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Possibility to produce 293,295,296Og in the reactions 48Ca + 249,250,251Cf
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The influence of polarization effects and temperature effects on the deformations of projectilelike and
targetlike densities are taken into account consistently on the potential-energy surface. The evaporation residue
cross sections for hot-fusion reactions are investigated within the dinuclear system model. The calculated results
have reproduced well the experimental trend and absolute value of the maximum cross sections for 3n and 4n
channels. The new isotopes of 293,295,296Og were found to be as large as about 0.1–0.2 pb.
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Producing superheavy nuclei (SHN) is one of the major
aims of modern nuclear heavy-ion physics [1,2]. Many ap-
proaches have been used for the investigation of the synthesis
mechanism of SHN [3–6]. Systematic calculations have been
performed to describe the evaporation residue cross sections
(ERCSs) with the Langevin dynamics model [7], the fusion-
by-diffusion model [8], the dinuclear system (DNS) model
[9], and shape evolution and tunneling [5]. No approach is
currently predominant.

To describe the theoretically fusion mechanism, one must
consider several important degrees of freedom [10]. The fac-
tors, such as the mass and charge asymmetries of projectile-
target combinations [11,12], the distance between the nuclear
centers [10,13,14], deformations and corresponding orienta-
tion effects [15–17], which influence the dynamics from the
touching configuration to the compound nucleus and, thus,
affect the fusion probability [18].

Two main reasons stimulated the theoretical study of the
synthesis process of the superheavy nuclei. First, one needs
to understand and shed light on the fusion mechanism of
superheavy nuclei. Second, the favorable beam energy and the
optimal projectile-target combination should be searched to
produce new isotopes of superheavy nuclei [19].

The experiment discovered that one of the important fac-
tors is the effect of the nuclear orientation on the fusion
probability [20,21]. From the theoretical point of view, the
Coulomb barrier and depth of the pocket of the nucleus-
nucleus potential are different for collisions of the deformed
target or/and projectile nucleus with different orientations
[22]. Therefore, the nucleus-nucleus interaction potential is
the most important quantity not only in the capture cross
sections, but also in the fusion probabilities.

In the dynamical evolution process, the dissipation kinetic
energy of relative motion can provide a higher excitation
energy, and at sufficiently high excitation energies, the in-
dividual shell structure of nuclei become the damping shell
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correction [23]. One has to consider how shell structure is
reorganized with deformation and excitation energy [24–26].
Thus, for practical calculations, a theoretical estimate of the
thermal damping shell correction is needed, which can allow a
better understanding of behaviors of the dynamical potential-
energy surface shedding some interesting light on the reaction
mechanism. However, not very much work involves the shell
correction energy employed in the fusion process being nu-
clear temperature dependent [27,28].

I would like to elucidate the influence of orientation effects
and temperature effects on the ERCS in the DNS model. In
addition, this Rapid Communication is to give predictions
for the experiment being under way at the Oak Ridge Na-
tional Laboratory in which a target consisting of a mixture
of 249−251Cf isotopes was bombarded with the 48Ca beam
in order to synthesize new isotopes of the element Z = 118
[19]. The theoretical prediction results are helpful for the
interpretation of experimental results.

The ERCS in heavy-ion fusion reactions is calculated as
the summation over all partial waves J [29],

σER(Ec.m.) =
∑

J

σcap(Ec.m., J )PCN (Ec.m., J )Wsur (Ec.m., J ),

(1)
where Ec.m. is the incident energy in the center-of-mass frame.
The capture cross section σcap(Ec.m., J ) for each partial-wave
J at a given center-of-mass energy Ec.m. can be written as [30]

σcap(Ec.m., J ) = π h̄2

2μEc.m.

∫ π/2

0
sin θ1dθ1

×
∫ π/2

0
(2J+1)T (Ec.m., J, θ1, θ2) sin θ2dθ2,

(2)

where T (Ec.m., J, θ1, θ2) denotes the penetration probabil-
ity [30]. The influence orientation effects on the capture
cross section have been included through the dependence of
the nucleus-nucleus potential on the orientation angles. The
Coulomb and nuclear interactions are addressed in detail in
Refs. [30,31].
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The PCN (Ec.m., J ) in Eq. (1) is the probability that the
system evolves from a touching configuration to the formation
of compound nucleus. The time evolution of the probability
distribution function P(Z1, N1, β12, β22, ε1, t ) can be obtained
by solving four variable master equations in the corresponding
potential-energy surface [32], which is addressed in detail in
Ref. [33].

According to statistical mechanics, the character that the
shape of the nucleus tends to be spherical at high excitation
energy (excitation effects) should be included. Meanwhile,
both nuclei in the DNS should be gradually deformed due
to strong nuclear and Coulomb interactions between them
(polarization effects). One has to regard that the deformations
of the DNS deviate from their values in the ground states.
In order to consider consistently the influence of excitation
effects and polarization effects on the deformations of projec-
tilelike and targetlike densities, the β12 and β22 are considered
as two discrete variables. Thus, the more real potential-energy
surface where the DNS evolves with the orientation and
deformation effects are modified to

U (N1, Z1, N2, Z2, R, βi2, βi4, θ1, θ2)

= UC (Z1, Z2, R, βi2, βi4, θ1, θ2)

+UN (N1, Z1, N2, Z2, R, βi2, βi4, θ1, θ2)

+ B1
LD(N1, Z1, ε1)

∏
k=2 and 4

(
1 + bkβ

2
k

)

+ E1
shell(N1, Z1, β ) exp(−γDε1)

+ B2
LD(N2, Z2, ε2)

∏
k=2 and 4

(
1 + bkβ

2
k

)

+ E2
shell(N2, Z2, β ) exp(−γDε2) − BCN . (3)

The Coulomb interaction UC (Z1, Z2, R, βi2, βi4, θ1, θ2) can
be calculated by Wong’s formula [30]. The nuclear poten-
tial UN (N1, Z1, N2, Z2, R, βi2, βi4, θ1, θ2) is to fold a nucleon-
nucleon interaction with the projectile and target densities,
which is addressed in detail in Ref. [31]. The nuclear density
distribution functions ρ1 and ρ2 are two-parameter Woods-
Saxon types,

ρ1(r) = ρ00

1 + exp{[r − R1(α1)]/aρ1} , (4)

and

ρ2(r) = ρ00

1 + exp{[|r − R| − R2(α2)]/aρ2} . (5)

The parameters aρ1(a = 0.54) and aρ2(a = 0.54) represent
the diffuseness of the two nuclei, respectively.

The deformation-dependent binding energies Bi
LD

(Ni, Zi, εi )
∏

k�2(1+ bkβ
2
k )+ Ei

shell(Ni, Zi, β ) exp(−γDεi )(i =
1, 2) are calculated by the macroscopic-microscopic model
[34], which is addressed in detail in Refs. [33,34]. The
energy of a nucleus with respect to the axial deformations
is calculated, and only axially deformed cases βi2 and βi4

are considered in the macroscopic-microscopic model [34].
The binding energy and the deformation of the ground state
obtained with this method are very close to the results in
Möller’s table [35]. In the present Rapid Communication, the

notation βk ≡ βi2 and βi4, which gives the total energies of
the ith nucleus with the values of βi2 and βi4. βi2 (i = 1, 2)
denotes quadrupole deformations of fragments, and they
are considered as two discrete variables. The ground-state
value of hexadecapole deformations βi4 (i = 1, 2) remains
unchanged.

εi is allocated from the local excitation energy of the DNS,
according to the mass number Ai. It is well known that the
shell damping is due to excitation energy. There are two
different approaches for the shell damping taking into account
the shell correction dependent on excitation energy [36]. The
first approach is that the modification of the Fermi-gas level-
density parameter suggested by Ignatyuk et al. [37] and the
latter part will give a detailed calculation in Eq. (10) for
survival probability. Another approach assumes that the po-
tential energy should be temperature dependent itself [25,26].
The latter approach is adopted for temperature effects on the
potential-energy surface. The damping factor γD means the
speed of washing out the shell correction against the excitation
energy (temperature effects). In principle, the dependence
of the γD value on excitation energy changes rapidly with
proton and neutron numbers [38,39]. In the present Rapid
Communication, γD = 0.048 84 MeV is used from Ref. [40],
which is the average value between 1/10 and 1/30 MeV
[38,41].

The local excitation energy ε is defined as [42]

ε = Ex − [
U (N1, Z1, N2, Z2, R, βi2, βi4, θ1, θ2)

−U (NP, ZP, NT , ZT , R, β0
i2, βi4, θ1, θ2)

]
, (6)

where the first term denotes that the dissipation energy Ex of
the composite system is converted from the relative kinetic-
energy loss [43]. The dissipation energy Ex is related to the
minimum value of the interaction potential of the nucleus-
nucleus and is determined by the parametrization method of
the classical deflection function.

Finally, the distribution function P(Z1, N1, β12, β22, ε1, t )
is calculated by solving four variable partial differential equa-
tions numerically. The fusion probability is given by

PCN (Ec.m., J ) =
ZBG∑

Z1=1

NBG∑
N1=1

∫ ∞

0

∫ ∞

0

∫ π/2

0
sin θ1dθ1

×
∫ π/2

0
P(Z1, N1, β12, β22, θ1, θ2, τint )ρ1

× (β12)ρ2(β22)dβ12dβ22 sin θ2dθ2. (7)

Here, τint denotes interaction time in the dissipative process.
NBG and ZBG are the Businaro-Gallone (BG) points.

The last term Wsur (Ec.m., J ) in Eq. (1) is the survival
probability of the formed compound nucleus, which can be
estimated with a statistic model. The survival probability of
the excited compound nucleus in the deexcitation process by
means of the neutron evaporation in competition with fission
is expressed as the following:

Wsur (E
∗
CN , x, J )=F (E∗

CN , x, J )
x∏

i=1

[
�n(E∗

i , J )

�n(E∗
i , J )+� f (E∗

i , J )

]
i

,

(8)
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where, F (E∗
CN , x, J ) is the realization probability [44] of the

xn channel at the excitation energy E∗
CN (Ec.m. + Q) of the

compound nucleus with the angular momentum J and i is
the index of evaporation step. �n [45,46] and � f [47] are the
partial widths of neutron emission and fission.

The backshift Fermi-gas model at energies of the hot-
fusion reaction of interest is used to determine the level
density,

ρ(U, J ) = (2J + 1) exp
[
2
√

aU − J (J+1)
2σ 2

]
24

√
2σ 3a1/4U 5/4

, (9)

with σ 2 = �rigid

h̄2

√
U
a , �rigid = 2

5 muAR2, U = E − δ. The
back-shifts δ = −� (odd-odd), 0 (odd-A), and � (even-even),
respectively, are related to the neutron and proton paring gap
� = 1/2[�n(Z, N ) + �p(Z, N )] which is employed from
mass differences of neighboring nuclei [40]. The dependence
of the level-density parameter a on the shell correction and
the excitation energy was initially proposed

a(U, Z, N ) = ã(A)

[
1 + Esh

f (U )

U

]
, (10)

with ã(A) = αA + βA2/3 and f (U ) = 1 − exp (−γDU ). It is
worth noting that the differences between the corresponding
level-density parameters are mainly related to different shell
corrections and, thus, one should use these parameters at the
same shell correction energies. In the present Rapid Commu-
nication, parameters α = 0.1337, β = −0.065 71, and γD =
0.048 84 [40] determined by fitting to experimental level-
density data with the help of the microscopic shell correction
from FRDM95 [35] are adopted to calculate the level density
used in the evaporation calculations.

Figures 1(a)–1(c) show the capture cross section σcap as a
function of the incident energy in the center-of-mass frame.
I compared calculations of the capture cross sections for
the 48Ca + 238U, 48Ca + 244Pu, and 48Ca + 248Cm reactions
with the measured cross sections. The average results are in
good agreement with the experimental data [48] for the three
reactions.

In order to illustrate the influence of the orientation effects
on the ERCS, the calculated results with the different orien-
tation angles are given in Figs. 1(d)–1(f). The black and the
red lines denote the ERCRs of the 3n and the 4n channels,
respectively. The solid lines represent the average results for
different orientation angles. The experimental data [49] are
reproduced well for the three reactions. Figures 1(d)–1(f) also
show the ERCSs for tip-tip (0-0) and side-side (π/2-π/2) by
the short dashed and the dashed lines, respectively. One can
see that the 3n and 4n channels are mainly due to the side-side
collision with (π/2-π/2). The result is consistent with the
experimental conclusions in Refs. [20,21].

Now, I investigate how the orientation angles from dif-
ferent combinations influence the capture cross section and
the fusion probability. The investigation is carried out for
48Ca + 244Pu based on the orientation angle combinations
from three cases: 0-0 (tip-tip), π/4-π/4, and π/2-π/2 (side-
side). Figure 2(a) shows the capture cross section σcap as a
function of the excitation energy of the compound nucleus.

σ σ

FIG. 1. The capture cross sections for 48Ca + 238U, 48Ca +
244Pu, and 48Ca + 248Cm reactions are calculated in the left panels.
The experimental data are taken from Ref. [48]. The evaporation
residue cross sections for the three systems as a function of the
excitation energy in the right panels. The solid lines are obtained
by taking an average over all the angles, and the short dashed and
the dashed lines show the cross sections for the orientation angle of
tip-tip and side-side, respectively. The experimental data are taken
from Refs. [48,49].

In the lower excitation energy region E∗
CN < 40 MeV, the

capture cross sections for the tip-tip case are larger than
those of the side-side and other combination cases because
of the value of Coulomb barrier VCB increases drastically with
increasing the value of θ2 [22]. When increasing excitation
energy increases beyond 40 MeV, the capture cross sections
almost tend to be all consistent.

The fusion probability PCN from different orientation an-
gles is shown in Fig. 2(b). The potential-energy surfaces
for the three cases are shown in Fig. 2(c). In the present
Rapid Communication, probabilities distribution in the left
area of the BG point are assumed to contribute to the fusion
probability. The probabilities distribution of the DNS con-
figurations are governed by the dimension of single-particle
states of projectilelike and targetlike nuclei and the mean
transition probability between different states which depends
on the local excitation energy. As shown in Eq. (6), the local
excitation energy is determined by the dissipation energy and
the relative potential-energy surface. In the tip-tip case, the
high inner fusion barrier is not in favor of fusion, but the
dissipation energy Ex is related to the minimum value Bm of
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π
π

σ

π π
π π

η
FIG. 2. (a) The capture cross sections for θ2 = 0, π/4, and π/2

are denoted by black, red, and blue solid lines, respectively. (b) The
fusion probabilities depend on excitation energies for different ori-
entation angle combinations of projectilelike and targetlike (θ1, θ2).
(c) The driving potential of DNS as a function of the mass asymmetry
η at different orientations.

the interaction potential of the nucleus-nucleus. At the same
bombarding energy Ec.m., the dissipation of energy into the
DNS is larger for the lower Bm, which leads to a maximum
value of the local excitation energy for the tip-tip case.

In the DNS model, a valence space �εk =
√

4εk
gk

is formed

due to the excitation. Here, it is assumed that the sharing
of the local excitation energy between the targetlike and the
projectilelike fragments are proportional to their masses εk =

σ

FIG. 3. The calculated results without and with the temperature
effects are denoted by dashed and solid lines, respectively. The
measured ERCSs [49] of the 3n and 4n channels are denoted by black
solid squares and red solid circles, respectively.

ε Ak
A (k = 1, 2). According to the definition of �εk and εk , the

most probable mass arrangement should occur when valence
space in the DNS is largest, which corresponds to a maximum
of the local excitation energy. As displayed in Fig. 2(b), in
the lower excitation energy region E∗

CN < 35 MeV and in
the tip-tip case gives the highest fusion probability. For the
side-side case, the highest potential-energy surface in the
symmetric region is not in favor of quasifission, and the lowest
inner fusion barrier that it enhances is fusion. The fusion
probability is determined by the local excitation energy and
inner fusion barrier together. Therefore, the deviation of the
fusion probability for tip-tip and side-side cases decreases
with the increase in the excitation energy and then increases
with the increase in the excitation energy, up to about two
orders of magnitude and tend to be unchanged.

To illustrate the influence of the excitation energy de-
pendence of the potential-energy surface on the fusion pro-
cess, the excitation functions of the ERCSs for reactions by
48Ca bombarding actinide nuclei to produce elements Z =
112, 114, 116, and 118 are shown in Fig. 3. It is found that
the included effect of the excitation energy in the potential-
energy surface reduces the fusion probability eventually influ-
encing the production cross section of the SHN. I would like
to point out that some data points in Fig. 3 are not supported
by the solid lines. However, more data are supported by the
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σ

FIG. 4. The ERCSs of yet undiscovered superheavy nuclei Z =
118 predicted by considering the dynamical nuclear deformation in
the DNS model by the solid lines. The dashed lines show those only
considering the nuclear ground-state deformation.

solid lines, which reveal the necessity of considering the
excitation energy dependence of the potential-energy surface
in the fusion process. The disagreement reveals the defect of
my model, which I have to check and further improve.

The maximal σERCS for SHN with
238U(48Ca, xn) 286−xnCn, 239Pu(48Ca, xn) 287−xnFl, 245Cm
(48Ca, xn) 293−xnLv, and 249Cf(48Ca, xn) 297−xnOg is
found in the 3n-emission channel, and for those with
244Pu(48Ca, xn) 292−xFl and 248Cm(48Ca, xn) 296−xLv, the 4n
evaporation-residue channel is more favorable. The results
are well in coincidence with the experimental data. The
maximal σERCS appearing in the 3n or in the 4n channel is
determined by the behavior of fusion probability PCN and
survival probability Wsur with increasing excitation energy.
The fusion probability increases with increasing excitation
energy, whereas the survival probability for each neutron
emission channel increases with increasing excitation energy
up to a maximum value and then decreases with the excitation
energy. Usually, the maximal W 3n

sur is larger than the maximal
W 4n

sur . Therefore, whether the maximal ERCS appears in the
3n or in the 4n channel depends on the increasing behavior
of PCN with the excitation energy. The well-reproduced trend
and absolute value of the maximum cross section for the 3n
and 4n channels indicate that the present increasing speed

of the fusion probability is properly described compared to
the speed of decreasing or increasing survive probability as
increasing excitation energies.

Above results give us the confidence to investigate the
ERCSs of fusion reactions leading to new isotopes based on
systematic calculations. The 48Ca-induced reactions 48Ca +
249,250,251Cf are studied for the synthesis of isotopes of
element Z = 118. As one can see in Fig. 3(f), the cross
section calculated for 294Og and 293Og and the excitation
function of the 3n evaporation channel are in good agreement
with the experimental data [49]. The predicted maximum
value of the ERCS for the production 293Og is 0.112 pb at
Ec.m. ≈ 219 MeV. The ERCSs for the 3n and 4n channels
in the 48Ca + 250Cf reaction leading to the formation of
295Og and 294Og isotopes are evaluated, and the excitation
functions of the ERCSs are shown in Fig. 4(a). The max-
imum ERCSs in the 3n and 4n evaporation channels are
0.096 (Ec.m. ≈ 214 MeV) and 0.127 (Ec.m. ≈ 220 MeV) pb,
respectively. The excitation function of the ERCS for the
251Cf(48Ca, xn) 299−xnOg reaction are shown in Fig. 4(b), and,
for the 3n, 4n channels, they are 0.223 (Ec.m. ≈ 212 MeV)
and 0.196 (Ec.m. ≈ 217 MeV) pb, respectively. The above
ERCSs are close to the present experimental technique limit
for the identification of the evaporation residual nuclei.

I have investigated some aspects of the synthesis mech-
anism of SHN. One finds that: (i) The ERCSs of the3n
and 4n channels are mainly contributed from the side-side
collision (π/2, π/2). The conclusion is consistent with the
experimental results in Refs. [20,21]. (ii) The well-reproduced
trend and absolute value of the maximum cross section for the
3n and 4n channels indicates that the present increasing speed
of fusion probability is properly described comparing to the
speed of changing survive probability as increasing excitation
energies. (iii) The predicted ERCSs for 293,295,296Og are close
to the present experimental technique limit.
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