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Abstract: A model for cold-fusion reactions related to the synthesis of super-heavy nuclei in collisions of heavy
projectile-nuclei with a **pp target nucleus is discussed. In the framework of this model, the production of the com-
pound nucleus by two paths, the di-nuclear system path and the fusion path, are taken into account simultaneously.
The formation of the compound nucleus in the framework of the di-nuclear system is related to the transfer of nucle-
ons from the light nucleus to the heavy one. The fusion path is linked to the sequential evolution of the nuclear shape
from the system of contacting nuclei to the compound nucleus. It is shown that the compound nucleus is mainly
formed by the fusion path in cold-fusion reactions. The landscape of the potential energy related to the fusion path is
discussed in detail. This landscape for very heavy nucleus-nucleus systems has an intermediate state, which is linked
to the formation of both the compound nucleus and the quasi-fission fragments. The decay of the intermediate state
is taken into account in the calculation of the compound nucleus production cross sections and the quasi-fission cross
sections. The values of the cold-fusion cross sections obtained in the model agree well with the experimental data.
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I. INTRODUCTION

The synthesis of super-heavy nuclei (SHN) is a very
interesting, exciting and puzzling physical task, as much
for experimentalists as for theoreticians. The elements
beyond Md, with proton numbers Z=102-118, have
been synthesized by the fusion of heavy nuclei [1-27].
The element Og, with Z =118, is the heaviest element
which has been synthesized to date, discovered by
Oganessian et al. [1, 24]. Recently, experiments aimed at
the synthesis of isotopes of elements Z = 119 and 120, or
at the study of properties of related reactions, have been
performed [28-34], but no decay chains consistent with
the fusion-evaporation reaction products have been ob-
served.

Cold-fusion reactions for SHN synthesis are reac-
tions between heavy-ion projectiles with mass/charge
A >48/Z > 20 and lead or bismuth targets. This type of
reaction was proposed by Oganessian et al. [35]. Using
these reactions, SHN with charges Z = 102+113 have
been successfully synthesized in experiments [2-22].

Many different models have been proposed to de-
scribe the cross section of the synthesis of SHN in heavy-
ion collisions; see, for example, Refs. [27, 36-89] and pa-
pers cited therein. The common feature of the models is

that the cross section of SHN production is described as
the product of the capture cross section, the probability of
compound nucleus formation, and the survival probabil-
ity of the compound nucleus. The capture process is re-
lated to the formation of the system of touching nuclei.
The probability of compound nucleus formation is con-
nected to the process of the evolution from the system of
contacting nuclei to the spherical or near spherical com-
pound nucleus. The survival probability of the compound
nucleus is linked to the competition between the fission
and neutron emission processes. When the excitation en-
ergy of a compound nucleus drops, the residue nucleus
emits alpha-particles and/or divides into two fission frag-
ments, which can be detected in experiments. The chain
of alpha-particles and/or the fission fragments observed
in the experiment are the experimental signals of success-
ful synthesis of SHN [1-27].

The differences between various models [36-89] in
the description of the capture process are related to the
different nucleus-nucleus interaction potentials used, con-
sideration of different shapes and mutual orientations of
interacting nuclei, and applications of various approxima-
tions in the evaluation of the capture cross sections. The
differences of various models in the description of the
survival probability are connected to the different statist-
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ical nuclear decay models applied, various expressions
for the energy level densities, different values for the fis-
sion barrier of the SHN obtained in the frameworks of
various nuclear structure models, various dependencies of
the fission barrier on the excitation energy of the com-
pound nucleus, and different values of the neutron bind-
ing energy taken from various nuclear mass models. Con-
sequently, the corresponding differences between the res-
ults obtained in the frameworks of various approaches to
the capture cross-section and the survival probability of
the compound nucleus are natural, reasonable and under-
standable. The physical mechanisms of the capture cross-
section and the survival probability of the compound nuc-
leus are the same in the different models.

The process of compound nucleus formation from the
two touching nuclei during the synthesis of SHN is the
most undefined up to now, because there are two alternat-
ive mechanisms for this process, the fusion [36-58] and
di-nuclear system (DNS) [59-76, 76, 78] mechanisms,
which are under active discussion.

The fusion approach to compound nucleus formation
is related to the smooth subsequent shape evolution from
the system of two touching nuclei to the compound nucle-
us, see Refs. [36-58] and papers cited therein. The mod-
els considered in Refs. [36-58] are based on different ap-
proaches to the shape evolution and/or the shape paramet-
rization of the nuclear system during the compound nuc-
leus formation. The compound nucleus formation is in
competition with the quasi-fission and deep-inelastic pro-
cesses in the framework of the fusion approach.

The alternative mechanism of compound nucleus
formation from the two colliding nuclei was proposed by
Volkov in Ref. [59]. This mechanism is related to the
evolution of a DNS formed by the two contacting nuclei
after penetration through the fusion barrier of the incid-
ent nuclei. In the framework of the DNS model, the com-
pound nucleus is formed by multi-nucleon transfer from
the light nucleus to the heavy one. The transfer of nucle-
ons in the opposite direction (from the heavy nucleus to
the light one) as well as the decay of the DNS through the
fusion barrier, are the processes competing with the com-
pound nucleus formation. Both nuclei touch each other
during these multi-nucleon transfers. This DNS mechan-
ism of the compound nucleus formation is applied to
SHN production in Refs. [59-78]; see also papers cited
therein.

Note that the same experimental values of the produc-
tion cross section of SHN can be described by applying
various approaches for the compound nucleus formation.
However, the fusion and DNS mechanisms of compound
nucleus formation are very different. It should also be
noted that the probability of compound nucleus forma-
tion can also be evaluated by various phenomenological
or semi-phenomenological expressions [36-38, 44, 46,
79-88].

The DNS approach was first successfully applied to a
description of deep inelastic heavy-ion collisions [90]. In
this case, two nuclei collide at high energies and form a
fast-rotating DNS. The fast rotation of the DNS prevents
the fusion of the two nuclei and stabilizes the rotating
DNS, because the potential of the rotating DNS is repuls-
ive at small distances between nuclei, due to the contribu-
tion of the centrifugal force. Therefore, multi-nucleon ex-
change between the fast-rotating nuclei forming the DNS
naturally takes place during deep inelastic heavy-ion col-
lisions. After rotation by some angle, the DNS decays in-
to two excited nuclei, which have other nucleon composi-
tions and smaller values of the relative kinetic energies
than the incident nuclei [90].

Cold fusion reactions take place at collision energies
near the barrier of the nucleus-nucleus potential [91, 92].
Therefore, the possible frequency of rotation of the DNS
formed in SHN formation reactions is much smaller than
in deep inelastic heavy-ion collisions. Therefore, stabiliz-
ation of the DNS due to rotation is impossible for heavy-
ion systems leading to SHN. Another possibility for the
formation of the barrier at small distances between ions is
a diabatic behaviour of nuclear levels during fast colli-
sions [93]. The diabatic shift of heavy-ion potential en-
ergy occurs when the relative velocity of heavy ions is
very high, so nucleons occupy diabatic levels and cannot
quickly relax in time to the adiabatic ones. However, the
relative velocity of ions disappears during the penetra-
tion of the fusion barrier, and the evolution of the dinuc-
lear system is related to small relative velocities. The po-
tential energy surfaces obtained in the framework of vari-
ous microscopic or semimicroscopic calculations have
not shown the barrier for reactions related to SHN syn-
thesis [40, 43, 45, 47, 48, 51-56]. Nevertheless, the DNS
potential calculated in Refs. [60-78] shows strong repul-
sion at small distances between nuclei, which stabilizes
the DNS system in this model. Such behaviour of the
DNS potential in Refs. [60-78] is related to the calcula-
tion of the nucleus-nucleus potential in the frozen-dens-
ity approach. The frozen-density nucleus-nucleus poten-
tial is strongly repulsive at small distances between nuc-
lei, because the frozen nucleon densities of the colliding
nuclei overlap well at such distances and form a high-
density region [91, 92]. Due to the high value of the in-
compressibility of nuclear matter, the potential energy of
nucleus-nucleus systems rises dramatically when the nuc-
leon density becomes higher than the equilibrium density
of nuclear matter [91, 92].

The density distribution of nucleons in colliding nuc-
lei can relax during collisions at small relative velocities,
at collision energies close to the barrier. Therefore, a high
nucleon density region with the density noticeably higher
than the equilibrium density of nuclear matter is not
formed during heavy-ion collisions leading to SHN. As a
result, a realistic nucleus-nucleus potential does not show
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strong repulsion at small distances between two nuclei.
The behaviour of the potential at such distances is related
to the sequential evolution of the shape of the nuclear
system. Therefore, the nuclei can fuse and both mechan-
isms of compound nucleus formation, fusion and DNS,
should be taken into account simultaneously in the calcu-
lation of SHN production in heavy-ion collisions. Both
mechanisms of compound nucleus formation are con-
sidered briefly in Ref. [89]. Below we discuss a new
model for SHN formation, which includes both mechan-
isms of compound nucleus formation and also the decay
of the primary-formed excited compound nucleus related
to neutron evaporation in competition with fission. We
propose a new shape parametrization to describe the fu-
sion path, obtain the cross section of SHN in cold fusion
reactions, and compare the calculated cross section val-
ues with the experimental data.

Below we present the new model for the description
of the cross section of SHN synthesis in heavy-ion colli-
sions, which simultaneously takes into account both the
fusion and DNS mechanisms of compound nucleus form-
ation. The mechanisms of nucleus-nucleus capture and
the survival of the compound nucleus applied in our mod-
el are close to the traditional ones, but we introduce some
new features in the consideration of the capture and sur-
vival stages of SHN synthesis. A detailed description of
our model is presented in Sec. II. The discussion of res-
ults obtained in our model for the cold fusion reactions is
given in Sec. III. Conclusions are drawn in Sec. IV.

II. THE MODEL

Cold fusion reactions of SHN synthesis are related to
the collisions of the projectiles nuclei *¥Ca, *°Ti, 3>*Cr,
BFe, 2Co, Ni, Cu, and 7°Zn with the spherical target
nuclei 2%Pb and 2%Bi [2, 5-20]. The nuclei “8Ca, °Ti,
and 7°Zn are spherical in the ground state, while the
ground states of 32>*Cr, 3Fe, ¥Co, ®Ni, and %Cu are
weakly-deformed [94]. It is well-known that the nucleus-
nucleus interaction potential depends on the nucleon
density distributions and deformations of the interacting
nuclei [27, 91, 92, 95-99]. The deformation of heavy nuc-
lei affects the nucleus-nucleus potential more strongly
than the deformation of light nuclei in the case of an
asymmetric interacting system. Due to both the very
small deformations of the projectile nuclei and the weak
effect of the deformation of the light nucleus on the inter-
action potential, we may neglect the small deformations
of the projectile nuclei in cold fusion reactions. There-
fore, we can consider that spherical nuclei are participat-
ing in the cold fusion reactions.

The cross section of SHN synthesis in collisions of
spherical nuclei, with the subsequent emission of x neut-
rons from the formed compound nucleus in competition
with fission, is given as

h2
o(E) = ;ﬂ—E ;(2{4 DT(E,OPE,OW™E,0). (1)

Here u and E are the reduced mass and the collision en-
ergy, respectively, of the incident nuclei in the center of
the mass system. T(E,¢) is the transmission coefficient
through the fusion barrier formed by the Coulomb, centri-
fugal, and nuclear parts of the nucleus-nucleus interac-
tion, P(E,{) is the probability of compound nucleus form-
ation, and W*'(E,{) is the survival probability of the
compound nucleus related to the evaporation of x neut-
rons in competition with fission. In the case of cold fu-
sion reactions, x equals 1 or 2 and rarely 3 or 4. The next
subsections are devoted to a detailed description of our
approach to the calculation of T(E,f), P(E,f), and
W(E,£), respectively.

A. Transmission through the fusion barrier

The total potential between spherical nuclei with pro-
ton numbers Z; and Z, is

Z17,€? R+ 1
V() = 1£2€ Vsph ( )
r

+ N (}")+W. (2)

Here 7 is the distance between the centers of mass of the
nuclei, e is the charge of the proton, V¥ "(r) is the nuclear
part of the nucleus-nucleus potential, and ¢ is the value of
orbital angular momentum in # units.

The total interaction potential energy of two spheric-
al nuclei can be approximated around the barrier by a
parabola. The transmission coefficient through a parabol-
ic barrier [100] is known exactly and is given by

Tpar(Ea Bfus’g) = 1/ B (3)

ha)g

—2n(E - B}™) )

1+exp[

e +1)
2/11‘?
the potential, r, is the barrier radius, and 7w, =
hZ d2v§u5(r)}1/2

o dr?

where Bl = Bl + is the barrier height of

is the curvature of the barrier.

r=r;

The fusion barrier distribution simulating a realistic
multichannel coupling is often taken into account in the
evaluation of sub-barrier heavy-ion fusion cross sections
[101, 102] and SHN formations [51, 66, 72-74]. In this
case the total transmission coefficient is given as

B,
T(E,() = f dB Tyur(E, B, ) f(B, B), 4)
B,

fus \2
(B-BY
8

is the barrier

. 1
where f(B,B™)= ——ex
f(B,B;") oVr p
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distribution function, which is usually approximated by a
Gaussian function [51, 72-74]. The typical values of the
barrier distribution width g are several MeV [51, 72-74].
In the case of sub-barrier energies E < B, Eq. (3)
can be approximated in the form Tpu(E,BM,0)~
2n(E - B}™) o . L
exp(h—w[). Substituting this expression into Eq. (4)
and extending the limits of the integral to infinity, we get
2n(E - (B} = Ap))

ha)[

T(E,{) ~ exp( ] where Ap = g% /(2hwy)

is the shift of the barrier value due to the barrier dis-
tribution. Using this property, we approximate the trans-
mission coefficient through the distribution of the para-
bolic barriers for any values of £ as

T(E,l) ~ 1/

—27(E — (Bf"s — A

1 +exp( 3
we

It is obvious that the values of T(E,{) obtained using this
formula at energies far from the barrier value are the
same as those calculated with the help of Egs. (3)-(4).
The values of T(E,¢) calculated by the approximate for-
mula (5) deviate from the exact values using Egs. (3)-(4)
at energies around the barrier. This deviation decreases
with decreasing g. The application of the parameter Ap is
simpler than a numerical integration of the barrier distri-
bution (4) and leads to the same effect.

We should know the nucleus-nucleus potential for
evaluating the transmission coefficient using Eq. (5). The
nuclear part of the nucleus-nucleus potential consists of
the macroscopic and the shell-correction contributions
[103],

V(1) = Vinaero(r) + Van(r). (6)

The macroscopic part Vi,ero(r) of the nuclear interac-
tion of nuclei is related to the macroscopic density distri-
bution and the nucleon-nucleon interactions of colliding
nuclei. It is the Woods-Saxon form at » > R; [103],

1 C +v,C/2
1+exp[(r—R)/(d +d2/O)]

Vimacro(r) = (7)

Here v; =-27.190 MeV fm™!, v, =-0.93009 MeV
fm~12, d, =0.78122 fm, d» = —0.20535 fm?, C = R\R»/R;
is in fm, R =Ri+Ry, Ri=12536A!"-0.800124 """
0.0021444/A; is the radius of the i-th nucleus in fm,
i=1,2, and A; is the number of nucleons in nucleus i.

The shell-correction contribution Vg, (r) to the poten-
tial is related to the shell structure of the nuclei, which is
disturbed by the nucleon-nucleon interactions of collid-
ing nuclei. When the nuclei approach each other, the en-

ergies of the single-particle nucleon levels of each nucle-
us are shifted and split due to the interaction of nucleons
belonging to the other nucleus. This changes the shell
structures of both nuclei at small distances between them.
Therefore, the shell-correction contribution to the total
nuclear interaction of nuclei is introduced in Ref. [103].
This representation of the total nuclear potential energy
of two nuclei is similar to the Strutinsky shell-correction
prescription for the nuclear binding energy [104-107].
The shell-correction part of the potential at r > R, is giv-
en as [103]

1
Van(r) = [0E +0EL ]| ————— — 1], (8)
1 +exp(RSh _R)
dsh
where Ry, = R,—0.26 fm, dy, = 0.233 fm, and
SE;=B-B" )

is the phenomenological shell correction for nucleus i.

B =15.86864A; —21.18164A7 +6.49923A !

2
_7.
- [NA—} 26372694, -23.801184;"

- 8.623224}"
Z2
— -1/3

-3 |0.78068 - 0.636784;"*| - P, - P, (10)

is the macroscopic value of the binding energy in MeV
found in the phenomenological approach, B, is the
binding energy of the nucleus in MeV obtained using the
evaluated atomic masses [108], P, are the proton (neut-
ron) pairing terms, which equal P, = 5.62922(4.99342)
A;m in the case of odd Z (V) and P, =0 in the case of
even Z; (N;), and N; is the number of neutrons in nucleus
i.

The parametrization of V;Iph(rg) from Ref. [103] is
used in our model, because the barrier heights B{* calcu-
lated with the help of this parametrization agree well with
the empirical values of barrier heights for light, medium
and heavy nucleus-nucleus systems [103, 109-111]. The
values of the barriers for the spherical systems “Ca,
48504, 2Cr, *Cr, 68Fe, %Ni, 7°Zn + 208Pb leading to
the SHN obtained in our approach are presented in Table 1.
These values of the barriers well agree with the available
values of the barriers derived from an analysis of the ex-
perimental data for quasi-elastic backscattering [112].
Note that this parametrization is also successfully used
for the description of the fragment mass distribution in
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Table 1.
nuclei B for £=0, O values of the compound nucleus form-

The values of barrier heights between spherical

ation Qcn obtained using the evaluated atomic masses [108],
the excitation energies of the compound nucleus at collision
energies equal to the barrier heights E; =E+Qcn, and the
available values of the barrier heights By derived from an
analysis of the experimental data for quasi-elastic backscatter-
ing [112]. All values are given in MeV.

Collision systems Bg“s —QOcN Ey . Bebs
48Ca + 208pp 172.5 153.8 18.7
48Ty + 208pp 191.0 164.5 26.5 190.1
S0 + 208pp 189.8 169.5 20.3
52Cr + 208pp 207.2 183.7 235
54Cr + 208pp 206.0 187.1 19.0 205.8
S6Fe + 208pp 2232 201.9 21.3 223.0
S8pe + 208pp 222.0 205.0 17.0
64Nj + 208pp 236.6 2249 11.9 236.0
707 + 208pp 251.1 2442 6.9 250.6

the fission of highly-excited nuclei [97, 98] and in tern-
ary fission [99]. So, the values of the barrier heights ob-
tained in our approach are reliable.

Using Egs. (2), (5)-(10) we can evaluate the capture
cross section,

E—”h2 2+ )T(E.¢ 11
ocap<>—ﬁ;( + DT(E,0). (11)

The capture cross section is related to the fusion barrier
penetration. The capture cross section coincides with the
compound nucleus production cross section in the case of
collisions of light and medium nuclei, where the decay of
the DNS to fragments and the quasi-fission process give
negligible contributions [101, 102, 111, 113, 114]. In the
case of collisions of heavy nuclei, the capture cross sec-
tion is linked to the formation of the DNS.

B. Probability of compound nucleus formation

1. Expression for the probability of compound
nucleus formation

The fusion barrier between incident spherical nuclei is
high. The collision energy of the two nuclei starts to dis-
sipate just before the barrier. After passing the incident
fusion barrier the nuclei are located in the capture well,
which is close to the contact distance of the nuclei. The
nuclei form the DNS in the capture well. The DNS
formed in the capture well is the injection point for sub-
sequent stages of SHN formation and DNS evolution.

The kinetic energy related to the relative motion of
the colliding nuclei is quickly dissipated at the initial col-

lision stage, when the tails of nucleon densities of the
nuclei start to overlap. As a result, the kinetic energy of
the relative motion of nuclei transfers into the intrinsic
energy of the DNS [90, 115]. Therefore, the subsequent
stages of SHN synthesis can be considered in the frame-
work of the statistical approach. In this approach the
probability of compound nucleus formation is linked to
the ratio of the decay widths of different processes. The
widths considered in this subsection are defined in the
framework of the Bohr-Wheeler transition state statistic-
al approach [116].

The DNS formed in the capture well may decay into
different channels such as, for example, spherical or de-
formed incident nuclei, new DNSs formed at the transfer
of nucleons between the incident nuclei, and formation of
a compound nucleus. Due to the transfer of nucleons
between nuclei the DNS may decay into more symmetric
nucleus-nucleus systems with subsequent decay to de-
formed nuclei, or into more asymmetric nucleus-nucleus
systems with subsequent formation of a compound nucle-
us. The DNS may also decay into a compound nucleus by
smooth shape evolution. The corresponding decay
branches of the DNS are linked to the respective decay
widths and barriers.

The probability of a specific decay process is related
to the passing through the barrier in competition with oth-
er processes. The compound nucleus is formed by passing
the barrier in fusion, and the DNS barrier is related to the
transfer of nucleons from the light nucleus to the heavy
one. Passing through other barriers is linked to the decay
of the DNS to scattered nuclei.

Therefore, the probability of compound nucleus form-
ation from the DNS is determined in our model as the ra-
tio of the widths leading to the compound nucleus to the
total decay widths of the DNS, i.e.:

DNS. DNS, t;
ITNSY(E, 0 +ToN r(E,K)' 02

P(E.¢) =
(50 oL (E,0)

Here,

TOW(E, ) =TN(E, )+ Ten " (E, 0) + TS (E, €)

CN CN
+ rgﬁs(E, O +TNS(E, 0) (13)

is the total decay width of the DNS. Ten>!(E,¢) is the
width related to compound nucleus formation through the
fusion path by the smooth evolution of shape of the nuc-
lear system. Fggs‘“(E,f) is the width of the compound
nucleus production through multi-nucleon transfer from
the light to heavy nuclei. This is the DNS path of com-
pound nucleus formation used in the various versions of
the DNS model [60-75, 78]. IR (E, €) is the width of the
DNS decay into two nuclei with nucleon transfer from
heavy to light nuclei. During this process the DNS de-
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cays into scattered nuclei, which are close to the incident
nuclei. This is the deep-inelastic collision (DIC) process.
Fg)’zs(E,Z) and TDRS(E, £) are the width of the DNS decay
into incident spherical or deformed nuclei, respectively.
The widths I g;fs(E, ¢) and I'NS(E, ¢) are connected to the
different quasi-elastic decay modes of the DNS.

Equation (12) is written for the case of a direct coup-
ling of the DNS to the equilibrium shape of the com-
pound nucleus. In this case the potential energy land-
scape has a valley, the bottom of which directly connects
the system of contacting nuclei and the equilibrium shape
of the compound nucleus. This is seen, for example, in
the landscapes presented in Fig. 1. If the final point of the
valley starting from the DNS is related to the non-equilib-
rium shape of the compound nucleus and the equilibrium
shape of the compound nucleus is located in another val-
ley, as seen, for example, in the landscapes presented in
Fig. 2, then an intermediate state should be introduced.
The intermediate state can decay into both the compound
nucleus in equilibrium shape and to quasi-fission frag-
ments. Such cases of compound nucleus formation will
be considered in Sec. I11B.3.

According to Egs. (12)-(13), the compound nucleus
in our model can be formed by both the fusion and
DNS paths. If we put Fggs’f(E,f) =0 and introduce

l—‘quasifﬁssion(E, 0) = rgi\és (E,O)+ F]SDPIES (E,O)+ F(?EI}IS (E,0) >
then our probability of compound nucleus formation (12)-
(13) equals that in Refs. [59-62]. Here we use the origin-
al name of the width T'guasi-fission(E,¢) used in Refs. [59-
62]. Note that in our model the quasi-fission process is re-
lated to the decay of the one-body nuclear shape to the
fission fragments, bypassing the formation of the com-
pound nucleus with the equilibrium shape. (Recently, the
authors of the DNS model have used the master equation
approach to evaluate the probability of compound nucle-
us formation [65-70, 72-75]. However, the old [59-62]
and new [65-70, 72-75] approaches of the DNS model
have the same mechanism of compound nucleus forma-
tion. In our model the probability of compound nucleus
formation is described by the ratio of the decay widths in
Egs. (12)-(13). This is very convenient, because all de-
cay processes are considered in the same approach.)

The shape and properties of the potential energy land-
scape related to the fusion trajectory of compound nucle-
us formation is discussed in the next subsection.

2. Landscape of potential energy related to the fusion
path from DNS to compound nucleus

The DNS is formed in the collision of two spherical
nuclei in the case of cold fusion reactions. The DNS after
formation can evolve to a compound nucleus or divide in-
to two spherical or deformed nuclei. The division of the
DNS into two deformed fragments can be linked to quasi-
fission as well as to the immediate decay of the DNS.
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Fig. 1. (color online) The potential energy landscape as a
function of the variables zo and g, for the cold-fusion systems
30Ti, 3234Cr, and *8Fe + 208Pb. The dashed lines are the traject-
ories of compound nucleus formation, which are drawn by
eye.
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Fig. 2. (color online) The potential energy landscape as a
function of the variables zyp and B, for the cold-fusion systems

®4Ni, 70Zn, and 78Zn + 298pb. The dashed lines are the com-
pound nucleus formation trajectories, which are drawn by eye.

Therefore, the shapes of nuclei related to the analysis of
the trajectory from the DNS to the compound nucleus,
with the possibility of quasi-fission, should include the
two spherical or deformed nuclei as well as the spherical,
well-deformed, and pre-ruptured one-body nuclear
shapes. The parametrization describing such different
shapes should be as simple as possible. The axial-sym-
metric parametrization,

0’ 1fZ<—a,
b1-(z/a)?, if —a<z<z,
p= (/@) S 0 (14)
cV1=(z=R)/d)*, ifzo<z<R+d,
0, ifz>R+d

satisfies the proposed conditions. Here p and z are cyl-
indrical coordinates. The parametrization depends on the
6 parameters a,b,c,d,zg, and R.

The radius p should be continued at point zg, there-
fore

b1 =(z0/a)* = c V1~ ((z0 - R)/d)>. (15)

This equation couples the two parameters of the paramet-
rization, for example, zp and R. The total volume of the
nuclear system should be conserved during the shape
evolution of the nuclear system. As a result of these con-
straints, the shape parametrization has 4 independent
parameters.

We fix the values a = b =Ry, where R; is the radius
of the light incident nucleus. Due to this fixing the shape
parametrization (14) depends only on two independent
parameters. Note that two independent parameters are of-
ten used to describe compound nucleus formation in the
evolution of the one-body form; see, for example, Refs.
[43,47,57, 58, 89].

The two touching nuclei are described by Eq. (14) at
20 = R,. During fusion the nuclei get close and the value
of zo is smoothly reduced. The radius of the neck con-
necting the nuclei rises from 0 at zop = R; up to the radius
of the light nucleus R at zp = 0. After that the heavy nuc-
leus absorbs the light one and zp approaches —R;. The
light nucleus is fully absorbed by the heavy one at
70 = —R;.

It is useful to consider two independent variables zg
and 3, to specify the shape of the fusing nuclei. Paramet-
er B, is coupled to the ratio d/c by the equation
d/c=[1+p2Y20(0 =0°)]/[1+B2Y20(0 = 90°)], where Y20(6)
is the spherical harmonic function [117]. Parameter Bt
describes the quadrupole deformation of the heavy nucle-
us in the case of the touching nuclei at zop = R, or the
quadrupole deformation of the one-body shape at
720 = —R;. (Here we neglect the difference between the
equal-volume shapes of the axial-symmetric ellipsoid and
the nucleus with the surface radius R(0) = Ry[1 + B2 Y20(6)].
Such shapes are very close to each other at small deform-
ations.) Our shape parametrization at zop = —R; also de-
scribes the fission process related to the evolution of the
quadrupole deformation. Note that the quadrupole de-
formation is successfully used for a discussion of the fis-
sion process by Bohr and Wheeler [116].

Our two-parameter parametrization is useful for the
simultaneous description of various nuclear shapes re-
lated to the fusion of asymmetric nuclei, compound nuc-
leus formation, fission and quasi-fission. This parametriz-
ation has not previously been used anywhere; see, for ex-
ample, Ref. [118], which is devoted to the compilation of
various nuclear shapes used in the literature.

For every value z and 3, we find parameters R/ and
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fit

;" , at which the parametrization

R(6) = R (16)

9
1+ Bl Y10(6)
L=2

fits the shape described by Eq. (14). Using the obtained
values of parameters R/" and ’Z”, we calculate the shell
correction energies as a function of the parameters zy and
B> by using the code WSBETA [119]. This code uses a
Woods-Saxon potential with a 'universal' parameter set
and a parametrization of the nuclear shape in the form
R(0) o< [1 +22:2ﬂ{”YL0(9)]. The radius parameter of the
Woods-Saxon potential is fixed by the 'universal' para-
meter set [119]. Therefore, the parameters zp and 3, are
coupled to the deformation parameters ,8{” only. The re-
sidual pairing interaction is calculated by means of the
Lipkin-Nogami method [120]. The macroscopic part of
the deformation energy is evaluated using the Yukawa-
plus-exponential potential [121].

The dependencies of the potential energy landscape
on the variables zo and B, for the cold-fusion systems
S0, 5234Cr, 8Fe, %Ni, 79Zn, and 8Ge + 208Pb are
presented in Figs. 1-2. The dependencies of the potential
energy of nuclei on B, at zo = —R; presented in these fig-
ures are typical for fissioning nuclei. So, we see the
ground-state well and the fission barrier along the line
z0 = —R; in these figures.

There are many heavy and super-heavy nuclei with
the two-hampered fission barrier [122, 123, 124-138].
The values of B, for the ground state of the compound
nucleus, which we can see in Figs. 1-2 at zo ~ —Ry, are
close to the corresponding ones obtained in Ref. [124].
The values of the inner fission barrier evaluated from
Figs. 1-2 at zo ¥ —R; t are close to those obtained in Refs.
[124, 127, 132, 135, 136] in the framework of the shell-
correction approach. Note that Refs. [122, 123, 124, 132,
135, 136] are devoted to accurate calculations of the
ground state and saddle point properties of SHN using a
rich set of the multipole deformations. Our deformation
space is limited by two independent variables, therefore
the agreement of the fission barrier values extracted from
Figs. 1-2 with the results obtained in the framework of
other models is approximate.

The dependence of the potential energy of two con-
tacting nuclei on the value of quadrupole deformation of
the heavy nucleus is presented in Figs. 2-3 at zo = R;. We
see that the potential energy has a local minimum at small
values of 8, ~ 0 at zo = R, which is related to the spheric-
al ground-state shape of 2°8Pb. Note that the similarity of
the shapes described by the parametrizations (14) and
(16) worsens as zo — R;. Nevertheless, the shape de-
scribed by Eq. (16) is close to the shape of the two con-
tacting nuclei.

The landscape of potential energy is strongly changed
near zo = R; for the system "3Ge + 2%8Pb. As a result, the
contour lines are difficult to separate. We therefore
present the potential landscape for this system for zp < 4.4
fm, see Fig. 2.

The trajectory of the compound nucleus formation,
which is drawn by eye in Figs. 1-2, connects the point of
the two contacting spherical nuclei at zp = R1,3, =0 and
the point of the ground state of the compound nucleus at
20 # —R; and B, in the range 0 <, <0.25. These traject-
ories for the cold-fusion systems °Ti, 3>%Cr, %Fe +
208Pb are located in the bottom of the valley leading to
compound nucleus formation, see Fig. 1. Similar valleys
are also obtained for cluster emission from heavy nuclei
with the daughter nucleus near 2°®Pb in Ref. [139]. The
fusion path leading to compound nucleus formation is
also studied in Refs. [140, 141]. The dependencies of the
potential energies on the elongation along the fusion
paths presented in Refs. [140, 141] for reactions °Ti and
707Zn + 208Pb look like the ones in Figs. 1 and 2 for these
systems. Unfortunately, direct comparison of the poten-
tials along the fusion trajectories obtained in these differ-
ent approaches is not possible due to the use of different
shape parametrizations.

The high ridge separates the fusion valley and the
quasi-fission area in Fig. 2. This ridge merges smoothly
with the inner fission barrier at zo = —R;. The true quasi-
fission (or fast fission) process in heavy-ion reactions is
related to the fission of the nuclear system before it
reaches the ground-state shape of the compound nucleus,
while true fission starts from the ground-state shape of
the compound nucleus. The large difference between the
energies at the bottom of the fusion valley and at the
ridge leads to a statistical suppression of the quasi-fission
process compared to compound nucleus formation for the
systems *°Ti, 3234Cr, 38Fe + 2%8Pb. Therefore, the probab-
ilities of compound nucleus formation are well determ-
ined by Egs. (12)-(13) for these systems.

We see the saddle points at the point zp ~ 2 -4 fm and
B2~ 0.1-0.25 on the fusion path for systems *Ni, 7°Zn,
and 8Ge + 2%Pb in Fig. 2. The heights of these saddle
points define the barriers for the transition from the DNS
to the compound nucleus along the fusion trajectories for
these systems. In contrast to this, such saddle points are
absent from the fusion paths for reactions °Ti, 32*Cr,
and >®Fe + 298Pb in Fig. 1. Therefore, the barriers related
to the formation of the compound nucleus along the fu-
sion trajectory for reactions °Ti, >>34Cr, and ®Fe + 2%%Pb
are defined as the highest values of the potential energies
of spherical or near-spherical nuclei at the contact point,
see Fig. 1. This is because the excitation energies of these
systems at the contact point should be above or equal
these potential energies for successful formation of the
compound nuclei.

The trajectories of compound nucleus formation for
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the reactions ®Ni, 7°Zn, and "®*Ge + 208Pb have saddle
points near the point zp ~4 fm and B, ~ 0.1 -0.2, which
are linked to the decay of the slightly overlapped nuclei
(or the DNS) to two fragments, see Fig. 2. The decay of
the DNS to two fragments is also described by the widths

IDC(EO), TOS(E0) and TPRS(E,0). The width
I'PNS(E, ¢) is connected to the lowest value of the barrier,

def
which takes place for two-body systems. The height of

the saddle point near the point zo ~ 4 fm and 8, = 0.1 -0.2
is higher than the barrier related to the width ToNS(E, €).
Therefore, we may neglect the influence of this saddle
point on both the formation of the compound nucleus and
the decay of the DNS to fragments.

The ridge, which separates the compound nucleus
formation valley and the quasi-fission valley, merges
with the outer fission barrier near zy ~ —R; for the cold-
fusion systems 7°Zn and 78Ge + 2%8Pb, see Fig. 2. The
compound nucleus formation valley is merged with the
potential energy well between the inner and outer fission
barrier near zp ~ —R;. Therefore, an intermediate state is
formed in this well. The compound nucleus is formed at
the decay of the intermediate state through the inner fis-
sion barrier. The quasi-fission fragments can appear in
the decay of the intermediate state through the outer fis-
sion barrier. The quasi-fission fragments are different
from those produced in the decay of the DNS to two frag-
ments and are related to the DIC or quasi-elastic pro-
cesses. This is because the yield of the DIC or quasi-
elastic fragments is concentrated around the incident nuc-
lei, while the yield of the quasi-fission fragments is simil-
ar to that for the compound nucleus fission.

The probabilities of compound nucleus formation for
the systems 7°Zn, and "®Ge + 2%Pb are not described by
Egs. (12)-(13), because we should take into account the
decay branches of the intermediate state. We consider the
probability of compound nucleus formation in such a case
in the next subsection.

3. Expression for the probability of compound nucleus
formation in the case of an intermediate state

The formation of a compound nucleus in the case of
an intermediate state occurs in two steps. The first step is
related to the formation of the intermediate state from the
DNS, while the second is linked to the decay of the inter-
mediate state into the compound nucleus with the equilib-
rium shape. The intermediate state may decay into the
compound nucleus, into quasi-fission fragments, or back
to the DNS.

The consideration of the two-step process in the mod-
el is similar to the discussion of the sequential stages of
SHN formation used in Eq. (1). The intermediate state
takes place on the fusion path of the compound nucleus
formation and has no influence on the DNS path of the
compound nucleus formation. As a result, the probability

of compound nucleus formation in this case is determ-
ined as

TONSY(E, 0)Pi(E, €) + TRNS(E, 0)

P(E, () = N
T (E,0)

)

where

s (E,€
Pis(E,f>=—‘fsN( ) (18)
T8 (. 0)

is the decay probability of the intermediate state into the
compound nucleus. The widths presented in Eq. (17)
have been discussed already, see Eqgs. (12)-(13). Now we
consider the widths which appear in Eq. (18).

T E, ) = TEN(E, 0) + Ti(E, 0) + T (E, €) (19)

is the total decay width of the intermediate state,
T (E,0), The(E,0), and TS, (E,¢) are the decay widths
of the intermediate state to the compound nucleus, the
quasi-fission fragments, and the DNS, respectively. The
width T'qt(E,¢) describes the true quasi-fission process,
which is related to the fission of the one-body nuclear
system, bypassing the formation of a compound nucleus
with equilibrium shape.

The probability of compound nucleus formation de-
creases due to the decay of the intermediate state to the
quasi-fission fragments or back to the DNS, because
Pi(E,0)<1. Eq. (17) coincides with Eq. (12), when
P(E,0) = 1.

The cross sections of compound nucleus formation
and true quasi-fission are related to the corresponding de-
cay branches of the intermediate state. Therefore, these
cross sections can be defined, respectively, as:

2
ocn(E) = guiE Z(Zl+ DT(E,O)P(E,?), (20)

4

hZ
oo(E) = ;#_E Z(zz+ DT(E, )Py (E. 0). Q1)
{

Here,

NN (E, )
T (E.0)

riqsf(E, £)

Py(E,C) = -
a0 I (E.0)

is the probability of the quasi-fission decay. The first
factor in Eq. (22) is the probability of intermediate state
formation, while the second is the decay probability of
the intermediate state to quasi-fission fragments.
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The number of successive intermediate states & may
be more than one in the case of a very complex potential
energy landscape. In such cases the probability of com-
pound nucleus formation is also determined by Eq. (17),
in which the probability Pi(E,¢) is substituted by the
product of the decay probabilities of & successive inter-
mediate states Pis((E,{)- Pis2(E,€)- ... Pisx(E,€). Equa-
tions (21)-(22) for the quasi-fission cross section should
be also modified similarly, because the quasi-fission frag-
ments can be emitted in the decay of any intermediate
state. The total number of corresponding parameters,
which is needed to describe the reaction, rises with the
number of intermediate states. Therefore, in our model
we consider only one intermediate state for the reactions
707Zn and "8Ge + 298pb.

The main decay channel of the superheavy com-
pound nucleus is fission. Consequently, the values of the
compound nucleus production cross sections are very
close to the compound nucleus fission cross sections. The
probabilities of formation of compound nucleus fission
fragments (12), (13) or quasi-fission fragments (22) are
very small for heavy cold-fusion systems. Therefore, the
probabilities of these processes are much lower than the
probability of DIC fragments being formed in the DNS
decay, because it is necessary to form a compound nucle-
us or intermediate state as well as the DNS. This is
strongly correlated to the experimental yields of near-
symmetric fission or quasi-fission fragments and very
asymmetric DIC or quasi-elastic fragments for various re-
actions [34, 142-144].

4. Decay widths
Equations (12)-(13), (17)-(19), and (22) include two
types of widths. The widths Fggsf(E,é’), TEG(E,0),
l";sf(E,é’), FBNS(E,K) are related to the one-body shape of

the nucleus, while the widths TPNS"(E, (), THIC(E, ),

r gﬁs(E,é’), IPRS(E, £) are linked to two-body nuclear sys-
tems.
The widths linked to the various one-body shapes are

determined as

1 E-B
l—‘one—body(Ea 0) = oin(E) L de pA,€(8)~ (23)

Here piy(E) is the energy level density of the nuclear sys-
tem in the initial state, p4 ((¢) is the energy level density
of the nuclear system in the final state, B is the height of
the saddle point on the way from the initial state to the fi-
nal one, and ¢ is the excitation energy. The correspond-
ing values of E, ¢ and B should be applied in the calcula-
tion of the widths o H(E 0, TS(E,0), TE(E,0),
I8 G (E0).

We use the back-shifted Fermi gas energy level dens-
ity of the nucleus with the excitation energy &, 4 nucle-

ons and the angular momentum J [145], which is written
as

pas(U) =% exp{-[(J +1/2)/o/1*/2}
X IZ(T\/:_;JS)U“ exp [2 AgensU ] (24)
Here,
U=¢e—6=ddensT? (25)

is the back-shifted excitation energy, which is connected
with the temperature 7,

§=12nA""2+0.173015 (26)

is the energy shift with n=—-1,0 and 1 for odd-odd, odd-
A, and even-even nuclei, respectively, o5 = (0.834%20)% is
the spin cut-off parameter. The level density parameter
depends on the excitation energy of the nucleus [146] and
equals

Adens = inf[1 + (Oshen/ U)(1 = GXP(—)’U))], (27)
where
aint = 0.0722396A +0.195267A%/3 (28)

is the asymptotic level density parameter, y = 0.410289/
A3 is the damping parameter, and &gy is the phe-
nomenological shell correction [145]. The value of the
phenomenological shell correction is determined as the
difference Oghell = Mexp — Mig [145], where My, is the ex-
perimental value of the nuclear mass taken from Ref.
[108] and M4 is the liquid drop component of the mass
formula [147]. All parameter values used for the evalu-
ation of the energy level density are taken from Ref.
[145] without any changes. (Note that the phenomenolo-
gical shell corrections dshenn and SE;, see Eq. (9), have the
same physical sense. However, they are obtained using
different mass formulas for the calculation of the liquid-
drop contribution [103, 145, 147]. The values of the para-
meters Sqen and OF; are, respectively, linked to the val-
ues of other parameters of the energy level density and
the nuclear part of the interaction potential. Therefore, we
use different expressions for the calculations of g and
6E;.) The values of the shell corrections are very import-
ant for the properties of SHN [148], and therefore the in-
fluence of shell correction on the level density should be
taken into account.

As we have pointed out, the widths FBES’“(E,Z),

IRIC(E,O), TOIS(E.0), TRRS(E,{) are related to the DNS,
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which consists of two nuclei with various shapes and nuc-
leon compositions. The width of the DNS built by nuclei
with numbers of nucleons A; and A, =A-—A;, corres-
pondingly, is written as

1
Pin(E)

E-B,
I'pns(E,€) = f de pa, 4,(s,0), 29
0

where
P a(6,0) = f A&’ pa, o) paole—&).  (30)
0

Here piy(E) is the energy level density of the nuclear sys-
tem in the initial state. py, 4,(¢,€) is the energy level dens-
ity of the DNS, py, ((¢) and pa,(¢) are the energy level
density of the nuclei with A; and A, nucleons in the final
state, and B, is the height of the saddle point on the way
from the initial state to the final one. We neglect the
transfer of the orbital moment of the DNS system into the
orbital momenta of the nuclei for the sake of simplicity.

The probabilities of the compound nucleus formation
P(E,¢) and the decay of the intermediate state Pis(E,{)
depend on the ratio of the decay widths into specific
states to the total decay width of the initial state. There-
fore, these probabilities are independent of pi,(E).

We should define the barrier heights for the calcula-
tion of various decay widths and the probabilities. Let us
consider the barriers for corresponding widths in detail.

5. Barrier heights for different processes

The width Fgl‘js(E, ¢) depends on the barrier B}*. The
value of Bﬁ”s is obtained in the calculation of the trans-
mission probability T(E,{), see Eq. (5). This barrier of
the total potential energy of the spherical incident nuclei
can be found using Egs. (2), (6)-(10). Substituting the
value of B* into Eq. (29), we obtain F?IJIES(E ,0).

The width TPNS(E, €) is connected to the barrier Bf,‘f;ef.
This barrier is determined as the minimal values of the
barrier of the total potential energy of the deformed nuc-
lei. The nucleon compositions of these deformed nuclei
are the same as in the incident channel. The total poten-
tial energy of the deformed nuclei is calculated in the
framework of the approach developed in Refs. [97-99].
Now we improve it by taking into account a realistic sur-
face stiffness for the interacting nuclei.

As shown in Refs. [27, 95, 96, 149-152], axially-sym-
metric nuclei, which are elongated along the line connect-
ing the mass centers, have the lowest value of the barrier
height. Therefore, we consider that the DNS decays pref-
erentially by such mutual orientation of the axially-sym-
metric nuclei. The other nucleus-nucleus configurations
have higher values of the barrier. Consequently, such
configurations have lower values of the thermal excita-

tion energy of the DNS and smaller values of the statistic-
al yield. As a result, such configurations may be neg-
lected.

The total potential energy of interacting deformed
nuclei, Vpns(r,€,{Br1}.{Br2}), consists of the nuclear
VN(R, {BL1},{B12}), Coulomb Ve(R,{B11}.{B12}), and centri-
fugal V(R,{Br1},{Br2}) energies as well as the deforma-
tion energies Eq.r;({8.:}) of each nucleus. So, the total po-
tential energy equals

Vons (4, €481}, 1Br2)) =V, {BL1}, (Br2))
Ve ABL1 BN +Ve(r 4B 1 {BL2))

+ Eder1({Br1}) + Edera(1B12)),
(31

where {81;} = Boi»B1i,B2i» Bzi-Bai 1S the set of surface multi-
pole deformation parameters of nucleus i, i = 1,2. These
deformation parameters are related to the surface radius
of the deformed nucleus,

Ri(6) = Ro; , (32)

I+ Zﬁu Y10(0)
T

where Ry, is the radius of spherical nucleus i and Y;4(6) is
the spherical harmonic function [117]. The parameters By,
and B;; provide the volume conservation and non-move-
ment of the position of the mass center for nucleus i. The
values of the deformation parameters {8.,},{B..} are de-
termined by the condition of the minima of the total inter-
action potential energy of these nuclei Vpns(r,¢,
{BLi}.{Br2}) at given r. Note that the contributions of
higher multipole deformations B;>s to the value of
Vons(r, €, {811}, {Br2)) are negligible.

According to the proximity theorem [153, 154], the
nuclear part of the interaction potential between de-
formed nuclei can be approximated as [97, 98]

N ABL L BL2)) =S (B}, {Br2))
X VI (d(r,{Bri), {Br2)) + Rot + Ron).

(33)
Here,
Ry(x/2P R/ 2)
2 2
S Upu), (praly = DO RO 5y
Ro1 +Ro2

is the factor related to the modification of the strength
of nuclear interaction of the deformed nuclei induced by
the surface deformations, which is derived in Ref. [97],
and
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d(r, {81}, {B12)) = r—R1(0) — Ry(0) (35)

is the smallest distance between the surfaces of the de-
formed nuclei, which coincides with the distance between
the surfaces of spherical nuclei. The potential V;ph de-
termines the nuclear part of the interaction between
spherical nuclei, see Eqgs. (6)-(10).

The expression for the Coulomb interaction of the
two deformed arbitrarily-oriented axial-symmetric nuclei
is obtained by an expansion of the deformation paramet-
ers in Ref. [95]. The accuracy of this expression is very
high. The values of the Coulomb interaction of two de-
formed arbitrarily-oriented axial-symmetric nuclei evalu-
ated by using the expression from Ref. [95] and by nu-
merical calculations agree with each other very well
[155]. Taking into account the considered orientation of
axial-symmetric nuclei in searching for the value of the
lowest barrier height, we rewrite the expression from Ref.
[95] in a simple form,

212,
Ve(r) = {1 + Z [fz1(r,Ro1)BL1 + f1(r,R02)Br2]

r =1
+ f(r,Ro1)B5; + fo(r,Rn)B3,

+ f3(r, Ro; ,Roz)ﬁzlﬁzz},

(36)
where

fu1(r,Roy) a1 37)

r? i = —7

0 L+ Dt
o3RS ORY N

b i) = +—,
FalrRoi) Tnr?  14nrt %)

27R? RZ

f3(r,Ro1,R2) = # (39)

This expression takes into account the linear and quadrat-
ic terms in the quadrupole deformation parameters, and
the linear terms of high-multipolarity deformation para-
meters. The volume correction, which appears in the
second order of the quadrupole deformation parameter
and is important for heavy systems, is taken into account
in this expression.

The nuclei forming the DNS after penetration of the
fusion barrier are excited. Therefore, the moment of iner-
tia of the DNS can be approximated well in the frame-
work of the solid-state model. The centrifugal potential
energy of DNS nuclei is

ml+1)

Ve(r, {Bri}, {Br2}) = W+ i+ 1) (40)

where
Ji = (2/5)m,R2A (1 + \/5/(16m)B2:) (41)

is the moment of inertia of nucleus i, and m,, is the nucle-
on mass. Here we take into account only quadrupole de-
formation, because the contribution of higher multipolar-
ities to the moment of inertia is negligible.

The incident nuclei participating in cold-fusion reac-
tions have spherical equilibrium shapes. The nuclei in-
volved in the DNS evolution are deforming due to the in-
teraction between them. The deformation energy of the
nucleus induced by a deviation from the spherical shape
consists of the surface and Coulomb contributions. In the
liquid-drop approximation [156], this energy is given as

4 2
BLi
Egn({Bub = ) Clhz 5" (42)
L=2
where
" (L= D(L+2buA??  3(L-1)e*Z2 23
LAz~ Ax  27(2L+ DRy, “3)

is the surface stiffness coefficient obtained in the liquid-
drop approximation, and by, is the surface coefficient of
the mass formula [94].

We can also evaluate the realistic deformation energy
of'a nucleus at small surface deformations in the frame-
work of the shell correction method [104-107], and ap-
proximate the dependence of this energy on the deforma-
tion parameters by

4 2
Bii
EgnlBuh) = ) Clhz 5 (44)
=
Here CY,, isthe total surface stiffness coefficient ob-

tained with the shell correction method. Using the shell-
correction method, we can split both the deformation en-
ergy and the stiffness coefficient into shell-correction and
liquid-drop parts:

ES (B =ESN (B + EXL . (1Bi))

4 BZ‘
= Z [Citli]%, + ClLdA,Z, ] %
L=2
4 Cse 2
LAZ, Bl
= [[CT—1)+1]CEA,Z,7L. (45)
L=2 LAZ

The deformation energy of a nucleus at small surface
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deformations can also be obtained in the harmonic oscil-
lator model [156, 157]. In this model the deformation en-
ergy of a nucleus is described as

4
Efn(Bud = ) C 5" (46)
L=2

Here C}le,z, is the surface stiffness coefficient in the har-
monic oscillator model, which is connected to the energy
&1,z and the total zero-point amplitude 57 4z Of the sur-
face oscillations (or the transition probability for exciting
the surface oscillations B(E,0 — L)) [156, 157],

Cho _ (2L+ I)SLA,Z,
LAZ, 2([32,42)2

_ ( 3ZeRL )2 QL+ 1)Eaz

4 ) 2B(E,0> L)’ “7)

The known experimental values of E14.7, ﬁg AZ> and/ or
B(E,0 — L) for nuclei are tabulated for L=2 and 3 in
Refs. [158, 159]. Note that the coupling of the incident
channel with low-energy surface vibration channels is of-
ten taken into account in the framework of the harmonic
oscillator approach in describing various heavy-ion reac-
tions [101, 102, 113, 115]. The characteristics of heavy-
ion reactions depend strongly on the properties of the sur-
face vibrations.

The harmonic oscillator CIZZ,»Z, and shell-correction
CY¥, , values of the surface stiffness parameters should be
close to each other. Therefore, we rewrite Eq. (45) in the
form

: CEZ Z ,3%_
Eaer(1BLih) = Z [ T 1) + 1} C}?A,Z‘.?’~ (48)
=0\ Craz

This expression for deformation energy is useful for fur-
ther application, because using experimental values of
E1az,» ,BQA’Z, we find the values of the ratio CE‘/"’Z’ /ClLdA,Z,’
as presented in Table 2. We put C}3 , /C, , =1 if the ex-

perimental data for the evaluation of C', , are unknown.

The values of the ratio CE‘A,Z{ /C?A’Z, for L=2,3
presented in Table 2 have an irregular behaviour from
one nucleus to another; see also Refs. [156, 157]. This ra-
tio very strongly deviates from 1 near magic nuclei. The
nucleus 2%Pb is very stiff for surface quadrupole and oc-
tupole distortions, because C}LIOA,Z /C‘ZIA’Z‘ > 1 for L=2,3.
In contrast to this, nuclei *®Fe and 8Ge are soft for sur-
face quadrupole distortions, because C}S, , /Cy, , < 1 for
L=2. These nuclei are well deformed during the DNS
decay.

Typical values of excitation energy of a DNS formed

by incident nuclei in cold-fusion reactions with 1-3 evap-

Table 2.  The ratio €}, /C}, ,
mental properties of the low-energy surface vibrational states
with multiplicities L=2 [158] and L=3 [159]. We put

cho  /CM, . =1 inthe case of unknown experimental proper-

obtained using the experi-

ties of the low-energy surface vibrational states for a given
multiplicity and nucleus.

Nucleus C]i(/’q iZi / ClLdAi Z
L=2 -3 -4
T 2.03 1.46 :
o 12 3.15 !
Cr 0.45 | .
*Fe 0.36 2.0 '
*Ni 1.46 136 |
"Zn 0.54 0.56 |
7Ge 0.33 | .
208ph 449 21 .

orated neutrons are in the range 15—40 MeV. The amp-
litudes of shell correction energy at such excitation ener-
gies are approximately reduced 2—4 times [129-131, 160-
166]. We expect a similar effect for the value of the stiff-
ness parameter, which should approach the hydrodynam-
ical one at high excitation energies.

Moreover, the single-particle spectra of nuclei near
the contact point became more homogeneous due to level
splitting and shifting induced by the nucleus-nucleus in-
teraction. This leads to a reduction of the amplitudes of
the shell correction energies in interacting nuclei, see also
Eq. (8). Consequently, the values of realistic surface stiff-
ness coefficient of nuclei should approach the liquid-drop
one at small distances between them due to the nucleus-
nucleus interaction.

Taking into account the excitation energy and nucle-
us-nucleus interaction effects on the shell correction ener-
gies, we modify Eq. (48) as

(ks b5
Egeti(1BLi}) = Z[( Y l]kLA,Z, +1]x Tl (49)
=2 CLA,Z,-

Here k47 =~ 0.1 is the parameter which describes the at-
tenuation of the shell-correction effect on the surface
stiffness coefficient of the incident nuclei forming the
DNS in the cold-fusion reactions. If C¥ , =C}, , then
the deformation energy is determined by the liquid-drop
properties and is independent of k4 . Note that the de-
formation energy is only defined by the liquid drop prop-
erties in the framework of various versions of the DNS
model of SHN production [60-75, 78].

The double-magic target nucleus 2°Pb and magic or
close to magic projectile nuclei are involved in the incid-
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ent channel of the cold-fusion reactions. Therefore, we
should take into account a realistic surface stiffness of
nuclei in calculating the width TDNS(E,£). The width
IPES(E, £) is linked to BPYS, which is calculated with the
help of Eqs. (31)-(41), (43), (47), (49). The value of B
rises with a rising C}zlglgz /C12(114,82’ because the barrier takes
place at smaller values of the deformation parameter of
nuclei. Using very stiff nuclei in the cold fusion reaction
leads to a higher value of B} and, as a result, a smaller
value of TONS(E, €). This leads to an increasing probabil-
ity of compound nucleus formation P(E,¢) described by
Eq. (12). Conversely, fusion reactions between soft nuc-
lei have a smaller value of B?YS and, as a result, a higher
value of I'2NS(E, £) and smaller value of P(E, ).

The correlation between the surface stiffness of incid-
ent nuclei and the production cross sections is clearly ob-
served experimentally. For example, the values of
C33 42/ Chygp for nuclei 20%200204Pb obtained using data
from Ref. [158] are, respectively, close to 45, 25, 17. The
values of cross-section maxima for reactions
208’206’204Pb(48C21,2n)254’252’250N0 are 3. 106’4 . 105’7 . 103
b [5, 6], correspondingly. So, we clearly see that reac-
tions with stiffer target nuclei have higher values of the
SHN production cross section. (Note that other effects
may also contribute to the cross-section values.) The sur-
face stiffness effect may be also significant for the syn-
thesis of SHN with Z > 118 in hot fusion reactions, when
the stiff projectile “¥Ca is substituted by a softer one such
as °Ti or similar.

Let us consider the other barriers related to the corres-
ponding decay widths used in our model. The barrier
ngfc = BoD,IZSDIC + O is defined as the barrier between de-
formed contacting nuclei formed after nucleon transfer
from the heavy nucleus to the light one, where Q. is the
transfer reaction Q-value evaluated with the help of an
atomic mass table [108]. This barrier takes place in evol-
ution of the initial DNS system to a more symmetric one.
The DNS after passing the barrier By} can decay into
two scattered nuclei with new nucleon composition, or
the nucleon exchange between nuclei can continue fur-
ther. The interaction potential energy of touching nuclei
after nucleon exchange By}3, . is calculated in a similar
way as BPY. The barrier BPRp. is the minimal value of
the barriers related to various nucleon transfer paths from
the incident DNS to the more symmetric one. Substitut-
ing the obtained value of the barrier into Eq. (29), we can
find the width IPRS(E, €).

Compound nucleus formation using the DNS path is

related to the barrier B?gg’“, which takes place in nucle-

on transfer from the light nucleus to the heavy one. The

DNS,tr .
values of B, for every system formed along various

multi-nucleon transfer paths is evaluated similarly to

B[Dglsc. The surface deformations of both nuclei are also

taken into account. The barrier B?gli’“ is the minimal

value among the barriers related to various paths from the
DNS formed by incident nuclei to the compound nucleus.
The width l"ggs’"(E, ¢) is calculated substituting the value

of B%;"r into Eq. (29).

The width Fggs’f(E, ¢) is related to the barrier

WL+ 1)
Bien' = Boen' + = e + Qon. (50)
| N R

Here BODE;’f is the height of a corresponding saddle point
evaluated relative to the ground state of the compound
nucleus using the potential energy surface presented in
Figs. 1-2, Jé“lfl is the moment of inertia of the compound
nucleus at the saddle point, and Qcy is the O-value of the
compound nucleus formation evaluated with the help of

an atomic mass table [108]. The width Fggs’f(E, {) is ob-

. . DNS, f
tained using Eq. (23) and the value B, "

The widths related to the intermediate state can be
found in a similar way to the width Fggs’f(E, 0).

After obtaining the values of all widths we can de-
termine the probability of compound nucleus formation.
Now we can determine the survival probability of the
compound nucleus.

C. Survival probability of the compound nucleus

The survival probability of the compound nucleus
formed in the cold-fusion reaction is related to the com-
petition between the evaporation of x neutrons and fis-
sion. It can be approximated by the expression

I'in(ET, 0
Lin(EY,, O +TH(EL0)

1n’
-W(E;, 0
X TA-1(E:, €) +TA-Y(EX, 0) %
2n ’ f ’
F;Xn—xﬂ(E;,f)
X A—x+1 * A—x+1 * :
o EL O+ T H(ELL )

W (E, 5) :Pxn(EéN[)

(51)

Here P,,(E*) is the realization probability of the xn-evap-
oration channel [167], E{y,=E-QcN~— e +1))
(2Jgs), and Jg is the ground-state moment of inertia. E} =
E — Qcn 1s the excitation energy of the compound nucle-
us formed in the heavy-ion fusion reaction. Fﬁ,,_ YE* 0)
and F’: L (E?,£) are, respectively, the width of neutron
emission and the fission width of the compound nucleus
formed after emission of (y—1) neutrons. Ej = E;_l—
B.y-1—2Ty_; is the excitation energy before evaporation
of the y-th neutron, where B, ,_; is the separation energy
of the (y—1)-th neutron. T, ; is the temperature of the
compound nucleus after evaporation of (y—1) neutrons

and is obtained from E;*_l =adenSTy2_l, where dgens 18
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defined by Egs. (27)-(28).
The width of neutron emission from a nucleus with 4
nucleons is given as [168]

gnih R2 E*-B,
LL(E",¢) =—2n i f dee
mh pac(E*) Jo

XpA_l,[(E* -B,—¢,0), (52)

where B, is the neutron separation energy from the nucle-
us, par(E*) and pa_1 (E*) are, correspondingly, the en-
ergy level densities of the compound nuclei before and
after neutron emission, g, is the neutron intrinsic spin de-
generacy, and R, is the radius of the neutron-nucleus in-
teraction.

The fission width of the nucleus depends on the fis-
sion barrier height, which consists of the liquid-drop and
shell-correction contributions in the Strutinsky shell cor-
rection prescription [104-107]. The excitation energy of a
compound nucleus formed in cold-fusion reactions E* is
in the range 10 to 25 MeV, therefore T < 1 MeV. The li-
quid-drop part of the fission barrier weakly depends on
temperature at 7 <2 MeV [160, 169-171]. As a result,
the temperature dependence of the shell correction contri-
bution [27, 41, 160-165] induces the temperature depend-
ence of the fission barrier of SHN.

The exponential reduction of the fission barrier of
SHN with thermal excitation energy is obtained in the
framework of the finite-temperature self-consistent
Hartree-Fock+BCS model with Skyrme force in Refs.
[129-131, 166]. The exponential dependence of the fis-
sion barrier height is also used in Refs. [41, 60, 61, 63-65,
67-75, 78, 81, 114, 160]. We also consider the exponen-
tial decrease of the fission barrier with the excitation en-
ergy, and define the fission barrier of excited rotating
nuclei as

1 1

4
Jpid+hil 1)
I Jos

Bi(e,6) = B + B’ """ >

(53)

Here B! and B{"(¢) are the liquid-drop and shell-correc-
tion contributions to the fission barrier, and yp is the
damping parameter [27, 41, 114, 129-131, 160]. The last
line of the equation describes the rotational contribution
to the barrier. Jgys) = ma(2/5)REA(1 + V5/(16m)Bes(s)) and
Bess) are, respectively, the ground-state (fission saddle-
point) moment of inertia and the quadrupole deforma-
tions of the compound nucleus.

The dependence of the fission barrier of SHN on the
excitation energy should be taken into account in the
evaluation of the survival probability. The Bohr-Wheeler
expression for the fission width [116, 168] is obtained in
the transition state approach with the fission barrier inde-
pendent of the excitation energy. This expression is not

consistent with the barrier dependence on the excitation
energy [172, 173].

The number of states over the barrier increases with
the thermal reduction in fission barrier height. Taking in-
to account both the dependence of the fission barrier on
the excitation energy and the rising of the number of
states over the energy-dependent fission barrier, we de-
rive a new expression for the fission width in the form
[160]

2 Ens - py (€)
Iy(E*, )= —— de———N, . 54
t(E*,€) 2700 E) f(; € Ne saddie (&) (54

Here the ratio p(g)/Ny is the probability of finding the
fissioning nucleus with intrinsic thermal excitation en-

Emax
ergy ¢ in the fission transition state, Ny = f depa(€)
0

is the total number of states available for fission in the

case of the energy-dependent fission barrier,

E—Bi(e)
Nsaddie(€) = f depar(e) is the number of states
&€

available for fission at & and barrier value Bf(g). &max 1S
the maximum value of the intrinsic thermal excitation en-
ergy of the nucleus at the saddle point, which is determ-
ined as the solution of the equation

Emax + Bi(Emax, ) = E". (55)

This equation is related to the energy conservation law,
i.e. the sum of thermal &,,x and potential Bf(emax,?) ener-
gies at the saddle point equals the total excitation energy
E*.

The difference between the Bohr-Wheeler fission
width [116] and Tgs(E*,€) is discussed in Refs. [114,
160]. Note that I't(E*,¢) is equal to the Bohr-Wheeler fis-
sion width in the case of the energy-independent fission
barrier [160].

III. DISCUSSION

In this section we compare the theoretical values of
the SHN production cross sections obtained in the frame-
work of our model for various cold fusion reactions with
experimental measurements. At the beginning we would
like to point out some important experimental features of
the cross-section data of SHN production.

The experimental cross sections for the reaction
208ph(%4Ni,n)?>"'Ds have been measured at Gesellschaft
fur Schwerionenforschung (GSI) [2, 12], Lawrence
Berkeley National Laboratory (LBNL) [15, 19], and the
Institute of Physical and Chemical Research (RIKEN)
[14]. Unfortunately, the collision energies and values of
the cross section at the maxima obtained for this reaction
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at the different laboratories are different. The difference
between the lowest [2, 12] and highest [14] collision en-
ergies of the maxima of the cross sections for the reac-
tion 28Pb(%*Ni,n)*’'Ds obtained by the different experi-
ments is close to 5 MeV (see also Fig. 7 and Ref. [19]).
This energy difference is very large, because the cold fu-
sion reaction usually takes place at sub-barrier collision
energies. The values of the sub-barrier fusion cross sec-
tion may change by several orders of magnitude with a
variation of the collision energy of 5 MeV. Such changes
of the sub-barrier fusion cross section with collision en-
ergy are typical for light and medium heavy-ion systems;
see, for example, Refs. [27, 96, 101, 102, 113, 115].
There should be a similar dependence on the capture pro-
cess in the case of cold fusion reactions.

The targets used in experiments for SHN synthesis
are thick. The SHN production reaction may take place
when the projectile is just entering into the target or just
before the projectile escapes the target. The beam loss en-
ergy in the target is close to 3—4 MeV [19]. As a rule, the
collision energies in the middle of the target or the labor-
atory beam energies are pointed in experimental works.
In these cases, the reaction may take place at energies ap-
proximately +2 MeV or 4 MeV lower than the experi-
mentally pointed ones.

The maximal values of the cold-fusion cross section
measured in different laboratories are strongly varied too.
For example, the maximal values of the cross section for
the reaction 2%Pb(°°Ti,n)>’Rf presented in Refs. [7-9]
differ by about a factor of three (see also Fig. 3). Note
that the number of reaction events is relatively high for
this reaction. Due to this the statistical errors are low in
both experiments. In contrast to this, only 1 or 2 reaction
events are obtained in experiments for the production of
very heavy SHN in cold-fusion reactions. Therefore, the
experimental errors of the cross section are very high
(see, for example, Fig. 8).

Due to these reasons, the exact values of the heavy-
ion collision energies at which the SHN form in experi-
ments and the cross-section values are not yet well-
defined. Consequently, there is no way to describe the
cross-section of SHN production precisely. Therefore, we
use a "soft" criterion of the agreement between the exper-
imental data and the theoretical calculations. This cri-
terion assumes that we describe both the maximal value
of the cross section for some experimental measurement
with 50% accuracy and the energy position of the maxim-
um of the cross section with a precision of several MeV.
Moreover, we see the more physical sense in the smaller
changes of the fitting parameters for the nearest reactions,
than in better agreement with the data. Below we will
point out when the fitting parameters are drastically
changed for the nearest reactions and discuss the reason
for these changes.

A. Reaction 29Pb (°°Ti, xn)?>8*Rf

The values of the cross sections for the reactions
208ph (30T, xn)>8*Rf with x =1 and 2 have been meas-
ured at GSI [7, 8] and LBNL [9]. The experimental cross
sections for the reaction 2%Pb(°°Ti,3n)>>Rf have only
been obtained at GSI [7, 8]. We calculate the cross sec-
tions for these reactions in the framework of our model
and compare the obtained values with the experimental
data in Fig. 3. Our results agree well with the LBNL data
[9], but the GSI data shift to lower collision energies rel-
ative to both the LBNL data and our results, see Fig. 3.
Taking into account the "soft" criterium we conclude that
the experimental cross sections for the reactions
208pb (9Ti, xn)>8*Rf with x = 1+ 3 are described well in
the framework of our model.

The parameters of the model used in the calculation
of the reactions 2%Pb(°°Ti,xn)*>8*Rf are presented in
Tables 2-4. Note that these values of parameters are not
unique. It is also possible to describe the data by choos-
ing other slightly different values of the parameters.

The starting values of the fission barrier B¢(0,0) and
the compound nucleus formation barrier BODng are extrac-
ted from Fig. 1. However, the final values of the paramet-
ers presented in Tables 3-4 are chosen by fine fitting of
the experimental data. The values of these barriers given
in the tables are close to those extracted from Fig. 1. The
ground state By, and saddle point Sy, deformations of fis-
sioning nuclei are taken from Fig. 1.

The experimental information on the fission barrier
height in SHN is very poor. The values of the fission bar-
rier obtained in various models [122, 123, 124, 127-138]
for SHN are very different. The difference is more than
100% in some cases [138]. The reasons for the uncertain-

10° 3
104-5
L4
210° 5
e_/ E
“t
u
©10% 4
10' 4 QoePb(soTi,xn)Qse'X"Rf
E * x=1, 4 x=2,LBNL
1 o x=1, v x=2, & x=3,GSI|
x=1,- - -x=2,---- x=3,th
10°
LA BN AL R S B R R B R R R
180 185 190 195 200 E_ (MeV)
Fig. 3. (color online) Comparison of our theoretical calcula-

tions of the cross sections for reactions 208Pb(50Ti,xn)?8*Rf
with x = 1,2 and 3 with available experimental data. The cross
sections for reactions 28Pb(*°Ti,xn)>*Rf with x=1 and 2
are measured in Refs. [7, 8] (GSI) and [9] (LBNL) and the
cross sections for reaction 2%8Pb(%°Ti,3n)>°Rf are from Ref.
[7, 8] (GSI).
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Table 3.
the fission barriers B? = BlY + B" of nuclei, the ground state By

The liquid-drop B and shell B" contributions to

and saddle point B, deformations of fissioning nuclei, and the
damping parameter of the fission barrier yp. The fission barri-
er values By obtained in Refs. [127, 135] are also presented.
The values of barriers are given relative to the ground-state
energy of the compound nucleus in MeV. The values of yp
are presented in MeV 1.

Nucleus B]fd B;h B(r’ Bi.l 27 BPSSl Bes  Bsp YD
238Re 0.5 63 68 5.0 565 02 04 0.105
27Rf 05 61 66 56 602 02 04 0.105
26RF 0.5 65 7.0 53 626 02 04 0.105
0250 04 37 41 43 591 02 04 007
215 04 33 37 47 588 02 04 007
20050 04 48 52 46 584 02 04 0.1
295 03 3.0 33 49 582 02 04 0.1
26 0.5 57 63 35 626 02 04 0.10
5y 05 42 47 35 626 02 04 010
mpg 04 37 41 22 731 02 04 004
27ipg 03 35 38 22 692 02 04 004
Mo, 02 23 25 19 599 00 03 004
ey 03 26 29 20 636 00 03 004
86 04 42 46 41 900 00 03 005
B5F 04 40 44 27 882 00 03 005

Table 4. Barrier values of the fusion trajectory at the forma-
tion of the compound nucleus from the DNS nglif and the

DNS.f
0,CN

are given relative to the ground state

parameter Ag. The values of A and B,

DNS.f
B(),CN

energy of the compound nucleus. The last column shows the
laboratory in which the experimental data were obtained for
the reaction.

are given in MeV.

The barrier values

Reaction Ap ngi’f Exp. lab.
208 ppy+50T§ 5.0 12.5 GSI, LBNL
208pp+52Cy 4.0 14.7 LBNL
208pp 454 Cy 11.0 11.1 GSI
208pp 438 e 7.0 10.6 GSI, RIKEN
208pp+64Nj 6.5 6.2 GSILBNL,RIKEN
208pp 4707y 4.0 2.7 GSI, RIKEN
208pp+78Ge 4.0 4.9

ties in the predictions of fission barrier heights in SHN
have been discussed in Ref. [138]. Therefore, it is diffi-
cult to prefer any model for the barrier calculation. Nev-
ertheless, we present the fission barrier values Bf ob-
tained in Refs. [127, 135] in Table 3 for a comparison.
The values of barriers B(0,0) = BiY+ Bi" obtained with

the help of Fig. 1 and after fine fitting of the data are
within the range of barrier values found in other ap-
proaches. The values of the liquid-drop B} and shell Bi"
contributions to the fission barriers of nuclei and the
ground state By, and saddle point Sy, deformations of fis-
sioning nuclei are near the corresponding values from
Refs. [124]. The values of the liquid-drop B contribu-
tion to the fission barrier are close to 10% of the shell
contribution B".

The values of the damping parameter of the fission
barrier yp depend on the numbers of protons and neut-
rons in the nucleus and are in the range from ~ 0.1 to 0.03
MeV-! [129-131]. The values of yp presented in Table 3
are in this range. The influence of this parameter on the
evaporation characteristics have been widely discussed.
For details, see Refs. [27, 41, 51, 60, 61, 65, 67-70, 72-
75, 81, 114, 129-131, 160]. Note that parameters yp and
v in Eq. (27) are different, because they are obtained by
the fitting of different physical quantities.

As has been pointed out earlier, accurate values of the
collision energies of reactions leading to SHN are not
known due to the thick target and the differences in the
experimental data obtained by various laboratories.
Therefore, it is reasonable to fit the maximum of the the-
oretical cross section using the parameter Ag, because the
position of the maximum depends strongly on it. The
parameter Ap is linked to the width of the fusion barrier
distribution g, see Eqs. (4)-(5) and related text. The value
of g is not known experimentally. The value of Az ob-
tained from the fit of the data [9] is given in Table 4.
The value of Ap presented in Table 4 corresponds to the
width of the barrier distribution g = 3.3 MeV, which is in
the range of typical values of g =2—-4 MeV used in oth-
er models [51, 66, 72-74]. Note that the GSI data can be
fitted by using larger values of Ap.

The position of the barrier ngiff corresponds to the
contacting near-spherical incident nuclei forming the
DNS, see Fig. 1. Due to this the moment of inertia re-
lated to this barrier, see Eq. (50), is calculated as
TS ~ u(Ry +Ry)*.

B. Reaction 2%®Pb (>2Cr,xn)?"~*Sg

The values of the cross sections for the reactions
208ph (2Cr, xn)?"~*Sg with x =1 and 2 have been meas-
ured at LBNL [11]. The results calculated in the frame-
work of our model agree well with the experimental data, see
Fig. 4. The parameters of the model used in the calcula-
tion of these reactions are presented in Tables 2-4. The
values of the parameters are chosen in a similar way to
those for the reactions 2%Pb(°°Ti,xn)?*—*Rf. The para-
meter values for the reactions 2®Pb(°>Cr,xn)?%0~*Sg are
close to the corresponding ones for 2%8Pb (°°Ti, xn)>¥*Rf.
However, we use a smaller value of the dissipation para-
meter yp, see Table 3, which is responsible for attenu-
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Fig. 4. (color online) Comparison of our theoretical calcula-

tions of the cross sections for reactions 2%Pb(32Cr,xn)?0~*Rf
with x=1 and 2 with the experimental data measured in Ref.
[11] (LBNL).

ation of the shell contribution of the fission barrier. Re-
call that the value of yp depends strongly on the num-
bers of protons and neutrons in the nucleus [129-131].

C. Reaction 2%8Pb(>*Cr,xn)*%2~*Sg

The cross sections for the reactions
208ph (34Cr,xn)?%?~*Sg with x =1 and 2 have been meas-
ured at GSI [10]. We calculate the cross sections for these
reactions in the framework of our model. Our model de-
scribes the experimental data well, as seen in Fig. 5.

The parameters of the model used in calculation of
the reactions 2°Pb (**Cr,xn)*0>~*Sg are given in Tables 2-
4. The parameters presented in Table 4 are similar to the
corresponding ones for 2®Pb(°°Ti,xn)>¥*Rf and
208Pb (52Cr,xn)2607xsg .

The maxima of the SHN cross sections for reactions
measured at GSI took place at smaller collision energies
than those measured at other laboratories. Therefore, for

S
9]
10" /
1
ZOBPb(MCryxn)ZSZ—XnSg
* x=1, & x=2,GSI
o x=1,- - -x=2, th
10 T T T T
195 200 205 210 215E_ (MeV)
om
Fig. 5. (color online) Comparison of our theoretical calcula-

tions of the cross sections for reactions 298Pb(°*Cr,xn)?%2 *Rf
with x=1 and 2 with the experimental data measured in Ref.
[10] (GSD).

the sake of the data description, we use the largest value
of parameter Ag for this reaction in comparison to other

reactions, see Table 4. The value of the barrier ngiff for
208pb (32Cr,xn)**Sg reaction is higher than that for the
reaction 2%Pb(3*Cr,xn)?%>~*Sg, see Table 4. The excita-
tion energy of the compound nucleus at the maximum of
the SHN cross section reduces when the maximum is
shifted to smaller collision energies. Therefore, we
change the parameters related to the survival probability
of the compound nucleus. The values of the fission barri-
ers for the nuclei presented in Table 3 are close to those
obtained in Refs. [127, 135].

D. Reaction 2°Pb (3®Fe,xn)***Hs

The values of the cross sections for the reaction
208pb (38Fe, 1n)*Hs have been measured at GSI [2, 12],
and those for the reactions 2%%Pb(°®Fe,xn)?®°*Hs with
x =1 and 2 have been obtained at RIKEN [13]. The cross
sections for these reactions calculated in the framework
of our model agree well with the experimental data, as
shown in Fig. 6.

The difference in the collision energy values of the
cross section maxima measured at GSI and RIKEN for
the reaction 2%Pb(°8Fe,1n)*Hs is close to 4 MeV, see
Fig. 6. It is reasonable to set the maximum of the cross
section in our model for the reaction 2Pb(>®Fe, 1n)*>Hs
at a collision energy between those obtained at GSI and
RIKEN. Due to this, the value of Ag for this reaction lies
between those for reactions with 3>Cr and >*Cr pro-
jectiles, see Table 4. The width of the cross section peaks
are close to the experimental ones.

The other parameters of the model used in the calcu-
lation of the reactions 2°Pb (®Fe,xn)*%°~*Hs are presen-
ted in Tables 2-4. The values of the parameters are

Qo
=
i
)
©
100-:
E QOst(SBFe,Xn)%G'X”HS
1 = x=1,Gsl /
1@ x=1, 4 x=2,RKEN /
| x=1,- = -x=2, th /
10 T T T
215 220 225 230 E_(MeV)
Fig. 6. (color online) Comparison of our theoretical calcula-

tions of the cross sections for reactions 2%8Pb(%8Fe,xn)?°0~*Hs
with x=1 and 2 with available experimental data. The cross
sections for reaction 298Pb (°8Fe, 11)2%Hs are measured in Refs.
[2, 12] (GSI) and those for reactions 2%8Pb (*8Fe,x)?%°~*Hs x=1
and 2 are from Ref. [13] (RIKEN).
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chosen in a similar way to other reactions.

Our value for the fission barrier for 2°°Hs is very
close to that obtained in Ref. [135] and larger the one
presented in Ref. [127]. Our value for the fission barrier
for 299Hs lies between those obtained in Refs. [127, 135].

E. Reaction 2%Pb (*Ni,xn)?’>~*Ds

The Cross sections for the reaction
208ph (%4Ni, 1n)?'Ds have been measured at GSI [2, 12],
LBNL [15], and RIKEN [14]. We calculate the cross sec-
tions for the reactions 2%8Pb(®*Ni,xn)?">~*Ds with x =1
and 2 in the framework of our model. The calculated val-
ues agree well with the available experimental data, as
seen in Fig. 7.

The parameters of the model used in the calculation
of reactions 2%Pb(%*Ni, 1n)?’'Ds are given in Tables 2-4.
We select the value of parameter Ap so that the theoretic-
al peak of the cross sections lies close to the RIKEN data.
This value of parameter Ap is close to those obtained for
a description of the RIKEN data with other projectiles,
see Table 4. The value of the barrier of the fusion traject-

ory from the DNS to the compound nucleus Bng\?’f is es-

timated using Fig. 2. We see that the values Byry de-
crease with rising projectile mass, see Figs. 1-2 and Ta-
ble 4. The smallest value of the dissipation parameter yp
is used for this reaction, see Table 3. The values of other
parameters are chosen in a similar way as before.

The cross-section points of this reaction measured at
GSI, see Fig. 7, are located at smaller collision energies
than those measured at RIKEN and the results obtained in
our model. The difference in the position of the cross-sec-
tion maxima for this reaction measured at different labor-
atories is close to 5 MeV.

The maximum of the cross section for the reaction
with 27 emission 2%Pb(%4Ni,2n)*"Ds is located at high
beam energy, which is not used in any experiments. The
calculated value of cross section in the maximum for the
reaction 2%Pb(%*Ni,21)?°Ds is much lower than that for
208ph(%4Ni, 1n)?"'Ds, see Fig. 7.

F. Reaction 28Pb("°Zn,xn)*’8~*Cn

The Cross sections for the reaction
208pb(79Zn,1n)?’’Cn have been measured at GSI [2, 16]
and RIKEN [17, 18]. We have calculated the cross sec-
tions for this reaction in the framework of our model. Our
model describes the data from both laboratories well, by
the corresponding parameter choice, as seen in Fig. 8.
The values of parameters used in our calculations of the
reactions 2%Pb("°Zn,xn)*’"*Cn, with x = 1 and 2, are
presented in Tables 2-4.

The value of barrier ngiftr for this system obtained
in our approach is 269.3 MeV, see Table 5. This value is
close to that evaluated in Ref. [67], 20.98 MeV - QOcn =
20.98 MeV + 244.2 MeV = 265.18 MeV. As pointed out

10" ﬂ
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s |
i
w s 7T T =0
[} 4
10° 4
ZDSPb(MNi,Xn)Z'/Z-anS
m x=1,GSI| ,
e x=1, RIKEN ,
A x=1,LBNL /
—x=1,- = -x=2,th !
7
10" +—-"————"—————1 — T
235 240 245 250E_ (MeV)
Fig. 7. (color online) Comparison of our theoretical calcula-

tions of the cross sections for reactions 208Pb(%Ni,1n)*’'Ds
with available experimental data. The cross sections for this
reaction are measured in Refs. [2, 12] (GSI), [14] (RIKEN)
and [15] (LBNL). The theoretical calculation of the cross sec-
tion for reaction 298Pb (**Ni,2n)*""Ds is also presented.

10°
o)
o
i
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10?3 ® x=1,RIKEN
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T T
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om
Fig. 8. (color online) Comparison of our theoretical calcula-

tion of the cross section for reactions 2°8Pb(7°Zn, 11)%’’Cn with
available experimental data. The cross sections for this reac-
tion are measured in Refs. [2, 16] (GSI) and [17, 18]
(RIKEN). The theoretical calculation of the cross section for
the reaction 28Pb (70Zn,2r)?7°Cn is also presented.

in Ref. [62], the calculations of the nucleus-nucleus po-
tentials of spherical nuclei in the framework of the DNS
model include the Coulomb barriers, which are at least 5
MeV lower than the phenomenological Bass barriers
[109]. The values of barriers of the nucleus-nucleus po-
tential for very asymmetric systems with medium or
small values of Z,Z, calculated in our approach are close
to the Bass barriers [103]. Therefore, such a difference
between values of the barrier ngi’tr
approaches is reasonable.

The mechanism of this reaction takes into account the
contribution of the intermediate state. This intermediate
state is located in the well between the inner and outer
fission barriers, see Fig. 2. The inner fission barrier is
lower than the outer fission barrier by approximately 1

obtained in different
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MeV, see Fig. 2. The height of the barrier related to the
decay back to the DNS is higher than the inner fission
barriers, see Fig. 2 and Tables 3 and 4. Therefore, the de-
cay of the intermediate state to the compound nucleus is
preferential for this reaction. Due to this we put
P;; ~0.88(0.85) for 1n(2n) reactions, for a simplification
of the calculation.

G. Reaction 2%®Pb("8Ge,xn)*%~*Fl

The values of the cross sections for the reaction
208pp (78Ge, xn)?8Fl, for x =1 and 2, have not been meas-
ured to date. We have calculated the cross sections for
these reactions in the framework of our model and
present the results in Fig. 9. The values of SHN produc-
tion cross section are very small for these reactions.

ZOBPb(78Geyxn)272-an|
— x=1,- = -x=2, th
Qo
&
%
y
©
10°
w+—T‘+—F—
275 280 285 E_(MeV)
om
Fig. 9. (color online) Results of calculations of the cross

sections for reactions 28Pb ("8 Ge, x1)280~*FI for x =1 and 2.

The parameters of the model used in the calculation
of the reactions 2%®Pb(’8Ge,xn)*® Fl are given in Tables
2-4. The values of the parameters are chosen using a sim-
ilar procedure as before.

The mechanism of compound nucleus formation in
this reaction also passes through an intermediate state, see
Fig. 2. The inner fission barrier is slightly higher than the
outer fission barrier, see Fig. 2. The barrier related to the
decay back to the DNS is higher than the inner or outer
fission barriers, see Fig. 2 and Tables 3,4. Therefore, the
decay of the intermediate state into quasi-fission frag-
ments is more preferential than decays into the com-
pound nucleus or DNS. Due to this we put P;; ~ 0.4 for a
simplification. The decay of the intermediate state into
quasi-fission fragments for the reaction 2*Pb(’3Ge,
xn)*8~*F1 is more probable than for the reaction
208Pb (7OZH,X71)278_XCH.

H. Probability of compound nucleus formation

Let us discuss the mechanisms of compound nucleus
formation in our model by comparing the barrier heights
of different DNS decay processes. The various barrier

heights are given in Tables 1 and 5.

The barrier heights related to the transfer B

DNS,f _ pDNS.f
byen = Boen

leus formation obey the inequality B

DNS, tr
0,CN

— Qcn paths of the compound nuc-

and

fusion

DNS,ir _  DNS,f
oon > boen - We

can conclude from this inequality that Fgﬁs’“(Ej) =0 at

small collision energies and T’ st’f(E, ) > FESS’U(E,K) at
high collision energies. Therefore, the transfer mechan-
ism of compound nucleus formation has a small contribu-
tion at high collision energies only.

We see in Table 5 that for each reaction the height of

: DNS ; DNS,tr _ ;. DNS,f
the barrier Bo, dof 18 the lowest and BO,CN > bO,CN . There-

fore, the values of the widths obey the inequalities

IONS(E,0) > TON(E, ), TPNS(E,0) > TBNS(E,0), and

Lo >(E,0) > TOIS(E,0). As aresult, T(E, ) ~ TeiS(E,0)
and the probability of compound nucleus formation may

be approximated as

rovN(E, 0

DNS :
IOSE.0

P(E, )=~ (56)

At the high excitation energy E* = E+ Qcn of the com-
pound nucleus this expression can be presented in a
simple form,

N> (E*,0)

P(E" O~ 5
RSED
1/2
exp {2 [adem (E - BoD,Iéiff)] }
12
exXp {2 [adens (E* - (B(]))Eesf + QCN))] }
Adens 172
~ - — OB ¢, 57
exp-[%2] " on} (57)
where 65 = bPNo:f — BPNS

0.CN 0,def *
The difference between barriers, Jp, increases from

6.2 MeV for the reaction °Ti + 28Pb to 30.4 MeV for
the reaction "8Ge + 208Pp, see Table 5. Due to this and
Eq. (57), the probability of compound nucleus formation,
P(E*,0), strongly decreases with increasing projectile
mass, see also Fig. 10. The dependencies of the probabil-
ities of compound nucleus formation P(E*,{) on the ex-
citation energy of the compound nucleus formed in the
reactions >°Ti, 92%4Cr, 8Fe, ®Ni, 7°Zn, and "8Ge + 29%Pb
for ¢ =0 are presented in Fig. 10.

According to the statistical approach, see Eq. (57), the
probability of compound nucleus formation increases
with rising energy E*. This rise is very strong at energies
near the barrier of compound nucleus formation by fu-
sion. This tendency is clearly seen in Fig. 10. The probab-
ility of compound nucleus formation rises more smoothly
at higher energies.
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Table 5. Barrier height values for the DNS decay branches.

B(f)us is the barrier for the DNS decay into the incident channel,

DNS,f
bO,CN

nucleus by fusion, Bjoy" is the barrier for the DNS decay in-

to the compound nucleus by nucleon transfer, BYNS. is the bar-

rier for the DNS decay into a more symmetric nuclear system

than the incident channel, and BT is the barrier for DNS de-

cay into the incident deformed nuclei. 65 = by ' — BPNS. The

barriers are evaluated relative to the nucleus-nucleus interac-

is the barrier for the DNS decay into the compound

tion energy for an infinite distance between them at ¢=0. All
values are given in MeV.

DNS,f DNS, tr DNS DNS
bO.CN BO.CN BO,DIC BO,def o

S0Tj +208py  189.8  182.0 198.7 187.1 175.8 6.2
S2Cr + 208pp 2072 1984 212.3 199.1 191.3 7.1
SCr + 208pp 2060 1982 215.7 202.1 189.1 9.1
58pe + 208pp  222.0  215.6 232.6 217.5  204.0 11.6
O4Nj + 208pp  236.6  231.1 2519 2339 2162 149
07n +208py  251.1 2469 269.3 248.0 2284 185
8Ge + 208pp 2644 2703 289.9 2654 2399 304

Reactions Bg“s

10° 5
10" 4

10?4 R

10°

e s 50Ti+2%pp
o] T 52004 208ph - — . 54, 208pp
107 FFe+"Pb - “Ni+**Pb
10i1‘j 1~ 0704298pp  — 78Ge.+2%%pp
10 10 T 2I0 o 3I0 ' E*'(Me:V) ' 40

Fig. 10.  (color online) Dependencies of the probability of
compound nucleus formation on the excitation energy of the
compound nucleus formed in reactions 0Ti, 323*Cr, %Fe,
%4Ni, 7°Zn, and 8Ge + 208Pb for ¢ =0.

The value of probability P(E*,¢) for the reaction "®Ge
+ 29%8pb is much smaller than for the reaction 7°Zn +
208pb, see Fig. 10. This is related to the rise of the differ-
ence between barriers 6p for reactions with ®Ge pro-
jectiles, see Table 5. Due to this the cross sections for the
reaction 8Ge + 2%8Pb are much smaller than for the reac-
tion 7°Zn + 2%8Pb; compare the results presented in Figs.
9 and 10.

The values of the barrier height between deformed in-

cident nuclei ngjesf’f, as well as the width TDNS(E, ), de-
pend strongly on the surface stiffness coefficient. There-
fore, the value of the surface stiffness coefficient strongly
affects the probability of compound nucleus formation.

Due to this, the choice of incident nuclei is very import-

ant for the values of compound nucleus production cross
section.

The crucial role of the transfer mechanism of com-
pound nucleus formation in the framework of the DNS
model is related to the small height of the barrier ngi’“
in this model; see the discussion of this barrier height in
Sec. IILLF. The DNS path of compound nucleus forma-
tion is the main path when b2No" > BPNST I our model

0.CN 0.CN
DNS,f _ pDNS,ir :
boen <Bgen - therefore the fusion path of the com-

pound nucleus production is basic. So, the role of differ-
ent mechanisms of SHN production depends on the po-
tential landscape, which is defined by the model(s) for the
calculation of the potential energy for one- and two-body
nuclear shapes.

IV. CONCLUSIONS

We have presented a new model for SHN production
in cold-fusion reactions. This model takes into account
the competition between the DNS multi-nucleon transfer
and fusion trajectories of the compound nucleus forma-
tion. The available experimental data are described well
by our model.

The compound nucleus is mainly formed by the fu-
sion path, because the barrier related to fusion is lower
than the barrier related to multi-nucleon transfer from the
light nucleus to the heavy one (the DNS trajectory).

We have shown the correlation between the surface
stiffnesses of nuclei involved in SHN production and the
reaction cross sections. The use of stiffer nuclei leads to
higher cross sections due to reduction of the DNS decay
width to deformed nuclei.

The competition between compound nucleus forma-
tion and true quasi-fission occurring along the fusion tra-
jectory is taken into account for heavy nucleus-nucleus
systems leading to SHN. This competition is related to
the existence of an intermediate state and is connected to
the landscape of the potential energy surface. The inter-
mediate state is important for reactions with heavy pro-
jectiles. The quasi-fission is linked to the decay of the in-
termediate state into fragments, bypassing the formation
of the compound nucleus.

The yields of the various reaction processes in the
model depend on the relative values of the corresponding
barrier heights. The values of the barrier heights ngli’f
and Br depend on the choice of the nuclear structure
model for calculation of these barriers and the one-body
shape parametrization. The uncertainty of the fission bar-
rier height By obtained in the framework of different
models is several MeV, see Table 3. So, we may expect a

similar uncertainty for the barrier BPNo'. The values of

0,CN
: fus pRDNS,tr  pDNS DNS :
the barriers B, Bien > Bopie and By g are determined

by the choice of the nuclear part of the nucleus-nucleus
potential and the stiffness parameter of the nuclei. The
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difference between the interaction barrier heights of
spherical nuclei leading to SHNs calculated in various ap-
proaches to the nuclear interaction part may reach 20
MeV [92]. We emphasize that the barrier values calcu-
lated by using the potential (6) agree well with those ex-
tracted from quasi-elastic scattering, see Table 1, and
with the empirical barriers for light and medium heavy-
ion systems [103]. The values of the stiffness parameter
are only known for some nuclei. Thus, the obtained res-
ults are model-dependent, and the use of more accurate

approaches is encouraged in further studies.
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