
Vol. 34 (2003) ACTA PHYSICA POLONICA B No 3
ANALYSIS OF NUCLEAR REACTIONS USED FOR THESYNTHESIS OF HEAVY AND SUPERHEAVYELEMENTS IN THE FRAMEWORK OF THEDINUCLEAR SYSTEM CONCEPTV.V. VolkovJoint Institute for Nu
lear Resear
h141980, Dubna, Mos
ow region, Russia(Re
eived O
tober 16, 2002)Dedi
ated to Adam Sobi
zewski in honour of his 70th birthdayRea
tions used for the synthesis of heavy and superheavy elements areanalyzed within the framework of the dinu
lear system 
on
ept. The im-portant role of quasi- �ssion and the inner fusion potential barrier is em-phasized. The results of 
al
ulation of the produ
tion 
ross se
tions forheavy and superheavy elements synthesized in 
old and hot fusion rea
-tions are given in 
omparison with experimental data. The minimum valueof 
ompound nu
leus ex
itation energy is 
al
ulated for elements from 104to 114, produ
ed in 
old fusion rea
tions. This arti
le is a short survey ofsome results obtained by a group of physi
ists, using the dinu
lear system
on
ept.PACS numbers: 25.70.Jj, 01.30.Ce1. Introdu
tionThere are two main theoreti
al aspe
ts to the problem of the synthesis ofsuperheavy elements (SHE). One is the properties of the superheavy nu
lei,i.e. the �magi
� numbers Z and N , what is the mode and half-life of theradioa
tive de
ay [1℄. The other is nu
lear rea
tions used for the synthesisof SHE: their type, the expe
ted produ
tion 
ross se
tions, the optimal valueof the ex
itation energy of the 
ompound nu
leus. This arti
le dis
usses thelatter aspe
t.SHE 
an only be produ
ed in the 
omplete fusion of two massive nu-
lei, and we must have an idea about the me
hanism of 
ompound nu
leusformation in these rea
tions. However, there are two serious di�
ulties en-
ountered in solving this problem. (1881)
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ess of 
omplete fusion is of a 
losed nature. Fusingnu
lei do not send any signals that would allow one to understand the me
h-anism of 
ompound nu
leus formation. Experimentalists dete
t the de
ayprodu
ts of a 
ompound nu
leus, but it is well known that the 
ompoundnu
leus �forgets� the history of its formation. The other di�
ulty lies in thefa
t that the transformation of two multinu
leon nu
lear systems into a newone is very di�
ult to analyze theoreti
ally.How do theoreti
ians a
t in su
h a situation? They 
reate theoreti
almodels, simplifying reality. A theoreti
al model 
an be 
onsidered to be a
ertain theoreti
al image of a real nu
lear pro
ess. There being various waysto make simpli�
ations, several theoreti
al pi
tures are now available of thesame nu
lear pro
ess. The fusion of nu
lei has been studied for more thanforty years. Various approa
hes have been proposed to des
ribe the 
ompletefusion of nu
lei, whi
h re�e
ts the progress made in the experimental studyof this fundamental nu
lear pro
ess.2. First models of the 
omplete fusion of nu
leiIn the �rst models of the 
omplete fusion of nu
lei the 
ompound nu
leusformation me
hanism was not 
onsidered. In early experiments, rather lightheavy ions of 12C, 14N, 16O and 20Ne were used. In rea
tions with theseions, the 
apture of a proje
tile by a target nu
leus inevitably leads to theformation of a 
ompound nu
leus. The 
ompound nu
leus produ
tion 
rossse
tion �CN was equal to the 
apture 
ross se
tion �
�CN = �
 : (1)Theoreti
ians made e�orts to 
reate models for 
al
ulating the 
apture
ross se
tion. Created were the opti
al model [2℄, the 
riti
al distan
emodel [3℄, the surfa
e fri
tion model [4℄. All those models 
onsidered the
riti
al angular momentum l
r to be the most important 
hara
teristi
 ofthe 
omplete fusion pro
ess. The 
ompound nu
leus produ
tion 
ross se
-tion �CN was de�ned by the well-known relation:�CN = ���2 l
rXl=0 (2l + 1)T (l); (2)where T (l) is the penetration fa
tor for the entran
e potential barrier.This approa
h was used su

essfully for 
al
ulating the produ
tion 
rossse
tions of transfermium elements (Z > 100), whi
h were synthesized inrea
tions with not very massive heavy ions. The produ
tion 
ross se
tion�ER is de�ned by two fa
tors: �CN and Wsur, where Wsur is the survival
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tions Used for the Synthesis of. . . 1883probability for the 
ompound nu
leus when de-ex
ited.�ER = �CN �Wsur ; (3)�CN was estimated by ratio (2); Wsur was 
al
ulated on the basis of a sta-tisti
al model.However, this approa
h is in 
on�i
t with experimental data on the syn-thesis of heavier elements. Fig. 1 shows experimental data and 
al
ulatedresults obtained in the framework of the traditional theoreti
al approa
hfor the produ
tion 
ross se
tions of elements 104, 108 and 110. These ele-ments were synthesized in 
old fusion rea
tions, in whi
h 208Pb is used asthe target nu
leus and ions of 50Ti, 58Fe and 64Ni as a proje
tile [5℄. The
al
ulations were made in [6℄. One 
an see large dis
repan
y between exper-imental data and 
al
ulations for elements 108 and 110. This dis
repan
yis due to the fa
t that there o

urs a quasi-�ssion pro
ess � the dinu
learsystem formed on the 
apture stage de
ays into two nearly equal fragmentswithout produ
ing a 
ompound nu
leus.

Fig. 1. The produ
tion 
ross se
tions of elements 104, 108 and 110 synthesized in
old fusion rea
tions (HI,1n; 2n); points are experimental data [5℄, the 
urves �results of 
al
ulations [6℄.That quasi-�ssion is likely to o

ur in rea
tions between massive nu
leiwas predi
ted by Swiate
ki in 1972 [7℄. However, the term quasi-�ssion wasonly introdu
ed by him in 1980 [8℄. Figure 2, taken from [7℄, shows how twonu
lear liquid drops brought in 
onta
t evolve depending on the parameterZ2=A and the initial asymmetry. The initial nu
lear system is seen to evolveto a symmetri
 form, if the value of Z2=A is large and the mass asymmetryis small. When in the symmetri
 form, the heavy nu
lear system is unstableand de
ays into two nearly equal fragments.
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Fig. 2. The potential energy of two tou
hing nu
lear liquid drops in dependen
e ofthe parameter Z2=A and mass asymmetry [7℄.In rea
tions used for the synthesis of SHE, the rea
tion 
hannel asso-
iated with quasi-�ssion is predominant. To estimate 
ompetition betweenthe 
omplete fusion and quasi-�ssion 
hannels and to 
al
ulate the 
om-pound nu
leus produ
tion 
ross se
tion �CN, we must have an idea of howa 
ompound nu
leus is formed in the 
omplete fusion of two massive nu
lei.3. The ma
ros
opi
 dynami
 modelSwiate
ki's ma
ros
opi
 dynami
 model (MDM) [8℄ was the �rst to de-s
ribe the whole history of the 
omplete fusion of two nu
lei from the momenttheir surfa
es 
ome in 
onta
t to the moment a 
ompound nu
leus is formed.This model simpli�es reality, �rst, by substituting 
olliding nu
lei, whi
hare 
omposed of nu
leons and have shell stru
ture, with drops of a hypo-theti
al vis
ose nu
lear liquid and, se
ond, by 
onsidering the fusion of twonu
lei to be a purely dynami
 pro
ess governed by the 
lassi
al equations ofmotion.The 
omplete fusion of two nu
lei is the dynami
 evolution of a nu
learsystem in deformation spa
e. It is 
hara
terized by the following three pa-rameters: the 
enter-to-
enter distan
e between the nu
lei, the system massasymmetry and the ne
k form. Nu
lear vis
osity plays a very importantrole.The MDM revealed su
h important aspe
ts of the fusion of two massivenu
lei as quasi-�ssion, the extra push and the extra-extra push. It turnedout that for two massive nu
lei to fuse into a mononu
leus, a surplus ofkineti
 energy above the Coulomb barrier is needed � the extra push. For
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ompound nu
leus to form from the mononu
leus, the extra-extra pushis needed. The MDM 
onsiders the fusion of nu
lei and the formation of a
ompound nu
leus to be di�erent stages of nu
lear pro
esses.

Fig. 3. The systemati
 of nu
lear pro
esses whi
h are realized in the 
ollision oftwo massive nu
lei [8℄.Figure 3, taken from [8℄, shows di�erent nu
lear pro
esses that are likelyto o

ur in the head-on 
ollision of two massive nu
lei. The type of pro-
ess is de�ned ultimately by the initial kineti
 energy Ei in respe
t to theCoulomb barrier B
, the extra push Ex and the extra-extra push Exx. TheMDM is a stri
tly deterministi
 model; 
ompetition between 
omplete fusionand quasi-�ssion 
hannels is ex
luded. The MDM was very popular amongexperimenters. The terms quasi-�ssion, the extra push and the extra-extrapush be
ame an integral part of the physi
s language.

Fig. 4. The ex
itation energy of 
ompound nu
lei of 102�112 elements synthesizedin 
old fusion rea
tions (HI,1n); diamonds are experimental data [9℄, the line is theresult of 
al
ulations with using the MDM [10℄.
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Fig. 5. The evaporation residue 
ross se
tions in the rea
tions 110Pd +110Pd;squares are the experimental data, the 
urve is the result of 
al
ulation with usingthe MDM [11b℄.However, the MDM had di�
ulty des
ribing rea
tions used for the syn-thesis of SHE. Figure 4 shows the ex
itation energy of the 
ompound nu
leiwith the 
harge numbers Z from 102 to 112, whi
h were synthesized in 
oldfusion rea
tions. Experimental data are shown with diamonds [9℄; the lineshows the result of 
al
ulations in the framework of the MDM [10℄. The
al
ulated data show extra-extra pushes to be of enormous values in theserea
tions. The Fig. 5 gives the evaporation residue 
ross se
tion �ER(E)for the rea
tion 110Pd+110Pd. Experimental data are shown by squares;the 
urve represents the results of 
al
ulations with the use of the MDM.The di�eren
e between experiment and 
al
ulations re�e
ts the in�uen
e ofthe quasi-�ssion 
hannel, whi
h dominates in this rea
tions. However, theMDM doesn't 
onsider the 
omplete fusion and quasi-�ssion 
hannels to be
ompeting 
hannels. From our point of view, the di�
ulty whi
h the MDMen
ountered is due to the fa
t that it simpli�es reality too radi
ally.4. The dinu
lear system 
on
ept for the 
omplete fusionof two massive nu
leiThe dinu
lear system 
on
ept (DNS-
on
ept) was proposed at Dubna [11℄.The DNS-
on
ept is not a traditional theoreti
al model. The DNS-
on
eptgives a qualitative pi
ture, a s
enario of the 
omplete fusion pro
ess mu
has the 
ompound nu
leus 
on
ept qualitatively des
ribes the properties of
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ited 
ompound nu
lei. The DNS-
on
ept is based on the statement: �The
omplete fusion of nu
lei and deep inelasti
 transfer rea
tions (DITRs) aresimilar nu
lear pro
esses�. Indeed, in both pro
esses, the full dissipationof 
ollision kineti
 energy o

urs and the same 
onservative and dissipativefor
es a
t. On the 
ollision angular momentum s
ale, there is a se
tion whereboth pro
esses 
an be realized. What does the statement that the 
ompletefusion pro
ess and DITRs are similar pro
esses provide? In 
ontrast to the
omplete fusion pro
ess, DITRs are open rea
tions. Studying the mass,
harge, energy and angular distributions of DITR produ
ts makes it possi-ble to build up a realisti
 pi
ture of nu
lear intera
tion on full dissipationof 
ollision kineti
 energy when the relative velo
ity of nu
lei drops to zero.It is this unique information about the intera
tion between two nu
lei in adinu
lear system formed in deep inelasti
 
ollision that is used to reveal theme
hanism of 
ompound nu
leus formation.The DNS-
on
ept proposes the following s
enario of the 
omplete fusionof nu
lei and quasi-�ssion.� At the 
apture stage, after the full dissipation of the 
ollision kineti
energy, a dinu
lear system (DNS) is formed.� The DNS evolves in time by means of nu
leon transfer from one nu
leusto the other. There are two ways for the system to evolve: one leads tothe 
omplete fusion of nu
lei, the other to the symmetri
 form of thesystem. The former results in a 
ompound nu
leus being formed. Thelatter leads to the de
ay of the DNS into two nearly equal fragments,whi
h means quasi-�ssion has o

urred.� The DNS nu
lei retain their individuality as the DNS evolves. Thisimportant pe
uliarity of the DNS evolution is the 
onsequen
e of theshell stru
ture of nu
lei. Fig. 6 shows the prin
ipal distin
tion betweenthe views of the MDM and the DNS-
on
ept on the 
omplete fusionpro
ess. A

ording to the MDM, fused nu
lei lose their individualityvery qui
kly due to a ne
k being formed. The DNS-
on
ept supposesthat fused nu
lei retain their individuality until the 
omplete fusionpro
ess ends.As is known from DITRs [12,13℄, the DNS evolution is determined by thepotential energy of the system as a fun
tion of its 
harge (mass) asymmetryand spin. The DNS potential energy is 
al
ulated a

ording to the equation:V (Z; J) = B1 +B2 + V (R�; J)� [B
n + Vrot(J)℄ ; (4)where Z is the atomi
 number of one of the DNS nu
lei; J is the spinof the DNS, whi
h is determined by the angular momentum of 
ollision
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n are the binding energies of the DNS nu
lei and the
ompound nu
leus; V (R; J) is the nu
leus�nu
leus potential, whi
h in
ludesthe nu
lear, Coulomb, and 
entrifugal potentials:V (R; J) = Vn(R) + VCoul(R) + Vrot(R; l): (5)R is the distan
e between the 
enters of the nu
lei; R = R� when theDNS is at the bottom of the po
ket of the potential V (R). The DNS wasrepresented as two slightly overlapping spheres. Vn(R) was 
al
ulated bythe double folding method [14℄. Vrot(R; J) was 
al
ulated for the rigid-bodymomentum of inertia of the DNS. Isotopi
 
omposition for the DNS nu
leiwas 
hosen in su
h a way as for the system to have a N=Z equilibrium.The deformation of the DNS nu
lei was not taken into a

ount. The DNSpotential energy was normalized to the potential energy of the 
ompoundnu
leus, whi
h was taken as zero.
Fig. 6. The s
hemati
 illustration of the pro
ess of the 
ompound nu
leus formationin the 
omplete fusion of two massive nu
lei a

ording to: (a) the ma
ros
opi
dynami
al model [8℄, (b) the dinu
lear system 
on
ept [11℄ (the �gure from [11b℄).5. Pe
uliarities of the 
omplete fusion of massive nu
leithat were revealed by the DNS-
on
eptThe DNS-
on
ept reveals two important pe
uliarities in the 
ompletefusion of massive nu
lei:� the existen
e of a potential barrier on the way to 
omplete fusion and� 
ompetition between the 
omplete fusion and quasi-�ssion 
hannels inthe initial DNS formed at the 
apture stage.Figure 7 shows the potential energy of the DNS formed in four rea
tionswith di�erent initial 
harge and mass asymmetry, but the 
ompound nu
leusis the same � 246Fm. The inje
tion points of the rea
tions are indi
ated.
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Fig. 7. The potential energy of the DNS whi
h is formed in four rea
tions with thesame 
ompound nu
leus 246Fm; Z is the atomi
 number of one of the DNS nu
lei[16℄.To form a 
ompound nu
leus, an evolving DNS must over
ome a po-tential barrier � the inner fusion barrier B�fus. The height of B�fus dependson the 
harge asymmetry of the rea
tion. For the rea
tion with 40Ar ions,B�fus is equal to a few MeV; for the rea
tion with 136Xe, it is equal to about20 MeV. The energy to over
ome the inner fusion barrier is taken from theex
itation energy of the DNS. The asterisk symbolizes this pe
uliarity. Thevalue of B�fus determines the energy threshold for the fusion of two massivenu
lei. The DNS initial ex
itation energy Exi must be higher than B�fus.That there is 
ompetition between 
omplete fusion and quasi-�ssion
hannels is due to the fa
t that the DNS evolution is of a statisti
al na-ture. On full dissipation of the 
ollision kineti
 energy, the relative velo
ityof two nu
lei drops to zero and the DNS evolves by transferring nu
leonsfrom one nu
leus to the other. As is known from DITRs, this pro
ess is gov-erned by statisti
al laws [12,13℄. Fig. 8 illustrates two ways for the DNS toevolve. In the 
ase of quasi-�ssion, the DNS must over
ome the quasi-�ssionbarrier Bqf in the nu
leus�nu
leus potential V (R; J).The MDM and the DNS-
on
ept 
an be seen to di�er fundamentally indes
ribing the nature of the evolution of a nu
lear system to a 
ompound nu-
leus. The MDM 
onsiders this pro
ess to be a dynami
 evolution, whereasthe DNS-
on
ept takes it to be a statisti
al evolution.
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Fig. 8. Two ways of evolution of a massive DNS. The nu
leus�nu
leus potential(left) and potential energy of DNS (right) are indi
ated [11b℄.6. Produ
tion 
ross se
tion of superheavy elementsA

ording to the DNS-
on
ept, the produ
tion 
ross se
tion of heavyand superheavy elements is determined by the expression:�ER = �
 � P
n �Wsur ; (6)where �
 is the 
apture 
ross se
tion; P
n is the probability of a 
ompoundnu
leus being formed in 
ompetition with quasi-�ssion; Wsur is the survivalprobability for the 
ompound nu
leus when de-ex
ited. The values of �
 andWsur 
an be 
al
ulated using existing theoreti
al models. To 
al
ulate thefa
tor P
n, no theoreti
al models were available.The DNS-
on
ept allowed 
reating models that take a

ount of 
ompe-tition between 
omplete fusion and quasi-�ssion 
hannels in symmetri
 andasymmetri
 nu
lear rea
tions.6.1. Symmetri
 rea
tionsA DNS 
an be at thermal (partial) equilibrium for several units of 10�22s.The initial DNS is in a quasi-equilibrium state be
ause it lies at the minimumof the DNS potential energy. This allows one to use a statisti
al approa
hfor 
al
ulating 
ompetition between 
omplete fusion and quasi-�ssion. Theprobability that the evolution of the initial DNS will end by 
omplete fusionor by de
ay through the quasi-�ssion 
hannel is proportional to the DNS level
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lear Rea
tions Used for the Synthesis of. . . 1891density at the tops of the fusion barrier B�fus and the quasi-�ssion barrierBqf : P
n = �B�fus�B�fus + �B�qf : (7)The DNS level density � is des
ribed a

ording to the formula proposedin [15℄. Fig. 9 shows �ER(E) for the rea
tion 110Pd+110Pd 
al
ulated bythis model.

Fig. 9. The evaporation residue 
ross se
tion in the rea
tion 110Pd +110Pd 
al
u-lated by using the DNS-
on
ept (solid line) and the MDM (dashed line) [11b℄.6.2. Asymmetri
 rea
tionsTo 
al
ulate the fa
tor P
n in asymmetri
 nu
lear rea
tions, two DNS-
on
ept-based models were 
reated. One employs the Monte-Carlo method,and the other uses the Kramers approa
h for solving the Fokker-Plan
kequation.The Monte-Carlo-using model [16℄, simplifying the DNS evolution pro-
ess, assumes that from any 
on�guration, the DNS is likely to pass only tothe 
on�guration neighboring in Z and A. This means that one proton andone or two neutrons are transferred from one nu
leus to the other. Clustertransfer is ex
luded. The probability of nu
leon transfer is proportional tothe DNS level densities in the neighboring 
on�guration. The level densityis determined by the DNS ex
itation energy. It is 
al
ulated a

ording tothe formula proposed in [15℄. The DNS evolution pro
eeds along the largenumber of traje
tories in the Z and A spa
e of the DNS nu
lei. The model
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tories with one traje
tory that goes along the po-tential energy valley. Using the Monte-Carlo method, the DNS evolutionpro
ess is 
al
ulated for di�erent angular momenta of 
ollision L. It is as-sumed that on getting over the top of the fusion barrier B�fus, the DNS goesirreversibly into the 
omplete fusion 
hannel. The DNS that has rea
hedthe symmetri
 form goes irreversibly into the quasi-�ssion 
hannel. Fig. 10shows the result of 
al
ulation of the values of P
n for four rea
tions inwhi
h the same 
ompound nu
leus 246Fm is produ
ed. The 
al
ulated re-sults for P
n permitted reprodu
ing the experimental values of �ER for theserea
tions [17℄.

Fig. 10. The probability of 
omplete fusion P
n for rea
tions: 40Ar+206Pb,76Ge+170Er, 86Kr+160Gd and 136Xe +110Pd 
al
ulated in the framework of themodel using the Monte-Carlo method [16℄.The Kramers approa
h-using model 
onsiders 
ompetition between 
om-plete fusion and quasi-�ssion to be 
ompetition between two ways of evo-lution for a vis
ose DNS [18℄. One way is 
hanging the mass asymmetry� = (A1�A2)=(A1+A2). A1 and A2 are the masses of the DNS nu
lei. Theother way is 
hanging the distan
e between the 
entres of the nu
lei � R.To des
ribe the DNS evolution, the stationary solution to the Fokker-Plan
kequation is used in the form suggested by Kramers [19℄. The parameter ofthe model is the DNS vis
osity. The value of P
n is de�ned by the stationary�ow of probability through the fusion barrier B�fus and the quasi-�ssion bar-rier Bqf . The model was tested with nu
lear rea
tions in whi
h the fa
torP
n 
ould be 
al
ulated using experimental data for the evaporation residue
ross se
tion.
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tions Used for the Synthesis of. . . 18937. Analysis of 
old fusion rea
tionsused for the synthesis of transfermium elementsThe �ssion of ex
ited nu
lei of transfermium elements is the main fa
torthat de
reases their produ
tion 
ross se
tions as their atomi
 number Z in-
reases. The use of 208Pb target strongly de
reases the ex
itation energy ofthe 
ompound nu
leus formed and in
reases the produ
tion 
ross se
tion ofthe element to be produ
ed. This approa
h, proposed by Yu.Ts. Oganessian[20℄, was named 
old fusion. In 
old fusion, a 
ompound nu
leus is produ
edwith ex
itation energy of 12�15 MeV and the rea
tion 
hannel with emissionof only one neutron (HI, 1n) may be used for the synthesis of a new transfer-mium element. All the new transfermium elements with atomi
 number Zfrom 107 up to 112 were synthesized in 
old fusion rea
tions [21℄. However,an attempt to synthesize element 113 failed.

Fig. 11. The probability of 
omplete fusion P
n in 
old fusion rea
tions 
al
ulatedin the framework of the model using the Kramers type stationary solution to theFokker-Plan
k equation [18℄.The DNS-
on
ept allows one to understand why that attempt was unsu
-
essful. Fig. 11 shows the values P
n for the 
old synthesis of a transfermiumelements. Those values are 
al
ulated by model [18℄. Quasi-�ssion is seen tostrongly make the probability of 
ompound nu
leus formation to de
rease asthe atomi
 number in
reases. P
n is � 5�10�2 for element 104, but it dropsto the value � 10�6 for element 112. Those 
al
ulations show quasi-�ssionto be the main fa
tor responsible for a de
reased produ
tion 
ross se
tion in
old fusion rea
tions.The use of the opti
al model to 
al
ulate the 
apture 
ross se
tion andthe statisti
al model to 
al
ulate the survival of the 
ompound nu
leus whende-ex
ited (the fa
tor Wsur) made it possible to satisfa
tory reprodu
e ex-
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Fig. 12. Experimental data (bla
k squares) and theoreti
al 
al
ulations (open
ir
les) for the synthesis of elements from 102 to 114 in 
old fusion rea
tions(HI, 1n) [27℄.

Fig. 13. The analysis of the rea
tion 208Pb+86Kr in the framework of the DNS-
on
ept [23℄: a � the 
apture and fusion 
ross se
tions; b � the energy dependen
eof the fa
tor P
n and the ratio of �n=�f ; 
 � the energy dependen
e of the produ
-tion 
ross se
tion of element 118; the point is experimental data obtained in [24℄.perimental data on the produ
tion 
ross se
tions of transfermium elementsin 
old fusion rea
tions (Fig. 12).The DNS-
on
ept permits estimating the real value of the produ
tion
ross se
tion of element 118 in the rea
tion 208Pb+86Kr. A

ording to themodel proposed by Smolan
zuk [22℄, it should be more than �ve hundreds
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lear Rea
tions Used for the Synthesis of. . . 1895of pi
obarns. Fig. 13 shows the result of an analysis of that rea
tion in theframework of the DNS-
on
ept [23℄. The fa
tor P
n for ex
itation energy of15 MeV is equal to 10�9, and the maximum value of the produ
tion 
rossse
tion is equal to 0:5 pb. It means that for that amount of bombardment
arried out in experiments at Berkeley [24℄, the probability of the synthesisof element 118 was very small.8. Analysis of the synthesis of superheavy elements 114 and 116in rea
tions with 48Ca ionsAt FLNR JINR, in order to synthesize superheavy elements, neutron-ri
ha
tinide isotopes (244Pu and 248Cm), and 48Ca were used as the target andbombarding ions, respe
tively [25,26℄. Fig. 14 demonstrates 
al
ulations ofthe produ
tion 
ross se
tion of element 114 in the rea
tion 244Pu +48Ca [27℄.The upper 
urve is the 
apture 
ross se
tion, the 
urve next to it representsthe 
ompound nu
leus produ
tion 
ross se
tion. The lower 
urves re�e
t
ompetition between �ssion and emission of a di�erent number of neutronsduring the de-ex
itation of the 
ompound nu
leus. The experimental value ofthe produ
tion 
ross se
tion of 288114 (the 4n 
hannel) is equal to 0:5+0:6�0:3 pb[25℄. Cal
ulations [27℄ were made while the experiment was still in progress.

Fig. 14. The analysis of the rea
tion 244Pu +48Ca in the framework of the DNS-
on
ept: �
 � the 
apture 
ross se
tion, �fus � the fusion 
ross se
tion, 
urveswith indi
es 1n; 2n; 3n; 4n are the produ
tion 
ross se
tion of di�erent isotopes ofelement 114 [27℄.
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Fig. 15. The same 
al
ulations as in the Fig. 14 but for the synthesis of element116 in the rea
tion 248Cm +48Ca [28℄.Figure 15 shows some 
al
ulations for the rea
tion 248Cm+48Ca, used forthe synthesis of element 116 [28℄. The experimental value of the produ
tion
ross se
tion of 292116 (the 4n 
hannel) is equal to 0:5+0:8�0:3 pb [26℄. Thedi�eren
e between the �
 and �fus 
urves re�e
ts the in�uen
e of quasi-�ssion in both rea
tions. The fa
tor P
n is equal to � 10�3. In 
old fusionrea
tions, the value P
n is equal to 10�7 for the synthesis of element 114and 10�8 for the synthesis of element 116. In rea
tions with 48Ca ions,the ex
itation energy of the 
ompound nu
leus is higher than in 
old fusionrea
tions, but the smaller value of the fa
tor Wsur is 
ompensated by themore advantage value of the fa
tor P
n.9. The minimum of the ex
itation energy of 
ompound nu
leiin the synthesis of transfermium and superheavy elementsA

ording to the DNS-
on
ept, the minimum of 
ompound nu
leus ex-
itation energy, E�min, is determined by the height of the inner fusion barrier(Fig. 16). It means that E�min is determined by the shape of the potentialenergy 
urve. When formed, a 
ompound nu
leus a
quires most of its min-imum ex
itation energy as the DNS des
ends from the top of the barrierB�fus. However, the fate of the DNS itself is de
ided when the system is
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Fig. 16. The minimum of the ex
itation energy of the DNS ne
essary for 
ompletefusion of two massive nu
lei and the minimum value of the 
ompound nu
leusex
itation energy a

ording to the DNS-
on
ept [11
℄.

Fig. 17. The minimal ex
itation energy of the 
ompound nu
lei of 102�114 elementsin 
old fusion rea
tions (HI,1n); bla
k points are experimental data, open 
ir
lesare the 
al
ulated data a

ording to the DNS-
on
ept: (a) the deformation of theheavy nu
leus of the DNS are taken into a

ount, (b) the deformations of the heavyand light nu
lei of the DNS is taken into a

ount [11
℄.approa
hing the top of the barrier B�fus. At this evolution stage, the DNSex
itation energy is the lowest and the DNS is 
old. This pe
uliarity of theDNS evolution in the synthesis of transfermium and superheavy elementsrequires some modi�
ation of 
al
ulation of its potential energy. Instead ofthe liquid-drop masses, the real tabulated masses were used for the DNSnu
lei. The heavy nu
leus of the DNS was assumed to have ground state



1898 V.V. Volkovdeformation. The large axis of the heavy nu
leus was dire
ted in su
h a wayas for the system to have minimum potential energy. The 
al
ulated resultsfor E�min for nu
lei of elements from 102 to 114 produ
ed in 
old fusion re-a
tions are shown in Fig. 17(a). One 
an see that the 
al
ulated values ofE�min are 
lose to experimental data. However, the 
al
ulated data turnedout to be about 5 MeV higher than experimental data. This dis
repan
ydisappears on the assumption that the light nu
leus of the DNS is deformed(see Fig. 17(b)). In Fig. 17(b), its deformation 
orresponds to the ex
itedstate 2+. So the DNS-
on
ept makes it possible to estimate the minimumex
itation energy of the 
ompound nu
leus in the synthesis of SHE and,
onsequently, the optimal value of bombarding energy.10. Con
lusions1. Analysis of nu
lear rea
tions used for the synthesis of superheavy el-ements is possible if we have a realisti
 pi
ture of the me
hanism of
ompound nu
leus formation in the 
omplete fusion of two massivenu
lei.2. The DNS-
on
ept, based on experimental information about deep in-elasti
 
ollisions of nu
lei, permits one to 
reate theoreti
al models thatare 
apable of des
ribing all the important aspe
ts of the synthesis ofheavy and superheavy elements.3. The DNS-
on
ept revealed a fusion barrier of a new type � B�fus andstatisti
al 
ompetition between the 
omplete fusion and quasi-�ssion
hannels in the DNS formed at the 
apture stage.4. The DNS-
on
ept makes it possible to 
al
ulate the produ
tion 
rossse
tion of heavy and superheavy elements in 
old and hot fusion rea
-tions.5. The DNS-
on
ept permits estimating the minimum value of the ex
i-tation energy of the 
ompound nu
leus in 
old fusion rea
tions.6. One 
an say that at present the DNS-
on
ept gives the most realisti
pi
ture of the me
hanism of 
ompound nu
leus formation.The author would like to thank Elena Prokhorova and Dr. Eugeni Cherepanovfor the help in preparation of the manus
ript for the printing.
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