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CAN DISSIPATIVE DYNAMICS WITH FLUCTUATIONSEXPLAIN FUSION OF HEAVY SYSTEMS? �O. Mazonka, J. Bªoki and J. Wilzy«skiInstitute for Nulear Studies05-400 Otwok-�wierk, Poland(Reeived January 13, 1999)A new method of alulating probabilities of rare events in the Langevindynamis, based on importane sampling, has been used for analysis of theenergy dependene of the fusion probability of a heavy nuleus-nuleus sys-tem, 86Kr+136Xe, reently studied experimentally at GSI Darmstadt. Thealulations were done applying the importane sampling method to a real-isti three dimensional dynamial model based on the onept of one-bodydissipation and inluding shell e�ets. Comparisons with experimental re-sults show that the fusion proesses observed in experiments extend tosigni�antly lower energies than expeted theoretially.PACS numbers: 25.70.�z, 25.70.Jj, 24.60.Ky1. IntrodutionFusion exitation funtions for nuleus-nuleus ollisions seem to be rea-sonably understood in terms of marosopi models based on lassialLagrange�Rayleigh equations of motion. For heavy systems, a strong dis-sipative fore resulting from the assumed one-body dissipation mehanism[1℄ leads to a shift of the fusion energy threshold from the interation bar-rier toward higher energies (the �extra-push� energy). On the other hand,experiments on the prodution of the transurani elements show that the fu-sion exitation funtions extend very far below the �extra-push� energies. Inthe present paper we investigate whether the near-threshold fusion of heavysystems an be explained as an e�et of �utuations in standard nuleardynamis with one-body dissipation.� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998. (469)



470 O. Mazonka, J. Bªoki, J. Wilzy«ski2. Sheme of alulationsIn order to investigate the role of �utuations in the near-threshold fu-sion reations we have to simulate very rare events of Langevin trajetoriesleading to fusion, while almost all other trajetories result in reseparationof the olliding nulei. Therefore in the alulations we used a new methodfor omputing probabilities of very rare events proposed in Ref. [2℄.The main idea of the method is essentially based on a dynamial vari-ant of importane sampling whih is a tool for gaining information aboutone probability distribution (a �target� distribution) by hoosing randomlyfrom another (a �sampling� distribution de�ned on the same spae) and thenassigning weights to the points sampled. As proposed in Ref. [2℄, the proba-bility of fusion is de�ned with respet to the �target� ensemble of Langevintrajetories alulated with the original Langevin equation. The �sampling�ensemble is the distribution of trajetories evolving from the same initialonditions but under a modi�ed Langevin equation in whih a �titious(unphysial) term is added in order to �push� trajetories toward fusion.The e�et of the modi�ation of the Langevin equation an be ompensatedby biasing eah trajetory with a orresponding weight whih is assigned insuh a way that in the limit of in�nitely many simulations the result on-verges exatly to the fusion probability for the original Langevin proess.(The biasing weights are determined by funtionals of the trajetories, aspresribed in Ref. [2℄.) Thus the fusion probability for the original Langevinproess is expressed in terms of information oming from simulations of themodi�ed (fusion-enhaning) proess.As an illustration of the advantages of the new method, we show resultsof a numerial experiment [2℄ in whih importane sampling was applied inonjuntion with a simple model of heavy ion ollisions proposed by Swiate-ki [3℄. Very fast alulations of dynamial trajetories an be done with themodel [3℄ owing to simpli�ed geometry of the olliding system. It was there-fore possible to ompare preditions of the fusion probability of the assumedsymmetri 100Zr + 100Zr system in both standard Langevin trajetory al-ulations and alulations involving the importane sampling method. Inthe latter ase an extra drift loalized in the viinity of the saddle point(where the ultimate fate of the interating nulei � either fusion or resep-aration � is deided in the interplay of deterministi and stohasti fores)was added in order to inrease the likelihood of fusion. In Fig. 1, fusionprobability is plotted as a funtion of the exess of the enter-of-mass en-ergy above the barrier for both the standard diret simulation (top) and theimportane sampling alulation (bottom). Eah point was obtained using1000 Langevin trajetories. It is seen that the importane sampling alula-tion leads to the same results as does the diret simulation, but onsiderablyampli�es the statistis of rare events.
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Fig. 1. Fusion probability for the assumed 100Zr + 100Zr system as a funtion ofthe exess of energy above the barrier in standard Langevin trajetory alulations(top) and importane sampling simulation (bottom), obtained from 1000 trajeto-ries per point. 3. Calulation with a realisti modelHaving demonstrated the advantages of the importane sampling method,we have implemented this method to a full-sale dynamial model in whihLangevin trajetories are alulated in 3-dimensional on�guration spae ofthe relative distane, �nek�, and mass asymmetry variables de�ned as pro-posed in Ref. [4℄. (In addition, the harge asymmetry variable is inludedindependently of the mass asymmetry.) The onservative driving fores arealulated along the trajetory from the Coulomb interation energy andthe �Yukawa-plus-exponential� potential [5℄ modulated by shell e�ets [6℄.The dissipation fores assumed in the model are due to the one-body �wall-plus-window� formula [1℄. The inertia tensor of the interating system isalulated with the Werner�Wheeler method.We have used the model outlined above for alulations of the near-threshold fusion probabilities for the 86Kr + 136Xe reation studied reentlyat GSI Darmstadt by Stodel et al. [7℄. Cross setions for di�erent (fusion,xn)hannels were measured for this system at near-threshold energies, as shown



472 O. Mazonka, J. Bªoki, J. Wilzy«skiin Fig. 2 (top). From the ombined ompound-residue ross setions, thedependene of the fusion probability on the exitation energy of the om-pound nuleus was dedued by the authors of Ref. [7℄, see Fig. 2 (bottom).The dedued fusion probability inreases from Pfus � 2�10�4 at Em = 195MeV to Pfus � 1 at Em � 230 MeV, i.e., in the range of energies extendingfar below the standard extra-push threshold, Eextra�push = 228:7 MeV. Tosome extent, the lowering of the fusion threshold is due to the shell stru-ture of the fusing system. (Our model, with the shell orretions inluded,predits the extra-push threshold for the reation in question to be lower,Eshellextra�push = 224:2 MeV.)
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Fig. 2. Comparison of the theoretially predited (see text) near-threshold fusionprobability with experimental results for the 86Kr + 136Xe system obtained at GSIDarmstadt [7℄. Only low-energy part of the experimental data is shown.In our alulations we attempted to hek whether the rise of fusionprobability, observed already at quite low energies, an be explained interms of the standard fusion dynamis with �utuations determined by thedissipation-�utuation theorem. In Fig. 2 results of our alulations for the86Kr + 136Xe reation are ompared with the experimental data. By using



Can Dissipative Dynamis with Flutuations Explain Fusion of... 473the importane sampling method, we were able to arry out onlusive al-ulations even at the lowest energies and thus to verify the near-thresholdpart of the exitation funtion. The results of the alulations show thatthe observed near-threshold fusion probabilities in the 86Kr + 136Xe rea-tion annot be explained with the standard fusion dynamis model basedon one-body dissipation. Clearly, fusion extends to lower energies than ex-peted by the theoretial alulation.Sine preise knowledge of the fusion exitation funtions is essentialfor planning future experiments aimed at synthesizing new super-heavy el-ements, we are going to arefully investigate all possible e�ets whih maybe responsible for the observed disrepany. Estimates of the magnitudeof the penetrability through the barrier show that the ontribution of thesub-barrier fusion is negligible for suh heavy systems. Also the role of �u-tuations aused by the exhange of partiles, not aounted for in the presentalulations, is presumably marginal beause the veloity mismath at near-threshold energies is small. (In the alulations we used only the temperaturepart of the di�usion tensor given by the Einstein relation.) Therefore we donot exlude that other onstituents of the dynamial model, suh as shapeparametrization and/or energy dissipation, will need to be reonsidered inthe adiabati limit.We thank Christelle Stodel for providing us with the experimental dataon the 86Kr + 136Xe reation prior to publiation. This work was performedas a part of the researh program supported by the Committee of Sienti�Researh of Poland (KBN Grant No. 2-P03B-143-10 and KBN Grant No.2-P03B-114-09) and by the Polish-Amerian Maria Skªodowska-Curie FundNo. PAA/NSF-96-253. REFERENCES[1℄ J. Bªoki, Y. Boneh, J.R. Nix, J. Randrup, M. Robel, A.J. Sierk, W.J. Swiate-ki, Ann. Phys. 113, 330 (1978).[2℄ O. Mazonka, C. Jarzy«ski, J. Bªoki, Nul. Phys. A641, 335 (1998).[3℄ W.J. Swiateki, Physia Sripta 24, 113 (1981).[4℄ J. Bªoki, W.J. �wi�ateki, Report LBL-12811, Berkeley 1982.[5℄ H.J. Krappe, J.R. Nix, A.J. Sierk, Phys. Rev. C20, 992 (1979).[6℄ W.D. Myers, W.J. Swiateki, Nul. Phys. 81, 1 (1966).[7℄ Ch. Stodel, private ommuniation, to be published.


