
Shape oexistene in neutron-de�ient krypton isotopesE. Cl�ement,1, � A. G�orgen,1 W. Korten,1 E. Bouhez,1 A. Chatillon,1, y J.-P. Delarohe,2 M. Girod,2 H. Goutte,2A. H�urstel,1 Y. Le Coz,1, z A. Obertelli,1 S. P�eru,2 Ch. Theisen,1 J.N. Wilson,1, x M. Zieli�nska,1, 3 C. Andreoiu,4, {F. Beker,5 P.A. Butler,4 J.M. Casandjian,6, �� W.N. Catford,7 T. Czosnyka,3, yy G. de Frane,6 J. Gerl,5R.-D. Herzberg,4 J. Iwaniki,3, 4 D.G. Jenkins,4, zz G.D. Jones,4 P.J. Napiorkowski,3 G. Sletten,8 and C. Timis71CEA Salay, DAPNIA/SPhN, F-91191 Gif-sur-Yvette, Frane2CEA/DIF, DPTA/SPN, B.P. 12, F-91680 Bruy�eres-le-Châtel, Frane3Heavy Ion Laboratory, Warsaw University, Warsaw, PL-02097, Poland4Oliver Lodge Laboratory, University of Liverpool, Liverpool, L69 7ZE, United Kingdom5Gesellshaft f�ur Shwerionenforshung, D-64291 Darmstadt, Germany6GANIL, BP-5027, F-14076 Caen Cedex, Frane7Department of Physis, University of Surrey, Guildford, GU2 7XH, United Kingdom8Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen �, Denmark(Dated: February 2, 2007)Shape oexistene in the light krypton isotopes was studied in two low-energy Coulomb exitationexperiments using radioative 74Kr and 76Kr beams from the SPIRAL faility at GANIL. Theground-state bands in both isotopes were populated up to the 8+ state via multi-step Coulombexitation, and several non-yrast states were observed. Large sets of matrix elements were extratedfor both nulei from the observed -ray yields. Diagonal matrix elements were determined byutilizing the reorientation e�et. In both isotopes the spetrosopi quadrupole moments for theground-state bands and the bands based on exited 0+2 states are found to have opposite signs. Theexperimental data are interpreted within a phenomenologial two-band mixing model and model-independent quadrupole invariants are dedued for the relevant 0+ states using the omplete sets ofmatrix elements and the formalism of quadrupole sum rules. Con�guration mixing alulations basedon triaxial Hartree-Fok-Bogolyubov alulations with the Gogny D1S e�etive interation have beenperformed and are ompared both with the experimental results and with reent alulations usingthe Skyrme SLy6 e�etive interation and the full generator-oordinate method restrited to axialshapes.PACS numbers: 21.10.Ky, 21.60.-n, 23.20.Js, 25.70.De, 27.50+eI. INTRODUCTIONThe shape of an atomi nuleus is a fundamental prop-erty reeting the spatial distribution of the nuleons.Closed-shell nulei are always spherial in their groundstate sine all orientations in spae of the nuleon orbitalsare equally probable. In nulei with open shells the ou-pation of ertain shape-driving orbitals tends to polarizethe nuleus. To �rst order, when desribing the nulearpotential by a simple harmoni osillator, the binding en-ergy is independent of the sign of the elongation param-eter, and ompressed ellipsoidal (oblate) and elongated�Present address: ISOLDE, CERN, CH-1211 Geneva, SwitzerlandyPresent address: Gesellshaft f�ur Shwerionenforshung, D-64291Darmstadt, GermanyzPresent address: DEN/DTN/SMTM, CEA Cadarahe, F-13108Saint-Paul-lez-Durane, FranexPresent address: Institut de Physique Nul�eaire, IN2P3-CNRS,F-91406 Orsay Cedex, Frane{Present address: Department of Physis, University of Guelph,Guelph, Ontario, N1G 2W1, Canada��Present address: DAPNIA/SAp, F-91191 Gif-sur-Yvette, FraneyyDeeased.zzPresent address: Department of Physis, University of York, Hes-lington, York, YO10 5DD, UK

(prolate) shapes should be equally probable [1℄. Calula-tions performed with more realisti potentials show thatprolate ground states are muh more abundant. This ten-deny is also on�rmed by experiments showing a strongdominane of prolate ground-state shapes. This observa-tion an be related to the shell struture of nulei and inpartiular to the strength of the spin-orbit term relativeto the radial term of the nulear potential [2℄. Both ex-periments and theory show that the prolate dominane ispartiularly evident in heavy nulei (Z;N > 50), wherethe shell struture has hanged from a harmoni osilla-tor type to a Mayer-Jensen type with a high-j intruderorbital in eah major shell. In lighter nulei (Z;N < 40)prolate and oblate solutions appear more evenly in theground states.Many neutron-de�ient nulei in the mass A = 70�80region, espeially lose to the N = Z line, have a largequadrupole deformation in their ground state. In addi-tion, oblate and prolate shapes are predited to oexistwithin a very small energy range of a few hundred keV.This shape oexistene is due to the ompetition of largeshell gaps in the partile level sheme for both oblateand prolate deformation at proton/neutron numbers 34,36, and 38. The neutron-de�ient Se and Kr isotopes arehene ideal andidates for the study of shape polarizationand shape-mixing properties. Deformed shell-model al-ulations predit that the N = Z nulei 68Se and 72Kr



2have oblate ground states with a prolate on�gurationoexisting at low exitation energy [3℄. The situation ispredited to be inversed for heavier isotopes, where a pro-late ground state is expeted to oexist with an exitedoblate on�guration.A �rst experimental indiation of shape oexistenein even-even nulei is the observation of a low-lying 0+2state, whih an be interpreted as the ground state of adi�erent shape. If both 0+ states are (intrinsially) de-formed, one would expet two rotational bands related tothe di�erent shapes. If the on�gurations ome lose inenergy, the wave funtions of states of the same spin andparity an mix and ause a distortion of the rotationalbands. Shape oexistene in light krypton isotopes was�rst suggested by Pierey et al. [4℄ in order to explainthe irregularities in the ground-state bands at low spin.A metastable low-lying 0+2 state, i.e. a shape isomer, was�rst reported for 74Kr [5, 6℄. More reently, an isomeri0+2 state was observed in 72Kr [7℄, extending the system-atis to the N = Z line. The exitation energy of the0+2 states is dereasing from 78Kr to 74Kr and then in-reasing again for 72Kr. The measured strengths of theeletri monopole transitions �2(E0), on the other hand,is maximal for 74Kr. The mixing amplitudes of the wavefuntions were derived from the distortion at low spinof the otherwise regular rotational bands, and were alsofound maximal for 74Kr [7℄. These observations were in-terpreted as evidene for an inversion of the ground-statedeformation with dereasing neutron number: 78Kr and76Kr are assumed to be prolate in their ground state,while an oblate shape beomes the ground state of 72Kr.For 74Kr the intrinsi states of opposite deformation areassumed to be almost degenerate, and the measured dis-plaement of the two physial 0+ states is mostly due tothe repulsion of the strongly mixed states [7℄. This shapeoexistene senario is onlusive, but it is only based onindiret measures of the nulear shapes. Neither the signof the deformation nor the mixing of the low-spins stateshave been determined experimentally.Low-energy Coulomb exitation is a well-establishedmethod to study olletive exitations in nulei [8℄. Whentwo nulei are passing eah other on lose trajetories,but without oming into the range of the nulear inter-ation, olletive states an be exited in a purely ele-tromagneti proess. Sine the interation time is rel-atively long, several suessive exitations are possible,populating states up to relatively high spins. From themeasured (di�erential) Coulomb exitation ross setionthe orresponding eletromagneti matrix elements anbe extrated. Diagonal matrix elements an be deter-mined and the (intrinsi) shape parameters extrated viaseond-order interferene terms in the exitation proess.Sensitivity to the diagonal matrix elements omes for ex-ample from the reorientation e�et, whih is aused byseond-order transitions between the magneti sub-statesof an exited state [9℄. Coulomb exitation is thus theonly method that an diretly distinguish between di�er-ent shapes of the nuleus and is ideally suited to verify

the shape oexistene senario in the light Se and Krisotopes.Until very reently Coulomb exitation experiments atlow energy were limited to stable or very long-lived nu-lei, both for projetile or target exitation. With theavailability of radioative ion beams (RIBs) from ISOLfailities, suh experiments are now starting to beomepossible for projetile exitation of short-lived unstablenulei. In-ight failities annot deliver pure low-energyradioative beams with aeptable emittane and aretherefore only suitable for intermediate-energy, but notfor low-energy Coulomb exitation experiments. For apreise determination of diagonal matrix elements it isneessary to measure the di�erential Coulomb exitationross setion (or the exitation probability) very au-rately at safe energies well below the Coulomb barrierover a large range of sattering angles. A variation of theatomi number Z of the target nuleus inreases the sen-sitivity of the measurement. The SPIRAL faility [10℄ atGANIL (Caen, Frane) delivers high-quality RIBs, andespeially rare gases are produed with relatively highintensities. Two projetile Coulomb exitation exper-iments were performed with beams of 74Kr and 76Kr,respetively. The high preision of the data allowed ex-ploiting the reorientation e�et for the �rst time withradioative beams.II. EXPERIMENTAL DETAILSThe radioative 74Kr and 76Kr beams were produedat the SPIRAL faility [10℄ at GANIL by fragmentationof an intense primary beam of stable 78Kr of 1012 par-tiles per seond at 68:5�A MeV on a thik arbon pro-dution target. The radioative speies were extrated,ionized in an ECR soure, and post-aelerated in theK = 265 CIME ylotron to 4:4�A MeV for 76Kr and4:7�A MeV for 74Kr. The average seondary beam in-tensity was 5�105 and 104 pps for 76Kr and 74Kr, respe-tively. Due to the exellent mass separation of the CIMEylotron isobari ontaminants are strongly suppressed;only in the ase of 74Kr a small 74Se ontamination of�1% was observed. The 76Kr and 74Kr projetiles wereCoulomb exited on 208Pb targets of 0.9 and 1.0 mg/m2thikness, respetively. The prodution sheme of the ra-dioative beams and the experimental set-up are shownshematially in Fig. 1.Both experiments used the same experimental set-up.The sattered projetiles and the reoiling target nuleiwere deteted in an annular, highly segmented double-sided silion strip detetor (DSSD) of 300 �m thikness.The detetor was plaed 25 mm downstream from the208Pb target. The ative area with inner and outer radiiof 11 and 35 mm, respetively, was segmented into 16 on-entri rings and 16 azimuthal setors. The energy reso-lution of the silion detetor was suÆient to distinguishbetween the sattered Kr projetiles and the reoiling Pbnulei. This allowed a full kinematial reonstrution of
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FIG. 1: Prodution sheme of the radioative 74Kr and 76Krbeams and shemati view of the detetion set-up.the Coulomb exitation events when either the Kr or thePb nuleus was deteted. The DSSD overed satteringangles between 23.8Æ and 54.5Æ in the laboratory frameorresponding to a ontinuous range of sattering anglesbetween 24Æ and 145Æ in the enter-of-mass frame. Forthe sattering angles overed by the DSSD the distaneof losest approah d between projetile and target nuleialways orresponded to \safe" values to ensure a purelyeletromagneti exitation, ful�lling the ondition [11℄d > 1:25(AP +AT )1=3 + 5 fm: (1)The segmentation of the silion detetor allowed measur-ing the di�erential Coulomb exitation ross setion as afuntion of sattering angle. Unsattered projetiles leftthe target area through the entral hole in the detetor,reduing the radioative bakground from the beam.The  rays depopulating the Coulomb-exited stateswere deteted in the EXOGAM array [12℄ of large seg-mented germanium lover detetors with esape suppres-sion shields. Eah lover detetor omprises four individ-ual germanium rystals, and eah rystal is eletriallysegmented into four longitudinal segments. The arrayomprised six full-size and one smaller lover detetor forthe 76Kr experiment, and seven large and four smallerdetetors for the 74Kr experiment. The detetors wereplaed at 90Æ and 135Æ with respet to the beam axis,and the distane between the front fae of the detetorsand the target was 11.2 m for the large and 14 m forthe smaller detetors. The eÆieny for full-energy ab-sorption of a 1.3 MeV  ray was measured to be 12%during the 74Kr experiment. Events were reorded whenat least one  ray was deteted in oinidene with oneof the ollision partners. The oinidene requirementsuppressed the very large bakground from the radioa-tive beam almost ompletely. The segmentation of both
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FIG. 2: Total -ray spetrum in logarithmi sale afterCoulomb exitation of the 4:4�A MeV 76Kr beam on a 208Pbtarget of 0.9 mg/m2 thikness in oinidene with either thesattered beam partile or reoiling target nuleus.the germanium and the silion detetors allowed a preisedetermination of the relative angle between sattered Krprojetiles and the emitted  rays. After Doppler orre-tion a resolution of 8 keV was obtained for a  ray of 500keV. III. DATA ANALYSIS AND RESULTSA. 76Kr ExperimentThe total Doppler orreted -ray spetrum in oin-idene with either the sattered 76Kr projetiles or thereoiling 208Pb target nulei is shown in Fig. 2. Thespetrum is very lean and neither bakground from theradioative deay of the beam nor from isobari ontam-inants of the beam are present. Data were olleted for�50 hours with a seondary beam intensity of 5�105 pps.The ground-state band was observed up to the 8+ state,populated in multi-step Coulomb exitation, and severalnon-yrast states were exited. A partial level sheme of76Kr is presented in Fig. 3, showing all states that wereinluded in the Coulomb exitation analysis and all tran-sitions that were observed. All states and transitions ofthe level sheme in Fig. 3 had been observed previously[13℄.The 0+2 state at 770 keV, whih is a andidate for hav-ing a shape di�erent from that of the ground state, ispopulated and its deay to the 2+1 state observed. The2+3 state at 1687 keV is feeding the 0+2 state. However,this transition of 918 keV is not fully resolved from the4+2 ! 4+1 transition with 923 keV. The �J = 2 sequeneabove the 2+2 state at 1222 keV has been interpreted [14℄as a K = 2 quasi-gamma band together with a �J = 2sequene on top of a 3+ state at 1733 keV, whih wasnot populated in the present Coulomb exitation exper-iment. The 2+2 state of this band, on the other hand,
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FIG. 3: Partial level shemes of 74Kr (left) and 76Kr (right)showing all transitions observed in the measurement and theirenergies in keV and all states that were inluded in theCoulomb exitation analysis.
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FIG. 4: Di�erential Coulomb exitation ross setion to pop-ulate the 2+1 , 4+1 , and 6+1 states in 76Kr. The angular ranges(in the enter-of-mass system) overed by the working ringsof the segmented silion detetor are labeled A-D.was populated and possibly also the 4+2 state, so that alleven-spin members of the band have been inluded in theCoulomb exitation analysis.In order to extrat matrix elements from the di�eren-tial Coulomb exitation ross setions and the observed-ray yields, the data was divided into several sub-setsorresponding to di�erent ranges of sattering angles.Beause the innermost rings and some rings in the en-ter of the segmented silion detetor were not funtioningproperly, only a partial range of sattering angles overedby the detetor was used in the analysis. This is illus-trated in Fig. 4, whih shows the ross setion to pop-ulate the states of the ground-state band as a funtionof sattering angle (in the enter-of-mass frame). Theranges that were used in the analysis are indiated bythe vertial lines and are given in Table I. The exi-tation probability for the small sattering angles, where

TABLE I: Observed -ray transitions in 76Kr with their inten-sities (without eÆieny orretion) for four di�erent rangesof enter-of-mass sattering angles.Data set I�i I�f E (keV) Counts ErrorA 2+1 0+1 424 18426 190[39:5Æ; 49:0Æ℄ 4+1 2+1 610 1122 506+1 4+1 825 41 92+2 2+1 797 132 162+2 0+1 1221 77 140+2 2+1 346 154 40B 2+1 0+1 424 11595 140[61:4Æ; 71:8Æ℄ 4+1 2+1 610 2141 616+1 4+1 825 171 182+2 2+1 797 211 182+2 0+1 1221 113 150+2 2+1 346 314 35C 2+1 0+1 424 14123 168[71:0Æ; 87:7Æ℄ 4+1 2+1 610 3343 826+1 4+1 825 503 318+1 6+1 1019 91 142+2 2+1 797 413 292+2 0+1 1221 203 200+2 2+1 346 706 512+3 0+2 918a4+2 4+1 923a 81 18D 2+1 0+1 424 5924 83[107:0Æ ; 121:5Æ℄ 4+1 2+1 610 2308 686+1 4+1 825 493 508+1 6+1 1019 115 212+2 2+1 797 251 402+2 0+1 1221 177 340+2 2+1 346 789 752+3 0+2 918a4+2 4+1 923a 118 23aUnresolved doublet; yield of the sum of both transitions.the ross setion to populate the 2+1 state is largest, ouldnot be measured. However, the ranges where the higher-lying states are populated with the highest ross setionsare overed by the detetor. Moreover, the sensitivity tohigher-order e�ets, whih allow determining the diago-nal matrix elements, omes mostly from the large sat-tering angles. The division of the total data into the fourranges shown in Fig. 4 was found to be a good ompro-mise between the largest possible number of data sub-sets for di�erent angular ranges and the minimum levelof statistis required to extrat the -ray yields from theindividual spetra.The -ray spetra for the four data sets are shown inFig. 5 and the -ray yields extrated from these spe-tra are summarized in Table I. As the enter-of-masssattering angle is inreasing for the data sets from A toD, the impat parameter and the distane of losest ap-proah are dereasing. As a onsequene, the probabilityto populate states at higher exitation energy and higherangular momentum via multi-step exitation is stronglyenhaned for large sattering angles. This is illustrated



5
0 400 800 1200

Eγ  (keV)

1

10

100

1000

co
un

ts
 / 

ke
v

A

4 1+
→

 2
1+

2
1

+
→ 0

1

+

6 1+
→

 4
1+

2 2+
→

 2
1+

0 2+
→

 2
1+

2 2+
→

 0
1+

8 1+
→

 6
1+

4 2+
→

 2
2+

2 3+
→

 0
2+

4 2+
→

 4
1+

400 800 1200
Eγ  (keV)

B

400 800 1200
Eγ  (keV)

C

400 800 1200
Eγ  (keV)

D

FIG. 5: Spetra after Coulomb exitation of 76Kr on 208Pb for the four sub-sets of data orresponding to di�erent ranges ofsattering angles as de�ned in Table I.
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FIG. 7: Total -ray spetrum after Coulomb exitation of the4:7�A MeV 74Kr beam on a 208Pb target of 1.0 mg/m2 thik-ness in oinidene with either the sattered beam partile orreoiling target nuleus.higher full-energy detetion eÆieny of 12% at a -rayenergy of 1.3 MeV. Even though the seondary beam in-tensity for 74Kr was 50 times smaller ompared to the76Kr experiment, the level of statistis was only reduedby a fator of �ve. The total -ray spetrum in oini-dene with either sattered 74Kr projetiles or reoilingtarget nulei is shown in Fig. 7. Besides transitions in74Kr the 2+1 ! 0+1 transition of 74Se is also visible inthe spetrum. Its strength aounts for 1.2% of the totalbeam intensity. No other ontaminants of the beam wereobserved.A partial level sheme of 74Kr with the observed tran-sitions is presented in Fig. 3. As was the ase for 76Kr,the ground-state band of 74Kr was populated up to the8+ state. The metastable 0+2 state at 508 keV was in-terpreted as a shape isomer orresponding to a shapedi�erent from that of the ground state [7℄. This state ispopulated via the 694 keV transition from the 2+2 state.Its deay proeeds via an enhaned E0 transition to theground state and a strongly onverted E2 transition of 52keV to the 2+1 state [5{7℄ and is therefore not observed inthis experiment. The 2+2 state also deays to the 2+1 and



6diretly to the ground state. The branhing ratio for thedeay of the 2+2 state is known from an earlier measure-ment [15℄. A 4+2 state is expeted above the 2+2 state aspart of a rotational struture, but has not been reportedpreviously. A new transition is observed at 910 keV inthe spetrum of Fig. 7, whih does not orrespond to anyknown transition in 74Kr or neighboring nulei that ouldpotentially ontaminate the beam. Beause the energyand, as will be shown, the matrix element of this transi-tion agree with the expeted rotational state, a 4+2 stateis tentatively plaed at 2112 keV. We have also obtainedweak  oinidene data on�rming the above assign-ment, but an alternative interpretation of the 910 keVpeak as a 4+2 ! 4+1 transition annot be ompletely ex-luded. In this ase the 4+2 state would be loated 188keV lower.A third 0+ state at 1654 keV and a third 2+ state at1741 keV exitation energy have been observed after �deay [15℄. The 0+3 ! 2+1 transition of 1198 keV is notresolved from the 2+2 ! 0+1 transition of 1202 keV. Thelarger width of the peak at 1200 keV, however, shows thatthe 0+3 state was also populated. The 2+3 ! 0+2 transitionof 1233 keV is visible as a shoulder of this peak, and avery weak transition at 1285 keV is interpreted as the2+3 ! 2+1 transition.The full data set for 74Kr was divided into four rangesof sattering angles as shown in Table II. The �rst tworanges, A and B, orrespond to the detetion of the74Kr projetile in the silion detetor, while the last tworanges, C and D, orrespond to the detetion of the reoil-ing 208Pb nulei from the target. The individual spetrafrom the four sub-sets of data are shown in Fig. 8. Thisdivision is again a ompromise between the maximumnumber of data sets and the minimum level of statistisrequired to extrat the -ray yields. A division into onlytwo ranges of sattering angles improves the unertaintyof the -ray yields, but was found to result in an in-suÆient number of data points to determine the largenumber of matrix elements needed to desribe the data.The yields extrated from the spetra of Fig. 8 are sum-marized in Table II.During the data analysis it was found that the siliondetetor was not fully aligned with the beam axis in theexperiment. The ount rates are not isotropially dis-tributed over the azimuthal setors of the detetor. Bymeasuring the Rutherford sattering ross setion indi-vidually for the azimuthal setors and omparing to aMonte Carlo simulation, the displaement of the dete-tor with respet to the beam axis was found to be 3.0(5)mm. This misalignment breaks the ylindrial symmetryof the set-up and introdues an azimuthal dependeneof the sattering angle �(�), whih had to be taken intoaount for the Doppler orretion of the  rays and theCoulomb exitation analysis. The small overlap betweenthe ranges of sattering angles B and C (see Table II)is also due to this misalignment. The Doppler orre-tion improves signi�antly when taking the displaementinto aount, and the same resolution as for the 76Kr

TABLE II: Observed -ray transitions in 74Kr with their in-tensities (without eÆieny orretion) for the four di�erentranges of sattering angles.Data set Ii If E (keV) Counts ErrorA 2+1 0+1 456 4550 200[24:0Æ; 54:5Æ℄ 4+1 2+1 558 400 806+1 4+1 768 27 108+1 6+1 967 11 62+2 2+1 746 36 60+3 2+1 1198a2+2 0+1 1202a 82 102+2 0+2 694 26 5B 2+1 0+1 456 2044 100[54:5Æ; 73:9Æ℄ 4+1 2+1 558 445 306+1 4+1 768 55 108+1 6+1 967 15 52+2 2+1 746 55 100+3 2+1 1198a2+2 0+1 1202a 55 152+2 0+2 694 22 52+3 0+2 1233 17 10C 2+1 0+1 456 1775 100[67:1Æ; 97:3Æ℄ 4+1 2+1 558 630 506+1 4+1 768 140 258+1 6+1 967 35 202+2 2+1 746 103 150+3 2+1 1198a2+2 0+1 1202a 112 102+2 0+2 694 35 152+3 0+2 1233 25 10(4+2 ) 2+2 b 910 8 52+3 2+1 1285 16 5D 2+1 0+1 456 1090 100[97:3Æ; 144:5Æ℄ 4+1 2+1 558 440 306+1 4+1 768 130 308+1 6+1 967 53 202+2 2+1 746 90 300+3 2+1 1198a2+2 0+1 1202a 59 152+2 0+2 694 25 152+3 0+2 1233 25 15(4+2 ) 2+2 b 910 8 42+3 2+1 1285 12 4aUnresolved doublet; yield of the sum of both transitions.bAlternative assignment (4+2 ) ! 4+1 .experiment is ahieved. This is shown in Fig. 9, wherethe di�erent steps of the Doppler orretion proess areillustrated.IV. COULOMB EXCITATION ANALYSISA. GOSIA analysisThe Coulomb exitation analysis was performed usingthe least squares �tting ode GOSIA [8, 16℄. A standard
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FIG. 8: Spetra from the 74Kr experiment orresponding to the di�erent ranges of sattering angles as de�ned in Table II.
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FIG. 9: Gamma-ray spetra from the 74Kr experiment illus-trating the data proessing: Spetrum a) has no ondition onthe partile detetor; only the radioative bakground fromthe beam and the room is visible. Spetrum b) has a o-inidene ondition with sattered partiles, but no Dopplerorretion is applied. Spetrum ) is Doppler orreted as-suming that the silion detetor was aligned with the beamaxis. The misalignment of the silion detetor was inluded inthe Doppler orretion for spetrum d), resulting in the �nalspetrum of Fig. 7 (for the full energy range and on a loga-rithmi sale). All spetra are shown without any bakgroundsubtration.�2 funtion is onstruted from the measured -ray yieldsand those alulated from a omplete set of eletromag-neti matrix elements, both transitional and diagonal,between all known states involved in the exitation pro-ess (see Fig. 3). As long as the \safe" ondition fromeq. 1 is ful�lled, the eletromagneti exitation probabil-ity an be alulated with very high preision in a semi-lassial way [9℄. The 208Pb target is assumed to be inertand its eletromagneti exitation an be negleted due

to the high exitation energy of the �rst exited state(I� = 3� at 2.6 MeV).In order to exploit the dependene of the exitationprobability on the sattering angle, the data is dividedinto several sub-sets orresponding to di�erent ranges ofsattering angles, as desribed in the previous setion.An alternative (or additional) method would be to usedi�erent target materials and exploit the Z dependeneof the Coulomb exitation ross setion. Due to the weakintensities of the radioative beams, the level of statistisof the -ray spetra is limited, and the bins of satter-ing angles are relatively wide. As the number of matrixelements, i.e. the number of degrees of freedom in the�tting proess, is similar to the number of data points(-ray yields), the �tting problem is under-determined.However, the onvergene of the �t an be improvedby using experimentally known spetrosopi data suhas lifetimes, branhing and mixing ratios as additionaldata points in the �t. The experimental unertainties ofthe respetive spetrosopi information enter into the�2 �t of the matrix elements. In experiments with sta-ble beams, whih do not su�er from low statistis, thesequantities an be treated as free parameters, and all thespetrosopi information an in priniple be extrateddiretly from the Coulomb exitation data.In order to alulate the -ray yields from the matrixelements, the position and geometry of all detetors andtheir relative eÆieny have to be taken into aount. Inview of the lose geometry it is also important to orretfor the small displaement of the silion detetor with re-spet to the beam axis in the 74Kr experiment. The exatreprodution of the experimental yields requires the in-tegration over the range of sattering angles as de�nedin Tables I and II, and over the range of bombarding en-ergies resulting from the energy loss of the projetiles inthe lead target. The -ray intensities are orreted for in-ternal onversion. The angular distribution of the  raysis taken into aount; it is orreted for relativisti e�etsand the attenuation aused by the nulear deorientatione�et during reoil into vauum.It is of great advantage that the level shemes of both74Kr and 76Kr were known and that all known transi-tions ould be identi�ed. Therefore most of the matrix



8elements that are important in the exitation proess arewell de�ned. The non-observation of a transition, i.e. anupper limit of its intensity, is also used in the �tting pro-ess and has to be reprodued by the matrix elements.In some ases it is possible to extrat E2 matrix elementsbetween known states even if no transition was observed.The nulear levels are �rst grouped into band struturesand the matrix elements are initialized assuming a rota-tional relation between them. This serves only the pur-pose of �nding realisti starting values. No assumptionsonerning the rotational struture of the states are madeduring the minimization proess.The result of the �2 minimization is a set of reduedmatrix elements hI2kM(E2)kI1i that reprodues the ex-perimental data. The transitional matrix elements arerelated to the redued E2 transition probabilities as:B(E2; I1 ! I2) = jhI2kM(E2)kI1ij22I1 + 1 :The transitional quadrupole moment in the intrinsi ref-erene frame an be expressed in the rotational modelas: eQt0 =r16�5 1p2I1 + 1 hI2kM(E2)kI1ihI1K120jI2K2i :Note that one has to make assumptions about the Kquantum numbers of the initial and �nal states in order toexpress the matrix element as a transitional quadrupolemoment, whereas the B(E2) value is model independent.The signs of the transitional matrix elements are relativeand give no additional information about the shape.The diagonal matrix element is a diret measure of thespetrosopi quadrupole moment Qs(I) of the state inthe laboratory frame and, using the sign onvention ofAlder and Winther [9℄, an be written as:Qs =r16�5 hI I 2 0jI Iip2I + 1 hIkM(E2)kIi:The diagonal matrix elements are related to the statiquadrupole moments of the nulear state in the intrin-si frame and therefore to the harge distribution of thenuleus in that state:eQs0 =r16�5 1p2I + 1 hIkM(E2)kIihI K 2 0jI Ki :In order to extrat the stati quadrupole moment fromthe diagonal matrix element an assumption on the Kvalue of the state is again needed. The sign of the diag-onal matrix element is related to the type of quadrupoledeformation: for K = 0 a negative value orresponds toa prolate and a positive value to an oblate deformationin the intrinsi frame of the nuleus.B. Matrix elements for 76KrIn the ase of 76Kr the �2 minimization was performedwith 33 E2 and 5 M1 matrix elements. Branhing ratios

TABLE III: Relative intensities I [13, 17℄ and mixing param-eters Æ [13℄ for mixed E2=M1 transitions in 76Kr.I�i I�f E (keV) I Æ(E2=M1)2+2 2+1 797 1:0 0:2(1)2+2 0+1 1221 0:69(4)2+3 0+2 918 1:02+3 0+1 1688 0:288(10)2+3 2+1 1264 0:212(7)2+3 4+1 653 0:092(3)2+3 2+2 467 0:046(16)4+2 4+1 923 1:0 �0:84(5)4+2 2+2 736 0:56(15)4+2 2+1 1533 0:28(8)and E2=M1 mixing ratios from previous work were usedas additional data for the �t; they are summarized inTable III. The lifetimes of all states that enter into theCoulomb exitation analysis exept those of the 2+3 andthe 6+2 states were experimentally known. They are sum-marized in Table IV. To test the onsisteny between thelifetime and Coulomb exitation measurements, the �2minimization was �rst performed without using the life-times as additional input data. The resulting lifetimes ofthe states in the ground-state band agree with the mea-sured values from Ref. [18, 19℄ within the experimentalunertainties. The analysis for 74Kr, however, revealedsigni�ant disrepanies between the lifetimes extratedfrom the Coulomb exitation data and those found in theliterature, as will be disussed in the next hapter. Theseinonsistenies prompted a new lifetime measurement forseveral states in both 74Kr and 76Kr with improved au-ray [20℄, the results of whih are also presented in TableIV. The lifetime found for the 2+1 state is longer than thatof Ref. [18℄, while that for the 4+1 state is shorter. Theresults from the Coulomb exitation experiment are inbetween the values of the two measurements. The mea-sured lifetimes were then used as additional input datain the GOSIA analysis, whih enhaned the sensitivity tothe diagonal matrix elements and the transitional matrixelements between higher-lying states. This enhaned sen-sitivity allowed extrating a lifetime also for the 2+3 state,whih was previously unknown.The transitional E2 matrix elements found in the min-imization with GOSIA are presented in Table V togetherwith the transitional quadrupole moments and the B(E2)values. The diagonal matrix elements are given in TableVI together with the dedued stati and spetrosopiquadrupole moments. The M1 matrix elements for themixed transitions between states of the same spin andparity are shown together with the orrespondingB(M1)values in Table VII. All matrix elements are treatedequally in �t; they are shown separately for larity of thepresentation. The results are ompared to theoretial al-ulations, whih will be disussed in Chapter V. Some ofthe transitional E2 matrix elements between high-lyingnon-yrast states and the diagonal matrix elements for



9TABLE IV: Lifetimes of the relevant states in 76Kr. Thevalues from various measurements are ompared to a reentreoil-distane lifetime measurement [20℄ and to the resultsfrom the present Coulomb exitation experiment with andwithout the independently measured lifetimes as additionalinput data for the GOSIA �t of the matrix elements.� (ps) (GOSIA)I� � (ps) Ref. � (ps) [20℄ free onstr.2+1 36.0(10) [18℄ 41.5(8) 38.0(22) 41.2(6)4+1 4.9(4) [18℄ 3.67(9) 4.4(2) 3.9(1)6+1 0.86(10) [19℄ 0.97(29) 0.82(5) 0.76(6)8+1 0.29(3) [19℄ 0.25(3)10+1 0.14(2) [19℄ 0.15(3)0+2 61.0(80) [17℄ 68.3(25)2+2 1.4(2) [13℄ 1.6(1)4+2 1.3(4) [14℄ 1.3(2)2+3 0.47(5)some of the higher-lying states ould not be establishedwithin meaningful errors and are omitted in Tables V andVI. Nevertheless they entered into the �2 minimization.The same is true for some of the M1 matrix elements ofthe transitions between states of the same spin.Starting values and signs of the matrix elements havebeen systematially hanged in the initialization of the �tand also during the minimization proedure in order toavoid trapping in loal �2 minima. The signs of the tran-sitional matrix elements are relative. Multiple ombina-tions of signs an result in exatly the same populationof the states. Positive signs were hosen for the tran-sitional matrix elements in the ground-state band andother in-band transitions. The signs of all other transi-tional matrix elements are determined relative to these.The signs of the diagonal matrix elements are observablesand annot be hosen. Changing the sign of any of thediagonal matrix elements shown in Table VI results in ahigher �2 value of the �t. In addition, the relative phasesof the transitional matrix elements between the di�erent0+ and 2+ states were investigated. Changing the signof a losed loop of three matrix elementsP3(I�1 ; I�2 ; I�3 ) =hI�1 kM(E2)kI�2 ihI�2 kM(E2)kI�3 ihI�3 kM(E2)kI�1 ialways resulted in a higher �2 value, showing the sen-sitivity to the signs of the transitional matrix elements.On the other hand, the signs of the diagonal matrix el-ements remained the same when the sign of P3 was in-verted, showing the robustness of the �t for the diagonalmatrix elements. As an example, the �2 inreases from1.7 to 13 (after minimization) when hanging the phaseP3(0+2 ; 2+1 ; 2+2 ) from positive to negative. In that ase thediagonal matrix elements for the 2+1 and 2+2 states hangefrom -0.9 to -0.6 eb and from -1.0 to -0.5 eb, respetively.To further illustrate the sensitivity of the �t to the di-agonal matrix elements, the �2 variation is shown as afuntion of the diagonal matrix elements for the 2+1 , 4+1
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FIG. 10: Normalized �2 urves as a funtion of the diagonalmatrix elements of the 2+1 , 4+1 , and 2+3 states in 76Kr. Only theone matrix element in question was varied in the alulationof the -ray yields in order to illustrate the sensitivity of the�2 �t to this matrix element.and 2+3 states in Fig. 10. In order to �nd these �2 val-ues only the one diagonal matrix element in question wasvaried, and the -ray yields were alulated from the en-semble of all matrix elements. The �2 funtions for thedi�erent states are normalized to the same value in or-der to allow a quantitative omparison of their behavior.The �2 urves resulting from the variation of the diag-onal matrix elements for the 2+1 and 4+1 states are verynarrow, showing that the �t is very sensitive to these ma-trix elements, whih have onsequently a relatively smallunertainty. The urve for the 2+3 state is muh wider,so that this matrix element is less well de�ned and theerror is larger. It should be noted, however, that thisone-dimensional variation of the matrix elements servesonly the purpose of illustrating the sensitivity of the �t.To �nd the values and errors of the matrix elements, allmatrix elements are varied in a multi-dimensional �t in-luding a full error analysis of the orrelated parameters[22℄.Both the angular distribution of the  rays and thedeorientation of the nulear alignment have to be takeninto aount in the �2 minimization of the -ray yields.The deorientation is due to the interation between thereoiling nuleus and utuating hyper�ne �elds reatedby atomi eletrons. The e�et attenuates the angulardistribution of the  rays. The omplex deorientatione�et is treated in a simplifying phenomenologial two-state deorientation model [23, 24℄. The most importantparameters in this model are the spin and lifetime of thestate, as well as its gyromagneti fator. While the life-times of the states are either taken from a omplemen-tary measurement or ome diretly out of the GOSIA �t,the g fators are mostly unknown. In these ases the g-fator values from the general approximation g = Z=Aan be used, even though there an be signi�ant devia-tions from that value depending on the struture of the



10TABLE V: Redued E2 matrix elements for in-band and inter-band transitions in 76Kr. The dedued B(E2) values areompared to theoretial results.I�1 I�2 hI2kM(E2)kI1i (eb) Qt0 (eb) B(E2; I1!I2) (e2b2) Skyrme [21℄ Gogny2+1 0+1 0:849 +0:006�0:006 2:69 +0:02�0:02 0.144 +0:002�0:002 0.202 0.1174+1 2+1 1:49 +0:01�0:01 2:94 +0:03�0:03 0.247 +0:006�0:006 0.281 0.2346+1 4+1 1:90 +0:11�0:03 2:98 +0:17�0:06 0.28 +0:03�0:01 0.39 0.308+1 6+1 2:25 +0:16�0:10 3:02 +0:22�0:14 0.30 +0:05�0:03 0.4410+1 8+1 2:19 +0:22�0:14 2:60 +0:26�0:15 0.23 +0:05�0:032+3 0+2 0:87 +0:04�0:02 2:77 +0:12�0:07 0.15 +0:01�0:01 0.04 0.084+2 2+2 0:89 +0:10�0:13 1:77 +0:20�0:26 0.09 +0:02�0:03 0.112+3 0+1 0:121 +0:004�0:005 0.0029 +0:0002�0:0002 0.0033 0.00022+2 0+1 0:183 +0:008�0:006 0.0067 +0:0005�0:0004 0.00100+2 2+1 �0:490 +0:011�0:008 0.241 +0:011�0:009 0.0001 0.2342+3 2+1 �0:200 +0:009�0:008 0.0080 +0:0007�0:0007 0.0829 0.000062+2 2+1 �0:09 +0:04�0:04 0.002 +0:002�0:002 0.1484+2 2+1 0:09 +0:01�0:19 0.0010 +0:0003�0:0010 0.00152+3 4+1 0:52 +0:05�0:05 0.055 +0:012�0:010 0.095 0.0492+2 4+1 �0:62 +0:04�0:05 0.079 +0:014�0:014 0.0234+2 4+1 0:43 +0:03�0:03 0.021 +0:003�0:003 0.0762+2 0+2 1:22 +0:08�0:04 0.30 +0:04�0:02 0.0252+3 2+2 0:81 +0:10�0:24 0.13 +0:03�0:07 0.04TABLE VI: Diagonal matrix elements for 76Kr. The dedued intrinsi and spetrosopi quadrupole moments are omparedto theoretial values.I� hIkM(E2)kIi (eb) Qs0 (eb) Qs (eb) Skyrme [21℄ Gogny2+1 -0.9 +0:3�0:3 2.5 +0:8�0:8 -0.7 +0:2�0:2 -0.78 -0.504+1 -2.3 +0:4�0:4 4.7 +0:8�0:8 -1.7 +0:3�0:3 -1.25 -0.856+1 -2.9 +0:4�0:4 5.1 +0:7�0:7 -2.0 +0:3�0:3 -1.44 -1.012+3 1.3 +0:5�0:5 -3.4 +1:3�1:3 1.0 +0:4�0:4 0.25 0.042+2 -1.0 +0:5�0:5 -2.6 +1:3�1:3a -0.7 +0:3�0:3 0.26aassuming K = 2, opposite sign in ase of K = 0TABLE VII: Redued M1 matrix elements between statesof the same spin and parity and the orresponding B(M1)values.I�1 I�2 hI2kM(M1)kI1i (�N ) B(M1; I1!I2) (�2N )2+2 2+1 -0.42(1) 0.035(2)4+2 4+1 -0.39(3) 0.017(3)state. The g fator of the 2+1 state in 76Kr was reentlymeasured to be g = +0:37(11) [25℄. The inuene of the gfator and the deorientation e�et on the matrix elementswas investigated by omparing the results obtained usingthe measured g fator with those using g = Z=A = 0:47,or ignoring the deorientation e�et entirely. No di�erenewas found for the transitional matrix elements when in-luding the deorientation e�et or not, and when usingZ=A or the measured value. The diagonal matrix elementof the 2+1 state di�ered by 8% when the deorientation wasnot inluded in the alulation. The di�erene betweenusing g = 0:37 and g = 0:47, however, was negligible.Consequently, the approximation g = Z=A was used tomodel the deorientation e�et for the higher-lying states

in 76Kr and for all states in 74Kr.The fat that the 2+3 ! 0+2 transition with 918 keVannot be fully resolved from the 4+2 ! 4+1 transitionwith 923 keV requires partiular attention for the eval-uation of the respetive matrix elements. It is possibleto inlude suh doublets in the GOSIA analysis by only�xing the sum of both -ray intensities rather than usingthe individual ones. This results neessarily in less a-urate values for the matrix elements. The transitionalmatrix elements that are found without any further as-sumptions about the doublet show that the transitionstrength for the 2+3 ! 0+2 transition is muh higher thanfor the 4+2 ! 4+1 transition. In addition to that, the pop-ulation of the 4+2 state is expeted to be muh weakerthan for the 2+3 state, beause it requires at least a two-step exitation, while the rather olletive 2+3 state at asimilar exitation energy an be reahed in one step. Ifthe 4+2 state were populated, not only its deay to the4+1 state, but also the 736 keV transition to the 2+2 stateshould be observed. This branhing ratio was reportedto be 0.56 [13℄ and 0.82 [19℄. Sine there is no onvin-ing evidene in the spetra for a 736 keV transition (seeFigs. 2 and 5) it an be assumed that the 4+2 state is



11only weakly populated, if at all, and that the ontribu-tion of the 4+2 ! 4+1 transition to the peak observed at920 keV an be negleted. This assumption improvesthe auray for both the transitional matrix elementsof the respetive transitions and for the diagonal matrixelement of the 2+3 state. Following this argumentation,no deay from the 4+2 state is observed, and onsequentlythe diagonal matrix element for this state annot be de-termined.The matrix elements of Table V are grouped into in-band transitions in the upper part of the table andinter-band transitions in the lower part. The in-bandtransitions omprise all transitions of the ground-stateband and the 2+3 ! 0+2 and 4+2 ! 2+2 transitions (seeFig. 3). All in-band transitions have large matrix el-ements, i.e. they are olletive, as expeted for well-deformed rotational bands. The dedued B(E2) val-ues are fully ompatible with those extrated from themeasured lifetimes [19, 20℄. The drop of the transitionalquadrupole moments Qt0 in the lower part of the ground-state band has been interpreted as a sign for mixing ofprolate and oblate on�gurations in the low-spin states[20℄. This interpretation is further supported by thelarge matrix elements for some of the inter-band tran-sitions. The fat that the 0+2 state is strongly linked toall three observed 2+ states, on the other hand, indiatesthat a grouping of the states into rotational bands is notstraightforward and that the situation might be moreomplex than the desription with two rotational bandsbuilt on strongly deformed prolate and oblate states to-gether with a quasi-gamma band. The transitional ma-trix elements allow to determine previously unknown life-times, for example for the 2+3 state, or to improve the pre-ision of previously known lifetimes, as is summarized inTable IV.The diagonal matrix elements for the three loweststates of the ground-state band and for the two exited2+ states are given in Table VI together with the deduedstati and spetrosopi quadrupole moments. The nega-tive sign of the diagonal matrix elements for the states inthe ground-state band proves their prolate shape. Theabsolute size of the quadrupole moments dereases to-wards the bottom of the band. This shows that the de-formation for the 2+1 state is indeed smaller than for thestates above. In addition, the values of the stati andtransitional quadrupole moments for this state are rathersimilar, as expeted for a rotational nuleus. Very largestati quadrupole moments are found for the higher-spinstates in the ground-state band, whih di�er from thetransitional quadrupole moments. This might be due toa possible oupling to other unknown states, whih ouldnot be taken into aount in the analysis.The diagonal matrix element of the 2+3 state has arelatively large unertainty, mainly beause no transi-tion above this state was observed. Nevertheless there isno doubt about the positive sign of the matrix element,whih is onsistent with the assumption of an oblate-deformed K = 0 band. The large E2 matrix element to

TABLE VIII: Branhing ratios for several transitions in 74Krmeasured after � deay of 74Rb [15℄.I�i I�f E (keV) I2+2 0+1 1202 1:02+2 2+1 746 0:73(58)2+2 0+2 694 0:30(35)2+3 0+2 1233 1:02+3 2+1 1285 0:31(21)0+2 0+1 508 1:00+2 2+1 52 1:50(36)0+2 2+1 52 1:2(5)aaBranhing ratio from Ref. [7℄the 0+2 state further supports the assumption of a rota-tional harater of the state, so that the assoiation ofthe 2+3 state with an oblate shape seems well justi�ed.The negative sign of the matrix element for the 2+2state is more diÆult to understand. In ase of a quasi-gamma band (with K = 2), the quadrupole moment inthe body-�xed frame Qs0 beomes negative, indiatingan oblate shape, in ontradition to the assumption ofa gamma vibration based on the prolate ground state.Indeed, the oupling of the 2+2 state to the 0+2 state ismuh stronger than that to the ground state. If one as-sumes K = 0 for the 2+2 state, the quadrupole momentQs0 beomes positive, indiating a prolate shape, in whihase the interpretation of a quasi-gamma band is also ex-luded, besides the fat that there should be a third 0+state for whih there is no evidene. As was argued be-fore, the strong oupling between all three bands and inpartiular between the 0+2 state and all three 2+ statesblurs a lear separation and grouping into band stru-tures, as will be disussed in more detail in setion V.C. Matrix elements for 74KrThe �2 minimization of the -ray yields for 74Kr wasperformed with 31 E2 and 5 M1 matrix elements on-neting the known states as shown in Fig. 3. As in thease of 76Kr, experimentally known branhing ratios andlifetimes were used as additional input data in the �ttingproedure. The branhing ratios that were reently mea-sured after � deay of 74Rb [15℄ are summarized in TableVIII. The deay of the 0+2 state represents a speial asebeause the E0 branh to the ground state proeeds ex-lusively via onversion eletrons and the E2 branh tothe 2+1 state has very low energy and is onsequently alsohighly onverted. Even though the Coulomb exitationexperiment was not sensitive to onversion eletrons, thedeay of this state with its branhing ratio and partiallifetimes [7℄ an nevertheless be used to onstrain the �t.No mixing ratios are known in 74Kr.Lifetimes in 74Kr have been measured for the 2+1and 4+1 states using the reoil-distane method [26, 27℄,and using the Doppler-shift attenuation method for the



12TABLE IX: Lifetimes of states in 74Kr. The values from vari-ous measurements are ompared to a new reoil-distane life-time measurement [20℄ and to the results from the Coulombexitation experiment with and without the lifetimes fromRef. [20℄ as omplementary input data. � (ps) (GOSIA)I� � (ps) Ref. � (ps) [20℄ free onstr.2+1 23.5(20) [26℄ 33.8(6) 29.6(2.1) 33.8(6)4+1 13.2(7) [27℄ 5.2(2) 5.9(5) 5.3(2)6+1 1.08(14) [29℄ 1.09(23) 1.4(5) 1.01(9)8+1 0.35(5) [29℄ 0.32(6)10+1 0.16(3) [29℄ 0.16(3)0+2 33.8(50)�103a [7℄ 36.2(43)�103a2+2 2.0(2)0+3 0.09(2)aaPartial lifetime of E2 branh to the 2+1 state.higher-lying states of the ground-state band [26, 28, 29℄.The lifetime of the isomeri 0+2 state was established in aonversion-eletron measurement [7℄. The lifetime valuesare summarized in table IX.Before using the literature values for the lifetimes asomplementary input in the �tting proedure, their on-sisteny with the Coulomb exitation data was examined.The results, also given in Table IX, show a strong devia-tion from the values reported in Ref. [26, 27℄. Espeiallythe lifetime of the 4+1 state is found to be signi�antlyshorter than previously reported. On the other hand,using the lifetimes of the 2+1 and 4+1 states in the GOSIA�t in order to enhane the sensitivity to the diagonal ma-trix elements is even more important in 74Kr than it wasin 76Kr, as the level of statistis is more limited.The inonsisteny between the earlier lifetime mea-surements and the Coulomb exitation data an be fur-ther investigated by omparing the experimental -rayintensities as a funtion of sattering angle with thosealulated from the matrix elements obtained using thelifetimes. This is shown in Fig. 11 for the 2+1!0+1 and4+1!2+1 transitions. The data points represent the ob-served -ray intensities normalized by the number of sat-tered projetiles for several angular ranges. The uner-tainties are large for small angles beause of diret beamhitting the innermost detetor rings. The dashed linesshow the -ray yields alulated from the full set of ma-trix elements obtained in a �t that was onstrained by thelifetimes reported by Tabor et al. for the 2+1 [26℄ and byRoth et al. for the 4+1 state [27℄. The range of satteringangles for this omparison was limited to small values�m < 70Æ, where higher-order e�ets and in partiu-lar the inuene of the diagonal matrix elements are ex-peted to be small, so that this omparison of -ray yieldsrepresents a relatively lean test of the B(E2) strengthsand of the lifetimes of the respetive states. The fatthat the -ray yields annot be reprodued simultane-ously for both transitions shows that the Coulomb exi-tation data are not ompatible with the lifetimes reported
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14TABLE X: Redued E2 matrix elements for in-band and inter-band transitions in 74Kr. The dedued transitional quadrupolemoments and redued transition probabilities are ompared to theoretial values.I�1 I�2 hI2kM(E2)kI1i (eb) Qt0 (eb) B(E2; I1!I2) (e2b2) Skyrme [21℄ Gogny2+1 0+1 0:782 +0:007�0:007 2:48 +0:02�0:02 0.122 +0:002�0:002 0.188 0.1044+1 2+1 1:60 +0:03�0:03 3:16 +0:05�0:05 0.285 +0:010�0:009 0.340 0.2486+1 4+1 1:98 +0:10�0:09 3:10 +0:15�0:13 0.30 +0:03�0:03 0.41 0.348+1 6+1 2:25 +0:23�0:16 3:02 +0:31�0:21 0.30 +0:07�0:04 0.4510+1 8+1 2:35 +0:29�0:18 2:79 +0:35�0:22 0.26 +0:07�0:04 0.482+2 0+2 �0:48 +0:03�0:04 �1:51 +0:10�0:11 0.045 +0:007�0:007 0.027 0.0454+2 2+2 �0:55 +0:16�0:08 �1:10 +0:33�0:15 0.035 +0:020�0:011 0.120 0.1182+2 0+1 �0:199 +0:018�0:011 0.0079 +0:0009�0:0009 0.0147 0.00142+3 0+1 �0:172 +0:021�0:014 0.0059 +0:0010�0:0010 0.000020+2 2+1 0:68 +0:04�0:03 0.47 +0:05�0:05 0.18 0.362+2 2+1 0:49 +0:04�0:04 0.047 +0:007�0:008 0.055 0.1720+3 2+1 0:59 +0:07�0:05 0.35 +0:09�0:06 0.00092+2 4+1 0:47 +0:28�0:20 0.045 +0:070�0:029 0.043 0.0662+3 0+2 0:68 +0:27�0:27 0.09 +0:09�0:06 0.06TABLE XI: Diagonal matrix elements for 74Kr. The dedued intrinsi and spetrosopi quadrupole moments are omparedto theoretial values.I� hIkM(E2)kIi (eb) Qs0 (eb) Qs (eb) Skyrme [21℄ Gogny2+1 -0.70 +0:33�0:30 1.85 +0:85�0:79 -0.53 +0:24�0:23 -0.91 -0.484+1 -1.0 +0:6�0:2 2.1 +1:2�0:4 -0.8 +0:4�0:2 -1.31 -0.986+1 -1.8 +0:5�0:7 3.1 +0:8�1:3 -1.3 +0:3�0:5 -1.462+2 0.33 +0:28�0:23 �0.86 +0:73�0:60 a 0.24 +0:21�0:17 0.43 0.092+3 0.4 +1:1�0:4 �1.1 3:1�1:0 a 0.3 +0:9�0:3 0.37aSign depending onK: negative forK = 0 and positive forK = 2.tions in the bottom part. Only those matrix elements areshown that ould be established with reasonable uner-tainties. The transitions within the ground-state bandshow a derease in the lower part of the band similarto the 76Kr ase. This has also been interpreted as asign for a mixing of the low-spin states and shape o-existene [20℄. The transitions of the exited band areless olletive than the transitions of the ground-stateband. Many of the inter-band transitions presented inthe lower part of Table X are surprisingly strong. In par-tiular the matrix element for the 0+2!2+1 transition isalmost as large as that of the 2+1!0+1 transition. Thissupports the interpretation of a strong mixing betweenprolate and oblate shapes for the two 0+ states, whihwas proposed in Ref. [7℄ based on the �2(E0) strengthand the distortion of the rotational ground-state band.Lifetimes an be extrated for those states for whih thematrix elements of the depopulating transitions ould besuÆiently well determined, yielding the previously un-known lifetimes of the 2+2 and 0+3 transitions. The resultsare summarized in table IX.The negative sign of the diagonal matrix elements forthe states in the ground-state band proves their prolateharater. The quadrupole moments indiate a dereaseof deformation towards the ground state. The role of the2+2 and 2+3 states is not entirely lear. If one assumesthat the 0+2 , 2+2 , and 4+2 states form a rotational band

with K = 0, whih seems justi�ed by the large matrixelements onneting the states, the positive sign of theh2+2 kM(E2)k2+2 i matrix element orresponds to oblateshape. On the other hand there is also a strong ouplingbetween the 2+3 and 0+2 states, so that the 2+3 state, whihhas also a positive diagonal matrix element, is anotherandidate for an oblate rotational state built on the 0+2state. In the latter ase the 2+2 and 4+2 states ould beexplained as members of a gamma-vibrational K = 2band, whereas in the former ase the 2+3 state ould beinterpreted as a K = 2 state. Similar as for 76Kr, theinitial piture of two oexisting rotational bands withprolate and oblate shapes is learly too simple, as oblateand prolate as well as K = 0 and K = 2 omponentsseem to be strongly mixed in the wave funtions of thevarious states. V. DISCUSSIONThe large number of experimental eletromagneti ma-trix elements for the low-spin states in 74Kr and 76Kr al-lows a detailed disussion of the shape oexistene phe-nomenon in these nulei. In partiular, negative valueswere found for the diagonal matrix elements of severalstates in the ground-state band of both isotopes, on�rm-ing the prolate shape of these states. Positive matrix ele-



15ments were found for exited 2+ states whih are stronglyonneted to the 0+2 states in both 74Kr and 76Kr, on-sistent with an oblate harater of these states. Theseresults on�rm the prolate-oblate shape oexistene se-nario in both isotopes under study. However, a loser in-spetion of the matrix elements of Tables V, VI, X, andXI shows that the atual senario is more ompliated.In partiular the inuene of the third 2+ state observedin both isotopes and usually interpreted as member of aquasi-gamma band needs further investigation.The strength of the 2+1 ! 0+1 transition is strongly re-dued ompared to the other transitions of the ground-state bands in both isotopes in aordane with the as-sumption of inreased mixing towards the band heads.The derease is stronger in 74Kr than in 76Kr, pointingto a stronger mixing in 74Kr. The stati quadrupole mo-ments, whih measure the shape of the nuleus in therespetive state, show a similar behavior.The results are disussed in the following �rst in theontext of a simplifying phenomenologial two-level mix-ing model, and then on the basis of more elaborated nu-lear struture alulations. Model-independent shapeparameters based on the quadrupole sum rule methodwill be dedued and disussed in the �nal setion.A. Shape oexistene in a two-state mixing modelThe two-state mixing model is a simple and useful �rstapproah for interpreting the properties of physial statesbased on the mixing of di�erent intrinsi on�gurations.The model is based on the assumption of two regular ro-tational bands with olletive in-band transitions, but no\ross talk" between the intrinsi states of the di�erentbands. The mixing of states with the same spin-parityI� is desribed by a mixing angle �I . The model is oftenused to dedue mixing properties from the energy dis-plaement of the states with respet to an ideal rotor, aswas done for example in Ref. [7℄. It is now possible to testthe validity of the model desription for the transitionalmatrix elements. The observed physial states jI1;2i anbe written as a linear ombination of the intrinsi pureprolate and oblate states jIpri and jIobi, respetively,jI1i = + os �I jIpri+ sin �I jIobi;jI2i = � sin �I jIpri+ os �I jIobi:The ondition of no \ross talk" between the bandsmeans that for all states I; J :hIobkM(E2)kJpri = 0:The observed matrix elements between the di�erent 2+and 0+ states an then be expressed in terms of the\pure" matrix elements and the mixing angles:M11 = h21kM(E2)k01i =sin �0 sin �2h2obkM(E2)k0obi+ os �0 os �2h2prkM(E2)k0pri;

M12 = h21kM(E2)k02i =os �0 sin �2h2obkM(E2)k0obi� sin �0 os �2h2prkM(E2)k0pri;M21 = h22kM(E2)k01i =sin �0 os �2h2obkM(E2)k0obi� os �0 sin �2h2prkM(E2)k0pri;M22 = h22kM(E2)k02i =os �0 os �2h2obkM(E2)k0obi+ sin �0 sin �2h2prkM(E2)k0pri:Solving the system of equations yields the following ex-pressions: tan �0 = A�pA2 + 1; (2)with A = M211 +M221 �M212 �M2222(M11M12 +M21M22) ;tan �2 = M11 tan �0 +M12M21 tan �0 +M22 ;h2prkM(E2)k0pri = M11 os �2 �M21 sin �2os �0 ;h2obkM(E2)k0obi = M21 os �2 +M11 sin �2sin �0 :The latter matrix elements an be used to alulate theintrinsi quadrupole moments Q0 for the bands with pureprolate and oblate on�guration, respetively:Qpr0 = r16�5 h2prkM(E2)k0pri;Qob0 = r16�5 h2obkM(E2)k0obi:The experimental matrix elements for the relevant tran-sitions in 74Kr and 76Kr are again summarized in Fig. 14.The resulting mixing angles and quadrupole moments aregiven in table XII. The system of equations has two so-lutions (see eq. 2), whih are labeled `+' and `�' in thetable.Both solutions for 74Kr yield a nearly maximum mix-ing for the two 0+ states. The �rst solution `+', however,results in a mostly oblate 2+1 and mostly prolate 2+2 state,in ontradition to the signs of the diagonal matrix ele-ments. The large quadrupole moment for the oblate andsmall quadrupole moment for the prolate band of thissolution are also in ontradition to the experimental re-sults, whih suggest the opposite. Therefore it seemslegitimate to disard the `+' and adopt the `�' solution.The squared mixing amplitude of the prolate on�gura-tion in the ground state is thus found to be os2 �0 =0.48(2), in perfet agreement with the value 0.48(1) ex-trated from the positions of the low-spin states withrespet to a rotor referene [7℄. The squared mixing am-plitude of os2 �2 = 0:82(20) for the prolate on�gura-tion in the 2+1 state shows that the purity of the wave
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FIG. 14: Summary of the transitional and diagonal matrixelements for the relevant states in 76Kr and 74Kr (itali). Notethat the exited 2+ state orresponds to the 2+2 state in 74Krand to the 2+3 state in 76Kr.TABLE XII: Mixing amplitudes for the 0+ and 2+ statesand quadrupole moments for the bands with pure prolateand oblate on�guration determined in the two-level mixingmodel. The olumns labeled `+' and `�' orrespond to thetwo solutions of eq. 2. The matrix elements in the lower partwere alulated from the mixing amplitudes.74Kr 76Kr+ � + �os2(�0) 0.52(2) 0.48(2) 0.69(4) 0.31(4)os2(�2) 0.18(7) 0.82(20) 0.36(11) 0.64(14)Qpr0 0.66(30) 3.62(48) 2.31(31) 3.48(48)Qob0 -3.62(19) -0.66(86) -3.48(41) -2.31(37)h21kM(E2)k21i 1.08(11) -1.08(33) 0.53(21) -0.53(25)h2exkM(E2)k2exia 0.04(13) -0.04(39) -0.09(20) 0.09(24)h21kM(E2)k2exia -0.62(11) 0.62(32) -1.05(12) 1.05(14)aj2exi orresponds to j22i for 74Kr and j23i for 76Krfuntions inreases rapidly with spin. The higher-lyingstates of the ground-state band an be onsidered to havea pure prolate on�guration. The quadrupole momentQpr0 = 3:6(5) eb agrees well with the experimental valuesof Qt0 � 3:1 eb found for the transitions of the ground-state band above the 2+1 state (see table X). The smallvalue found for the quadrupole moment Qob0 shows againthat the absolute deformation for the oblate band is muhsmaller than for the prolate band, even though the un-ertainty is rather large.Under the assumption of the model, i.e. for a on-stant quadrupole moment within the intrinsi bands ofpure on�guration, one an use the mixing angles andquadrupole moments of Table XII to alulate furthermatrix elements, e.g.h21kM(E2)k21i = �54r 27� �Qpr0 os2 �2 +Qob0 sin2 �2� ;h22kM(E2)k22i = �54r 27� �Qpr0 sin2 �2 +Qob0 os2 �2� ;

h21kM(E2)k22i = 54r 27� sin �2 os �2 �Qpr0 �Qob0 � :The results are given in the lower part of Table XII. Thematrix elements found with the seond (`�') solution for74Kr are in reasonable agreement with the experimen-tal values (see Tables X and XI). The opposite signs ofthe matrix element for the �rst (`+') solution show againthe validity of adopting the `�' solution. The two-levelmixing model desribes the situation in 74Kr very on-sistently despite its simpliity and limitations. In par-tiular, it supports the assumption of maximum mixingbetween a strongly prolate (�2 � 0.4) and a weaker oblateon�guration (�2 � -0.1) for the 0+ states.The two-level mixing model works less well for 76Kr.None of the two solutions is onsistent with mostly pro-late on�gurations for both the 0+1 and 2+1 states. Themixing angle �0 of the `+' solution agrees well withos2(�) = 0:73(1) found by Bouhez et al. [7℄, but in thisase only a small prolate amplitude is found for the 2+1state. The `�' solution orresponds to a predominantlyprolate 2+1 state, but then the 0+1 state is found predomi-nantly oblate, in ontradition to the experimental result.The absolute values found for the quadrupole momentsof the pure bands seem to be more onsistent with the`�' solution. The signs of the diagonal matrix elementsfor the 2+ states agree with the `�' solution, but the signof the inter-band matrix element h21kM(E2)k23i favorsthe `+' solution, even though the absolute value fromthe two-level mixing model is muh too large. The in-suÆieny of the model for 76Kr is probably due to thestrong oupling with the presumed quasi-gamma band,in partiular between the 2+2 and 2+3 states. The di�erentoupling of the oblate 2+ state in 74Kr and 76Kr is alsoreeted in the signs of the transitional matrix elementsto the 0+1 and 2+1 states, whih are opposite for 74Kr and76Kr. Instead of trying to inlude more states, e.g. in athree-band mixing model, the experimental matrix ele-ments are ompared in the following to theoretial alu-lations based on mean-�eld models, whih go beyond thestati approah and are able to inlude full on�gurationmixing.B. Shape oexistene in mean-�eld based modelsNulear bulk properties are well desribed through-out the nulear hart by self-onsistent mean-�eld mod-els. In order to desribe dynami orrelation e�ets and,for example, olletive exitations, one has to go beyondthe stati mean-�eld approah. A tehnique that is wellsuited to desribe shape oexistene is the generator o-ordinate method (GCM) with the quadrupole momentas generator oordinate. The method determines theon�guration mixing in a variational way and providesexitation spetra and matrix elements. Self-onsistentHartree-Fok-Bogolyubov alulations have been per-formed using the Gogny D1S fore and the GCM ap-proah with Gaussian overlap approximation. A �ve-
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are furthermore too spread out in exitation energy. Itshould be noted, however, that the experimental energydi�erene between the 0+1 and 0+2 states in 74Kr of about500 keV is mostly due to the repulsion of the stronglymixed states, and that the intrinsi prolate and oblateon�gurations are therefore almost degenerate. Smalldeviations in energy an thus hange the ordering of theprolate and oblate states in the alulation. The fatthat Bender et al. �nd an oblate ground state also for76Kr and even for 78Kr is a de�ieny that was explainedby the relative position of ertain single-partile levels,whih might not be orretly reprodued with the SLy6e�etive interation [21℄. Another possible explanation isthe restrition of the Skyrme alulation to axial shapes.The �ve-dimensional alulation based on the Gognyfore reprodues not only the exitation energies of theprolate and oblate rotational bands, but �nds also a 2+,4+, and 6+ state with predominant K = 2 harater in76Kr very lose to the experimentally observed states ofthe presumed gamma-vibrational band.The transition strengths within the prolate band andin partiular the derease towards the ground state arewell reprodued by both alulations. The deformationfor the states of higher spin is found somewhat too largein the Skyrme alulation. The very large matrix elementbetween the prolate 2+1 and the exited 0+2 state is wellreprodued by the Gogny alulation, while it is stronglyunderestimated by the Skyrme alulation. It should benoted that the B(E2) values of Fig. 16 are always givenin the diretion of the transition and may therefore di�erby a fator of 2Ii+1 in some ases where the ordering isreversed.A grouping of the non-yrast states above the 0+2 stateinto band strutures is not straightforward. The exita-tion energies of the 2+2 , 3+1 , 4+2 , 5+1 , and 6+2 states in bothisotopes are onsistent with an interpretation of these se-quenes as gamma-vibrational bands. The Gogny-basedalulation reprodues these sequenes very well and on-�rms a predominant K = 2 harater of the states. Inthis senario the 2+3 states in both isotopes an be in-terpreted as rotational states with oblate harater builton the exited 0+2 states. The exitation energies andtransition strengths found in the Gogny alulation arein agreement with this interpretation, as is the sign of theexperimental diagonal matrix elements for the 2+3 states.The alulation �nds strong mixing of K = 0 and K = 2omponents for the 2+2 and 2+3 states in both isotopes,whih blurs a lear lassi�ation of the states.It is interesting to note that experimentally the 2+2state ouples di�erently in 74Kr and 76Kr: In 74Kr thestate deays with equal strengths to the 2+1 and 0+2 states,whereas in 76Kr it deays almost entirely to the 0+2 state.The di�erent harater of the 2+2 states in the two iso-topes is also seen in the diagonal matrix elements, whereopposite signs are found experimentally. If one assumesK = 2 for the 2+2 states, the negative sign of the diago-nal matrix element in 76Kr orresponds to oblate shape,whih would explain the predominant deay to the 0+2
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FIG. 16: Comparison between the theoretial and experimental level shemes for the oblate and prolate bands in 76Kr (top)and 74Kr (bottom). The exitation energies of the states are drawn to sale and the widths and labels of the arrows representthe alulated and measured B(E2) values, respetively.state. The positive sign found for the 2+2 state in 74Krorresponds to prolate shape under the assumption ofK = 2. This di�erene is not reprodued by the Gognyalulation, where the 2+2 states an be interpreted asgamma bands in the usual sense built on the groundstate.A detailed omparison of the spetrosopi quadrupolemoments (see Tables VI, XI and Fig. 15) is somewhathampered by the rather large unertainties of the exper-imental values. The spetrosopi quadrupole momentsfor the 4+ and 6+ states, in partiular the very largeexperimental values for 76Kr, should be taken with aresine their non-yrast partners are not known. Takingthis into aount, both the Gogny and the Skyrme alu-lations are in reasonable agreement with the experiment.It an be onluded that on�guration-mixing al-ulations are a valid approah to desribe the shape-oexistene phenomenon. The experimental set of matrixelements in 74Kr and 76Kr represents a stringent test ofthe theoretial models. While the alulation of Benderet al. desribes many global features of shape oexistenein the light krypton isotopes orretly, ertain details arenot reprodued, in partiular the ordering of the prolateand oblate states. The agreement with the Gogny alu-lation, on the other hand, is remarkable. This suggeststhat it is important to inlude the triaxial degree of free-dom in the alulations. This result will be disussed inmore detail in a forthoming artile from the theoretialperspetive [31℄.

C. Rotational invariants and the sum-rule methodFinally, the matrix elements are analyzed using amodel-independent desription of the nulear shapein terms of global quadrupole-deformation parameters.This an be done by onstruting rotational invariantsof zero-oupled produts of the E2 operator, whih anbe linked to the deformation parameters in the intrinsiframe of the nuleus [8, 16℄.The eletri quadrupole operator E(� = 2; �) is aspherial tensor whih an be parameterized in the prin-ipal axes frame using the two parameters Q and Æ as:E(2; 0) = Q os(Æ);E(2; 1) = E(2;�1) = 0;E(2; 2) = E(2;�2) = 1p2Q sin(Æ):The parameter Q measures the overall deformation andis equivalent to the elongation parameter � in the Bohrmodel, whereas Æ is related to the triaxiality parameter .The simplest zero-oupled produts of the E2 operatoran then be written as:hIk[E2�E2℄0kIi = Q2p5 ;hIkf[E2�E2℄2 �E2g0kIi = �r 235Q3 os(3Æ):



19The E2 invariants an be expressed in the laboratoryframe by an expansion over all possible intermediate states using Wigner's 6j symbols:
hIik[E2�E2℄0kIii = (�1)2Iip2Ii + 1Xj hIikM(E2)kIjihIjkM(E2)kIii� 2 2 0Ii Ii Ij � ;hIikf[E2�E2℄2 �E2g0kIii = 12Ii + 1Xj;k hIikM(E2)kIjihIjkM(E2)kIkihIkkM(E2)kIii� 2 2 2Ii Ij Ik � :
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FIG. 17: Quadrupole deformation parameters obtained bythe sum-rule method for the 0+ states in 74Kr and 76Kr.If the relevant matrix elements are experimentallyknown, the deformation parameters an be determinedin a model-independent way by summing over all losedloops of E2 matrix elements, inluding diagonal ones,onneted to a spei� state. This method is partiu-larly useful to attribute shape parameters to 0+ states,whih are not diretly aessible in the laboratory frame.Besides statistial errors of the E2 matrix elements, anadditional systemati error omes from an inompleteknowledge of the matrix elements. Any loop that is notonsidered in the sum will redue the deformation pa-rameter Q2 and may hange the triaxiality parameteros(3Æ) depending on the relative signs of the unknownmatrix elements. The analysis of the rotational invariantsin the present ase of 74Kr and 76Kr has therefore beenrestrited to the 0+ states, so that only the transitionalmatrix elements h0ikM(E2)k2ji and the diagonal matrixelements for the di�erent 2+ states have to be onsidered.In deformed nulei most of the E2 strength is exhaustedby the �rst rotational 2+ state. Due to the shape oexis-tene and on�guration mixing also the exited 2+ statesontribute signi�antly to the shape parameters of the 0+states in the krypton isotopes. Extending the analysis tostates of higher spin seems unreliable beause the set ofmatrix elements annot be onsidered to be omplete forhigher-spin states.The resulting quadrupole deformation parameters forthe �rst and seond 0+ states in 74Kr and 76Kr are pre-sented in Fig. 17. The Q2 parameter is very similar for

the ground states in 74Kr and 76Kr. It seems surprisingthat in 74Kr the deformation parameter for the exitedoblate 0+2 state is larger than that of the prolate groundstate, even though the absolute value of the experimentalquadrupole moment is larger for the prolate 2+1 than foreither of the exited 2+ states. The di�erene betweenthe ground state and exited 0+2 state is even more pro-nouned in 76Kr. The extremely large Q2 value of the0+2 state is related to the strong oupling of this stateto all three 2+ states, in partiular to the 2+2 state. Itis interesting to note in this ontext that the experimen-tal quadrupole moment of the oblate 2+3 state is indeedvery large, and also the analysis in the two-band mixingmodel suggests a rather large oblate deformation, so thatthere seems to be experimental evidene for an inreasein oblate deformation from 74Kr to 76Kr.The parameter os(3Æ) suggests an almost purely pro-late shape for the ground state of 76Kr and a mostly pro-late shape with some triaxiality for the ground state of74Kr. An oblate triaxial shape is found for the exited 0+2state in 76Kr and maximum triaxiality for the 0+2 statein 74Kr. The results found for the triaxiality parame-ter os(3Æ) are in qualitative agreement with the �ndingsof the two-band mixing model. The mixing of prolateand oblate on�gurations leads to a ertain triaxiality ofthe 0+ states. In the ase of 74Kr the maximum mixingbetween a large prolate and smaller oblate deformationould introdue a slight triaxiality in the ground state,but a�et the shape of the 0+2 state muh stronger, re-sulting in a shape with large triaxiality. The results againon�rm the importane of the triaxial degree of freedomfor the desription of the shape oexistene phenomenon.D. ConlusionsThe disussion in the previous setions has shown thata onsistent desription of the omplex shape oexis-tene and interpretation of the experimental data anbe ahieved by sophistiated theoretial alulations go-ing beyond the stati mean-�eld approah by inludingthe mixing of many basis states. It is found that thestruture of the low-lying states in the light krypton iso-topes is dominated by the oexistene of prolate and



20oblate on�gurations. The phenomenologial two band-mixing model gives some insight into the mixing of thewave funtions, but it is learly too simple to desribeall experimental data. The formalism of quadrupole sumrules is useful to derive shape parameters in a model-independent way, in partiular for 0+ states. However,the requirement of omplete sets of matrix elements lim-its the appliability of the method.Con�guration-mixing alulations based on mean-�eldmodels and the generator-oordinate method o�er thepossibility to desribe the physial states, inluding tran-sition strengths and spetrosopi quadrupole moments.The obtained agreement with the experimental data issatisfying, keeping in mind that there are no free param-eters to adjust, and that the e�etive interations arederived globally. From the results it seems lear thatthe triaxial degree of freedom must be inluded into suhalulations. In order to further onlude about the ef-fetive interation, it would be instrutive to performon�guration-mixing alulations with the Gogny inter-ation while enforing axial symmetry, and, on a longer-term perspetive, to inlude triaxiality in the approahbased on the Skyrme interation.VI. SUMMARYShape oexistene in the light krypton isotopes wasstudied in two low-energy Coulomb exitation experi-ments using the radioative 74Kr and 76Kr beams of theSPIRAL faility. Transitional and diagonal matrix el-ements of low-lying states in 74Kr and 76Kr were ex-trated from the observed -ray yields. The transitionstrengths are in good agreement with the results of a re-ent lifetime measurement. Using the preise lifetimesas additional input in the analysis of the Coulomb exi-tation data enhaned the sensitivity to the reorientatione�et and allowed extrating spetrosopi quadrupolemoments for several exited states. The negative diag-onal matrix elements of the states in the ground-statebands of both isotopes under study prove their prolateharater. The exited 2+2 and 2+3 states are interpretedas gamma-vibrational and oblate rotational states, re-spetively. However, a lear lassi�ation of the states isdiÆult due to the mixing of prolate and oblate on�g-urations on one hand, and K = 0 and K = 2 on�gura-

tions on the other hand.The matrix elements were interpreted in a phenomeno-logial two-band mixing model. The results on�rm theearlier �nding of maximum mixing between prolate andoblate on�gurations in the wave funtions of the 0+states in 74Kr. The purity of the wave funtions in-reases rapidly with spin, explaining the inrease in thetransition strength and at the same time the very stronginter-band transitions between the di�erent 2+ and 0+states. However, the model fails to desribe onsistentlythe band mixing in 76Kr, probably due to the strong ou-pling with the presumed gamma-vibrational band. Thequadrupole sum rule formalism was applied to deriveshape parameters for the 0+ states.The transition strengths and quadrupole moments areompared to reent theoretial alulations going beyondthe stati mean-�eld approah. The onfrontation of thealulations with the large set of experimental matrix ele-ments represents a stringent test of the models and e�e-tive interations. The results emphasize the importaneof inluding the triaxial degree of freedom to desribe theshape oexistene in the light krypton isotopes.The present work represents the �rst diret experi-mental proof of the proposed shape oexistene senario,and the reorientation e�et has been exploited for the�rst time with a radioative ion beam. The ground-stateshape of the N = Z nuleus 72Kr is expeted to be dom-inated by the oblate on�guration. The relatively smallB(E2; 0+1 ! 2+1 ) value found for 72Kr in an intermediate-energy Coulomb exitation experiment has been inter-preted as favoring an oblate shape [32℄, but annot provethe inversion of the ground-state shape for 72Kr. Themeasurement of quadrupole moments in 72Kr remains ahallenge for future low-energy Coulomb exitation ex-periments. AknowledgmentsThe authors would like to thank the tehnial sta� atGANIL for exellent support. Stimulating disussionswith M. Bender, P.-H. Heenen, and J. Srebrny are grate-fully aknowledged. This work has been supported by theEuropean ommission under ontrat number (GANIL-TNA) and partly supported by EPSRC (UK).[1℄ A. Bohr and B.R. Mottelson, Nulear struture,(W.A. Benjamin, Reading, 1975)[2℄ N. Tajima and N. Suzuki, Phys. Rev. C 64, 037301 (2001)[3℄ R. Bengtsson in Nulear Struture of the Zironium Re-gion, edited by J. Eberth, R.M. Meyer, and K. Siestemih(Springer, Berlin, 1988)[4℄ R.B. Pierey, J.H. Hamilton, A.V. Ramayya,C.F. Maguire, X.-J. Sun, Z.Z. Zhao, R.L. Robin-son, H.J. Kim, S. Frauendorf, J. D�oring, L. Funke,
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