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Based on the microscopic descriptions of the ground state with static Hartree-Fock calculations and reaction
dynamic using time-dependent Hartree-Fock (TDHF) theory, in combination with coupled-channel and fusion-
by-diffusion models the capture and fusion processes of the hot-fusion reaction 48Ca + 238U are investigated.
Considering the survival of the compound nucleus with statistical models, our calculations reproduce the
experimental evaporation-residue cross sections. The orientation effects of 238U are self-consistently included
in the capture and fusion processes. With the internuclear potentials from the density-constrained frozen HF
methods, the calculated capture cross sections agree well with the experimental data. The TDHF evolutions with
different orientations and incident energies are used to extract the injection distance, which is the only input of
the fusion-by-diffusion model for fusion probabilities. The fusion probabilities are strongly dependent on the
orientations and the present calculations without any free parameters show that the tip-orientation collision is
favorable for both the capture process and the formation of compound nucleus.
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I. INTRODUCTION

Extending the boundary of the nuclear chart is one of
the most important and challenging topics in nuclear physics
nowadays [1–4]. Up to now, in the laboratories the heaviest
nuclei have been produced up to Z = 118 by using fusion-
evaporation reactions: the cold-fusion reactions with 208Pb
and 209Bi as targets for the synthesis of new elements up
to Z = 113 [1,5] and hot-fusion reactions between 48Ca and
actinide nuclei for superheavy nuclei (SHN) with 113 � Z �
118 [6,7], where Z is the proton number. Although many
experimental efforts have been made to produce heavier SHN,
however the synthesis of SHN with Z � 119 is still not
achieved due to the extremely small cross sections and the
limitation of experimental conditions [8–12].

A deep understanding of the fusion mechanism and a reli-
able prediction of cross sections are helpful to choose optimal
combinations of projectile and target nuclei to produce new
SHN. Conceptually, the fusion-evaporation reaction can be
divided into three phases: the projectile overcomes the capture
barrier leading to a dinuclear system, the touching configura-
tion evolves to the compound nucleus (CN) by overcoming
the inner barrier, and the excited CN survives against fission
and the emission of light particle. For the capture process of
cold- or hot-fusions, a dinuclear system can be directly formed
in above-barrier reactions by overcoming the Coulomb bar-
rier. Sub-barrier fusion can be regarded as a one-dimensional
quantum tunneling under the internuclear potentials in the
center of mass frame. The capture stage can be well
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understood by using the empirical models or coupled-
channels calculations [13–18]. For the formation of CN, the
probabilities are very hard to be precisely determined exper-
imentally [19] such that the experimental constraints on this
process are deficient. The predictions from various methods,
such as diffusion model [13], dinuclear system [20,21], and
empirical formulas [16] differ by several orders of magnitude.
Therefore a reliable prediction of fusion probabilities is sig-
nificant to understand the mechanism of fusion-evaporation
reactions. For the third process, the de-excitation of CN, the
statistical models are commonly used to study the dependence
of the survival probabilities on reaction parameters and it
has been shown that the survival of CN is extremely sen-
sitive to the height of fission barrier [16,22]. For the first
and third processes, the relationship between incident-channel
parameters and output have been well known and most
of theoretical approaches have similar conclusions on them
[13,16,20,21,23–32].

As for the formation of CN, the hindrance comes from
the quasifission process where the touching configuration
separates with a huge probability. Due to the difficulties in dis-
tinguishing the quasifission products of the dinuclear system
and fission fragments of CN experimentally, it is extremely
hard to extract the fusion probabilities from measurements
such that the mechanism of the formation of CN is still
not confirmed. The formation of the CN can be regarded as
that the touching configuration overcomes the inner barrier
to reach the saddle configuration. In the fusion-by-diffusion
(FbD) model [13], this process is described as a thermal diffu-
sion of a one-dimensional parabolic barrier from the injection
point to the saddle point. Thus the fusion probabilities can
be calculated with only one input parameter, the injection
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distance, which is determined by fitting to the experimental
data [13,27,33,34]. This model has been successfully applied
to cold- and hot-fusions [27,33,34] and orientation effects of
the deformed target have also been considered [30]. But for
the reactions without available experimental data, the predic-
tive power might be influenced due to the adjustable parameter
and the lack of dynamic information.

In fact, one can use modern dynamical microscopic ap-
proaches, such as the time-dependent Hartree-Fock (TDHF)
theory, which can provide insight into the low-energy heavy-
ion reactions (see Refs. [35–40] and references therein),
including fusion and quasifission processes in reactions for
the synthesis of SHN [41–52], to restrict the inputs for the
description of fusion evaporation reactions. It has been shown
that the TDHF simulations can provide the main ingredients
of coupled-channels calculations for capture cross section
[40,53–57] and diffusion processes [58]. The advantages of
such strategy are that one can eliminate the uncertainties
caused by adjustable parameters for calculating capture and
fusion cross sections under the restriction from microscopic
TDHF theory, meanwhile the influences of the structures of
reactants and dynamical effects can be taken into account.
Thus it is feasible to study the systematics of evaporation-
residue cross sections based on microscopic descriptions of
reaction dynamics.

In our previous work [59], we have combined the TDHF
theory with FbD model to describe the systematics of fusion
cross sections of three cold-fusion reactions. We extract the
only input of the FbD model, the energy-dependent injection
distance by using TDHF simulation and our calculations can
well describe the fusion probabilities restricted by the exper-
imental data from Ref. [60]. As for the capture process, the
internuclear potentials with the form of Woods-Saxon type
are also restricted by microscopic information. In the present
work, we extend and improve the method shown in Ref. [59]
to study the evaporation-residue cross sections of hot-fusion
reactions. We calculate the internuclear potentials by using the
density-constrained frozen HF method [56] and then use them
to get the capture cross sections with the orientation-average
formula. For hot-fusion reactions, to study the orientation
effects of deformed target on the fusion process, we carry out
the TDHF calculations with different orientations and incident
energies to extract the injection distances, which are used
to get fusion probabilities using the FbD model. We include
the de-excitation of CN by statistical model. The hot-fusion
reaction 48Ca + 238U is investigated to check the effectiveness
of our model.

This article is organized as follows. In Sec. II, we show
the main theoretical formulation to calculate capture cross
sections, fusion probabilities, and survival probabilities. Sec-
tion III presents the calculational details, the discussion
of orientation effects on capture and fusion processes, and
evaporation-residue cross sections of 48Ca + 238U. We sum-
marize our work and give a brief perspective in Sec. IV.

II. THEORETICAL FRAMEWORK

We start from the TDHF theory, in which the Hamiltonian
Ĥ is a functional of various densities and the dynamic process

is described by the evolution of the nucleon density ρ̂ with the
TDHF equation

ih̄
∂

∂t
ρ̂ = [Ĥ [ρ̂], ρ̂]. (1)

Since the TDHF theory describes the collective motion in a
semiclassical way, the quantum tunneling of the many-body
wave function is not included. Therefore when studying cap-
ture cross sections by using the TDHF theory, a commonly
applied and very effective approach is using the internuclear
potential obtained from frozen density approximation [61],
density constrained (DC) TDHF [53,62–64], and DC frozen
HF [56], as the input of the coupled-channels code CCFULL

[65] to calculate the penetration probability.
In our previous work [59] for cold-fusion reactions, the

internuclear potentials are the form of the Woods-Saxon type
with involving parameters determined by fitting to the matter
radii and capture threshold from TDHF calculations. In the
present work, we directly use the DC-FHF method to calculate
the internuclear potentials for hot-fusion reactions without
any adjustable parameters. Most of the reactants of hot-fusion
reactions are deformed such that the orientation effects should
be considered. In the DC-FHF method, the HF calculations are
performed with constraining the total proton p and neutron n
densities to be the same as those of the ground state,

δ

〈
H −

∫
d3r

∑
q=p,n

λq(r)[ρP,q(r; θP ) + ρT,q(r − R; θT )]

〉

= 0, (2)

where ρP(θP ) and ρT (θT ) are densities of the projectile and
target for a given orientation labeled by (θP, θT ), which can be
achieved by performing Eulerian rotations of Slater determi-
nants in a three-dimensional Cartesian geometry [66]. θP (θT )
denotes the angle between the symmetry axis of the deformed
projectile (target) and the collision axis in head-on reaction.
R is the vector between two centers of mass of projectile
and target. This variation procedure results in a unique Slater
determinant �(R). The internuclear potential is given by

VDC−FHF(R; θP, θT ) = 〈�(R)|H |�(R)〉(θP, θT ) − EP − ET ,

(3)

where EP and ET are the binding energies of projectile and
target, respectively. Subsequently, the penetration probabili-
ties TJ (Ec.m.), corresponding to orbital angular momentum J ,
are obtained by solving the Schrödinger equation[

−h̄2

2μ

d2

dR2
+ J (J + 1)h̄2

2μR2
+ VDC−FHF(R) − Ec.m.

]
ψ (R) = 0

(4)

with the incoming wave boundary condition method [65]. The
capture cross sections at below- and above-barrier regions for
each orientation (θT , θP ) are then calculated as

σcap(Ec.m.,, θT , θP ) = π

k2

∑
J

(2J + 1)TJ (Ec.m.), (5)
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where k =
√

2μEc.m./h̄2 with μ being the reduced mass in the
entrance channel.

The orientation-average cross section is given as

σcap(Ec.m.) =
∫ 1

0
d cos(θP )

∫ 1

0
d cos(θT )

× π

k2

∑
J

(2J + 1)TJ (Ec.m., θT , θP ).
(6)

It should be noted that this formula is valid for systems
in which both projectile and target nuclei are axially de-
formed without reflection asymmetric shapes, meanwhile the
collision direction and the principle axes of the target and
projectile are in the same plane.

For the second stage of the fusion-evaporation reactions,
the contact configuration of touching nuclei can be trans-
formed to CN configuration by overcoming the inner barrier.
In this process, before the formation of CN, quaifission hap-
pens and the heavy nuclear system splits into two fragments.
Therefore, the formation of CN is strongly hindered by quasi-
fission. In our previous work [59] the fusion-by-diffusion
(FbD) model [13,27,33,67] is used to calculate the fusion
probabilities PCN(Ec.m., J ) of cold-fusion reactions, which are
totally determined by the distance between the surfaces of
two colliding nuclei at the injection point. We have shown
that the calculated fusion probabilities are consistent with
the measurements for cold-fusion reactions [59]. The injec-
tion distance can be estimated from the TDHF evolution by
choosing the moment when the collective kinetic energy is
completely dissipated into the internal degrees of freedom
in the overdamped regime for a given incident energy. For
hot-fusion reactions, the reactants are deformed therefore the
orientation effects on fusion probabilities should be consid-
ered, which have been formulated in Ref. [30] within the
framework of FbD. In this work, we combine the formulas
given in Ref. [30] with the TDHF evolution to determine the
fusion probability of hot-fusion systems. In the FbD model,
the formation of compound nuclei is described as a diffusion
process under an inverted parabolic potential barrier

VJ (s) = Vfiss(s) + J (J + 1)

2J (s)
, (7)

where s is the surface separation distance between the two
colliding nuclei, Vfiss(s) is the inner fission potential, and J (s)
is the moment of inertia for the mononuclear system. For a
given orientation, the fusion probability is calculated as

PCN(θP, θT , Ec.m., J ) = 1

2

[
1 − erf

(
�VJ (θP, θT )

TJ (θP, θT )

)]
, (8)

where �VJ (θP, θT ) is the effective barrier height for the fusion
process

�VJ (θP, θT ) = VJ (ssad ) − VJ [sinj(θP, θT )], (9)

and T is the temperature

TJ (θP, θT ) = √
TJ (J, ssad )TJ [sinj(θP, θT )]. (10)

ssad is the surface separation distance at the saddle point and
sinj for the injection point, which is dependent on the orien-
tations [30] for deformed systems. For a given s and J , the

temperature can be calculated as

TJ (s) =
√

E∗
CN − VJ (s) − Epair

a(s)
, (11)

where a(s) is the level density parameter and Epair for pairing
energy, which is taken to be 21/

√
A for even-even nuclei,

10.5/
√

A for odd-mass nuclei, and 0 for odd-odd nuclei
with the mass number A. The excitation energy of the com-
pound nuclei is E∗

CN = Ec.m. − MCNc2 + MPc2 + MT c2. See
Refs. [13,27,67] for the parametrization of the inner barrier,
the moment of inertia, temperature used in the FbD model,
and level density parameter.

After getting the fusion probability, we can calculate fusion
cross section by

σfus(Ec.m.) =
∫ 1

0
d cos(θP )

∫ 1

0
d cos(θT )

× π

k2

∑
J

(2J + 1)TJ (Ec.m.,, θT , θP )

× PCN(θP, θT , Ec.m., J ).

(12)

Thus, one can study the systematics of the fusion probability
by comparing the effective fusion probabilities Pfus calculated
by

Pfus(Ec.m.) = σfus(Ec.m.)

σcap(Ec.m.)
(13)

with measured ones.
For the survival probability of the compound nuclei, here,

we only consider the competition of neutron emission and
fission. The survival probability of emitting x neutrons can
be written as

Wsur (E
∗
CN, x, J ) = P(E∗

CN, x)
x∏
i

(
�n(E∗

i , J )

�n(E∗
i , J ) + � f (E∗

i , J )

)
,

(14)

where �n(E∗
i , J ) and � f (E∗

i , J ) are the neutron-evaporation
and fission width at an excitation energy E∗

i and angular
momentum J , which are calculated with the formulas in
Refs. [68,69]. E∗

i is the excitation energy before evaporating
the ith neutron. The realization probability P(E∗

CN, x) is given
by the formula of neutron evaporation proposed by Jackson
[70] when x > 1. The realization probability of the case of 1n
channel reads [23]

P(E∗
CN, 1) = exp[−(E∗

CN − Bn − 2T )2/22], (15)

where T = [1 + √
1 + 4aE∗

CN]/2a is the temperature of the
nucleus, the width of excitation function  = 2.5 MeV, and
Bn denotes the binding energy of the emitted neutron with the
residue nucleus. The neutron-evaporation and fission width
are dependent on level density, which is calculated with the
Fermi-gas model. More details of this part can be found in
Ref. [23].
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Thus in this paper, the evaporation residue cross section for
x neutrons (xn) channel is

σER(Ec.m., x) =
∫ 1

0
d cos(θP )

∫ 1

0
d cos(θT )

× π

k2

∑
J

(2J + 1)TJ (Ec.m., θT , θP )

× PCN(θP, θT , Ec.m., J )Wsur (E
∗
CN, x, J ).

(16)

III. RESULTS AND DISCUSSIONS

As mentioned above, we calculate the capture cross sec-
tions with the orientation-average formula after getting the
penetration probabilities under the internuclear potential from
the DC-FHF method. We have implemented the DC-FHF
method [56] based on our modified version of the Sky3D
code [71], which recently has been used to study the fusion
reactions [40,59,72], multinucleon transfer reactions [73–75],
qausifission [52], and the effects of tensor force on reactions
mechanism [57,62–64,76]. In the DC-FHF method, we calcu-
late the ground state wave functions of projectile and target
by solving the static HF equation on a three-dimensional grid
28 × 28 × 28 fm3 with the spacing of 1 fm in each direction.
The density functional SLy5 [77] is adopted in both static
and dynamic calculations. The ground state of 48Ca has a
spherical shape and the root-mean-square matter radius is 3.56
fm. The ground state of 238U is prolate with the quadrupole
deformation, β2, the hexadecapole deformation β4, and the
hexacontatetrapole deformation β6 of 0.291, 0.185, and 0.063,
respectively, and the root-mean-square matter radius is 5.92
fm. The ground state density distributions of 48Ca and 238U
can be seen in Fig. 4(a). Since the ground state of 48Ca has
a spherical shape, the potentials only depend on the orienta-
tions of 238U, labeled as θ in the following. By putting the
ground state wave functions into a bigger three-dimensional
grid of 56 × 40 × 40 fm3 and using the DC-FHF method,
Fig. 1 shows the internuclear potentials for selected orien-
tations of 238U. In the DC-FHF calculations, the distance
between centers of mass of projectile and target ranges from

FIG. 1. Internuclear potentials between 48Ca and 238U for differ-
ent orientations labeled by the orientation angle of 238U by using the
DC-FHF method.

FIG. 2. Capture cross sections σcap of 48Ca +238U as a function
of incident energies. The experimental data (solid circles) are taken
from Ref. [79]. The calculations with the empirical coupled-channel
(ECC) model [17] are shown by the green line. Our calculations
using Eq. (6) are shown by the red solid line and the cross sections for
θ = 83.8◦ and θ = 9.5◦ are presented by dash-dotted and dashed
lines.

25 fm to 5 fm with the step size of 0.5 fm. The integral
in Eq. (6) is calculated by seven points Gaussian quadrature
in the range of [0, π/2]. Thus we present seven potentials
labeled by orientation angles in Fig. 1. It is clear that the
potentials from DC-FHF naturally include the repulsive core
due to the Pauli principle being considered in the variation
procedures compared with the case of frozen density approx-
imation. Usually the capture barrier height of side orientation
is obviously larger than that of tip orientation, which can be
clearly drawn in our calculations. Additionally, the internu-
clear potentials from DC-FHF only depend on the the adopted
nucleon-nucleon effective interaction and do not contain any
free parameters. We would like to mention that the potentials
from DC-FHF is very close to the potentials from empirical
formulas such as the results given in Ref. [78], which implies
that the description of capture cross sections of our method
will be similar to the empirical models.

In Fig. 2, we show the calculated cross sections and
the comparison with the results from the empirical coupled-
channel (ECC) model [17] and experimental data taken from
Ref. [79]. Generally speaking, our calculations can well repro-
duce the measurements and our results for incident energies
smaller than 190 MeV are better than those of ECC. This
means that our no-free parameter calculations starting from
effective nucleon-nucleon interaction can well describe the
capture process, even better than the empirical model with
several adjusted parameters. In Fig. 2, we also present the
capture cross sections with the orientation angles of 238U of
9.3◦ and 83.8◦. The former is close to the tip collision and
the latter is close to side collision. It is clear that captures
cross section of tip orientation is much larger that those of
side collision due to the lower capture barrier.

To calculate the fusion probabilities by using the FbD
model, as we mentioned, one needs to extract the injection
distance from the TDHF simulation. For the dynamic evolu-
tion of the reaction 48Ca +238U, we carry out the calculations
on the three-dimensional grid of 56 × 40 × 40 fm3 and the
time spacing is 0.2 fm/c. The incident energies are in the
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FIG. 3. Separation distance of centers of mass of two fragments
with zero conjugate momenta (a), injection distances (b), fusion
probabilities with zero angular momentum (c), and fusion cross sec-
tions (d) for different orientations as a function of incident energies
for the 48Ca +238U reaction.

range [186,205] MeV with the step of 1 MeV. This means
that we have totally calculated 140 dynamic processes after
considering the orientations of the deformed target 238U. For
each TDHF simulation with the fixed incident energy and
orientation angle, following the method given in Ref. [59], we
can get the separation distance Rmin defined as the distance
between centers of mass of two fragments at the injection
configuration which corresponds to the moment with zero
conjugate momentum. The calculated results are shown in
Fig. 3(a) for each orientation. We find that there is a sudden
decrease of Rmin when Ec.m. is close to the capture barrier

for a fixed orientation. For the orientations close to the side
collision with the capture barriers about 200 MeV, when the
incident energies are smaller than capture barrier, the values
of Rmin are close to each other. For those orientations close to
tip case, the capture barriers are about 185 MeV, we find that
Rmin decreases slowly with Ec.m.. When the incident energies
are larger than the capture barrier of side orientation, e.g.,
Ec.m. = 205 MeV, Rmin increases with the orientation angles.
For a given orientation, Rmin decreases with Ec.m. more slowly
in the above-barrier region than in the sub-barrier region and
has a jump near the Coulomb barrier, which is similar to
conclusions given in Ref. [59] for cold fusions.

After obtaining Rmin, we can get the injection distances
sinj. The nuclear surface can be well described by using the
spherical harmonic expansions and for the axially deformed
nuclei, in the reaction plane one has

RT (θ ) = RT [1 + β2Y20(θ ) + β4Y40(θ ) + β6Y60(θ )]. (17)

Thus we can calculate the injection distance by

sinj(θ, Ec.m.) = Rmin(θ, Ec.m.) − RP − RT (θ ). (18)

RP and RT are the mass radius from static HF calculations.
We would like to mention that such treatment is similar to
those in Ref. [30]. The obtained results of sinj are presented in
Fig. 3(b). The overall tendency for each orientation is similar
to that of Rmin. The injection distance for the orientations
close to tip one is smaller than those close to side orientation,
which is contrary to the results shown in Ref. [30], where
the injection distance without considering the orientation is
calculated by the empirical formulas and the injection distance
with the orientation effects almost decreases with the orienta-
tion angles. In our calculations, the values of Rmin determined
from TDHF simulations are strongly related to the orienta-
tions. Therefore the effects of reaction dynamics on Rmin is
considered and the change of Rmin is also related to the height
of capture barriers. For tip orientation, the lower limit of
the incident energy in question is always larger than the
capture barriers, therefore the system has enough energy to
overcome the barrier and the contact configuration is reached.
For those collisions close to side orientation, since the cor-
responding capture barriers belong to the interval [186, 205]
MeV, in below-barrier energies elastic scattering happens such
that the injection distances are obviously larger than those of
tip orientation.

More interesting, by comparing two typical orientations
in which the contact configurations are formed, the injec-
tion distance of orientations close to tip one is also smaller
than those with orientations close to side case. To understand
this, in Figs. 4 and 5 we show the density evolution of tip
and side collisions with the same incident energy 205 MeV.
The static shapes of the projectile and target are indicated by
the solid red and black lines. Figures 4(a) and 5(a) show the
initial configurations and Figs. 4(b) and 5(b) for a selected
phase in the approaching process. In Figs. 4(c) and 5(c) we
show the moment with about zero collective kinetic energy
of the system, which is used to get the injection distance.
Along the reaction direction (x axis), the distance from the
center of mass of the target nucleus to the nuclear surface in
the tip orientation is larger than that of side orientation by
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FIG. 4. Two-dimensional density distributions of 48Ca +238U
with 238U being tip orientation at three selected moments during
the TDHF evolution. The time t and corresponding speed vc for the
center of mass of the reaction system are given. The red and black
lines represent the shapes of the projectile and target in the reaction
plane (the xz plane). The white points label the centers of mass of
two fragments. The incident energy is taken to be 205 MeV.

about 2 fm. But the difference of Rmin between tip and side
orientation is about 1.2 fm. Therefore the injection distance of
tip orientation is smaller than that of side orientation. We also
find that the tip collision can more quickly approach the phase
with zero collective kinetic energy than side collision, which
can be understood as overcoming the capture barrier, the tip
orientation still has enough push to reach the injection con-
figuration in the one-dimension diffusion model. We would
like to mention that in the present way to get the injection
distance we assume a frozen shape of target and projectile, but
in the dynamic evolution to form a compact configuration the
system undergoes a complex change of shape and exchange
of nucleons through the neck. The influence of these factors
on injection distance is still very difficult to take into account.
The advantage of our methods is that the results of injection
parameter, which is the only input of the FbD model for fu-
sion probability, are determined by microscopic TDHF theory
without any adjustable parameters. From the view of point
of the exchange of nucleons between target and projectile,
the side collision has a longer contact time thus is favorable
to the transfer of nucleons, Which may also influence the
fusion probabilities but its effects cannot be studied using a
one-dimension diffusion model.

After getting the injection distances, the fusion probabil-
ities can be determined by the FbD model and the smaller

FIG. 5. Same to Fig. 4 but for the side orientation of 238U.

injection distances correspond to larger probabilities of the
formation of compound nucleus. In Fig. 3(c) we display the
calculated fusion probabilities with zero angular momenta
for different orientations. The formation probabilities with
orientations close to tip case are larger than those with side
orientations due to the smaller injection distances. We also
find that the formation probabilities are also strongly de-
pendent on the orientations, similar to the case of injection
distances. From the tip orientation to the side one, the fusion
probabilities decrease and then increase when the incident
energy is close to 205 MeV. In Fig. 3(d) we present the fusion
cross sections for each orientation and it is clearly that the tip
orientation is more favorable for the formation of compound
nucleus from our TDHF+FbD calculations. It should be men-
tioned that by only using TDHF simulation, it has been shown
in Refs. [44,80,81] that the tip-orientation collisions cannot
lead to the formation of CN while the side-orientation ones
have longer contact time for same incident energies. But in
these works, the systematics of fusion probabilities are not
provided. Therefore it is necessary to consider more dynamic
factors and to investigate how they influence the fusion proba-
bilities toward a more realistic and deep understanding of the
complex fusion mechanisms.

With considering the average of orientation angles, we can
get the total fusion cross sections [cf. Eq. (12)] and effective
fusion probabilities [cf. Eq. (13)] of the reaction 48Ca + 238U,
which are shown in Fig. 6. Our calculated effective fusion
probabilities (2–6 × 10−4) are close to the calculations in
Ref. [78] by using the dinuclear system model. The fusion
cross sections increase slowly with incident energies. For the
calculation of survival probabilities, we only consider the
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FIG. 6. Orientation-averaged fusion cross sections (black line)
and effective fusion probabilities (red line) for the reaction
48Ca + 238U as a function of incident energies.

competition between fission and neutron emission and the
fission barrier height. The inputs including neutron-separation
energies are taken from the newest microscopic-macroscopic
model results [82]. In Fig. 7, we show the evaporation-residue
cross sections in 3n and 4n channels and the comparison
with experimental data taken from Refs. [3,83]. It should
be noted that the datum around 195 MeV is a “upper cross
section limit” [83]. One can find that our calculations are gen-
erally in good agrement with the measurements of the reaction
48Ca +238U. This reflects that the combination of microscopic
TDHF theory with the FbD model for fusion process and the
statistical model for survival of compound nucleus is a valid
approach to describe hot-fusion reactions.

IV. SUMMARY AND PERSPECTIVE

To summarize, we have studied the fusion-evaporation
reaction 48Ca + 238U based on a microscopic description
of the reaction dynamics using the TDHF theory. For the

FIG. 7. Evaporation-residue cross sections as a function of the
incident energy in the center-of-mass frame for the hot-fusion reac-
tion 48Ca + 238U. The 3n and 4n channels are labeled by black and
red lines. The experimental data are taken from Refs. [3,83].

capture process, we calculate the internuclear potentials of
48Ca + 238U for different orientations of deformed target by
using the DC-FHF method and the capture cross sections are
treated by the orientation-average formula. The results of cap-
ture process show a nice agreement with the experimental data
and are even better than the empirical models. For the forma-
tion probabilities of the compound nucleus, we use the FdD
model with the only input parameter, the injection distance,
which is determined from the TDHF simulation for head-
on collisions with considering the orientation effects. Our
calculations show that the tip orientation is more favorable
to both capture process and the formation of the compound
nucleus, leading to large fusion cross sections of tip colli-
sion. We would like to mention that there are no adjustable
parameters in the description of the above two processes in
our treatment. For the survival of the compound nucleus, we
use the statistical model with the fission barrier and neutron
separation energies from microscopic-macroscopic model. As
a results, our calculations of 48Ca + 238U can reproduce the
experimental evaporation-residue cross sections.

In our method, the injection parameters are determined by
assuming that the surfaces of the target and projectile are
frozen. Actually, the dynamic process of fusion reactions is
very complicated and the formation of the compound nucleus
from contact configuration undergoes complex evolution of
shape degrees of freedom accompanied with the exchange of
nucleons. Thus it would be more accurate if more dynamic
factors can be considered when extracting this injection pa-
rameter. Furthermore, one can combine the TDHF with more
complex diffusion models to treat the second phase of fu-
sion reaction. Reasonably taking into account more dynamic
effects can certainly improve our knowledge of heavy-ion
fusion reactions for the synthesis of superheavy nuclei. This
is our long goal and further works are necessary.

The present work is a natural extension of our previous
investigation [59], in which the fusion probabilities of cold-
fusion are studied by including the orientation effects and the
survival process. Thus the method presented in this paper can
be applied to other hot-fusion systems. In the coming work,
we will apply this approach to choose the optimal combination
of target and projectile nuclei for the synthesis of the SHN
with Z = 119 and Z = 120.
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J. Wilczyński, Phys. Rev. C 86, 014611 (2012).
[34] T. Cap, M. Kowal, and K. Siwek-Wilczyńska, Phys. Rev. C 105,
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