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SURVIVAL PROBABILITYOF EXCITED HEAVY NUCLEI�A.S. Zubova;b, G.G. Adamiana;b;, N.V. Antonenkoa;bS.P. Ivanovaa;b and W. SheidbaJoint Institute for Nulear Researh, 141980 Dubna, RussiabJustus-Liebig-Universität, 35392 Giessen, GermanyInstitute of Nulear Physis, 702132 Tashkent, Uzbekistan(Reeived November 4, 2002)Using the statistial model, we analyse the survival probabilities ofexited heavy and superheavy nulei. The alulated prodution ross se-tions of heavy neutron-de�ient isotopes are in a good agreement with theexperimental data for di�erent de-exitation hannels, espeially near themaxima of exitation funtions. The dependene of obtained values forsuperheavy nulei produed in old fusion reations on di�erent theoretialpreditions of nulear properties are disussed.PACS numbers: 25.70.Jj, 24.10.�i, 24.60.�k, 24.90.+b1. IntrodutionThe synthesis of heavy and superheavy nulei is an interesting �eld ofnulear physis researh during the last deade. The analysis of experi-mental yields of di�erent neutron-de�ient evaporation residues allows usto onlude whether magi numbers are hanged in the nulei far from theline of stability. There is experimental evidene that in the de-exitation ofthese nulei the harged partiles emission suessfully ompetes with neu-tron emission whih is the most probable proess in the nulei near the lineof stability. Sine the stability of superheavy nulei is mainly determinedby shell e�ets, it is important to �nd the regions in (Z;N)-plane where theshell e�ets are strongest and supply the largest survival of exited super-heavy nulei.� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2083)



2084 A.S. Zubov et al.Among various models the dinulear system (DNS) model seems to bemore suessful in the onsideration of prodution of heavy and superheavynulei [1�4℄. The DNS model assumes that the ompound nuleus is reahedby a series of transfers of nuleons or small lusters from the light nuleusto the heavier one in a touhing on�guration. So, the dynamis of fusionis onsidered as a di�usion of the DNS in the mass asymmetry, de�ned by� = (A1 � A2)=(A1 + A2) (A1 and A2 are the mass numbers of the DNSnulei). In fusion reations the evaporation residue ross setion [1�4℄�ER(E:m:; J) � �(E:m:; J)PCN(E:m:)Wsur(E:m:) ; (1)depends on the partial apture ross setion � for the transition of the ollid-ing nulei over the entrane (Coulomb) barrier, on the probability PCN of theompound nuleus formation after the apture and on the survival probabil-ity Wsur of the exited nuleus against �ssion. PCN and Wsur are onsideredas the most ruial fators for prodution of heavy and superheavy nulei.Reduing the survival probability to that of zero angular momentum, weinlude the dependene on angular momentum in the e�etive apture rosssetion [4℄.In the present paper the survival probabilities of di�erent neutron-de�-ient isotopes and superheavy nulei are analysed by using statistial model.The dependene of obtained values for superheavy nulei produed in oldfusion reations on di�erent theoretial preditions [5�8℄ of nulear propertiesis disussed. 2. Survival probabilityThe survival probability under the evaporation of a ertain sequene sof x partiles is onsidered asW ssur(E�CN; J) = Ps(E�CN; J) xYis=1 �i(E�is ; Jis)�t(E�is ; Jis) : (2)Here, is, Ps, E�is and Jis are the indies of the evaporation step, the proba-bility of realization of the hannel s at the initial exitation energy E�CN ofthe ompound nuleus, the mean values of exitation energy and, angularmomentum quantum number, respetively. The total width �t for om-pound nuleus deay is the sum of partial widths of partile evaporation�i, -emission and �ssion �f . At the �rst step is = 1s, E�1s = E�CN andJ1s = J [9, 10℄. Sine �ER an be fatorised into three fators in (1) withWsur(E:m:; J = 0) the alulations of the survival probability were donefor J = 0 only. The probability of realization of onsidered evaporation se-quene Ps(E�CN) [11,12℄ is a funtion of partiles separation energies and their



Survival Probability of Exited Heavy Nulei 2085Coulomb energies in the ase of harged partiles emission. This funtionhas a bell-like shape with a maximum near the maximum of orrespondingexitation funtion.In the exited superheavy nulei the Coulomb barrier for the emission ofharged partiles is high and the widths for the emission of a proton or an�-partile are muh smaller than the width �n for the neutron emission inthese nulei. Under these irumstanes we set �t � �n+�f . So, the survivalprobability under the evaporation of x neutrons in this ase is onsideredaording to asWsur(E�CN; J) � Pxn(E�CN; J) xYi=1 �n(E�i ; Ji)�n(E�i ; Ji) + �f(E�i ; Ji) : (3)The width of the deay of hannel i is de�ned through the probability RCNiof this proess as [9, 10, 13�15℄�i = RCNi2��(E�CN; J) : (4)The probability of evaporation of partile j (neutron, proton, �-partile)RCNj (E�CN;J)=XJdE�CN�BjZ0 d"�d(E�CN�Bj�"; Jd) Jd+sXS=jJd�sj J+SXl=jJ�SjTjl(") (5)an be alulated by using the separation energy Bj of partile j with spin s,the level density �d(E�CN � Bj � "; Jd) of the daughter nuleus, and thetransmission oe�ient Tjl(") through the barrier. The value of Tjl(") isalulated using an optial model potential [13℄.The �ssion probability in the ase of an one-hump barrier of heightBf(E�CN) and urvature determined by ~! is de�ned asRCNf (E�CN; J) = E�CN�BfZ0 �f(E�CN �Bf � "; J) d"1 + exp h2�("+Bf�E�CN)~! i ; (6)where �f(E�CN � Bf � "; J) is the level density at the saddle point. For allthe nulei onsidered, we take ~! = 2 MeV. We alulated the level densityusing the Fermi-gas model [15℄.The value of �ssion barrier Bf onsists of the liquid drop BLDf and mi-rosopial BMf parts. The liquid drop part is alulated as in Ref. [16℄.The value BMf = ÆWAsd � ÆWAgr is related to the shell orretion ÆWAgr of the



2086 A.S. Zubov et al.nuleus with mass number A at the ground state and the shell orretionÆWAsd at the saddle point. Usually, one neglets the shell orretion at thesaddle point, ÆWAsd � 0. Due to the dependene of the shell e�ets on thenulear exitation, the mirosopial part and Bf depend on E�CN asBf(E�CN) = BLDf +BMf (E�CN = 0) exp ��E�CNED � : (7)With (7) the level density parameter is taken as a onstant. The other wayto take into aount the shell e�ets is using exitation energy dependentlevel density parameter in the alulations of level density [15℄ (withoutdamping of the shell e�ets in Bf). However, as was shown in Ref. [17℄ thesetwo possible ways are equivalent and lead to the same results at the properhoie of parameters.For alulation of the Coulomb barrier, we used the expressionUC = ZCN � jZje2r0j �A1=3CN�j +A1=3j � ; (8)where r0j is the onstant and ZCN�j and ACN�j are the harge and massnumbers of the daughter nuleus after the evaporation of partile j (protonor alpha) with harge Zj and mass number Aj. The variations of parameterr0j are not ruial for our alulations of �ER near the maxima of exitationfuntions for all neutron-de�ient isotopes onsidered [12℄.3. Results and disussionWhile onsidering the heavy neutron-de�ient isotopes yields we use theexisting experimental values of mirosopi orretions and partile separa-tion energies, and their theoretial values from Ref. [5℄ when the experimen-tal data are not available. For superheavy nulei we used a set of di�erenttheoretial preditions [5�8℄ and analysed their in�uene on the results ob-tained. 3.1. De-exitation of 230UProdution ross setions and exitation funtions of neutron de�ientisotopes of U, Pa and Th have been measured in the 22Ne+208Pb rea-tion [18℄. Sine the initial on�guration is very asymmetri, the quasi�ssionprobability an be negleted and the probability of omplete fusion PCNis lose to 1. The alulated values of �ER in Fig. 1 are in a good agree-ment with the experimental data espeially near the maxima of exitationfuntions both for neutron and harged partiles evaporation hannels [12℄.



Survival Probability of Exited Heavy Nulei 2087

35 40 45 50 55 60 65 70 75 80 85
10-1

100

101

102

103

55 60 65 70 75 80 85 90
10-1

100

101

102

α4nα2n
α3n

α4n

α2n
α3n

σ E
R
 (

µb
)

E*

CN
 (MeV)

 

230U
α7n

α7n

α6n

α6n

α5n

α5n

σ E
R
 (

µb
)

Fig. 1. Measured [18℄ and alulated exitation funtions and evaporation residueross setions for �xn evaporation hannels in the reation 22Ne+208Pb.3.2. De-exitation of 220ThIn Fig. 2 and Fig. 3 evaporation residue ross setions and exitationfuntions for the reations 40Ar+180Hf [19℄ and 124Sn+96Zr [20℄ are shown,respetively. Due to the di�erent fusion probabilities, the same isotopes are�nally produed in these two reations at the same exitation energy withthe ross setions di�ering approximately by one order of magnitude. Onean onlude, that the fusion probability PCN, whih is alulated with thedinulear system model in Ref. [12℄, is important ingredient of the desriptionof exitation funtion. Note that the exitation funtions for these reationswere alulated in [20℄. Here, we obtain a better agreement with the ex-periment, espeially for the hannels with evaporation of harged partiles,without speial adjustment of the theoretial data to one of the evaporationhannel as was done in Ref. [20℄. The results of measurements and our al-ulations are in quite good agreement almost for all evaporation hannelsexept some points on the low energy tails of exitation funtions. Thesetails are related to the in�uene of ontamination of the target used in theexperiment [12℄.
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Fig. 3. Measured [20℄ and alulated exitation funtions and evaporation residueross setions for pxn evaporation hannels in the reation 124Sn+96Zr.3.3. The superheavy nuleiThe survival probability of superheavy nulei [17℄ (with harge numbersZ � 102) produed in old fusion reations is analysed using di�erent the-oretial preditions of the nulear properties of these nulei [5�8℄, whih



Survival Probability of Exited Heavy Nulei 2089predit pratially the same neutron binding energies but di�erent �ssionbarriers. In 1n evaporation hannel Wsur di�ers from �n=�f by the fator ofP1n (P1n � 1 at the maximum of exitation funtion). For 104 < Z < 112,the alulated �n=�f weakly depend on the hoie of predited propertiesof superheavies. With the preditions of Ref. [7, 8℄ the values of �n=�f aremuh smaller than the ones obtained with Refs. [5, 6℄ for Z � 114. So, thealulated evaporation residue ross setion for Z � 114 would be largerwith the preditions of Refs. [5, 6℄ (Fig. 4).
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ZFig. 4. The dependenes of �n=�f alulated with the Fermi-gas model and dampingof the shell e�ets in Bf for the indiated nulei at the exitation energies shownin [17℄. The preditions of Refs. [5�8℄ are used.4. SummaryNear the maxima of exitation funtions the alulated values are loseto the experimental ones. The low energy tails of the exitation funtions inpxn and �xn evaporation hannel are sensitive to the ontaminations of thetargets by other isotopes. The alulated evaporation residue ross setionsfor the nulei with Z > 114 are very ruial to the hoie of the preditedproperties of superheavies.
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