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SHAPE COEXISTENCE AND ISOMERISMIN Kr ISOTOPES�W. KortenCEA-Salay, DAPNIA/SPhN91191 Gif-sur-Yvette, Frane(Reeived January 30, 2001)New experimental data on very neutron-de�ient Kr isotopes extend thesystemati of low-lying 0+ states in this mass region. Clear evidene forshape isomers was found in 74Kr and in the N = Z nuleus 72Kr. Coulombexitation in inverse reation kinematis was shown to be powerful methodin order to disentangle the di�erent shapes of atomi nulei.PACS numbers: 21.10.Tg, 23.20.Lv, 23.20.Nx, 25.70.Gh1. IntrodutionThe shape of any atomi nuleus is determined by a deliate interplaybetween the marosopi binding energy as given by the liquid-drop massformula and mirosopi e�ets as determined by the shell struture. Whendesribing the nuleus as a harged liquid drop of partiles, interating viatwo-body fores, the strong attration in the volume of the nulear liquidis ounterated by surfae e�ets, where less nuleons are available for theinteration. Therefore, a nuleus will always prefer to minimise its surfaeand adopt a spherial shape for essentially the same reason as a normalliquid drop. But the analogy of a nuleus with a liquid is only of limitedvalidity, sine the nuleons are subjet to quantum-mehanial e�ets. Theorret desription by quantum mehanial wave funtions results in ertain�nuleoni orbits�, where the nuleons are preferentially loated. These orbitswill hene strongly in�uene the shape of the nuleus.When desribing the nuleus in the shell model an inrease in bindingenergy is always obtained for a low level density at the Fermi surfae. Closed-shell nulei are always spherial in their ground state, sine for these spei�proton and neutron numbers (�magi numbers�) a very strong inrease in� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(729)



730 W. Kortenthe binding energy is obtained for a spherial shape, very similar to theinert gas on�guration of the eletron shell. Nulei between losed shellsan exhibit very di�erent shapes depending on the spei� ombination ofproton and neutron number. Here, the higher level density for a spherialshape dereases the binding energy and the nuleus will obtain a more stableon�guration in a non-spherial (or deformed) equilibrium shape.The most ommon shapes orrespond (in �rst order) to ellipsoidal shapesobtained by elongating (prolate shape) or ompressing (oblate shape) asphere along the symmetry axis. In some ases the spei� ombinationof proton and neutron number allows the nuleus to obtain several di�erentshapes. If the total binding energy of the nuleus in its di�erent shapesis similar, a low-lying exited state exists that has a di�erent shape thanthe ground state. This phenomenon is alled shape oexistene. A detailedreport on shape oexistene in atomi nulei an be found in [1℄.Under ertain irumstanes the deay of the nuleus from the exitedon�guration to the ground state is hindered: The exited state beomesisomeri, i.e. it has a relatively long lifetime as ompared to the usual deaytimes for eletri quadrupole transitions typial for deformed nulei. Theseshape isomers present a spei� group of isomers, where the eletro-magnetideay is hindered by the di�erent shape of the nuleus in the initial and�nal state, espeially if the mixing between the di�erent shapes is small.Understanding the shape of nulei and the deay properties of shape isomerspresents a stringent test of nulear models sine they depend on the exatposition of nuleoni orbitals driving the nuleus to di�erent intrinsi shapes.2. Shape oexistene in krypton isotopesHistorially the most important examples for shape isomers are the �s-sion isomers in the atinides [2℄, whih are isomers built on the very elon-gated superdeformed shape of the atomi nuleus [3℄. Although loated athigh exitation energies they are isomeri, beause the overlap of the wavefuntions in the superdeformed (SD) and the normal-deformed (ND) well isextremely small. This was learly demonstrated by measuring the extremelysmall E0 matrix element onneting the SD and ND ground state [4℄. Due tothe relatively low �ssion barrier in these very heavy nulei, the main deaypath of the isomers often proeeds via �ssion and not via -deay.While the �ssion isomers are the text-book example for the existene ofvery di�erent shapes in one nuleus, shape oexistene is atually a veryommon feature of atomi nulei, espeially around single losed-shell nuleiand in regions where a high level density ours for spherial shapes [1℄. Themass region around A = 70 and here espeially the Se and Kr isotopes havea long history as andidates for shape oexistene. Experimental e�orts to



Shape Coexistene and Isomerism in Kr Isotopes 731disentangle their di�erent shapes have been pursued for more than 20 years,but only very reently it beame possible to perform measurements whihallow a more detailed understanding how shape oexistene develops in thesenulei.Pronouned shell gaps, whih our for proton number Z = 36 at prolateand oblate deformation, play a major role for the struture of the Kr isotopes.The heavier, stable Kr isotopes (with neutron numbers between 44 and 50)are almost spherial, due to the losed neutron shell at N = 50. But inthe more neutron-de�ient isotopes di�erent shell gaps (for neutron numbersbetween 36 and 42) lead to a pronouned deformation. Here, a well-deformedprolate and an almost equally well-deformed oblate shape are ompeting inenergy. In several Kr isotopes both shapes are expeted to our within afew hundred keV of exitation energy, that is within less than 10�3 of thetotal binding energy. The shape of the ground state hene depends verymuh on details in the model desription, for example the exat form ofthe mean-�eld as well as the parameters of the e�etive interation usedin the alulations. When approahing the N = Z line also the proton-neutron pairing is expeted to play a partiularly important role [5℄. Detailedmeasurements of the properties of shape o-existing states in the Kr isotopesonstitute a preision test for the quality of today's nulear models.As one example a theoretial predition for the struture of 74Kr is shownin Fig. 1. Two minima at prolate (�2 ' +0.4) and oblate (�2 ' �0:2)deformation are evident, but the potential energy surfae is rather shallowin the  degree of freedom desribing the deviation from axial symmetry. Asa onsequene the physial states are not expeted to be pure, but ontaininga ertain mixture of prolate and oblate wave funtions.
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Fig. 1. Potential energy surfae for 74Kr obtained by a HFB alulation using theGogny D1S fore [6℄. The loation of the low energy olletive states as obtainedfrom this surfae using the Bohr Hamiltonian is also shown.



732 W. Korten3. Experimental tehniquesSeveral experiments have been performed by our ollaboration1 duringthe last few years in order to better understand the development of shapeoexistene in Kr nulei. In-beam -ray and onversion-eletron (CE) spe-trosopy after fusion-evaporation reations was used to study 74Kr [7℄, whilea Coulomb exitation experiment was performed on 78Kr [8℄. In the mostreent experiment, we have investigated isomeri states in several neutron-de�ient nulei around A = 70, espeially in the N = Z nuleus 72Kr, byusing for the �rst time ombined -ray and onversion-eletron spetrosopyafter fragmentation reations [9℄.Conversion-eletron spetrosopy is an important tool in the investiga-tion of shape isomers. In an even�even nuleus both ground state and shapeisomer have the same spin-parity I� = 0+. The eletro-magneti deay be-tween two 0+ states must be an eletri-monopole (E0) transition whih annot proeed via the emission of a (single) -quantum2. The only way to ob-serve (low-energy) E0 transitions is the measurement of onversion eletrons.In this proess the exitation energy of the nuleus is diretly transferredto an eletron of the eletroni shell. The eletron is ejeted from the atomwith a kineti energy orresponding to the exitation energy of the nuleusminus the binding energy of the eletron. The ejetion of K-shell eletronsis usually the dominant proess, sine those eletrons have the largest prob-ability to be at the entre of the atom. More generally, onversion eletronsallow the measurement of E0 omponents in nulear transitions that analso our between other states with idential but non-zero spin.A seond important tehnique in order to disentangle the di�erent shapesof a nuleus is Coulomb exitation. Pure Coulomb exitation ours if theinident beam energy is kept well below the Coulomb barrier ('safe energy').In this ase only the eletro-magneti interation needs to be taken intoaount, whih an be alulated with high preision. In Coulomb exita-tion only olletive states are populated, i.e. states that are linked to theground state by large eletro-magneti matrix elements. The range of pop-ulated states (in spin and exitation energy) is determined by the reationparameters and by the struture of the exited states. In prinipal, theeletro-magneti matrix elements onneting these states an be diretly de-termined from the measured ross setions. In favourable ases also statimoments inluding their (relative) signs an be determined using the re-orientation e�et [10℄. Coulomb exitation is thus the only method thatan diretly distinguish between di�erent shapes of the nuleus, for example1 See aknowledgements.2 In an E0 transition no angular momentum is transferred, but a -ray always arries(at least) 1 ~ of angular momentum.



Shape Coexistene and Isomerism in Kr Isotopes 733whether states of di�erent quadrupole deformation (prolate vs oblate) areoexisting, or whether the nuleus is soft with respet to this shape degreeof freedom. 4. Summary of experimental results4.1. Shape oexistene in 74KrIn two experiments at the IReS Strasbourg and at the University ofJyväskylä we investigated 74Kr produed in a fusion-evaporation reationusing ombined onversion-eletron and -ray spetrosopy. The aim ofthose experiments was to prove the existene of an isomeri 0+ state forwhih irumstantial evidene had been found before at GANIL [11℄. Theobservation of an isomeri E0 transitions lead us to the onlusion that anexited 0+ state with a lifetime of � = 20(9) ns exists at an exitation energyof 509 keV (see Fig. 2).
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734 W. Korten4.2. A new shape isomer in 72KrIn our most reent experiment the fragments from a 73 A MeV 78Krbeam, delivered by the GANIL ylotrons and hitting a Be target, were sep-arated and identi�ed by the LISE3 spetrometer and �nally implanted intoa thin Kapton foil. Gamma-rays were measured with a set up of segmentedClover detetors from the EXOGAM ollaboration, while onversion ele-trons were deteted with a large area SiLi detetor mounted lose to theimplantation foil. With this method isomeri transitions an be assignedon an event-by-event basis to a given fragment. In this way the isomeri0+ state disussed in the previous setion ould be �rmly assigned to 74Krby orrelating the E0 deay to the mass- and harge-identi�ed fragments.While the analysis of this experiment is still in progress, lear evidene forthe two ompeting deay modes of the isomer will be obtained.In the same experiment a new isomeri E0 deay was observed in theN = Z nuleus 72Kr (see Fig. 3). The orresponding 0+ state at 671(1) keVwith a lifetime of � ' 42 ns is the �rst exited state in 72Kr [9℄. Sine inthis ase the only possible deay of the isomer goes to the ground state, thelifetime diretly orresponds to an E0 strength of B(E0) ' 0.065. This is infat the �rst observation of a shape isomer in any N = Z nuleus.
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Fig. 3. Results from the fragmentation experiment on 72Kr at GANIL: In the mainpart of the �gure the onversion eletron spetrum observed in oinidene with72Kr fragments is shown; two omponents of the new E0 deay from K and Lonversion are visible at 657 and 670 keV, respetively. The inset shows the deayurve of the E0 transition together with an exponential �t giving a lifetime of� ' 42 ns.



Shape Coexistene and Isomerism in Kr Isotopes 7354.3. Coulomb exitation of 78KrCoulomb exitation of a 78Kr beam delivered by the JYFL ylotronwas studied using di�erent targets overing a large range in Z (208Pb, 48Tiand 26Mg) and at di�erent beam energies. In addition, also the use of athik natural Ge target was tested in whih the beam was stopped. A setup of position-sensitive parallel-plate avalanhe ounters (PPAC) was usedto measure the sattered partiles in oinidene with de-exitation -rays.The forward PPAC's overed a sattering angle range from 17Æ to 69Æ whilethe annular bakward PPAC was ative from 117Æ to 149Æ. 12 Compton sup-pressed Ge detetors were used for -detetion. Examples for the -ray spe-tra are shown in Fig. 4. First results onerning the transition quadrupolemoments are in agreement with the results of earlier lifetime measurements.The stati quadrupole moments of the �rst two 2+ states indiate a hangein sign, as expeted for states with di�erent intrinsi shapes, but the dataanalysis is still in progress.
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Shape Coexistene and Isomerism in Kr Isotopes 737A possible senario explaining the observed behaviour is a shape hangeof the ground state between 74Kr and 72Kr. In the heavier isotopes theground state is prolate and the exited oblate state omes loser and loserin energy until they are degenerated in 74Kr. Finally, in the N = Z nu-leus 72Kr the oblate state beomes the ground state. This senario is alsosupported by the large E0 matrix elements in 74Kr and 72Kr. In both asesa large di�erene in deformation between the two 0+ states is needed toexplain the observed E0 strength, but in 74Kr we observe in addition almostomplete mixing between the states, whih leads to one of the largest E0strengths observed in any nuleus.6. Conlusion and outlookShape isomers our in the very neutron de�ient Kr isotopes, as soonas E2 transitions are forbidden or energetially hindered. The energeti po-sition of the shape oexisting states is well reprodued by HFB alulations(see Fig. 1). Contrary to the situation in the atinides, the mixing betweenthe di�erent shapes is quite large, leading to rather strong E0 matrix ele-ments between the shape oexisting states. It would be very important to seewhether the same theoretial alulations an also reprodue the transitionmatrix elements.Coulomb exitation in inverse reation kinematis is a powerful tool todetermine eletro-magneti matrix elements as demonstrated by our �rstresults on 78Kr and will also allow the measurement of stati eletri quad-rupole moments. In ombination with radioative ion beams, for examplefrom the SPIRAL faility, a new �eld for Coulomb exitation measurementswill open up, �nally allowing us to disentangle the di�erent shapes ourringin this mass region.The work desribed in this talk is the result of several experiments per-formed in di�erent ollaborations; the GAREL+ ollaboration at the Viv-itron aelerator (IReS Strasbourg, Frane), the SACRED ollaboration atthe JYFL Cylotron (Univ. of Jyväskylä, Finland) and the LISE ollabo-ration at GANIL (Caen, Frane). We are indebted to all aelerator rewsfor maintaining exellent running onditions and to the loal physiists fortheir invaluable help in setting up and running the experiments.
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