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An isospin-dependent quantum molecular dynamical model (IQMD) is developed, with the isospin degree of

freedom in the momentum-dependent interaction(MDI) included in IQMD, to obtain an isospin- and momentum-

dependent interaction (IMDI) in IQMD. We investigate the effect of IMDI on the isospin fractionation ratio and its

dynamical mechanism in the intermediate energy heavy ion collisions. It is found that the IMDI induces the significant

reductions in the isospin fractionation ratio for all of beam energies, impact parameters, neutron—proton ratios and

mass number of colliding systems. However, the strong dependence of isospin fractionation ratio on the symmetrical

potential is preserved, with the isospin degree of freedom included in the MDI, i.e. the isospin fractionation ratio is still

a good probe for extracting the information about the equation of state of isospin asymmetrical nuclear matter.

Keywords: heavy ion collision, isospin fractionation ratio, isospin and momentum dependent

interaction, isospin effect
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1. Introduction

The study of the isospin effect in intermediate en-
ergy heavy ion collisions can obtain the information of
the in-medium nucleon—nucleon (N-N) cross section
and isospin-dependent mean field. Therefore, several
interesting isospin effects in heavy ion collisions have
been explored both experimentally and theoretically
over the last few years.[!=3! Li and Di Toro et al stud-
ied the isospin fractionation in the intermediate energy
heavy ion collisions in recent years.[!415:19:30] We in-
vestigated also the isospin effects of isospin-dependent
mean field and in-medium N-N collisions on the ob-
servable in the intermediate energy heavy ion colli-
sions separately.2029:31] The effects of momentum-
dependent interaction on the observable in the heavy
ion collisions have been studied for many years. How-
ever, the isospin dependence of MDI and its ef-
fect on the collision dynamics have not been stud-

ied yet. Recently Das Gupta et al investigated the

isospin dependence of momentum-dependent poten-
tial in the asymmetric nuclear matter and gave a for-
mula of symmetrical potential with momentum inter-
action for Boltzmann—Uehling—Uhlenbeck (BUU) cal-
culations and heavy ion collisions induced by neutron-
rich nuclei.[?2:33] However, the isospin dependence of
MDI in the IQMD has not been taken into account.
This work aims to develop the IQMD, with an isospin
degree of freedom in the MDI included in IQMD, to
obtain an IMDI for the practical calculation in IQMD.
A short report of this study can be found in Ref.[34].
In this paper we use IQMD with IMDI to investigate
systematically the effects of IMDI on the isospin frac-
tionation ratio and its dynamical mechanism in the
intermediate energy heavy ion collisions for different
beam energies, different impact parameters, different
neutron—proton ratios and mass numbers of colliding
systems. It is found that IMDI brings an important
isospin effect to the isospin fractionation ratio for all
of entrance channel conditions studied.
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2. IQMD model with IMDI

2.1.IQMD model with MDI

It is known that quantum molecular dynam-
ics (QMD)[%36] contains two dynamical ingredients:
density-dependent mean field and in-medium N—N col-
lision cross section. In order to describe isospin ef-
fects appropriately, QMD should be modified prop-
erly, for example, the density-dependent mean field
should contain correct isospin terms. This includes
the symmetrical potential and the Coulomb potential.
The in-medium N-N cross section should be different
from the cross sections of neutron—neutron (proton—
proton) and neutron—proton collisions, in which Pauli
blocking should be counted by distinguishing between
neutrons and protons. In addition, the initial con-
dition of the ground state of two colliding nuclei
should also contain isospin information, such as the
initial density distributions of the colliding nuclei in
IQMD model, which are obtained from the calcula-
tions of the Skyrme-Hartree—Fock with the parameter
set SKM*,7) and the starting code of IQMD, which
is used to determine the ground state properties of
the colliding nuclei, for example, the binding energies
and root mean square (RMS) radii, which are consis-
tent with the experimental data. By calculating the
above quantities the interaction potential in IQMD is

determined as follows:

U(p) —_ USky + UCoul 4 sym 4 VYuk 4 VMDI + VPauli,
(1)

where USXY is Skyrme potential

USky — o(Ly 1+ gLy 9
SRR w) (2)
VYuk VPauli

and are Yukawa and Pauli interactions,

which are given as follows:

|11 — 72| [r1 — 7o
VYU — g exp e SN € )
’ h (ri —m)* (pi —py)?
VPauh =V 3 _ e J — v J 0. oy
p(poqo) exp( 2q8 2p(2) ) PiPj
(4)
with
1 for neutron—neutron or proton—proton,
Pip; —

0 for neutron—proton.

U is the Coulomb potential. USY™ is the symmet-

rical potential. In this paper, two different forms of
U™ have been used:!+2

U™ = cFy (u)oTs, (5)

U™ — cFy(u)[o7, — 352] (6)

with
1, for neutron,
T, =
—1, for proton,
where c is the strength of symmetrical potential with
a value of 32MeV. Fy(u) = 1/2
and u= p/pp. ¢ is the relative neutron excess § =

(Pn = pp)/(n+pp) = (pn—pp)/p- Py po, pn and
pp are the total, normal, neutron and proton densi-

u and Fh(u) = u

ties, respectively. The curvatures Kgym of U;¥™ and
Us¥™ are -27 MeV and -69 MeV respectively. VMPT is

momentum-dependent interaction3®
VMDI =1y 1112 [t5 (p1 — p2)2 + 1]pﬁ (7)
0

An empirical density-dependent expression of the in-
medium N-N cross section!

o' = (1 + )R (®)

is used. In the above equation the parameter a=-0.2
is found to reproduce the data of flow. Here olise
is the experimental nucleon—nucleon (N-N) collision
cross section.[3?] We make use of Eq.(8) to obtain the
medium effect in the N—N collisions. The main physics
and the relevant numerical calculation in the IQMD
model can be found in Refs.[1,2,35-37,40].

2.2. IMDI

The momentum-dependent interaction without
isospin dependence in IQMD is shown by Eq.(7) that
is extracted from optical potential.?8) In order to in-
clude the isospin effects of MDI on the observable we
insert an isospin degree of freedom into the MDI to
obtain an IMDI. It should be different from that for
neutrons or protons. In this case, IQMD includes an
IMDI for the neutrons

Pn

anIMDI(p7 kn;p) =14 1n2[t5(pn - p;i)2 + 1]Cnn_ +ta 1n2 [t5(pn - pp)2 + 1]Cnpp_p7 (9)

Po 0
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and that for the protons

1" p pn
V;MDI(/’v kp,m) =t 1n2[t5(pp — DPp )2 + 1]Cppp_§ + 14 1n2[t5(pp - Pn)2 + 1]Cpn—. (10)

Here, p on the left-hand side and p;; on the right-
hand side of bracket in Eq.(9) represent proton-symbol
and the momenta of other neutrons respectively. Sim-
ilarly n on the left-hand side and pp” on the right-
hand side bracket in Eq.(10)represent the neutron-
symbol and the momenta of other protons respec-
tively. In the above equation, p=p, + p, , pn = Rk,
and p, = hky,. The first term and second term on
the right-hand sides of Eq.(9) and Eq.(10) refer to the
interactions between like nucleons and unlike nucle-

VIMPL(p, fr 7') = ta In®[ts(pr — P )? +

where p = pr + p_+ and p, = hk,. Similarly, T
on the left-hand side and p.r” on the right-hand side
of the bracket of Eq.(11) represent nucleon 7 -symbol
and the momenta of the other nucleons 7 respec-
tively. In this paper, we define VMP! = yMDI(, k) =
MDI and VMPL = yIMDI(, k') = IMDI. Here
Cin = Cpp = Cr7 and Cyp = Cpy = C_ /. In the

UPPY = 2 ntats(pr = p,)* + 1Cor T2+ St bl i (pr = pyr)* +1]C,
0

The summations on the right-hand side of Eq.(13) are
C,r and

C.. are determined by the correspondence between

the above one-body potential U, (p, k, ) (thick lines)
[26]

taken only for the momentum of nucleon.

and the one-body Gogny potential (thin lines)*® as
a function of momentum k for neutron (solid line)
and proton (dashed line) in a cold matter as shown in
Fig.1 respectively. The one-body Gogny potential is
taken from the calculation of effective Gogny interac-
tion based on the many-body theory. From the above
correspondence the values of parameters C,, = 0.5
and C__» = 1.5 are obtained. These values reveal that
the neutron—proton correlation is stronger than that

of neutron—neutron or proton—proton.

0

ons, respectively. For example the IMDI of neutron,
i.e. VIMPI(p [k p) should include the interactions be-
tween a neutron with p, and the other neutrons with
pg and between a neutron with p, and all of protons
with pp. Similarly, VSMDI(p, kp,n) should include the
interactions between a proton with p, and the other
protons with p; and between a proton with p, and all
of neutrons with p,,. Finally, we can obtain an isospin-

and momentum-dependent interaction

pr

1Ot 4 talt5(pr — prr)* +1]C, 0 L2 (11)
0

Po

|

above, T # 7. The one-body potential is given by
U, = U, (p,k,6) = USWY 4 gIMPL L ysym - (12)

where USKY = USKY(p) is shown by Eq.(2) and U™ =

U™ (p,6,7) is given by Egs.(5) or (6), and then we
have

Pr
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Fig.1. The correspondence between one-body potential
U-(p, k,8) and one-body Gogny potential as a function of

U, /MeV

momentum k in cold matter.

From Fig.1 it is clear that the neutron poten-
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tial is repulsive and the proton potential is attractive,
compared with the potential with isospin-independent
MDI.

The starting code of IQMD with IMDI is also used
to determine the ground state properties of the collid-

ing nuclei, such as the binding energies and the RMS
radii, which are consistent with the experimental data.
During the above starting calculation the parameters
of the interaction potentials with MDI and IMDI in
IQMD are given in Table 1.

Table 1.The parameters of the interaction potentials with IMDI and MDI in IQMD.

Crr C_”_/ [ Jé] o7 t3 m ta ts o Po qo
/MeV  /MeV /MeV  /fm  /MeV  /(c?/MeV?) /MeV  /(MeV/ec) /fm
MDI 1.0 1.0 -390 320 114 7.5 0.8  1.57 10-3 30 400 5.64
IMDI 0.5 1.5 -397 320 114 75 0.8  1.57 1073 30 400 5.64

3. Results and discussions

It is known that (N/Z)nuc/(N/Z)pag for a
neutron-rich system depends sensitively on the sym-
metrical potential and weakly on the N-N cross
section.[?325] Therefore, (N/Z)nuc1/(N/Z)trag is cal-

culated for different symmetrical potentials U™

and
Us"™ with the same N-N cross sections ¢'*°. Here an
isospin-dependent N—-N cross section in the medium
is determined by ¢*°. ¢'*° indicates Onp = Opn =
opp- And onp, onn and opp are the neutron—proton,
neutron—neutron and proton—proton cross sections in

the medium shown by Eq.(8) respectively.

3.1. The dependences of (N/Z)nue1/(N/Z)trag

on the neutron—proton ratio of col-
liding system for MDI and IMDI

The isospin fractionation ratio (N/Z)nuct/(N/Z ) trag
in this paper is measured by the ratio between
the neutron—proton ratio of the nucleon emis-
sions (N/Z)nua and that of the fragment emissions
(N/Z)trag-
ments with the charge number z > 2, because the
isospin fractionation ratio (N/Z)nuci/(N/Z)tag de-
pends on both the mass and the neutron—proton ratio

Here the fragments include all of frag-

of colliding system. In this case, if we investigate the
dependence of (N/Z)nuc1/(N/Z)fag on the neutron—
proton ratio of system, the mass number of system
should be fixed. In this way, we can maximize the
dependence of (N/Z)nuc1/(N/Z)fag on the neutron—

proton ratio of system and minimize the effect of the
system mass number on it. Similarly, if we investigate
the dependence of (N/Z)nuc1/(N/Z)srag on the mass
number of system, the neutron—proton ratio of system
should be fixed.

Figure 2 shows the (N/Z)nucl/(N/Z)frag at freeze-
out time as a function of the neutron—proton ratio
of colliding system with MDI and IMDI for the re-
actions ?*Kr +°* Kr, Zr +°* Zr, **Mo +°* Mo and
9Ru +% Ru at a beam energy of 50 MeV /nucleon
and an impact parameter of 2.0 fm. The mass
numbers of the four colliding systems are the same,
A=A, + A;=188. The freeze-out time is 300 fm/c be-
cause the (N/Z)nuc1/(N/Z)ag arrives at a saturation
value in more than about 150 fm/c. The neutron—
proton ratios of the four systems are listed in Table
2.

- [JTyxu +0_iso + LTII\IDI
1.6 o . p
6 I Ui,‘ym+0']m 4 yMpl s
15F — — UP™ 4 giso 4 [yMDI .
t:f‘ 1.4L - U;'ym + oS 4 [TMDL .
—~ | E = 50MeV /nncleon, b = 2.0fm .~
N o3 -
Z L
< 12
< L
B o1t
§ 1.0 »
= Loy
0.9 r
C ) 1 1 ) 1 I 1 1 |

1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65
(N/Z)system
Fig.2. The (N/Z)nuc1/(N/Z)trag as a function of the
neutron—proton ratio of system for four reactions with the
same mass number A=A; + A2=188.

Table 2.the neutron—proton ratios of four colliding systems.

system  9*Kr 494 Kr

947y 494 7

%Mo 49 Mo %Ru+% Ru

N/Z 1.61 1.35

1.24 1.14
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Clearly the IMDI causes (N/Z)nucl/(N/Z)trag to
significantly reduce from two dashed lines with MDI
to two corresponding solid lines with IMDI for all of
colliding systems here. From Fig.2 it is also clear
that the gap between two solid lines with IMDI for
different symmetrical potentials U}¥™ and U™ is
approximately the same in magnitude as that be-
tween two dashed lines with MDI for the same sym-
metrical potentials. This means that the strong de-
pendence of (N/Z)nuel/(N/Z)fag on the symmetri-
cal potential is preserved, with the isospin degree
of freedom of MDI included. We also find that
the isospin fractionation ratio, (N/Z)nuc1/(N/Z)trag
increases obviously with the enhancement of the
neutron—proton ratio of system for IMD and IMDI.
Because the symmetrical potential for the neutron-
rich system is stronger than that of neutron-deficient
system due to a larger relative neutron excess 9§
=(pn = pp)/(pn + pp)=(pn — pp)/p for the neutron-
rich system ( see Eq.(5) and Eq.(6)). In this
case, the neutron-rich system causes more neu-
trons to be emitted because the symmetrical po-
tential is the repulsive for neutrons and attractive
for protons than the neutron-deficient colliding sys-
tem that leads to the reduction in (N/Z)puc1. How-
ever, the neutron—proton ratio of fragment emissions,
ie. (N/Z)trag, decreases with the increase of the
neutron—proton ratio of system due to the charge
number conservation of colliding system. Finally the
ratio between them, (N/Z)nuct/(N/Z)trag, increases
with the increase of neutron—proton ratio of sys-
tem for MDI and IMDI. From Fig.2 it is also seen
that the (N/Z)nuci/(N/Z)trag is larger than 1.0 for
the neutron-rich system “‘Kr +%* Kr for MDI and
IMDI. This means the neutron-rich gas phase and
the neutron-deficient liquid phase compared with the
neutron-proton ratio of the colliding system. How-
ever, for the neutron-deficient colliding systems, such
as, Mo 4% Mo and %*Ru +°* Ru, the values of
(N/Z)nue1/(N/Z)trag reduce gradually to less than 1.0
with the decrease of the neutron—proton ratio of the
colliding system for IMD and IMDI. It reveals the
neutron-deficient gas phase and neutron-rich liquid
phase because the excited primary neutron-deficient
fragment decays to the stable neutron-rich one to-
wards the (§ stable line. In this case, (N/Z)frag
increases in the isospin fractionation process com-
pared with the neutron—proton ratio of the neutron-
deficient colliding system, where (N/Z)nuc has to be
the neutron-deficient one due to the charge number

conservation of colliding system. Finally the ratio be-
tween them, (N/Z)nuci/(IN/Z)trag reduces gradually
to less than 1.0 with the decrease of neutron—proton
ratio of the system.

3.2. The dependences of (N/Z )/ (N/Z)trag
on the mass number of the system
for MDI and IMDI

Figure 3 shows the (N/Z)nuc/(N/Z)rag for MDI
and IMDI as a function of mass number of system
at a beam energy of 50 MeV/nucleon and an im-
pact parameter of 2.0 fm. There are three neutron-
rich colliding systems: **Ar +** Ar89Kr +89 Kr and
124G 4124 Sn.

ratios are 1.44, 1.47 and 1.48 respectively, i.e. the

The corresponding neutron—proton

neutron—proton ratios for three systems are approxi-
mately same. In this case, the effect of mass number of
colliding system on (N/Z)nuci/(N/Z)trag can be maxi-
mized by minimizing the effect of the system neutron—
proton ratio on it. The different symmetrical poten-
tials U™ and U;¥™ with the same N-N cross sections
o's° for MDI and IMDI are calculated. The symbols
and the meanings of the four lines in Fig.3 are the
same as those in Fig.2. It is clear that the IMDI causes
the (N/Z)nuet /(N/Z)trag to significantly reduce from
two dashed lines with MDI to two corresponding solid
lines with IMDI for all of colliding systems. However,
the strong dependence of (N/Z)nuel / (N/Z)frag on
the symmetrical potential for all neutron-rich systems
is preserved, with the isospin effect of MDI included,
because the gap between two solid lines with IMDI for
different symmetrical potentials U*™ and U3*™ is ap-
proximately the same as that between two dashed lines
with MDI for the same symmetrical potentials. From
Fig.3 we can see that (N/Z)nuc1/(IN/Z)trag decreases
with the increase of the mass number of colliding sys-
tem because the system density decreases with in-
crease of the mass number of colliding system as shown
in Fig.4, in which the system density for **Ar +%* Ar
(solid line) is higher than that for 8°Kr+8 Kr (dashed
line) or 124Sn+'24Sn (dot-dashed line) that is the least
one. In this way, from Eqgs.(5) and (6) we can see that
the symmetrical potential decreases with the decrease
of system density. Because the increase in mass num-
ber of system leads to the reduction in symmetrical
potential, and the isospin fractionation ratio is pro-
duced mainly from symmetrical potential, so that the
increase in mass number of system gives rise to a re-

duction in isospin fractionation ratio.
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Fig.3. The variations of (N/Z)nuc1/(N/Z)frag at freeze-
out time with system mass number at a beam energy of
50 MeV /nucleon and an impact parameter b of 2.0 fm for
MDI and IMDI.

29

64Fe + Feb
_____ SSKr + KrSQ
_______ 1249 | gl
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time/(fm/c)
Fig.4. The variations of system density p/po with colli-

sion time at a beam energy of 50 MeV /nucleon and an
impact parameter of 2.0 fm for three colliding systems.

3.3. The dependences of isospin fraction-
ation ratio (N/Z)nua/(N/Z)gag on the
beam energy for MDI and IMDI

With  the
MDI included, we investigate the variation of
(N/Z)ruel/(N/Z)trag with beam energy.  Figure
5 shows the variations of (N/Z)nucl/(N/Z)pag at
freeze out of time with beam energy for the reac-

isospin degree of freedom in

tion '24Sn 4124 Sn at an impact parameter b=0.0
fm for IMDI and MDI. Clearly, IMDI causes
(N/Z)nuct/(N/Z)rag to significantly reduce from two
dashed lines with MDI to two corresponding solid
lines with IMDI for all of beam energies studied.
From Fig.5 it is clear that the gap between two solid
lines with IMDI is approximately the same as that
between two dashed lines with MDI for U*™ and
UY™. This means that the strong dependence of
(N/Z)nuct/(N/Z)frag on the symmetrical potential
is preserved, with the isospin degree of freedom of

MDI included. Figure 5 also clearly shows that the
amplitude of (N/Z)nuci/(N/Z)trag, thus the gap be-
tween two thick lines with U™ reduced by IMDI
and the gap between two thin lines with U™ both
are enhanced with the beam energy increasing. This
is due to the enhancement of the excitation energy
with the increase of beam energy. In particular, the
difference between (N/Z)nucl/(N/Z)pag produced by
different symmetry potentials, U*™ and U™ with
the same MDI and those with the same IMDI, i.e.
the gap between two solid lines with IMDI and the
gap between two dashed lines with MDI both increase
rapidly with the increase of beam energy. This is due
to the nuclear density increasing with the increase of
beam energy, which enhances the symmetrical poten-
tial with the increase of nuclear density (see Egs.(5)
and (6)). Finally, it leads to the rapid increase in
isospin fractionation ratio (N/Z)nucl/(N/Z)pag with
the increase of beam energy.

3F —— U™ 4 giso 4 [IMDI
—_ - Uf)’m _,’_O.iso + UMDI P
— U™ 4 giso 4 UIMDT y;
o | U™ 4 giso 4 MDI P
& E = 50MeV /nucleon, b = 2.0fm 7
N Ve
\Z_/ 2
=
:
N
Z
1 -

" 1
50 100 150 200 250 300
E/(MeV /nucleon)
Fig.5. The variations of (N/Z)nuc1/(IN/Z)frag for the re-
action 124Sn 4124 Sn with beam energy at an impact pa-
rameter b = 0.0 fm for IMDI and MDI.

3.4. The dependences of (N/Z )/ (N/Z)trag
on the impact parameter for MDI
and IMDI

We know that the observable in the nuclear reac-
tion is sensitive to impact parameter. Figure 6 shows
variations of (N/Z)nuci/(N/Z)tag at freeze-out time
with impact parameter b for the reaction 24Sn+'24Sn
at a beam energy of 50 MeV /nucleon for MDI and
IMDI. Clearly IMDI causes (N/Z)uuct/(N/Z) Ny, tO
reduce from two dashed lines with MDI to two cor-
responding solid lines with IMDI for all the im-
pact parameters. However the strong dependence
of (N/Z)nuc1/(IN/Z)frag on the symmetrical potential
is preserved for all the impact parameters, with the
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isospin degree of freedom of MDI included, for ex-
ample, the gap between two solid lines with IMDI is
approximately the same in magnitude as that between
two dashed lines with MDI for U™ and U3;"™.

1.6 — U™ 4 giso 4 UIMDI
— - UY™ 4 giso 4 yMDI
15F — U™ 4 giso 4 yIMDI
. - UP™ 4 gise 4 UMDI
e 124G 4 Qpl24
§ E = 50MeV /nucleon T
é L -
~ 13
N
>~ 1.2
z
1.1F
1 n T
0 2 6

b/fm
Fig.6. The variations of (N/Z)nyc1/(N/Z)prag at freeze-
out time with impact parameter b for the reaction
1243n 4124 S at a beam energy of 50 MeV /nucleon for
MDI and IMDI.

Therefore, from the above results and discus-
sion we can say that the isospin degree of free-
dom in MDI brings an important isospin effect to
the (N/Z)nua/(N/Z) N, in the intermediate energy
heavy ion collisions. This property is similar to Li’s
conclusion in Ref.[33]. In order to give an explanation
to the reduction in (N/Z)nuel/(N/Z)irag induced by
IMDI, a good understanding of the variations of chem-
ical potentials from higher to lower with the increase of
nuclear density for neutrons and protons respectively,
is needed. We know that the isospin fractionation is
produced mainly from the chemical potential degrada-
tion. As a part of chemical potential, the isospin- and
momentum-dependent potentials UMP! for neutrons
and protons are different from each other because
UMPI Jeads to the chemical potential degradations to
different extents with the variation of nuclear density
pr for neutrons and protons. According to the above
analysis, Fig.7 shows the differences between neutron
and proton potentials, (U,—Up)/2, as a function of nu-
clear density p/po for IMDI and MDI. Here U, (Up) =
Un(p, kn, 6)(Up(p, kp, 0)) is given by Eq.(12). Clearly,

UMD equals Ug/IDI due to isospin independence for

the one-body momentum-dependent potential UMP1L,
In this way the isospin effect in the one-body potential
U, with isospin-independent UMP! comes from only
Therefore (U, — Up)/2

with MDI is momentum—independent of p/pg. In this

symmetrical potential USY™.

case, there is only a thick line with MDI in Fig.7.

However, (U, — Up)/2 with isospin-dependent IMDI

is momentum-dependent on p/py because the differ-
ence between UMPI and UgMDI does not equal zero
due to their isospin dependence. Therefore there are
four thin lines with IMDI, which show the variation
of (Uy — Up)/2 with nucleon momentum k as shown
in Fig.7. From Fig.7 it is clear that (U, — Up)/2
with MDI (thick solid line) is higher and steeper than
(Un — Up)/2 with IMDI (four thin lines with differ-
ent k). The higher and steeper (U, —Uy)/2 with MDI
leads to the faster isospin fractionation than that with
UIMPL Namely, IMDI leads (N/Z)nuet/(N/Z)trag tO
reduce from two dashed lines with MDI to two cor-
responding solid lines with IMDI as shown in Fig.2,
Fig.3, Fig.5 and Fig.6 for all beam energies, impact
parameters and colliding systems. Therefore we can
say that IMDI brings an important isospin effect to
the isospin fractionation ratio for all of entrance chan-
nel conditions. However, the strong dependence of
(N/Z)nue1/(N/Z)trag on the symmetrical potential is
preserved, with the isospin degree of freedom of MDI
included for all of beam energies, impact parame-
ters and neutron-rich colliding systems. Therefore
(N/Z)nuct/(N/Z)trag is still a good probe for extract-
ing the information about the equation of state for the
isospin asymmetrical nuclear matter, with the isospin
degree of freedom of MDI included.
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Fig.7. The differences between neutron potential and pro-
ton potential, (Un — Up)/2, as a function of density p/po
for IMDI and MDI.

4. Conclusions

We obtain an isospin- and momentum-dependent
interaction (IMDI) in the isospin-dependent quantum
molecular dynamics model. The IMDI brings an im-
portant isospin effect to the isospin fractionation ratio
in the intermediate energy heavy ion collisions because
the IMDI causes a significant reduction in isospin frac-

tionation ratio for different bean energies, impact pa-
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rameters and colliding systems. However, it does not

considerably change the strong dependence of isospin

fractionation ratio on the symmetrical potential for

all neutron-rich systems. In this case the study of the

isospin dependence of MDI is important for investi-

gating accurately the equation of state of the isospin

asymmetrical matter.
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