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Abstract. The role of tensor force is investigated by using the time-dependent Hartree-Fock (TDHF) theory in
the collision '*0+%Ca. The full tensor force is incorporated in our TDHF implementation. The calculations are
performed in three-dimensional Cartesian coordinate without any symmetry restrictions. We study the effect
of tensor force on Coulomb barrier, upper fusion threshold energy, and energy contribution of the time-odd
and tensor terms in Skyrme energy functional. The Coulomb barrier obtained from the energy functional with
frozen density approximation is compared with the available experimental data. We find that the tensor force
may change the upper fusion threshold energy in the order of a few MeV for the collision *0+*’Ca. The tensor

force has a non-negligible effect in heavy-ion collisions.

1 Introduction

The microscopic description of heavy-ion collisions such
as time-dependent Hartree-Fock (TDHF) theory provides
a useful foundation for a fully microscopic many-body
theory. The dynamical and quantum effects have been au-
tomatically taken into account in TDHF theory. It has wide
applications in fusion [1-10], fission [11-16], transfer re-
action [17-21], deep inelastic collisions [22-28], quasi-
fission [21, 29-33], and giant resonances [34—41]. For a
review, see Refs. [42, 43].

TDHF theory was proposed by Dirac in 1930 [44] and
was first applied in nuclear physics in 1976 [45]. After the
first application, many groups in the late 70s and 80s per-
formed more extensive calculations in nuclear large ampli-
tude collective motion [46]. However, at that time, limited
computer capacity restricted most calculations with many
approximations. For instance, the reaction was assumed
to be in an axial symmetric plane and a simplified Skyrme
force with the omission of spin-orbit coupling was used.
These approximations turned out to be a hindrance for the
theoretical development. For example, TDHF calculations
predicted that for '°0+'°0 reaction at E.,, = 34 MeV the
partial waves L < 6 do not lead to fusion and the corre-
sponding deep inelastic cross section was expected to be
132 mb [47]. According to TDHF prediction, an exper-
iment to search for a fusion L window was carried out.
However, experimentally there is no evidence for the oc-
currence of such phenomenon predicted by TDHF calcu-
lations [47]. This conflict between TDHF prediction and
experimental observations is called the puzzle of small fu-
sion window, and promotes the theoretical development.

A few years later in 1986, Umar et. al included
the time-even terms of spin-orbit force in TDHF calcu-
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lations [48], and found the upper fusion threshold en-
ergy was increased by more than two times. This in-
dicates that earlier TDHF calculations without spin-orbit
coupling underestimated the energy dissipation from the
collective kinetic energy into the internal excitations so
that the energy window of fusion reactions was too small
in comparison with the experiments. After including the
spin-orbit coupling, more intrinsic degrees of freedom is
accessable and the dissipation is enhanced. The inclu-
sion of time-even spin-orbit force in TDHF solved the
puzzle of small fusion window. However, a meaningful
collision theory should satisfy Galilean invariance which
guarantees the calculation results will not depend on the
choice of the frame of reference. This invariance is par-
ticularly important for reaction dynamics so that both the
time-even and time-odd terms of spin-orbit force should
be included simultaneously. In recent years, TDHF cal-
culations with the full spin-orbit force become possible
thanks to the development of computational power. The
strong spin-excitation was shown in spin-saturated system
160410 [22]. The full spin-orbit force was found to con-
tribute about 40%~65% of the total dissipation depending
on the different Skyrme parameters and bombarding ener-
gies [26].

These studies indicate the nucleon-nucleon interaction
plays a significant role in heavy-ion collisions. The most
obviously missing component of nuclear force is tensor
force, which is well known to be crucial to explain the
properties of the deuteron. In nuclear structure, the ten-
sor force plays an important role in the shell evolution of
exotic nuclei [49], spin-orbit splitting [50, 51], deforma-
tion [52], rotation [53], Gamow-Teller and spin-dipole ex-
citations [54]. However, in heavy-ion collisions the full
tensor force has been neglected in most calculations due
to the complexity of collision dynamics. In Ref. [55], the
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time-even spin-current tensor was shown to become im-
portant as the increase of the mass of colliding systems.
The role of time-even tensor force in the dissipation dy-
namics in deep-inelastic collisions has been explored in
Ref. [26]. Recently the full tensor force was shown to
play a non-negligible effect in '°0+'°0 inelastic colli-
sions [9, 28].

The article is organized as follows. Section 2 will
present the TDHF theory with the full version of Skyrme
interaction and energy density functional including the
tensor force. In Sec. 3 we illustrate the role of tensor force
in the asymmetric reaction '°0+4°Ca. A summary is given
in Sec. 4.

2 Theoretical method

Starting from the time-dependent action

S = fz dt(¥(r, t)|H — ihd ¥ (r, 1)), @))

and applying the variational principal 65 =0 with respect
to the many-body wave-function W(r, f), one may obtain
the time evolution of mean-field

ihd,pr = he,. 2)

In the above TDHF equation, the many-body wave-
function has been approximated as the Slater determinant
composed by the single-particle states ¢,

¥(r,1) =

det{g(r, n)}. 3

VNI

The initial wave-functions in dynamical evolution em-
ploy the nuclear ground state obtained from HF equation

hea(r) = €@a(x). “
The time evolution of single-particle states is expressed as
pale 1+ Ar) = Mg (x 1), 8)

with / the single-particle Hamiltonian. Here r denotes the
three-dimensional Cartesian coordinate and the spin of nu-
cleon.

We employ the Skyrme effective interaction in our
TDHEF calculation

v(ry, 1) = fo(1 + x0Py)5(ry — 17)
+ %tl(l + x1PK?5(r — 12) + 6(r; — r2)K?]
+ (1 + P K 6(r; — r)k

S - )

+ iWo(o + 03) - k' x o(r; — 1'2)1(

1 N
+ gt3(1 + X3P )p"(

+ 2B Kz K = (o1 k2ot — 1)
+ 60— )31 K0 ) = (@ - ok
+ ro{S(m K)S(r1 — 1)(02 - K) — (071 - K

5(r1 — m)k}, ©)

where t;, x; (i, j = 0, ..., 3), Wy, a, t,, and ¢, are the Skyrme
parameters. In the above equation, from the sixth to ninth
line represents the tensor force, in which the coupling con-
stants 7, and 7, denote the strength of the triplet-even and
triplet-odd tensor interactions, respectively. The operator
k = 2.(V,—V,) acts on the right , k' = —£.(V/ - V) acts on
the left. The spin exchange operator is P, = %(1 + 0107).

It is natural to express the Skyrme interaction with the
energy density functional (EDF)

E:fd3r7-{(p,7,j,s,T,J;r)- (N

In above equation, the number density p, kinetic density
7, current density j, spin density s, spin-kinetic density T,
and spin-current pseudotensor density J are defined as

,Oq(l') = Pq(l', S| —— qu(ra—s r'o’),
o

3(1) = 540, Flezpr = ) pg(x0 X' 0 Ko |510r),

oo’

Te(r)=V- V/Pq(r, )le=r
. J ’ ’
Jo®) = =5 (V= V)pg(r, r)l=r,

l ’ /
Jq,uv(r) = _E(Vu - VM)Sq,V(ra )le=r,

Tq,u(r) =V. V/sq,u(r» )e=rs

l - ’ ’ /
Fa(® = 5 D (V¥ + ViV e (8)
V=X

Here, g = n(p) stands for neutron (proton).

From these densities, one can define the isoscalar (f =
0) and isovector (¢ = 1) densities and currents as

Po(r) = pu(r) + pp(r),
p1(r) = py(r) = pp(r). 9

With the above definitions, the full version of Skyrme
energy functional is expressed as

H =Hy + Z {Afst2 + (AtAs + BtAs)st -As; + BY(V - 5,)°
(=01

Z
FAT+BD(s o= ). Jyndim)

Hy=x

1/ < 2 1%
+ BIF|:SZ . F; - z(z Jz,#y) - 5 Z Jz,pv-]t,vy]}7
p=x

wy=x

(10)

where H) is the basic Skyrme functional used in Sky3D
code [56] and most TDHF calculations. In our code, we
incorporated the full version of Skyrme energy functional
as shown in Eq. (10), including all the terms from cen-
tral, spin-orbit and tensor forces. These new terms have
been clarified to be especially important in the studies of
nuclear structure. The basic functional Hj used in Sky3D
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code [56] is expressed as

Hy = Z {Afptz + AnAthA,Ot + A{(plTl - .][2)
=0,1

+AtVthV«J[+Atht'V><jt}. (a1

The coupling constants A and B appearing in Egs. (10) and
(11) have been defined in Refs. [51, 57]. Some authors
used the coupling constants C which is the sum of param-
eters A and B, C = A + B. The terms with the coupling
constants A come from the Skyrme central and spin-orbit
forces, while those with the B parameters are from the ten-
sor force. In the calculations, we set CYS = C25 = 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. [28, 51].

In the energy functional Eq. (10), the spin-current
pseudotensor density J is expressed in its Cartesian com-
ponents J,,. In Ref. [58] the spin-current density has
been decomposed into pseudoscalar, (antisymmetric) vec-
tor, and (symmetric) traceless pseudotensor components
as

Z

1 1
T (1) = g5WJ<0>(r) *+3 Z g+ IQ (). (12)
k=x

Here 6,, is the Kronecker symbol and &, is the Levi-
Civita tensor. The pseudoscalar J©, vector J!, and pseu-
dotensor J® components are given in terms of the Carte-
sian form

JOW =" Ty,
H=X
J]EI)(I.) = Z gk/,thyv(r)y

Huv=x

1 1 z
J;(l%/)(r) = E[J,uv(r) + va(r)] - §6HV Z Jia(1). (13)
k=x

The vector spin-current density JV(r) = J(r) is often
called spin-orbit current, as it enters the spin-orbit func-
tional in Eq. (11). The terms of energy functional involv-
ing the spin-current density in Eq. (10) can be instead ex-
pressed as

< 1 g2 1 -
Z Jt,/JVJt,/JV = §Jt(0) + EJZZ + Z ‘]l(,i)v‘]l(,il)v’ (14)

Hy=x HY=X

1< 21 ¢
E(Z Jt,,up) + 5 Z Jt,vat,v,u
H=x

wy=x

2 02 1 1 <
- §J§°> ~ g > ISIG. (15)
HV=X

To test the accuracy of numerical calculations, the energy
functional involving the spin-current density has been im-
plemented by using the above two approaches in our code.

Table 1. Isoscalar and isovector tensor coupling constants
CJ = A} + B} and C/ = A + B/ (in MeV-fm’) for the five sets
of Skyrme parametrizations.

Force (& c/
SLy5 0.0 60.0
SLy5t -20.0 -65.0
T22 0.0 0.0
T26 120.0 120.0
T44 120.0 0.0

In the next section, we will show the energy contributions
with this two approaches are identical, as they should be.

The set of nonlinear TDHF equations has been solved
on a three-dimensional Cartesian coordinate and without
any symmetry restrictions. We calculate the ground state
of 1°0 and *°Ca in a numerical box of 24 x24x24 fm?. For
the dynamical evolution of reaction '°0+*’Ca, we used a
box with 32 x 24 x 32 fm? grid points and grid spacing 1.0
fm. The initial distance between the projectile and target
is taken to be 20 fm. From infinity to initial distance the
nucleus was assumed to move on a pure Rutherford trajec-
tory so that the initial boost are properly treated in TDHF
evolution. We expand the Taylor expansion up to the sixth
order and employ a time step At = 0.2 fm/c in the dynam-
ical evolution. The choice of these parameters guarantees
a good numerical accuracy during the dynamical evolution
for all the cases studied here. The total TDHF energy and
particle number have been well conserved and shifted less
than 0.1 MeV and 0.01, respectively.

3 Results and discussions

We employ the full version of Skyrme energy functional as
shown in Eq. (10) in our calculations. The static properties
and reaction dynamics are treated with the same energy
density functional and a unified theoretical framework. To
examine the accuracy of our code, we compared our re-
sults with those obtained by other code in three aspects.
First, we have reproduced the upper fusion threshold en-
ergy in the collision '°0+'%0 reported in Ref. [28] within
the accuracy of 1 MeV by our code. Second, we calcu-
lated the energy contribution from the new terms as a func-
tion of time, and our results reproduced those reported in
Ref. [28] within a negligible discrepancy. Third, we im-
plemented the energy functional involving the spin-current
density in two approaches as shown in Egs. (14) and (15)
in our code, and found that the results with two approaches
are identical as they should be and also reproduced those
shown in Ref. [28].

In present work, we employ the five sets of Skyrme
parametrizations SLy5 [60, 61], SLy5t [50], and T22,T26
and T44 [51] to study the effect of tensor force in the
collision dynamics of '®0+*’Ca reaction. The isoscalar
and isovector tensor coupling constants Cj = A} + Bj and
C{ = A{ + B{ are shown in Tab. 1 for this five sets parame-
ters with a wide range of coupling constants. Note that the
parameters of Skyrme tensor force have been fitted in two
ways. One is to fit the parameters of tensor force based
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Table 2. Energy (in MeV) and radii (in fm) of the Coulomb
barrier obtained with the frozen density approximation for the
five sets of Skyrme parametrizations and experimental data [59]
in the collisions '°*0+%Ca.

Force V(MeV) R(fm)
SLy5 23.36 9.20
SLy5t 23.36 9.20
T22 23.34 9.21
T26 23.33 9.21
T44 23.21 9.25
Expt. 23.06 9.21

Table 3. Upper fusion threshold energies (in MeV) for the five
sets of Skyrme parametrizations in the collisions '°O+*'Ca.

Force Threshold (MeV)
SLyS5 142
SLyS5t 145
T22 138
T26 143
T44 140

on the existing Skyrme force, e.g., SLy5 plus tensor force
denoted as SLy5t. The other is to fit all the Skyrme param-
eters on the same footing, e.g., the set of T/J parametriza-
tions with a wide range of isoscalar and isovector tensor
couplings. With such fitting procedure, one may draw a
different physical scenario. The effect of pure tensor force
can be clarified by comparing the results with SLy5 and
SLy5t. For the T1J parametrizations, the calculations can
figure out the role of isoscalar and isovector tensor terms
in collision dynamics.

The energy and radii of Coulomb barrier are listed in
Tab. 2 for '*0+%°Ca with the five sets of forces and the
experimental data [59]. Here the Coulomb barrier is ob-
tained by the frozen density (FD) approximation within
the EDF theory [62-64]. The interaction potential in the
approaching phase can be expressed as

VFP(R) = Elpps+1](R) — Elpr] — Elppl.  (16)

pp+1 = pp+prt is the sum of ground state density of projec-
tile and target at the relative distance R, and E[pp,T](R) is
the Skyrme EDF as shown in Eq (10). Note that the Pauli
principle and the coupling between the collective motion
and intrinsic states have been neglected in FD approxima-
tion. When the overlap of two densities is small, e.g., at
the position of Coulomb barrier, EDF with FD approxima-
tion is a good tool to estimate the Coulomb barrier. How-
ever, at the smaller relative distance, since the Pauli effect
is strong, FD approximation will not properly account for
the interaction potential [65].

The energy and radii of Coulomb barrier with SLy5t
are observed to be exactly same as those with SLy5 for
160+40Ca, as expected, because the tensor force has no
contribution to the ground state EDF for the spin-saturated
nuclei '0 and *°Ca. There exist some differences among
the T22,T26 and T44 parameter sets. These differences,
for the spin-saturated system, come from the rearrange-

0.2 T
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Figure 1. Energy contributions from the terms involving time-
odd densities and currents for head-on collisions '°O+*Ca with
SLy5 and SLy5t parametrizations at E.,, = 170 MeV.

ment of other terms of Skyrme EDF in the fit of the
parametrizations. Note that the structure of '°0 and *’Ca,
for instance, matter and charge radii, has small difference
for T22,T26 and T44 parameters, which may cause a slight
change of the barrier height. The Coulomb barrier with
FD-EDF overestimates the experimental data due to its
omission of the coupling between the collective motion
and single particle degrees of freedom [66].

The upper fusion threshold is quite sensitive to the de-
tails of Skyrme EDF as reported in Ref. [3]. The inclusion
of pure tensor force SLy5t increased the upper threshold
by 3 MeV. The SLy5 and T22 have the same isoscalar cou-
pling constants, and the upper fusion threshold is found to
reduce as the decrease of isovector coupling. The same
trend is also observed for T26 and T44. By comparing T22
and T44 with the same isovector coupling, the increase
of isoscalar coupling increases the upper fusion threshold.
Our results in '°0+4°Ca are consistent with the findings in
Ref. [28] for 1°0+'°0.

The energy contributions from the terms involving
time-odd densities and currents (a) s - F, (b) s - T, (c)
s% with parameter, and (d) 5% with 13 parameter are ex-
amined for '®0+%°Ca head-on collisions with SLy5 and
SLy5t parametrizations at E.,, = 170 MeV. The results
are shown in Fig. 1. This is deep-inelastic collisions as
seen from Tab. 3. These terms were not included in Sky3D
code [56]. At the initial time, the energy contribution
from these terms both for SLy5 and SLy5t are zero, as ex-
pected, because these time-odd terms contribute zero for
the ground state of even-even nuclei. Since the term s - F
comes from the pure tensor force, its energy with SLy5 re-
mains zero during the time evolution. For SLy5t because
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Figure 2. The energy contribution from the time-even terms in head-on collisions '°O+*'Ca at E.,, = 170 MeV.

the inclusion of tensor force changes the time-dependent
mean-field and hence the densities s and F itself, the en-
ergy contribution keeps to be zero in the early stage and
then starts to oscillate. Since s - T term comes from both
the central and tensor forces, its energy with SLy5 evolves
with time, while for SLy5t the more pronounced effect ap-
pears compared with SLy5. The s> terms from the central
force are found to have similar trends.

In order to test the numerical realization of our code
and understand the contribution of tensor force in energy
functional, we calculate the energy contribution from the
J? terms both in its coupled form and Cartesian form as
given in Egs. (14) and (15). The left column in Fig. 2(a-d)
shows the energy contribution of scalar, vector, and tensor
components of J 2 and the summation of these three terms,
while the right column in Fig. 2(e-h) is the contribution
from the diagonal, symetric and anti-symetric components
and also the corresponding summation. The total contribu-
tion calculated with two approaches are exactly identical
shown in Fig. 2(d) and (h), as they should be.

We also check the final kinetic energy of the fragments
for the case of E.,, =170 MeV, which is 28.1 MeV and
26.3 MeV for SLy5 and SLy5t, respectively. This energy
provides the amount of energy transferred from relative
motion to internal degrees of freedom, and could be a di-
rect measure of the energy dissipation.

The contribution to the total energy from J? term is
shown in Fig. 3 for the five sets of Skyrme parameters
in the collisions '°0+*°Ca at E,,, = 46.5 MeV and
b = 5.0 fm. In the early stage of dynamical evolution, the
energy from J? keeps constant as that in the ground state.
As time evolves, these terms are highly excited in the dy-
namic process and present an evident effect in heavy-ion
collisions of spin-saturated system '°0+%°Ca , while they
have negligible effect in the ground state of spin-saturated
nucleus. The perturbative addition of tensor terms with
SLy5t has an opposite sign with respect to the other four

forces. The T1J forces contribute to the energy up to a few
MeV.

—ISLyS
= = SLy5t . -
Skl 2 AR ',’ \ b
—-—T26 HER! Y eSS
4 ----T44 \ ! ' aooemt
1/ \ S \® )
N L Y
3k ; ¥ .~
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1k . 1

1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

t (fimjc)

Figure 3. The energy contribution from the J? terms in the col-
lisions '°O+*Ca at E,,, = 46.5 MeV and b = 5.0 fm.

4 Conclusion

We study the role of tensor force within the TDHF the-
ory for the collision '°0+%°Ca. The full tensor force is
incorporated in our TDHF implementation. The calcula-
tions are carried out in three-dimensional and symmetry
unrestricted Cartesian coordinate. We employ the five sets
of Skyrme parametrizations SLy5, SLy5t, T22, T26 and
T44 with a wide range of isoscalar and isovector tensor
coupling to study the role of tensor force in heavy-ion col-
lision dynamics. The tensor force is found to change the
upper fusion threshold energy in the order of a few MeV
in the spin-saturated system '°0+*’Ca. The time-odd and
tensor terms in Skyrme energy functional show an evident
effect in the dynamical evolution. The tensor force plays a
non-negligible effect in heavy-ion collisions.
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