Chinese Physics C (HEP & NP)

Vol. 32, No. 3, Mar., 2008

Isospin effects of the Skyrme potential and the

momentum dependent interaction at

L] L] L] L] L] *
intermediate energy heavy ion collisions

GUO Wen-Jun(58 3 %)*

LIU Jian-Ye(X|#\l)23

1 (College of Science,University of Shanghai for Science and Technology, Shanghai 200093, China)
2 (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)
3 (Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator, Lanzhou 730000, China)

Abstract We improve the isospin dependent quantum molecular dynamical model by including isospin effects

in the Skyrme potential and the momentum dependent interaction to obtain an isospin dependent Skyrme

potential and an isospin dependent momentum interaction.

We investigate the isospin effects of Skyrme

potential and momentum dependent interaction on the isospin fractionation ratio and the dynamical mechanism

in intermediate energy heavy ion collisions. It is found that the isospin dependent Skyrme potential and the

isospin dependent momentum interaction produce some important isospin effects in the isospin fractionation

ratio.
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1 Introduction

In order to obtain information on the in-medium
nucleon-nucleon cross section and isospin dependent
mean field in heavy ion collisions, several interesting
isospin effects in heavy ion collisions have been ex-
plored over the last few years™™ 2* both, experimen-
tally and theoretically. The effects of the momen-
tum dependent interaction (MDI) and the Skyrme
potential in heavy ion collisions have been studied
for many years. However, the isospin dependence of
the momentum interaction and Skyrme potential has
not been studied in heavy ion collisions. Recently
Das Gupta, Gale and Li investigated the isospin de-
pendence of the momentum interaction and Skyrme
potential in asymmetric nuclear matter and gave
a formula with isospin dependence of the momen-
tum interaction and Skyrme potential for Boltzmann-
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Uehling-Uhlenbeck (BUU) calculations and for heavy
ion collisions induced by neutron-rich nucleil?®?",
However the isospin dependence of the momentum in-
teraction and Skyrme potential have not been taken
into account in isospin dependent quantum molecular
dynamical model (IQMD) . We improve the IQMD
by including an isospin effect in the MDI and the
Skyrme potential to obtain an isospin dependence
of the momentum interaction and Skyrme potential
for practical calculations. In this work we investi-
gate the isospin effects of the MDI and Skyrme po-
tential on the isospin fractionation ratio and its dy-
namical mechanism in intermediate energy heavy ion
collisions. It is found that isospin dependence of the
momentum interaction and Skyrme potential produce
some important isospin effects in the isospin fraction-
ation ratio.
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2 IQMD with isospin dependent mo-
mentum interaction and isospin de-
pendent Skyrme potential

2.1 IQMD without isospin dependence in the
momentum dependent interaction and
Skyrme potential

The quantum molecular dynamics (QMD)?Z*2°)
contains two dynamical ingredients: the density de-
pendent mean field and the in-medium nucleon-
nucleon cross section. In order to describe the
isospin effects appropriately, the QMD should be
modified properly. The density dependent mean field
should contain correct isospin terms. This includes
the isospin dependence momentum interaction, the
isospin dependence Skyrme potential, the symmetry
potential and the Coulomb potential. The in-medium
nucleon-nucleon cross section should be different for
neutron-neutron (proton-proton) and neutron-proton
collisions, in which Pauli blocking should be taken
into account treating neutrons and protons as dis-
tinct particles. In addition, the starting condition of
the ground state of two colliding nuclei should also
contain isospin information. The initial density dis-
tributions of the colliding nuclei are obtained from
Skyrme-Hartree-Fock (SHF) calculations, and the ini-
tialization code of IQMD is used to determine the
ground state properties of the colliding nuclei. In
this way one achieves consistency of binding energies
and the root mean square radii (rms) with the exper-
imental data. In these calculations the interaction
potential in IQMD is

U(p) — USky+UCou1+Usy1n+VYuk+VMDI+VPauli ’ (1)

where VY and VP2l are the Yukawa and Pauli in-
teractions, U°" is the Coulomb potential and U<
is the Skyrme potential

en()fz)

with a=—-390 MeV, =320 MeV, y=1.14. In this
work U™ has been used in the form!"?,
U™ = cudr, , (3)

with
for neutron

1
T, =
-1

Here ¢ is the strength of the symmetry poten-
tial (c=32 MeV has been used). u=p/p, and o=
(o0 —pp)/ (Pu+ Pp)=(pn — pp)/ p is the relative neutron
excess. p, po, Pn and p, are the total, normal, neu-
tron and proton densities, respectively. UMP! is the

for proton

. . . . . 29
isospin independent momentum interaction

UMPT = ¢, 10[t5 (py —p2)2 +1] 2 . (4)
Po
Here t,=1.57 MeV and t;=0.0005 MeV~2. An empir-
ical density dependent expression of the in-medium
nucleon-nucleon cross section® has been used.

o = (1402 Yol )

Po

In the above equation the parameter a=—0.2 has
been found to reproduce the current available data.
Here ofsf is the experimental nucleon-nucleon cross
section. We use Eq. (5) to obtain the medium effects
in nucleon-nucleon collisions. The main physics and
its numerical realization in the IQMD model can be
found in Refs. [1, 2, 28, 29, 31, 32].

2.2 IQMD with isospin dependent momen-
tum interaction and isospin dependent
Skyrme potential

The isospin independent MDI, Eq. (4) is extracted
from an optical potential®. In order to include
isospin effects in MDI, we insert an isospin degree
of freedom into the MDI to obtain an isospin depen-
dent momentum interaction. The latter should in-
clude the interactions between the same kinds of nu-
cleons 7-7 (neutron-neutron, proton-proton) and that
between different kinds of nucleons 7-7 (neutron-
proton, proton-neutron), in which each nucleon in-
teracts with all other nucleons. In this way we can
write an isospin dependent momentum interaction as
follows:

UMP (p, 1) = t4In*[ts(p. —p))° + 1]&% +
0

ta o[t (p. —p))? 4110 B (6)
Po
7 and 7’ indicate neutron and proton, 7 #7’. p’ and
p are the different nucleon momenta, C,,, = C,, =C,,
and C,, =Cp,=C,pr.
The isospin independent Skyrme potential as
shown in Eq. (2) can be modified in the following
way

N
UISKY — o (&) to <p_f) e (ﬁ) )
Po Po Po

In the above equation «,, (a,,/) are the coef-
ficients for the nucleon-nucleon interaction between
nucleons of the same (different) kind (7 # 7’). The
new one-body potential (U, ) is now given by

UT — U"I-SKY + U"I-MDI + ijm . (8)

The parameters of U, in Eq. (8) (including
the isospin dependent momentum interaction and
Skyrme potential) are determined by a compari-
son with the one-body Gogny potential (Ugegny) in



174 Chinese Physics C (HEP & NP)

Vol. 32

Ref. [26]. The Ugogny can be obtained from the Gogny
effective interaction used in nuclear many-body the-
ory. The adjustable parameters in U, are t4, t5, C.,,
Crrry Qpry arpry 0 and . The determination of these
parameters is subject to the following constraints.
The results of the original IQMD model should be
recovered if the difference between neutron and pro-
ton is neglected in Eq. (8). On the other hand, under
all circumstances, should U, the nuclear symmetry
energy and the curvature of the symmetry energy at
normal density be in accord with Ugegny, for all en-
ergies and densities. From these conditions the fol-
lowing values of the parameters of U, have been ob-
tained: ¢,=1.57 MeV, t;=0.00056 MeV 2, C,,=0.5,
C,=1178, a,.,=—388 MeV, «a,,,=—382 MeV, 3 =
313 MeV, y=1.15. Fig. 1 shows U, (thick lines) and

UGogny (thin lines) as a function of momentum at den-

sities p/po = 0.5, 1.0 and 1.5 for neutrons (solid line)
and protons (dashed line). From Fig. 1 we can see
that the two solid lines and the two dashed lines are
close to each other. It means that the potentials U,
for neutrons and protons are in accord with those
from Ugogny,except in case of the neutron potential
at p/po=1.5. The isospin fractionation process occurs
mainly in the lower density (region below p/po=1.0)
which we represent quite good. The starting code of
IQMD with isospin dependent momentum interaction
and isospin dependent Skyrme potential is also used
to determine the ground state properties of the col-
liding nuclei. During this starting calculations, all
parameters of the interactions with isospin depen-
dent momentum interaction and isospin dependent
Skyrme potential are defined as the input data for
dynamical calculations.

20
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Fig. 1.

The correspondence between the one-body potential U, and the one-body Gogny potential as a function

of momentum p at densities p/po = 0.5, 1.0 and 1.5 for neutrons (solid line) and protons (dashed line).

3 Results and discussions

It is well known that the calculated isospin frac-
tionation ratio ((N/Z)gas/(N/Z)1q) in neutron rich
systems® % depends sensitively on the symmetry
potential and only weakly on the isospin dependent
in medium nucleon-nucleon cross section. (N/Z)gas
is the neutron to proton ratio for nucleon emis-
sions and (N/Z)y, is the ratio of neutrons to pro-
tons in the emitted fragments. Here all fragments
with mass number A > 2 are included. Because
the isospin fractionation ratio depends simultane-

ously both, on the mass and the neutron-proton ratio
of the colliding system, we investigate the dependence
of (N/Z)gas/(N/Z)1iq on the neutron-proton ratio of
a system with fixed mass number. We have chosen
the four colliding systems °*Kr +°! Kr, %Zr 4% Zr,
%Mo +*Mo and **Ru+% Ru, all with the same mass
number (A = A, + A, = 188). The corresponding
neutron-proton ratios are 1.61, 1.35, 1.24 and 1.14,
respectively. This allows one to ignore the effect of
the mass of the system.

The left window of Fig.2 shows (N/Z)sus /(N/Z )i
at freeze-out time as a function of the neutron-proton
ratio of the colliding system at a beam energy of
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50 MeV /nucleon and an impact parameter of 2.0 fm.
In both of the cases shown, the isospin dependent
momentum interaction was used. The upper curve
corresponds to a calculation with the usual Skyrme
interaction (US%), whereas in the lower curve the
isospin dependent Skyrme potential (US¥Y) has been
used. Because the isospin fractionation ratio reaches
its saturation value after about 150 fm/c, the freeze-
out time is 300 fm/c. Clearly the use of USXY leads
to a significant reduction of (N/Z)gas/(N/Z )14 for all
colliding systems. We know that the variation of the
chemical potential with the nuclear density is differ-
ent for neutrons and protons. The isospin fraction-
ation depends mainly on the decrease of the chem-
ical potential with density. The isospin dependent

Skyrme potential enters into the chemical potential.
Being different for neutrons and protons, it leads to
a decrease in the chemical potential which is different
for neutrons and protons. The right window in Fig. 2
shows the difference between the neutron and proton
potentials (U, —U,)/2 when USXY or USY as a func-
tion of nuclear density p/po is included for momenta
k=1 fm~! and 2 fm~*. It can be seen that the solid
line for (U, —U,)/2 (with isospin independent US*)
is higher and steeper than that with the isospin de-
pendent USXY_ The latter leads for all colliding sys-
tems to a reduction of (N/Z)zus/(N/Z)1q. Therefore
we can say that the isopin dependent Skyrme poten-
tial brings an important isospin effect into the isospin
fractionation ratio.
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Fig. 2.

p/po

(N/Z)gas/(N/Z)1iq as a function of the neutron-proton ratio of the system (left window) and (Un—U,)/2

as a function of density p/po for USKY or USYY (right window).
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Fig. 3.

(N/Z)gas/(N/Z)1iq as a function of the neutron-proton ratio of the system (left window) and (Un—U,)/2

including U™PT or UMPT as a function of density p/po (right window).



176 Chinese Physics C (HEP & NP)

Vol. 32

The left side of Fig. 3 shows (N/Z)gas/(N/Z)iq
as a function of the neutron-proton ratio for systems
satisfying the same conditions as in Fig. 2. Here the
beam energy is 80 MeV /nucleon. It is evident that
isospin dependent momentum interaction induces a
significant reduction in (N/Z)gas/(N/Z )14 for all col-
liding systems. The reason is the same as before,
namely that the isospin dependent momentum in-
teraction U™P! (part of the chemical potential), is
different for neutrons and protons. From the right
window in Fig. 3 we can see that (U, —U,)/2 calcu-
lated with the isospin independent U™P! is higher and
steeper than that calculated with isospin dependent
interaction U™PT. From this we can conclude that
the isospin dependent momentum interaction brings
an important isospin effect into the isospin fraction-
ation ratio.
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