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ON THEORETICAL PROBLEMS IN SYNTHESISOF SUPERHEAVY ELEMENTSYasuhisa Abe and Bertrand BouriquetYukawa Institute for Theoretial Physis, Kyoto UniversityKyoto 606-8502, Japan(Reeived November 1, 2002)Dediated to Adam Sobizewski in honour of his 70th birthdayTowards preise preditions of residue ross setions of the superheavyelements, reent theoretial developments of reation mehanisms are pre-sented, together with the remaining problems whih give rise to ambiguitiesin absolute values of predited ross setions.PACS numbers: 24.60.�k, 25.60.Pj, 25.70.�z, 25.70.Jj, 27.90.+b A�2201. IntrodutionPreditions and struture studies of superheavy elements (SHE) havebeen made, sine the establishment of the nulear shell model [1℄. Espe-ially in the last deade, elaborate investigations have been performed ofshell orretion energy and thereby of a possible loation of the superheavyisland in the nulear hart. Furthermore, not only about the enter of theisland, but also about stability properties of nearby nulei have been be-ing investigated, whih is useful for the extension of the nulear hart inheavy and superheavy elements [2℄. On the other hand, studies of nulearreation mehanisms have not been developed so muh, though so-alledfusion-hindrane was experimentally found to exist in heavy ion fusions andinferred to be due to energy dissipation [3℄. That is, there is no reliable the-oretial framework whih enables us to predit fusion probability of massivesystems and thereby residue ross setions of SHE properly. Thus, whihombination of inident ions is most promising and what inident energy isan optimum is not yet predited theoretially. Therefore, the fusion experi-ments have been performed, based on systematis of data available so far [4℄.(1927)



1928 Y. Abe, B. BouriquetBased on the reation theory of the ompound nuleus [5℄, residue rosssetions are given as follows,� = ���2� (2J + 1)P Jfusion P Jsurv; (1)where �� is the wave length divided by 2� and J the total angular momen-tum of the system. Pfusion and Psurv are fusion and survival probabilities,respetively. In the present paper, we disuss several di�ult problems in-herent in synthesis of the superheavy elements with brief explanations of afew progresses of our understanding, as well as attempts of realisti alula-tions. 2. Di�ulties harateristi in synthesis of SHEIn order to obtain the fusion probability, we have to take into aountpossible mehanisms for the fusion-hindrane. Otherwise, alulated proba-bilities, and fusion ross setions would be unrealisti, as it is the ase thatone uses a transmission oe�ient of an optial model or a barrier penetra-tion fator as the fusion probability. As for possible origins of the hindrane,two mehanisms are proposed. One is dissipation of inident energy in theourse of two-body ollisions and thus probability for the system to overomethe Coulomb barrier is redued [7℄. The other one is dissipation of energy ofolletive motions of the amalgamated system whih has to overome a on-ditional saddle or a ridge line in order to reah the spherial shape, i.e., theompound nuleus [8℄. Thus, the probability for reahing the spherial shapeis also redued. It is natural to onsider that both exist. In other words,the fusion probability Pfusion onsists of two fators; the stiking probabilityPstik of two inident ions after overoming the Coulomb barrier and theformation probability Pform of the spherial shape after overoming the on-ditional saddle point, starting from a pear-shaped on�guration made bythe stiking of the inident ions [9℄.P Jfusion = P Jstik P Jform: (2)Sine the existene of the saddle point or the ridge line between the pear-shape made by the inident ions and the spherial shape is typial in veryheavy systems, the latter mehanism would be indispensable for the fusion-hindrane observed in massive systems, though the former would also playa role. (Note that in lighter heavy-ion systems the amalgamated shape isusually loated inside the ridge line, so the system eventually slides downto the spherial shape with probability being equal to 1, one the inidentions stik to eah other, though �utuations to be disussed below mayredue it only slightly.) In either mehanism, we have to desribe a passing



On Theoretial Problems in Synthesis of Superheavy Elements 1929over a barrier under energy dissipation, whih is not yet well understoodtheoretially [10℄ and thereby there is no useful formula ready for pratialappliations. This is a remarkable ontrast to a similar problem, i.e., to�ssion under dissipation, where the famous Kramers formula [11℄ for deayrate is known to well desribe a proess of a system inside a potential poketleaking over the �ssion barrier. An essential di�erene is that in the latterthe initial system is in the quasi-equilibrium in the poket, while in theformer the initial state is given by the ondition of two inident ions with agiven inident .m. energy.Reently, the present author and his ollaborators have proposed a newanalyti formula for the probability of passing over a paraboli barrier underfritional fore. We have applied this formula to the problem of passing-overa onditional saddle point, and obtained a simple expression for so-alledextra-push energy whih provides a lear understanding of the fusion hin-drane [12,13℄. This would be an important ontribution to study of fusionmehanisms and is brie�y reapitulated in Setion 3, but there still remainsa di�ulty in pratie. The paraboli shape is usually a good approxima-tion for barrier shapes, but in potential landsapes alulated with the liquiddrop model (LDM) a poket inside the saddle is very shallow in nulei orre-sponding to the superheavy elements, as is easily expeted from the �ssilityparameter xf being lose to 1. Therefore, the potential is expeted to besubstantially asymmetri around the saddle, and moreover a system onepassing over the saddle may return bak with an appreiable probabilitydue to the �utuation assoiated with the frition. Of ourse, the probabil-ity for return-bak to re-separation is redued if the system is ooled downby neutron emissions and restores the shell orretion energy whih makesthe poket deeper.For a quantitative predition, those features should be taken into aountproperly, whih is made by numerially solving a Langevin equation [14℄. Fora dynamial desription of shape evolutions, we have to solve trajetories in amulti-dimensional spae of shape parameterization with a realisti LDM po-tential, examples of whih are disussed in Setion 5. But a time-dependentshell orretion energy due to evaporation of neutrons is not yet taken intoaount in fusion proesses. (Sine time for fusion proess is expeted to berather short, this would not ause a serious inauray, but is properly donein the alulation of survival probability, as will be disussed in Setions 6and 7.) In the approahing phase of passing over the Coulomb barrier underfrition, we have to take into aount a dissipation of the orbital angularmomentum as well as that of the kineti energy of the radial motion, wherea oupling between them is not desribed by a quadrati potential, as isdisussed in Setion 4. Of ourse, there are many other e�ets whih mayplay a role in the latter proess, say, e�ets of deformations of inident ions,quantum tunneling e�ets et., whih are not yet fully investigated.



1930 Y. Abe, B. BouriquetAs for the survival probability, the statistial theory of deay is wellestablished for obtaining a probability for the system to survive against �s-sion and harged partile deay. But in pratie there are ambiguities inthe physial parameters, i.e., so-alled level-density parameter a and theshell damping energy Ed whih ontrols restoration of the shell orretionenergy by ooling. Espeially, the latter is ruially important, beause therestoring shell orretion energy gives rise to an additional �ssion barriere�etively whih ontrols the survival probability, whih is disussed quali-tatively in Setion 6 and quantitatively in Setion 7. In addition, there areKramers [11, 15℄ and the olletive enhanement fators [16℄ in �ssion de-ay widths to be taken into aount, whih are brie�y disussed. Examplesof realisti alulations on 48Ca+ atinide targets are presented whih aremade by employing a new statistial ode KEWPIE [17℄ for the survivalprobabilities, in Setion 7.3. Fusion hindrane and extra-push energy: paraboli barrierWe study a problem of obtaining a probability for passing over a potentialbarrier under a fritional fore, whih originates from interations of thedegree of freedom under investigation with a heat bath, i.e., with otherdegrees of freedom. Therefore, there should be a random fore assoiatedwith the frition in aord with the dissipation-�utuation theorem. If weapproximate the barrier with an inverted paraboli shape, the equation ofmotion for a oordinate q and its assoiate momentum p is written as follows:ddt � qp � = � 0 1=mm!2 �� �� qp �+� 0R � ; (3)where m denotes the inertia mass, and ! the urvature of the invertedparabola. � is a redued frition, i.e., the frition  divided by m, whileR is its assoiated random fore. The random fore is assumed to be Gaus-sian and satis�es the �owing properties:hR(t)i = 0;
R(t)R(t0)� = 2  T Æ(t� t0) ; (4)where h i signi�es an average over all the possible realizations and the lastequation given in Eq. (4) with temperature T of the heat bath expresses thedissipation��utuation theorem. Sine the Eq. (3) is linear, one an writedown a general solution.With this solution a general expression for a distribution funtionW (q; p; t) at any later time t is alulated, starting with the following de�-nition, W (q; p; t) = hÆ (q � q(t)) Æ (p� p(t))ifRg ; (5)



On Theoretial Problems in Synthesis of Superheavy Elements 1931where q(t) and p(t) denote a general solution of Eq. (3) and is given bya linear ombination of their initial value q0 and p0 with the oe�ientsinluding parameters � and !. h ifRg again denotes the average over allthe possible realizations of R(t). Using the path integral tehnique, we anperform the averaging and obtain the distribution funtion of the systemas a Gaussian distribution around the mean trajetory (hq(t)i ; hp(t)i) [12℄.Then, a probability for passing over the barrier is alulated by integratingover the whole p-spae and the half q-spae, and then by taking the limit oftime t to the in�nity,Pform = 12erf24spx2 + 1 + x2x (rBT � 1px2 + 1 + xrKT )35 ; (6)where x denotes � divided by 2!. K and B denote the initial kineti energyp20=2� and the barrier height measured from the initial potential energy�!2 q20=2, respetively.In order for the probability to be 1/2, the argument of the error funtionshould be equal to zero, whih means that the mean trajetory just reahesat the top of the barrier overoming the frition. Then, the neessary ritialkineti energy K is given asK = �px2 + 1 + x�2 B ; (7)where we an see that in the ase of no frition, i.e., of x being equal tozero, K = B, whih is trivial. It learly shows that K is muh largerthan B under the fritional fore. If we estimate the �rst fator in Eq. (7),assuming One-Body Wall-and-Window formula (OBM [18℄) for the frition, we obtain about 10, depending on a reasonable hoie of values for theinertia mass and the urvature of the potential alulated with LDM. Thisgives a simple formula for the extra-push energy, though we should be are-ful in a omparison with experimental data about e�etive one-dimensionalquantities for B, �, ! and Coulomb barrier heights of entrane hannel et.Another interesting formula is obtained, whih is very useful for synthesisof SHE. Residue ross setions are extremely small in SHE, i.e., we are faingwith the situation where fusion probability is very small. This suggests inour present formulation that the mean trajetory does not reah the top ofthe barrier, even is far before the top, whih means that the argument ofthe error funtion of Eq. (6) is very large. Then, employing an asymptotiexpansion of the error funtion, we an obtain a simple approximate formula



1932 Y. Abe, B. Bouriquetfor the formation probability Pform [13℄,Pform �= 12 1p� 24spx2 + 1 + x2x (rBT � 1px2 + 1 + xrKT )35�1� exp24spx2 + 1 + x2x (rBT � 1px2 + 1 + xrKT )35 ; (8)where it is interesting to note that there is a fator very similar to Arrhe-nius fator whih is typial in thermal ativation proesses suh as nulear�ssion, neutron evaporation, thermal eletron emission from metal, et. Theexat Arrhenius fator is obtained in ase of a omplete damping of the rel-ative motion in the approahing phase, as follows. As will be shown in thenext setion, a distribution of the radial momentum at the ontat pointis approximately expressed by a Gaussian as a results of two-body ollisionproesses and thus, the formation probability is obtained by a onvolutionover initial momentum p0, whih results again in an error funtion of Eq. (6)with K being replaed with the average value �K and with the assoiatedvariane. In ase of ompletely damping, �K is equal to zero, and the vari-ane is equal to the temperature. Aordingly, the orresponding asymptotiexpansion gives the exat Arrhenius fator.Pform �= 12 1p�rTB exp ��BT � : (9)Sine fusion is inverse to �ssion in reation diretions, one ould all thisas an �inverse Kramers formula [19℄�. But we should be areful that in thethermal ativation proesses the fator appears in deay rate or in emissionrate per unit time, while in the present ase it appears in the transitionprobability, i.e., time-integrated quantity. Anyhow, a physial meaning ofthe fator as well as of the pre-exponential fator are yet to be understood.For atual fusion reations, one-dimensional treatment is obviously anover-simpli�ation, whih is readily understood by onsidering a mass-asym-metri entrane hannel. In addition, nek formation et. would omeinto play. It is worth to notie that even in suh situations, i.e., in multi-dimensional problems, we an derive the same type of formula as Eq. (6),starting with an assumption of a quadrati potential generalized to a multi-dimension. That indiates that we an de�ne an e�etive one-dimensionalmodel. Thus, the qualitative understandings obtained above with theshemati one-dimensional model are onsidered to be useful, with the bar-rier height et. being onsidered to be e�etive quantities.



On Theoretial Problems in Synthesis of Superheavy Elements 19334. Approahing phase; passing-over Coulomb barrierunder fritionOne ould apply the formula obtained in the previous setion to passing-over Coulomb barrier, approximating again the barrier as an invertedparabola. There, however, is another problem, as stated in Setion 2. In theapproahing phase,dissipation of the orbital angular momentum omes intoplay, oupled with the radial motion. For the problem, the most simple andreadily appliable model is the surfae frition model (SFM), proposed byGross and Kalinowski [6℄ in order to explain so-alled Deep-Inelasti Colli-sions.Below, we reformulate it, starting with a general framework of Ref. [20℄whih inludes so-alled rolling frition. Starting with intrinsi spins of theinident ions, L1 and L2, respetively, we introdue the following variables:L+ = L1 + L2 = L0 � L(t) ;L� = (C1L2 � C2L1) =C1 + C2 ; (10)where L0 denotes an inident orbital angular momentum and Ci, i being 1or 2, is an e�etive ion radius de�ned as follows:Ci = Ri 1�� bRi�2! ; (11)where b = 1fm and Ri = 1:28A1=3i �0:76+0:8A�1=3i with Ai being the massnumber of i-th ion. Then, a Langevin equation for two-body ollisions iswritten as drdt = 1�p ; (12)dpdt = �dVdr � �r p+ �r !r(t) ; (13)ddt � LL�� = ��11 �12�21 �22�� LL��+� ~�11�21� L0 +��11 �12�21 �22��!1!2�;(14)where � is equal to the redued mass of the entrane hannel, and V denotesa sum of the Coulomb V and the nulear Vn potentials with the rotationalenergy given by the orbital angular momentum L. The frition tensor �ijand �r are given below,



1934 Y. Abe, B. Bouriquet�r = Cr	(r)� ;��11 �12�21 �22� =0��	(r)CT h 1� + r2(C1+C2)2 C21J2+C22J1J1 J2 i�	(r)CT h r2C1+C2 C1J2�C2J1J1 J2 i�	(r)Croll g2 h 1C1+C2 C1J2�C2J1J1 J2 i �	(r)Croll g2 J1+J2J1 J2 1A ;(15)where	(r) is a form fator spei�ed below, and CT and Croll denote strengthsfor tangential and rolling fritions, respetively, In addition, a parameter gis introdued for desribing a e�etive depth of the rolling frition, whih istaken to be 1.0 fm. Ji, i being 1 and 2, are the rigid moments of inertia ofthe inident ions whih are assumed to be spherial. Then, the strengths �rand �ij are adjusted to satisfy the dissipation-�utuation theorem with thefrition tensor �r and �ij . The oe�ient ~�11 is given by �11 �	(r)CT =�.Langevin fores are given by !i, i being r, 1 and 2 whih denote Gaussianrandom numbers and are assumed to have the following properties:h!ii = 0; 
!i(t)!j(t0)� = 2 Æij Æ(t� t0) : (16)If one wants to introdue deformations of the ions, one has to introdueadditional degrees of freedom whih desribe their orientations. If we assumethat the rolling frition is very weak ompared with the others, we take Crollto be zero. Then, dL � =dt = 0, and L� = onstant = L�(�1) = 0. Theequation for the orbital angular momentum is rewritten simply as follows:dLdt = �K�� (L� Lst) + �11 !1; (17)where the e�etive frition K� and the limiting angular momentum Lst aregiven as K� = CT �1 + �r2(C1 + C2)2 �C21J1 + C22J2 �� 	(r) ;Lst = �C21J + C22J � �r2(C1 + C2)2 + �C21J1 C22J2 �r2� : (18)



On Theoretial Problems in Synthesis of Superheavy Elements 1935If we approximate Ri �= Ci,K� �= 72CT	(r) ;Lst = 57L0 : (19)Lst is so-alled rolling limit, while one would obtain the stiking limit ifone takes the limit that the drift part of the r.h.s. of Eq. (15) is equal tonull vetor, as disussed in Ref. [21℄. Together with Kr = ��r = Cr	(r),Eqs. (12), (13) and (17) just orrespond to SFM. The orrespondene ispreised by giving the following relation of the frition fores,	(r) = �dVNdr �2 ; K0� = 72CT = 0:01 ; K0r = Cr = 4 ; (20)where the numerial values are given in unit of 10�23 s/MeV. The dissipation-�utuation theorem is satis�ed by the equations: �2r = Kr TA and �211 =r2K� TA with TA � TA(t) being temperature of the olliding system inthe approahing phase. Examples of numerial solutions with the proximitymodel and with SFM are given in Ref. [22℄. Generally speaking, the former ismuh weaker than the latter, but for the moment we annot draw a de�niteonlusion on whih one is orret or more realisti. The former negletsfritional fore stemming from strong inelasti exitations et., while thelatter does a rolling frition.We have applied SFM to superheavy systems, suh as 48Ca + atinidetargets. As an example, we disuss results on 48Ca + 244Pu system in detail.The top panel of Fig. 1 shows probability Pstik for the entrane system toreah the ontat point, i.e., the relative distane being equal to a sum ofthe half density radii of the inident ions as a funtion of E.m. relative tothe barrier height. If there is no frition, it should be always equal to 1above the barrier height (Below the barrier, it is equal to zero, sine theequation is lassial.). But the results are not like that. It starts with anextremely small value at the barrier height energy and slowly inreases toreah 1/2 about 12 MeV above the barrier, whih would explain a part of theextra-push. More interesting is that a distribution of the radial momentumalulated at the ontat point is found to be approximately of a Gaussianone with its average value being almost exatly equal to zero as shown in themiddle panel of Fig. 1, whih indiates that the relative motion is ompletelydamped at the ontat point. In fat, the average orbital angular momentumalso approahes to the dissipation limit at the ontat point, whih is shownin the bottom panel of Fig. 1. This is also the ase for other atinide targets,say, 248Cm and 252Cf.



1936 Y. Abe, B. Bouriquet
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Fig. 1. Results of SFM alulations for 48Ca+244Pu system. The top panel showsthe stiking probability Pstik as a funtion of inident energy relative to theCoulomb barrier. The middle panel shows the distribution of the radial momentumat the ontat point, where p is given in unit of 10�21seMeV/fm. The bottompanel shows the orbital angular momentum divided by the limit Lst as a funtionof relative distane.In brief, the analyzes of the approahing phase provide us with stikingprobability Pstik(E.m.) as well as with information of the amalgamatedsystem, with whih we an start to solve a Langevin equation for shapeevolutions and then, an obtain formation probability Pform. This meansthat we treat the two-body ollision proesses and shape evolutions of theunited system onsistently.



On Theoretial Problems in Synthesis of Superheavy Elements 19375. Realisti alulations of Pform and fusion ross setionsIn order to desribe shape evolutions starting from the pear-shape on-�guration of the amalgamated system to the spherial shape, at least, threeparameters, say, distane between two mass enters R, mass asymmetry�, and nek parameter � in the Two-Center Parameterization [23℄. WithOBM [18℄, the frition for the nek degree of the freedom is muh strongerthan the others and thus its motion is onsidered to be muh slower than theother twos. Then, we expet that two variables ould desribe the formationdynamis reasonably well, with the nek parameter � freezed. We again em-ploy a lassial dissipation- �utuation desription, though quantum e�ets,suh as a tunneling e�et, might play a signi�ant role in passing over thesaddle.A multi-dimensional Langevin equation is written as usual [24℄dqidt = (m�1)ij pj ;dpidt = � �U�qi � 12 ��qi (m�1)jk pj pk � ij (m�1)jk pk + gij �j ; (21)where qi, i being 1 or 2, spei�es R, or �, and summations are impliitlyassumed over the repeated indies. The inertia mass tensor mij is alulatedby Werner-Wheeler approximation [25℄ and the frition tensor ij by OBMas funtions of the variables R and �. The potential U is given also by themarosopi LDM energy. In ase of a �nite angular momentum, it shouldinlude the rotational energy alulated with the rigid moment of inertia.The random fore in the r.h.s. of Eq. (21) is assumed to be Gaussian andis expressed with a Gaussian random number �i and a strength tensor gijwhih are assumed to satisfy the following properties:h�i(t)i = 0 ;
�i(t)�j(t0)� = 2 Æij Æ(t� t0) ;gikgjk = ij T ; (22)where h i denotes an average over all the possible realizations. The lastequation expresses the dissipation-�utuation theorem. In order to obtaina formation probability, i.e., a probability for the system to overome theonditional saddle point or the ridge line, we have to alulate a large numberof trajetories.Examples are shown in Fig. 2, for 48Ca�238U system with zero initialradial momentum but with the temperature orresponding to the exitationenergy 70 MeV, starting at the ontat on�guration. It is seen that sometrajetories go into the spherial on�guration and its around, while the oth-ers go bak to re-separation. The formers onsist a formation probability,



1938 Y. Abe, B. Bouriquetwhile the latters do quasi-�ssion omponents whih are to be arefully ana-lyzed in a future, inluding deformations of nasent fragments, mass driftset. before sission.
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1940 Y. Abe, B. Bouriquet6. Survival probabilityThe survival probability Psurv is a probability for the ompound systemto survive against �ssion deay and harged partile emission. We �rstdisuss the harateristi features qualitatively and then present examplesof realisti alulations made by a new statistial ode KEWPIE [17℄ inthe next setion. Sine deay widths for the latters are small omparedwith those for the former and neutron emission, the total deay width isapproximately given by �f + �n, and then the survival probability is givenapproximately by Psurv �= �n�f + �n �= �n�f ; (24)where �f and �n denote �ssion deay and neutron emission widths, given byBohr�Wheeler [28℄ and Weisskopf [29℄ formulae, respetively. Of ourse, ifintrinsi exitation energy E� is large enough for emissions of more than oneneutron, the expression of Eq. (24) is repeatedly used in multipliation. InSHE, �f � �n, so the seond equation approximately holds in superheavynulei generally exept ases with very large shell orretion energies, whihis easily seen by their approximate expressions,�n ' e�Bn=T ; �f ' e�Bf=T ; (25)then the probability is given byPsurv ' e�(Bn�Bf )=T ; (26)where Bf and Bn denote �ssion barrier height and neutron separation energy,respetively. And Bf is almost equal to minus of the shell orretion energy,beause marosopi �ssion barriers, i.e., LDM �ssion barrier BLDMf is verysmall and is nearly equal to zero for SHE, due to the fat that the �ssilityparameter xf is lose to 1.It is worth to onsider how an exitation-energy dependene of the shellorretion energy omes into play. As is expeted, absolute values of the shellorretion energy are redued by exitation, so in the beginning of deayproess. This is well taken into aount by Ignatyuk's presription [30℄ ofexitation-energy dependene of the level density parameter of the spherialshape, i.e., for neutron emissionan = �an �1 + f(E�) ÆEE� � ;f(E) = 1� exp ��E�Ed � ; (27)



On Theoretial Problems in Synthesis of Superheavy Elements 1941where �an is an asymptoti level density parameter in high exitation, andE� intrinsi exitation energy of the ompound nuleus. ÆE and Ed denoteshell orretion energy of the ground state and so-alled shell damping pa-rameter, respetively. The parameter Ed is obtained to be about 18 MeVby alulating exitation energy dependene of the free energy with a singlepartile model. With Eq. (27), the �ssion width is approximately given asfollows: �f �= e�Be�=T ;Be� = Bf + f(E�) ÆE : (28)Then, asymptoti behaviors for E� � Ed and E� � Ed beome asfollows, respetively:Be� �= Bf +E� ÆEEd ! Bf ; E� � Ed ;�= Bf + ÆE ! BLDMf ; E� � Ed ; (29)where Bf = BLDMf � ÆE denotes the �ssion barrier height of the groundstate. As is seen from the above arguments, the survival probability Psurvis ruially determined by absolute values of the shell orretion energy!!Remaining ambiguities are Kramers [11,15℄ the olletive enhanement [16℄fators. The former takes into aount an e�et of frition fore ating onthe �ssioning degree of freedom, and is given byKf =px2 + 1� x : (30)This is always smaller than 1 and is approximately equal to 1=x in ase oflarge x. The olletive enhanement fator takes into aount a di�erenebetween olletive level densities at the spherial shape and the saddle pointshape. Sine the saddle point shape of SHE is determined by shape depen-dene of the shell orretion energy, no simple formula is available. It shouldbe worth to notie here that so-alled Strutinski orretion fator [31℄ forBohr�Wheeler formula ~!=T an be onsidered to be a part of the olle-tive enhanement fator, i.e., the part from the �ssioning olletive degreeof freedom, though the main part of the enhanement is expeted to be thatof the rotational degrees of freedom.7. Preliminary results of residue ross setionsIn order to make realisti alulations of the survival probability we havemade a new statistial ode KEWPIE (Kyoto Evaporation Width alulationProgram with tIme Evolution) [17℄. This program treats both the prodution



1942 Y. Abe, B. Bouriquetof residue as a funtion of the time and the �nal residue prodution. In thepresent ase we will only onsider the amount of nulei remaining at the endof the disintegration asade. Detailed formalism and the omputer odewill be published elsewhere.This program inludes the main features required in the Setion 6. How-ever, in this ode the evaporation width of partile is alulated more a-urately in the Hauser�Feshbah formalism [32℄. Moreover the evaporationof protons, alphas and gammas are inluded in the program. Calulationof �ssion width is done aording to Bohr�Wheeler formula with the trans-mission oe�ient by Hill and Wheeler [33℄ and with Strutinski orretionfator. The �ssion barrier BLDMf is that of the empirial formula given forheavy elements by Shmidt et al. in referene [34℄.The level density parameters �an and af are alulated with Töke andSwiateki formula [35℄ by taking into aount of shapes of the ground stateand the saddle point. At the ground state the shape of the nuleus is assumedto be spherial and we take into aount the shell orretion e�et with theIgnatyuk presription [30℄ with Ed = 18 MeV as given in Eq. (27). At saddlepoint, deformation is evaluated by the Hasse and Myers formula [36℄ and noshell orretion e�et is taken into aount.The KEWPIE alulation has few free parameters, the saling fator ofthe shell orretion taken from Møller et al. 's table [2℄ and the parameters ofKramer fator Kf . The latter is alulated with ~! = 1 MeV and a fritionfator � = 5� 1020 se�1.For 48Ca+208Pb system, fusion probabilities are alulated with the prox-imity potential [37℄, beause no fusion hindrane is observed there. Withthe parameters �xed, we alulate xn residue ross setions, whose resultsare shown in the Fig. 5. The experimental ross setions [38℄ are seen to bewell reprodued, whih appears to guarantee the ode KEWPIE.For 48Ca+244Pu reation, we use fusion probabilities alulated aord-ing to Eq. (2) with the realisti alulations of Pform given in Setion 5. Asdisussed in Setion 6, the ruial parameter in the survival probability Psurvis the shell orretion energy. The saling fator of 2=3 or even smaller hasturned out to be neessary to the shell orretion energies of P. Møller et al.in order to be onsistent with the data [39℄, as is shown on Fig. 6. As theo-retial values of the shell orretion energy are very di�erent from one modelto another, more preise investigations are desired. We are now studying thereations of 48Ca + atinide targets, using several preditions of the shellorretion energy, whih would be very informative on the models of nulearstruture for heavy and superheavy nulei.
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Fig. 5. Residue ross setions alulated by the statistial ode KEWPIE are shownfor 48Ca+208Pb, ompared with the experimental data [38℄.

Fig. 6. Calulated residue ross setions are shown for 48Ca+244Pu system, togetherwith Dubna data [39℄. P. Möller et al. shell orrretion energies are used with theredution fator 2/3.Y. Abe aknowledges long-standing fruitful ollaborations with T. Wada,D. Boilley, C.W. Shen, G. Kosenko and B. Giraud, with the results of whihthe present ontribution is mostly written. B. Bouriquet thanks the sup-ports for the post-dotoral position provided by JSPS whih gives him anopportunity to work at Yukawa Institute for Theoretial Physis, KyotoUniversity. This work is partially supported by the Grant-in-Aids of JSPS(no. 1340278).
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