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Formation of Superheavy Elementsand Ternary Fission Fragment Mass Distribution
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The cold fusion reactions related to ®Pb and 2®Bi targets leading to superheavy elements with Z=104-112 have
been successfully considered in our model recently. Here we briefly discuss this model and extend our consideration
to another type of fusion reactions. The interaction potential between heavy ions around the touching point is
calculated for various Skyrme forces in the extended Thomas-Fermi approximation by using the frozen Hartree-
Fock-Bogoliubov densities of the individual nuclei. The shape of fragment mass distribution in the case of ternary

fission mode is discussed in detail.

1. Introduction

We shortly discuss three different items of nuclear reac-
tions with participation of very heavy nuclei. The first item
is connected with the superheavy elements (SHEs) production
in heavy-ions fusion reaction. The second one is related with
the properties of the ion-ion interaction potential between very
heavy nuclei, because the properties of the ion-ion interaction
potential are very important for the SHE production cross sec-
tion. The third item is devoted to the particularities of ternary
fission mode in heavy actinides. These items are considered be-
low in corresponding sections.

2. Formation of SHEsin Nucleus-Nucleus Collision

The synthesis of superheavy elements was and still is an
outstanding research object. The properties of SHEs are stud-
ied both theoretically and experimentally.%?> In the cold fu-
sion, SHEs are produced by reactions of the type X + (Pb, Bi) —
SHE +1n at subbarrier energies.! The excitation energy of a
compound nucleus formed by cold fusion is low, ~10-20 MeV.!
The experimental study of an excitation function for the SHE
production becomes increasingly difficult due to very small
cross sections and narrow width of the excitation function.*

In Reference 2 we present a model for description of mea-
sured excitation functions for the SHE production in cold fusion
reactions. The maximum position and the width of the excita-
tion function for cold fusion reactions X + 28Pb,2Bij leading to
elements with Z=104-112 are well described in Reference 2
(see also Figure 1). Within our approach? the process of the
SHE formation proceeds in three stages: (i) The capture of two
spherical nuclei and the formation of a common shape of the
two touching nuclei. Low-energy surface vibrations and a trans-
fer of few nucleons are taken into account at the first step of the
reaction. (ii) The formation of a spherical or near spherical com-
pound nucleus. (iii) The surviving of an excited compound nu-
cleus during evaporation of neutrons and y-ray emission which
compete with fission. A reduction of the fission barrier is taken
into account, which arises from a reduction of the shell effects
at increasing excitation energy of the compound nucleus.

One of the heaviest systems experimentally studied over a
wider range of excitation energy is ®Ni+2®Pb —2110+n,*
the data are shown in Figure 1. The experimental data are
compared with several modifications of our model. In the sim-
plest case, using tunneling through a one-dimensional barrier
and the WKB method, the model strongly underestimates the
experimental fusion cross sections. Better agreement is ob-
tained, when the neutron transfer channels from lead to iron
are taken into account. Similarly, the cross sections increase
if the low-energy 2" and 3~ surface vibrational excitations
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of both projectile and target are included in the calculations,
see Figure 1. The best fits are obtained by considering trans-
fer and vibrations simultaneously. The values of parameters
and other details are presented in Reference 2. In our model?
we have two fitting parameters as well as other parameters,
which are taken from experimental data and from other calcu-
lations, see Reference 2 for detail. Note that we are able to
describe data for reactions ®2Ni+?%®Ph — 2110 +n (see Fig-
ure 1) and %Ni+2%Bi—?"2111+n (see figure 12 in Refer-
ence 2) by using the same fitting parameters as fixed for reaction
64Ni+208Pb—>271HS+n.

The results of similar calculations for reaction **Cr +2°%2Pb —
%15+ are also presented in Figure 1. Our calculation well
agrees with the experimental data.

Reactions with targets slightly lighter than Pb are also inter-
esting for studying too. The reactions between ®Ge + %8Pt —
273110+n’ 825e+19205_>273110+n’ 76Ge+186w_>ZGng+ n,
and ¥Se +18°Hf — #Sg + n are compared® with the cold fusion
reactions leading to the same SHE in Figure 1. Reactions with
®Ge and ®Se projectiles in Figure 1 are strongly enhanced by
coupling to both neutron transfer and low-energy surface vi-
brations. More symmetric reactions with ®Se projectile have
smaller difference between the capture barrier height and the
ground state Q-value energy of compound nucleus formed at
fusion. Due to this, the SHE production cross sections for re-
actions with Se projectile are higher than the one for Ge, see
Figure 1. Note that it would be interesting to check experimen-
tally our estimates for both symmetric reactions and reactions
with ®Ge and %2Se projectiles considered in Figure 1.

3. Potential Between Heavy lons

Knowledge of the ion-ion interaction potential is a key ingre-
dient in the analysis of nuclear reactions. By using the potential
between nuclei, we can estimate the cross sections of different
nuclear reactions.* The ion-ion interaction potential related to
the Coulomb repulsion force and the nuclear attraction force
has, as a rule, the barrier and the capture potential well near
a touching point. The Coulomb part of the ion-ion potential is
well-known. In contrast, the nuclear part of the nucleus-nucleus
potential is less defined. There are many different approaches
to the nuclear part of the interaction potential.*® Unfortunately,
barriers evaluated within different approaches for the same col-
liding system differ considerably, especially when both nuclei
are very heavy or one nucleus is very heavy and another is light.
The uncertainty of the interaction potential between heavy ions
near the touching point gives rise to a variety of proposed nu-
clear reaction mechanisms. The uncertainty of the interaction
potential between heavy ions became extremely large in reac-
tions used for the production of superheavy elements. So, there
is a need to reduce the uncertainty of the interaction potential
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Figure 1. Calculated excitation functions for the reactions 6264Ni +207:208.210pjy _, 110+ n (upper left panel), *Ge + %Pt — 2110 + n (upper middle
panel), 82Se +1920s — 273110 + n (upper right panel), %Cr +2%Ph — %1Sg + n (bottom left panel), ®Ge +#W — %1Sg + n (bottom middle panel), and
82Se + 180Hf — 218G + n (bottom right panel). The solid curves take into account both the low-energy 2+ and 3~ (only for reactions with Pb, see also
text) vibrations and the neutrons transfer channels. The dotted and the dashed curves for these reactions show the results based on solely the 2*+ and
3~ (only for reactions with Pb, see also text) vibrations and the neutron transfer channels, respectively. The results of the one-dimensional WKB
approach for these reactions are shown by the dash-dotted curves. The experimental data are taken from Reference 1.

around the touching point.

The interaction energy between ions is obtained with the help
of a local energy density functional. The extended Thomas-
Fermi (ETF) approximation with R? correction terms is used
for the evaluation of the kinetic energy density functional.®
The Skyrme' and Coulomb energy density functionals are em-
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Figure2. The potentials for the collision "°Zr +2%Ph evaluated in the
ETF approximation with Sk3, SkM~*, SkP, and SLy4 parameter sets of
the Skyrme force. The Coulomb potential and the potentials obtained in
the two versions (1974 and 1980 years) of the Bass parametrization, in
the KNS parametrization and in two versions of proximity approxima-
tion (1977 and 2000 years) are also presented. The range of collision
energies in the middle of the target used in experiments! is marked by
vertical arrow in the right part. The ground state fusion reaction Q-
values are marked by lowest triangle in the left side. The other upper
6 triangles in the left part are related with 1n, 2n, 3n, 4n, 5n, and 6n
separation energies respectively.

ployed for the calculation of the potential energy. These en-
ergy density functionals depend on the proton and neutron den-
sities. These densities are obtained in the microscopic Hartree-
Fock-Bogoliubov approximation with the Skyrme force. Our
approximation is semi-microscopic because we use the micro-
scopic density distributions and the ETF approximation for the
calculation of the interaction energy of ions. The details of our
calculation is presented in Reference 9.

In Figure 2, we present the interaction potentials between °Zr
and 2°8Pb evaluated in the ETF approximation with different pa-
rameter sets of the Skyrme force.’® The potentials obtained by
using different analytical expressions* are also shown in Fig-
ure 2. The ion-ion potentials obtained for SkM*, SkP, and SLy4
sets are very close to each other at all distances presented in Fig-
ure 2. The potential wells obtained in the ETF approximation
are shallow. The minimal value of the potential well is located
at the distance smaller than the touching point distance of two
spherical ions, which is close to 12 fm. Here we roughly de-
termined touching point distance as R= ro(A;> + AY/*®), where
ro = 1.2 fm. Therefore both processes, the capture of two ions
and the neck formation, take place in the potential well.

The barriers obtained with the help of different analytical ex-
pressions for ion-ion potential*~ are spread in very wide interval
in Figure 2. The Krappe-Nix-Sierk (KNS) potential® is the most
closest to the ETF potentials.

The interaction potentials evaluated in the ETF approxima-
tion between various combinations of both spherical nuclei or
spherical and deformed nuclei are presented in Reference 9.

4. Ternary Fission Fragment Mass Distribution

The binary fission fragment mass distribution has been stud-
ied in various nuclei.** Unfortunately, the ternary fission frag-
ment mass distribution has not been studied in detail. There is
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Figure 3. The total and ternary fission fragment mass distributions of 2°U (left and middle panels) and %®Fm (right panel). The partial contributions
of symmetric (sym), two asymmetric (asym1 and asym2), and ternary (tern) fission modes are shown in the case of 26U. The total and ternary fission
fragment mass distributions of 2®Fm are presented in the case of two different assumptions of the ternary fission fragment mass formation process,

see text for details.

only few data on the ternary fission fragment mass distribution
obtained in coincidence with o particle in several nuclei.”™*
Below we study in detail the shape of ternary fission fragment
mass distribution.

For the sake of more general consideration, we propose that
a nucleus decays by three binary fission modes accompanied
by ternary fission modes. The three binary fission modes are
associated with symmetric and two different asymmetric fission
modes. Distributions of the fragment mass for the binary fission
modes can be described in the multimodal approach® as

YS(A) = g(AvA0/27GS)7 (1)
Ya'(A = g(A,Aaj,Gaj)+g(A,Ao—Aaj,Gaj). (2)

Nl

Here g(a,b,c) = exp[—((a— b)/6)*]/(\/RG), Gs,Ga are the
widths of corresponding distributions, i = 1,2, Ay is the num-
ber of nucleons in nucleus, A4 is the number of nucleons in
fragment, related with the position of maximal yield of corre-
sponding asymmetric fission mode.

The nucleus decay into two heavy fragments and light parti-
cle during the ternary fission.**™** The mass distribution of the
light particle emitted at ternary fission is localized near A.p =4
(Ref. 11-14)

y|P(A| P) = g(A| vaLP76| P) ’ (3)

where ), is the width of distribution. The total yields of both
fission fragments should correlate with the yields of light parti-
cles. The ternary fission fragment mass distribution is, as a rule,
similar to the binary fission fragment mass distribution >4
Therefore, we consider three heavy fragment ternary fission
modes associated with corresponding symmetric and two asym-
metric binary fission modes. Note that the maximums of ternary
fission fragment mass distributions are shifted to the smaller
values of A due to the light particle emission. For the case of
asymmetric ternary fission mode, these shifts may be different
for light and heavy maximums of the fragment mass distribu-
tion.®*41 So, we can describe the ternary fission fragment
mass distribution accompanied by emission of light particle with
Ap nucleons as

Vst (AaA‘P) = g(A (AO - A‘p)/276$)y|P(A| P)7 4
Yati(A,Alp) = [g(AvAal - PA pvcaﬂ)
+9(AA0 — Aa — (1= pi)Aip, Gai) | Yip(Aip). (5)

where 6«,04i are the widths of corresponding distributions,
piAp and (1 — p)A, are the shifts of light and heavy maxi-
mums of the fission fragment mass distribution due to the light
particle emission Ajp. By means of eq 3-5, we obtain the to-
tal two-dimensional ternary fission fragment mass distribution
in the form

Yi(AADp) = Yip(Ap) +WsYs (A, Ap)
+ Wat1Yai1 (A, Aip) +WarYar2 (A, Ap) . (6)

Here wy, Wa1, and Wa are the weights of corresponding ternary
fission modes, Wg + Wat1 +Warz = 1.

The experimental data on the fragment mass distribution are
associated, as a rule, with an one-dimensional distribution.™
Therefore, we transform the two-dimensional ternary fission
fragment mass distribution into the one-dimensional one. The
yield of fission fragment with mass A at ternary fission is

Ye(A) = Yip(A) + D [Ways (A Ap)
Ap

+ Wat1Ya1 (A, Aip) + WatoYatz (A, Aip) |- )

This fragment mass distribution is asymmetric with respect to
Ao/2.

The total fragment mass distribution is a sum of the yields of
different fission modes with corresponding weights

Vor(A) = Wea(A) + W Yar (A) + WerYao A) + WY (A),  (8)

where Ws + Wa1 + Wap +W; = 1.

Let us study the shape dependence of the initial total one-
dimensional fission fragment mass distribution on the properties
of ternary fission mode. The total fission fragment mass distri-
bution and partial contribution of each fission mode are shown in
Figure 3. In the case of fission >*U, we perform calculation for
Ao =236, Ax = 102.36, Ax = 95.24, 05 = 4.243, 61 = 3.649,
Ga2 = 6.916, Wy = 0.092814, wa, = 0.405687, ws = 0.000998,
Warr = 0.093, Wi, = 0.4065, wg = 0.001, wy = 0.002. The values
of parameters Aa1, Aa, Os, Ca1, and G4, are the same as obtained
in Reference 17 for the low-energy neutron induced fission of
251, However, we slightly changed the relative yields of binary
fission modes from that obtained in Reference 17, because the
ternary fission contribution was neglected in this reference. Due
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to the similarity of binary and ternary fission fragment mass dis-
tributions of 2°U (Ref. 13,16), we use for the weights we; and
Wy exactly the same values as in Reference 17 for correspond-
ing binary modes, and put 6 = 64 and 6 = os. But the final
width of ternary fission fragment mass distribution for the each
mode is slightly larger than the width of corresponding binary
fission mode, because of the convolution of two distributions in
eq 4, 5. We choose p; = 0.7 (Ref. 18) according to the experi-
mental observation of ternary fragment mass distribution of 26U
(Ref. 13,16).

The experimental light particle mass distribution from Refer-
ence 14 is substituted as yip(Ap) in left panel of Figure 3. In
middle panel of Figure 3 the light particle mass distribution is
modulated by eq 3 with A,p = 4 and 6, = 1. By comparing left
and middle panels in Figure 3 we cannot see visible changes of
the shapes of both total and ternary fission fragment mass distri-
butions. In contrast to this the light particle mass distributions
presented in the left and middle panels of Figure 3 are drastically
changed.

The total ternary fission fragment mass distribution is mainly
related with the ternary fission accompanied by o particle. The
characteristics of ternary fission fragment mass distribution may
be connected with the fission properties of both the initial nu-
cleus and nucleus formed by removing o particle from the initial
nucleus. The ternary fission fragment mass distribution is very
similar to the binary fission fragment mass distribution in 25U,
because the characteristics of fission modes in 2°U and #2Th
are similar.'®

It is interesting to know which nucleus, initial or nucleus
formed by removing o particle from the initial nucleus, play
the most important role in the formation of ternary fission frag-
ment mass distribution. It is possible to clear up this question by
studying the ternary fission fragment mass distribution in 2°®Fm,
because the binary fission fragment mass distribution of 2Fm
and 24Cf are, respectively, symmetric and asymmetric.?2

In the right panel of Figure 3, we present the results of our
simulation of total, binary, and ternary fission fragment mass
distribution of *®Fm. Firstly, we propose that the ternary fis-
sion fragment mass distribution of 2®Fm is determinated by the
fission properties of the initial nucleus 2*Fm. In this case, the
ternary fission fragment mass distribution is symmetric and sim-
ilar to the binary fragment mass distribution of 28Fm. We equate
the corresponding widths of ternary and binary fission fragment
mass distributions and put pi = 0.5 in calculation. The param-
eters of fragment mass distribution for 2®Fm are obtained by
fitting the data for reactions 2’ Fm(ny, f).1° Secondly, we guess
that the ternary fission fragment mass distribution of *®*Fm is
determinated by the fission properties of *Cf. The shapes of
ternary and binary fragment mass distributions of 2°2Fm are very
different, because the ternary fission fragment mass distribution
is asymmetric in this case. The parameters of fragment mass
distribution of ®4Cf are evaluated by fitting the data for reac-
tions 2*Cf(sf).?° Probably, the realistic ternary fission fragment
mass distribution is a superposition of the both fragment mass

Denisov

formation modes. It is very interesting to check experimentally
which mode is more important for the ternary fission fragment
mass formation process.
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