
High-Spin Lifetime Measurements in the N=Z Nuleus 72KrC. Andreoiu,1, 2 C.E. Svensson,1 R.A.E. Austin,3, � M.P. Carpenter,4 D. Dashdorj,5 P. Finlay,1 S.J. Freeman,4P.E. Garrett,6, y J. Greene,4 G.F. Grinyer,1 A. G�orgen,7 B. Hyland,1 D. Jenkins,8 F. Johnston-Theasby,8P. Joshi,8 A.O. Mahiavelli,9 F. Moore,4 G. Mukherjee,4 A.A. Phillips,1 W. Reviol,10 D.G. Sarantites,10M.A. Shumaker,1 D. Seweryniak,4 M.B. Smith11, J.J. Valiente-Dob�on,1, z R. Wadsworth,8 and D. Ward91Department of Physis, University of Guelph, Guelph, ON, Canada N1G 2W12Oliver Lodge Laboratory, University of Liverpool, Liverpool, L69 3BX, UK3MMaster University, Hamilton, Ontario L8S 4K1, Canada4Physis Division, Argonne National Laboratory, Argonne, IL 604365North Carolina State University, Raleigh, NC 276956Lawrene Livermoore National Laboratory, Livermoore, CA 945517CEA Salay, Daphnia/SphN, 91191 Gif-sur-Yvette Cedex, Frane8Department of Physis, University of York, Heslington, York YO105DD, UK9Lawrene Berkeley National Laboratory, Berkeley, CA 9472010Department of Chemistry, Washington University, St. Louis, MO 6313011TRIUMF, 4004 Wesbrook Mall, Vanouver, BC, Canada V6T 2A3(Dated: November 4, 2005)High-spin states in the N = Z nuleus 72Kr have been populated in the 40Ca(40Ca,2�)72Krfusion-evaporation reation at a beam energy of 165 MeV and using a thin isotopially enrihed40Ca target. The experiment, performed at Argonne National Laboratory, USA, employed theGammasphere array for -ray detetion oupled to the Miroball array for harged partile detetion.The previously observed bands in 72Kr were extended to higher exitation energy of �24 MeV andhigher angular momentum of 30�h. Using the Doppler shift attenuation method the lifetimes ofhigh-spin states were measured for the �rst time in order to investigate possible deformation hangesassoiated with the g9=2 proton and neutron alignments in this N = Z nuleus. Exellent agreementwith theoretial alulations inluding only standard t = 1 np pairing was observed.PACS numbers: 23.30.Lv, 27.50.+e, 21.10.Re, 21.60.Ev., 21.10.TgI. INTRODUCTIONN = Z nulei are of partiular interest regarding nporrelations whih are expeted to be signi�ant in thesenulei due to the large spaial overlap of proton- andneutron-wavefuntions. These orrelations an have ei-ther an isosalar or an isovetor harater, and in prini-ple might form a stati pair ondensate in either hannel.Experimental evidene from pair-transfer reations [1℄and binding energy systematis [2, 3℄ establish an isove-tor (t = 1) pair �eld in N � Z nulei with a magni-tude onsistent with that expeted from the systematisof t = 1 nn and pp pair gaps throughout the hart ofthe nulides. For the T = 0 states of the N = Z nulei,isospin symmetry requires the ontribution from t = 1 nppairing to be equal to those from nn and pp pairing [4℄.The situation onerning the role of t = 0 np interationin N = Z nulei is less lear. The ground-state bind-ing energy systematis leave little room for a olletivet = 0 pair gap [3℄; a result understood in terms of the� Present address: Saint Mary's University, Halifax, Nova SotiaB3H 3C3, Canaday Present address: Department of Physis, University of Guelph,Guelph, ON, Canada N1G 2W1z Present address: INFN, Laboratori Nazionali di Legnaro, I-35020, Legnaro, Italy

disruptive inuene of the spin-orbit splitting on t = 0np pairing [5, 6℄, and onsistent with the analysis [7℄ ofpairing vibrations around 56Ni whih indiates that thee�etive t = 0 pairing strength represents only a smallfration (�0.2) of the ritial value required for onden-sate formation. These analyses do not, however, rule outthe possibility that the state-dependent t = 0 np inter-ations might have important e�ets on the properties ofN � Z nulei. In partiular, suh interations may inu-ene the pattern of rotation alignments assoiated withthe breaking of t = 1 pairs.Previous studies of N = Z nulei from 72Kr to80Zr [8, 9℄ have indiated delays in the rotational align-ments of g9=2 protons and neutrons relative to theirN 6= Z neighbours, with 72Kr appearing to show thelargest e�et. More reent experimental work in 72Kr [10℄and theoretial alulations [11℄ show that the delay isnot as large as originally thought. A similar phenomenon,involving g9=2 partiles, appears to our in the yrast su-perdeformed (SD) band of the N = Z nuleus 60Zn [12℄,where the simultaneous proton and neutron g9=2 align-ment ours at higher rotational frequeny than the neu-tron alignment in the yrast SD band in 59Cu [13℄ or theproton alignment in the yrast SD band of 61Zn [14℄. Nu-merous attempts to interpret these results in terms ofnp interations have been presented, with a lear un-derstanding yet to emerge. For example, a delay in thealignment frequeny in N = Z nulei relative to their
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FIG. 1: Upper panel shows the boost given to the reoil by thepartile evaporation perpendiular to the beam (z) axis in theenter-of-mass frame. Lower panel shows the initial veloityof the 72Kr reoils in the vx�vz plane in the 2�-gated data set,as reonstruted from the measured alpha-partile momenta.neighbours was found in the alulations of Ref. [15℄ em-ploying a full t = 1 and t = 0 Æ-interation between high-j protons and neutrons in the presene of a deformed,rotating mean-�eld potential. This delay was asribedto the t = 1 omponent of the Æ-interation, althoughthe mehanism at work was not lear. Referene [16℄,on the other hand, predits a transition from t = 1 tot = 0 pairing with inreasing angular momentum in thease of 80Zr. By inreasing the np pairing strength by30% relative to the pp and nn strengths, the alula-tions of Ref. [17℄ provide an aeptable reprodution ofthe data for N = Z nulei reported in Ref. [8℄, albeit atthe admitted expense of the agreement with the N 6= Zases. Clearly, additional experimental data related torotational alignments in N � Z nulei, inluding life-time measurements to onstrain the deformation degree

of freedom in theoretial models, is essential to unravelthe respetive role of isovetor and isosalar residual in-teration in the struture of these nulei.II. EXPERIMENTThe experiment, performed at Argonne NationalLaboratory, employed the 40Ca(40Ca,2�)72Kr fusion-evaporation reation at a beam energy of 165 MeV. The0.350 mg/m2 thin isotopially enrihed 40Ca target wassandwihed between two thin layers of Au to prevent ox-idation. The experimental set-up onsisted of the Gam-masphere array [18℄ at the time omprising 99 Compton-suppressed HPGe detetors in ombination with the 95-element CsI(Tl) Miroball detetor [19℄. The event trig-ger required the detetion of at least four Compton sup-presed  rays. To provide -ray multipliity and sum-energy measurements [20℄, and additional seletivity bytotal energy onservation requirements [21℄ the Hevimetollimators were removed from the Gammasphere dete-tors. Based on the harged-partile energies and dire-tions deteted in Miroball, the momenta of the reoilingresidual nulei were determined for eah event, allowingfor a more aurate Doppler-shift orretion of the -ray energies, leading to a signi�antly improved energyresolution. The events were sorted o�-line into variousE projetions, E-E matries, and E-E-E ubesby seleting events in whih 2� partiles orrespondingto 72Kr were deteted in the Miroball. The events be-longing to the 2�1p hannel populating 71Br were are-fully suppressed from this data set by the total energyonservation requirements. The analysis employed theRadware software pakage [22℄ and the spetrum-analysisode Tv [23℄.The main fous of this work was the lifetimes of high-spins states determined using the entroid-shift Dopplershift attenuation method [24℄. The states at the top ofthe rotational bands have lifetimes of the order of tens offemtoseonds, thus they deay while the reoils are slow-ing down in the thin 40Ca target. A Doppler orretionis applied to the events with a reoil veloity �0 orre-sponding to the veloity of the 72Kr reoil at the timeof formation as dedued on an event-by-event basis fromthe measured evaporated harged partiles. As a result,the peaks are slightly shifted in the -ray spetra of theGermanium detetors at forward and bakward angles.From the shift measurement the mean veloity, �t, atthe time when the transition was emitted is obtained.The frational Doppler shift de�ned as F (�) = �t=�0 foreah transition is experimentally obtained and plotted asa funtion of angular momentum. These F (�) values are�t to extrat the best transitional quadrupole momentQt for eah band. The program takes into aount theinitial momenta of the 72Kr reoil and a veloity historyof the reoils inluding their diretions in time steps of0.05 fs. The beam and reoil stopping power in the targetwere simulated using the SRIM-2003 ode Ref. [25℄. The



3upper panel in Fig. 1 shows the boost given to the reoilby the 2� partile evaporation perpendiular to the beamaxis, z, in the enter-of-mass frame. The lower panel inFig. 1 shows the initial veloity in the vx � vz plane ofthe 72Kr reoils in the 2�-gated data set, as reonstrutedfrom the measured energies and diretions of the detetedalpha partiles. These e�ets were aounted for in theo�-line analysis. Additional experimental details an befound in Refs. [26, 27℄.III. RESULTSPreviously high-spin states in 72Kr were known up toan angular momentum of 28�h [10℄. Figure 2 shows thelevel sheme of 72Kr obtained from the present experi-ment. The level sheme was extended up to exitationenergy of �24 MeV and an angular momentum of 30�h.Figure 3 shows 2�-gated  ray spetra generated by sum-ming oinidene gates set on in-band transitions. At lowenergies, in panels (a) and (b) of Fig. 3 the transitions be-longing to the ground state band up to the 14+ state areshown at 710, 612, 792, 996, 1186, 1356, and 1510 keV.In the upper panel, the transition belonging to band 2at 1665, 1741, 1832, 1917 keV are shown. In addition, alinking transition to band 4 at 1816 keV was observed.The inset in the upper panel of Fig. 3 shows the high en-ergy transitions in band 2 at 2038 keV and 2143 keV, andtwo newly identi�ed transitions at 2440 and 2706 keV, ex-tending the band to an exitation energy of 23.64 MeVand an angular momentum of 30�h. The middle panelof Fig. 3 shows the transitions belonging to band 4 at1586, 1021, 1467, 1949 keV. The transitions at 1241 and1368 keV, whih are plaed on a parallel branh withband 2 are also shown. The inset in the middle panelof Fig. 3 shows the transition at 2468 keV, on�rms thetransition at 3059 keV and the linking transition betweenband 2 and 4 at 2836 keV, and tentatively ontinues band2 with a transition at 3717 keV, extending the band toan exitation energy of 22.43 MeV and an angular mo-mentum of 28�h. The lower panel of Fig. 3 shows thetransitions in the side band at 960, 1292, 1116, 1435,1447, 1497, 1600, and 1778 keV, and the linking transi-tions into the ground state band at 1653 and 1685 keV.The inset in the lower panel shows the transition at 2062keV, and two newly identi�ed transitions at 2515 and3068 keV, extending the band to an exitation energy of22.57 MeV. Although intensively searhed for, no otherlinking transitions between the bands were found.The main fous of this work was the lifetimes of high-spins states determined using the entroid-shift Dopplershift attenuation method [24℄. Previous to this study nolifetimes of high-spin states were known. The experimen-tal F (�) values of band 2 and 4 and the side band, as afuntion of angular momentum are shown in Figs. 4(a),(b) and (), respetively. In order to extrat a quadrupolemoment from these measurements, the deay of the bandwas modeled assuming a onstant in-band Qt and the
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FIG. 2: Proposed high-spin level sheme of 72Kr from thepresent experiment. Energy labels are in keV. The widths ofthe arrows are proportional to the relative intensities of the rays. Tentative transitions are dashed.feeding of the band and the slowing down of the reoilsin the target were treated as in Ref. [28℄. The best �tto the data is obtained with Qt = 2:87(2319) eb for band2, Qt = 2:06(4433) eb for band 4, and Qt = 2:39(2431) eb forthe side band. The unertainties in the quadrupole mo-ments do not inlude the systemati unertainties due tothe stopping power, whih are typially 10%. It is lear
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FIG. 3: 2�-gated -ray spetra generated by summing o-inidene gates set on in-band transitions in band 2 (upperpanel), band 4 (middle panel), and side band (lower panel).The insets show the higher energy transitions in eah band.from the results that band 2 has a higher Qt than band 4.With the urrent experimental unertainties on the F (�)measurements investigations with variable Qt's do notprovide a signi�antly better desription of the bands.IV. DISCUSSIONTheoretial alulations for 72Kr have been performedwith Cranked Nilsson Strutinsky (CNS), the ranked rel-ativisti mean �eld (CRMF) and the ranked relativistiHartree-Bogoliubov (CRHB) [11℄. At high spins the pairorrelations are negleted in the CRMF and the CNS al-ulations. The D1S Gogny fore and the Lipkin-Nogami(LN) method for partile number projetion have beenused in onjuntion with the CRHB theory. In the CNSalulations, the bands are labelled by the number of g9=2protons and neutrons, as [p,n℄. In Ref. [11℄ band 4 was as-
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