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SUPERDEFORMATION AND PROLATE�OBLATECOMPETITION IN Tl NUCLEI�W. Reviol, L.L. Riedinger, B.H. Smith, C.R. Bingham,W. WeintraubUniversity of Tennessee, Knoxville, TN 37996, USAM.P. Carpenter, R.V.F. Janssens, S.M. Fisher, D. Nisius,D. SeweryniakArgonne National Laboratory, Argonne, IL 60439, USAD. Jenkins, R. Wadsworth, A.N. WilsonUniversity of York, Heslington, Y01 5DD, UKand E.F. MooreNorth Carolina State University, Raleigh, NC 27708, USA(Reeived February 10, 1999)Spetrosopi studies of weakly populated proton i13=2 bands in su-perdeformed Tl nulei (around mass 190) and in the normally deformed,very light 183Tl nuleus are disussed. Among the results presented, the�rst measurement of a superdeformed quadrupole moment in an odd-Znuleus, 191Tl, is reported. The experiments were onduted with theGammasphere array as �stand-alone� devie and oupled with the ArgonneFragment Mass Analyzer.PACS numbers: 21.10.Re, 21.60.Cs, 23.20.Lv, 27.70.+q1. IntrodutionThe proton-rih nulei in the merury�lead region are well reognizedfor a multipliity of shapes [1℄. Superdeformed (SD) and well-deformed� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998. (723)



724 W. Reviol et al.prolate shapes have been observed to oexist with weakly-deformed oblate orspherial shapes, mainly in -ray spetrosopi work. Studies of the odd-ZTl nulei are important for our understanding of the nulear struture inthat eletromagneti transition rates (e.g. B(M1)/B(E2) ratios) and theway an odd proton ouples to the deformed even-even ore (e.g. signaturesplitting) are �ngerprints for the proton orbital at the Fermi level. Whetherthe nulear shape is in�uened by the odd-partile or not, is also a questionof great interest, partiularly for the strutures in the seond minimum.The most reent �nding in superdeformation studies for heavy nuleiare two SD bands in 189Tl [2℄, the presently lightest SD nuleus in themerury-lead region (neutron number N = 108). This data shed light onthe integrity of the seond minimum at the edge of the SD island and thusprovide an important test for model preditions (e.g. those in Ref. [3℄).However, the understanding of the underlying nulear struture will ratheradvane with a detailed spetrosopy in the SD well � i.e. by studyingthe more strongly populated bands loser to the enter of the island. Thesespetrosopi studies inlude preision lifetime measurements to investigatethe SD shape as a funtion of N or atomi number Z, measurements ofmagneti properties of SD states in odd-mass nulei to identify the ativeproton or neutron orbitals, and other topis. As an example, new results forthe SD bands in 191Tl are presented in this paper.An impressive new example for shape-oexistene at low exitation en-ergies is the reent observation of an exited, well-deformed prolate bandin 184Pb [4℄, a nuleus di�ult to aesss. Level systematis inluding theheavier 186;188Pb isotopes indiate that the prolate energy minimum appearsat the neutron i13=2 midshell (N = 103). The orresponding minimum inthe Hg isotopes is observed at the same neutron number [1℄. This behaviorof the even-even nulei is in aordane with preditions [1℄, while for theirTl isotones a further drop of the prolate states past midshell is expeted [5℄.An important test for this piture is the �rst study of the yrast sequene in183Tl [6℄ disussed hereafter.The measurements presented in this paper required a new-generationarray of Compton-suppressed Ge detetors and were arried out with Gam-masphere [7℄ during its stay at the Lawrene Berkeley National Laboratoryand most reently at the Argonne National Laboratory. While for the su-perdeformation studies a high detetion sensitivity based on a high-fold -ray oinidene measurement was imperative, the far-from-stability studyof a very light Tl isotope required reation hannel seletion by an exter-nal devie, namely the Argonne Fragment Mass Analyzer [8℄. These resultsare examples for the type of physis addressed in either the �rst phase ofGammasphere operation (at Berkeley) or its present phase (at Argonne).



Superdeformation and Prolate�Oblate Competition in Tl Nulei 7252. Superdeformation studiesExperiments on both 189Tl and 191Tl were performed at the 88-InhCylotron at Berkeley. The nulei of interest were populated in (HI,xn)reations. The pertinent information about the experiments is summarizedin Table I. Only prompt -ray oinidenes of fold 4 and higher were olletedwith the Gammasphere array that omprised between 93 and 102 detetorsat the time of the experiments. TABLE IExperimental onditions employed in the superdeformation studiesreation Ebeam target foil no. eventsa156Gd(37Cl,4n)189Tl 172 MeV self-supporting 7 �108174Yb(23Na,6n)191Tl 132 MeV self-supporting 1.5 �109159Tb(36S,4n)191Tl 165 MeV with Au bakingb 5 �109a 4 and higher foldb DSAM lifetime measurementIn the ourse of this work, a DSAM lifetime measurement has been ar-ried out for the two SD bands in 191Tl. These bands are viewed as signaturepartners [9℄ where eah sequene represents about 0:5% of the reation yield.Sample spetra of these bands are shown in Fig. 1. These histograms aresummed spetra for ounters at all detetor angles. For the transitions withE � 456 keV, the expeted line broadening (for pioseond level lifetimes)due to the slowing down of the reoils in the target baking is observed. As isustomary for weak -ray sequenes, a entroid shift analysis has been per-formed. From the peak entroids measured at �ve di�erent angle groups ofthe Gammasphere array, frations of the full Doppler shift were determinedaording to the �rst-order relation F (�) = (hEi � E0)=E0�0 os�. E0is the nominal (unshifted) -ray energy, and hEi the orresponding energymeasured at an average angle � representative for the group of detetors.The fator �0 refers to the intial veloity of the reoiling nuleus formed inthe enter of the target and was alulated to be �0 = 0:0182. In Fig. 2,these F (�) values are presented as a funtion of -ray energy for the tran-sitions in both bands. The instrinsi quadrupole moments Q0 of the twoSD bands have been extrated using the omputer ode FITFTAU [10℄. Inthis �tting proedure, two more free parameters have been used: a onstantsidefeeding quadrupole moment QSF representing feeder asades into eahSD state, and a �single� lifetime TSF as a one-step delay at the top of a feederasade. The slowing-down times in both the target and the Au baking have
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Fig. 1. Sum of triple-gated spetra obtained for the SD bands in 191Tl from thebaked target data. Transitions of the � = +1=2 and -1/2 band are indiated by�lled and open triangles, respetively, and labeled in keV. Prominent transitionsbetween normally deformed states near the yrast line are marked by �y�. Candidatesfor interband transitions linking the two bands are indiated by asterisks.been alulated with stopping powers provided by the ode TRIM [11℄. Theresults of these �ts to the F (�) data are illustrated by the urves plotted inFig. 2. The quoted errors for the Q0 values inlude the ovariane betweenall three �t parameters, but not the systemati unertainties assoiated withthe stopping powers.The quadrupole moments obtained for both bands, Q0 = 18:6+1:0�0:8 eband 17:7+0:8�1:0 eb are � as expeted � very similar and orrespond indeed toa SD rotor with a quadrupole deformation �2 � 0:47. This is the �rst mea-surement of the quadrupole moment in a SD band of an odd-Z nuleus inthe mass 190 region [12℄. Within the statistial unertainties, the Q0 valuesobtained for 191Tl agree with the quadrupole moments measured in the neig-boring nulei 190Hg [13℄ and 192;194Hg [10℄. For the purpose of a omparisonbetween the Tl and Hg isotopes, one has to ignore the systemati uner-tainties in these data assoiated with di�erent atomi numbers and reoilveloities (in all these experiments Au baking was used). However, thesedisrepanies in the stopping powers are rather minor sine the reationsthat have been used are similar, partiular those for 190Hg [13℄ and 191Tl.It is safe to onlude that the SD Hg �ore� is not muh polarized by the
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Fig. 2. Measured frational Doppler shifts F (�) for -rays in the two SD bands of191Tl versus transition energies. The solid and dashed urves represent the best �tsorresponding to the Q0 values given for the � = +1=2 and -1/2 band, respetively.additional proton. Interestingly, there is no measurable deformation hangebetween the 190;192;194Hg isotopes either. The SD shapes in the mass 190region seem to be remarkably onstant with respet to variations of both Nand Z.As earlier mentioned in this paper and �rst reported in Refs. [14, 15℄,M1 linking transitions between signature partner SD bands are observedin several Tl nulei. The ourrene of M1 transitions between SD statesis a speial feature of the mass 190 region. It is related to the fat thatthe SD bands there appear at onsiderably lower spins (down to � 10~)and smaller transition energies than omparable bands in e.g. the mass 150region (> 20~). Thus, for SD strutures with medium or high K and largeg-fator, M1 transitions beome nearly ompetitive with the E2 transitionsat the bottom of the sequene. Between the two SD bands in 191Tl ross-talk is observed, like in the heavier Tl isotopes. Some of the orrespondinginterband transitions, weakly seen in the energy range between 130 and230 keV [9℄, are indiated in Fig. 1. The di�erent multipolarities of inband(� I = 1) and interband transitions (� I = 2) are inferred from a diretionalorrelation analysis. Assuming for the interband transitions M1 harater,one may arrange all these transitions in the level sheme shown in Fig. 3. The



728 W. Reviol et al.suggested spins in Fig. 3 are obtained with the �tting proedure desribed inRef. [16℄. This proedure yields a di�erene of 1 ~ between the spins of thelevels in both bands, supporting the interpretation of the two SD bands assignature partners. The size of the signature splitting between these bands isnear to zero for rotational frequenies ~! < 0:2MeV and, thus, similar to thesplittings of the yrast SD bands in the neighboring nulei 193;195Tl [14, 15℄.By omparison with ranked shell model alulations, only the proton i13=2(
 = 5=2) orbital mathes up with a signature splitting behavior seen in thedata.

Fig. 3. Part of the proposed level sheme for the SD states in 191Tl. Favored(unfavored) signature is denoted by � = +1=2 (� = �1=2). The suggested spinsare obtained based on a �tting proedure (see text).The analysis of the magneti properties of the signature partner bandsin 191Tl veri�es that the 81st proton oupies the i13=2[642℄5/2 Nilsson level.Under the assumption that for these SD bands the strong oupling limit isvalid, (gK � gR)K=Q0 values have been extrated for several of their stateswhereM1-to-E2 branhing ratios ould be measured (for details see Ref. [9℄).These values an be ompared with alulations by Semmes et al. [17℄ inthe following way. Taking a quadrupole moment 16.7 eb � Q0 � 19.6 eb,whih is the range of the quadrupole moments measured for both bands,and the gR-fator equal to Z=A, the theoretial (gK � gR)K=Q0 values forgK = 1:45 ([642℄5/2) [17℄ agree with the data, while the alternative high-Kon�guration ([514℄9/2) is ruled out. The same proton i13=2 on�gurationassignment has been reported for the signature partner SD bands in 193;195Tl[14, 15℄. However, with the measured quadrupole moments of the bands in191Tl the present result is obtained with a minimum of assumptions.



Superdeformation and Prolate�Oblate Competition in Tl Nulei 7293. Study of 183Tl � spetrosopy beyond the neutron midshellThe yrast band in the lighter odd-mass Tl isotopes (A � 189) is basedon the i13=2[660℄1/2 proton intruder state (see e.g. Ref. [5℄). This low-Kstruture is typially observed in one signature only, onsistent with an ex-peted large signature splitting. Due to its large downward slope in theprolate setor of the Nilsson diagram, the [660℄1/2 is expeted to drive thequadrupole deformation (�2 � 0:25). The i13=2 yrast band feeds into a lower-lying struture based on a h9=2[505℄9/2 isomeri state that is assoiated witha weakly-deformed oblate shape (�2 � �0:15). Thus, the yrast line in theTl isotopes above the 9=2� state resembles the yrast spetrum observed theneighboring Hg isotopes. Previous to this work, 185Tl has been the lightestTl isotope measured in-beam [5℄. Studies of the next lighter isotopes beomeinreasingly di�ult as the HI-indued reations required to produe themare overwhelmed by the �ssion proess that introdues a large bakgroundin the -ray spetra.In a reent experiment with Gammasphere at the Fragment Mass Ana-lyzer (FMA), the 108Pd(78Kr,p2n) reation at 340 MeV was used to study183Tl. Prompt  radiation from the target was deteted with 97 Compton-suppressed Ge detetors four of whih were of planar type. The FMA wasused to separate the evaporation residues from �ssion produts and primarybeam. These reoils were then mass-analyzed and subsequently implantedin a double-sided Si strip detetor. A total of � 108 events was reordedunder the trigger onditions, reoil-n (n � 1) or deay event in the stripdetetor. From the measured � deay yield, the ross setion of the hosenreation was estimated to be in the 100 �b range.It should be pointed out that the strongest line in the � deay of 183Tl(E� = 6:38 MeV) [18℄ represents a branh of only 1:5%. Thus, the presentresult is mainly based on the spetrosopy of 183Tl with mass identi�ationand Z-identi�ation by the X-ray yield. In Fig. 4 (top), a sample -rayoinidene spetrum attributed to 183Tl is shown. The level spaings of thenew sequene in 183Tl resemble the well-deformed (prolate) exited bands inadjaent nulei of Hg, Tl, and Pb, but its deay-out properties are di�erentfrom those ases in two respets.(1) The rotational-like sequene is observed from medium spin to the13=2+ state, as indiated by the level sheme inserted in the �gure, i.e.the population intensity stays within the band down to the bandhead.



730 W. Reviol et al.(2) Unlike in heavier Tl nulei, a strong -deay branh from the prolateband to a lower-lying-oblate struture is not observed. To highlightthese di�erenes, a spetrum of 185Tl [5℄ is shown in the bottom partof Fig. 4 for omparison. These features of the yrast spetrum of 183Tlindiate that the well-deformed band must be lower-lying with respetto the 9=2� isomeri state than in the heavier isotopes.
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Fig. 4. Top: Sample oinidene spetrum for 183Tl. The spetrum was reatedfrom gating on the 160 keV line in the mass 183 seleted -ray oinidene data.Members of the rotational band are labeled by their energies in keV, Tl X-raysare identi�ed as well. A tentative level sheme for 183Tl is shown where spins andparities are are assigned by analogy with yrast sequenes in neighboring isotopes.Bottom: Sample oinidene spetrum for 185Tl reprodued from Ref. [5℄ and apartial level sheme of this nuleus. The solid irles in this spetrum representontaminants from Coulomb exitation in the target.



Superdeformation and Prolate�Oblate Competition in Tl Nulei 731In the present level sheme of 183Tl it is not lear how the i13=2 banddeays and, therefore, upper and lower-limit estimates for the energy ofthe 13=2+ bandhead relative to the 9=2� isomeri state (oblate) have beenmade (95 keV � Erel � 424 keV [6℄). However, with the estimated upperlimit of 424 keV (Erel ' 603 keV in 185Tl [5℄), the basi onlusions for thei13=2 band in 183Tl are not a�eted by the unertainty for the deay out ofthe band. Possibly, the band in 183Tl deays via � emission to a deformed13=2+ state in the daughter nuleus 179Au; this possibilty is presently underinvestigation.From the bandhead systematis, it appears that the prolate minimum in183Tl drops signi�antly (by at least 180 keV) ompared to 185Tl and mini-mizes below midshell (N � 102). This is in ontrast to the trend observedfor the prolate strutures of the neighboring Hg and Pb nulei at midshell� even though all prolate shapes under onsideration are alulated to havea similar elongation and are more deformed than the lower-lying oblate orspherial strutures. It is obvious that the odd (i13=2) proton has onsid-erable impat on the formation of this (�2 � 0:25) prolate minimum and,perhaps, it polarizes somewhat the quadrupole ore.4. ConlusionsExperimental studies of SD bands in the mass 190 region have been dis-ussed with emphasis on reent results for Tl nulei. Detailed spetrosopy inthe seond well of 191Tl has led to a preise measurement of the quadrupolemoment. This result is an important addition to reent DSAM measure-ments in a series of Hg (and Pb) nulei. It strongly supports the piturethat the SD shape in the mass 190 region is very sti� with respet to protonnumber, neutron number, and orbital oupation. The magneti proper-ties for the signature partner SD bands in 191Tl have been measured aswell, requiring an i13=2 (
 = 5=2) on�guration assignment for these bands.Sine the same onlusion has been reahed earlier for the yrast SD bandsin 193;195Tl, a onsistent piture for proton exitations from the enter ofthe mass 190 island to its edges evolves. At normal prolate deformation,the i13=2 (
 = 1=2) intruder state plays a prominent role in the mass 180 to190 Tl isotopes. The yrast sequene in 183Tl has been studied for the �rsttime and a rotational-like asade down to the bandhead with spin 13=2+is observed. Beause of its �unusual� deay-out features, this asade rep-resents an extreme ase of prolate-oblate shape ompetition. It seems thatthe proton i13=2 (
 = 1=2) orbital has a real in�uene on the normal prolatedeformation in this region. In ontrast, the i13=2 (
 = 5=2) orbital does notin�uene muh the size of the superdeformation.
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