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POTENTIAL ENERGY SURFACEIN NUCLEUS�NUCLEUS COLLISIONS CORRECTEDFOR EXACT NUCLEAR MASSESL. Shvedov, J. Bªoki, and J. Wilzy«skiThe Andrzej Soªtan Institute for Nulear Studies05-400 Otwok-�wierk, Poland(Reeived Otober 8, 2002)Dediated to Adam Sobizewski in honour of his 70th birthdayA marosopi model for alulating potential energy for nulear shapesrelevant in fusion and �ssion proesses is presented. The potential energy isalulated as the sum of the Yukawa-plus-exponential folding potential andthe Coulomb energy assuming realisti, di�use harge distributions. Shapeindependent omponents (e.g. the Coulomb exhange and Wigner terms)in the Krappe�Nix�Sierk formulae for the total energy were ombined andadjusted to the experimental ground state masses of the ompound nuleus(for the mononulear regime), and two separated nulei (for the binaryregime), and assumed to hange in the transition region between these tworegimes. We have used experimental data on heights of the saddle point(experimental �ssion barriers) and the interation barrier (experimentallydedued fusion barriers) to verify our model alulations. Very good agree-ment with the �ssion barrier data proved orretness of our desription ofthe shell-orretion energies. Preditions of the interation barriers alsoagree very well with experimental data. The alulated interation barriersare signi�antly lower than those predited with the �proximity potential�,and agree with the experimentally dedued fusion barriers.PACS numbers: 25.85.�w, 25.70.Jj1. IntrodutionGood knowledge of the potential energy of a given nulear system in themultidimensional spae of deformation degrees of freedom is essential forrealisti desription of the dynamis of heavy ion ollisions. In our previousalulations [1℄, potential energy was taken as the sum of the Coulomb andnulear omponents, the latter alulated using the Yukawa-plus-exponential(1815)



1816 L. Shvedov, J. Bªoki, J. Wilzy«skipotential [2℄. In addition, shell-orretion energies were also taken into a-ount. We found them to be ruial for reproduing experimental �ssionbarriers.In the previous paper [1℄ we foused our analysis on the determination of�ssion barriers in heavy nulei, de�ned as the energy of the saddle point rel-ative to the ground-state of the ompound nuleus. In the present work weaimed additionally at onstruting the potential energy surfae for desribingnuleus-nuleus ollisions, for whih the referene level of the ground-stateenergy of the ompound nuleus is less onvenient. We have hosen thereforethe energy of two olliding nulei in their ground states (i.e. at the in�niterelative distane) as the referene level. Potential energy for the mononu-lear shape (alulated without onstant terms, independent of deformation)was mathed to exat value of the ground-state mass (experimental or the-oretial) of the ompound nuleus, and similarly, the alulated potentialenergy of two separated nulei at the in�nite distane was mathed to thesum of their ground-state masses. In this approah both, the experimen-tal �ssion barriers and the entrane-hannel fusion barriers were used forverifying orretness of our alulations.2. Parametrization of nulear shapesWe assume shapes whih are axially symmetri and onsisting of twospheres of radii R1 and R2 onneted smoothly by a portion of a quadratisurfae of revolution [3℄. For the volume onserving shapes there are threevariables de�ning the shape ompletely (see Fig. 1):
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Fig. 1. Axially symmetri shape of a di-nulear system, and the de�nition of theparameters determining the variables �, � and � in Eqs (1)�(3).Distane variable � = r=(R1 +R2); (1)Deformation or nek variable � = (l1 + l2)=(R1 +R2); (2)Asymmetry variable � = (R1 �R2)=(R1 +R2): (3)
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Fig. 2. Shapes of a nulear system for a �xed asymmetry � = 0:3, plotted as afuntion of the distane variable � and the deformation or nek variable �. Theompound-nuleus sphere orresponds to the lous � = � = 0:3. Sission line isgiven by the equation � = 1� (1=�).In Fig. 2 we present shapes as a funtion of � and � for a �xed valueof � = 0:3, that orresponds to the ratio of mass numbers of the ollidingnulei equal to 6.4.3. Calulations of the potential energyPotential energy of a nulear system is alulated as the sum of themarosopi and mirosopi omponents:E(Z;N; shape) = Emar(Z;N; shape) +Emir(Z;N; shape) : (4)The marosopi omponent of the potential energy is the sum of the nu-lear potential taken as the folding potential of the Yukawa-plus-exponentialtwo-body interation [2℄ and the Coulomb potential alulated for the di�useharge distribution [4℄. The mirosopi omponent is the shell orretionto the potential energy. For the equilibrium shapes, the shell orretion istaken as for the ground state, and is read from the Thomas�Fermi masstables of Myers and Swiateki [5℄. These ground-state shell orretions arethen attenuated with the inreasing deformation aording to a phenomeno-logial formula proposed by Myers and Swiateki in Ref. [6℄. For moredetails onerning alulations of all the omponents of the potential energyE(Z;N; shape) see Ref. [1℄.



1818 L. Shvedov, J. Bªoki, J. Wilzy«skiSpeial are is neessary in aounting for shape-independent omponents(for example, the Coulomb exhange term and the Wigner term) in theKrappe�Nix�Sierk formulae used in our alulations. By requiring adjust-ment of the alulated potential energy of the fused system to the ground-state mass of the ompound nuleus, and the adjustment of the alulatedpotential energy of two separated nulei at the in�nite distane to the sum oftheir ground-state masses, we have introdued the orretion term to Eq. (4)that reads:Etot(Z;N; shape) = E(Z;N; shape)+(�M0 2��E0(Z;N))f(shape) ; (5)where �M0 = Mn�M1�M2 is the di�erene of the experimental ground-state mass of the ompound nuleus, Mn, and the ground-state masses ofthe projetile and target nulei,M1 andM2, and�E0(Z;N) is the respetivedi�erene of the alulated potential energy of the ompound sphere and thealulated energies of the projetile and target nulei.A value of the form fator f(shape) must be 1 for the fused ompoundnuleus and 0 for two separated nulei. In between, it should smoothlyhange in the transition from the mononulear to dinulear regime. Weassumed that the form fator f is saled by the opening of the nek betweenthe two nulei. De�nite funtional form and parametrization of f was hosenby attempting to reprodue experimental values of �ssion barriers, and �at the same time � the entrane-hannel fusion barriers. This proedureled us to the following form of f :f(shape) = sin2�k�2 rnekRn � ; (6)where rnek is an e�etive radius of the nek at a given distane between thetwo nulei alulated as proposed in Ref. [7℄, Rn is the radius of the om-pound nuleus, and k is a parameter determining how steep is the transitionof the shape-independent omponent of the mass formula from the dinulearto the mononulear regime. By �tting both, the �ssion barriers and fusionbarriers dedued from experimental data, we have determined a value of kto be k = 1:6. As it is seen from Fig. 3, for this value of k, the transitionregion (where f hanges its value from 0 to 1) is relatively narrow in theplane of (�; �) oordinates, and is loated just around the sission line.
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Fig. 3. Loalization in the (�; �) plane of the transition region, where the form fatorf , given by Eq. (6), hanges its value from 0 to 1. It is seen that the `strutural'energy assoiated with the ground-state mass orretion in Eq. (5) rapidly dissolvesin viinity of the sission line. 4. ResultsIn Fig. 4 we present an example of a ontour plot of the potential en-ergy for a symmetri (� = 0) nulear system that ombines to the 208Pb
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Fig. 4. Potential energy surfae for a symmetri � = 0 nulear system that om-bines to 208Pb ompound nuleus. Modulation of a strong shell e�et with in-reasing elongation � is learly seen. At the saddle point (ross), the shell e�etis already ompletely washed out. Viewing the system from the entrane hannel(a hypothetial 10441 Nb + 10441 Nb reation), one an see a maximum of the potentialenergy along the line � = 0, indiated by an arrow, and representing the entrane-hannel interation barrier.



1820 L. Shvedov, J. Bªoki, J. Wilzy«skiompound nuleus. One an read from suh a plot the height of the �ssionbarrier, i.e., the potential energy of the saddle point (indiated in Fig. 4 bya ross), taken relative to the ground-state energy of the ompound nuleus(orresponding to the lous � = � = 0 in Fig. 4). On the other hand, onean read also the height of the entrane-hannel barrier (indiated in Fig. 4by an arrow) that in the disussed example refers to a hypothetial ollisionof two 10441 Nb nulei.4.1. Saddle point energies (�ssion barriers)We have applied our model for systemati alulations of �ssion-barriersfor about 120 nulei in the range of atomi numbers 71 � Z � 100, forwhih the �ssion barriers had been dedued from experimental data [8�10℄.Position of the saddle point in the (�; �) plane was determined for eah nu-leus and the saddle-point energy was alulated with respet to the groundstate. Results of these alulations are summarized in Fig. 5, where the al-ulated and experimental �ssion barriers are ompared. It is seen that the
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Fig. 5. Comparison of experimental �ssion barriers [8�10℄ with results of presentalulations.agreement between our preditions and experimental values is quite good.The RMS deviation for the whole set of 120 nulei is 0.72 MeV. One ansee also that the individual pattern in the dependene of the �ssion barrier



Potential Energy Surfae in Nuleus�Nuleus Collisions : : : 1821on A and Z is very well reprodued for the whole range of studied nulei.Figure 5 shows also that for heavy nulei of Z > 90, the �ssion barriersstabilize at almost onstant level of about 5 MeV. This is the onsequene ofthe dereasing marosopi omponent of the �ssion barrier for transuraninulei (pratially to zero for Z � 100) and thus the inreasing role of theground-state shell-orretion energy that ultimately remains the only fatorresponsible for non-vanishing �ssion barriers in super-heavy nulei.4.2. Entrane-hannel barriersAs mentioned in Se. 3, the potential energy in viinity of the sission lineis sensitive to strutural properties (ground-state masses and shell e�ets)of two separated nulei. The alulated entrane-hannel barriers in thepotential energy depend on these strutural properties of the projetile andtarget nulei, and an be ompared with the fusion barriers determinedexperimentally.Experimental values of the fusion barrier an be dedued from very pre-ise measurements of the energy dependene of the fusion ross setion �fusat near-barrier and sub-barrier energies. As shown in Ref. [11℄, the seondderivative of the produt of the ross setion times energy, d2(E�fus)=dE2,desribes the barrier distribution. Thus the average value of the distributionan be ompared with the interation barrier alulated theoretially.In Fig. 6 we give an example of the experimental information on the dis-tribution of the �ssion barrier d2(E�fus)=dE2, obtained in Ref. [12℄ for the16O + 144Sm reation. In order to make omparisons with our theoretialpreditions, we �t the d2(E�fus)=dE2 distribution for a given reation with a
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Fig. 6. Fusion barrier distribution for the 16O+ 144Sm reation, taken from Ref. [12℄as an example illustrating the way of determination of the `experimental' fusionbarrier (see text). Solid line is a Gaussian �tted to experimental points. We takeposition of the maximum (dashed line) as the `experimental' fusion barrier.



1822 L. Shvedov, J. Bªoki, J. Wilzy«skiGaussian, and de�ne the `experimental' fusion barrier to be the energy or-responding to position of the maximum. In suh a way, we have determinedthe `experimental' fusion barriers for di�erent projetile-target ombinationsand ompared them with preditions of our model.The omparison (see Fig. 7) is presented for a number of medium andheavy systems, for whih the barrier heights range from 60 to about 120 MeV.It is seen that the interation barriers, alulated within our model, agreevery well with the experimental fusion barriers. One an notie howeverthat the theoretial barriers are slightly but systematially higher than theexperimental values (on the average, by about 1 MeV). Considerably largerdi�erenes (up to 8 MeV for heaviest systems inluded in Fig. 7) are seen forthe interation barriers alulated with the latest version of the proximitypotential [19℄.
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Fig. 7. Comparison of experimental values of the fusion barrier (dedued from themeasured fusion barrier distributions [12�18℄) with results of this work, and alsowith preditions based on reent version of the proximity potential [19℄.5. ConlusionsWe propose a sheme of alulating potential energy of mono- and/ordi-nulear systems in the on�gurational spae of deformation and massasymmetry degrees of freedom. This sheme an be applied for desriptionof fusion reations, damped ollisions, and also �ssion reations.We performed extensive tests of our method of alulations by using ex-perimental data on both, �ssion- and fusion barriers. This provided a on-sistent, omplementary tool of veri�ation of the proposed method through-out the entire potential energy surfae. We an now use our model withon�dene in various appliations. For example, we found that our dynami-



Potential Energy Surfae in Nuleus�Nuleus Collisions : : : 1823al alulations of nuleus-nuleus ollisions, based on one-body dissipationmodel (see e.g. Ref. [20℄) led to muh better agreement with experimentaldata when we applied the new method of alulating the potential energy.An example of suh dynamial alulations is shown in Fig. 8. We alulateddynamial trajetories for the reation 86Kr + 166Er studied experimentallyat an energy of 8.18 MeV/nuleon [21℄. The lassial `dissipative de�e-tion funtion' obtained assuming the one-body-dissipation Rayleigh fore isshown in Fig. 8 by dashed line that perfetly follows the ridge in the land-sape of the double di�erential ross setion, d2�=(d� dE), in the `Wilzyn-ski plot' for the studied reation. This fat an be interpreted that both,onservative and dissipative fores have been alulated orretly. It shouldbe emphasized here that the proess of `dissolving' of nulear struture inthe transition region from the di-nulear to mono-nulear regime plays es-peially important role for trajetories leading to the grazing angle and forslightly smaller impat parameters. We plan therefore to arry out system-ati alulations of the dissipative de�etion funtions in order to on�rmour method of alulating the potential energy surfae in the transition re-gion, and then to use those alulations as a tool for detailed studies of thedynamial range of the mehanism of one-body dissipation.
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Fig. 8. Contour diagram of the double di�erential ross setion, d2�=(d� dE) inthe 86Kr + 166Er reation [21℄, as a funtion of the sattering angle and the totalkineti energy, ompared with the `dissipative de�etion funtion', (dashed line)alulated assuming one-body dissipation. Adapted from Ref. [21℄.We would like to thank W.J. �wi¡teki for many illuminating disussions.This work was supported by the Polish State Committee for Sienti� Re-searh (KBN), Grant No. 2P03B05419.
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