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COMPETITION BETWEEN QUASI-MOLECULARRESONANCES AND FUSION�FISSION IN LIGHTDINUCLEAR SYSTEMS�C. BekInstitut de Reherhes Subatomiques, Université Louis PasteurStrasbourg, Frane(Reeived August 5, 1998)The results presented in this paper learly suggest that a oherentframework may exist whih onnets the topis of heavy-ion moleularresonanes, hyperdeformation e�ets, and �ssion shape isomerism. Newdata on partile-partile- triple oinidenes of the 28Si+28Si reation ata beam energy orresponding to the population of a onjetured J� = 38+resonane in 56Ni are presented. The absene of alignment of the spins ofthe outgoing fragments with respet to the orbital angular momentum isfound to be in ontrast with the alignment as measured for the 24Mg+24Mgresonanes. A moleular-model piture is presented to suggest a �butter-�y� motion of two oblate 28Si nulei interating in a equator-to-equatormoleular on�guration.PACS numbers: 25.70.Jj, 25.70.Gh, 24.60.DrThe interplay between the reation dynamis and the nulear strutureof the interating nulei in light heavy-ion systems (An � 60) has beenthe fous of a number of experimental and theoretial studies over the lastdeade [1�6℄. It has been established that the fusion-�ssion (FF) proess insuh light dinulear systems has to be taken into aount when exploringthe limitations of the omplete fusion proess at high exitation energiesand large angular momenta [2℄. The detailed analysis of mass distributionsand the systemati investigation of di�erent entrane hannels populating agiven ompound nuleus (CN) supports the FF piture. This is the ase forthe 47V nuleus as formed in statistial way by three di�erent reations [3℄.Another example is given in Fig. 1 for the neighbouring 48Cr CN as pop-ulated by two di�erent entrane hannels: 36Ar+12C [4℄ and 24Mg+24Mg� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1527)



1528 C. Bek[5℄ the third reation 32S+24Mg [6℄ leads to the 56Ni CN whih will be fur-ther investigated in this paper. The data [4�6℄ are plotted as solid points,whereas the histogramms are FF model preditions as alulated by usingthe sission-point piture [7℄. Transition-state model (TSM) alulations us-ing the saddle-point piture [6℄ give very similar results. Typial exitation-energy spetra for the 32S+24Mg reation are displayed for two bombardingenergies in Fig. 2 and well ompared with TSM alulations [6℄. The FFmehanism is known to play a signi�ant role at spins above the grazing an-gular momentum so that the nulear on�guration leading to the resonanebehavior is only slightly more extended than that of the nulear sission(saddle) point. In this paper we will report on very reent results showingfor the �rst time that there exists a strong overlap between the FF proessand the quasi-moleular resonant behavior in the interation between twolight nulei.

Fig. 1. Experimental mass distributions (solid points) as measured for (a) 36Ar+12Cat 188 MeV [4℄, (b) 24Mg+24Mg at 88.8 MeV [5℄, () 32S+24S at 142 MeV [6℄ andompared to sission-point model alulations (histogramms) using the ExtendedHauser�Feshbah Method [7℄. The input parameters were taken from ompletefusion data and from the FF systematis [1,3,14℄.



Competition Between Quasi-Moleular Resonanes... 1529Narrow-width resonanes in exitation funtions of 28Si + 28Si [8℄ and24Mg + 24Mg [9℄ elasti and several inelasti sattering yields were foundto be orrelated among these hannels and they were believed to be asso-iated with quasi-stable on�gurations with extreme deformation. Thesevery striking quasi-moleular resonant strutures are possibly onneted toa rather unusual subset of high-spin states stabilized against the mixing intothe more numerous CN states by some speial symmetry.
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Fig. 2. Exitation-energy spetra for the 28Si + 28Si exit-hannel for the 32S+24Mgreation at (a) 119.1 MeV and (b) 129.0 MeV [1,6℄. The urves orrespond TSMalulations [1℄ for �ssion deay to partile-bound states (solid urve) and for alldeays (dotted urve).This interpretation is supported by theoretial investigations indiatingthat shell-stabilized �hyperdeformed� shapes may exist in the 56Ni and 48Crnulei with large angular momenta [10℄. Spin-alignment measurements [11℄for the resonant 24Mg + 24Mg system [9℄ allow us to suggest a deformedon�guration (with an axis ratio of 3:0) for the 48Cr ompound system thatorresponds to two prolate deformed 24Mg nulei in a pole-to-pole arrange-ment. Due to the omplexity of the resonane struture, where several nar-row resonanes are found to be desribed by the same resonane spin, theirdeay properties are di�ult to be analysed within the Nilsson-Strutinskyapproah [10℄ alone. This resonant behavior might be, however, understoodin the framework of a moleular piture developed by Uegaki and Abe [12℄using the strong-oupling limit. The motion of the two interating 24Mg nu-



1530 C. Beklei in the 24Mg+ 24Mg ollision is here desribed with di�erent vibrationalexitations about the deformed equilibrium shape leading to a fragmenta-tion of the resonane strength for a given spin value. Similar alulationshave been done for the Si + Si system [13℄, however with di�erenes arisingbeause of the oblate deformation of the 28Si nuleus in its ground state.To explore these di�erenes and to further develop the properties of the28Si+28Si resonanes, an experimental study of the 28Si+28Si ollision at anenergy orresponding to a onjetured J� = 38+ resonane in 56Ni [8℄ hasbeen undertaken. This study was motivated in part by the developmentof a new generation of state-of-art 4� -ray detetor arrays that allows thehigh-preision measurements needed to determine the resonane properties.Fragment-fragment- triple oinidene events of the 28Si + 28Si reationhave been measured [14℄ at the VIVITRON Tandem faility at a resonaneenergy [8℄. TSM model alulations [6℄ have been performed in order towell separate the resonant yields from a strong FF �bakground� as shownin Fig. 3 for the exitation-energy spetrum of the 28Si+28Si exit-hannel.The full spetrosopy [14℄ of the 28Si exit-fragments shows that the resonant�signal�, as extrated from the Q-value spetra, is related to a long-liveddi-nulear system stabilized by a favorable oblate-oblate on�guration be-fore sission. Unexpeted spin-alignment results are shown in Fig. 4 forthe measured angular distributions (elasti, inelasti, and mutual exitationhannels) whih are well desribed by a single Legendre polynomial squaredof order L = 38.
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Fig. 3. Exitation-energy spetrum for the 28Si+28Si exit-hannel for the 28Si+28Sireation at 111.6 MeV [14℄. E�ieny orreted experimental data (solid points)are given as absolute ross setions. The urve orresponds to TSM alulations[1℄ for �ssion deay.
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1532 C. BekThree quantization axes have been de�ned as follows : (a) orresponds tothe beam axis, (b) axis normal to the sattering plane, and () axis perpen-diular to the (a) and (b) axes. The fragment detetors are plaed symmet-rially with respet to the beam axis so that the 28Si fragments are detetedin the angular region 88Æ � �:m: � 92Æ, then the () axis orresponds ap-proximatively to the moleular axis parallel to the relative vetor betweentheir two enters. The experimental results of the -ray angular orrelationsfor the mutual exitation exit-hannel 2+-2+ are shown in Fig. 5 as solidpoints. The minima observed in (a) and (b) at 90Æ imply that the intrinsispin vetors of the 2+ states lie in the reation plane and are perpendiularto the orbital angular momentum. The value of the angular momentumremains lose to L = 38~ for the two exit hannels, in agreement with thefragment-fragment angular distributions of Fig. 4. The feeding of the 28Sistates were also measured in this experiment [14℄. The study of the feed-ing of the bands of 28Si has revealed that the 28Si is dominated by oblatedeformation [14℄.
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Fig. 5. Experimental -ray angular orrelations of the mutual inelasti states(2+1 , 2+1 ) in the angular region 88Æ � �F:m:(28Si) � 92Æ of the 28Si + 28Si exit-hannel [14℄ for three quantization axes as de�ned in the text. The urves aremoleular-model preditions disussed in the text.



Competition Between Quasi-Moleular Resonanes... 1533The prolate-prolate system 24Mg + 24Mg has been shown to be har-aterised by spin alignment [11℄ in sharp ontrast with the present resultsof the oblate-oblate system 28Si + 28Si. Quasi-moleular resonanes in the28Si + 28Si and 24Mg + 24Mg ollisions are examined in the framework of themoleular model [12,13℄. The general ideas of the moleular model are basedon the following onsiderations : the ourene of elongated but stable din-ulear on�gurations and their harateristi normal-modes of motions atequilibrium may be linked to the observed resonant strutures. A stableon�guration of the 24Mg + 24Mg sattering is found to be a pole-pole on-�guration, due to the prolate shape of the interating nulei 24Mg. Aroundthe equilibrium various dynamial modes whih may appear ould be re-sponsible for the observed narrow resonanes. In an oblate-oblate system28Si + 28Si (the 28Si nuleus has an oblate shape) with high spins suh as38~, an equator-equator touhing on�guration is favored. In a Butter�ymode exitation, the interating nulei (fragments) move oherently, there-fore the intrinsi spins of nulei are always anti-parallel to eah other, i.e.,the total intrinsi spin I = 0. On the other hand in an anti-butter�y mode,the spins are parallel in order to maximize the total spin.Figs. 6 and 7 display moleular-model preditions on spin distributionsof the normal-mode motions for 28Si + 28Si and 24Mg + 24Mg to the inelastihannel (2+1 ,2+1 ). Fig. 6 shows (see panel B) that there is a onentration ofthe probabilities for hannel spin of I = 0 for Butter�y motion. This is on-sistent with the experimental angular distributions with L = J in Fig. 5. Theurves in Fig. 5 orrespond to the -ray angular distributions for the mutualinelasti hannel of 28Si+28Si obtained by using the moleular-model alu-lations [15℄ inluding theK-mixing and the �tilting� mode with J = L = 38~(solid urve) and L = 34~ (dotted urve). The result of the 38~ urve ex-hibit strong onentration in �m = 0� states, whih appears to be in fairlygood qualitative agreement with the experimental -ray distributions. Theresults of the alulations of Fig. 7 for 24Mg+24Mg do not show a preferenefor the Butter�y mode whih is onsistent with experimental observation ofspin alignment.Partile-partile-gamma oinident measurements in the deay of the28Si+28Si 38+ resonane [8℄ provide informations on the orientations of thefragments spins in the resonane state being on the reation plane. Themoleular model [13℄ whih inludes the K-mixing and give rise to a tiltingmode assumes that the dinuleus on�guration of oblate-oblate systems isaxially non-symmetri. This is di�erent from prolate-prolate ases suh as24Mg + 24Mg for whih the pole-pole on�guration is axially symmetri.K = 0 gives the isotropi distribution with orientations of the fragmentsspins (panakes) having the same distribution. The angular distribution ofgamma-ray emitted from the fragments is alulated with this spin distri-
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Competition Between Quasi-Moleular Resonanes... 1535The observation of spin alignment has been �rst made in 12C + 12Cquasi-moleular resonanes [16℄. In this ase the orrelation between the spinorientations of the two 12C nulei in the mutual inelasti sattering has beendedued from the measured diretional orrelations of the partile-oinident-ray. Resonanes in the exitation funtions were found to be assoiatedwith the mutually aligned omponent. Two years after the observation ofthe spin alignment in 12C + 12C moleular resonanes, Wuosmaa and ollab-orators [11℄ have measured the single and orrelated magneti-substate pop-ulation parameters for 2+ and 2+-2+ exitations in 24Mg + 24Mg (prolate-prolate system) in the region of two strong resonanes observed in inelastisattering [7℄. These data [11℄ have provided spetrosopi informationsrelatively unontaminated by nonresonant amplitudes, and allow spin as-signment of J� = 36+ for two resonanes E:m:=45.70 and 46.65 MeV. Theangular orrelation data for the mutual 2+ inelasti sattering hannel sug-gest a dominant deay ` value of ` = 34~ for both resonanes. Correlatedspin alignment data for this hannel on�rm the expetations for the rela-tionship between angular momentum oupling and spin alignment for theseresonanes. The relatively high spin values suggest a resonane on�gurationin whih the two 24Mg nulei interat pole-to-pole, allowing the system tosustain a large amount of angular momentum. This results is well orrobo-rated by the moleular model [12℄. The ompetition between quasi-moleularresonanes and FF in the 24Mg+24Mg reation was also investigated veryarefully at Argonne [4,5℄ and FF yields from the 28Si+28Si reation arepresently being measured at the VIVITRON faility [17℄.The present fragment-fragment- oinident data on the 28Si + 28Si sat-tering as performed at the 38+ resonane energy shows for the �rst time theabsene of spin alignment in a heavy-ion ollision. This has been primarlyshown in the measured angular distributions of the elasti, inelasti 2+,and mutual exitation hannels 2+-2+, whih are dominated by a pure andunique partial wave with L = 38~, and has been on�rmed by measuringtheir partile-partile- angular orrelations. The non-resonant high-energystrutures in the experimental energy spetra are well desribed by a FFpiture as shown by Figs. 2 and 3 for both the 32S+24Mg and 28Si+28Sientrane hannels whih both populate the 56Ni CN. Further experimentalinvestigations (inlusive FF measurements as well as light harged partile �fragments orrelations measurements) of the fusion proess of the 28Si+28Sireation are underway at the VIVITRON faility using the ICARE hargedpartile multi-detetor array [17℄. Within the moleular model the lak ofspin alignment is taken to suggest an exitation of the Butter�y mode inthe vibrational motion of the observed resonane. Therefore a stable on-�guration is inferred to be an elongated one, namely an equator-to-equatortouhing on�guration. The omparison between the three symmetri sys-



1536 C. Bektems 12C + 12C, 24Mg + 24Mg and 28Si + 28Si shows an interesting ontrastin the spin orientation at resonane energies. The 28Si + 28Si oblate-oblatesystem is expeted to be haraterised with essentially no spin alignment inontrast to the observed spin alignment for 12C + 12C oblate-oblate systemand 24Mg + 24Mg prolate-prolate system. The moleular-model alulationsexplain the absene of alignment in the oblate-oblate 28Si + 28Si system bya Butter�y motion.The question to understand why the orientations of spin in the twooblate-oblate systems 28Si + 28Si and 12C + 12C are so di�erent and whythe weak-oupling piture works well in the 12C + 12C system is still open.On the other hand it is interesting to observe how well the moleular model(strong-oupling piture) works for the 28Si + 28Si dinulear system. Thisis, of ourse, onsidered to be due to a possible di�erene of interations be-tween the onstituent nulei. Atually, the experiments show that in heaviersystems, suh as 24Mg + 24Mg and 28Si + 28Si, the resonanes are observedto be orrelated among many inelasti hannels, suggesting that the in-teration is e�etively strong and that the resonane states inlude manyomponents (partial widths) over reation hannels. The situation appearsto be di�erent in the lighter dinulear systems suh as 12C + 12C. Thisproblem requires more systemati experimental and theoretial studies. Ex-periments with the EUROBALL and GAMMASPHERE arrays are plannedor already aepted in order to measure preise exitation funtions of the24Mg+24Mg and 24Mg+12C reations whih results will help in developingthe di�erenes and possible relationships between the heavy-ion resonaneand ompound-nuleus �ssion proesses in light-mass dinulear systems.I am pleased to warmly aknowledge Profs. Y. Abe, T. Matsuse, S.J.Sanders, A. Szanto de Toledo and E. Uegaki and my olleagues from IReSStrasbourg espeially R. Nouier, F. Haas, V. Rauh, D. Mahboub, N. Ais-saoui, C. Bhattaharya and M. Rousseau for their ontiuous help duringthe ompletion of this study. Many thanks to the VIVITRON operatorsfor providing us with well foussed 28Si beams in both the EUROGAM andICARE sattering hambers and also to the EUROGAM Phase II sta� ofStrasbourg. REFERENCES[1℄ S. Sanders, A. Szanto de Toledo, C. Bek, Phys. Rep. 311, 487 (1998).[2℄ C. Bek, A. Szanto de Toledo, Phys. Rev. C53, 1989 (1997) and referenestherein.[3℄ C. Bek et al., Phys. Rev. C54, 227 (1996); Phys. Rev. C47, 2093 (1993).
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