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FAST ROTATION OF THE N = Z NUCLEUS 36Ar�C.E. Svenssona, A.O. Mahiavellib, A. Juodagalvis, A. PovesdI. Ragnarsson, S. Åberg, D.E. Appelbee, R.A.E. AustineC. Baktashf, G.C. Ballg, M.P. Carpenterh, E. Caurieri, R.M. ClarkbM. Cromazb, M.A. Deleplanqueb, R.M. Diamondb, P. FallonbM. Furlottij, A. Galindo-Uribarrif, R.V.F. Janssensh, G.J. LanebI.Y. Leeb, M. Lipoglavsekf, F. Nowakik, S.D. Paulf, D.C. RadfordfD.G. Sarantitesj, D. Seweryniakh, F.S. Stephensb, V. TomovjK. Vetterb, D. Wardb, and C.H. YufaDepartment of Physis, University of Guelph, Guelph, CanadabNulear Siene Division, Lawrene Berkeley Laboratory, Berkeley, USADepartment of Mathematial Physis, Lund University, Lund, SwedendDepartamento de Físia Teória, Universidad de Madrid, Madrid, SpaineDepartment of Physis & Astronomy, MMaster University, Hamilton, CanadafPhysis Division, Oak Ridge National Laboratory, Oak Ridge, USAgTRIUMF, 4004 Wesbrook Mall, Vanouver, CanadahArgonne National Laboratory, Argonne, USAiInstitut de Reherhes Subatomiques, Université Louis PasteurStrasbourg, FranejChemistry Department, Washington University, St. Louis, USAkLaboratoire de Physique Theorique, Université Louis PasteurStrasbourg, Frane(Reeived April 3, 2001)A highly-deformed rotational band has been identi�ed in the N = Znuleus 36Ar. At high spin the band is observed to its presumed terminationat I� = 16+, while at low spin it has been �rmly linked to previouslyknown states in 36Ar. Spins, parities, and absolute exitation energieshave thus been determined throughout the band. Lifetime measurementsestablish a large low-spin quadrupole deformation (�2 = 0:46 � 0:03) andindiate a dereasing olletivity as the band termination is approahed.With e�etively omplete spetrosopi information and a valene spaelarge enough for signi�ant olletivity to develop, yet small enough to bemeaningfully approahed from the shell model perspetive, this rotationalband in 36Ar provides many exiting opportunities to test and ompareomplementary models of olletive motion in nulei.PACS numbers: 21.10.Re, 21.10.Tg, 21.60.Cs, 23.20.Lv� 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. (2413)



2414 C.E. Svensson et al.1. IntrodutionThe mirosopi desription of olletive phenomena is a fundamentalgoal of quantum many-body physis. In the �eld of nulear struture, alassi example is the desire to onnet the deformed intrinsi states andolletive rotational motion of nulei with mirosopi many-partile wave-funtions in the laboratory system. For nulei in the lower sd shell, thisonnetion is well understood in terms of Elliot's SU(3) model [1℄. For heav-ier nulei, however, the spin�orbit interation removes the degeneraies ofthe harmoni osillator, destroying the SU(3) symmetry. Furthermore, ro-tational motion in these nulei generally involves valene spaes omprisedof two major shells for both protons and neutrons [2℄. Exat shell modeldiagonalizations in suh spaes are well beyond urrent omputational a-pabilities, and muh e�ort has, therefore, been devoted to determine theapproximate symmetries that permit a desription of the olletive motionin these nulei within an appropriately trunated model spae (f. [3�5℄.) Itis learly desirable to test the validity of suh approximate symmetries inases where the valene spae is large enough for olletive motion to de-velop, but small enough to permit exat diagonalizations. Here we disussthe identi�ation [6℄ of a SuperDeformed (SD) band in the N = Z nuleus36Ar whih, like rotational bands in heavier nulei, involves two major shellsfor both protons and neutrons, yet satis�es the above riteria.2. ExperimentsHigh-spin states in the N = Z nuleus 36Ar were populated via the24Mg(20Ne,2�)36Ar fusion-evaporation reation in two experiments with an80 MeV, � 2 pnA 20Ne beam provided by the ATLAS faility at ArgonneNational Laboratory. In the �rst experiment, a self-supporting 440 �g/m224Mg foil was used, while in the seond experiment a 420 �g/m2 24Mglayer was deposited onto a 11.75 mg/m2 Au baking in order to measurelifetimes by Doppler-shift attenuation methods. In both experiments,  rayswere deteted with 101 HPGe detetors of the Gammasphere array [7℄, in o-inidene with harged partiles deteted and identi�ed in the Miroball [8℄,a 4� array of 95 CsI(Tl) sintillators. The Hevimet ollimators were re-moved from the BGO Compton-suppression shields of the HPGe detetorsin order to provide -ray sum-energy and multipliity information for eahevent [9℄. The 2� evaporation hannel leading to 36Ar was leanly seletedin the o�ine analysis by requiring the detetion of 2 alpha partiles in theMiroball in ombination with a total deteted -ray plus harged-partileenergy onsistent with the Q-value for this hannel [10℄. Totals of 775 mil-lion and 827 million partile��� and higher fold oinidene events werereorded in the �rst and seond experiments, respetively.



Fast Rotation of the N = Z Nuleus 36Ar 24153. Results and disussionThe -ray spetrum from the thin-target experiment obtained by sum-ming oinidene gates set on all members of the superdeformed band iden-ti�ed in 36Ar is shown in Fig. 1, and a partial deay sheme for 36Ar ispresented in Fig. 2. As shown in Fig. 2, the high-energy  rays indiated bydiamonds in Fig. 1 link the SD band to previously known low-spin states, andthereby �x the absolute exitation energies of the SD levels. The spetrumof the SD band obtained with a single gate on the 4950 keV  ray, shownin the upper inset of Fig. 2, illustrates the quality of the oinidene datafor these linking transitions. Angular distribution measurements establishstrethed quadrupole harater for the high-energy linking  rays and for allof the in-band transitions. The lower insets in Fig. 2 present two examplesof suh measurements, whih determine the spins, and, under the reasonableassumption that the transitions are E2 rather than M2, the parities, of theSD states from 2+ to 16+. Although  deay by a 622 keV transition tothe previously known (0+) state at 4329 keV [11℄ was not observed in thisexperiment, this state is presumed to be the SD bandhead based on theregular rotational spaing.
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Fig. 1. Gamma-ray spetrum obtained by summing oinidene gates set on allmembers of the superdeformed band (irles). Diamonds indiate linking transi-tions onneting the band to low-spin states in 36Ar.
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Fig. 2. Partial deay sheme for 36Ar showing the superdeformed band (left). Theupper inset shows a spetrum of the band obtained with a single gate set on the4950 keV linking transition. Angular distributions relative to the beam axis arepresented for the 3352 keV and 4166 keV linking transitions in the lower insets.We have performed both on�guration-dependent [12℄ Cranked Nilsson-Strutinsky (CNS) and large-sale s1=2d3=2-pf spherial shell model (SM)alulations with the diagonalization ode Antoine [13℄ for the 36Ar SDband. As detailed in Ref. [6℄, these alulations provide a good desriptionof the energeti properties of the band and enable its �rm assignment to aon�guration in whih four pf -shell orbitals are oupied. Here we fousprimarily on the quadrupole properties of the band.



Fast Rotation of the N = Z Nuleus 36Ar 2417The predited equilibrium deformations for the SD band from the CNSalulations are shown in Fig. 3. At low spin, a prolate shape with defor-mation "2 = 0:40, whih remains approximately onstant up to I = 8~,is alulated. At higher spins, the nuleus is predited to hange shapesmoothly, beoming inreasingly triaxial until the band terminates in a fullyaligned oblate ( = 60Æ) state at I� = 16+. Assuming the rotor model withthe initial state deformations, the B(E2; I ! I � 2) values orresponding tothis shape trajetory are shown by the irles in the inset of Fig. 3. Alsoshown in this �gure are the B(E2) values from the SM alulations. Bothalulation indiate a large olletivity at low spin whih dereases as theband termination is approahed. However, the shell model alulations areseen to predit somewhat smaller B(E2) values for the intermediate spinstates, but somewhat larger values lose to termination.
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Fig. 3. Calulated trajetory in the ("2,) deformation plane for the SD band in36Ar. The inset shows the orresponding B(E2) values from the ranked Nilsson�Strutinsky (irles) and shell model (diamonds) alulations. The B(E2)'s for a�xed prolate deformation �2 = 0:45 are also shown for omparison (squares).In order to test the quadrupole properties shown in Fig. 3, we havemeasured state lifetimes throughout the 36Ar SD band by Doppler-shift at-tenuation tehniques. These measurements rely on hanges in the veloitiesof the reoiling 36Ar nulei as they pass through the target and, in the aseof the seond experiment, the Au target baking. It is, therefore, essential to



2418 C.E. Svensson et al.have a good understanding of the initial reoil veloity distribution for theevents in the partile-gated data set. In the 24Mg(20Ne,2�)36Ar reation,the evaporation of two alpha partiles from the ompound 44Ti nuleus pro-dues a very broad reoil distribution for the 36Ar nulei. Furthermore, thealpha-partile detetion e�ieny is strongly angle dependent. The alphasemitted forward (relative to the beam diretion) in the Center-of-Mass (CM)frame reeive an energy boost in the lab frame from the CM motion, andare deteted more e�iently than those emitted at bakward angles, whihhave lower energies in the lab system. A result of requiring 2� detetion isthus to bias the experimental data set towards events in whih the alphapartiles were emitted in the forward diretion, and onsequently the 36Arreoil veloity was redued ompared to that of the ompound system. Thise�et is learly seen in Fig. 4, whih shows the experimental reoil veloitydistribution for the 36Ar nulei reonstruted from the measured energiesand diretions of the deteted alpha partiles. In order to obtain meaningfullifetime measurements, it was neessary to modify the Lineshape ode [14℄to inorporate this experimentally determined initial reoil veloity distri-bution. The exellent �ts to the -ray lineshapes that were obtained by thismethod are illustrated with the 2160 keV 8+ ! 6+ SD transition in Fig. 5.
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Fig. 5. Doppler-shift attenuation lineshape analysis for the 2160 keV 8+SD ! 6+SDtransition. The stopped peak at 2208 keV is the 3�1 ! 2+1 transition in 36Ar.A omplete desription of the lifetime measurements for the 36Ar SDband is given in Ref. [15℄. Here we summarize the resulting B(E2) valuesin Fig. 6. The CNS alulations are seen to provide a good desription ofthe measured low-spin B(E2) values, but underpredit the high-spin ol-letivity. This result is expeted as these alulations do not inlude thee�ets of shape �utuations about the equilibrium deformations, whih willremove the arti�ial vanishing of the B(E2) at the terminating state arisingfrom the predition of an exatly oblate equilibrium deformation. The SMalulations provide an exellent desription of the spin-dependene of theB(E2) values, inluding the substantial remaining olletivity at the ter-minating state, but systematially underestimate the experimental valuesby approximately 20%. In order to further investigate these e�ets, it isinteresting to ompare the mirosopi strutures of the wavefuntions forthe SD band from the two alulations. Figure 7 shows the oupanies ofspherial j-shells in the SD band from the CNS and SM alulations. We
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