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Background: The tensor interaction is known to play an important role in the nuclear structure studies of
exotic nuclei. However, most microscopic studies of low-energy nuclear reactions neglect the tensor force,
resulting in a lack of knowledge concerning the effect of the tensor force on heavy-ion collisions. An accurate
description of the heavy-ion interaction potential is crucial for understanding the microscopic mechanisms of
heavy-ion fusion dynamics. Furthermore, the building blocks of the heavy-ion interaction potential in terms of
the ingredients of the effective nucleon-nucleon interaction provides the physical underpinnings for connecting
the theoretical results with experiment. The tensor force has never been incorporated for calculating the nucleus-
nucleus interaction potential.
Purpose: The theoretical study of the influence of the tensor force on heavy-ion interaction potentials is re-
quired to further our understanding of the microscopic mechanisms entailed in fusion dynamics.
Method: The full Skyrme tensor force is implemented into the static Hartree-Fock and dynamic density-
constrained time-dependent Hartree-Fock (DC-TDHF) theory to calculate both static (frozen density) and dy-
namic microscopic interaction potentials for reactions involving exotic and stable nuclei.
Results: The static potentials are found to be systematically higher than the dynamical results, which are at-
tributed to the microscopic dynamical effects included in TDHF. We also show that the dynamical potential bar-
riers vary more significantly by the inclusion of tensor force than the static barriers. The influence of isoscalar
and isovector tensor terms is also investigated with the TIJ set of forces. For light systems, the tensor force is
found to have an imperceptible effect on the nucleus-nucleus potential. However, for medium and heavy spin-
unsaturated reactions, the potentials may change from a fraction of an MeV to almost 2 MeV by the inclusion
of tensor force, indicating a strong impact of the tensor force on sub-barrier fusion.
Conclusions: The tensor force could indeed play a large role in the fusion of nuclei, with spin-unsaturated
systems seeing a systematic increase in ion-ion barrier height and width. This fusion hindrance is partly due
to static, ground state effects from the inclusion of the tensor force, though additional hindrance appears when
studying nuclear dynamics.

I. INTRODUCTION

With the increasing availability of radioactive ion beams,
the study of structure and reactions of exotic nuclei is one
of the most fascinating research areas in nuclear physics [1].
The exotic nuclei display distinct features from those seen in
typical stable nuclei, which is attributed partly to the unique
characteristics of the nucleon-nucleon interaction. The tensor
interaction between nucleons is one such characteristic and is
well known to be important in nuclear structure properties [2],
e.g., the shell evolution of exotic nuclei [3], spin-orbit split-
ting [4], and Gamow-Teller and charge exchange spin-dipole
excitations [5]. However, its role in low-energy nuclear re-
actions is poorly understood as the tensor force has been ne-
glected in most reaction dynamics calculations. In particular,
regarding nuclear dynamics, the tensor force changes not only
the spin-orbit splitting but also the intrinsic excitations which
may give rise to dynamical effects which are more compli-
cated than those arising from simple shell evolution. The
study of the effects of the tensor force on heavy-ion fusion
dynamics will lead to a better understanding of the effective
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nucleon-nucleon interaction and of the correlations present in
these many-body systems.

The study of heavy-ion interaction potentials is of funda-
mental importance for above barrier and sub-barrier fusion
reactions [6]. In general, two categories of theoretical ap-
proaches are used for calculating ion-ion potentials. In the
first category, phenomenological models such as the Bass
model [7], the proximity potential [8,9], the double-folding
potential [10,11], and driven potential from dinuclear system
model [12–16] could be mentioned. Although these meth-
ods have been successful in explaining particular aspects of
reaction data [17,18], the uncertainty of macroscopic param-
eters and the lack of microscopic origins restrict their pre-
dictive power and may obscure the underlying physical pro-
cesses. Second category contains the semi- and fully micro-
scopic approaches to obtain potentials by including the inter-
actions of the constituents [19–23]. One common assump-
tion used in many of the semi-microscopic calculations is that
of the frozen density or sudden approximation [24], in which
the nuclear densities are unchanged during the computation
of the nucleus-nucleus potential as a function of internuclear
distance. This approximation may result in an unphysical
potential at deep sub-barrier energies, where the inner turn-
ing point of the interaction potential corresponds to large nu-
clear overlap. Various remedies have been developed to ad-
dress this issue within the confines of the coupled-channels
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approach [25,26]. In other microscopic approaches, such as
the constrained mean-field methods, although the nuclear den-
sities are allowed for the rearrangement, the potential energy
path is obtained by the static adiabatic approximation, thus
ignoring the dynamical effects.

In recent years we have developed the density-constrained
time-dependent Hartree-Fock (DC-TDHF) approach for cal-
culating heavy-ion interaction potentials, which naturally in-
corporate all of the dynamical effects included in the time-
dependent Hartree-Fock (TDHF) description of the collision
process [27]. These effects include nucleon transfer, cou-
plings between the collective motion and intrinsic degrees
of freedom, neck formation, internal excitations, and de-
formation effects to all orders. The method is based on
the TDHF evolution of the nuclear dynamics coupled with
density-constrained (DC) Hartree-Fock (HF) calculations to
obtain the ion-ion potential. In contrast to other mean-field
based microscopic methods, the DC-TDHF approach doesn’t
need to introduce external constraining operators which as-
sume that the collective motion is confined to the constrained
phase space. That means that the many-body system selects
its evolutionary path by itself following the microscopic dy-
namics. We have applied this method for a wide range of
reactions [28–37] and found reasonable agreement between
the measured fusion cross sections and the DC-TDHF results.
To our knowledge, neither the phenomenological nor micro-
scopic methods for calculating ion-ion potential include the
tensor force between nucleons, which is an important com-
ponent of the nuclear force. Our work is the first attempt to
investigate the effect induced by the tensor force on heavy-ion
interaction potentials.

The TDHF approach is a well-defined framework and pro-
vides a useful foundation for a fully microscopic many-body
theory. Quantum effects are considered, which is essential for
the manifestation of shell effects during the collision dynam-
ics. Recently, the effect of the tensor force in heavy-ion col-
lisions has been studied using direct TDHF calculations [38–
42]. Furthermore, the TDHF approach provides a deeper un-
derstanding of nuclear dynamics, as seen in recent applica-
tions to fusion [32–37,43–48], quasifission [49–53], transfer
reactions [54–61], fission [62–67], and deep inelastic colli-
sions [39–41,68–74]. For recent reviews see Refs. [75–77].

This article is organized as follows. In Sec. II, we sum-
marize the theoretical formalism of Skyrme energy functional
with the tensor force included and the TDHF and DC-TDHF
approaches. Section III presents the systematic analysis of the
impact of the tensor force on heavy-ion interaction potentials.
A summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

Despite the wide application of the TDHF approach, var-
ious assumptions and approximations that may affect the
TDHF results have been employed in the past. This led to
an occasional imperfect or even incorrect reproduction of ex-
perimental data. To remedy these problems a considerable
theoretical and computational effort has been undertaken for

increased numerical accuracy and improved effective interac-
tions. For instance, the inclusion of the spin-orbit interaction
solved an early conflict between TDHF predictions and exper-
imental observations [78,79] and turned out to play an impor-
tant role in fusion and dissipation dynamics [68,72]. In recent
years it has become feasible to perform TDHF calculations
on a three-dimensional Cartesian grid without any symmetry
restrictions and with accurate numerical methods. In addi-
tion, the quality of energy density functional (EDF) has been
substantially improved. The time-odd terms in particular have
shown to be non-negligible in heavy-ion collisions [80]. How-
ever, there are still important components of the basic theory
that have not yet been fully implemented, such as the tensor
force between nucleons. In order to study the role of tensor
force in heavy-ion interaction potential, we incorporate the
full tensor force into the microscopic TDHF and DC-TDHF
approaches.

A. Full Skyrme energy functional

Most TDHF calculations employ the Skyrme effective in-
teraction [81], in which the two-body tensor force was pro-
posed in its original form as

vT =
te
2

{[
3(σ1 ·k′)(σ2 ·k′)− (σ1 ·σ2)k′2

]
δ (r1− r2)

+δ (r1− r2)
[
3(σ1 ·k)(σ2 ·k)− (σ1 ·σ2)k2]}

+ to

{
3(σ1 ·k′)δ (r1− r2)(σ2 ·k)− (σ1 ·σ2)k′δ (r1− r2)k

}
.

(1)

The coupling constants te and to represent the strengths of
triplet-even and triplet-odd tensor interactions, respectively.
The operator k = 1

2i (∇1 −∇2) acts on the right and k′ =
− 1

2i (∇
′
1−∇′2) acts on the left.

It is natural to represent the total energy of the system

E =
∫

d3rH (ρ,τ, j,s,T,F,Jµν ;r) (2)

in terms of the energy functional. The functional is composed
by the number density ρ , kinetic density τ , current density j,
spin density s, spin-kinetic density T, the tensor-kinetic den-
sity F, and spin-current pseudotensor density J [40]. The full
version of Skyrme EDF is expressed as

H = H0 + ∑
t=0,1

{
As

t s
2
t +(A∆s

t +B∆s
t )st ·∆st +B∇s

t (∇ · st)
2

+BF
t
(
st ·Ft−

1
2
( z

∑
µ=x

Jt,µµ

)2− 1
2

z

∑
µ,ν=x

Jt,µν Jt,νµ

)
+(AT

t +BT
t )
(
st ·Tt−

z

∑
µ,ν=x

Jt,µν Jt,µν

)}
,

(3)

where H0 is the simplified functional used in the Sky3D
TDHF code [82] and most TDHF calculations. The terms con-
taining the coupling constants A arise from the Skyrme central
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force and those with B from the tensor force. The definitions
of both A and B can be found in Refs. [2,83]. All the time-
even and time-odd terms in Eq. (3) have been implemented
numerically in the mean-field Hamiltonians of the HF, TDHF
and DC-TDHF approaches. As pointed out in Refs. [2,40],
the terms containing the gradient of spin density may cause
spin instability in both nuclear structure and reaction studies,
hence the terms of st ·∆st and (∇ · st)

2 have been turned off in
all calculations.

B. TDHF approach

Given a many-body Hamiltonian, the action can be con-
structed as

S =
∫ t2

t1
dt〈Φ(r, t)|H− ih̄∂t |Φ(r, t)〉, (4)

where Φ is the time-dependent many-body wave function.
In TDHF approach the many-body wave function Φ(r, t) is
approximated as a single time-dependent Slater determinant
composed of an antisymmetrized product of the single parti-
cle states φλ (r, t)

Φ(r, t) =
1√
N!

det{φλ (r, t)}, (5)

and this form is kept at all times in the dynamical evolution.
By taking the variation of the action with respect to the single-
particle wave functions, the set of nonlinear coupled TDHF
equations in the multidimensional space-time phase space

ih̄
∂

∂t
φλ (r, t) = hφλ (r, t) (6)

yields the most probable time-dependent mean-field path,
where h is the HF single-particle Hamiltonian. The set of non-
linear TDHF equations has been solved on three-dimensional
coordinate space without any symmetry restrictions and with
modern, accurate numerical methods [80,82].

C. Dynamical potential from DC-TDHF approach

Since TDHF theory describes the collective motion of fu-
sion dynamics in terms of semi-classical trajectories, the sub-
barrier quantum tunneling of the many-body wave function
can not be included. Consequently, direct TDHF calculations
can not be used to describe sub-barrier fusion. At present, all
sub-barrier fusion calculations assume that there exists an ion-
ion potential which depends on the internuclear distance. The
microscopic DC-TDHF approach [27] is employed to extract
the nucleus-nucleus potential from the TDHF time evolution
of the dinuclear system. In this approach, at certain time dur-
ing the evolution, the instantaneous TDHF density is used to
perform a static HF energy minimization

δ 〈ΨDC|H−
∫

d3rλ (r)ρ(r)|ΨDC〉= 0, (7)

by constraining the proton and neutron densities to be equal to
the instantaneous TDHF densities. Since we are constraining
the total density, all moments are simultaneously constrained.
DC-TDHF calculations give the adiabatic reference state for
a given TDHF state, which is the Slater determinant with the
lowest energy for a given density. The minimized energy

EDC(R) = 〈ΨDC|H|ΨDC〉 (8)

is the density-constrained energy. Since this density-
constrained potential still contains the binding energies of in-
dividual nuclei which should be subtracted out, the heavy-ion
interaction potential is deduced as

V (R) = EDC(R)−EA1−EA2, (9)

where EA1 and EA2 are the binding energies of the two indi-
vidual nuclei. One should note that this procedure does not
affect the TDHF time evolution and contains no free parame-
ters or normalization.

D. Bare potential from FHF approach

In previous subsection, the DC-TDHF technique has been
introduced to compute the nucleus-nucleus potential in a dy-
namical microscopic way. All of the dynamical effects in-
cluded in TDHF is then directly incorporated in the potential.
Here we look for a different approach to produce a bare poten-
tial which does not include any dynamical contribution, since
we aim to disentangle the static and dynamical effects of the
tensor force. The bare nucleus-nucleus potential is defined
as the interaction potential between the nuclei in their ground
states. In addition, to preserve the consistency with micro-
scopic calculations, it is necessary to compute the potential
from the same EDF used in HF, TDHF, and DC-TDHF calcu-
lations. This is possible using the frozen Hartree-Fock (FHF)
technique [84], assuming that the densities of the target and
projectile remain constant and equal to their respective ground
state densities. The potential can then be expressed as

VFD(R) = E[ρ1 +ρ2](R)−E[ρ1]−E[ρ2], (10)

where ρ1 and ρ2 are HF ground state densities of the frag-
ments, and E[ρ1 + ρ2] is the same Skyrme EDF as defined
in Eqs. (2) and (3). In the FHF approach, the Pauli princi-
ple between pairs of nucleons belonging to different collision
partners has been neglected. When the overlap between the
density distributions is small, the barrier is almost unaffected
by the inclusion of the Pauli principle. However, at larger
overlaps of the densities where the Pauli principle is expected
to play a more important role, the FHF approximation may
not properly account for the potential, particularly the inner
part [48].

III. RESULTS

The concept of using density as a constraint for calculating
collective states from TDHF time evolution was first intro-
duced in the mid 1980s [85], and was used for the microscopic
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description of nuclear molecular resonances [86]. In recent
years, the DC-TDHF approach has demonstrated its feasibil-
ity and success in explaining sub-barrier fusion dynamics for
a wide range of reactions. This is rather remarkable given
the fact that the only input in DC-TDHF is the Skyrme effec-
tive interaction, and there are no adjustable parameters. In
the present work, we focus on how the tensor force affect
the nucleus-nucleus potential which is vital for the theoretical
analysis of sub-barrier fusion dynamics. We have thus chosen
ten representative reactions with proton and neutron numbers
of reaction partners corresponding to the magic numbers 8,
20, 28, 50, and 82, in which the spin-saturated shells are 8
and 20.

In the numerical simulation the static HF ground state for
the reaction partner has been calculated on the symmetry-
unrestricted three-dimensional grid. The resulting Slater de-
terminants for each nucleus comprise the larger Slater deter-
minant describing the colliding system during the dynamical
evolution. The TDHF time propagation is performed using
a Taylor-series expansion up to the sixth order of the unitary
boost operator with a time step of 0.2 fm/c. For the dynamical
evolution, we use a numerical box of 48 fm along the collision
axis and 24 fm in the other two directions and a grid spacing
of 1.0 fm. The initial separation between the two nuclei is
20 fm. The choice of these parameters assures good numer-
ical accuracy in the unrestricted TDHF evolution. We have
simultaneously performed the density constraint calculations
utilizing the DC-TDHF method at every 10-20 time steps (cor-
responding to 2-4 fm/c interval). The convergence property
in DC-TDHF calculations is as good if not better than in the
traditional constrained HF with a constraint on a single col-
lective degree of freedom.

We employ the Skyrme interaction in the calculations, in
which the tensor force has been constructed in two ways. One
is to add the force perturbatively to the existing standard inter-
actions, for instance, the existing Skyrme parameter SLy5 [87]
plus tensor force, denoted as SLy5t [4]. The comparison be-
tween calculations with SLy5 and SLy5t addresses the ques-
tion on how much of the changes is caused by tensor force
itself. Another approach is to readjust the full set of Skyrme
parameters self-consistently. This strategy has been adopted
in Ref. [2] and led to the set of TIJ parametrizations with a
wide range of isoscalar and isovector tensor couplings. Due
to its fitting strategy, the contributions from the tensor force
and the rearrangement of all other terms could be physically
entangled.

For light systems, we choose the spin-unsaturated 12C+12C
and spin-saturated 16O+16O reactions for comparison. As we
have reported in Ref. [36], the potential barriers are sensitive
to the colliding energy. Hence, the same initial energy, close
to the Coulomb barrier, is used for the reaction with and with-
out tensor forces. In Fig. 1, we plot the ion-ion potentials
obtained from Eq. (9) using the DC-TDHF approach for (a)
12C+ 12C at Ec.m. = 8 MeV and (b) 16O+ 16O at Ec.m. = 12
MeV with SLy5 (open circle) and SLy5t (solid circle) forces.
Both nuclei, 12C and 16O, show spherical ground states with
tensor (SLy5t) and without tensor (SLy5) forces, which are in
agreement with experimental data and other calculations. The
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FIG. 1. (Color online) Internuclear potential obtained from DC-
TDHF approach shown for the evolution of the systems (a) 12C+12C
at Ec.m. = 8 MeV and (b) 16O+ 16O at Ec.m. = 12 MeV with SLy5
(open circle) and SLy5t (solid circle) forces.

correct description of the initial shape of target and projectile
nucleus is important for the dynamical evolution of heavy-
ion collisions. We see that for the spin-unsaturated system
12C + 12C, the potential with the tensor force included has
an overall higher interaction barrier than without the tensor
force, although the difference of the potential barrier peak
is small at roughly 0.07 MeV. For the spin-saturated system
16O+ 16O, the internuclear potential is close with and with-
out tensor force, having a barrier height of 10.02 MeV and
a peak location of 8.66 fm. This indicates that the tensor
force has negligible effect on the near-barrier fusion for the
spin-saturated system 16O+ 16O, which is consistent with the
findings in Ref. [40]. For these light systems the tensor force
shows a small effect on the interaction potential.

For reactions involving two medium mass nuclei, we have
chosen five representative reactions 40Ca+40Ca, 40Ca+48Ca,
48Ca+ 48Ca, 48Ca+ 56Ni, and 56Ni+ 56Ni, which vary by the
total number of spin-unsaturated magic numbers in target and
projectile by 0, 1, 2, 3, and 4. In these collisions, the reaction
partners are closed-shell corresponding to 20 (spin-saturated)
and 28 (spin-unsaturated) neutron or proton magic numbers.
To disentangle the static (e.g. modification of ground-state
density) and dynamical (e.g. modification of couplings, dissi-
pation, and transfer) origins of the tensor force, the nucleus-
nucleus potentials obtained both from FHF and DC-TDHF
calculations are shown in Fig. 2 for all Ca and Ni reactions.
In the initial state of the collision dynamics, the deviation of
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FIG. 2. (Color online) Internuclear potential obtained from FHF and DC-TDHF approaches for the Ca+Ca, Ca+Ni, and Ni+Ni reactions with
tensor (SLy5t) and without tensor (SLy5) forces.

the static FHF potential from the dynamical DC-TDHF result
is the order of smaller than 10 keV. For all the Ca and Ni
reactions, we observe that the nucleus-nucleus potentials are
considerably different for the static FHF and dynamical DC-
TDHF results. The static potentials are systematically higher
than the dynamical results, and the barrier peaks are located at
smaller relative distance with FHF. In particular, the inner part
of the potential, having strong effect on the sub-barrier fusion,
presents more significant difference for FHF and DC-TDHF
results. This behavior is well understood and is a consequence
of the absence of Pauli principle and excitations for the frozen
density overlaps in FHF potentials [42,48,84], thus the differ-
ence between FHF and DC-TDHF is due to dynamical effects.
Another interesting observation is that the variation of dynam-
ical barriers due to tensor force is systematically greater than
the ones for the static barriers. This indicates that the tensor
force influences not only the ground-state single-particle lev-
els, but also the dynamical effects including nucleon transfer,
the couplings to low-lying states, and intrinsic excitations. In
Ref. [42], how these dynamical effects affect the fusion barri-
ers heights, computed directly from TDHF, have been inves-
tigated to study the role of tensor force on above-barrier fu-
sion dynamics. We note that in Ref. [42], for the 48Ca+ 56Ni
system, the tensor force was observed to decrease the barrier

height in direct TDHF calculations, which is the opposite of
the trend observed here. This difference might arise from the
dynamical energy-dependent effects introduced by the tensor
force that are not captured by the DC-TDHF potential.

For the spin-saturated reaction 40Ca+ 40Ca, the interaction
potential remains nearly unchanged by the inclusion of ten-
sor force for both static and dynamical cases, indicating that
the tensor force has almost no impact on the dynamical evolu-
tion for spin-saturated systems, since the contribution of ten-
sor force is expected to be nearly zero for the ground state of
spin-saturated nuclei. For the spin-unsaturated reactions, the
barriers with tensor force SLy5t are systematically higher than
those without the tensor force SLy5. This indicates a fusion
hindrance effect due to the tensor force in this mass region.
Empirically, 1 MeV larger in the inner part of the potential
barrier can cause one order lower in the fusion cross section
at sub-barrier energies. From the comparison of dynamical
potentials for SLy5 and SLy5t, the potential barrier increases
from a fraction up to a few MeV due to tensor force, which
may results in changes of the sub-barrier fusion cross sections
by a few orders of magnitude. For the medium mass systems
with proton or neutron magic shells 20 and 28, the tensor force
has a significant effect on the nucleus-nucleus potential, par-
ticularly in the inner region.
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FIG. 3. (Color online) Internuclear potential obtained from DC-
TDHF approach for the reaction 48Ca+48Ca with SLy5, SLy5t, T22,
T26, T44, and T62 forces.

Until now, the studies have utilized the tensor force SLy5t.
To obtain a comprehensive and rigorous understanding of the
effects of the tensor force in heavy-ion collisions, we now pro-
ceed to a comparison among the results of various forces, for
which the coupling constants are listed in Tab. I. Taking the
reaction 48Ca + 48Ca as an example, we show the nucleus-

TABLE I. Isoscalar and isovector spin-current coupling constants in
units of MeV fm5.

Force CJ
0 CJ

1
T22 0 0
T26 120 120
T44 120 0
T62 120 -120

SLy5 15.65 64.55
SLy5t -19.35 -70.45

nucleus potential with the six forces SLy5, SLy5t T22, T26,
T44, and T62 in Fig. 3. For T22 and T44 the potentials
are close to each other, indicating the isoscalar tensor cou-
pling has negligible effect in this reaction. By comparing
the results with T26, T44, and T62, the potential increases
as the isovector tensor coupling decreases. This clear depen-
dence of isoscalar and isovector tensor coupling may be due
to the interplay between tensor terms and rearrangement of
mean-field. The effect of the isoscalar tensor with the proton
and neutron single particle spectrum moving in the same way
seems to be canceled by the refitting of the parameters. How-
ever, the refitting does not incorporate the effect of isovec-
tor tensor in the same way. Detailed discussions on this can
be found in Ref. [42]. The T62 (T26) interaction also leads
to similar potentials as SLy5t (SLy5), even though they have
quite different tensor coupling constants, because the rear-
rangement of the mean-field for T62 (T26) produce additional
effects which cancel part of the tensor force in SLy5t (SLy5).

To gain a better insight into the tensor force, the dynamical
potential is shown in Fig. 4 for various Ca+Sn systems which
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FIG. 4. (Color online) Internuclear potential obtained from DC-
TDHF approach for the Ca+Sn systems with SLy5 (open circle) and
SLy5t (solid circle) forces.

involve one medium and one heavy reaction partner. For 48Ca,
100Sn, and 120Sn, the ground states are found to be spherical
for both SLy5 and SLy5t. However, the 116Sn nucleus exhibits
small quadrupole deformation β2 of 0.077 and 0.026 for SLy5
and SLy5t, respectively, for which the deformation difference
arises from the tensor force. Since the outcome of collision
dynamics strongly depends on the deformation orientation of
colliding partners, the deformed nucleus 116Sn is initially set
as the tip orientation in both SLy5 and SLy5t with the symme-
try axis of 116Sn parallel to the internuclear axis. We find that,
for the Ca+Sn systems, the effects of the tensor force show
similar trends as in the spin-unsaturated Ca+Ca, Ca+Ni, and
Ni+Ni systems presented in Fig. 2. The tensor force has the
largest effect on the reaction 48Ca+116Sn as compared to the
reactions with 48Ca colliding 100Sn and 120Sn isotopes, which
may be due to the strong effect of the tensor force on the en-
ergy difference of single-proton states 1h11/2 and 1g9/2 along
the Z=50 isotopes for 116Sn, as shown in Ref. [4]. Another
suspected cause for this large effect arising from the tensor
force in the 48Ca+116Sn reaction is the static deformation ef-
fects leading to a vastly different dynamical path for the sys-
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tem.

IV. SUMMARY

We incorporate the full tensor force into the FHF and DC-
TDHF approaches to investigate the impact of the tensor force
on heavy-ion internuclear potentials for ten representative sys-
tems in different mass regimes. As expected we find that
static potentials are systematically higher than the dynamical
results, however, the variation of dynamical potential barriers
induced by tensor force is larger than those of the static case,
which are attributed to the microscopic dynamical effects in-
cluded in TDHF. For light systems, the tensor force is found
to have small effects on the nucleus-nucleus potential, with
the barrier height and inner part of the barrier changing by a
fraction of an MeV. Even this small change may lead to large
effects in cross sections when considering deep sub-barrier
collisions at energy scales common in astrophysical systems.
For medium and heavy spin-unsaturated reactions the effect is
much more pronounced, with changes from a fraction of an
MeV to almost 2 MeV for the barrier height. These differ-
ences indicate an important impact on sub-barrier fusion dy-
namics and a substantial fusion hindrance effect arising from

the tensor force.
The fully microscopic TDHF theory has shown itself to

be rich in nuclear phenomena and continues to stimulate
our understanding of nuclear dynamics. The time-dependent
mean-field studies seem to show that the dynamic evolution
builds up correlations that are not present in the static the-
ory. While modern Skyrme forces provide a much better
description of static nuclear properties in comparison to the
earlier parametrizations, there is a need to obtain even bet-
ter parametrizations that incorporate deformation and reaction
data into the fit process. The tensor force should be a part of
these investigations.

V. ACKNOWLEDGMENTS

This work is partly supported by NSF of China (Grants No.
11175252 and 11575189), NSFC-JSPS International Cooper-
ation Program (Grant No. 11711540016), and Presidential
Fund of UCAS, and by the U.S. Department of Energy un-
der grant No. DE-SC0013847. The computations in present
work have been performed on the High-performance Comput-
ing Clusters of SKLTP/ITP-CAS and Tianhe-1A supercom-
puter located in the Chinese National Supercomputer Center
in Tianjin.

[1] A. B. Balantekin, J. Carlson, D. J. Dean, G. M. Fuller, R. J.
Furnstahl, M. Hjorth-Jensen, R. V. F. Janssens, Bao-An Li,
W. Nazarewicz, F. M. Nunes, W. E. Ormand, S. Reddy, and
B. M. Sherrill, “Nuclear theory and science of the facility for
rare isotope beams,” Mod. Phys. Lett. A 29, 1430010 (2014).

[2] T. Lesinski, M. Bender, K. Bennaceur, T. Duguet, and J. Meyer,
“Tensor part of the Skyrme energy density functional: Spherical
nuclei,” Phys. Rev. C 76, 014312 (2007).

[3] Takaharu Otsuka, Toshiaki Matsuo, and Daisuke Abe, “Mean
Field with Tensor Force and Shell Structure of Exotic Nuclei,”
Phys. Rev. Lett. 97, 162501 (2006).

[4] G. Colò, H. Sagawa, S. Fracasso, and P. F. Bortignon, “Spin–
orbit splitting and the tensor component of the Skyrme interac-
tion,” Phys. Lett. B 646, 227–231 (2007).

[5] C. L. Bai, H. Q. Zhang, H. Sagawa, X. Z. Zhang, G. Colò,
and F. R. Xu, “Effect of the Tensor Force on the Charge Ex-
change Spin–Dipole Excitations of 208Pb,” Phys. Rev. Lett. 105,
072501 (2010).

[6] B. B. Back, H. Esbensen, C. L. Jiang, and K. E. Rehm, “Recent
developments in heavy-ion fusion reactions,” Rev. Mod. Phys.
86, 317–360 (2014).

[7] R. Bass, “Fusion of heavy nuclei in a classical model,” Nucl.
Phys. A 231, 45–63 (1974).

[8] J. Randrup and J. S. Vaagen, “On the proximity treatment of the
interaction between deformed nuclei,” Phys. Lett. B 77, 170–
173 (1978).

[9] M. Seiwert, W. Greiner, V. Oberacker, and M. J. Rhoades-
Brown, “Test of the proximity theorem for deformed nuclei,”
Phys. Rev. C 29, 477–485 (1984).

[10] G. R. Satchler and W. G. Love, “Folding model potentials from
realistic interactions for heavy-ion scattering,” Phys. Rep. 55,
183–254 (1979).

[11] M. J. Rhoades-Brown and V. E. Oberacker, “Strong Enhance-
ment of Subbarrier Fusion due to Negative Hexadecapole De-
formation,” Phys. Rev. Lett. 50, 1435–1438 (1983).

[12] G. G. Adamian, N. V. Antonenko, and W. Scheid, “Possibilities
of synthesis of new superheavy nuclei in actinide–based fusion
reactions,” Phys. Rev. C 69, 044601 (2004).

[13] Nan Wang, En-Guang Zhao, Werner Scheid, and Shan-Gui
Zhou, “Theoretical study of the synthesis of superheavy nu-
clei with Z = 119 and 120 in heavy-ion reactions with trans–
uranium targets,” Phys. Rev. C 85, 041601 (2012).

[14] Long Zhu, Jun Su, and Feng-Shou Zhang, “Influence of the
neutron numbers of projectile and target on the evaporation
residue cross sections in hot fusion reactions,” Phys. Rev. C 93,
064610 (2016).

[15] X. J. Bao, Y. Gao, J. Q. Li, and H. F. Zhang, “Possibilities for
synthesis of new isotopes of superheavy nuclei in cold fusion
reactions,” Phys. Rev. C 93, 044615 (2016).

[16] Zhao-Qing Feng, “Production of neutron-rich isotopes around
N = 126 in multinucleon transfer reactions,” Phys. Rev. C 95,
024615 (2017).

[17] J. Randrup, “Mass transport in nuclear collisions,” Nucl. Phys.
A 307, 319–348 (1978).

[18] G. Fazio, G. Giardina, A. Lamberto, R. Ruggeri, C. Saccá,
R. Palamara, A. I. Muminov, A. K. Nasirov, U. T. Yakhshiev,
F. Hanappe, T. Materna, and L. Stuttgé, “Formation of heavy
and superheavy elements by reactions with massive nuclei,”
Eur. Phys. J. A 19, 89–104 (2004).

[19] Peter Möller, Arnold J. Sierk, and Akira Iwamoto, “Five–
Dimensional Fission–Barrier Calculations from 70Se to 252Cf,”
Phys. Rev. Lett. 92, 072501 (2004).

[20] Lu Guo, Fumihiko Sakata, and En-Guang Zhao, “Character-
istic feature of self–consistent mean–field in level crossing re-

http://dx.doi.org/ 10.1142/S0217732314300109
http://dx.doi.org/10.1103/PhysRevC.76.014312
http://dx.doi.org/10.1103/PhysRevLett.97.162501
http://dx.doi.org/ https://doi.org/10.1016/j.physletb.2007.01.033
http://dx.doi.org/ 10.1103/PhysRevLett.105.072501
http://dx.doi.org/ 10.1103/PhysRevLett.105.072501
http://dx.doi.org/10.1103/RevModPhys.86.317
http://dx.doi.org/10.1103/RevModPhys.86.317
http://dx.doi.org/ 10.1016/0375-9474(74)90292-9
http://dx.doi.org/ 10.1016/0375-9474(74)90292-9
http://dx.doi.org/ 10.1016/0370-2693(78)90613-5
http://dx.doi.org/ 10.1016/0370-2693(78)90613-5
http://dx.doi.org/10.1103/PhysRevC.29.477
http://dx.doi.org/10.1016/0370-1573(79)90081-4
http://dx.doi.org/10.1016/0370-1573(79)90081-4
http://dx.doi.org/10.1103/PhysRevLett.50.1435
http://dx.doi.org/10.1103/PhysRevC.69.044601
http://dx.doi.org/10.1103/PhysRevC.85.041601
http://dx.doi.org/10.1103/PhysRevC.93.064610
http://dx.doi.org/10.1103/PhysRevC.93.064610
http://dx.doi.org/ 10.1103/PhysRevC.93.044615
http://dx.doi.org/10.1103/PhysRevC.95.024615
http://dx.doi.org/10.1103/PhysRevC.95.024615
http://dx.doi.org/10.1016/0375-9474(78)90621-8
http://dx.doi.org/10.1016/0375-9474(78)90621-8
http://dx.doi.org/ 10.1140/epja/i2003-10103-6
http://dx.doi.org/10.1103/PhysRevLett.92.072501


8

gion,” Nucl. Phys. A 740, 59–76 (2004).
[21] Lu Guo, Fumihiko Sakata, and En-guang Zhao, “Applicability

of self–consistent mean–field theory,” Phys. Rev. C 71, 024315
(2005).

[22] Lu Guo, J. A. Maruhn, and P.-G. Reinhard, “Triaxiality and
shape coexistence in germanium isotopes,” Phys. Rev. C 76,
034317 (2007).

[23] Bing-Nan Lu, Jie Zhao, En-Guang Zhao, and Shan-Gui Zhou,
“Multidimensionally–constrained relativistic mean–field mod-
els and potential–energy surfaces of actinide nuclei,” Phys. Rev.
C 89, 014323 (2014).

[24] Keith A. Brueckner, J. Robert Buchler, and Michael M. Kelly,
“New Theoretical Approach to Nuclear Heavy-Ion Scattering,”
Phys. Rev. 173, 944–949 (1968).
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