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11 IntroductionThe elements in the region around the Z = 40 shell closure have been the subject ofdetailed experimental and theoretical investigations [1]. The ground state properties ofthese nuclei depend very sensitively on small changes in the proton and neutron number.This has been shown by extended nuclear spectroscopy studies of the level schemes andlifetimes and by laser spectroscopy studies of nuclear ground state properties. Two regionsof strong ground state deformation with deformation maxima �2 � 0:4 were established forZ � 38, N � 38 and Z � 38, N � 60 [2, 3]. The rapid transition from a spherical shapearound the N = 50 shell closure to such a strong deformation reects the reinforcement ofseveral shell gaps in the single particle spectrum (see [4, 5] and references therein). Laserspectroscopy experiments on rubidium [6, 7] and strontium [8, 9, 10, 11, 12] yielded thespins, moments and changes in mean square charge radii �hr2i for sequences of isotopescovering the neutron shell closure and both regions of deformation. These results providea rather coherent description of the changes in nuclear structure as a function of theneutron number. We have carried out similar measurements on the krypton isotopesranging from the self-mirror nucleus 72Kr to the N = 60 isotope 96Kr. Previously, opticalspectroscopy data only covered the range of isotopes between A = 78 and A = 90, wherethe nuclear shape is essentially spherical [13, 14, 15, 16, 17]. The new results for 72;74�96Krextend considerably the experimental information about the electromagnetic ground stateproperties, particularly in the deformation region around N = 40 and for the neutron richisotopes up to N = 60.2 ExperimentThe experiment was performed at the ISOLDE 2 on-line isotope separator using the tech-nique of collinear fast-beam laser spectroscopy [18]. The hyper�ne structures and isotopeshifts of the ground states of 72;74�96Kr and the isomers 79m;81m;83m;85mKr were measuredin the transition 5s[3=2]2 ! 5p[3=2]2 of the atomic spectrum of krypton at 760 nm. Inaddition to the standard uorescence detection, the much more sensitive collisional ion-ization scheme [19, 20] was used for the isotopes (72;74;75Kr and 93�96Kr) produced withlow yields between 107 and 103 atoms per second. Two reaction mechanisms were em-ployed for the production of the krypton isotopes at the 600 MeV proton beam of theCERN Synchro-Cyclotron. The neutron de�cient isotopes were produced by spallationin a niobium powder target and the neutron rich ones by �ssion of uranium in a UC2target. A cooled transfer line connects the target to a plasma ion source from which theions are extracted and electrostatically accelerated to 60 keV. This cold transmission linesuppresses strongly the contamination of the noble gas beams by less volatile isobars,which is essential for the application of the sensitive collisional ionization detection. Theexperimental setup is shown schematically in Figure 1. The mass-separated ion beamis superimposed collinearly on a cw laser beam and neutralized by charge exchange in acaesium vapour cell containing about 2 �1014 atoms per cm2. With an ionization potentialof 3.9 eV for caesium, the metastable 5s[3=2]2 level in atomic krypton at a binding energyof 4.1 eV is populated quasi-resonantly in the charge transfer reaction. The atoms inthis state are excited by the laser light to the 5p[3=2]2 state which decays either back to5s[3=2]2 or via 5p[3=2]1 to the 4p6 1S0 ground state. In the standard optical detection



2scheme this excitation is detected by counting the uorescence photons which are focussedon the entrance surface of a light guide and transmitted to a photomultiplier [18]. Themuch more sensitive collisional ionization detection [19, 20, 21] takes advantage of thestate dependence of stripping cross-sections in an atomic collision. For the loosely boundhigh-lying metastable state this cross-section is considerably larger than for the groundstate. At resonance the metastable 5s[3=2]2 state is depopulated by optical pumpingto the ground state. Downstream of the optical interaction region the beam of kryptonatoms is transmitted through a gas target at low pressure, where the atoms are partlyionized in collisions with molecules. The gas enters the target chamber through a needlevalve, and it is di�erentially pumped by two turbomolecular pumps. The ions createdhere are electrostatically separated from the remaining neutral atoms and focussed ontothe cathode of a secondary electron multiplier. Since the cross-section of the stripping re-action is low for atoms in the ground state, the optical resonance causes a drop in the ioncount rate. There are two main reasons for the enormous gain in sensitivity achieved byusing this technique instead of the optical detection. (i) The counting e�ciency for ions isnearly 100%, while for photons it is below 1% because of the low quantum e�ciency of thephotomultiplier and the solid angle of the collection optics. (ii) the constant backgrounddue to stray laser light is avoided. However, an additional background may be caused byisobars which are as well neutralized in the caesium cell and reionized in the gas target.As mentioned before, isobaric contaminations are largely suppressed by the cold transferline between the production target and the ion source. Systematic studies of the ioniza-tion cross-sections led to the choice of a Cl2 target with a density of 5 � 1014/cm2. Theionization e�ciency for the total beam was 15% and a op out signal in the ion count rateup to about 30% could be achieved for even-even isotopes which have no hyper�ne struc-ture. With an assumed 30% population of the metastable 5s[3=2]2 state, this correspondsto an ionization e�ciency of 30% for the atoms in the metastable and 10% for those inthe ground state. Taking into account the beam line transmission losses (70%) and theneutralization e�ciency in the caesium vapour (70%), one ends up at a detection limitof about 100 atoms/s. Beam intensities in excess of this lower limit give a signal-to-noiseratio � 5 within in a measuring time of 30 seconds per channel. Examples of experimentalspectra are shown in Figure 2 for the hyper�ne structures of 95Kr (I = 1=2) and 93Kr(I = 1=2) measured by ion counting, and for 89Kr (I = 3=2) measured by uorescencephoton counting. In these odd-A isotopes the signal intensity is distributed over up to13 hyper�ne components. The output beam currents of the separator were about 6 � 108atoms/s for 89Kr (measuring time 2 min), 6 �106 atoms/s for 93Kr (measuring time 2 min)and 2 � 104 atoms/s for 95Kr (measuring time 1 h). The relatively long measuring time for95Kr is due to the strong isobaric contamination of the A = 95 beam, probably consistingof stable 95Mo from the ion source or of doubly ionized radioactive mercury.3 Results and evaluation of I, �I, Qs and �hr2i3.1 Hyper�ne structureFor the odd-A isotopes, the nuclear spins I and the magnetic dipole and electric quadru-pole interaction constants A and B of both states, 5s[3=2]2 and 5p[3=2]2 are compiledin Tables 1 and 2. The results for 81Kr, 83Kr and 85Kr agree well with those of earlier



3experiments [14, 17, 22, 23]. The spins and the A- and B-factors were obtained fromthe experimental hyper�ne structure spectra using a least square �tting procedure. Forlow-spin nuclei (I � 2) already the number of hyper�ne structure components determinesthe spin directly. In the high-spin cases (I = 5=2, 7=2, 9=2) it is found that the hyper-�ne structure intervals and the relative amplitudes are consistent with only one of thepossible spin assumptions. Values for the magnetic moments are obtained with referenceto the NMR measurement performed by Brinkman [24] for the stable isotope 83Kr. Thediamagnetic correction is taken from the calculations of Feiock and Johnson [25]. Withthe value of Faust and Chow Chiu [22] for the A-factor of the 5s[3=2]2 state, the magneticmoments of all other krypton isotopes are obtained by the relation�xI I83�83I Ix (1 ��x;83) = AxA83 : (1)The small hyper�ne structure anomaly �x;83 is mainly caused by the Bohr-Weisskopfe�ect [26]. It is estimated according to the empirical rule found by Moskowitz and Lom-bardi [27] for a series of mercury isotopes, taking into account the Z-dependence estab-lished by Bohr and Weisskopf [26]. The corrections to the magnetic moments reach fromless than 10�4�N to 2 � 10�3�N , depending on the assumptions made for the ls-couplingof the unpaired nucleon. Since this e�ect cannot be calculated reliably, the estimatedvalues have been added to the statistical error caused by the A-factor measurement andquoted for the magnetic moments of Table 1. The spectroscopic quadrupole momentsQs are calculated from the B-factors of the 5s[3=2]2 level. The electric �eld gradient isderived from the magnetic hyper�ne structure constant ap3=2 = �204:1(4) MHz of thep3=2 hole according to the Breit-Wills analysis for the 4p55s con�guration by Trickl etal. [28]. As relativistic corrections we use those calculated by Schwartz [29]. Since novalue for the Sternheimer shielding factor has been published, we follow the analysis ofthe corresponding states in xenon [20] where a small contribution was estimated andthe correction was neglected. This yields the calibration factor B(5s[3=2]2)=Qs = �1775MHz/barn. The deviation of our value for the quadrupole moment of 83Kr from those ofKuiper [23] and Faust and Chow Chiu [22] is due to the more complete Breit-Wills analysisof the A-factors [28] used to calibrate the electric hyper�ne �eld gradient. An alternativecalibration deduces the �eld gradient �ne structure splitting of the 4p5 5s con�guration.It results in a 10% larger quadrupole moment. Our preference for the calibration usingthe Breit-Wills analysis of the A-factors is based on the situation in xenon [20], wherethese quadrupole moments are con�rmed by the result of a muonic hyper�ne structuremeasurement. The quadrupole moments of Table 2 are given with a conventionally esti-mated error of 10% covering the uncertainties of the calibration as well as the expectedsmall Sternheimer shielding correction [30]. Ratios of quadrupole moments correspond tothe ratios of the B-factors and have much smaller (only statistical) errors. In Tables 1and 2, the nuclear moments (including errors) quoted from earlier experiments on 81Kr,83Kr and 85Kr are taken from the original publications. Discrepancies to our results areexclusively due to the evaluation procedures, whereas the A- and B-factors are all in verygood agreement.



43.2 Isotope shiftIsotope shifts in the transition 5s[3=2]2 ! 5p[3=2]2 were measured for the even-A andthe odd-A isotopes. They are listed in Table 3, where the errors in parentheses are purelystatistical, the ones in square brackets are the linear sum of these and the systematic errorswhich arise mainly from the determination of the Doppler shifts from the accelerationvoltages and ion source potentials 1. The isotope shifts can be decomposed into the �eldshift ��A;A0f and two terms accounting for the �nite mass of the nucleus, the normal andthe speci�c mass shifts ��A;A0n and ��A;A0s :��A;A0 = ��A;A0f + ��A;A0n + ��A;A0s= ��A;A0f + mA0 �mAmA0mA (Mn + Ms) ; (2)where the usual convention for the sign is ��A;A0 = �A0 � �A. The normal mass shiftconstant is given by Mn = � me with the electron mass me. The speci�c mass shiftconstant Ms takes into account the correlation of the electron motion. The �eld shift isrelated to the change in electron density at the site of the nucleus occurring in the opticaltransition, �j	(0)j2, and a nuclear parameter �A;A0 which can be expanded in a series ofradial moments �hr2kiA;A0 ,��A;A0f = E f(Z)�A;A0 = � a30 �j	(0)j2Z f(Z)Xk ckc1 �hr2kiA;A0 : (3)The function f(Z) = Cunif=�unif is sensitive to the course of the Dirac wave function atthe extended nucleus. It is derived from the parameter Cunif = ��unif=E calculated byBlundell et al. [31] for a uniformly charged sphere of radius R = R0A1=3 (R0 = 1:2 fm). Inthe mediummass region the moments higher than hr2i contribute only about 2% to � [10].They are roughly taken into account by the normalisation of f(Z) to �hr2iunif instead of�unif , i. e. f 0(Z) = Cunif=�hr2iunif , with hr2iunif = 3=5R20 A2=3. The electronic normal-ization factor E is calculated using two di�erent semiempirical approaches based on themagnetic hyper�ne structure and the Goudsmit-Fermi-Segr�e (GFS) formula [32], respec-tively. In both cases the change in the electron density is derived from the absolute valueof the 5s electron density, �j	(0)j2 = � j	(0)j25s. For the screening factor � we adoptthe value � = 1:1 [15] which is based on the systematics of comparable transitions [33].In the GFS approach the electronic factor E is given byE = �(n� �)3 (1� d�dn ) : (4)The quantum defect � = 3:175 is obtained from the term energy, and the di�erentialchange d�dn is derived using the relation [32]d�dn = d�dTd�dT � n��2T (5)1For di�erences of the isotope shifts listed in Table 3 it is a good approximation to calculate the errorsby taking the quadratic sum of the statistical errors plus the di�erences of the systematic errors. Thesame is true for the mean square charge radii �hr2i.



5and a second order polynomial �t of � as a function of the term energies T of the ns[3=2]2levels (n = 5; :::; 9). With (1 � d�dn ) = 1:123 this gives E(GFS) = 0:203. For thealternative evaluation of E from the magnetic hyper�ne structure we use the single-electron interaction constant a5s = �363:7(1:3) MHz calculated by Trickl et al. [28] forthe stable isotope 83Kr. This was derived in the Breit-Wills analysis of the experimentalA-factors of the 1;3P1 and 3P2 levels. The probability density at the nucleus becomesj	(0)j25s = 3 a5s8�a30R1�2memp gIFr(1 � �)(1� ") : (6)Adopting Fr(1� �) = 1:132 from Blundell and Palmer [34] and neglecting the very smallcorrection " for the Bohr-Weisskopf e�ect [26], we �nd E(hfs) = 0:179. The discrepancyof 13% between the results of the two procedures can be attributed to the model dependentuncertainties in the Breit-Wills analysis as well as to simpli�cations of the GFS formula.For the further calculation of �hr2i we thus use the mean value E = 0:19(2) which yieldsthe total electronic isotope shift constant F = E f(Z) = �608(61) MHz/fm2 for theisotope pair 84;86Kr. As usual the systematic error of this calibration is assumed to be10% so that in our case both calculated values of E are compatible with the adoptedmean value.In contrast to the situation in heavy elements, the mass shift contributes consider-ably to the isotope shift in the medium mass region. Therefore, the evaluation of �hr2irequires a good estimate of the speci�c mass shift. The speci�c mass shift constant Msis determined in a King plot analysis of the optical isotope shift against the muonic �eldshift data which are available for the six stable krypton isotopes [35]. The muonic val-ues for �hr2iA;A0 were derived model dependently from the transition energies assuminga Fermi II distribution with constant di�useness parameter [35]. A King plot slope �xedto the semi-empirical electronic factor gives the speci�c mass shift ��s = �0:22(9)��n.Here, the error of the speci�c mass shift could be reduced signi�cantly compared to for-mer evaluations [13, 15] using preliminary muonic data. The result is in agreement withthe empirical estimate by Heilig and Steudel [36], ��s � 0:3(0:9)��n. The changes in theradii �hr2i obtained by this analysis are listed in Table 3. The errors quoted in parenthe-ses correspond to the statistical errors of the isotope shifts. Systematic errors have beenadded linearly: The errors in square brackets include the voltage calibration errors givenalready for the isotope shifts, and those in braces contain the additional errors arisingfrom the uncertainties in the the electronic factor and speci�c mass shift. Figure 3 showsthe �hr2i values together with the latter error intervals. It is obvious from this �gure thatall calibration errors only a�ect the absolute values of �hr2i, but not the structure of thecurve (see also Footnote 1). Included in Table 3 are the results by Schuessler et al. [15]and by Cannon [17] for the stable and three radioactive isotopes. The values of Gerhardtet al. [13] for �hr2i were evaluated from the isotope shifts in a di�erent electronic transi-tion. Discrepancies are mainly due to the di�erent speci�c mass shift estimates, while theisotope shifts, except for 90Kr, are in good agreement. As systematic errors are not con-sidered in the publication by Schuessler et al. [15], it is di�cult to judge this discrepancyin the results for 90Kr.



64 Discussion4.1 Mean square charge radiiThe variation of the radii along the chains of isotopes in the neighbouring elements kryptonand strontium [10] is shown in Figure 4 with respect to the neutron magic nuclei 86Kr and88Sr. For both of these curves, the evolution of hr2i is quite similar, except at the neutronnumber N = 60. The non-appearance of a sharp onset of strong deformation at N = 60is the most remarkable deviation of krypton from the behaviour of the neighbouringchains of isotopes. An abrupt change in nuclear shape between N = 59 and 60 has beenobserved for all other elements in the Z � 40 region and is qualitatively reproduced byshell correction calculations [3, 4, 37]. It is most pronounced for rubidium, strontiumand zirconium and diminishes gradually with increasing proton number. This e�ect isattributed to the interaction of the prolate neutron shell gap at N = 60 and the 1g9=2shell occupied by the protons [5]. In a prolate deformed nuclear potential the downslopinglow-
 orbitals of the g9=2 shell become lower in energy than the high-
 orbitals of the pfshell. A local minimum in the potential energy surface at �2 ' 0:4 develops for N > 58,when the protons occupy the lowered Nilsson levels of the g9=2 con�guration. This e�ect isreinforced by the interaction with the neutrons occupying the spin-orbit partner g7=2 andthe intruder state from the h11=2 shell [38]. For N = 60, with a su�cient number of valenceneutrons available for the proton-neutron interaction, this deformed state becomes groundstate. The non-appearance of strong deformation in 96Kr can thus be explained by thelack of protons moving to the downsloping g9=2 orbitals and stabilizing the deformation.A further quantitative discussion of the radii will be based on the predictions of the�nite range droplet model [37] including quadrupole deformation. In Figures 3 and 4,these are represented by nearly straight isodeformation lines for deformation parameters�2 between 0 and 0:4. The droplet model mean square charge radius of the nucleus isexpressed by an e�ective sharp radius RZ of the proton distribution and an expansion ofthe nuclear shape in terms of Legendre polynomials (see eq. (10)). For even-even nucleithe quadrupole deformation reected in mean square charge radii may be derived fromthe reduced transition strength B(E2) between the 0+ ground state and the �rst excited2+ state. The B(E2) value is related to the intrinsic quadrupole moment Q0 byQ0 = s16�5 B(E2)e2 : (7)In the spirit of Kumar [39] the intrinsic quantity Q0 de�ned by equation (7) represents aroot mean square value containing nonzero contributions from quadrupole vibrations alsofor nuclei that are not permanently deformed. In the droplet model [40] the dependenceof Q0 on the quadrupole deformation parameter �2 is given by



7Q0 = 65ZRZ2 (�2 + 47�22 � 17�23 � 94231�24)+ 48175C 0ZRZ2 (�2 + 67�22 � 45�23 � 19841155�24) ; (8)with C 0 the Coulomb redistribution correction. The parameter �2 is related to the morecommon �2 by �2 = q5=(4�)�2. Values for B(E2) based on lifetime measurements havebeen compiled by Raman et al. [41]. In krypton these data are available only for the evenisotopes 74�86Kr. A rough estimate of the remaining B(E2) values can be obtained fromthe energies of the �rst 2+ level using the empirical relation given by Grodzins [42],B(E2) = (12� 4) Z2A 1E2+1 (keV e2 barn2) : (9)We follow this estimate for the isotopes 72;88;90;92Kr, and for 94Kr where the 2+ energyhas been reported recently [43]. Altogether, the deformation from B(E2) values and thedroplet model description of the radii,hr2i = 35RZ2 (1 + �22 + 1021�23 � 2735�24)+ 12175C 0RZ2(1 + 145 �22 + 2815�23 � 295 �24) + 3b2 (10)result in a prediction of the �hr2i curve which is also shown in Figure 3. The di�usenessparameter b is assumed to be constant. For the position of the reference point with respectto the isodeformation lines we have adopted �2 = 0:145 (accounting for zero-point motion)from the measured B(E2) value [41] of 86Kr. On the neutron rich side hr2i increases onlyslightly more than predicted for constant deformation by the droplet model. Thus theradii indicate only little deviation from a spherical nuclear shape. The droplet modelradii obtained with deformations of �2 � 0:2 from the energies of the 2+ levels (comparedto �2 � 0:15 for 86Kr at N = 50) predict this trend qualitatively. It is explained by thestabilizing inuence of the spherical shell gap in the single particle spectrum at N = 56 [4]which is in competition with several shell gaps at large prolate and oblate deformation(Z = 34; 36; 38, N = 58). On the other hand, lifetime measurements for the �rst 2+ levelsin the equivalent strontium isotopes up to N = 56 give exceptionally low B(E2) values [44]of about half the predictions of the Grodzins rule. Presumably the situation in kryptonis similar, which means that the increase of the radii contains additional contributions.Mach et al. [44] suggested to ascribe these to octupole vibrations. However, deviations ofexperimental radii from droplet model predictions in the neighbourhood of shell closuresare a generally observed phenomenon. Their origin is probably more complex, related tothe fact that the droplet model approach (including only one shape parameter) is not agood approximation for near-spherical nuclei. The same arguments should apply to theisotopes just below the N = 50 shell closure. Here, the radii increase steadily from thespherically shaped 86Kr through the transitional region to the strongly deformed nucleiaround N = 40. The very sharp kink at N = 50 and the increase of the radii withdecreasing neutron number for N < 50 is a general feature also observed for the isotonesin rubidium [6, 7] and strontium [10, 45].



8Although the droplet model calculations in this region are based on directly measuredB(E2) values, they fail to reproduce the described trends except for the strongly deformedisotopes around N = 40. The discrepancy reects the fact that a shallow minimum of theB(E2) values cannot explain a distinct slope change of the �hr2i curve. Independent ofexperimental deformation values, Myers and Rozmej [46] investigated the inuence of col-lective zero-point quadrupole motion on the radii and ended up with similar conclusions.The problem also persists in recent calculations of deformations and radii using the shellcorrection method [47]. Another suggestion raised in connection with earlier measure-ments of krypton [13] and strontium [45] radii below N = 50 emphasizes the e�ect of theskin thickness. Changing the di�useness parameter of the droplet model by only a fewpercent would be su�cient to reproduce the experimental �hr2i [45]. Information aboutthe skin thickness is obtained from elastic electron scattering experiments [48]. The analy-sis of the data is usually based on a spherical charge distribution so that the e�ects relatedto quadrupole deformation are contained in the variation of the surface thickness. Formolybdenum and zirconium which are located in the region of the N = 50 shell closure, aseparation of both e�ects has been performed by taking into account the �2 values derivedfrom B(E2) values [45]. This leads to a remaining change of the thickness parameter ofthe order of magnitude required to explain the changes in the charge radii. Although theimportance of the skin thickness aspect is supported by a macroscopic picture obtainedfrom Hartree-Fock plus BCS calculations on strontium [10], the principal di�culty of ageometrical model remains in the separation of surface di�useness and the possible modesof (dynamic) deformation. After many vain attempts to describe the shell e�ects in meansquare charge radii by self-consistent Hartree-Fock calculations [2, 10], there has recentlybeen a surprising breakthrough owing to the application of relativistic mean �eld (RMF)theory. First calculations of this type were presented by Sharma et al. [49] for the exampleof lead. It turned out that the spin-orbit interaction which is added phenomenologically innon-relativistic calculations plays an important role for changes in the spatial arrangementof nuclear orbitals. The shell e�ect, i.e. the kink in the devolopment of �hr2i at magicneutron numbers, naturally emerges from these calculations. Recently, this approach hasbeen employed to investigate the radii and deformations of Kr, Sr and Zr nuclei in theN = 50 region. The results are presented in an accompanying paper by Lalazissis andSharma [50], and Figure 3 includes the charge radii calculated for the krypton isotopes.Even though triaxiality is observed in the transitional region (see, e.g., ref. [2]), the trendsof the radii are already well described by the RMF theory based on a simple axially sym-metric potential. Forcing the nuclei into an axially symmetric shape may be responsiblefor a few unexpected sign changes of the theoretical deformation values, but these willnot show up in the radii which are mainly sensitive to �22. The isotopes in the regionaround N = 40 are strongly deformed as expected from nuclear spectroscopy [51, 52] andfrom shell correction calculations [4]. These deformations have been attributed to theinuence of the shell gaps in the single particle spectrum at Z = N = 38; 40 [4]. Both,the maximum of hr2i reached for N = 39 (75Kr) and the decrease towards lower masses(72;74Kr) is reproduced qualitatively by the droplet model including deformation derivedfrom the B(E2) values. Here the deformation reaches saturation at �2 � 0:4. For 72Kr,the high 2+1 energy would suggest a sudden decrease of the deformation to �2 = 0:26which is not observed in the radii. This inconsistency might be related to the e�ect ofshape coexistence known for the even nuclei in the N = Z = 38 region 76;74Kr. Here, astrongly prolate 0+1 ground state coexists with a low-lying 0+2 state of spherical or slightly



9oblate shape [51]. The mixing of the bands built on these states increases the energy ofthe �rst 2+ state with respect to the 0+ ground state, thus yielding too low deformationestimates from the Grodzins rule. Nazarewicz et al. [4] predicted an oblate (� � �0:35)ground state of 72Kr (N = Z = 36) coexisting with a strongly deformed prolate band.It is directly seen from Figure 3 that the mean square charge radius con�rms the largedeformation, but it can not distinguish between prolate or oblate shape. An analysis ofthe low-lying level structure by Dejbakhsh et al. [53] is at least consistent with the as-sumption of a reversal of the prolate and oblate 0+ levels in 72Kr compared to the heavierisotopes. Another remarkable observation in the region of light krypton isotopes is theinversion of the odd-even staggering below the neutron number N = 45. This meansthat in contrast to the usual behaviour the radii of the odd isotopes are larger than themean values of their even neighbours. The same e�ect has already been noticed in the Srisotones [9]. An explanation could be found in the inuence of the odd neutron on thesoft even-even core, stabilizing a well de�ned strongly prolate shape of the ground state.A detailed discussion of this subject will be presented in a separate publication [54].4.2 Spins and momentsThe spins and moments of all krypton isotopes investigated are listed in Tables 1 and 2and shown in Figure 5. Previously the spins had been known { from nuclear spectroscopyor hyper�ne structure measurements { for the ground states and isomers in the sequence77 � A � 87. Ambiguous spin assignments were made for 75Kr [55] and 89Kr [56], andno values have been existing in the literature for 91;93;95Kr. The spins together with themagnetic moments reveal near spherical shell model states built on the 1g9=2, 2p1=2, 2d5=2and 3s1=2 neutron con�gurations (in some cases coupled to I = j � 1) as well as stronglydeformed Nilsson states.The I = 9=2 ground states of 83;85Kr can be described by rather pure g9=2 con�g-urations. Their magnetic moments are about half the Schmidt value of �1:91�N . Theabsolute values increase towards the N = 50 shell closure, because the quenching dueto the contribution of core polarization is reduced. The change in the spectroscopicquadrupole moments corresponds to the trend of the single-particle values. The N = 45isotope 81Kr and the isomer 79mKr have the spin I = 7=2. As in 83Sr this corresponds toan anomalously coupled (g9=23)7=2 con�guration [8]. This assumption is supported by thenuclear moments. The g-factors should be nearly independent of the coupling of identicalnucleons. This is in accordance with the experimental values for the I = 7=2 states,gI(81Kr) = �0:2594(6) and gI(79mKr) = �0:2247(6), compared to those of the ordinarilycoupled I = 9=2 states, gI(83Kr) = �0:2157109(7) and gI(85Kr) = �0:2234(4). A dressedthree quasiparticle calculation [57] also yields gI = �0:22 for the excited (g9=23)7=2 statein 83Kr, compared to the experimental value of gI = �0:268(1). The electric quadrupolemoment of 81Kr, Qs(81Kr) = 0:64(7) barn, is somewhat larger than the values for 83Kr and85Kr. This is not unexpected as it is known that the anomalous coupling to the I = 7=2state results in an enhanced collectivity [58]. The spectroscopic quadrupole moments inthe transitional region depend sensitively on the coupling between the single-particle andcollective motion. Therefore, it is di�cult to interpret the relatively small quadrupolemoment of 0:40(4) barn for 79mKr without detailed nuclear model calculations. Con-cerning the radii there is at least a pronounced di�erence between 79mKr for which theodd-even staggering is normal (i.e. the radius is smaller than the mean of the adjacent



10even isotopes) and 81Kr for which the staggering is inverted. In terms of deformationthis corresponds to the trends of the quadrupole moments. The group of I = 1=2 nu-clei consisting of the ground state of 79Kr and the isomers 81m;83m;85mKr are assigned tothe p1=2 shell. All these magnetic moments are very close to the single particle value of�s:p: = 0:638�N , and they increase only slightly while approaching the shell closure. Thisis a characteristic property of the p1=2 states which are nearly una�ected by con�gurationmixing and mesonic contributions [59]. From a calculation by Nazarewicz et al. [4] the1=2� ground state of 79Kr is predicted to be dominated by the [301 1=2] Nilsson orbital(corresponding to p1=2), either prolate with �2 = 0:25 or oblate with �2 = �0:14. Themagnetic moment is not sensitive enough to deformation to decide upon the proper choicebetween these two possibilities. However, from the radii the assignment of the strongerdeformed prolate state should be favoured. Above the N = 50 shell closure up to theN = 56 subshell closure the nuclei belong clearly to the d5=2 con�guration. The I = 5=2ground states of 87Kr and 91Kr are assigned to a d5=2 single neutron (particle or hole)state. The magnetic moment of 87Kr has been calculated by Nag and Pal [60]. Theyinclude core polarization and an exchange magnetic moment correction to the single par-ticle moment. The theoretical result of �I(87Kr) = �1:1207�N is in fair agreement withthe experimental value of �1:023(2)�N . For 91Kr, the magnetic moment is �0:583(2)�N .Such a decrease in the absolute value with the number of neutrons in the open d5=2 shell ispartly attributed to con�guration mixing with 1+ states created by excitations from thed5=2 to the d3=2 shell. The spectroscopic quadrupole moment of the d5=2 isotopes changessign from negative to positive as the d5=2 shell is �lling up. This e�ect is reproduced bythe single particle formula Qs:p: = 2j � 12j + 2 hr2i 2j + 1� 2n2j � 1 (11)with the occupation number n. Even quantitatively the ratio Qs(87Kr)Qs(91Kr) = �1:00(3) agreeswith the single-particle approach yielding a ratio of �1. As usual the experimentalquadrupole moments are a factor of 2 larger than those predicted by eq. (11). Theground state spin of 89Kr has been determined to be 3=2, while former experiments gaveno �rm spin assignment [56]. In contrast to the other N = 45 isotones, the (d5=23)3=2cluster state becomes lower in energy than the d5=2 single particle con�guration, but thedi�erence in energy of these two states is only 29 keV [56]. The magnetic moment of the3=2+ ground state is relatively small. The g-factor should be similar to those of the singled5=2 neutron states. The experiment yields gI (89Kr) = �0:220(2)�N which is about 30%of the single particle value gs:p: = �0:765�N as in 91Kr. The electric quadrupole momentis close to zero, in accordance with the shell-model estimate for the (d5=23)3=2 con�gura-tion [61]. The N = 57 and N = 59 isotopes, 93Kr and 95Kr, have the spin I = 1=2. This isexpected for near-spherical ground states, because the macroscopic-microscopic model [3]as well as Hartree-Fock plus BCS calculations [10] yield the s1=2 level lowest in energyabove the N = 56 subshell closure. The assumption of a near-spherical shape is alsosupported by the slowly increasing collective contribution to the radii. The assignment ofan s1=2 con�guration is not in contradiction to the very small magnetic moments (about20% of the single particle value of �1:91�N ) which can be explained by quenching dueto con�guration mixing. The g9=2 and d5=2 neutron shells as well as the p3=2 proton shellare completely occupied, while the corresponding spin-orbit partners with j = l � 1=2are empty. Thus a large number of particles is available for M1-excitations of the core.



11In 93;95Kr the quenching is even stronger than in the Sr isotones [10], which might becaused by the additional degrees of freedom due to the holes in the f5=2 proton shell. Thevery neutron de�cient isotopes 75;77Kr turn out to be the only well deformed odd nucleiinvestigated in this experiment. Their ground states of I = 5=2 can be associated withthe [422 5=2] Nilsson orbital originating from the g9=2 shell. According to the calculationof Nazarewicz et al. [4] these states have deformations of �2 = 0:38 (75Kr) and �2 = 0:34(77Kr). For 77Kr the 3=2� state corresponding to [301 3=2] from the f5=2 con�guration(observed at 65 keV) is expected to become the ground state. Assuming strong couplingthe intrinsic quadrupole moments Q0 = 3:1(4) barn (corresponding to �2 = 0:43(5)) for75Kr and Q0 = 2:6(3) barn (corresponding to �2 = 0:37(4)) for 77Kr are derived fromQs. This indicates a larger deformation for 75Kr, which is also reected in the evolu-tion of the rms radii. The large inverted odd-even staggering of this nucleus indicates adeformation-stabilizing e�ect of the unpaired neutron that has been discussed in connec-tion with nuclear spectroscopy work (see references in [55]). The quadrupole moment of77Sr [12] is about 30 % larger than for the isotone 75Kr. This indicates a deformationdi�erence which is also suggested by the results of theoretical calculations [4], though toa much smaller extent. A similar di�erence for N=41 between 79Sr and 77Kr seems tobe responsible for the [422 5/2] ground state in 77Kr instead of the theoretically expected[301 3/2] (ref. [4]) that is found experimentally in 79Sr. On the other hand, the comparisonof spectroscopic quadrupole moments of di�erent elements is subject to the independentcalibration errors assumed to be nearly 10 % each. The magnetic moments of both thesekrypton isotopes are almost identical and about 60 % larger than for the N = 39 isotone77Sr. Particle-rotor calculations performed for 77Sr [12] reproduce the krypton momentsmuch better than the strontium one. This is probably fortuitous, because a small mag-netic moment, in which the single-particle and collective contributions nearly cancel out,is very sensitive to small admixtures to the [422 5/2] main Nilsson wave function.5 ConclusionThe hyper�ne structure and isotope shift measurements on 24 krypton isotopes in theground state and 4 isomers extend far beyond the range of previous investigations coveringonly the stable and a few radioactive isotopes close to stability. The access to isotopesfar from stability has become possible due to the very sensitive spectroscopic techniquethat combines the advantages of collinear laser fast-beam spectroscopy with the e�cientdetection of ions [19]. The results comprise directly measured spins, magnetic dipole andelectric quadrupole moments and changes in the mean square charge radii for nearly allknown isotopes. Futhermore, 96Kr with the neutron numberN = 60 has been observed forthe �rst time. Together with the earlier laser spectroscopy work on strontium (77�100Sr)and rubidium (76�98Rb) the experiment provides a large basis of nuclear ground state datacovering the regions of particular interest around Z ' N ' 38 and N ' 60. The spins andmoments of the odd isotopes 79�95Kr reveal near spherical shell model states built on the2p1=2, 1g9=2, 2d5=2 and 3s1=2 con�gurations. The well deformed ground states of 75Kr and77Kr are assigned to a rather pure [422 5=2] Nilsson con�guration with prolate deformationof about �2 ' 0:35. The deformed shape is stabilized by the unpaired neutron, which isreected in slightly larger radii of the odd isotopes compared to their even neighbours [54].For the self-mirror nucleus 72Kr, the prediction of an oblate ground state can be neither



12con�rmed nor disproved. In any case, a possible oblate deformation would be as largeas the the obviously prolate one of the neighbouring isotopes. Apart from these details,the main features observed in the radii include the pronounced slope change at N = 50and the non-appearance of a strongly deformed ground state at N = 60. An abruptchange of shape at N = 60 occurs for all other elements around Z = 40 and should beexpected from theoretical calculations [2, 3] also for krypton. The absence of this e�ectis attributed to a reduced proton-neutron interaction for Z = 36 in comparison to theisotones with Z � 38. Commonly, the radii along a sequence of isotopes are (fairly well)described by the droplet model including quadrupole deformation from empirical data.While this approach is quite satisfactory for strongly deformed nuclei in comparison withthe spherical ones of closed neutron shells, it fails to reproduce the neighbourhood of theshell closures, where (dynamic) deformation represented by the B(E2; 2+ ! 0+) valuespasses through a shallow minimum, whereas the kink in the radii as a function of theneutron number would require a pronouned V-shaped behaviour. In other mass regions ithas been proposed to explain this so-called shell e�ect by (i) the combined e�ect of manymultipole orders in the zero-point motion of the nuclear charge distribution [62] or (ii)the admixture of the giant quadrupole resonance into the ground state [63]. Also the shelle�ect in the radii. Recently, it has been shown by Sharma et al. [49] that a relativisticmean �eld approach properly describes the development of the radii of Pb isotopes acrossthe N = 126 shell. Such calculations were also performed for krypton and strontium [50],reproducing the main features of the radii around N = 50 which are the subject of ourpresent discussion. An obvious di�culty, however, persists in the unclear relationshipbetween the di�erent aspects of the microscopic and collective descriptions.AcknowledgmentsWe are grateful for valuable discussions withM.M. Sharma, C. Ekstr�om and I. Ragnarsson,and with E.W. Otten whom we owe various kinds of support. Thanks are due to G.Fricke for communicating his data from muonic X-ray isotope shift measurements priorto publication. Two of us (P.L. and L.V.) are Postdoctoral Researchers of the BelgianNational Foundation for Scienti�c Research (NFWO). This work has been funded bythe German Federal Ministry for Research and Technology (BMFT) under the contractnumbers 06 MZ 188 I and 06 MZ 501 I.References[1] Proc. Int. Workshop on Nuclear Structure of the Zirconium region, Bad Honnef 1988,eds. J. Eberth, R.A. Meyer and K. Sistemich (Springer Verlag, Berlin 1988).[2] P. Bonche, H. Flocard, P.H. Heenen, S.J. Krieger and M.S. Weiss, Nucl. Phys. A443(1985) 39[3] R. Bengtsson, P. M�oller, J.R. Nix and Jing-ye Zhang, Physica Scripta 29 (1984) 402[4] W. Nazarewicz, J. Dudek, R. Bengtsson, T. Bengtsson and I. Ragnarsson, Nucl. Phys.A435 (1985) 397
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16FIGURE 1: Schematic view of the experimental setup. FIGURE 2: Experimental spectraof the hyper�ne structures of 95Kr and 93Kr measured by ion counting and of 89Kr mea-sured by conventional optical detection. The frequency resolution is 7.7 MHz/channel for93Kr and 95Kr, and 3.7 MHz/channel for 89Kr. FIGURE 3: Di�erences of mean chargeradii for the krypton isotopes relative to 86Kr. The uncertainty due to the electronicfactor E and the speci�c mass shift constant Ms is indicated by the two enveloping lines.Isodeformation lines and predictions from experimental �2 values are taken from the �niterange droplet model. The large error bars for 72;88;90;92;94Kr are due to the rough estimateof the quadrupole deformation from the energy of the �rst 2+ state. Open squares rep-resent the results of RMF calculations [50]. FIGURE 4: Radii of the krypton isotopes incomparison with those of strontium. The strontium values are taken from [10, 11, 12].FIGURE 5: Magnetic dipole moments and electric quadrupole moments of the kryptonisotopes in comparison with those of the isotones in strontium. The symbols for momentsbelonging to the same nuclear state are connected by lines.
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Table 1: A-factors and magnetic dipole moments of the odd-A krypton isotopes. TheA-factors are given in MHz. The magnetic moments are obtained with reference to thevalue for 83Kr given by Brinkman [24] including the diamagnetic correction from ref. [25].The errors of the magnetic moments consist of the statistical errors given for the A-factorsplus the estimated uncertainty accounting for hyper�ne structure anomalies (see text).Literature values of the hyper�ne structure constants are given for comparison.A I A(5s[3=2]2) A(5p[3=2]2) �I [�N ] ref.75 5/2 -240.2(1.2) -106.8(1.2) -0.531(4)77 5/2 -263.6(0.9) -117.5(0.9) -0.583(3)79 1/2 1212.2(1.1) 539.9(1.1) 0.536(2)79m 7/2 -254.1(0.4) -113.1(0.4) -0.786(2)81 7/2 -293.4(0.5) -130.5(0.4) -0.908(2)-294.02(27) � -0.909(4) [17]81m 1/2 1324.7(2.4) 589.1(2.4) 0.586(2)83 9/2 -243.8(0.3) -108.3(0.3) -0.970699(3)-243.970(4) � � [23]-243.9693(2) � � [22]-243.87(5) -108.49(12) � [17]83m 1/2 1335.8(2.8) 592.9(1.5) 0.591(2)85 9/2 -252.7(0.3) -112.5(0.4) -1.005(2)-252.81(8) -112.46(14) -1.0055(4) [17]-253.5(4) � -1.000(2) [14]85m 1/2 1432.2(1.6) 637.3(1.6) 0.633(2)87 5/2 -462.8(0.4) -205.9(0.4) -1.023(2)89 3/2 -248.4(0.4) -110.7(0.4) -0.330(3)91 5/2 -263.7(0.5) -117.6(0.5) -0.583(2)93 1/2 -934.1(1.0) -415.9(1.0) -0.413(2)95 1/2 -927.4(2.1) -412.5(1.7) -0.410(3)
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Table 2: B-factors and electric quadrupole moments of the odd-A krypton isotopes withI > 1=2. The B-factors are given in MHz. The additional error of 10% applied to thequadrupole moments accounts for the uncertainties in the evaluation of the electric �eldgradient and should include the missing Sternheimer shielding correction.A I B(5s[3=2]2) B(5p[3=2]2) Qs [barn] ref.75 5/2 -1995(10) -384(10) 1.12(12)77 5/2 -1663(8) -321(7) 0.94(10)79m 7/2 -710(7) -141(7) 0.40(4)81 7/2 -1128(4) -216(5) 0.64(7)-1117.2(48) 0.629(13) [17]83 9/2 -454(4) -86(5) 0.26(3)-452(12) � 0.251(5) [23]-452.170(4) � 0.270(13) [22]-453.1(7) -85.7(16) � [17]85 9/2 -774(5) -148(6) 0.44(5)-775.8(12) -154.0(23) 0.433(8) [17]-775.6(27) � 0.629(13) [14]87 5/2 528(3) 101(3) -0.30(3)89 3/2 -291.4(1.2) -56.6(1.4) 0.16(2)91 5/2 -531(4) -101(4) 0.30(3)



19Table 3: Isotope shifts ��86;A and di�erences in the mean square charge radii �hr2i86;A.Results of Gerhardt et al. [13], Schuessler et al. [15] and Cannon [16, 17] on isotopes closeto stability are given for comparison. Errors in parentheses are purely statistical. Theerrors quoted in square brackets include systematic errors from the voltage calibration ofthe isotope shift measurement, and those quoted in braces represent total errors of �hr2iincluding the uncertainties of the evaluation from the isotope shifts.A ��86;A[MHz] �hr2i86;A[fm2] ref.72 -278(11)[36] -0.168(18)[58]f16574 -335(3)[24] 0.030(5)[40]f109g75 -421(5)[24] 0.221(7)[39]f79g76 -352(3)[21] 0.156(4)[34]f75g77 -356(3)[19] 0.209(5)[31]f60g78 -305(2)[16] 0.172(3)[26]f52g-304.3(4.0) 0.122(7) [15]-306.8(1.9) � [16]� 0.126 [13]79 -276(3)[15] 0.168(4)[24]f47g79m -250(3)[15] 0.126(4)[24]f49g80 -216(4)[14] 0.114(7)[24]f44g-221.6(4.0) 0.088(7) [15]-221.3(1.7) � [16]� 0.087 [13]81 -181(2)[11] 0.099(4)[18]f34g81m -170(5)[14] 0.080(8)[22]f41g82 -139(2)[9] 0.071(3)[14]f28g-141.6(4.0) 0.053(7) [15]-142.7(1.6) � [16]� 0.054 [13]83 -89.5(1.8)[6.9] 0.031(3)[11]f24g-90.2(6.0) 0.015(10) [15]-94.1(1.4) � [17]83m -93(4)[9] 0.037(6)[14]f26g84 -72.4(5)[3.8] 0.042(1)[6]f12g-73.3(4.0) 0.033(7) [15]-73.4(1.1) � [16]� 0.033 [13]85 -29(3)[5] 0.009(4)[7]f11g-33.5(3.3) � [17, 16]85m -6(3)[5] -0.028(5)[8]f17g86 0 087 -53.3(1.7)[3.4] 0.125(3)[6]f26g88 -126(3)[6] 0.282(4)[10]f53g-132.5(8.0) 0.304(13) [15]89 -164(3)[8] 0.379(4)[12]f71g90 -213(6)[13] 0.495(10)[21]f99g-244.0(8.0) 0.570(13) [15]91 -254(4)[12] 0.597(6)[20]f114g92 -327(3)[13] 0.751(5)[22]f139g93 -344(3)[15] 0.811(4)[23]f151g94 -432(3)[17] 0.989(4)[26]f180g95 -447(2)[18] 1.045(3)[29]f194g96 -533(6)[24] 1.217(10)[40]f229g


