
High-Spin Rotational Strutures in 76KrJ.J. Valiente-Dob�on,1, � C.E. Svensson,1, y C.D. O'Leary,2, z I. Ragnarsson,3 C. Andreoiu,1, 4 D.E. Appelbe,5R.A.E. Austin,6 G.C. Ball,7 J.A. Cameron,6 M.P. Carpenter,8 R.M. Clark,9 M. Cromaz,9 D. Dashdorj,10P. Fallon,9 P. Finlay,1 S.J. Freeman,8 P.E. Garrett,1, 7 A. G�orgen, G.F. Grinyer,1 D.F. Hodgson,7B. Hyland,1 D. Jenkins,2 F. Johnston-Theasby,2 P. Joshi,2 N.S. Kelsall,2 A.O. Mahiavelli,9F. Moore,8 G. Mukherjee,8 A.A. Phillips,1 W. Reviol,12 D. Sarantites,12 M.A. Shumaker,1D. Seweryniak,8 M.B. Smith,7 J.C. Waddington,6 R. Wadsworth,2 D. Ward,9 and S.J. Williams131Department of Physis, University of Guelph, Guelph, Ontario N1G 2W1, Canada2Department of Physis, University of York, Heslington, York YO10 5DD, UK3Department of Physis, Lund Institute of Tehnology, P.O. Box 118 S-221 00 Lund, Sweden4Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 3BX, UK5CLRC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, UK6Department of Physis and Astronomy, MMaster University, Hamilton, Ontario L8S 4K1, Canada7TRIUMF, 4004 Wesbrook Mall, Vanouver, British Columbia, V6T 2A3, Canada8Physis Division, Argonne National Laboratory, Argonne, Illinois 604399Lawrene Berkeley National Laboratory, Berkeley, California 9472010North Carolina State University, Raleigh, North Carolina 2769511CEA Salay, DAPNIA/SPhN, 91191 Gif-sur-Yvette Cedex, Frane12Department of Chemistry, Washington University, St. Louis MO 6313013Department of Physis, University of Surrey, Guildford GU2 7XH, UK(Dated: January 7, 2005)High-spin states in 7636Kr40 have been populated in the 40Ca(40Ca,4p)76Kr fusion-evaporationreation at a beam energy of 165 MeV, and studied using the Gammasphere and Miroballmulti-detetor arrays. The ground-state band and two signature-split negative parity bands of 76Krhave been extended to �30~. Lifetime measurements using the Doppler-shift attenuation methodshow that the transition quadrupole moment of these three bands derease as they approah theirmaximum-spin states. Two signatures of a new rotational struture with remarkably rigid rotationalbehavior have been identi�ed. The high-spin properties of these rotational bands are analyzed withinthe framework of on�guration-dependent ranked Nilsson-Strutinsky alulations.PACS numbers: 23.20.Lv, 27.50.+e, 21.10.Re, 21.60.Ev, 21.10.TgI. INTRODUCTIONThe proton-rih nuleus 7636Kr40 has long been knownto possess large deformations near its ground state [1℄.Numerous theoretial alulations [2, 3, 4, 5℄ suggest ahighly-deformed near-prolate shape for the ground stateof this nuleus, with an oblate minimum loated approx-imately 600 keV higher in energy. Indeed, lifetime mea-surements [5℄ for the low-spin states of the positive-parityground-state band have shown that the nuleus supportsa quadrupole deformation of j�2j�0.33 (under the as-sumption of an axial symmetri shape). This band haspreviously been observed to 24~ [5℄, with the sharp up-bend in its moment of inertia at a rotational frequeny!=0.65 MeV/~ attributed to an e�etively simultaneousrotational alignment of g9=2 protons and neutrons.The favoured negative-parity exited band (in the fol-lowing pages we will refer to this band as Band D)observed in 76Kr [5, 6, 7℄ has been assigned to the� Eletroni address: valiente�physis.uoguelph.ay Eletroni address: sven�physis.uoguelph.az Eletroni address: hristopher.oleary�physis.org

two-quasiproton on�guration based on the �[431℄ 32+ 
�[312℄ 32� Nilsson orbitals [5℄. This negative-parity se-quene has been observed to exhibit very large B(E2)strengths [6℄. Together with large values for, and a strongsimilarity between, its measured kinemati (=(1)) anddynami (=(2)) moments of inertia, these observationshave led to the inferene that this struture is among thebest examples of rigid, olletive rotation in the A�70{80 mass region. This rigid rotation has been attributedto the strong suppression of stati pairing orrelations re-sulting from the ombined e�ets of the low level densitylose to the large N;Z=38 shell gap at �2�0.35, and thebloking of the key [431℄ 32+ and [312℄ 32� proton orbitalsbelow this gap in the favoured negative-parity on�gura-tion [5, 7℄. The neutron alignment in this negative-parityband ours at a rotational frequeny !=0.75 MeV/~,approximately 0.1 MeV/~ higher than in the ground-state band, suggesting a small hange in equilibrium de-formation or residual neutron-proton interations for thisexited on�guration [5, 7℄.Reent work has established another signature-splitnegative-parity struture (in the following pages we willrefer to this band as Band E) in 76Kr to 13~ [8℄,with the onset of a rotational alignment observed at!=0.55 MeV/~. A detailed study of the properties of this



2band led to its assignment to a two-quasineutron on�g-uration based on the �[301℄ 32� 
 �[422℄ 52+ Nilsson or-bitals, with the alignment attributed to g9=2 protons [8℄.The same data also allowed the observation of a strongly-oupled, �I=1 band in 76Kr to 10+ [9℄. This latter stru-ture was assigned to a two-quasineutron on�gurationbased on a K� = 4+ oupling of the �[301℄ 32�
�[303℄ 52�Nilsson orbitals at a prolate deformation of �2�0.34.Lifetimes of the low-spin states in the ground-stateband for 76Kr have been previously studied up to spin10+ [5, 6, 10℄. Aording to Gross et al. [5℄ the transitionquadrupole moment, before the pair breaking, hangesfrom 2.90 eb for the 425 keV transition to 2.53 eb for the1189 keV transition, whih orresponds to an approx-imately onstant quadrupole deformation for this spinrange j�2j�0.33, if a prolate axial symmetri shape isonsidered. A few lifetimes for the low-spin transitionsin the negative-parity yrast band have been reported byPierey et al. [6℄. Nevertheless these lifetimes have tobe treated arefully, sine the detetor resolution in thisexperiment did not provide suÆiently lear Doppler pro-�les.The present artile reports on the extension to higherangular momenta of all of the previously observed bandsin 76Kr and the identi�ation of a new high-spin bandwith remarkably rigid rotational behavior. The life-times of the high-spin states of the ground-state bandand the two signature-split negative-parity yrast bandshave been measured using the Doppler shift attenua-tion method [11℄. These bands present a substantialloss of olletivity as they approah the highest-spinstates. The properties of all bands observed to high angu-lar momenta are ompared with on�guration-dependentranked Nilsson-Strutinsky (CNS) alulations withoutpairing [12, 13℄. These alulations provide a good de-sription of the observed high-spin behavior, and lead toon�guration assignments haraterized by the numberof g9=2 proton and neutron orbitals oupied at high an-gular momentum in eah band.II. EXPERIMENTHigh-spin states in 76Kr were populated via the40Ca(40Ca,4p)76Kr reation. A 165-MeV 40Ca beam wasprovided by the Atlas aelerator at Argonne NationalLaboratory. A thin- and a baked-target experiment wereperformed. The thin target was 350 �g/m2 40Ca sand-wihed between two 150 �g/m2 Au layers to preventoxidation during installation of the target in the vauumhamber. The baked target was a 225 �g/m2 40Ca layerevaporated onto a 13:9 mg/m2 Au baking. Gammarays were deteted with 99 Compton-suppressed HPGedetetors of theGammasphere array [14℄, in oinidenewith harged partiles deteted and identi�ed with the95-element CsI(Tl)Miroball detetor [15℄. The beamurrent was maintained at approximately 2.3 partile-nA, and a total of 1.5�109 and 4.5�108 partile{ o-
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FIG. 1: Gamma-ray spetra obtained by summing pairs ofdouble oinidene gates set on in-band transitions in a) theground-state band of 76Kr, b) the �=0 signature of Band C,and ) the �=1 signature of BandC. In eah ase, the in-bandtransitions are denoted by *.inidene events were reorded on magneti tape duringan 83- and 24-hour thin- and baked-target experiment,respetively. The hardware trigger required at least fourHPGe detetors (after Compton suppression) to �re inprompt oinidene in eah experiment.Gamma rays emitted in the deay of exited statesof 76Kr were isolated in the o�ine analysis by seletingevents in whih four protons were deteted in prompt o-inidene in the Miroball. Events in whih �ve pro-tons (populating 75Br), an alpha-partile and four pro-tons (72Se), or four protons and a neutron (75Kr), wereevaporated but one partile esaped detetion were re-moved from this data set by further requiring the sumof the kineti energies of the protons and the total -ray energy deteted in the Gammasphere to be on-sistent with the Q-value for the four-proton evaporationhannel [16℄. The seleted events were unfolded into athree-dimensional {{ oinidene ube in whih the-ray energies were Doppler-shift orreted on an event-by-event basis aording to the momentum vetors ofthe deteted protons [17℄. The Radware suite of pro-grams [18℄ was used to analyze this oinidene ube andestablish -ray oinidene relationships and the 76Kr de-ay sheme. With the same hannel seletion riteria, anasymmetri two-dimensional DCO (diretional orrela-tions from oriented states) matrix was also onstruted.Gamma rays deteted at angles between 79.2Æ and 100.8Ærelative to the beam axis were inremented on the x axisof this matrix, while those deteted at angles >142:6Æwere inremented on the y axis. As desribed in, forexample, Ref. [19℄ the ratio of the intensities of the o-inidene peaks at loations (1; 2) and (2; 1) in thismatrix, RDCO = I(1; 2)=I(2; 1), provides useful in-formation about transition multipolarities. In partiu-
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FIG. 2: Gamma-ray spetra obtained by summing pairs ofdouble oinidene gates set on in-band transitions in a) the�=0 signature of Band D, b) the �=1 signature of Band D,) the �=0 signature of Band E, and d) the �=1 signature ofBand E. In eah ase, the in-band transitions are denoted by*.lar, taking a known strethed quadrupole transition for1 yielded RDCO values of �1.0 and �0.55 when 2 wasa strethed quadrupole or strethed dipole transition, re-spetively.The thin-target data allowed the extration of the life-times from the states at the top of the rotational bands,where lifetimes are of the order of tens of femtoseonds.These states deay while the reoil ions are slowing downinside the thin 40Ca target. The entroid-shift Dopplerattenuation method [11℄, was used to measure the life-times of the high-spin states (I&18~) in the most stronglypopulated bands in 76Kr. In the analysis, the  rayswere Doppler orreted for a reoil veloity, �0, that or-responds to the veloity when the reoil was formed, asalulated aording to the kinematis of the reation.This Doppler-orreted data was sorted into 16 matries,one for eah of the 16 rings of Gammasphere, requiringthe oinidene between the detetors in one spei� ringand any other detetor. Eah of the spetra for the di�er-ent rings show that the -ray peaks are slightly shifted.The shift in the entroids of the -ray peaks shows thatthe -ray transitions were emitted while the reoil wasslowing down within the target. The mean instanta-neous reoil veloity �t for eah transition an be ob-tained measuring the entroid shifts of the peaks and theratio F (�) = �t=�0, an be de�ned. The stopping pow-ers were obtained using the SRIM-2003 ode [20℄. The�tting program takes into aount the initial momenta of

76Kr reoil, so no bias is introdued in the �t proeduredue to the angular dependene in the partile detetioneÆieny of Miroball. While a bias is introdued inthe momentum distribution of the reoils byMiroballdue to the partile-detetion angular dependene, it isimportant when � partiles are involved [21, 22℄, and itwas found to be negligible in the ase of protons [23℄.The baked-target data provided additional lifetime in-formation for the lower-spin states. Five matries similarto the thin-target data were produed, in this ase the re-quired angles to produe the matries were 31.7Æ, 37.4Æ,90.0Æ, 142.6Æ and 148.3Æ. The program Lineshape [24℄was used to alulate veloity distributions and �t theline shapes. The program Lineshape an only performalulations at three angles: one at forward angles, oneat 90.0Æ and another at bakward angles. In order toinrease the statistis at the forward and bakward an-gles, weighted averages of the 31.7Æ, 37.4Æ and 142.6Æ,148.3Æ angles were used. To simulate the slowing downproess the Ziegler and Chu stopping powers [25℄ wereused. The veloity distribution seen by the forward- andbakward-angle detetors as a funtion of time was al-ulated from 10,000 histories. The side feeding intensi-ties were extrated from the spetra generated at 90.0Æ.The program was modi�ed to take into aount the ini-tial momenta of 76Kr reoil resulting from the partileevaporation. III. RESULTSGamma-ray oinidene spetra for eah of the high-spin bands in 76Kr, obtained by summing all pairs oflean double oinidene gates set on in-band transitions,are shown in Figs. 1 and 2, while the deay sheme de-dued for 76Kr from the present work is shown in Fig. 3.The bands are labelled from A to E, in addition to theground-state band, in Fig. 3. These labels will be used torefer to the bands throughout the remainder of this pa-per. Tables I{VI summarize the measured data for eahband.The ground-state band of 76Kr had been observed to24~ in previous studies [5℄. We have extended this stru-ture to (30~) through the observation of 2406, 2793 and3207-keV transitions. As disussed in the next setion,the (30+) state represents the e�etive termination ofthis rotational band.Band A is the strongly-oupled band �rst identi�edby D�oring et al. [9℄ and tentatively established to 10+.The urrent data allows an extension of this strutureto 16+. This band was tentatively assigned positive par-ity by D�oring et al. [9℄. The DCO measurements pre-sented here for the ten transitions linking this band tothe remainder of the 76Kr deay sheme on�rm this as-signment. We note that, due to the lak of lean gatesamong the in-band quadrupole transitions, the DCO ra-tios for Band A presented in Table II were obtained withgates on the strong �I=1 ross-over transitions at low
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5TABLE I: Spins, parities, energies, transition intensities andDCO ratios for the ground-state band of 76Kr.iI�n Elvl (keV) E (keV) I RDCO � f I�n0+1 0 | | | | |2+1 425 425 100 0.881 0.008 0+14+1 1036 611 87 1.000 0.011 2+16+1 1862 826 60 1.069 0.013 4+18+1 2882 1021 43 1.098 0.016 6+110+1 4071 1189 36 1.100 0.018 8+112+1 5351 1280 25 gate | 10+114+1 6653 1302 17 1.06 0.02 12+116+1 8003 1350 13 1.00 0.03 14+118+1 9404 1400 8.8 0.99 0.04 16+120+1 10939 1536 6.3 1.10 0.04 18+122+1 12698 1759 4.3 1.13 0.07 20+124+1 14753 2055 2.6 1.09 0.08 22+126+1 17159 2406 1.2 1.11 0.13 24+128+1 19952 2793 0.5 1.06 0.28 26+1(30+2 ) 23159 3207 0.1 | | 28+1
TABLE II: Spins, parities, energies, transition intensities andDCO ratios for Band A of 76Kr.iI�n Elvl (keV) E (keV) I RDCOa � f I�n4+3 2846 223 0.3 | | 4�11112 3.9 1.68 0.07 3+11811 0.3 2.14 0.54 4+15+2 3097 252 1.5 1.02 0.07 4+3354 0.3 1.12 0.54 4�2412 0.8 2.17 0.22 5�11236 0.8 1.79 0.31 6+11363 0.2 | | 3+12062 1.0 1.51 0.22 4+16+3 3408 231 0.5 | | 6�1311 1.6 0.97 0.04 5+2461 0.5 1.16 0.13 5�2561 0.9 1.71 0.26 4+37+2 3784 686 0.9 1.73 0.26 5+2376 1.5 1.02 0.05 6+38+3 4220 436 1.1 0.94 0.05 7+2811 1.0 2.26 0.19 6+39+2 4702 919 1.2 2.18 0.16 7+2483 0.7 0.77 0.06 8+310+3 5243 541 0.5 0.93 0.09 9+21022 1.2 1.86 0.19 8+311+2 5798 1095 1.3 2.58 0.16 9+2555 0.5 1.21 0.14 10+312+3 6393 1150 1.2 2.37 0.20 10+3596 0.3 1.10 0.68 11+213+3 7036 1235 0.2 2.41 0.32 11+2643 0.5 1.07 0.14 12+314+3 7558 521 0.3 0.78 0.08 13+31165 0.8 1.68 0.35 12+316+4 8833 1275 0.3 2.51 0.65 14+3aGates on 252, 311, 376 keV \dipole" transitions.

spin, assumed to have dominant strethed M1 hara-ter. With these gates, the other ross-over transitionsgive DCO ratios of �1.0, as do the �I=1 linking transi-tions to the negative-parity bands, whih are assigned aspure strethed E1 transitions. Both the �I=2 in-bandtransitions and the �I=0 transitions linking to the neg-ative parity bands have DCO ratios of �2.0, as expetedfor strethed eletri quadrupole, and I!I eletri dipoletransitions, respetively. The �I=1 linking transitions tothe positive-parity bands give intermediate DCO ratios,suggesting mixed M1/E2 harater. Although a DCOratio ould not be reliably extrated for the weak �I=2,1363-keV transition from the 3097-keV state of this BandA (assigned I�=5+) to the yrast 3+ state. It should benotied that the existene of this transition strongly sup-ports the positive-parity assignment for Band A, as anM2 transition would not be expeted to ompete with theother linking transitions. Although the disussion in thefollowing setion will fous primarily on the propertiesof the bands observed in the high-spin region (I�18~),we note that Tripathy et al. [26℄ have reently studiedthe struture of Band A using a deformed on�guration-mixing shell model based on Hartree-Fok states. Theypredited levels of 13+3 and 14+3 at approximately 7.0 and7.5 MeV, respetively. The new levels identi�ed here or-respond extremely well with those preditions. As in thestudy by D�oring et al. [9℄, this band is interpreted as aK=4+ struture produed by a two-neutron exitation.The 3+, 5+ and 7+ states assigned to Band B havebeen observed in previous work [8℄. We have identi�edseven additional states built upon this struture, estab-lishing a rapid alignment of �3~ in this band at a ro-tational frequeny !=0.40 MeV/~. In previous work [8℄the 2+, 4+ and 6+ states in the even-spin sequene at1222, 1959 and 2765 keV were interpreted in terms of a -vibrational struture [4℄, with the 8+ and 10+ states builtupon this struture at 3573 and 4436 keV. We have on-�rmed these levels, and extended the band to I�=20+. Inontrast to its odd-spin partner, no signi�ant alignmentproess is observed in the even spin sequene.Band C has been observed for the �rst time in thepresent study. Gamma-ray spetra for the two signaturesof this band are shown in Figs. 1 b) and ), respetively,while the data for the band is presented in Table IV.This was the most weakly populated of the high-spinbands observed in the present work, and de�nite spinand parity assignments were therefore not possible. Onesignature of Band C is tentatively linked to the ground-state band by a single 1257-keV transition. Figure 4 a)shows the sum -ray spetrum obtained from a double o-inidene gate set on this linking transition and the 1001and 1192-keV transitions of Band C, meanwhile Fig. 4 b)shows the 1257-keV linking transition when a double o-inidene gate is set on the two lowest transitions (1001and 1192 keV) of Band C. All of the other transitions inBand C, as well as transitions in the ground-state bandup to 1280-keV  ray an be seen in this spetrum. TheRDCO ratio for the 1257-keV transition is onsistent with



6TABLE III: Spins, parities, energies, transition intensities andDCO ratios for Band B of 76Kr.iI�n Elvl (keV) E (keV) I RDCO � f I�n2+2 1222 798 3.4 0.74 0.10 2+11222 2.6 1.07 0.18 0+13+1 1735 699 1.4 | | 4+11310 7.7 0.71 0.06 2+14+2 1959 737 3.1 0.97 0.11 2+2923 3.8 0.67 0.08 4+15+1 2455 720 3.9 1.09 0.08 3+11418 7.8 0.86 0.07 4+16+2 2765 806 3.3 1.00a 0.05 4+27+1 3335 880 3.2 0.98 0.05 5+11474 2.3 0.98 0.10 6+18+2 3573 808 2.1 1.00a 0.05 6+21712 4.0 1.05 0.09 6+19+1 4383 1047 3.3 gate | 7+11501 1.5 | | 8+110+2 4436 863 2.5 gate | 8+21554 4.6 | | 8+111+1 5591 1209 4.4 0.96 0.05 9+112+2 5569 1133 3.5 1.06 0.08 10+213+1 6939 1348 2.8 0.95 0.06 11+114+2 7037 1468 1.3 1.11 0.18 12+215+2 8434 1495 2.0 1.06 0.10 13+116+2 8670 1632 1.5 0.87 0.18 14+217+1 10053 1618 0.6 0.87 0.12 15+2(18+3 ) 10473 1804 1.9 | | 16+2(19+2 ) 11788 1735 0.3 | | 17+2(20+3 ) 12401 1927 0.3 | | (18+3 )(21+2 ) 13616 1828 0.2 | | (19+2 )adoubletTABLE IV: Spins, parities, energies, transition intensities andDCO ratios for Band C of 76Kr.iI�n Elvl (keV) E (keV) I RDCO � f I�n(12+4 ) 6608 1257 0.3 1.17 0.11 12+1(13+3 ) X+966 966 1.0 gate | (11+3 )(14+4 ) 7609 1001 0.4 gate | (12+4 )(15+2 ) X+2097 1131 0.4 0.96 0.11 (13+3 )(16+3 ) 8801 1192 1.0 1.12 0.07 (14+4 )(17+1 ) X+3390 1293 1.8 0.90 0.11 (15+2 )(18+2 ) 10142 1341 1.3 0.95 0.08 (16+4 )(19+1 ) X+4847 1457 1.2 0.83 0.12 (17+1 )(20+2 ) 11667 1525 1.2 1.06 0.11 (18+2 )(21+1 ) X+6472 1625 1.2 1.46 0.31 (19+1 )(22+2 ) 13389 1723 0.8 0.99 0.09 (20+2 )(23+1 ) X+8309 1837 0.8 1.11 0.20 (21+1 )(24+2 ) 15347 1958 0.8 1.23 0.16 (22+2 )(25+1 ) X+10382 2073 0.5 1.08 0.27 (23+1 )(26+2 ) 17551 2204 0.4 1.15 0.26 (24+2 )(27+1 ) X+12696 2314 0.3 | | (25+1 )(28+2 ) 20046 2495 0.2 | | (26+2 )(29+1 ) X+15234 2538 0.1 | | (27+1 )(30+1 ) 22791 2745 0.1 | | (28+2 )
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FIG. 4: Upper panel shows the sum of the bakground sub-trated -ray spetrum in oinidene with a double gate seton the 1001 and 1192 keV transitions in Band C and the 1257keV linking transition. Lower panel shows the bakgroundsubtrated -ray spetrum in oinidene with a double gateset on the 1001 and the 1192 keV transitions in Band C. The1257 keV transition links Band C and the ground-state band(GSB).either an �I=2 strethed quadrupole, or a �I=0 non-strethed predominantly dipole transition. If the formeris assigned, Band C would be yrast throughout the entirespin range over whih it was observed in this experiment,and its very weak population relative to the ground-stateband would then be diÆult to understand. We there-fore favour the latter hoie and have tentatively assigned(I�=12+) to the 6608-keV state of this band, althoughthis assignment must be onsidered unertain at the �2~level. For the signature partner, no linking transitionsould be established. The tentative (I�=11+) assign-ment for the lowest observed state of this signature isbased on the rigid rotational properties of the band, andthe similarity of the moments of inertia for the two sig-natures under this assignment, see Fig. 7. The exitationenergy of the odd-spin sequene is not determined exper-imentally, and the (11+) state is arbitrarily positioned at6.4 MeV exitation energy in Fig. 3, orresponding to asmall signature splitting. With the above assignments,band C is near-yrast at high spins, but beomes rapidlynon-yrast at low spins. This naturally aounts for thefragmentation of the deay out of this band at low spinthat prevented its onlusive linking into the remainderof the 76Kr level sheme.Previous work [5℄ established the negative-parity BandD to a tentative spin of 22~. In that work, the transitionfrom 19� to 17� was tentatively assigned as 1614 keV,while 1596 and 1697-keV transitions were proposed toextend the band from 18� to 22�. We have on�rmed the1596 and 1697-keV transitions in the even-spin sequene.The urrent data, however, indiate that a 1523-keV -ray (observed in Ref. [7℄ but assigned to the deay of the17� state) de-exites the 19� state, and that the 1614-keV transition rather de-exites the 21� state. As anbe seen in Fig. 2 a), this band, whih beomes yrast athigh spins, was very strongly populated in the present



7TABLE V: Spins, parities, energies, transition intensities andDCO ratios for Band D of 76Kr.iI�n Elvl (keV) E (keV) I RDCO � f I�n2�1 2228 1804 0.3 0.51 0.13 2+13�1 2260 1835 2.7 0.79 0.10 2+14�1 2623 395 1.3 0.88 0.09 2�1889 3.0 0.69 0.05 3+11587 5.0 0.79 0.09 4+15�1 2686 426 1.0 | | 3�11650 15.0 0.55 0.02 4+16�1 3177 554 3.8 0.94 0.03 4�1723 4.2 0.70 0.04 5+17�1 3291 606 8.5 0.97 0.02 5�11429 10.0 0.57 0.01 6+18�1 3903 568 1.5 0.64 0.06 7+1726 10.1 0.87 0.02 6�19�1 4076 785 12.8 gate | 7�110�1 4810 907 9.3 gate | 8�111�1 5056 979 10.7 1.07 0.02 9�112�1 5877 1067 9.4 1.04 0.02 10�113�1 6227 1171 9.5 0.99 0.02 11�114�1 7114 1237 7.5 1.03 0.03 12�115�1 7588 1361 8.4 1.05 0.03 13�116�1 8524 1411 6.7 1.12 0.04 14�117�1 9122 1534 5.6 1.07 0.04 15�118�1 10062 1538 5.3 1.07 0.04 16�119�1 10645 1523 3.4 1.03 0.04 17�120�1 11658 1596 2.4 1.22 0.09 18�121�1 12259 1614 3.4 0.99 0.04 19�122�1 13355 1697 1.9 1.12 0.09 20�123�1 14031 1772 2.5 1.07 0.07 21�124�1 15227 1873 1.3 0.97 0.09 22�125�1 16014 1983 1.8 1.05 0.09 23�126�1 17329 2102 0.9 1.12 0.16 24�127�1 18261 2247 1.2 1.26 0.16 25�128�1 19743 2414 0.5 1.04 0.19 26�129�1 20818 2558 0.6 1.09 0.21 27�1(30�1 ) 22585 2842 0.2 | | 28�1(31�1 ) 23746 2927 0.2 | | 29�1(32�1 ) 25870 3285 0.1 | | (30�1 )(33�1 ) 27087 3341 0.1 | | (31�1 )experiment. We have extended this band to 32~ and 33~in the �=0 and �=1 signatures, respetively. The twelvenew transitions are listed in Table V.Band E was populated in this experiment with approx-imately one third the intensity of Band D at the equiva-lent spins. Previous work had established this strutureto 13� [8℄. We agree with the previous assignments tothis band, and extend the signatures to 27~ and 28~,respetively, delineating the full rotational alignment at!=0.60 MeV/~ for the �rst time. The �fteen new tran-sitions are detailed in Table VI.In addition to the spetrosopi data presented above,the mean lifetimes of the high-spin states in the moststrongly populated bands (ground-state band and BandD) were measured using the Doppler-shift attenuationmethod. Previous to this study no lifetimes of high-spin

TABLE VI: Spins, parities, energies, transition intensities andDCO ratios for Band E of 76Kr.iI�n Elvl (keV) E (keV) I RDCO � f I�n4�2 2743 1009 1.0 0.64 0.08 3+15�2 2946 261 1.2 0.99 0.07 5�11084 3.1 0.55 0.04 6+16�2 3298 554 0.7 0.89 0.06 4�2675 2.9 0.81 0.04 4�11436 1.8 0.95 0.07 6+17�2 3577 285 0.8 | | 7�1630 1.7 gate | 5�28�2 4120 822 4.8 1.04 0.04 6�29�2 4473 896 3.5 1.04 0.05 7�210�2 5108 988 3.9 gate | 8�211�2 5532 1059 3.4 1.02 0.05 9�212�2 6220 1112 3.9 1.00 0.04 10�213�2 6685 1153 3.6 1.09 0.06 11�214�2 7437 1217 2.1 0.95 0.05 12�215�2 7874 1189 2.4 1.19 0.08 13�216�2 8719 1282 1.2 1.09 0.10 14�217�2 9221 1347 1.5 0.96 0.11 15�218�2 10136 1418 1.2 0.95 0.07 16�2(19�2 ) 10778 1556 0.6 0.80 0.22 17�220�2 11720 1584 1.0 0.86 0.05 18�2(21�2 ) 12496 1719 0.6 | | (19�2 )(22�2 ) 13501 1781 0.5 | | 20�2(23�2 ) 14443 1947 0.5 | | (21�2 )(24�2 ) 15505 2003 0.4 | | (22�2 )(25�2 ) 16653 2210 0.4 | | (23�2 )(26�2 ) 17861 2356 0.2 | | (24�2 )(27�2 ) 19174 2522 0.2 | | (25�2 )(28�2 ) 20539 2678 0.1 | | (26�2 )states above spin I�=10+ for the ground-state band [5℄and spin I�=13� for Band D (�=1) [6℄ were known.Figure 5 shows the experimental Doppler shifts, F (�)values, (�lled irles) for the transitions in the ground-state band as a funtion of -ray energy. The Dopplershifts were measured using the thin-target data, settinggates on the last three transitions at the top of theband. The side feeding into eah of these states as-sumes a rotational band sequene, with 4 transitions.The quadrupole moment of the side feeding bands washosen to be the same as in the band under onsideration.Figure 5 a) shows �tted urves for three onstant transi-tion quadrupole moments along the band, orrespondingto Qt=1.5, 2.0 and 2.5 eb. The dash line represents theonstant shift for deays that happen outside the thintarget. This plot illustrates that a reasonable �t of theexperimental data annot be obtained if a onstant Qtis onsidered for the entire band. If a Qt=1.5 eb is on-sidered, the high-spin transitions are well desribed buta lower F (�) value is predited, for the lower spin transi-tions. The opposite ours in the ase that a Qt=2.0 ebis onsidered. The lower spin states are well reproduedwhile the high-spin transitions are predited to be faster(larger F (�) values).To obtain a reasonable �t of the measured Doppler
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9TABLE VII: Transition quadrupole moments Qt for theground-state band and the Band D in 76Kr, dedued fromthe urrent data, as a funtion of spin.Band GSBiI�n E(keV) Qt (eb) f I�n30+2 3207 1.80�0:10 28+128+1 2793 2.00�0:10 26+126+1 2406 2.08�0:10 24+124+1 2055 2.15�0:10 22+122+1 1759 2.20�0:10 20+120+1 1536 2.25�0:10 18+118+1 1400 2.29�0:10 16+116+1 1350 | 14+114+1 1302 | 12+112+1 1280 | 10+110+1 1189 2.66+0:15�0:09 8+18+1 1021 2.77+0:02�0:15 6+16+1 825 2.81+0:06�0:10 4+1Band D � = 131�1 2927 2.20�0:10 29�129�1 2558 2.45�0:10 27�127�1 2247 2.55�0:10 25�125�1 1983 2.63�0:10 23�123�1 1772 2.70�0:10 21�121�1 1614 2.76�0:10 19�119�1 1523 2.81�0:10 17�117�1 1534 2.86�0:10 15�115�1 1361 | 13�113�1 1171 | 11�111�1 979 3.95+0:21�0:10 9�19�1 785 3.54+0:14�0:11 7�1Band D � = 030�1 2842 1.80�0:10 28�128�1 2414 2.10�0:10 26�126�1 2102 2.22�0:10 24�124�1 1873 2.32�0:10 22�122�1 1697 2.40�0:10 20�120�1 1596 2.47�0:10 18�118�1 1538 2.54�0:10 16�116�1 1411 2.59�0:10 14�114�1 1237 | 12�112�1 1067 5.34+0:28�0:44 10�110�1 907 3.48+0:17�0:13 8�1quenies, a harateristi feature of the inreasing energyost to build angular momentum as a band approahestermination and exhausts the spin ontent of its single-partile on�guration [27℄. With the exeption of thisgentle derease at high rotational frequeny, however,the onstany of the moment of inertia of Band C is re-markable. In ontrast to the other bands, no rotationalalignment proess is evident in the !=0.5{1.4 MeV/~ fre-queny range over whih Band C is observed. For BandD, the large kinemati moment of inertia at low spinshas been interpreted [5, 7℄ in terms of a drasti redu-tion in pairing orrelations in this on�guration due tothe bloking of the [431℄ 32+ and [312℄ 32� proton orbitalsand the low level density in the viinity of the large shell
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FIG. 9: a) Kinemati and b) dynami moments of inertia forBand E in 76Kr plotted versus rotational frequeny.gap at N;Z=38 for prolate deformations (see Fig. 1 inRef. [3℄). A modi�ed argument, involving the blokingof the [301℄ 32� and [422℄ 52+ neutron orbitals, applies toBand E. For Band C, the very large kinemati momentof inertia at low spin, its onstany with rotational fre-queny, and the absene of any alignment proess, sug-gest a omplete ollapse of stati pairing orrelations andan even more dramati example of rigid rotational behav-ior. The measured transition quadrupole moments of theground-state band and the negative-parity Band D showa lear evolution with spin, see Fig. 12 a). It an benoted that the Qt value dereases slightly after the bandrossing and from there onwards a ontinuous derease isobserved as the highest spins are approahed. This trendin the Qt value at high spin states indiates that band
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�f[(g 92 )4℄12[(f 52 ; p 32 )8℄4g16on�guration, where subsripts outside brakets desribethe angular momentum ontributed by all of the par-tiles outside the N=Z=28 56Ni ore. This onlusionis reinfored, as an be seen in Fig. 11, by the al-



11ulated evolution of the equilibrium nulear shape forthe [2,4℄ on�guration, whih evolves from prolate atlow spins, through triaxial shapes to a lose-to-oblate(=55Æ) I�=30+ state, showing still some olletivity atits maximum spin state. Comparing Figs. 10 a) and b),exellent agreement is found between the observed prop-erties of the ground-state band and the alulations forthe [2,4℄ on�guration in the high-spin (I�16{30~) re-gion, and the assigned 3207-keV transition at the topof this band an be onsidered as the observation of itshigh-spin termination. Nevertheless it an be noted thatfor spins up to I=16~, a more energetially favouredband is alulated, presenting a large negative  value.The alulations predit in addition two non-olletiveoblate states, for the [2,4℄ on�guration at lower en-ergy, namely at I�=16+ and 26+ (see Fig. 10 b), openirles). For the I�=26+ state the spin is built fromthe �f[(g 92 )2℄8[(f 52 ; p 32 )6℄4g12
 �f[(g 92 )4℄12[(f 52 ; p 32 )8℄2g14on�guration.In agreement with previous studies [5, 6, 7℄, thefavoured negative-parity on�guration, [3,4℄ in our nota-tion, involves a proton exitation and the oupation ofan additional proton g9=2 orbital relative to the ground-state band. As an be seen in Fig. 10, the observedhigh-spin properties of Band D ompare very favourablywith the alulated spin-dependene of this on�gura-tion. The deformation for both signature partners isvery similar. It evolves from =-40Æ up to large posi-tive  values in the spin range I�11{33~ but band ter-mination is not predited in either ase at their max-imum spins, see Fig. 11. Signature splitting at thehighest spins is observed to be somewhat smaller in ex-periment than predited by theory. The alulationspredit at a deformation of �=0.25{0.30 and =30{60Æ an energetially favoured band for the spin rangeI=22{32~, that terminates at Imax=32 and presents a�f[(g 92 )3℄10:5[(f 52 ; p 32 )5℄5:5g16
 �f[(g 92 )4℄12[(f 52 ; p 32 )6℄4g16on�guration.The next favoured negative-parity on�guration is la-belled [2,5℄ and involves a neutron exitation, with theoupation of an additional neutron g9=2 orbital relativeto the ground-state band. This on�guration orrespondsto that assigned to Band E by D�oring et al. [8℄, andFig. 10 shows a good agreement between the high-spinexperimental data for Band E and the CNS alulationsfor the [2,5℄ on�guration. Nevertheless it an be ob-served in Fig. 10, that the alulated urves for the [2,5℄on�guration show an energy inrease at I�23~, whileno real inrease is observed in the experimental urvesup to the highest observed spin values I=28~. A possi-ble explanation for this disagreement might be related tothe appearane of a band rossing at high spins. Con-�gurations with holes in f7=2 might beome ompetitivein energy at high spins, although with the urrent pa-rameters that have been used in these alulations, theseon�gurations lie higher in energy. A muh more ener-getially favoured on�guration that ould ross the [2,5℄on�guration at high spin is an exited [3,4℄ band, but

in this ase a non-smooth rossing, as it is observed ex-perimentally, is expeted when rossing the [2,5℄ and the[3,4℄ on�guration. The alulations do not predit bandtermination at its highest spin values Imax=31, 32~. In-stead the deformation for this band stays in the range=-15{30Æ. It an be noted, partiularly, the near signa-ture degeneray for the band at high spin in both theoryand experiment.The olletive bands whih appear lowest in energy inthe CNS alulations after those disussed above have thepositive-parity on�guration [3,5℄, and an be onsideredas the ombination of the proton and neutron exitationsinvolved in Bands D and E, respetively. The favouredband has a signature �=0, i.e. even spin states. Two�=1 bands of similar energy are then alulated, depend-ing on the hosen signature for the protons or neutrons,only one of the bands is drawn in Figs. 10 11. Althoughthe spins of the experimentally observed states in BandC have not been de�nitively established, the two signa-tures of this band are plotted in Fig. 10 a) with the tenta-tively assigned spin values disussed in the previous se-tion. With these spin assignments, exellent agreementbetween the properties of Band C and the alulationsfor the lowest pair of signatures for the [3,5℄ on�gura-tion is observed. The unertain exitation energy of theodd-spin sequene simply orresponds to a vertial shiftof this signature in Fig. 10 a). Calulations predit, as inthe ase of Band E, a olletive behaviour for the high-est spin values Imax=34, 35~. The assignment of the[3,5℄ on�guration to Band C also provides a natural ex-planation of the very rigid rotational properties for thisband shown in Fig. 7. In the negative-parity Bands Dand E, signi�ant redutions in pairing orrelations areassoiated with the bloking of proton orbitals just belowand neutron orbitals just above the N;Z=38 prolate shellgap, respetively. In the [3,5℄ on�guration, both of theseproton and neutron orbitals are bloked. Combined withthe already low-level densities at the proton and neutronFermi surfaes for 76Kr due to the large gap in the single-partile energy levels at N;Z=38, this bloking ouldlead to a omplete ollapse of stati pairing orrelationsalready at low spin values and the remarkably rigid rota-tional behavior of this band. As an be seen in Fig. 10 a),Band C is lose to yrast at the highest spins observedhere. At low spins, however, pairing orrelations beginto favour the other bands and Band C beomes highlynon-yrast, deaying out, presumably through fragmentedpathways, in the I�10~ region. Together, these proper-ties support the tentative spin assignments for Band Cgiven in Fig. 3, and provide a onsistent interpretation ofthe struture of this band based on the [3,5℄ on�gurationinvolving both proton and neutron exitations relative tothe ground-state band.It has been shown that, while the CNS alulationspresented in Fig. 10 provide a good desription of theangular-momentum dependene of the energies of the ex-perimentally observed bands at high spin, the relativeenergies of the various on�gurations reveal a system-



12
0.5

1.5

2.5

3.5

0.5

1.5

2.5

3.5

Q
t(e

b)

0.5

1.5

2.5

3.5

Q
t(e

b)

0.5

1.5

2.5

3.5

0.5

1.5

2.5

3.5

Q
t(e

b)

0.5

1.5

2.5

3.5

Q
t(e

b)

14 18 22 26 30
I( )

0.5

1.5

2.5

3.5

Q
t(e

b)

0.5

1.5

2.5

3.5

Q
t(e

b)

0.5

1.5

2.5

3.5

Q
t(e

b)

Ground-state Band
Band D (  = 1)
Band D (  = 0)

76Kr - CNS calc.

76Kr - exp.

a)

b)

FIG. 12: Top panel shows the measured transition quadrupolemoments Qt for the ground-state band and Band D. Lowerpanel shows the alulated Qt values for the [2,4℄ and [3,4℄on�gurations whih are interpreted as the ground-state bandand Band D, respetively.ati trend in whih on�gurations with more g9=2 orbitalsoupied appear lower in energy in experiment than intheory. A lear example of this behaviour an be seenwhen omparing the ground-state band and BandD. Theagreement between theory and experiment at high spinsin the ase of Band D, [3,4℄ on�guration, ould be im-proved if the [3,4℄ on�guration was lowered relative tothe ground-state band, [2,4℄ on�guration, and this ouldbe ahieved by lowering the g9=2 proton shell by approx-imatelly 0.5 MeV. The situation for the other observedbands is not so lear but it appears that if the neutrong9=2 shell was also lowered by the same energy, the bandswith many g9=2 partiles would be alulated too low inenergy. Similar observations regarding the energetis ofoupying the g9=2 orbital have been made for a numberof highly and superdeformed bands in the A�60 massregion [29, 30℄. Together with these observations, thepresent data on 76Kr provides additional support for anumber of reent studies [31, 32, 33℄ in whih it was on-luded that the g9=2 single-partile energy in this massregion is systematially plaed too high relative to thepf -shell orbitals in all of the standard parameterizations.Finally, Fig. 12 provides a omparison between the ex-perimental transition quadrupole moment Qt and thetheoretial Qt values for the high spin states of theground-state band and Band D as a funtion of spin.In the ase of the ground-state band the Qt value de-reases from �2.3 eb to 1.8 eb. For Band D, the derease

is larger and hanges from �2.8 eb to 2.2 eb (�=1) andfrom �2.5 eb to 1.8 eb (�=0). A similar trend of the Qtvalue as a funtion of spin has been previously observed,for terminating bands, in other mass regions, A�110 [34℄,A�60 [35℄. The CNS alulations performed to obtainthe Qt values are known to present some problems whenalulating transition probabilities, and therefore the al-ulated Qt values have to be treated with some au-tion when the band termination is approahed [13, 27℄.Keeping in mind the limitation in the alulations ofthe Qt values at high spin states, an still be observedthe general features of the Qt values as we go higher inspin. Both experimental and theoretial Qt values showa smooth drop as the band loses olletivity. The alu-lations yield Qt values that are generally larger at largenegative  deformation but smaller when the bands ap-proah termination at large positive  deformation.V. SUMMARYIn summary, high-spin states in 76Kr have been studiedin the fusion-evaporation reation 40Ca(40Ca,4p)76Kr us-ing Gammasphere and the Miroball multi-detetorarrays. The yrast band and two previously observednegative-parity bands in 76Kr have been extended toI�30~, and their lifetimes measured using the Dopplershift attenuation method. A new pair of signaturepartner bands have been identi�ed with remarkablyrigid rotational behavior. The high-spin propertiesof these bands were studied within the framework ofon�guration-dependent ranked Nilsson-Strutinsky al-ulations without pairing. Previous on�guration assign-ments for the ground-state and negative-parity bandswere on�rmed, and a onsistent interpretation of thenew band was ahieved based on a on�guration in whih3 g9=2 proton orbitals and 5 g9=2 neutron orbitals areoupied, i.e. involving both proton and neutron exi-tations relative to the ground-state band. The alu-lated transition quadrupole moments for the ground-state band and Band D present some di�erenes withthe experimental measured values in absolute sale, nev-ertheless both show a smooth derease as band termina-tion is approahed.ACKNOWLEDGMENTSWe would like to express our gratitude to the rewand sta� of Atlas faility, and to J. Greene of ANLfor his work in the preparation of targets for this ex-periment. This work has been partially supported bythe Natural Sienes and Engineering Researh Counilof Canada, the government of Ontario through a Pre-mier's Researh Exellene Award, the U.K. Engineer-ing and Physial Sienes Researh Counil, the SwedishSiene Researh Counil, and the U.S. Department of
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