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OCTUPOLE CORRELATIONS AND DEFORMATIONIN Ba, La AND Pr�J.H. Hamiltona, Y.X. Luoa;b, J.K. Hwanga, E.F. JonesaA.V. Ramayyaa, S.H. Zhua;;d, P.M. Gorea, C.J. BeyeraJ. Kormikia, X.Q. Zhanga, T.N. Gintera, M.G. WangdJ.D. Colee, M.W. Drigerte, W.C. Maf , P.G. VarmettefG.M. Ter-Akopian a;;g Yu.Ts. Oganessiang, A.V. DanielgJ. Klimang;h, J.O. Rasmusseni, I.Y. LeeiR. Donangeloj, A.P. de Limakand GANDS95 CollaborationaDepartment of Physis and Astronomy, Vanderbilt UniversityNashville, TN 37235, USAbInstitute of Modern Physis, Lanzhou 730000, ChinaJoint Institute for Heavy Ion Researh, Oak Ridge, TN 37835, USAdPhysis Department, Tsinghua University, Beijing, ChinaeIdaho National Engineering and Environmental Lab., Idaho Falls, ID 83415, USAfDepartment of Physis, Mississippi State University, MS 39762, USAgJoint Institute for Nulear Researh, Dubna 141980, RussiahInstitute of Physis, Slovak Aademy of Sienes, Bratislava, SlovakiaiLawrene Berkeley National Laboratory, Berkeley, California 94720, USAjInstituto Fisia, Universidade Federal, Rio de Janeiro, BrazilkPhysis Department, University of Coimbra, P-3000, Coimbra, Portugal(Reeived November 2, 2000)Stable otupole deformation was predited and subsequently found toour entered around the reinforing shell gaps at Z = 56 and N = 88 for�3 ' 0:15. Evidene for stable otupole deformation is reviewed. Newresults in 145Ba and 141Ba are presented. Rotational enhanement of o-tupole deformation is found at intermittent spins in Ba and La nulei andthe quenhing of suh deformation at higher spins in 146Ba but not in 144Ba.Symmetri and asymmetri shapes oexist in 145Ba and 145La. Evidenefor otupole orrelation is found in 147Pr but only h11=2 bands are found in149;151Pr. The new 141Ba levels have two sets of two intertwined bands oflevels with the harateristis of otupole deformation as found in 143;145Ba,however, a problem ours with the assignment of parities in 141Ba.PACS numbers: 21.60.�n, 27.60.+j, 25.85.Ca, 21.20.Hw� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(957)



958 J.H. Hamilton et al.1. IntrodutionA new region of stable otupole deformation was proposed based ondeformed shell model alulations whih showed large shell gaps at Z = 56and N = 88 for �3 ' 0:15 [1,2℄. The shell gaps at the same large �3 forprotons and neutrons reinfore eah other to drive the nuleus to stableotupole deformation, another example of reinforing shell gaps [3,4℄. Statiotupole deformation in nulei ours when the Fermi level lies betweensingle partile orbitals with �N = 1;�L = 3 and �j = 3. For Z = 56 andN = 88, these orbitals are �d5=2; h11=2 and �f7=2; i13=2.The �rst evidene for otupole deformation in this region was reportedin 144;146Ba [5℄, 146Ce [6℄ and then in 148Nd [7℄. Leander et al. [8℄ pre-dited 145Ba to be a good andidate for otupole deformation. In deay [9℄and spontaneous �ssion studies [10-12℄, however, no evidene for otupoledeformation was found in 145Ba. The �rst evidene for otupole deforma-tion in an odd-A system was disovered in 143Ba [10,13℄. It was preditedtheoretially [15℄ that rotation ould enhane stable otupole deformationof intermediate spins and quenh it at higher spins and both behaviorsare observed [13℄. Evidene for otupole orrelations is observed in 139Xe,140;141;142Ba and 144Ce [10,12,14,16,17℄. The odd-Z 145;147La were reportedto have otupole orrelations [18℄. Our reent extension of the levels in145;147La to higher spins gives evidene for rotational enhanement of stableotupole deformation [19℄.We have found the �rst evidene of otupole deformation in 145Ba andexpanded information on 143Ba [20℄. A surprising new type of band struturewith equal kineti and dynami moments of inertia, both equal to the rigidbody value, is found in 145Ba. In 145La and 145Ba we �nd evidene for the o-existene of symmetri and asymmetri shapes to on�rm the long-standingtheoretial preditions [21,22℄. Reently we reinvestigated 141Ba [23℄. Twonew bands are observed and the pairs of bands now appear to be like thoseexpeted for stable otupole deformation with s = �i as found in 143;145Ba.However, there is one problem with this interpretation. The levels in Z = 59147;149;151Pr have been identi�ed. In 147Pr with N = 88, evidene for o-tupole orrelations and/or deformation is found but not in 149;151Pr [24℄.The nulei were studied in the spontaneous �ssion of 252Cf. Prompt�� oinidene studies were arried out with Gamma sphere with 72Compton-suppressed Ge detetors. A 28�Ci 252Cf soure was plaed atthe enter of Gamma sphere. Three-dimensional histograms (ubes) of theoinidene events were onstruted from three separate runs in 1995 (fordetails see [10,13℄).



Otupole Correlations and Deformation in Ba, La and Pr 9592. Otupole deformation and orrelations in Ba nuleiThe extended levels in 144;146Ba shown in Fig. 1 exhibit the lassi pat-tern of opposite parity levels onneted by enhaned E1 transitions. Crankedshell model alulations for the Ba�Ce nulei around N = 88 indiate that
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Fig. 1. Level shemes of 144;146Ba.



960 J.H. Hamilton et al.at intermediate spins the otupole deformation inreases and the otupoleminima are muh better separated. However, at higher spin and rotationalfrequeny the otupole deformation is predited to disappear. A transitionto �3 = 0 is expeted above ~! � 0:3 MeV after the alignment of the �i13=2and �h11=2 pairs [15℄. For 144Ba and 146Ba, the ground bands are rossed(sharp upbends in J1) above spin 12+ and 10+ in 144;146Ba, respetively.Intertwined onneting transitions are not seen above 10+ in 146Ba but areseen to 16+ in 144Ba. The J2 for the negative parity bands in 146Ba hasa sharp break at ~! = 0:3 while J2 in 144Ba is smooth to the highest spin(Fig. 2) [13℄. The 146Ba results are in agreement with the theoretial expe-tation of the vanishing of �3 above ~! = 0:3 MeV but not 144Ba. So theband rossings and quenhing of otupole deformation at higher spins aredi�erent in 144;146Ba.
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!!ωω���(MeV)Fig. 2. Negative parity band moments of inertia J2 as a funtion of ~! for even�evenBa nulei.In 143Ba we reported the �rst evidene for M1 and E1 transitions betweenthese s = �i doublets, to test their purity. Fig. 3 gives the new level shemefor 145Ba inluding 28 new transitions and 15 new levels. In 145Ba, two newolletive bands, band�1 beginning at 671.1 keV and band�5 at 1463.1 keV,were found. Between bands �1 and �2, and between �4 and �5, two sets ofintertwined, rossing transitions were assigned as E1 from systematis andthe measured total onversion oe�ient of the 126.5 keV transition whih isin agreement with an E1 value. The ground band is a strong oupled bandbased on a symmetri rotor shape. Based on systemati omparison withneighboring nulei 143;144;145Ba and intertwined strong rossing transitions
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Fig. 3. Level sheme of 145Ba.between bands 1 and 2 and bands 4 and 5 with B(E1)=B(E2) ratios similarto 143Ba, the J� of the 671.1 keV head of band 1 was assigned as (11/2+),and J� of the 1463.1 keV head of band 5 was assigned as (19=2�). The errorweighted average B(E1)=B(E2) values in 143Ba are 0:64(4)� 10�6 fm�2 fors = �i and 0:33(5)�10�6 fm�2 for s = +i, respetively, and for 145Ba 0.55(6)�10�6 fm�2 for s = �i and 0:36(5)� 10�6 fm�2 for s = +i. These omparefavorably with the average in 144Ba of 0:88(8)�10�6 fm�2 exluding the lowvalue for the 7� state. The similarity of these data support the 145Ba spinand parity assignments. These data indiate that the otupole orrelationsare very strong and lead to stable otupole deformation in both 143;145Ba.
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Fig. 5. Level sheme of 141Ba.New onneting transitions (E1) between band 1 and 3 were observed. Twonew bands, band 4 and 5, were identi�ed for the �rst time. Of partiularinterest is the observation of the new band 4. Five intertwined transitionswere found between band 4 and 3. A new, strong intensity rossover tran-sition of 870.4 keV was observed, onneting the bottom of band 4 with the1302.5 keV level of band 1.The 336.0 keV linking transition between band 4 and 3 supports a spinof 19/2 for the 2172.9 keV level of band 4. The strong 870.4 keV rossovertransition onneting the 1302.5 keV (15=2�) level and the 2172.9 keV levelsuggests that the 870.4 keV transition is most likely an E2 transition, andthus the two levels have the same parity (M2 multipolarity assignement tothis 870.4 keV transition would seem unlikely). So negative parity shouldbe assigned to the newly found band 4. Now three pairs of opposite par-ity bands are observed in 141Ba, but with only simplex quantum numbers = +i assigned to the pair onsisting of band 1 and 2, in ontrast with143;145Ba (20), where two parity doublet bands are observed with s = �i.B(E1)=B(E2) ratios for opposite parity pairs bands 1 and 2, bands 3 and4, and bands 1 and 3, range from 0.18 (3) to 1:18(4)(�10�6 fm�2) with anaverage value of 0:51(4) � 10�6 fm�2. These are ompatible with those in
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IFig. 6. Plot of �E vs spin I in 141Ba.the neighboring Ba isotopes given above. To study the stati or dynamiproperties of the otupole deformation, the energy displaement ÆE betweenthe opposite parity bandsÆE = E(I+)� 12 �E(I + 1)� +E(I � 1)+�and the orresponding rotational frequeny ratios!+(I)!�(I) = 2 [E(I + 1)+ �E(I � 1)+℄[E(I + 2)� �E(I � 2)�℄ ;were alulated and are shown in Figs. 6 and 7, respetively, with ompari-son to those of 143;145Ba. In the limit of stable otupole deformation ÆE and!+(I)=!�(I) should approah zero and unity, respetively [2℄. From Figs.6 and 7 it an be seen that exept for the s = +i doublet of 145Ba, ÆE andalso !+(I)=!�(I) show the same down-sloping and up-sloping variationswith inreasing spins, respetively. Of partiular interest is the pronounedbehavior of the newly found opposite parity band 4 and 3 in 141Ba, withÆE approahing zero line and the !+(I)=!�(I) remaining near unity overalmost all the observed spin range, indiating possible stable otupole de-formation. If the 870.4 keV transitions were not present, bands 4 and 3with positive and negative parity would have all the harateristis of thes = �i band with the same spins and opposite parities to those of the s = +ibands 1 and 2 as expeted for stable otupole deformation. It is not learwhih parities are orret for bands 3 and 4. All the data but the 870.4 keV
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Fig. 7. Rotational frequeny ratios vs spin I in 141Ba.transition strongly favor their being the s = �i bands. The 870.4 keV M2transition would have half life of the order of 10�9s. Suh a transition atthe bottom of a band might ompete with an E1 transition whih is typi-ally hindered by 102�105. So the parities of bands 3 and 4 are open. Insummary, the previously reported opposite parity bands 1 and 2, 1 and 3and the newly observed opposite parity bands 4 and 3 in 141Ba onneted byenhaned E1 transitions, are harateristi of otupole deformations and/ororrelations.3. Otupole deformation and orrelations in 145;147LaIn Fig. 8 are shown 11 new levels and 22 new transitions in 145La Z = 57,N = 88 mostly at high spin [19℄ beyond those reported in [18℄. The measuredonversion oe�ient veri�es the parity hange between bands �4 and �5.A new high-spin band �2 beginning at 2186.0 keV has intertwined rossingtransitions to band �1. In 147La, six new levels and 9 new transitions tohigh spins were seen beyond [18℄.Ground bands �2;�3 in 145Ba and �3;�4 in 145La to 19/2� are similarand likely originate from Coriolis-mixed �h9=2 and �f7=2 orbitals in 145Baand �g7=2 and �d5=2 orbitals in 145La built on a well-deformed symmetrirotor shape. The �I = 2 and �I = 1 transitions are olletively oupledwith signature splitting.Bands �1 (presumably originating from an h11=2 exitation) and �2 in145;147La are similar with enhaned rossing E1 transitions and suggest statiotupole deformation assigned s = +i with asymmetri shape.
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Fig. 8. Level sheme of 145La.From the 23/2+!19/2+ transition, J1 unbends sharply in band �4 butnot in band �5, suggesting the 19/2+ (or 23/2+) to 31/2+ levels are nota ontinuation of band �4. The B(E1)=B(E2) values of the s = �i dou-blet (bands �4;�5) in 145La, above 19/2+ are onstant and omparable toor larger than those in 144Ba, suggesting otupole deformation (or orrela-tion) from rotation enhanement above 19/2+ and a shift from symmetrito asymmetri shape.Below I� = (21=2+) in the s = +i doublet of 145La, low B(E1)=B(E2)values for bands �1 and �3 suggest weak otupole orrelations. The E2strengths around the band rossings are muh redued. Bands �1;�2 andbands �4 (at higher spins), �5 form the two sets of parity doublets seen instable otupole deformation.



Otupole Correlations and Deformation in Ba, La and Pr 967In summary, the new high spin states in 145;147La and 143;145Ba sup-port the existene of stable otupole deformation or at least strong otupoleorrelations in these nulei. These new data on�rm the long-standing the-oretial predition [3℄ of stable otupole deformation in 145Ba. The strong-oupling ground band and otupole deformation strutures in 145La and145Ba show ompetition and oexistene between symmetri and asymmet-ri shapes to on�rm the long standing theoretial prediations that suhoexistene ould our for ertain single partile orbitals [21,22℄. A newband with rigid body moments of inertia in 145Ba may be the �rst examplein neutron rih nulei of a pairing-free struture or of a type of superdeformedband. This new struture o�ers a hallenge for theory.4. Otupole orrelations in 147Pr and �h11=2 bands in 149;151PrNew transitions in 147;149;151Pr were disovered by gating on transitionsin the appropriate partner Y fragments and on a few low energy transitionsknown from 149;151Ce beta deay to 149;151Pr. The level shemes of thesethree isotopes are shown in Fig. 9 [24℄.The two new higher spin bands disovered in 149;151Pr resemble theground state rotational bands in 148;150Ce as seen by omparing their tran-sition energies. A proton h11=2 deoupled band was disovered in 147La withN = 90 [18,19℄. Therefore the bands in 149;151Pr an be understood asoupling of a h11=2 proton to the 148;150Ce ores. The h11=2 band in 149Prshows bak bending at ~! � 0:27 MeV, the same as in the proton h11=2band in 147La. Cranked shell model alulations [18℄ suggest this bakbend-ing at ~! � 0:27 MeV originates from alignment of the neutron i13=2 pair,not of the proton h11=2 pair whih ours at ~! � 0:40 MeV [19℄. TheB(E1)=B(E2) ratios of 0:33 � 10�6fm�2 for the 288:2(E1) and 381:6(E2)keV and 0:60 � 10�6fm�2 for 335:2(E1) and 453:7(E2) keV transitions in147Pr were extrated from oinidene spetra. The four B(E1)=B(E2) ra-tios for 146Ce go from 0.70 to 2.1 with average about 0:90� 10�6 fm�2. TheB(E1)=B(E2) ratios in 147Pr are smaller than those in 146Ce but still showde�nite enhanement of the E1 transitions.The absene of parity doublets in 147Ce with N = 89 [26℄ but seen in146Ce indiates that the addition of an odd neutron bloks the otupoleorrelations in 147Ce. The addition of a proton to 146Ce does not hangethe degree of otupole orrelation in 147Pr. The level sheme of 147Pr withN = 88 is very similar to that observed in 145La with N = 88 where otupoleorrelations are observed. The absene of parity doublets in 149;151Pr is ex-peted beause their ore nulei, 148;150Ce do not show otupole orrelations.Instead, in 149;151Pr, h11=2 deoupled bands are observed.
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Fig. 9. Level shemes of 147;149;151Pr.
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