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Abstract:

The fusion dynamics of **0+'%0 around Coulomb barrier has been studied in the time-

dependent Hartree-Fock (TDHF) theory with the full Skyrme effective interaction. The calculations
have been carried out in three-dimensional Cartesian basis without any symmetry restrictions. We have
included the full tensor force and all the time-odd terms in Skyrme energy density functional (EDF).
The Coulomb barrier obtained from the dynamical TDHF calculations and EDF with frozen density

approximation has been compared with the available experimental data. The isoscalar tensor terms and
the rearrangement of other terms are found to decrease the barrier height in the spin-saturated system
1604160, while the energy of Coulomb barrier tends to decrease as the isovector coupling constant
decreases. The fusion cross section for °0+'%0 collision has been calculated with and without the
tensor force. We found that the tensor force has minor effect on the fusion dynamics of 1°0+'°0 at the

energies around Coulomb barrier.
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1 Introduction

It is well known that tensor force is essential to
interpret the properties of the deuteron. There have
been extensive studies on the effect of tensor force
in the nuclear structure properties[174]. For example,
the tensor force is observed to play a significant role
in the evolution of shell structure of exotic nucleim,
spin-orbit splitting[z’ 3], Gamow-Teller and charge ex-
change spin-dipole excitations® .

However, quite few studies have been done to in-
vestigate the role of tensor force in heavy-ion colli-
sions due to the complexity of collision dynamics. In
Ref. [5], the contribution of tim-even spin-current ten-
sor has been demonstrated to become more important
with the increase of the mass of the colliding systems.
The effect of tim-even tensor force on the dissipation
dynamics in deep-inelastic collisions has been investi-
gated in Ref. [6]. In these studies, the inclusion of
only time-even tensor terms led to the destruction of
Galilean invariance. Recently the full tensor force has
been included and found to have an effect on the upper
fusion threshold of the order several MeV for 160+160
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collisions!™.

Microscopic theory is a good choice to study the
role of tensor force in heavy-ion collisions. Time-
dependent Hartree-Fock (TDHF') theory provides the
microscopic foundation in nuclear large ampl%guldl]e col-

) fu-

16
]; for a

lective motion, e.g., deep-inelastic collisions
. . [12-14] . (15,
sion dyanmics , and giant resonances
review see Ref. [17].

In this paper, we will employ the microscopic
TDHF theory with the full Skyrme tensor force to
study the heavy-ion fusion dynamics in 0410 col-
lision. Sec. 2 will present TDHF theory and Skyrme
density functional (EDF). In Sec. 3, the Coulomb bar-
rier and fusion cross section with and without tensor
terms will be discussed and compared with the exper-
imental data. Last is conclusions.

2 Theoretical framework

The time evolution of mean field is described by
the TDHF equation

S = i), o, (1)
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where h is the single-particle Hamiltonian and p is the
particle number density. In solving TDHF equation,
the Skyrme force!*® ¥ has been used for the nucleon-
nucleon interaction. The full form of Skyrme EDFE!
is expressed as
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where the central, spin-orbit and tensor force have
been included. See Ref. [20] for the definition of cou-
pling constants in the above equation. In the calcu-
lations, we set CY° = C?% = 0 because the terms
containing the gradient of spin-density may cause the
spin instability both in nuclear structure and reaction
studies as pointed out in Refs. [3, 7].

The interaction potential between projectile and
target in the approaching phase can be expressed by
the frozen density (FD) approximation**! within the
EDF theory as

V'P(R) = Elpps1](R) — Elpr] — Elpp] . (3)

pp4+T = Pp + pr is the sum of ground state density of
projectile and target at the relative distance R, and
Elpp.1](R) is the Skyrme EDF as shown in Eq (2).
Note that the Pauli principle has been neglected in
FD approximation due to the overlap of projectile and
target densities. When the overlap of two densities is
small, e.g., at the position of Coulomb barrier, EDF
with FD approximation is a good tool to estimate the
Coulomb barrier. However, at the smaller relative dis-
tance, since the Pauli effect is strong, FD approxima-
tion will not properly account for the interaction po-
tential.

The fusion cross-section is obtained with the sharp

cutoff approximation[m]

2
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where k is wave number, and the sum is for the even
partial waves. bmax and bmin are the maximum and
minimum impact parameter when fusion happens, re-
spectively.

The numerical box in three dimensional Cartesian
basis has been chosen as 32 fmx24 fmx24 fm for the
1604180 collision with the grid spacing 1 fm. The
initial distance between the two nuclei is taken as 20
fm, and the time step in dynamical calculations as 0.2
fm/c. The choice of these parameters guarantees that
the particle number and total energy in dynamical cal-
culations conserved quite well for all the cases studied
here.

3 Results and discussion

In present work, the various Skyrme parametriza-
tions SLy5[23], SLy5t[2], and the 36 sets of TIJ" have
been used to study the effect of tensor force in fu-
sion dynamics of 0450 reaction. Note that the
parameters of Skyrme' tensor force have been fitted in
two ways. One-is to adjust the parameters of tensor
force based on the existing Skyrme parameters, e.g.,
SLy54T denoted as SLy5t. The other is to fit all the
Skyrme parameters on the same footing, e.g., the set
of T1J parametrizations with a wide range of isoscalar
and isovector couplings. With such fitting procedure,
different physical scenario will be taken into account.
The effect of pure tensor force can be clarified by com-
paring the results with SLy5 and SLy5t. For the T1J
parametrizations, the calculations can figure out the
implication of isoscalar and isovector tensor terms with
a wide range of coupling constants.

The energy and radii of Coulomb barrier are
listed in Table. 1 for 0+'%0 with various Skyrme
parametrizations SLy5[23], SLth[Q], the 36 sets of
TIJ [3], and the experimental datal?4.
tions have been done with FD approximation within

The calcula-

EDF theory as shown in Eq. (3). The energy and radii
of Coulomb barrier with SLy5t are observed to be ex-
actly same as those with SLy5 for °0+%0, as we
expected, because the tensor force has no contribution
to the ground state EDF for the spin-saturated nucleus
160, There exist some differences among the different
TIJ parameter sets. The radii of Coulomb barrier
changes from 8.50 fm to 8.58 fm, while the barrier
energy shifts from 9.96 MeV to 10.12 MeV. These dif-
ferences, for the spin-saturated system, come from the
rearrangement of other terms of Skyrme EDF in the fit
of the parametrizations. One may see that the energy
of Coulomb barrier is lower and the radii is larger than
the experimental data for all the Skyrme parametriza-
tions. This means the Coulomb barrier with theoreti-
cal calculations, comparing with experimental data,
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Table 1 Energy (in MeV) and radii (in fm) of the Coulomb barrier obtained with the frozen density approximation

and experimental data® for 160+10.

Parameters ~ RFP/fm VFDP/MeV ‘ ‘ Parameters ~ RFP/fm  VFP/MeV ‘ ‘ Parameters ~ RFP/fm  VFP/MeV
SLy5 8.51 10.09 T26 8.52 10.08 T51 8.57 10.00
SLy5t 8.51 10.09 T31 8.53 10.06 T52 8.57 10.00

T11 8.50 10.10 T32 8.53 10.06 T53 8.57 10.00
T12 8.50 10.11 T33 8.54 10.05 TbH4 8.57 9.99
T13 8.50 10.12 T34 8.53 10.06 T55 8.57 9.99
T14 8.50 10.10 T35 8.54 10.04 T56 8.57 9.99
T15 8.50 10.11 T36 8.53 10.05 T61 8.58 9.98
T16 8.51 10.08 T41 8.56 10.03 T62 8.58 9.97
T21 8.52 10.08 T42 8.56 10.01 T63 8.58 9.97
T22 8.52 10.08 T43 8.56 10.01 T64 8.58 9.98
T23 8.52 10.08 T44 8.55 10.02 T65 8.57 9.98
T24 8.52 10.08 T45 8.55 10.02 T66 8.58 9.96
T25 8.52 10.06 T46 8.55 10.01 Expt. 791 10.61

has been shifted to the larger relative distance in the
curve of interaction potential. Interaction potential ob-
tained with FD approximation for **0+'%0 by using
Skyrme parameter sets T1J is shown in Fig. 1, as an
example. Slight difference among the interaction po-
tential with Skyme T1.J parametrizations is observed.
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Fig. 1 (color online) Interaction potential as a func-

tion of relative distance obtained with the frozen
density approximation for '°04!°0 by using
Skyrme parameter sets T1J.

Note that the Coulomb barrier obtained from FD
approximation in Table 1 neglected the Pauli effect and
the coupling between the collective motion and single
particle degrees of freedom. These important quantum
and dynamical effects have been automatically incor-
porated in the fully microscopic TDHF approach. Ta-
ble 2 shows the Coulomb barrier from TDHF dynam-
ical calculations for '*0O+'%0 reaction with Skyrme
parametrizations SLy5[23], SLy5t[2], four sets of T22,
T26, T44 and T621.
of energy has been selected as 0.05 MeV. The barrier
with SLy5 and SLy5t is the same. This indicates that
the pure tensor force for the spin saturated system

The precision for the interval

1604160 has negligible effect at the energies around

Coulomb barrier. The T22 and T44 have the same
isovector coupling constant equal to 0 and isoscalar
coupling constant with the value of 0 and 120 MeVfm?.
By the comparison of Coulomb barrier with T22 and
T44, one may conclude that the isoscalar tensor terms
and the rearrangement of other terms in the fit tend to
decrease the barrier energy for 104160 reaction. The
T26, T44, and T62 have the same isoscalar coupling
constant, while the isovector coupling constant, respec-
tively, takes the value of 120, 0, and 120 MeVfm®. This
indicates that the tensor terms with positive isovec-
tor coupling constant prefer to increase the barrier
height, while those with negative coupling constants
do not have notable effect on the dynamical barrier
for 10+1%0 reaction.

Table 2 Energy (in MeV) of the Coulomb barrier from
TDHF dynamical calculations for 0410 reaction
with Skyrme parametrizations SLy5[23], SLy5t[2],
four sets of T22, T26, T44 and T62"! within a preci-
sion of 0.05 MeV.

SLy5  SLyb5t

T22 T26 T44 T62

VTDHF

10.05 10.05 10.05 10.00 9.90 9.90

In order to see the role of tensor force in dynamical
collisions, Fig. 2 presents the fusion cross section calcu-
lated with the dynamical TDHF by using the Skyrme
parametrization SLy5 and SLy5t, and the available ex-

[25-29] Owing to the different experi-

perimental data
mental method and technique, the experimental fusion
cross section for 04160 are quite different among
the five sets of experimental data. For details, see Ref.
[30]. One could see that the fusion cross section with
SLy5 and SLy5t are quite similar. This means that the
tensor force SLy5t has negligible impact on the fusion

(7]

cross-section for 1504160 collision. The paper " con-

cluded that the maximum impact parameter for fusion
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in 10+'%0 collisions was rather insensitive to the ten-
sor parameter set for the center of mass energy of 34
MeV. This is consistent with our results. Although a
minor effect of tensor force is observed in the fusion
dynamics of 104160 collision, an obvious impact of
tensor force on the upper fusion threshold is observed
to be the order of several MeV for 0460 collision.
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Fig. 2 (color online) Fusion cross section with TDHF

calculations by using Skyrme parametrizations

SLy5 and SLy5t, and the experimental data!®® 2"
for 150+1%0 collisions.

4 Conclusions

We have studied the fusion dynamics of 2604160
collision in the time-dependent Hartree-Fock theory
with the full Skyrme force. The calculations have been
done in three-dimensional Cartesian basis without any
symmetry restrictions. The Coulomb barrier obtained
from the dynamical TDHF calculations and the energy
density functional with frozen density approximation
has been compared with experimental data. We found,
for the spin-saturated system ®0O+'°0, the isoscalar
tensor terms and the rearrangement of other terms de-
crease the barrier height, while the energy of Coulomb
barrier tends to increase with the increase of isovector
coupling constant. We calculated the fusion cross sec-
tions for 104190 collision with and without the ten-
sor force. The tensor force has minor effect on the fu-
sion dynamics of **0+4'%0 at the energies of Coulomb
barrier.
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