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Abstract: Within the concept of the dinuclear system(DNS), by incorporating the coupling of the
relative motion to the nucleon transfer process, a dynamical model is proposed for describing the
formation of superheavy residue nucleus in massive fusion reactions, in which the capture of two
heavy colliding nuclei, the formation of compound nucleus and the de-excitation process are calcu-
lated using empirical coupled channel model, solving master equation numerically and statistical
theory, respectively. By using the DNS model, the evaporation-residue excitation functions in the
*Ca induced fusion reactions and in the cold fusion reactions are investigated systematically and
compared with available experimental data. Optimal evaporation channels and combinations as
well as the corresponding excitation energies are proposed. The possible factors that influencing

the isotopic dependence of the production cross sections are analyzed. The formation of the super-

heavy nuclei based on the isotopes U with different projectiles are also investigated.
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1 Introduction

The synthesis of heavy or superheavy nuclei is
a very important subject in nuclear physics motiva-
ted with respect to the island of stability which is
predicted theoretically, and has obtained much ex-
perimental results with the fusion-evaporation re-

[1-2] " The existence of the superheavy nu-

actions
cleus(SHN) (Z>=106) is due to strong binding
shell effects against the large Coulomb repulsion.
However, the shell effects get reduced with in-
creasing the excitation energy of the formed com-
pound nucleus. Combinations with a doubly magic
nucleus or nearly magic nucleus are usually chosen
owing to the larger reaction Q values. Reactions

with **Pb or *’Bi targets were first proposed by

* Received date: 28 Aug. 2008;

Document code: A

Oganessian et al. to synthesize SHNM!. Six new
elements with Z = 107—112 were synthesized in
cold fusion reactions for the first time and investi-
gated at GSI(Darmstadt, Germany) with the heav-
y-ion accelerator UNILAC and the SHIP separa-

141 Recently, experiments on the synthesis of

tor
element 113 in the "Zn -+ Bi reaction have been
performed successfully at RIKEN (Tokyo, Ja-
pan)™!. However, it is difficult to produce heavier
SHN in the cold fusion reactions because of the
smaller production cross sections that are lower
than 1 pb for Z>113. Other possible ways to pro-
duce SHN are very needed to be investigated in ex-
perimentally and theoretically. Recently, the su-

perheavy elements Z=113—116, 118 were synthe-
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sized at FLNR in Dubna (Russia) with the double.

magic  nucleus "®Ca  bombarding  actinide
nuclei®® ., New heavy isotopes **Db and **Bh
have also been synthesized at HIRFL in Lanzhou
(China)"',

sary in order to testify the new synthesized SHN.

Further experimental works are neces-

A reasonable understanding of the formation of
SHN in the massive fusion reactions is still a chal-
lenge for theory.

In accordance with the evolution of two heavy
colliding nuclei, the dynamical process of the com-
pound nucleus formation and decay is usually di-
vided into three reaction stages, namely the cap-
ture process of the colliding system overcoming the
Coulomb barrier, the formation of the compound
nucleus passing over the inner fusion barrier, and
the de-excitation of the excited compound nucleus
by neutron emission against fission. The transmis-
sion in the capture process depends on the incident
energy and relative angular momentum of the colli-
ding nuclei, which is the same as that in the fusion
of light and medium mass systems. The complete
fusion of the heavy system after capture in compe-
tition with quasi-fission is very important to the es-
timation of the SHN production. The concept of
the “extra-push” energy explains the fusion of two
heavy colliding nuclei in the macroscopic dynamical
model™® " At present it is still difficult to make
an accurate description of the fusion dynamics. Af-
ter the capture and the subsequent evolution to
form the compound nucleus, the thermal com-
pound nucleus will decay by the emission of light
particles and y rays against fission. The three sta-
ges will affect the formation of evaporation resi-
dues observed in laboratories. The evolution of the
whole process of massive heavy-ion collisions is
very complicated at near-barrier energies. Most of
the theoretical methods on the formation of SHN
have a similar viewpoint in the description of the
capture and the de-excitation stages, but there are
different descriptions of the compound nucleus for-

mation process. There are mainly two sorts of

models, depending on whether the compound nu-
cleus is formed along the radial variable (internu-
clear distance) or by nucleon transfer in a touching
configuration which is usually the minimum posi-
tion of the interaction potential after capture of the
colliding nuclei. Several transport models have
been established to understand the fusion mecha-

nism of two heavy colliding nuclei leading to SHN

formation, such as the macroscopic dynamical

1 10, 11] s [12] s

mode the fluctuation-dissipation model

the concept of nucleon collectivization™* and the

1!’14. 15]

dinuclear system(DNS) mode Recently, the
improved isospin-dependent quantum molecular
dynamics (ImIQMD) model was also proposed to
investigate the fusion dynamics of SHN®- 177,
With these models experimental data can be repro-
duced to a certain extent, and some new results
have been predicted. However, these models differ
from each other, and sometimes different physical
ideas are used.

Further improvements of these models have
to be made. Here we use a DNS model™ ), in
which the nucleon transfer is coupled with the rela-
tive motion by solving a set of microscopically de-
rived master equations, and a barrier distribution
of the colliding system is introduced in the model.
We present a new and extended investigation of the
production of superheavy nuclei in the '*Ca induced
fusion reactions and in other combinations.

In Section 2 we give a simple description on
the DNS model. Calculated results of fusion dy-

namics and SHN production are given in Section 3.

In Section 4 conclusions are discussed.

2 DNS Model

The DNS' is a molecular configuration of
two touching nuclei which keep their own individu-
ality™*. Such a system has an evolution along two
main degrees of freedom: (i) the relative motion of
the nuclei in the interaction potential to form the
DNS and the decay of the DNS ( quasi-fission

process) along the R degree of freedom (internu-
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clear motion); (ii) the transfer of nucleons in the
mass asymmetry coordinate p= (A; —A,)/(A, +
A,) between two nuclei, which is a diffusion
process of the excited systems leading to the com-
pound nucleus formation. Off-diagonal diffusion in
the surface (A,, R) is not considered since we as-
sume the DNS is formed at the minimum position
of the interaction potential of two colliding nuclei.
In this concept, the evaporation residue cross sec-
tion is expressed as a sum over partial waves with

angular momentum J at the centre-of-mass energy

Evm ’

J

max

h?
Q2J+DT(E.., J) X
E

Px(Eens DWW (Ews ID s (D

o (Eon) =

here, T(E.,, J) is the transmission probability of
the two colliding nuclei overcoming the Coulomb
potential barrier in the entrance channel to form
the DNS. In the same manner as in the nucleon

1137, the transmission proba-

collectivization mode
bility T is calculated by using the empirical coupled
channel model, which can reproduce very well
available experimental capture cross sections''® '™,
The Pex is the probability that the system will
evolve from a touching configuration to the com-
pound nucleus in competition with quasi-fission of
the DNS, which is described by a set of microscop-

The last

ically derived master equationst® %,
term is the survival probability of the formed com-
pound nucleus, which can be estimated with the
statistical evaporation model by considering the
competition between neutron evaporation and fis-

[15]

sion""”, We take the maximal angular momentum

as Jmax = 30 since the fission barrier of the heavy
nucleus disappears at high spin“.

The survival probability of the excited com-
pound nucleus cooled by the neutron evaporation in

competition with fission is expressed as follows:

Wsur(E<fN9 X o J) :P(E(XNv Xy ]) ><

r.(E . ]
E<F<F oD HE! J>),-’ @

where the Eiy, J is the excitation energy and the
spin of the compound nucleus, respectively. The
E! is the excitation energy before evaporating the

ith neutron, which has the relation
E; =E' —B'—2T,, (3)

with the initial condition E; =E{y. The energy B}
is the separation energy of the ith neutron. The
nuclear temperature T, is given by E =aT? — T,
with the level density parameter a. P(Ely, x» J)
is the realization probability of emitting x neu-
trons. The widths of neutron evaporation and fis-
sion are calculated using the statistical model. The
details can be found in Ref. [15]. The level density
is expressed by the back-shifted Bethe formula*"

with the spin cut-off model as

2] +1
24./2 6°

exp[2v/a(E" —A) Jexp [— MJ . (D

26"

o(E* v ) =K, Ky aVHET — AT X

where the K,,, and K., are the coefficients of the
rotational and vibrational enhancements. The pai-

ring energy is given by

A=y 2 (5)

JA

in MeV (= —1, 0 and 1 for odd-odd, odd-even
and even-even nuclei, respectively). The spin cut-
off parameter is calculated by the formula:

o TC

=t (6

o

where the rigid-body moment of inertia has the re-
lation ¢, =0. 4 MR* with the mass M and the radi-
us R of the nucleus. The level density parameter is
related to the shell correction energy Eg (Z, N)

and the excitation energy E* of the nucleus as

W(E* . 7. N) —a(A) 1 —Q—E\-l,(Z,*N)f(E* *A).
E" —A
(7
here, a(A) =aA+BA*?b, is the asymptotic Fermi-
gas value of the level density parameter at high ex-

citation energy. The shell damping factor is given

by
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fE") =1—exp(—yE") (8)

with y=a/(eA"?). All the used parameters are lis-
ted in Table 1. In Fig. 1 we give the level density
parameters of different nuclides at the ground state
calculated by using Eq. (7) and compared them
with two empirical formulas a(A)=A/8, and A/
12. It can be seen that the strong shell effects ap-

pear in the level density.

Table 1  Parameters used in the calculation

of the level density

Ko K., bs a B €
1 1 1 0.114 0.098 0.4
50
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A

Fig. 1 Calculated values of the level density parameters as a

function of the atomic mass.

3 Results and Discussions

3.1 Production cross sections of superheavy nuclei

The evaporation residues observed in laborato-
ries by the cascade of o decay are mainly produced
by the complete fusion reactions, in which the fu-
sion dynamics and the structure property of the
compound nucleus affects their production. Within
the framework of the DNS model, in Fig. 2 we
show a comparison of the calculated maximal pro-
duction cross sections of superheavy elements Z=
102—120 in the cold fusion reactions by evapora-
ting one neutron, in the **Ca induced reactions
with actinide targets by evaporating three neu-
trons, and the experimental data'*?* ! The

production cross sections decrease rapidly with in-

creasing the charge number of the synthesized
compound nucleus in the cold fusion reactions,
such as from 0. 2 b for synthesizing Z=108 in the
reaction "*Ca=+**Pb to 1 pb for Z=112 in Zn—+
8Ph, and even below 0.1 pb for synthesizing Z>=>
1138, It seems to be difficult to synthesize super-
heavy elements Z2=113 in the cold fusion reactions
at the present facilities. The calculated results
show that the "*Ca induced reactions have smaller
production cross sections with *** Th target, but are
in favor of synthesizing heavier SHN (Z>113)
with other actinide targets because of the larger
cross sections. The experimental data also give
such trends. In the DNS concept, the inner fusion
barrier increases with reducing mass asymmetry in
the cold fusion reactions, which leads to a decrease
of the formation probability of the compound nu-
cleus. However, the '"Ca induced reactions have
not such increase of the inner fusion barrier for
synthesizing heavier SHN. Because of the larger
transmission and the higher fusion probability, we
obtain larger production cross sections for synthe-
sizing SHN (Z2>113) in the *Ca induced reactions
although these reactions have the smaller survival

probability than those in the cold fusion reactions.

10° o Exp. (cold fusion)
* Cal. (cold fusion)
% A Exp. (hot fusion)

10° <& Cal. (hot fusion)

245,248
10! 2478k
i 2490

OZFm

o 238 . * 254Fg
* * ©

o/ pb

LALLL B AL e aal el ALl Ll mElL mmall mmaty

103 " 1 " 1 " 1 L 1 " 1

100 104 108 112 116 120
Z

Fig. 2 Maximal production cross sections of superheavy ele-
ments Z= 102 — 120 in cold fusion reactions based on
2% Ph and ** Bi targets with projectile nuclei **Ca, *°Ti,
“Cr, *Fe, “Ni, “Zn, “Ge, **Se, *Kr and **Sr, in
% Ca induced reactions with actinide targets by evapora-
ting 3 neutrons, and in comparison with available ex-

perimental data.
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It is still a good way to synthesize heavier SHN by
using the *Ca induced reactions. Of course, more
experimental data are anticipated to be obtained in
the future. However, the actinide targets are diffi-
culty to be handled in experiments synthesizing
heavier SHN.

The uranium is the heaviest element existing
in the nature. It has a larger mass asymmetry con-
structed as a target in the fusion reactions with the
various neutron-rich light projectiles. The isotope
28U is the neutron-richest nucleus in the U iso-
topes and often chosen as the target for synthesi-
zing SHN. In Fig. 3 we give evaporation residue
excitation functions of the reactions **Ar, *°Ti,
“Cr, “Ni+”*U in the 2n—>5n channels. The re-

sults show that the 4n channel in the reaction " Ar

+%8U has the larger cross sections with 2.1 pb at
an excitation energy 42 MeV. This reaction is be-
ing used to synthesize the superheavy nucleus Ds
with HIRFL at Institute of Modern Physics in
Lanzhou. The reactions *Ti, " Cr, * Ni+**U lead
to the cross section smaller than 0.1 pb. Calcula-
tions show that the isotopes **U and **U are fa-
vorable in producing SHN. The cross sections are
reduced with increasing the mass numbers of the
projectiles. Other reaction mechanisms to synthe-
size SHN have to be investigated with theoretical
models, such as the massive transfer reactions,
and the complete fusion reactions induced by weak-
ly bound nuclei. Work in these directions is in pro-

gress within the framework of the DNS model.

101 0
“OAr+2*U—DS 4n 10 ITi+38U—114
100 L
E 3n 4n
2n
10—1 L
10-2 ] sn
)
\C‘“ 10° . - . 1073 . . .
© HCr+U—l116 64Ni + 25U —120
2n 1073 £ 2p
3n
4n
1074
. 5n
1073 ¢
10-¢ . . .
20 30 40 50 20 30 40 50 60
EéN/ MeV

Fig. 3 The evaporation residue excitation functions in the reactions ' Ar, *Ti, **Cr, “Ni+**U.

3. 2 Isotopic dependence of the production cross
sections

Recent experimental data show that the pro-
duction cross sections of the SHN depend on the
target isotope in the **Ca induced fusion reactions.
For example, the maximal cross section in the 3n
channel is 3. 7415 pb for the reaction *Ca+*°Cm
at the excitation energy 37.9 MeV; however, it is
1.2 pb for the reaction *Ca—+*%Cm although the

8, 23]

later is a neutron-rich target The isotopic

trends of the production cross sections were also
observed and investigated in cold fusion reac-

tionst e 27,

In Fig. 4 we give the isotopic depend-
ence of the production cross sections to synthesize
the same SHN in the cold fusion and in the **Ca in-
duced reactions. It is shown that the isotopes " Se
based on **Pb and ** *"Cm in the 3n channels,
8Cm in the 4n channel, and *°Cm are suitable to

produce the element Z=116. The **Ca induced re-

actions give larger production cross sections than



b 7

FENG Zhao-qing et al : Formation of Superheavy Nuclei in Massive Fusion Reactions

¢ 173 -

the cold fusion reactions. The corresponding exci-
tation energies are also given in the figures. In the
DNS model, the isotopic trends of the production
cross sections are mainly determined by both the
fusion and survival probabilities. Of course, the
transmission probability of two colliding nuclei can
also be affected since the isotopes have initial qua-
drupole deformations. When the neutron number
of the target increases, the DNS gets more asym-
metrical and the fusion probability increases if the
DNS does not consist of more stable nuclei (such
as magic nuclei) because of a smaller inner fusion

barrier. A smaller neutron separation energy and a

06
ASe +28Pb—116
|
o 04}
o
*
© 02} A
- -
0.0 — ' - '
n
>
[}
= /
Sy 12 L
L2 -
I
ol ' ' .
76 78 80 82
A

larger shell correction lead to a larger survival
probability. The compound nucleus with closed
neutron shells has a larger shell correction energy
and a larger neutron separation energy. The neu-
tron-rich actinide target has larger fusion and sur-
vival probabilities due to the larger asymmetric ini-
tial combinations and smaller neutron separation
energies. But such actinide isotopes are usually un-
With the establish-

ment of the high intensity radioactive-beam facili-

stable with short half-lives.

ties, the neutron-rich SHN may be synthesized ex-

perimentally, which approaches the island of sta-

bility.
8
#Ca+*Cm—116
61 23
2 4l A /
\5
o Lt
ot
= 3n (Exp. dubna —— 3n (Cal.
45T o 4n EEXB dubna{ ——4n ECal.;
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= A\A_\ /\
301 A
A\A -A
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Fig. 4 TIsotopic dependence of the calculated maximal production cross sections in cold fusion reactions and in ** Ca induced reac-

tions leading to the synthesis of superheavy elements Z=116, and compared with the experimental data.

4 Conclusions

Using the DNS model, we systematically in-
vestigated the production of superheavy residues in
fusion-evaporation reactions, in which the nucleon
transfer leading to the formation of the superheavy
compound nucleus is described with a set of micro-
scopically derived master equations that are solved
numerically and include the quasi-fission of the
DNS and the fission of the heavy fragments. The
maximal production cross sections in the cold fu-
sion and in the *Ca induced reactions are com-

pared. The calculated results are in good agree-

ment with the available experimental data within
the error bars. Isotopic trends in the production of
superheavy element Z = 116 are analyzed for the
two reaction types. The evaporation residue excita-
tion functions of the reactions "Ar, *Ti, *Cr,

Ni+**U in the 2n—5n channels are also studied.
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