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Synthesis of superheavy nuclei: Nucleon collectivization as a mechanism
for compound nucleus formation
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A consistent systematic analysis of the synthesis of very heavy nuclei is performed within a “standard”
theoretical approach without any adjustable parameters and additional simplification. Good agreement with
experimental data was obtained in all the cases up to synthesis of the 102 element. It was confirmed that a
process of the compound nucleus formation, starting from the instant when two heavy nuclei touch and
proceeding in strong competition with the fission and quasifission processes, plays an important role in the
asymmetric synthesis of superheavy elements &igh=104 as well as in the symmetric fusionzgy=90.

A new mechanism of the fusion-fission process for a heavy nuclear system is proposed, which takes place in
the (A;, A,) space, wheréd; andA, are two nuclei, surrounded by a certain number of common nucleons
AA. These nuclei gradually loger acquire their individualities with increasingor decreasingthe number of
collectivized nucleond A. The driving potential in the4;, A,) space is derived, which allows the calcula-

tion of both the probability of the compound nucleus formation and the mass distribution of fission fragments
in heavy ion fusion reactions.
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[. INTRODUCTION tion of two heavy nuclei leading to formation of a heavy
evaporation residue or two fission fragments is very compli-
The interest in the problem of the synthesis of superheavgated even at low near-barrier energies. As a result, not very
atomic nuclei quickened significantly within the past two numerous theoretical approaches to the description of the
years. First of all, it is connected with successful Dubna exsynthesis of SHEs differ from each other not only quantita-
periments on the synthesis of the 114 element isotopes withvely (several orders of magnitude in the estimation of the
A=288,289[1] and A=287[2]. The decay chains of these CroSS sections of the same procg}sm, som_etlmes, quali-
isotopes demonstrate that we have really approached the d@fively, namely, when contradictory physics models are
called “island of stability.” Shortly after these experiments, used. . ) ,
the detection of nuclei wittz=118 was announced at Ber- '.I'he' formation cross section .Of a cold res!dual nucIBus
keley in the 88Kr+2%pPp fusion reaction with an unexpect- which is the product of light particle evaporation apemis-
: sion from an excited compound nucle@s formed in the
edly large cross sectidr8]. As a result, two other laborato- . .
ries (RIKEN and GANIL) joined the well-known centers in fusion process of two heavy nucled;+A,—~C—B
. +n,p,a,y at center-of-mass energy close to the Coulomb
the synthesis of _supe_rheavy € lemefBerkeley, Dgrmstadt, barrier in the entrance channel, can be decomposed over par-
and Dubna Detailed m_forma_tlon on the synt_heS|s qf SUPer- -1 waves and written in the following form:
heavy element$SHES including the latest discoveries and
the current status of the problem can be foun@4ih Today 5 o
at all the above mentioned laboratories either experiments 0&A1+Az—>B(E)N mh
intensive preparatory work are in progress. Theoretical sup- ER 2unE =
port of these very expensive experiments is vital in the ) )
choice of fusing nuclei and their collision energy, and for the X(Ar+A;—CEDPer(C—BIED). (1)
estimation of the cross sections and identification of evapo- ) . o )
ration residues. In this connection, one should recognize the HereT(E,l) is the probability for colliding nuclei to over-
fact that we are still far from final understanding of the heavycome the potential barrier in the entrance channel and reach
ion fusion process, which is of independent scientific interesthe point of contacRon=R;+ Ry, which is, as a rule, less
from the point of view of the study of properties and behav-than the radius of the Coulomb barrigf by 2 or 3 fm,R;
ior of nucleon and collective degrees of freedom in low ex-andR; are the radii of the nucleP¢y is the probability that
cited nuclear systems. the nuclear system will evolve from a configuration of two
The fusion dynamics undergoes significant changes witfiouching nuclei into a spherical or nearly spherical form of
increasing masses of compound nuclei, and the formatiothe compound mononucleus. In the course of this evolution
cross sections decrease very fast with increasing their atomtbe heavy system may, in principle, fall again into two frag-
numbers. The main reason for that is the growing role of thénents without forming the compound nucleggsiasifission
fission channels determining not only the survival probabilityand, thus,Pcy<1. The last term in Eq(1), Per(C—B),
of a compound nucleus in the process of its cooliemis- ~ defines the probability of producing the cold evaporation
sion of nucleons and rays, but also the dynamics of its residueB in the process of the compound nucléligecay. It
formation in competition with the so-called quasifission pro-has the initial excitation energ* = E—Qf:*, whereE is
cess. The physics nature of the whole process of the interathe beam energy in the center-of-mass syst ‘és

. 2I1+1)T(E,l)Pcy
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=M(C)P—M(A)—M(A)c?, and M(C), M(A,), M(A,)  nucleon transfer causes subsequent evolution of the “di-
are the nuclear masses. In order to avoid hereinafter a comuclear system.” Compound nucleus formation means com-
fusion in terminology, we define also the “capture cross secplete transfer of all the nucleons from the light nucleus to the
tion” and the “fusion cross section” as follows: heavier one. This process competes with the nucleon transfer
from the heavy nucleus to the lighter one, resulting in a
subsequent separation of two nualguasifission procegs
The truth seems to be somewhere in the middle. It is
improbable that during the whole evolution of the system
o starting from the touching of two nuclei and up to the for-
orus(E) = (mh212pE) 2, (21+1)T(E,)Pen(E D). mation of the almost spherical compound nucleus, all the
=0 nucleons were strictly divided into two groups, namely, the
nucleons belonging only to one nucleus and moving only in
Approximate equality in Eq(1) reflects the fact that the the volume of that nucleus, and those belonging to another
whole process of the compound nucleus formation and decayycleus and also remaining within its volume. The process of
is divided here into three individual reaction stages even ifnstantaneous nucleon collectivization and formation of one
connected with each other but treated and calculated Sepgery strongly deformed mononucleus at the moment of con-
rately: (1) approaching the point of contaB +R,<r<,  tact of two colliding nuclei also looks unlikely to take place.
(2) formation of the compound mononucledg+A,—C,  |n this paper a new mechanism of compound nucleus forma-
(3) decay(“cooling” ) of the compound nucleuS. Note that  tjon is proposed. It is assumed that a certain number of com-
different theoretical appl’oaches are used for analyZing all thﬁ]on nucleons appear when two nuclei get in contact. These
three reaction Stages. However, the dynamiCS of the intermemdeons move within the whole volume Occupied by the
diate stage of the compound nucleus formation is the mosjuclear system and belong to both nuclei. Henceforth the
vague. It is due to the fact that in a well studied case ofhumber of such collectivized nucleons increases whereas the
near-barrier fusion of light and medium nuclei, when a fis-number of nucleons belonging to each particular nucleus de-
sility of a compound nucleus is not so high, the fusing nucleicreases. The compound nucleus is formed at the instant when
overcoming the potential barrier form a compound nucleusl| the nucleons find room in the volume of that nucleus. The
with a probability close to unity, i.e.Pcy=1, ofus  inverse process of nucleon decollectivization brings the sys-
= 0capt» and, thus, this reaction stage does not influence thgem to the fission channels.
yield of the evaporation residues at all. In the fusion of heavy A mechanism of compound nucleus formation is dis-
nuclei, the system may evolve with a high probability di- cussed in detail in Secs. V and VI, whereas Secs. lI-IV are
rectly into the exit fission channel without the compounddevoted to the resources and applicability of the “standard
nucleus formation, which means that the so-called process @fpproach” to the description of the SHE synthesis. Here the
“fast fission” or quasifission takes pladé]. Dynamics of  stage of compound nucleus formation is neglected, i.e.,
the whole process is rather complicated, and that is why verp . =1 and the main attention is focused on the interaction
much different models, sometimes opposite in their physicabf two heavy nuclei, on overcoming the multidimensional

meaning, are used for its description. potential barrier, and on the cooling process of a low excited
In this connection, one may single out two mutually ex-fissile compound nucleus.

clusive approaches to the description of the evolution of the

nuclear system starting from the moment at which two col-

Iidin_g nuclei touch_each other and up to the moment of for- || +1E STAGE OF APPROACHING AND THE CAPTURE
mation of a spherical compound nucleus or the moment of CROSS SECTION

decay into two more or less equal heavy fragméntsasi-

fission process In the first approach6—8] it is assumed that In fact many difficulties arise both in the calculation of
two touching nuclei instantly and completely lose their indi- Pcy in Eqg. (1) and in the calculation of other factors. Now it
vidualities and can be treated as one strongly deformets well established that in the fusion of heavy ions the barrier
mononucleus that evaluates in the multidimensional space gfenetrability T(E,l) is defined not only by the height and
deformations into a spherical compound nucleus or goes intwidth of the Coulomb barrier but also by the strong channel
fission channels. In practice one has to use a few collectiveoupling of relative motion with internal degrees of freedom,
degrees of freedom defining the shape of the nuclear systemhich enhances significantliby several orders of magni-
and completely neglect the shell structure of the nuclei, i.etude the fusion cross section at sub-barrier energs=e,
their individuality, playing an important role at low excita- e.g.,[14]). In the case when the capture cross section is mea-
tion energies. Similar models were also usefifiQ] for the  sured experimentally within a not-so-narrow near-barrier en-
description of the intermediate reaction stage of the comergy region, the height of the potential barrier and the so-
pound nucleus formation in specific calculations of the crossalled “barrier distribution function” can be obtained from
sections of SHE production. experimental data, and the transmission coefficigife,|)

An opposite approach has been proposed and uddd i  can be easily calculated or approximated. In the synthesis of
13]. Here, two nuclei having passed the Coulomb barrielSHEs it is difficult to measure the capture cross section
reach the point of contact and, after that, remain in this poo,,{E) (it can be done by detecting the yield of fission
sition keeping entirely their individualities and shapes. Onlyfragment$ and the barrier penetrabilitf (E,I) has to be

[

o-capt(E)=(7Tﬁ2/2,uE)|§O (21+1)T(E,I),
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estimated within some theoretical model describing the ini-
tial stage of the reaction.

The Bass approximation of potential energy of the inter- s
action between two heavy spherical nudéb] is widely ' é
used and reproduces rather well the height of the potentia / B saddle
barrier. Coupling with the surface vibrations and nucleon
transfer channels is the second main factor that determine§ o5
the capture cross section at near-barrier enefdiék In the ®
case of rather “soft” nucleilow energy values of the vibra- g
tional excitationy a realistic nucleus-nucleus interaction 8
leads to very large deformations and, thus, to a necessity o
taking into account a large number of coupled chanffed$
which significantly complicates the microscopic calculation
of T(E,l) and makes it unreliable. -0.5 bl . : ' :

In order to take into account explicitly the main effect of 10 2 " ' r (fm) 8
a decrease in the height of the potential barrier and, there 2% Gl (©
fore, an increase in the penetration probability at sub—barrielg %‘ AN
energies due to dynamic deformation of nuclear surfaces, we= s < Bo =179 Mev
use here the following nucleus-nucleus potential energy ford = N e
nuclei with quadrupole deformations in a nose-to-nose ge-f&150 %150 Bg = 163 MeV
ometry = B
v v v | Rcont RB | .
l,Z(raﬁllﬁZ)_ C(r131132)+ prOX(raﬁlvﬂZ) 10 r (fm) 15 0 B Bsd 1

+3C1(B1— B2+ 3Co(Br— B2 (2
2C1lB1m B H2CoBo B2 () FIG. 1. Potential energy of®Ca+ 2°%Pb. Proximity potential is
Here numbers 1 and 2 denote the projectile and the targetsed for the nuclear interactiomy=1.15 fm,b=1.0 fm), and the
B4, are the parameters of the dynamic quadrupole deformastandard stiffness parameter is used for the deformation er(ejgy.
tioh ,30 are the parameters of static deformation, &hd Landscape of potential surface. The saddle point and the potential
are ’théyzstiffness parameters, which were calcula,ted ’withiRamer of spherical nucleif=0) are shown by the crosses. The
the liquid droo model. The diffuseness arameiesf the ridge of the barrier is shown by the dotted line, whereas the dashed
L . ine corresponds to the contact distance of two nuclei. The incoming
proxw?my potepntlal[17]. was taken as equpal to 1 fm for all i d h di ! lei. The | |

. . o flux is shown schematically by the gray-shaded arr@dy.Interac-
1
nuclei except for light projectiles such 4C and *°O, for tion potential of spherical nuclei and its parabolic approximation

which it was chosen as 1.1 fm. Calculating the prOXimity(dashed lingin the vicinity of the barrier(c) Potential energy at the

forces we also take into account a change in the surfacgqge of the two-dimensional barrier, i.e., along the dotted line pass-
curvature of deformed nuclei. Nuclear radii were calculatedng through the saddle poifisee(a)].

with ry=1.16 fm. In the case of the zero deformatign
=0 this potential yields the Coulomb barriers that are . . . .
slightly higher than the Bass barriers, whereas the saddi@atically shows the incoming flux, which overcomes the
points locate, as a rule, much lower than the Bass barrierdarrier at different values of dynamic deformation. A quan-
Bs=V1ol =I's4, 8= Bsd) <Bgass. TO reduce the number of tum and classical analysis of this process performed for a
variables we assume that the deformation energies of twB0del system can be found ii6]. In order to determine the
nuclei are proportional to their masses, ilglﬂilczﬁg quantum penetrability of such barrier one needs to solve a
=A,/A,, and we may use only one deformation pE-;“ametegrnultidimensional Schdinger equation. However, approxi-
B=PB1+ Bo. mating the radial dependence of the barrier by a parabola
A characteristic topographical landscape of the tt@alu-  [see Fig. )], one can use the usual Hill-Wheeler formula
lomb, nuclear, and deformationapotential energy of the [18] with the barrier height modified to include a centrifugal
nucleus-nucleus interaction in the,B) space is shown in term for the estimation of the quantum penetration probabil-
Fig. 1(a). The interaction potential of spherical nuclgd ( ity of a one-dimensional potential barrier. Taking into ac-
=0) and potential energy along the ridge of the multidimen-count now a multidimensional character of the realistic bar-
sional barrier[dotted line in Fig. 1a)] are shown in Figs. rier, we may introduce the “barrier distribution function”
1(b) and 1c), respectively. The big gray-shaded arrow sche{19] f(B) in order to determine its total penetrability

- dB. 3

T(E,I)=J’ f(B) o
1+ exp( (I+1)—-E

fiwp(l)

B+———|
2uRE(1)
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Hereh wg is defined by the width of the parabolic barriBg Per(C—B+xn)

defines a position of the barrier, and the barrier distribution

function satisfies the normalization conditigri(B)dB=1. _ fEéEﬁep(l)i E* 3P (E* e.)d
At an accurate measurement of the capture cross section ~Jo Ftot( +Jo)Pn(Eg.€1)de,

ocapE) this function can be determined experimentally

[14]. In other cases we rely only on available experimental % fEIEﬁep(Z)&(E* 3,)P.(E* e,)de
experience and theoretical analysis of model systems. Here 0 [yop L7V mim1em2/m
the asymmetric Gaussian approximation of this function was

used EX e I
Xf ' l—w_n(E:—lv‘]x—l)Pn(E:—l’ex)
0 tot
B—B,\?
ex;{—( X m) } B<B,, X G, (Ex . Jx—g.s)de. 6)
1

F(B)=NXx “ Here E;°A(k) ande, are the binding and kinetic energies of

B—Bp\?
ex;{—( A, ) } B>Bm, the kth evaporated neutrofE} = Ex — 3K [ES®Ri) +¢] is
the excitation energy of the residual nucleus after the emis-
sion of k neutrons,P,(E*,e)=C\eexd —e/T(E*)] is the
probability for the evaporated neutron to have enexgsnd

where B,,=(By+Bg)/2, By is the height of the barrier at
zero deformationBg is the height of the saddle poifsee . W, . -

Fig. 1), N(A,,A,) is the normalization coefficient, anl, thE(i 7nEc;£rJ1aI|zmg coefficientC is founq from the 'cond|t|on
=(Bo—Bg)/2. Experimentssee, e.g.[14]) and theoretical [, " Pn(E*,e)de=1. The quantity Gy, defines the
analysis show that the value 4f; is, as a rule, less than the probability for the remaining excitation energy and angular
value of A, and in all the cases considered below it wasmomentum to be taken away hyemission after evaporation

taken as equal to 2 MeV. of x neutrons. It can be approximated by the expression
N T (EF.J)
ll. STATISTICAL DECAY OF LOW EXCITED HEAVY Gny(E*,J—g.8)= || Ay (6)
NUCLEI =1 Lo EF ,J0)

The survival probability of the excited compound nUdeuswhereEi* =E*—(i—1)e,), J=J-(i—1), (e,) is the av-

C(E*,J) in the proce_ss.of ifcs cooling by means_of r)egtronerage energy of a dipolg quantum, and the number of
evaporation andy emission in the competition with fission #]uantal\l is determined from the conditid, < By, assum-
1S

ant?]_ emlsts?nt_ Ofl I|gh(t1 (iha;rgted partlcllesoca_lr_1h betca(ljcul((j';\te g that at energies lower than the fission barrier the fission
within a statistical model of atomic nuclg20]. The standar robability is very small as compared withemission, and

expressions were used for the partial decay widths of th IT. .~1. Numerical calculations show that a choice of
compound nucleus T (E*,J), TYE*,J), and v tot ; .

A C—B+a AN the average energy of the emittgcdjuanta(e,) in the range
I'ris(E*,J) [15,20,2F with the level density, which includes  ;_5 g ey weakly influences the final results in all the
the collective enhancement factor proposedi2@]. The fis- 5565 except for thenOfusion channel, the cross section of

sion barrier was calculated &;s(E*)=B_p—dWe 5", \which is negligibly small in the reactions considered here.
whereB,  is the LDM fission barrier6W is the shell cor-

rection energy calculated for the nucleus in its ground statg,
(we ignore here the shell effects at the saddle poardyp '
is the damping parameter describing a decrease in the shell
effects in an energy level density with increasing the excita- As mentioned above, at low energies in comparatively
tion energy of the nucleus. The value of this parameter idight systems the formation of a compound nucleus occurs
especially important in the case of superheavy nuclei, thevith a probability close to unity straight after overcoming the
fission barriers of which are determined mainly just by theCoulomb barrier. Let us call this approach “standard,” when
shell corrections to their ground states. In literature one caim the calculation of the cross section of the evaporation resi-
find close but slightly different values of the damping param-due formation(1) the value ofP-y=1 is used. In this sec-
eter. Here the valug/=0.061 MeV ! is used taken from tion the standard approach is applied to the analysis of avail-
[23] where it was derived from a systematic description ofable experimental data on the synthesis of very heavy fissile
the energy level density over a wide range of nuclei. nuclei in order to find the borderlines of applicability of this
Subsequent estimation of the total probability for the for-approach, i.e., to find the cases in which the intermediate
mation of the cold residual nucleus after the emissiorx of reaction stage, i.e., the competition between compound
neutrons—€—B+xn+Ny—is usually performed within nucleus formation and quasifission after two colliding nuclei
numerical calculations based on the analysis of the multisteppuch, plays an important role and significantly decreases the
decay cascadE24-26. In this paper an explicit analytic yield of the superheavy nuclei.
expression is used for such probability, which takes into ac- To avoid adjustment of the calculated and experimental
count directly the Maxwell-Boltzmann energy distribution of data by playing with parameters, the same scheme of the
evaporated neutrons calculation of T(E,l) andPggr(C— B-+xn) described above

“STANDARD APPROACH"—THE BORDERLINES OF
APPLICABILITY
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was used in all the cases. Besides the neutron evaporation, Ecm. (MeV)
emission and fission, the evaporation of protons anplar- oo ____ W0 We0l 180 20
ticles was also taken into account in the calculation of the g 33 Bais By

total decay widthl';,; used in the neutron cascade. Experi-
mental nuclear massg27] were used to determine the sepa-
ration energies of all the light particles. The fission barriers
of formed nucleiB;;s(A;E*,J) are the most important and :
most uncertain parameters of the calculation. Theoretical es= ol
timations of the fission barriers for the region of superheavyg

(@

48Ca +208Pb - 2% No

nuclei are not very reliable yet and significantly differ from al o 1n
each othee.g., compare the results given[@9,30 andin & ' F o 2n
[31]). To make the analysis consistent, the liquid drop fissiong al A Z:
barriers[28] and shell correction$29,30 obtained within g 107 ®

similar approaches were used in all the cases considere81
here.
Satisfactory agreement of the standard approach with ex

perimental data was obtained for many asymmetrical fusion £

reactions leading to formation of heavy fissile nuclei with 5:

90<Z\=102, which allows one to conclude about applica- ' F

bility of the used approach to description of such reactions. 45: . : L\ )

Analysis of the*®Ca+*Pb fusion reaction is a nice testof "> o~ 5 10 15 20 25 30 35 40 45

correct choice of all the parameters. The decay properties o " [5™ s ' ' ' T A '

nobelium isotopes produced in this reactions are already venz Tl “ER 1nI~ S ~£_11(1)11:_11(z) B EMav]
tot tot

close to the properties of superheavy nuclei. The liquid drop% 1072
part of the fission barrier is, here, about 1.2 MeV, &d is S 103f
determined mainly by the shell effects. Thus, the role of the2 | .56

shell correction and its damping with increasing the excita- 2 105 102N

tion energy can be studied here quite accurately. In the cal5 [ 2;2,’1 fj':; Mev
culations of the fission barriers of nobelium isotopes we usec” 106 En (D=T10Mey
the shell corrections to their ground states propose@ah 107 ' ' !
and found that those barriers along with experimental values
of neutron separation energies reproduce sufficiently well th%o
corresponding survival probabiliti¢83] (Fig. 2).

2n (b)

FIG. 2. (a) The capture cross section and formation cross sec-
ns for evaporation residues in theCa+ 2°%Pb reaction. The dot-
ted curve shows the capture cross section calculated without dy-

h H_owgv_er,halready_ f%th.hezga:fgf Qstgl’:{\fmf:]t'\‘: 10;" zyn' namic deformation of nuclei. By the arrows are shown the positions
thesized in the reactiornTi+ , the standard ap- of the Coulomb barrier at zero deformation, the Bass barrier, and

proach overestimates the cross section for the yield of evapQne saddie point. Experimental data are fr§82] (capture cross
ration residue¢ER) if one uses the fission barriers calculated sectiong and from[33] (cross sections of then channels For the
on the basis of shell corrections taken fr29,30], see Fig. yields of evaporation residues the error bars are shown only for two

3. The discrepancy between calculated and gxperiggental E&hergies to avoid overloading the picture. The dashed curve corre-
cross sections is much more for the reactifre+2°®Pb  sponds to the calculation withcy<1 (see Fig. 11 and the textb)

—26%s (Fig. 4) [35]. Survival probabilities of the compound nucled&No after the
There are two possible reasons for such overestimation.evaporation of 1,2,3, and 4 neutrons at the initial angular momen-
(i) Neglecting an intermediate reaction stage of the comtum J=0.

pound nucleus formation in competition with quasifission,

i.e., a necessity of calculating and taking into account thereasingZ.y [4]. Both the high probability for the system to

factor Pcy<<1 in the total cross sectiofi). go into the quasifission channels and decreasing the height of
(i) Overestimation of the fission barriers of superheavythe real fission barriers, in spite of the large values of the

nuclei in the calculation of the survival probabili§zx(C shell correction energies near the magic shells, could be the

—B+xn). Starting fromZ-y=106 the shell corrections reasons for that.

given in [29,3Q begin to increase due to the approaching To make, finally, sure that the stage of the compound

magic shell in the region oZ=114 andN=184, whereas nucleus formation and the quasifission process should be

the neutron separation energies do not decrease at least in ttensidered much more carefully in the synthesis of super-
fusion reactions induced by stable projectiles and targets. lieavy nuclei, the symmetric fusion reactions leading to the

the static fission barriers are defined directly by the groundheavy fissile compound nuclei, fission barriers of which are

state shell correction energies, as made here and in mamyown much better, have been also analyzed within the stan-
other papers, then the survival probabilities, as calculationdard approach. Comparison of the calculated and experimen-
show, stop decreasing with increasidg, at Zqcn>106, tal cross sections for the yield of evaporation residues in such
while the experiments demonstrate a systematic decrease fi@actions as’®Mo+ 1%Pd—21%Ra, 8Kr -+ 136Xe—222Th, and

the yield of the superheavy evaporation residues with in-6Zr+124S5n—22°Th shows that the calculated cross sections
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Ecm. (MeV) Eom (MeV)
, 170 180 190 200 210 102 210 220 230 240 250
10 —7rir - T - 1 1 1 T 1T T T r 1T 1 0°E T T ! T
Bs Bass Bo ok z (a)
10?2 :
—~ 100F
1 £ :
10! E £ 10-1E
- 50T 4 208 258 S 02k
_g 100 F Ti+ Pb->104Rf %10 ;
- o i » 103 58Fe +208pp » 250 g
o
w0l E 2 F
s ; ® 2n © 104f
3 o F
] 1072 F 105F
% E
o 10°6F
O p3fF
107F
—4 -8 1 .
WUE 10 5 40 45
100 LN B T T y T T T L T
P, E* (MeV)
-5 L -1
10 g 101+ ER ~11:_n M
2,2t tot LT d
=i ks in ~2OEQ)
E 0 03| tot 1 tot
o
B 104F 2hs
w07 o '5 10 108
E* (MeV) € 105F B (1) =552mev 2n
(7] 6 ErP(1) = 8.03 mev
. . . 1070
FIG. 3. The capture cross section and formation cross section 7l . . . . . . .
for evaporation residues in th8Ti+2%%Pb fusion reaction. Experi- 10

mental cross sections for thenland 2n channels are fronp34].

: nal L FIG. 4. The same as in Fig. 2 but for théFe+2%%b reaction
Notations are the same as in Fig. 2.

leading to formation of the element wit= 108. Experimental data

) ) ) are from[35] (the capture cross sectionand from[34] (1n ER
noticeably overestimate the experimental data at low neakross sections

barrier energies and rather well agree with experiments at
higher energies, in the region of tha ¢hannel and higher. It space of deformation parameters. The other assumes that two
means, that the survival probabilities are calculated quite adouching nuclei keep their individualities until the end, i.e.,
curately for these cases and an additional decrease in thutil one of them, the lightest, has transferred all its nucleons
experimental cross sections at low incident energies is mo$b another nucleus.
probably due to a reluctance of the two touching heavy nu- To understand clearly the mechanism of the nucleon
clei close in masses to form a compound nucleus. They prdransfer and collectivization in heavy ion collisions, a many-
fer to go into the initial channel or into some fission channelsparticle nonstationary Schidmger equation should be solved
close to the entrance one, which means the well-knowmising the realistic interaction potentials and realistic channel
extra-push effecf36]. coupling. It is rather difficult to perform, if it is possible at
Thus, we may conclude with much certainty that in heavyall. Instead of that we tried to analyze the behavior of nucle-
ion fusion reactions the competition between the process afns during the stage of approaching within a simplified four-
the compound nucleus formation and the process of quasifivsody classical model consisting of two heavy nuclear cores
sion, starting from the instant when two nuclei touch, playsand two valence nucleons, one inside each of the nuclei at
an important role aZ-y=104 in collisions of asymmetric the initial moment. Realistic Woods-Saxon potentials were
nuclei, and already &t y=90 in extremely symmetric com- used for the nucleon-nucleus interaction, and the proximity
binations of colliding nuclei. For symmetric combinations potential along with phenomenological dissipative forces
this competition is especially noticeable at slow collisions,were used for the nucleus-nucleus interaction. Here the time

i.e., at near-barrier energies. evolution of the system and the probability of nucleon col-
lectivization at different collision stages were studied. This

V. NUCLEON TRANSEER IN HEAVY ION FUSION probability can be defined in the following way. Lty be
REACTIONS the number of all the events with randomly chosen initial

configurations of colliding nuclei at fixed separation energies

As mentioned above, there are two contradictory conceptand angular moments of nucleons and at a given initial en-
of the compound nucleus formation. One of them assumesrgy of relative motion. By the momentin the case of the

that all the nucleons are instantly collectivized straight after aAN; events the nucleon has passed from the projectile into
touch of two nuclei forming one strongly deformed mono-the target and is inside it, and in the case of ¢, events

nucleus, which gradually acquires a spherical shape in ththe nucleon has passed from the projectile into the target but
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FIG. 5. (a) The interaction potential and relative motion trajec-
tory for the collision of Ca and?*%Cm at the energ.,=230
MeV. (b) Probabilities of the valence neutron transféashed lines
and neutron collectivizatiofsolid lineg. Dotted lines and numbers
correspond to the moments shown on the left panel.

has returned, i.e., it has crossed at least twice the surface ¢
the projectile. TherP,,(t)=AN;(t)/N;o; is the probability

of the nucleon transfer, anB . (t)=AN,(t)/N;o is the
probability of the nucleon collectivization. Similarly these
probabilities are defined for the target nucleons.

As an example the fusion dfCa with 2*3Cm was studied
at a near-barrier energy. One of the trajectories in the
(r,Ecm) space and time evolution of the probabilities for A4
transfer and collectivization of the projectile and target va-
lence neutrons is shown in Fig. 5. In Fig. 6 typical trajecto-
ries of the neutrons are shown starting from the monent
corresponding to position 1 in Fig. 5.

As the calculations show the probability of nucleon col-
lectivization begins to increase immediately after overcom- =
ing the Coulomb barrier, and after the contact between the A3z A2
nuclear surfaces it rapidly reaches the value close to unity in
the case of the nucleons of the Iig_ht nucleus and a slightl¥owmmon and fission in the space 8% A, andAA, ie., the
less Valu‘,:" in the cage of the heavier partner nUdeons'_ T mber of nucleons in the projectilelike nucleus, targetlike nucleus,
last mentioned case is due to a smaller value of the ratio afy collectivized nucleons, here, +A,+AA=Acy. Other nota-
the surface of the open window to the surface of the wholgjgns are in the text.
nucleus, inside which the transferred nucleon is initially situ-
ated. Later all the valence nucleons are moving in the volyng with lower energies remain in the volumes of original
ume of both nucle{see Fig. 6 whereas the internal nucle- n,cjei. Subsequent evolution of the system cannot be de-

scribed within such a simple model and needs including ad-

CN
Aq

FIG. 7. Schematic view of the process of compound nucleus

/9 arg)=3 ditiona_l degregs of freedom, and, first of all, a greater num-
10} [ ber of interacting nucleons and nuclear surface deformations.
VAT a5 All this makes even a classical problem difficult to solve.
@ 5 . ’ RN Thus, basing on the model calculations, we may conclude
o :" ,"‘) that the concept of a “di-nuclear system” in which two
\ ; touching nuclei keep their individualities during compound
-5¢ nucleus formatiorf11-13 seems to be too simplified.
' T Zy (fm)
0 5 5 5 To 18 75 90 & 6 & 1 VI COLLECTIVIZATION AND DECOLLECTIVIZATION
OF NUCLEONS AS A MECHANISM OF FUSION AND
FIG. 6. Trajectories of valence neutrons of the projectiédt FISSION OF HEAVY NUCLEI

pane) and targetright panel in the collision of*Ca with 2*%Cm at . _

E.m=230 MeV. Initial neutron angular moments are equal to 3 The following mechanism can be proposed as an alterna-
for both nuclei, and initial neutron energies are taken in accordancéve concept of the compound nucleus formation in compe-
with their experimental binding energies. The circles show the raditition with the quasifission process, see schematic Fig. 7.

of the nuclei and the radii of valence neutron orbits. The trajectories (1) Down to the instant of touch the nuclei keep their
are shown from the moment, marked by number 1 in Fig. 5. individualities and the potential energy of their interaction is
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defined in a usual manner as described above in Sec. Il. Thaescription of the nuclear configuratiéb) in Fig. 7 should

point of contactR;,,; can be defined as the sum of nuclear

radii that is smaller by 1-3 fm than the radius of the Cou-

be used to determine an explicit shape of this function. The
simplest linear dependenggx) =x was used here, and we

lomb barrier and, thus, the nuclei have to overcome this barfound that some variation of it does not change significantly

rier to reach it.

(2) In the point of contact the nuclei begin to lose their
individualities due to an increasing number of common
nucleonsAA, hereA; +A,+AA= Ay [configuration(b) in
Fig. 7]. Interaction of two touching nuclé\; andA, weak-
ens with increasing the number of common nucledis,

a common behavior and the main features of the function
Vius—tis(A1,A7).

Potential energy of the interaction of two nuclei sur-
rounded with a certain number of common nucleons, the first
term in Eq.(7), is known along with its first derivative at the
point of contact, i.e., at the borderlireA=0. When a uni-

and their specific binding energies approach a specific bindorm compound nucleus is formed, inside which the nuclei
ing energy of the compound nucleus. Collectivized nucleon#\; andA, are only conditionally isolated, their interaction is
move in the whole volume occupied by the two nuclei andnaturally equal to zero. In the intermediate region this inter-

have the average ovéy; andA, specific binding energy.

action can be also approximated by a smooth function. Here

(3) Thus, the process of compound nucleus formation ira four-order polynomial was used providing a continuity of

competition with quasifission occurs in the spagée ( A,),

the interaction potential along with its first derivati{@nti-

here the compound nucleus is finally formed when two fragnuity of the force

mentsA,; and A, go in its volume, i.e., aR(A;) +R(A,)

=R(Acn)=Rcy or atAY3+ AZP= AZ3 [configuration(c) in

Fig. 7]. Let us denote these valuesAS" andAS", see Fig.
7

For calculating the total energy of the nuclear system con-
sisting of two nuclei surrounded by a certain number of com-

mon nucleons, the following expression can be used bas

of the total energy at all the reaction stages beginning fro
the asymptotic state of two separate nuclei and up to th
moment of the compound nucleus formation:
Vius—fisl I =R(A1) T R(A2);A1,A2; B1,82]
=V3(rA1 A, B1,B2) + B(AD) +B(A)
—[B1(AA)A; +Do(AA)A,+Dp(AA)AA].
(7

HereB(A) andB(AJ) are the binding energies of the pro-
jectile and targetb,, b,, andbcy=(b;+b,)/2 are the spe-

cific binding energies of the nucleons in the fragmehis
A,, and that of the common nucleonsA, respectively.

Vlz(r;ﬂliBZ)l rBRcont
VEN(riAL AL By B2) = C1EPHCot®,  E=1—Rey
0, r<Rcn.-

9

. . .ef'lne interactionV,(r; By, has been discussed above in
on the concept formulated above and providing a continuityg, 11 81, B2)

c. Il. The parameters andc, are derived unambiguously
rom continuity of V$,' and its derivative in the point of the
contactr =R;,n¢- Thus, once the compound nucleus has
been formed(the dark area in Fig.)7 the total energy of
the system is equal tViys ris=Qgy=B(A])+B(A)
—B(Acy), as it should be if the energy of two resting at
infinity initial nuclei A2 andA? is taken as zero.

The total driving potentiaVs,s_fis, Which regulates the
fusion-fission dynamics, depends on six variables
Z{,N1,Z,,N,,B1,B5, and only its one- or two-dimensional
projections can be drawn for its visualization. In Fig. 8 the
“radial” dependence ofV¢,s tis iS shown for the systems
“8Cat 2%Cm and 1%d+11%d. The distance between two
nuclei is a “good” variable only at >R, Where the po-
tential energy can be defined in the usual way; the proximity

These quantities depend on the number of collectivizedotential is used herésee Sec. )l After the moment at

nucleons. At the border linAA=0, i.e., atA;+A,=Acn,
b, ,=B(A?)/A] =b?,. At the moment of the compound
nucleus formation, i.e., &}3+A*<AY3 (the dark area in

Fig. 7) the specific binding energy of all the nucleons is the

same and equal to the specific binding energy of the co
pound nucleus:b;=b,=bcny=B(Acn)/Acy=Dbcy. Intro-
ducing the notation&\ Acy=Acy—ASN—ASN (see Fig. 7
andx=(AAcN—AA)/AAcy, Which is the parameter char-

which the two nuclei touch each other, the nuclear system
evolves in the space ofA(,A,) as described above. How-
ever, in the same way as one makes within a two-center shell
model, we can define here the distance between the centers
of two fragments as=R(A;) + R(A,) to demonstrate a con-

mﬂnuity of the potential energy in the whole region. Fixing

Z,=2Z%,N;=N?, and changing onlyZ, (with an optimal
choice ofN, to minimize the total energywe calculated the
potential V¢,s_sis at zero deformations and g&= B.42.

acterizing the remoteness of the system from the compoundere g,, means the entrance channel saddle point deforma-

tion of b; andb, in the intermediate region®¥x=<1 in the
following form:

by ;= byt (byo—ben) (%), (8)

whereg(x) is an appropriate monotonous function satisfying
the conditionsp(x=0)=0 and¢(x=1)=1. A microscopic

Fast decrease of the potential energy in the asymmetric
system “Ca+2*Cm in the direction of the compound
nucleus formation does not lead automatically to a large
value of the corresponding probabilicy, because after
reaching the deep minimum at-10 fm the nuclear system
evolves predominantly into the quasifission chanfsd® be-
low Fig. 9). For the symmetric system'%Pd+ 11%d [Fig.
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FIG. 8. “Radial” dependence of the nucleus-nucleus potential
energyViys-1is for *Cat2%Cm (a) and *%Pd+1%d (b) calcu- 10
lated at zero deformations of the fragmefgslid curve$ and at
B=Bs42 (dotted curves At r>R.,, the interaction of two sepa-

s ) - . 10 20 30 40 50 60 70 80 90 _100 110
rate nuclei is defined by a standard proximity potentig} (atr Z,
<Rcont this potential is shown by the dashed liné&n the region
Ren<r <Rgont (light-gray-shaded ar¢ahe distance between two FIG. 9. The driving potentiaVy,s_+1is(Z1,Z,) of the nuclear
touching nuclei is determined as=R(A;)+R(A,), here one system consisting of 116 protons and 180 neutfees the tejt (a)
nucleus is fixed £,=A?, Z;=29) while the other is varied, i.e., Potential energy of two touching nuclei At +A,=Acy,AA=0,
the potential energy at<R.,, in the casea) is calculated along i.e., along the diagonal of the lower figure. The thick line corre-
the horizontal lineZ;=20 in Fig. 9. The deep minimum at sponds to the case of spherical nuclei, whereas the thin line corre-
~10 fm corresponds to the configuration marked by the cross irsponds toB=Bs42. (b) Topographical landscape of the driving
Fig. 9. potential on the plane Z;,Z,) (zero deformation The dark
regions correspond to the lower potential energies. The dotted line
passes through the configurations WRPA;) +R(A,) =10 fm (see

8(b)] the total potential energys,s_+is reveals an additional
barrier atr <Ry, Which reflects unfavorableness for these ™9 10
two nuclei to collectivize the nucleons due to decrease of the
total binding energy. The other characteristic feature of theevealing itself in the contact of two nuclei, i.e., at the bor-
potential energy in that case is the very low “locked” barrier derline A, +A,=Acy [Fig. (8], is also retained aA A+ 0
(or shallow pocket which cannot prevent the two touching [see, e.g., the deep minima in the regionsZeh=50 and
nuclei to break apart. Both these facts lead to decrease of tt# ,=82 in Fig. 9b)]. From the figure it is already clear that
fusion probability for these nuclei at low colliding energy. in the synthesis of the nucle/’$°116 in the reactiorf®Ca
Dynamic deformation of the nuclei aggravates even more the- 245Cm, on the way from the contact point to the compound
situation for symmetrical systeffsee dotted curve in Fig. nucleus formatioridark areathe system has to decay with a
8(b)]. For heavier nearly symmetrical nuclée.g., **Xe  large probability into the quasifission channéBe+Pb, Kr
+138%e) in the case of dynamic prolate deformations the+Hg) or into the channels of normal fissigisn+Dy, Te
potential energy in the point of contact becomes lower thant Gd—shadowed regions in Fig.(9). As the calculations
the energy of the ground state of the compound nudgys show, the most part of incoming flux goes from the point of
which makes their fusion quite improbable at low near-contactimarked by the small circle in Fig.(§)] along the
barrier collision energies. ravine Z;=20 (decreasing mass and charge of the heavy
The topographical landscape of the total enevgys_is  fragmen} up to the point marked by the crosZ,(82).
for the case of formation of the compound nucléd¥16 is  After that the flux turns into the deeper valley of the potential
shown in Fig. 9. One can see that the shell structure, clearlgnergy, going alond@,~82 with increasing the mass and
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FIG. 11. The probability of the compound nucleus formation for
the near-barrier fusion reactions. In the inset the corresponding
FIG. 10. Dependence of the driving potentigl,s_;s on mass charge distribution of quasifission fragments is shown for the
asymmetry. Driving potentidl7) was calculated at zero deformation “®Cat2*Cm fusion reaction aE* =40 MeV (linear scale, relative
for R(A;) + R(A,) =9.5 fm (solid line) and 10 fm(dotted ling. The  units).
last case corresponds to the nuclear configurations shown by the
dotted line in Fig. 9. The dashed line shows the driving potentialnuclei. It can be done, for example, by solving the corre-
calculated within the two-center shell model appro§8i,3g at  sponding Fokker-Planck equation or master equation for the
R;;=9.5 fm. distribution function F(y={Z;,N1,Z,,N,,B1.,82}:t). The
probability of the compound nucleus formation is determined
charge of the light fragment, and comes to the quasifissioas an integral of the distribution functionpg
exit channels with the heavier fragment in the region °f={21,N1,Zz,Nz};t) over the region R(A;)+R(A,)
?%%Pb (see below the quasifission charge distribution in Fig.<R.,,. Similarly one can define the probabilities of finding
11). Only a small part of the incoming flux reaches a com-the system in different channels of quasifission or normal
pound nucleus configuration. fission, i.e., the charge and mass distribution of fission frag-
In [37] a shape of dinuclear system was described by thenents measured in experiments. In fact, it is not so easy to
three collective parametefgieformation of the fragments, perform such realistic calculations due to the large number of
distance between centers, and mass asymmety(A;  the variables. The initial and the boundary conditions should
—Az)/(A1+Ay)], and the potential energy was calculated also be defined very accurately to split incoming flux into the
then within a two-center shell model approd@8] as a sum  three very unequal parts: quasielastic scattering, fusion, and
of the LD potential energy plus the shell correction. Due toquasifission. In the case of solving the Fokker-Planck equa-
close physical meaning of the used parameters the drivingon, we should also smooth somehow a shaggy dependence
potential (7) can be compared with that calculated[BV].  of the driving potential on proton and neutron numbers to
Result of such comparison is shown in Fig. 10 by the solidcalculate the corresponding partial derivatives.
and dashed curves. As can be seen, the two potentials are Here the master equation approach with restricted number
close both in absolute values and in their behavior. A differ-of the variables was used for a rough estimatiofPgf, and
ence is found for large mass asymmetry and for the configueyolution of the nuclear system in th&,(,Z,) space. Putting
rations close to the point of contaatr scission point where  g=g_ /2 and minimizing the potential energy oviy and
a two-center shell model produces not-so-good result due ty, we calculated the two-dimensional driving potential
using unrealistic nuclear shap&¥]. For that cases the driv- Vius_rtis(Z1,Z5), which defines the master equation for the

ing potential(7) seems to be more appropriate, whereas fojstribution functionF (y={Z;,Z,}.t) [39]
the configurations with a large number of collectivized

nucleons(region of the fission saddle pojna two-center JF
shell model calculations should be more reliable. The driving i E MY, YOFEY O =Y Y)F(y,1). (10
potential(7) has a more pronounced structure, reflecting the y'

shell effectgfor example, deep minimum &;,=10 fm and ) N . ]
a~0.6 corresponds to th&®Pb valley in Fig. 9, and also We use the same macroscopic transition probabilities as in

the strongly marked Businaro-Gallone point. [39], i.e., N(y,y')~expl[Vius—ris(Y') = Vius-ris(¥) 12T},
Knowing the driving potentialV¢,s fis(Z1,N1,Z5,N5; where T=\[E¢m—Vius_tis(Y)1/a is the temperature anal
B1.8,) and the excitation energy of the system in everyis the level density parameter. The sum oyéin Eq. (10) is
point we can now determine the probability of the compoundextended only to nearest configuratiodg,+1. At t=0,
nucleus formatiorPc (A% +AS—C), being part of expres- F(Z,=29,Z,=2%)=1, andF(Z;,Z,)=0 for all other val-
sion (1) for the cross section of the synthesis of superheavyes ofZ, andZ,. Equation(10) was solved up to the mo-

Mass asymmetry
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ment when the total flux comes to the compound nucleus Ecm. (MeV)
configurationgdark area in Fig. @)] and/or escapes into the O — U E——— 210
fission channels giving the probability for the compound
nucleus formation and the charge distribution of quasifission  101F
fragments. Decay of the system into the quasielastic channel g
with Zl~Z§’ and Zz~Zg was suppressed by appropriate  10°F
boundary condition to provide a correct normalization for .
PCN. —

Calculation results are shown in Fig. 11 for the reactionse = ,[
48Cat208ph 256No,  SOTj+208pp ,250Rf  SBrer208pp  ETE g
—268s, BCat2*Pu—2%2114, and *®Ca+?*Cm—2°¢116 io 3 L v

depending on the excitation energy. Note that for the Iow-‘§3

excitation energiesg* <20 MeV) an accuracy of the solu- @ 104
tion of the master equatiofl0) is not so high. A typical ¢ g
uncertainty is shown by the shadowed area in Fig. 11 for theg 10
case of *Fe+2%%Ph. The following conclusions could be i
made from these results. &> 102 the probability of the 10eE
compound nucleus formation decreases very fast with in-
creasing the charge of the projectile at the fiX8@Pb target N
nucleus. In more asymmetric fusion reactions witlf®ga 108

projectile a decrease iA¢y is not so drastic with increasing :
Zcn at near-barrier collision energies. It means tiRgfy 109 |
does not depend much on the charge of the compounc f
nucleus, but mainly on the combination of fusing nuclei. For 10-1° ¢
asymmetric systems considered here, the probability of the 10 15
compound nucleus formation increases very fast with in-

creasing the excitation energy, but it is almost saturated at

E*>25 MeV. The charge distribution of quasifission frag- FIG. 12. (a) The capture cross section and formation cross sec-
ments (see the inset in Fig. 21mainly reflects the corre- tions for evaporation residues in téCa+2*Pu reaction. Experi-
sponding potential energy at the contact point, and the probnental data on the capture cross sections are f85h The experi-
ability for the symmetric quasifission is not negligible. It mental point for the?®®114 nucleus formation in therdevaporation
means that for some reactions it is rather difficult to distin-channel is froni1]. The solid curves show the results obtained with
guish experimentally between the normal fissfamich is a  Pcn=1 whereas the dashed curves correspond toPihe values
measure for the fUS|On Cross Secmcmnd the quasrflSSlor] shown in F|g 11. Result of Subsequent reduction of the fission
process. barrier by 1 MeV(see the tejtare shown by the dotted curves.

Putting the obtained values &%), into Eq. (1) we calcu-

lated the cross sections of heavy ER formation in the rea quantities crucially influencing the whole process are poorly

c : ; .
: ) determined but also the dynamics of the process itself. For
tions *éCa+ 2°%Pb—2>No, °Ti+ 2%%Pph—25%Rf, Fe+2%ph : - -

266, and*Cart 24Py 29114 and obtained satisfactory better understanding of the role of dynamic deformations and

£ with . tal dasee the dashed 2 nucleon transfer in the course of overcoming the multi-
agreement with experimental € the dashed Curves N o ngjonal potential barrier, additional experimental and
Figs. 2—4, 12 In the synthesis of element 114 it was found

) theoretical investigations are undoubtedly required. Decay
that ER cross sections Et*S_gO MeV do not exceed 1 pb roperties of the superheavy nuclei and, first of all, the
[1] AS can be seen ff°"‘? Fig. 12, the calculated ER Crosgeights of their fission barriers are also poorly studied and, as
sections overestimate this value. It could be explained b matter of fact, are almost free theoretical parameters in
overestimating the fission barrier used for the calculation o pecific calculati’ons
the survival probability of thé*?114 nucleus. The shell cor- ™0\ “ analysi.s of available experimental data per-
recnon SW=8.9 MeV predicted ir{30] for that. nucleus is formed employing a rather accurate theoretical approach
very high. In[31] the value of the same quantity was found with the use of realistic parameters and without any addi-

to be by 2 MeV lower. The dotted curves in Fig. 12 show the - it f th latter sh that the fusi f
result of a reduction of the fission barrier by 1 MeV, which is 'ona; 1ung of Tese auer shows tat the sion process o

A, . . ) asymmetric nuclei resulting in the formation of very heavy
justified here due to a large uncertainty of this quantity. Thuselernents up t& =102 differs only insignificantly from the

we may finally conclude that the probabilities of the CoOM-¢ sion of light and medium nuclei, when a compound
pound nucleus formation cglculatedlwnhm the proposed apy,cieys is formed with a probability c'I03e to unity once the
proach agree rather well with experimental data on the Syn;,qjei have overcome the multidimensional potential barrier.

the5|§ of superheavy nuclei in the asymmetric fu5|on|n the asymmetric synthesis of superheavy elements with

reactions. Z-n=104 and also in the fusion of heavy symmetric nuclei

with Z-\=90 the process of the compound nucleus forma-

tion itself plays an important role due to a strong competition
The synthesis of superheavy easily fissile nuclei is a difwith the processes of fission and quasifission.

ficult many-sided physics problem, in which not only some A new mechanism of the fusion-fission process for heavy

VII. CONCLUSION
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nuclear systems has been proposed. It takes place in tl#ffers from it at large values of mass asymmetry and also for
space A, ,A,), whereA; andA, are two nuclei surrounded the configurations close to the point of contact of two nuclei.
by a certain number of common nucleoA#\. These two  Numerical calculations of the fusion probability allowed to
nuclei gradually losdor acquirg their individualities with  reproduce experimental data on the yield of superheavy nu-
increasing(or decreasingthe number of collectivized nucle- clei in heavy ion fusion reactions.

onsAA, here “individuality” means mainly a specific bind-

ing energy of the nucleons inside the nuckej and A,,

which decreases when a heavy compound nucleus is being ACKNOWLEDGMENTS
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