) reations [2, 3℄.
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Fig. 1. Experimental angular distributions for some triton groups observed in the91Zr(p; t)89Zr reation, ompared with the DWBA alulations for the indiatedL-transfer values.



High Resolution Measurement of the 91Zr(p,t)89Zr Reation 419TABLE I91Zr(p; t)89ZrAdopted levels [4℄ Previous (p; t) [2℄ Present ExperimentEx(keV) J� Ex J� L Ex J� L �int(�b)0.0 9=2+ 0.0 2+4+6 0.0 9/2+ 2+4+6 309.026587.82 1=2� 588 3 588 - 3 75.4091094.9 3=2� 1094 1+3 1094 - 1+3 94.9811451.3 5=2� 1450 1+3+5 1452 - 1+3+5 28.9091511.8 (9=2)+ 1512 2+4+6 1512 9/2+ 2+4+6 16.9601627.29 5=2+ 1626 5=2+ 0 1628 5/2+ 0 123.7181742.6 1=2� 1743 1+3 1745 - 3 11.2781833.7 5=2+ 1832 5=2+ 0 1832 5/2+ 0 156.4941864.6 3=2� 1864 1+3 1864 - 1+3 31.8601943.72 (13=2)+ 1941 + 4 2.5662086.0 (5=2)+ 2088 2+4+6 2088 + 2 6.5222099.9 5=2� 2101 + 2+4+6 8.7272101.4 (7=2; 11=2)2128.6 (7=2+) 2130 11.3312132.3 (7=2; 9=2; 11=2)2297.8 (7=2) 2300 2.0562390 2390 2391 1.3452533 (�) 2533 (3) 2538 + 2 8.4052567.3 (� 7=2) 2563 + 2 1.1042572.4 (7=2; 9=2+) 2570 1+3 2575 + 2+4 2.3822612.1 9=2+ 2610 2 2614 + 2 17.6592710 2710 2713 + 6 7.0472732 (+) 2725 2732 + 0+4 9.7292750 2750 2 2755 + 2 57.7392782 5=2�; 7=2� 2783 2.5032784 (5=2+; 7=2+)2889.6 (7=2; 9=2; 11=2) 2887 + 2 3.5742926.0 7=2+; 9=2+2926.52 (19=2) 2927 - 3 5.3852959.8 (7=2+; 9=2+) 2958 - 3 28.1642995.3 (21=2)+ 2996 5/2+ 0 47.8873016.1 7=2� 3019 + 2+4+6 6.0533092.69 (7=2+) 3090 + 2 5.7203141.3 9=2+ 3144 + 2 3.9053153 + 2 11.3023181 + 0+4 14.3053269 + 2 3.2423281.0 7=2+; 9=2+ 3280 5/2+ 0 16.0413330 1=2�; 3=2� 3339 - 1+3 1.6793383 9=2+ 3372 + 2 2.7983420 + 2 3.566Most of the (p; t) reation measurements are onentrated on even-targetnulei. The situation for (p; t) reation from non zero-spin target, as in thease of 91Zr(p,t)89Zr, is rather omplex. In general more than one L-transfervalue ontributes for the given �nal state angular distribution.The measured di�erential ross setions display two kinds of shape.One exhibits signi�ant angular struture, prominent enough to allow a



420 P. Guazzoni et al.distintion among di�erent L-transfers. The seond one, rather featureless,is distintive of more L-transfer ontributions.The DWBA analysis has been arried out in the frame of a semi-miro-sopi dineutron pik-up theory, using the TWOFNR ode [6℄.The proton entrane hannel parameters are dedued from ref. [7℄ andfor the triton exit hannel from ref. [8℄, slightly adjusted in order to havea better agreement with the shape of the experimental data. Examplesof good quality �ts obtained by DWBA alulations, with a dominant L-transfer value, are given in Fig. 1.A signi�ant number of transitions with a little angular struture arereprodued well in terms of a mixing of L transfers allowed by a non zero-spin target, weighted by a (2L+1) fator [2℄. In Fig. 2 a sample of these �tsis reported. The DWBA di�erential ross setion is obtained ombining theL=2, 4 and 6 ontributions for the G.S.; L=1 and 3 for the 1.094 MeV level;L=2, 4, and 6 for the 1.512 MeV level; L=1 and 3 for the 1.864 MeV level;L=2 and 4 for the 2.575 MeV level; L=1 and 3 for the 3.339 MeV level.
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High Resolution Measurement of the 91Zr(p,t)89Zr Reation 4213. Shell model alulationsThe struture of low-lying levels of 89Zr has been studied in the frame-work of the shell model with the ode OXBASH [9℄. The alulations havebeen performed for both nulei 88Zr [1℄ and 89Zr, using the same residualinteration PMM90, introdued by Brown [9℄.The allowed oupation numbers, in squared brakets, for eah orbitaland the orresponding single partile energies used to generate both positive(PPS) and negative (NPS) parity states are given in the following:PPS: �1f5=2[6 6℄ 1.00 MeV, �2p3=2[4 4℄ 3.60 MeV, �2p1=2[0 2℄ 5.13 MeV,�1g9=2[0 2℄ 3.15 MeV, �1f5=2[4 6℄ �2:30 MeV, �2p3=2[2 4℄ 0.30 MeV,�2p1=2[0 2℄ 1.83 MeV, �1g9=2[8 10℄ �0:15 MeV, �2d5=2[0 1℄ 2.97 MeVNPS: �1f5=2[4 6℄ 1.00 MeV, �2p3=2[2 4℄ 3.60 MeV, �2p1=2[0 2℄ 5.13 MeV,�1g9=2[0 2℄ 3.15 MeV, �1f5=2[5 6℄ �2:30 MeV, �2p3=2[3 4℄ 0.30 MeV,�2p1=2[1 2℄ 1.83 MeV, �1g9=2[9 10℄ �0:15 MeV.For its relevane in onnetion with the (p; t) reation, in addition tothe energy spetra we have also alulated the two-neutron parentage am-plitudes with respet to the ground state in 91Zr(5=2+). From the shellmodel alulations the wave funtion for this state is given by the ouplingof the extra neutron in the d5=2 orbital with the 90Zr ground state, namelyabout 80% of �(1p(d5=2)) nature with respet to the N = 50, Z = 40 ore,and 20% orresponding to two-partile-two-hole proton exitation, namelyof �(2p� 2h)�(1p) nature. The former omponent is expeted to populate,via (p; t) reations, omponents in 89Zr of �(1h) and �(1p�2h) nature, whilethe latter leads to �(2p� 2h)�(1h) and �(2p� 2h)�(1p� 2h) omponents.The alulated level energies are shown in Fig. 3 in omparison with theexperimental values. The overall agreement is reasonable.
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Fig. 3. Energy level sheme omparing shell model and experimental results.



422 P. Guazzoni et al.Let us onsider the positive parity states. The �rst two 9/2+ levelshave both as major omponent of the state orresponding, for the neutronpart, to a single hole in the 1g9=2 orbital, with prevalent (lose to 80% ofprobability) proton losure for the ground state, while for the exited statewith �(2p � 2h) nature. As a onsequene the ground state has large two-partile parentage amplitudes assoiated with the transfer of one neutron ofthe pair in the d5=2 shell and of the seond neutron in g9=2 shell, with allpossible momentum transfer, while for the 9/2+2 state the orrespondingparentage amplitudes are smaller, although appreiable, with onsistenywith the experimental data. Using these two-partile parentage amplitudes,the DWBA alulations for the angular distributions of the G.S. 9/2+ andof the 1512 keV (9/2)+ state of the 89Zr are shown in Fig. 2. The agreementobtained between experimental and theoretial data for the 1512 keV stateallows to remove the unertainty on spin assignment reported in [4℄.As for the 5/2+ states, the lowest state mainly orresponds (more than85%) to neutron (1p�2h) on�guration, with the partile in the d5=2 orbitaland two holes, oupled to L = 0, in the g9=2 orbital. As a onsequene thestate has a large two-partile parentage amplitude assoiated with L = 0 pairof neutrons in the g9=2. The seond 5/2+ state is instead assoiated with asingle neutron hole in the g9=2 state, oupled to a L = 2 proton (2p � 2h)exitation, with onsequent small two-partile parentage amplitudes.Finally the third state has a struture similar to 5/2+1, but the two holesin the g9=2 are oupled to L = 2. In this ase there is a large two-partileparentage amplitude assoiated with a pair of neutrons in the g9=2 orbital,but with L = 2 oupling. REFERENCES[1℄ M. Jaskóªa, P. Guazzoni, L. Zetta et al., Ata Phys. Pol. B29, 385 (1998).[2℄ J. Ball, Phys. Rev. C6, 2139 (1972).[3℄ T. Awaya et al., J. Phys. So. Jap. 32, 1169 (1972).[4℄ B. Singh, Nul. Data Sheets 85, 1 (1998).[5℄ E. Zanotti et al., Nul. Instrum. Methods Res. A310, 706 (1991).[6℄ M. Igarashi, TWOFNR ode (1977) (unpublished).[7℄ Y.S. Park, H.D. Jones, D.E. Bainum, Phys. Rev. C7, 445 (1973).[8℄ R.A. Hardekopf et al., Phys. Rev. Lett. 35, 1623 (1975).[9℄ B.A. Brown et al., MSU-NSCL Report No 524, (1985).


