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FUSION BARRIERS DERIVED FROMTHE HARTREE�FOCK FUNCTIONALWITH SKYRME INTERACTIONS�A. Dobrowolski, M. Kowal, K. PomorskiInstitute of Physis, M. Curie-Skªodowska Universitypl. M. Curie-Skªodowskiej 1, 20-031 Lublin, Polandand J. BartelIReS�IN2P3�CNRS and Université Louis Pasteur, Strasbourg, Frane(Reeived Deember 20, 2002)Using e�etive nuleon-nuleon interations of the Skyrme type andthe semi-lassial extended Thomas-Fermi approah we desribe heavy-ionfusion barriers in the sudden approximation. We review in partiular a largenumber of fusion reations leading to the superheavy element Z=114.PACS numbers: 25.70.�z, 25.60.Pj, 21.10.Ft, 21.10.GvThe aim of our present investigation is to propose a simple approahpermitting the evaluation of fusion barriers enountered in heavy-ion rea-tion, approah in whih the nulear fore between the two olliding ionsis obtained using the Hartree�Fok energy funtional for e�etive nuleon�nuleon interations of the Skyrme type [1℄. Sine only the radii and thetails of the density distributions of target and projetile deide about theheight of the fusion barriers, we have hosen the semi-lassial approxima-tion known as the extended Thomas�Fermi (ETF) method [2℄ to determinein a self-onsistent way the struture of projetile and target nulei. Thisapproah allows to desribe the energy as a funtional of the loal density:E(i) =E(i)[�℄ ; i= 1; 2, where i labels the olliding nulei. This simple re-sult, founded on the famous Hohenberg�Kohn theorem [3℄, is obtained inthe ETF approah through the fat that for Skyrme fores the energy of anuleus an be desribed as a funtional of the loal densities �q, the kineti� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2457)



2458 A. Dobrowolski et al.energy densities �q and the spin�orbit densities ~Jq ; q=fn; pg:E = Z d3r E h�q; �q; ~Jqi= Z d3r� ~22m(�n + �p) +B1�2 +B2(�2n + �2p) +B3��+B4(�n�n + �p�p)�B5(~r�)2 �B6h(~r�n)2 + (~r�p)2i+ ��hB7�2+B8(�2n + �2p)i�B9h ~J � ~r�+ ~Jn � ~r�n + ~Jp � ~r�pi+ ECoul(~r ) o(1)and the fat that the ETF approah allows to express � and ~J as funtions ofthe loal density � and its derivatives. At lowest order in the ETF expansionone has e.g. the well-known Thomas�Fermi kineti energy density� (TF)q [�q℄ = 35(3�2)2=3 �5=3q (2)but in the self-onsistent semi-lassial alulations, as in Eq. (1), the fullETF funtionals up to order ~4 have, of ourse, been used. The onstantsBi in Eq. (1) are ombinations of the usual Skyrme-fore parameters tj andxj and non indexed quantities orrespond to the sum of neutron and protondensities, as: � = �n + �p.As a onsequene of the ETF approximation, the total energy is a fun-tional of the loal densities alone (we write E[�℄, meaning E[�n; �p℄), and thedensity-variational alulation gives estimates of the semi-lassial densities.It has been shown [2, 4℄ that modi�ed Fermi funtion of the form�q(r) = �(q)0 �1 + e(r�Rq)=aq��q (3)is a very good approximation to the full variational solution.After having explained how the struture of the nulei is determined,we turn now to the desription of the fusion potential. Using the �suddenapproximation�, i.e. negleting rearrangement e�ets of the two ollidingnulei, we desribe this potential as [5℄V12 = E h�(1) + �(2)i�E h�(1)i�E h�(2)i ; (4)where E[�℄ onsists (see Eq. (1)) of a nulear and a Coulomb ontribution.For distanes s between the equivalent sharp surfaes of the two ollidingions whih are signi�antly larger then the range of the nulear fores, thenulear part of the interation V12 vanishes. On the other hand, our suddenapproximation is, of ourse, only valid for not too small distanes (s & 0).



Fusion Barriers Derived from the Hartree�Fok : : : 2459The fusion barrier appears as the result of the ompetition between thelong-range repulsive Coulomb interation VCoul and the short-range attra-tive nulear fores Vnul as is illustrated on Fig. 1, where the total fusionbarrier is plotted as a funtion of the distane s of the half-density sur-faes. One noties that for distane s & 3 fm the attrative nulear part ofthe fusion potential vanishes and the barrier is determined by the repulsiveCoulomb potential alone. The di�useness of the harge-density distributionredues the Coulomb energy at the fusion barrier by �1 MeV only. When,
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Fig. 1. The shapes of fusion barriers V12 as a funtion of the inter-nulear distanes for two reations leading to two di�erent isotopes of the nuleus Z=114. Com-parison between the full (nulear + Coulomb) potential (solid line), the Coulombbarrier (thin line) and the Coulomb barrier of two point harges (dashed line)on the other hand, the overlap of the densities of the olliding nulei beomeslarge (s . �1 fm) the sudden approximation used here beomes ertainlymore and more questionable. Our aim, however, is not to give a preisedesription of the fusion potential for large negative s values but rather toobtain some reasonable estimates of the height EB of the fusion barrier.Fig. 2 shows EB obtained in the sudden approximation and negletingthe e�et of deformation of the olliding ions for 54 di�erent reations leadingall to di�erent isotopes of the element Z = 114. The thik lines alwaysorrespond to the barriers obtained with the Skyrme fore SLy4 [6℄, whilethe medium thik lines are the ones using the SkM* fore [7℄. The thin linesillustrate the heights of the fusion barriers obtained in the Myers�Swiatekiproximity model [8℄. Barrier heights evaluated using the presription ofRef. [9℄ are very lose to the former for the Sr + 192Os reations and di�erby not more than 1.5 MeV for Ge + 208Pb.As one an see, the heights of the barriers alulated with two widelyused Skyrme fores di�er from eah other about 1.3 to 3 MeV and are higherby some 3 to 5 MeV as ompared to the barriers obtained with the proximityfore of Ref. [8℄.
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32+NGe+208PbFig. 2. Hight of fusion barriers as funtion of the projetile neutron number.We have presented a model allowing a systemati investigation of di�er-ent reations leading to the same heavy element and hope that suh a studyan be used as a guide-line for the synthesis of superheavy elements.The work is partly supported by the Polish State Committee for Sienti�Researh (KBN) under ontrat No. 2P03B 11519. We would like to thankthe IN2P3�Polish Laboratories Convention for the �nanial support of theexhange between the institutes in Lublin and Strasbourg.REFERENCES[1℄ D. Vautherin, D. Brink, Phys. Rev. C5, 626 (1972).[2℄ M. Brak, C. Guet, H.-B. Håkansson, Phys. Rep. 123, 275 (1985).[3℄ P. Hohenberg, W. Kohn, Phys. Rev. 136, B864 (1964).[4℄ J. Bartel, M. Brak, M. Durand, Nul. Phys. 445, 263 (1985).[5℄ K. Pomorski, K. Dietrih, Z. Phys. A295, 335 (1980).[6℄ E. Chabanat, P. Bonhe, P. Haensel, J. Mayer, R. Shaefer, Nul. Phys. A635,231 (1998).[7℄ J. Bartel, P. Quentin, M. Brak, C. Guet, H.-B. Håkansson, Nul. Phys.A386,79 (1982).[8℄ W. D. Myers, W.J. �wi¡teki, Phys. Rev. C62, 044610 (2000).[9℄ Moustabhir, G. Royer, Nul. Phys. A683, 266 (2001).


