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NUCLEUS�NUCLEUS POTENTIALAT NEAR-BARRIER ENERGIESFROM SELFCONSISTENT CALCULATIONSJanusz SkalskiA. Soªtan Institute for Nulear StudiesHo»a 69, 00-681, Warsaw, Polande-mail: jskalski�fuw.edu.pl(Reeived Deember 12, 2002)Dediated to Adam Sobizewski in honour of his 70th birthdayWe determine the stati nuleus�nuleus potential from Hartree-Fok(HF) alulations with the Skyrme interation. To this aim, HF equationsare solved on a spatial mesh, with the initial on�guration onsisting oftarget and projetile positioned at various relative distanes. For a numberof reation partners, the alulated barrier heights reasonably well omparewith those extrated from the measured fusion and apture ross setions.At smaller target-projetile distanes, our results show the intrinsi barriersto heavy ompound nuleus formation. We speulate on their possibleonnetion with the fusion hindrane observed for large ZTZP.PACS numbers: 25.70.Jj, 21.60.Jz1. IntrodutionThe experimental synthesis of the heaviest elements depends on the dy-namis of nulear fusion. Overoming the fusion barrier is the �rst stage ofthis proess, followed by the ompound nuleus (CN) formation and thenits deexitation. The di�ulty in making very heavy systems lies not onlyin the high �ssion probability of the newly formed exited CN, but also inthe substantial hindrane of the CN formation. This hindrane is observedexperimentally as a large probability of quasi�ssion in reations betweentargets and projetiles with the large harge produt ZTZP >1800. In spiteof many e�orts spent on its theoretial modelling, the phenomenon of fusionhindrane is still not su�iently well understood. In its explanation, theruial role of dissipation of olletive motion is usually invoked, as it wasdone in [1, 2℄, where the fusion hindrane was expressed in terms of the so(1977)



1978 J. Skalskialled extra-extra-push energy above the fusion barrier, needed in order toprodue CN.Nuleus�nuleus potential, as enountered in the heavy ion ollisions atenergies lose to the fusion barrier, is important for the understanding ofthe two �rst stages of the heavy ion fusion reation. In this work, we pro-vide its piture on the basis of the selfonsistent Hartree�Fok (HF) theory.Starting from an initial on�guration of target and projetile at the spei�distane R, we alulate the lowest possible �nal HF state and its energy.Suh treatment involves polarization e�ets meant in the following sense:Two approahing nulei adjust their matter and harge densities to theirmutual long-range Coulomb and short-range nulear interation. This in-dued orrelation redues somehow the total energy of the two fragments asompared to energy they would have remainig in their ground states. Asit turns out, using this method we obtain adiabati potential at large dis-tanes (and thus also adiabati fusion barrier), but exited on�gurationsfor smaller distanes, deeper in mononulear regime.As it was often argued, a non-adiabati fusion barrier may be expetedin atual heavy ion ollisions due to the short time sale involved in passingover the barrier. Nevertheless, we think that the adiabati potential is aneessary ingredient in a selfonsistent study of nulear fusion in muh thesame way as the stati barrier is a neessary �rst step in a study of nulear�ssion. Di�ulty in reahing the adiabati HF state when starting fromoverlapping target and projetile may signal a kind of dynamial fusionhindrane.We notie, that the mean �eld study essentially ontains the same physisas the alternative oupled hannels (and transfer hannels) approah. Theoupling to olletive exitations is replaed by various deformations (ormore generally, degrees of freedom) of the mean �eld. Inauraies of bothmethods are omplementary: The lak of good quantum numbers in themean-�eld vs. shemati ouplings of hannels. The oupled hannels ap-proah, however, seems impratial for very heavy systems.Within the mean �eld, for a deformed target or projetile, there is notone, but many fusion barriers, depending on the relative orientation of thefragment symmetry axes with respet to the relative distane vetor. Theserepresent some weighted averages over barriers in various quantum stateswith de�nite intrinsi and relative angular momenta. In partiular, the on-�guration with the symmetry axis of the deformed fragment perpendiular(parallel) to the relative distane vetor orresponds to the side (tip) olli-sion. Quite reently, experimental evidene was presented [3�5℄ showing thatat least part of the CN formation hindrane is related to the dominane ofquasi�ssion in tip ollisions.



Nuleus�Nuleus Potential at Near-Barrier Energies . . . 1979We have performed HF alulations for a number of target-projetileombinations and found the nuleus�nuleus potential and the (outer) adi-abati fusion barrier. For deformed targets, we have alulated potentialsfor both tip and side ollisions. We have used mostly the Skyrme SkM*interation [6℄, originally invented to properly �t the �ssion barriers. We areaware of one similar HF alulation of the potential energy in a dinulearsystem [7℄, where, however, sission of 240Pu was the main objetive.Sine this alulation may be onsidered as a test of the method as muhas a predition, we inlude in our study some systems with well measuredfusion ross setions in addition to the 48Ca-indued reations used in reentexperiments at JINR in Dubna whih, aording to the reports [8�10℄, leadto the synthesis of the heaviest elements. We test our results against experi-mental fusion (apture) barriers and make omparison to reent alulationswithin the frozen density regime [11℄. We lose with some speulations on-erning possible relevane of the potentials obtained in our HF study for thefusion hindrane phenomenon.2. Nuleus�nuleus potentialThe potential between nulei 1 and 2 is alulated asV (R) = E(R) +B1 +B2 ; (1)where E(R) is the (negative) HF energy of a dinulear omplex at the dis-tane R and Bi are the (positive) binding energies of target and projetile.In order to have a onsistent treatment, Bi, i = 1; 2, and E(R) are alu-lated with the same HF ode. We rekon that in this way a large part of theinonsisteny between the partiular Skyrme model and experimental bind-ing energies anels out. At kineti energies lose to the Coulomb barrier,the terms involving urrent in the Skyrme energy funtional are small andwe neglet them, i.e. the treatment is stati.Some are has to be taken about the enter of mass (.m.) orretion,whih usually is alulated within the HF as the average kineti energy, hti =P��oh� j t̂ j �i=A, with � labelling single partile states, and subtratedfrom the total kineti energy. The .m. orretion present in B1 + B2 isht1i + ht2i. For two widely separated fragments, the .m. orretion inE(R) equals �ht12i = �(A1ht1i+A2ht2i)=(A1+A2). Thus, with separationtending to in�nity, V (R) tends to (A2ht1i + A1ht2i)=(A1 + A2) instead ofzero. In order to preserve the usual meaning of the Coulomb barrier thesubtration of this asymptoti term is understood in Eq. (1).It has to be emphasized that this subtration is inorret for small target-projetile distanes, i.e. for ompat on�gurations of the system. Some-where on the way towards CN on�guration, kineti energy of the relative



1980 J. Skalskimotion of the two fragments should transform into potential energy of theombined system. Unfortunately, at present, we do not know how to imple-ment this mathing. Therefore we do not ontinue our alulations down tothe CN on�guration.It is preisely at small target-projetile distanes where a more exatde�nition of the on�guration of the system beomes neessary in order tomake Eq. (1) de�nite. We hoose this on�guration in the same way as forthe large distanes, by taking two nulei at the presribed .m. separationas the starting point of the HF iteration. The �nal HF states obtained fromsuh a starting on�guration always have a onstrition dividing the systeminto two piees, with mass and harge numbers nearly equal to those of targetand projetile. Certainly, although for large distanes suh on�gurationsare natural when studying fusion barriers, in mononulear regime at smallerdistanes there are many other on�gurations, e.g. orresponding to othermass and harge asymmetries, or other neking, whih may de�ne lowerpotential V (R).In the present alulation pairing is negleted. As far as the fusionbarriers are onerned, this omission is not expeted to indue any sizablee�et. 3. Method of alulationsWe have solved HF equations on a spatial mesh of a size proper to theolliding system. Our ode assumes two plane symmetries, i.e. it allows forthe mass asymmetry along one diretion. Along the same diretion bothfragments an aquire dipole and other odd-multipole moments. With thissymmetry limitation it is still possible to onsider tip and side ollisions,with the angle between the symmetry axis of a deformed nuleus and theline onneting the enters of two fragments equal to 0Æ and 90Æ. Angles inbetween are outside the sope of the imposed symmetry.Initially, two sets of wave funtions orresponding to two fragments areplaed at a hosen distane being an integer multiple of the mesh spaing(in the range 0.5�0.77 fm). Then the HF proeeds by the imaginary-timeevolution. Wave funtions are kept orthonormal and this enfores the Paulipriniple. For fragments plaed lose enough, the neessary rearrangementof orbitals ours already at the beginning of the HF proedure and avoidshigher than normal densities. Final wave funtions orrespond to the loalminima of the energy funtional to whih the initial on�guration onverged.For smaller distanes R = 7�10 fm, these minima are mostly exited abovethe adiabati on�guration at the same R.The distane R between two fragments is alulated as the distane be-tween .m. of two half-spaes ontaining A1 and A2 nuleons. It hanges



Nuleus�Nuleus Potential at Near-Barrier Energies . . . 1981during iteration. This hange is usually small for larger distanes, but it be-omes sizable for more ompat on�gurations for whih the �nal distane isalways larger than the initial one. In other words, the onvergene towardsCN on�guration by means of the proedure desribed above turns out tobe di�ult. 4. Results and disussionThe ontour maps of nulear density orresponding to the tip and sideollision barriers for the 238U+48Ca system are shown in Fig. 1. The distaneof � 14:3 fm between the mass enters of the two fragments at the tipollision barrier is redued by about 2 fm to � 12:5 fm at the side ollisionbarrier. The individuality of the two fragments is well pronouned at bothbarrier on�gurations.
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Fig. 1. Density distribution at the fusion barrier for 238U+48Ca system: For tipollision, in plane parallel to the symmetry axis (left), for side ollision, in planeparallel to the symmetry axis of 238U (enter), and in plane perpendiular to thissymmetry axis (right). The planes lie 0.387 fm o� the origin, ontour lines aredrawn every 0.02 fm�3.The nuleus�nuleus potentials alulated with the SkM* fore for sixsystems are shown in Fig. 2. One an distinguish two types of entranehannel potentials. For smaller ZTZP, after passing the fusion barier, V (R)dereases with dereasing distane. For systems with larger ZTZP, thepotential has a minimum behind the barrier, and V (R) rises for smallerdistanes, sometimes above the barrier. It is quite possible that for Rsu�iently small, V (R) rises above the barrier for all heavier systems, al-though we have not heked it yet. For systems with large ZPZT � 2500



1982 J. Skalski(not shown), there is a ontinuous fall of V (R) with R, i.e. there is no min-imum, but only a plateau as its remnant. One an observe in Fig. 2, thatV rises more steeply with dereasing R for the 208Pb+48Ca system than forreations with deformed atinides. At R �8 fm, V (R) is more than 10 MeVabove the fusion barrier in the �rst ase, while it is still under the (side) fu-sion barrier for the muh heavier 248Cm+48Ca system. This would suggestsome advantage of the side ollisions with prolate deformed targets.
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Fig. 2. Nuleus�nuleus potentials obtained with SkM* fore, normalized to energyof separated fragments. For deformed targets, both potentials for tip (pluses) andside (rosses) ollisions are given.



Nuleus�Nuleus Potential at Near-Barrier Energies . . . 1983Comparison of our HF potentials to those in [11℄, obtained within thefrozen density Thomas�Fermi approah, shows that the qualitative featuresof both potentials are the same. However, there are important quantitativedi�erenes: (1) The selfonsistent fusion barriers are systematially lower by5�10 MeV; (2) The rise of the selfonsistent potentials for smaller distanesis muh smaller than that seen in [11℄. This follows mainly from the fatthat, at smaller R, densities in [11℄ start to double, whereas our densities arealways lose to normal. This di�erene is partiularly drasti for reationswith atinides, e.g. for side ollision 48Ca+238U at R = 7:7 fm, our V (R) =182:5 MeV, while V (R) > 230 MeV in [11℄. As a onsequene, the minimaof V (R), if present, are shifted in [11℄ towards larger R.Calulated fusion barriers Bal, taken as the loally highest value ofV (R), rounded to 0.5 MeV, are ompared in Table I to the Bass fusionbarriers [12℄ and to the reently given threshold barriers Bthre [13℄. Thelatter quantities are derived from the fusion data and are expeted to or-respond to the alulated adiabati barriers. The values of Bthre for theheaviest systems are based on the apture data [14℄. For deformed targets,both the alulated tip and side (in parentheses) ollision barriers are given.Relative to B1 + B2, the ompound nuleus ground states have energies:14.3 MeV (80Zr), 57.3 MeV (130Nd), 41.1 MeV (136Nd), 157.3 MeV (180Hg),38.3 MeV (254Fm), 153.8 MeV (256No) [16℄, and 160.8 MeV (286112),163.0 MeV (292114), 169.3 MeV (296116), 177.0 (298118) [17℄. TABLE ICalulated fusion barriers for tip (side) ollisions in MeV vs threshold [13℄ and Bassfusion barriers [12℄. The threshold barrier for 90Zr+90Zr is inferred from [15℄, thatfor 238U+16O from [3℄.System Bal Bthre BBass40Ca+40Ca 53 50.2�0.2 53.590Zr+40Ca 95 92.7�0.6 102.296Zr+40Ca 88.5 87.5�0.3 100.890Zr+90Zr 180 �175.85 195.3208Pb+48Ca 173.5 169�2 187.4238U+16O 65 (71) �71 85.3238U+48Ca 174.5 (191) 182�2 206.9244Pu+48Ca 181 (196.5) � 210.8248Cm+48Ca 185.5 (200.5) � 215.0250Cf+48Ca 190 (205) � 219.7For spherial target and projetile pairs, Bal are slightly larger thanBthre. The experimental di�erene in barriers for the reations of 40Caon 90Zr and 96Zr is niely reprodued by our alulations. The alulatedbarrier for the reation 238U+16O seems to be lower than that suggested



1984 J. Skalskiby the experimental data [3℄. For 48Ca+238U, Bthre is nearly equal to theaverage of the alulated tip and side ollision barriers. For other heavyatinide targets, there are too few experimental data for extrating Bthre.However, the data on evaporation residue formation give some idea on theheight of the fusion barrier. Two events observed in the reation on 238Utarget forEm=192:2MeV [18℄, three events for 244Pu target at Em=194:5�202 MeV [19℄ and one event for 248Cm target at Em = 199:7�205:1MeV [10℄suggest similar, or slightly lower, values of the orresponding fusion barriers.It has to be emphasized that the binding energies Bi of the individualfragments alulated with the SkM* fore sometimes di�er by few MeV fromthe experimental values. The hope is that this inauray mostly anelsin V (R) due to subtration in Eq. (1). This expetation is orret, e.g. forthe 248Cm+48Ca reation: Although 48Ca is overbound by the SkM* foreby � 5 MeV (this nuleus was not inluded when this fore was �tted) androughly orretly bound by the SkP fore [20℄, the fusion barriers of 185MeV (200 MeV), alulated with SkP, well agree with the values of Table I.Although alulated potentials are presented here as funtions of the.m. distane R, one an use onventional multipole moments to haraterizedeformation of target-projetile systems in a more preise way. For example,for tip ollisions of 48Ca on atinides, the distanes in Fig. 2 orrespondto quadrupole moments varying in the range: Q = 90� 220 b, otupoledeformations hr3Y30i = 10�70�103 fm3, and neking given by the momentshr4Y40i = 14 � 120 � 104 fm4. Dipole moments D reah 14�16 efm for themost elongated on�gurations, while they hange sign for more ompaton�gurations. For side ollisions, nonaxial moments are present, like Q22+Q2�2 and hr3(Y32 + Y3�2)i. For symmetri systems, for whih it is easy tode�ne multipole moments of fragments, one �nds indued dipole moments Dof 0.5-1 efm in 40Ca, and 2�2.5 efm in 90Zr fragments. Indued quadrupolemoments Q are small�0:1 b (40Ca) and 0.3 b (90Zr) at most. For asymmetrisystems, multipole moments of individual fragments are very sensitive to theway the division of the whole system into two fragments is made.The most intriguing question oming to mind when looking at Fig. 2is whether the alulated potentials V (R) have anything to do with the fu-sion hindrane seen in experiment. They indeed show that the on�gurationof two approahing fragments leads to the intrinsi barrier for heavy sys-tems. This barrier appears and then beomes more sti� with rising ZTZP.Stritly, this follows from a non-adiabati harater of the potential and maybe related to dissipation of olletive motion. Phrasing di�erently, the HFralaxation of the entrane hannel on�guration to the adiabati on�gura-tion beomes ine�etive at smaller distanes R. Further, the barriers for tipand side ollisions show that the latter an lead to smaller R, thus favouringCN formation.



Nuleus�Nuleus Potential at Near-Barrier Energies . . . 1985On the other hand, the intrinsi barrier appears already for 90Zr+90Zrand 208Pb+48Ca reations, for whih no fusion hindrane is experimentallyobserved [14,15℄. Intuitively, in order to be aptured in the CN on�guration,a system must pass inside the CN �ssion barrier, plaed at R�s. While R�sfor the �rst system (180Hg) is large, so that the intrinsi barrier ours atR < R�s, it is not so for 256No, for whih we expet R�s � R0 = r0A1=3 �7fm. Clearly, some intervening onept of the on�guration hange when theintrinsi barrier is hit is required in order to explain that the latter reationleads to CN. Still, suh on�guration hange should inur some probabilityloss whih would lead to some fusion hindrane.Ultimately, it seems that a more detailed study of ompeting ompaton�gurations of target and projetile and of on�guration hanges may leadto a better understanding of the fusion hindrane. We plan to ontinue ourstudy in this diretion.Enlightening omments of Janusz Wilzy«ski on the experimental andthreshold fusion barriers are gratefully aknowledged.REFERENCES[1℄ W.J. �wi¡teki, Phys. Sr. 24, 113 (1981).[2℄ J. Bªoki, H. Feldmaier, W.J. �wi¡teki, Nul. Phys. A459, 145 (1986).[3℄ D.J. Hinde et al., Phys. Rev. Lett. 74, 1295 (1995).[4℄ S. Mitsuoka et al., Phys. Rev. C62, 054603 (2000).[5℄ K. Nishio et al., Phys. Rev. C62, 014602 (2000).[6℄ J. Bartel et al., Nul. Phys. A386, 79 (1982).[7℄ J.F. Berger, M. Girod, D. Gogny, Nul. Phys. A502, 85 (1989).[8℄ Yu.Ts. Oganessian et al., Nature (London) 400, 242 (1999).[9℄ Yu.Ts. Oganessian et al., Yad. Fiz. 63, 1769 (2000) [Phys. At. Nul. 63, 1679(2000)℄.[10℄ Yu.Ts. Oganessian et al., Phys. Rev. C63, 011301(R) (2001).[11℄ V.Yu. Denisov, W. Nörenberg, to be published in Eur. Phys. J. A.[12℄ R. Bass, Nul. Phys. A231, 45 (1974).[13℄ K. Siwek-Wilzy«ska, J. Wilzy«ski, Phys. Rev. C64, 024611 (2001).[14℄ M.G. Itkis et al., in Fusion Dynamis at the Extremes, ed. Yu.Ts. Oganessianand V.I. Zagrebaev, World Sienti�, 2001, p. 93.[15℄ J.G. Keller et al., Nul. Phys. A452, 173 (1986).[16℄ G. Audi, A.H. Wapstra, Nul. Phys. A595, 409 (1995).
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