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Abstract. The dinuclear system concept of complete fusion of nuclei has been applied to the anal-
ysis of superheavy elements synthesis. The optimal excitation energy of compound nuclei and pro-
duction cross sections in the cold synthesis of heavy elements with chazged2 — 112 have been
calculated. The possibility of synthesizing the element with magic nugdker114 in cold and hot

fusion reactions has been considered.
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1. Introduction

The application of heavy ions of large mass is necessary for the decision of problems of
the synthesis of new elements. Especially important in planning the experiments on the
synthesis of new elements is to know the cross section of complete fusion. The cross
sections of complete fusion in reactions with heavy ions up to vafyesz; = 1600 are

well described by the existing theoretical models. Bgr- Z; > 1600 values the cross
section of complete fusion dramatically fell.

There are different models for the description of complete fusion of massive nuclei.
Most popular of them is the macroscopic dynamical model of Swiatecki [1]. However, a lot
of experimental data for reactions of cold synthesis cannot be explained even qualitatively
within the framework of this model. For instance, new elements with 107 — 112 were
produced in GSI using targets close to Pb (see, for example, ref. [2]). In these reactions the
maxima of the excitation functions for the evaporation of one neutron lie below the Bass
barrier. Complete fusion for these reactions in framework MDM required a large excess
(several tens of MeV) of the collision kinetic energy above the entrance Coulomb barrier
Bgass- In Japan, an approach is being developed on the basis of the fluctuation—dissipation
model (see, for example ref. [3]), for the description of the fusion of heavy symmetric
systems leading to the formation of transfermium nuclei. Estimation of the formation
cross sections of SHE in standard statistical model taking into account the limitations on
fusion from empirical systematics were made in ref. [4].
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In all listed models, as it seems, there is no systematic comparison with the existing
experimental data. Such a comparison could give significant weight to the theoretical
predictions. In FLNR (JINR) a new approach has been developed for the description of
complete fusion of massive nuclei based on dinuclear system (DNS) concept [6]. In the
present work an attempt is undertaken to describe the existing data on cold synthesis of
new elements on the basis of the DNS concept. We analysed various (‘cold’ and ‘hot’)
reactions leading to the synthesis of the new element with charge number 114.

2. Description of the theoretical approach
2.1 Basic assumptions of the DNS-concept

The motivation of the DNS-concept and its comparison with MDM have already been
presented in [5,6]. Therefore, here we point out only the basic assumptions used in the
analysis of the SHE-synthesis reactions. According to the DNS-concept the complete fu-
sion process proceeds in the following way. On the capture stage, after full dissipation
of the collision kinetic energy, a dinuclear system is being formed (well known from deep
inelastic transfer reactions). Complete fusion is an evolution process in which the nucleons
of one nucleus sequentially are transferred to the second nucleus. The main characteristic
of the DNS, determining its evolution, is the potential energy of the syBter L), which
calculated according to the equation:

V(Z,L) = By + B> + V(R*, L) — [Ben + VEN(R*, L)], (1)

whereB;, By andBgy are the nuclear binding energies of the DNS nuclei and the com-
pound nucleus, and is the atomic number of one of the nuclei in the DNISs the spin

of the system. The value &f(Z, L) was normalized to the energy of rotating compound
nucleus byBex + VSN (R*, L). The nucleus—nucleus potentia( R, L) incorporates the
nuclear, Coulomb and centrifugal potentials:

V(R,L) = Vo(R) + Vo(R) + Viot (R, L), 2)

whereR is the distance between the centers of the nuclei in the DNS.

In calculatingV' (R, L), the DNS was assumed to have the shape of two slightly over-
lapping nuclei.R* is the value ofR, at which the DNS is to be found at the bottom of the
‘pocket’ in the potentiaV (R, L). The nuclear potentidl,, (R) was calculated using the
double folding method (see details in ref. [7]). The centrifugal potential was calculated for
the case of the rigid rotor moment of inertia.

2.2 Peculiarities in the complete fusion of two massive nuclei within the DNS concept

Figure 1 presents the potential energy of the DNS, cify€, L = 0) exhibits two
minima: the first oneZ = 0 corresponding to complete fusion and the second one
Z = Zon/2 = (Z, + Z;)/2 corresponding to the formation of a symmetric DNS. During
the evolution DNS can decay into two nuclei. viz. quasi-fission takes place.
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Figure 1. Schematic illustration of driving potential as a function of atomic number of
the DNS nuclei. The possible moving of DNS and reaction input point are indicated
with arrows.

The synthesis of super heavy elements (SHE) is usually performed at projectile energies
leading to excitation energies of the compound nucleus as low as possible. This ensures
higher survival probability of the compound nucleus during its deexcitation. As can be
seen from figure 1, the main ‘heating’ of the compound nucleus takes place during the
descent of the DNS from the BG point. It is at this evolution stage that the greater part of
the system’s potential energy is transformed into thermal excitation. However, whether the
DNS will reach the state of a compound nucleus or will undergo quasi-fission is determined
already when approaching the BG point. At the same time, exactly at this evolution stage
the DNS excitation energy is lowest. Thus, one can say that during the most important step
to complete fusion, the DNS is in a cold state. This peculiarity in the evolution of the DNS
in SHE-synthesis reactions required using real masses in calculating the potential energy
V(Z,L)in eq. (1). The deformation of the DNS nuclei formed during its evolution to the
compound nucleus was taken into consideration. The deformation of the heavy nucleus
was taken in the ground state, the deformation of the light nucleus — 'tistate.

If the injection point of the reaction is situated to the right of the maximum in
V(Z,L = 0) (the Businaro—Gallone (BG) point), the initial DNS may follow either of
the two possible evolution paths: to a larger or smaller charge asymmetry. On the contrary,
on the way to the compound nucleus the DNS has to overcome the potential Baffier,
which is equal to the difference i¥i(Z, L) at the BG point and at the injection point of
the reaction. The appearance of the inner fusion baligr [6] is due to the endother-
mic character of the process of nucleon rearrangement in the massive DNS, which leads
the system in the direction of the compound nucleus. The energy necessary for this rear-
rangement is supplied from the DNS excitation endtgy he formation of the compound
nucleus is not possible, if the DNS excitation energy is less than the valgig, of
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2.3 Optimal energy for synthesis of SHE

Figure 2 demonstrates excitation energies at maximum of experimental and theoretical
excitation functions of compound nuclei of elements with charge nunibémm 102—

114 produced in cold fusion (Hiz) reactions. The curve indicates the valligt; |
calculated on the Bass barrier [9]. From figure 2 one can see that our calculated values of
EY,, are close to the experimental data.

2.4 The role of quasi-fission in the reactions of synthesis of SHE: Competition between
complete fusion and quasi-fission

Another important characteristic of the fusion of massive nuclei, which manifests itself
only in the DNS-concept, is the competition between complete fusion and quasi-fission.
Due to the statistical character of the exchange of nucleons between the DNS nuclei, a
certain probability exists that either the system reaches and overcomes the BG point, which
leads to the formation of a compound nucleus, or the dinuclear system decay into two
nuclei (undergoes quasi-fission). The more symmetric the reaction, the higher the inner
fusion barrierB;, ; which has to be overcome by the DNS on its way to the compound
nucleus and, also, the stronger is the quasi-fission channel.

In most known models of the complete fusion of nuclei, the formation cross section of
compound nuclerg, is not different from the capture cross sectian In our approach
the fusion cross sectiary, is a part of the capture cross sectin

ler
otus = 0c - Pox = 7A5 »_ (2l + )T (I, Eew) - Pon. ©)
[=0
Herel, is the de Broglie wavelength of the relative motion of interacting nuélgj, is the
bombarding energy in the center-of-mass systBfh, E .,,,) is the penetration coefficient
of the ith partial wave through the potential barrief.(l, E.,) is approximated by the
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Figure 2. Excitation energies at the maximum of the excitation functions of ¢gl,1
reactions leading to nuclei with = 102-114, o — theoretical (see table 1) ard—
experimental data [8].
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Table 1. Results of our calculations for cold fusion reactions. The references
on experimental values for reactions withyx = 104—112 (see in Review [2]
and references therein).

. EX E* Pcon oth o xp Ref.
th exp In 1n
Reactions MeV  MeV mb mb

18Ca208pp=256102 156 160 2.9-10-' 5.8-10"*% (1.373)10-* [20]
18Ca206pp= 254102 161 240 3.3-10~' 1.9-107* (6.0718)10-% [21]
S0Ti4208pp=258104 152 150 7.7-1072 2.8-107° (L.01J13)107% 2]
50Ti4209B) = 259105 147 150 7.9-1073 2.1-1076  (4.570-9)107¢ [2]
34Cr208pp— 262106 145 150 5.5-10"% 3.4.10"7 (5.051D1077  [2]
34Cr4209Bj = 263107 14.4 3.2-107%  1.6-1077  (2.0713)10-7  [2]
38Fet208ph= 266108 129 140 88-10"% 1.3-1077 (6.775:75)10-% [2]
38Fet 2098 = 267109  14.0 140 29-107% 1.8-1078 (7.5730)107° 2]
62Nj+208pp= 270110 139 138 7.7-107¢ 5.5-1079 (3.57701)107° [2]
64Nj+208pb= 272110 131 122 2.5-107% 2.4-1078 (1.570%)1078 [2]
6Nj+209Bj = 273111 132 135 1.4-107% 1.2-1078 (3.5735)107° [2]
0Zn4208ph=278112 118 10.0 7.3-107% 1.4-107% (1.0F753)107° [2]
687Zn4+208pp=276112 123 10-12 1.4-107% 2.2.107° <1.3-107° 2]
0Zn4209Bi = 279113 127 10-12 1.3-107% 6.4.-10710 <6.0-10710 [22]

687n4209Bj = 277113  12.8 2.6-10"% 1.1.1079
6Get-208pph=284114 10.8 3.3-107% 1.2.10°10
"Get208pph=282114 10.8 1.1-10=7 1.2-10710
2Get208pp=280114 11.6 3.5-1077 9.5.10" 11
0Get208pph=278114 12.4 3.8.10=7 1.9.10" 1
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Figure 3. Probability of compound nucleus formation for different reactions as a func-
tion of the fissility parametet mean. Solid squaresl) represent théPcn values ex-
tracted from experimental data [12], open circlesrépresent our calculations based on
the model describing the competition between complete fusion and quasi-fission [6].

Pramana — J. Phys.Vol. 53, No. 3, September 1999 623



E A Cherepanov

penetration factor of a parabolic barridPcy is the probability of forming a compound
nucleus in competition with quasi-fission [6]. In figure 3 are shown the valué&-qf
calculated for different reactions witi® Pb and?*?Bi targets.

The ratio of repulsive Coulomb forces and the attractive nuclear forces governs the mov-
ing of two nuclei into one. For a monosystem this ratio is given by the fissility parameter
For two touching sphere configuration, taking into account that the proton and neutron ratio
between the two partners is equilibrated very quicklylQ) —22 sec), a modified parameter
Tmean describing the ratio of Coulomb and nuclear forces has been defined according to
[13] and [14].

2.5 Capture cross section

The capture cross section makes up a part of the total inelastic cross section

20+ 1)T(1, E)

S, 2U+1)T(1,E) )

oc/oR =

Thely, is the critical angular moment, at which the capture of a heavy ion occurs and an
excited DNS is formed. The value bf. was taken from empirical systematics of the ratio
o./or [10]. In the figure 4 one can see the experimental data and our calculatidos
two type of reactions: with 8°®Pb target (left) and &*2U target (right). The rather good
agreement between the calculations and the experimental data is obvious.

2.6 Survival probability

The production cross section for evaporation residues with emissiomeftitrons from
heavy compound nuclei can be written in the following form as

eap
mhb 3
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L
L
ia* ]
--!l'u:l‘I
10" |Me |
- =L
t [ 8 ]
; L targed -
| il L [l i e

- A
10 130 300 330 Ei (MeV)

Figure 4. Capture cross sections for two targets Pb (left) and U (right) as a function of
bombardment energy and different heavy ions. Points are experimental data, curves are
result of calculations.
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Uzn(E*) ~ Ofus * Pzn(E*) . Wsur(E*), (5)

whereoy,s is the compound nucleus formation cross sectiohthe excitation energy of
compound nucleus?,.,, is the probability of evaporation of exacttyneutrons from the
excited compound nuclei [11V,, is the probability of survival of the heavy/ ( /T'ot ~
I',,/T' ;) compound nucleus during its deexcitation

o1t (TalED)
War(2) =TT (P05 ) - ©

k=1

wherez is the number of evaporated neutrobighe index of the evaporation step. For the
partial widths of neutron emission and fission the following expressions have been used
[9I:

U-B,
AR ikt N B B, -
Fn(E ,L) ~ (ﬂ'ﬁ)2pm(U) ,0/ mv(En)pd(U Bn En)EndEn, (7)
U,—By
(B, L) ~ 2rpm(U)) ! / po(Us — By — £)de, (®)

0

whereU is the thermal energy of the mother nuclesshe spin of the emitted particle
and p is the reduced mass of the system (particle neutron plus daughter nucleus). The
symbolsm andd indicate the mother and the daughter nuclei, respectively. The inverse
cross sectiom,, is calculated within the model described in [10].

In expression (8) the thermal eneildy and the rotational enerdy; are connected at the
saddle point by the relatidii; = E*—EZ. This form of the widtH ; takes into account the
change of the fission barrier of the rotating nucleus so f& gd) = B;(0) — (E, — E?)

(see details in [15]).

To describe the level density as a function of the excitation energy, the well known

Fermi-gas expression (see, for example, book [16])

* ™ 1 *

p(E") = T\/;m exp[S(E7)] )

has been used. In (9) the dependence of the nucleus etstropythe excitation energy

E* is determined by the relatiorf = 2at, using the connection of the temperature with
the excitation energy of the nuclefis’ = at?, hereé is correction accounting for even-
odd effects [18]. The parameter of the level density= 72go/6 is expressed through

the density of single particle states near the Fermi engggy: f(E;) = constant. The
decrease of the influence of shell effects on the level density with increasing excitation

energy is taken into account by the phenomenological expression [16]:
a(E*) =a[l + f(E*)AW/E"]. (10)

Heref(E*) = 1 — exp(—yE*), AW is the shell correction in the nuclear mass formula,
a = A(a + BA) is the Fermi-gas value of the level density parameteis the mass
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Figure 5. Fission barrier and’, /Ty values for element 112 as a function of excitation
energy.

number of nucleus. The empirical values of the parameiets 0.134 MeV !, 3 =
—1.21-10~*MeV~!, v = 0.061 MeV ~! have been obtained in ref. [18] from the analysis

of the data on the level density taking into account the contribution of the collective states
to the total level density.

The fission barrieB; is a sum of liquid dropBIJ;D and shell correctiod\W parts
By = BIfD + AW. To calculateéiVy,,, we need the fission barrier of compound nuclei.
For transfermium region of compound nuclei tB#D is very small. To include effect of
washing of shell corrections we used the next equalig(E*) = AW - exp(—yE*). For
our calculation we used the valueBf (E* = 0) = B}**" from ref. [17].

In figure 5 one can see that the dependence of the fission barrier arid,;4fig on E*
in region of maximum of excitation functions for (HhLreactions 10 — 20 MeV) is very
strong.

3. The analysis of reactions used for the synthesis of the transfermium and super-
heavy elements

3.1 Reactions of cold fusion

The ‘cold’ method of synthesis of heavy elements where evaporation of one neutron has
higher probability, named ‘cold fusion’ (was proposed in Dubna by Oganessian [19]), was
successfully used to produce new transfermium elements dp=td 12.

One can see from figure 6 that our approach allows rather good description of the exper-
imental data on cold fusion (Hki reactions.

3.2 Hot fusion reactions

As one can see from figure 6, that,, of reactions which leads to synthesis of the super-
heavy element with magic numh&r= 114 with Pb target is less than 1 pb.

Therefore we analysed another reactté@a+ 2**Pu= 292114, which was chosen for
the synthesis of element 114 in FLNR (Dubna) (see, for example, ref. [23]). There are
experimental data in which‘@Ca-beam was used to bombard targets of Pb, Th, U. For the
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Figure 6. Experimental data (black squares) and theoretical calculations (open circles)
for synthesis of elements from 102 to 114 in cold fusion reactions (hHl|the combina-

tions are noted in the figure. The line has been drawn to guide the eyes. The references
on experimental data, ,, are given in table 1.

reaction*®*Ca+ 298Pb= 2°6102 measurements of the excitation functions for the evapora-
tion of 1,2, 3, 4 neutrons, as well as the fusion—fission cross section [20], which for heavy
compound nuclei coincides with the fusion cross section, have been measured. Therefore
it seemed very interesting to analyse these reactions in the framework of the DNS concept.

In figure 7 one can see calculations based on the DNS-concept for two reactions. For
the*8Ca + 208Pb = 256102 reaction (left panel) our calculation rather well describes the
experimental data for evaporation residue cross sections. Féf @+ 232Th = 280110
reaction (right panel), for which only 3, has been measured, our calculation is not in
disagreement with the experimental point.

As one can see from figure 8 our calculations for th€a + 223U = 286112 reaction
agree with the experimental values. The right panel of figure 8 shows our estimations for
the cross sections for tHéCa -+ 244Pu= 22114 reaction.

Comparing our estimations (see figure 6) for tH&7%72.70Ge + 208pp =
284,282,270,2781 14 reaction with these for the reactiétCa + 244Pu = 292114 (see fig-
ure 8), it follows that the latter one is more preferable.

There exist also other estimations of cross section for the combin&t@a+ 24*Pu
= 292114 (see table 2). One can see that our estimation is in rather good agreement with
value of cross sections from ref. [4].

Now in the FLNR an experiment is running to produce the isotope of element 114, in
the reactiort®Ca + 2*Pu= 2°2114. This experiment is very important, since it would
give a possibility to reach the island of stability, about which physicists of the whole world
dream for more than 30 years.
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Figure 7. Results for the two reactiof§Ca+ 2°*Pb= 29102 (left) and'®*Ca+ **?Th

= 289110 (right). ¢) denote the experimental values of fusion—fission cross sections
[20], solid points ¢) experimental values af,.,, [20], the experimental values,, for

the right reaction was taken from ref. [24], curves are the result of our estimations:
dashed curves are calculations ér dotted curves are farg,s, and solid curves are

for ozn.
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Figure 8. Cross sections for the reactiofiCa+ 238U (left) and**Ca+ 2**Pu (right)
leading to compound nuclei with = 112 andZ = 114, respectively. On the left,
open and solid circles are capture cross sections from refs [25] and [26] correspond-
ingly. Experimental data for,., was taken from [27]. Different curves are theoretical
calculations (explanation see in the caption of figure 7).
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Table 2. Results of different estimations (maximal quantities ) for
cross section values f6fCa+ 244Pu= 2°2-2n114 reaction.

Channel E* Value Ref.
O3n 35 MeV 3.5pb [4]
O3n 26 MeV 100 pb [28]
OER 37 MeV 10 pb [29]
O3n 32 MeV 20 pb [23]
O3n 35 MeV 1.5pb Present work

4. Conclusions

The DNS concept was used in the analysis of existing experimental data on reactions lead-
ing to the synthesis of elements 102 and 112. The attempt to synthesize element 114 was
also analysed. The method applied in this article describes well a wide set of experimental
data on reactions of cold synthesis (reactions with evaporation of one neutron)(HI,1
concerning the maxima of the excitation functions (figure 2), and their absolute values
(figure 6). The DNS concept allows to carry out calculations of the inner fusion barrier
B, s for synthesis reactions, which in turn gives an estimation of the threshaldor
complete fusion. The DNS concept allows to estimate competition between complete fu-
sion and dominant quasi-fission in SHE synthesis reactions, which gives the probability
P., of forming a compound nucleus after capture. In ‘cold’ fusion reactions, the quasi-
fission is the main factor determining the decrease of SHE-production cross sections when
increasing the atomic number of the synthesized SHE. It was shown that the ré¢&cton
+244py =292114 for the synthesis of element 114, suggested in FLNR [23], is more prefer-
able compared with the reaction of a Ge-beam on a Pb-target.
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