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The influence of symmetry potential and in-medium NN cross section on the isospin sensitive ob-
servables of intermediate-energy heavy-ion collisions is explored with the ImQMD model. Focusing
in the region above the Fermi energy, our results show that the symmetry potential plays a more
important role on the experimental observables, double neutron to proton ratio and the isospin
transport ratio Ri, than the in-medium nucleon-nucleon cross section. Since the copious production
of intermediate mass fragments is a distinguishing feature of intermediate-energy heavy-ion colli-
sions, we also examine the influence of cluster emission on the isospin transport ratio using different
isospin tracers. The values of the isospin transport ratios with the tracer defined by the isospin
asymmetry of the heaviest fragments with Z ≥ 20 in the projectile region is greater than those
obtained from lighter fragments. This phenomenon can be tested experimentally.

I. INTRODUCTION

Nuclear symmetry energy plays important roles on the
properties of the nuclei and neutron star [1–5], and takes
the form of a parabolic approximation

Esym = S(ρ)δ2 (1)

Here δ is the isospin asymmetry, ρn, ρp, are the neu-
tron, proton densities, and S(ρ) describes the density
dependence of symmetry energy. Theoretical predictions
on the density dependence of symmetry energy from mi-
croscopic nucleon-nucleon interactions show large uncer-
tainties, especially for the supersaturation density [6, 7].
Constraining the density dependence of symmetry energy
has become one of the main goals in nuclear physics and
has stimulated many theoretical and experimental stud-
ies [7–28]. Heavy ion collisions (HIC) with neutron-rich
nuclei provide a unique opportunity to study the density
dependence of the symmetry energy in the laboratories
because a large range of densities can be formed during
the HICs. Up till now, the main strategy used to con-
strain the density dependence of the symmetry energy
with heavy ion collisions was to measure the yields of
emitted particles from neutron-rich or neutron-poor re-
action systems. By comparing the experimental observ-
ables such as the neutron proton ratios and the isospin
transport ratios to the predictions from transport model
simulations, one obtains the constraints on the density
dependence of symmetry energy[7, 26]. To fully under-
stand the extracted constraints, we must know the influ-
ence of the other input parameters and the assumptions
used in the transport codes.
Currently, most transport models are based either on

the Uehling-Uhlenbeck approach to the Boltzmann equa-
tion or on the Quantum Molecular Dynamics approach.

The two main ingredients of these transport models, the
nucleonic mean fields and nucleon-nucleon binary scat-
tering cross sections, are not treated consistently with
the same microscopic nucleon-nucleon interactions due to
the difficulties on the non-equilibrium theory and numer-
ical techniques. Consequently, all calculated observables
depend on both the mean field and nucleon-nucleon bi-
nary collisions, especially for intermediate energy HICs.
At low energies, the nucleon-nucleon collisions are ab-
sent and mean field govern the nucleon propagations.
At high beam energies, the nucleon-nucleon collisions are
frequent and mean free path become less (λ < 2fm). In
addition, complex fragment production mechanism influ-
ences the isospin observables and the N/Z composition of
the residues and emitted particles. As a microscopic dy-
namical n-body transport theory, formation of fragments
is included in the Quantum Molecular Dynamics (QMD)
type model without resorting to additional assumptions
in the simulation of heavy ion collisions. However, the
usual version of the QMD model [29] can not be used
to study the influence of different density dependences of
symmetry potential on the HIC observables due to ab-
sence of symmetry energy term. In the Improved QMD
(ImQMD) model, the nucleons propagate under the nu-
cleonic mean field derived from the Skyrme energy den-
sity functional and different forms of the density depen-
dence of symmetry potential can be incorporated [30–33].
The ImQMDmodel has been very successful in describing
the multiplicity of reaction products in intermediate en-
ergy HICs and has been used to understand the impact of
cluster formation on neutron and proton ratios [30]. Re-
cently, we have used the model to constrain the density
dependence of the symmetry energy at sub-saturation
density using chi-squared analysis on three experimental
observables[26].



2

In this work, 112,124Sn +112,124 Sn at E/A = 50MeV
from central collisions to peripheral collisions are stud-
ied using the ImQMD model. The influences of den-
sity dependence of symmetry energy, in-medium nucleon-
nucleon cross section and impact parameters on the
isospin sensitive observables are investigated. We also
discuss the influences of cluster emission on the isospin
transport ratio. Since the main goal of this paper is to
investigate the influences of various parameters used in
the input for the transport model there is no attempt to
obtain the best fit to the data as was done in ref[26].

II. MODEL DESCRIPTION AND REACTION
PROPERTIES AT E/A=50MEV

In our investigations we use the Improved Quan-
tum Molecular Dynamics code ImQMD05 of ref.[30–33].
Within the ImQMD05 model, the nucleonic mean fields
acting on nucleon wavepackets are derived from a poten-
tial energy density functional where the potential energy
U includes the full Skyrme potential energy with the spin-
orbit term omitted:

U = Uρ + Umd + Ucoul (2)

Here, Ucoul is the Coulomb energy, while the nuclear con-
tributions can be represented in local form with

Uρ,md =

∫
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where the asymmetry δ, and ρn and ρp are the neutron
and proton density. In the present work, the symmetry
potential energy density of the form Cs

2 ( ρ
ρ0
)γiδ2ρ is used

in transport model comparisons. The energy density as-
sociated with the mean-field momentum dependence is
represented as

umd =
1

2ρ0

∑
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1

16π6

∫
d3p1d

3p2fN1(p⃗1)fN2(p⃗2)

1.57[ln(1 + 5× 10−4(∆p)2)]2 (5)

fN are nucleon Wigner functions, ∆p = |p⃗1 − p⃗2| , the
energy is in MeV and momenta are in MeV/c. The
resulting interaction between wavepackets in Eq.(5) is
described in Ref.[34]. All of the calculations use the
above interactions, and the coefficients used in formula
(4) are set to α = −356MeV ,β = 303MeV , η = 7/6,
gsur = 19.47MeV fm2, gsur,iso = −11.35MeV fm2, Cs =

35.19MeV , gρτ = 0MeV . Appendix I discusses the in-
fluence on isospin observables when the isoscalar part of
the EoS obtained with Skyrme interactions is changed by
the introduction of momentum dependence to Eq.(5).

Isospin-dependent in-medium nucleon-nucleon scatter-
ing cross sections in the collision term are assumed to be

σ∗
nn/np = (1 − 0.2ρ/ρ0)σ

free
nn/np where the isospin depen-

dent σfree
nn/np is taken from Ref [35] and isospin dependent

Pauli blocking effects are the same as in [31–33]. Clus-
ters are constructed by means of the minimum tree span-
ning method widely used in QMD calculations, in which
particles with relative momentum smaller than P0 and
relative distance smaller than R0 coalesce into one clus-
ter. In the present work, the values of R0 = 3.5fm and
P0 = 250MeV/c are employed.

From the adopted interaction in the ImQMD model,
we construct the density dependence of symmetry energy
for cold nuclear matter as follows:

S(ρ) =
1

3

h̄2
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2/3
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2
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where m is the nucleon mass and the symmetry coeffi-
cient Cs = 35.19MeV . For this particular parameter-
ization, the symmetry energy increases with decreasing
γi at subsaturation density while the opposite is true for
supranormal density. In general, the function is described
as stiff-asy EoS for γi > 1, while soft-asy EoS describes
the case when γi < 1. In the present work, calculations
are performed using two representative cases of soft and
stiff asy-EoS of γi = 0.5 and 2.0 and the region of interest
is mainly the sub saturation density region.

FIG. 1. (Color online) Symmetry energy per nucleon for cold
nuclear matter plotted as a function of density for γi = 0.5
(solid line) and 2 (dashed line) used in ImQMD simulations
(Eq.6).

Before discussing the influence of symmetry potential
and in-medium NN cross sections on the HICs observ-
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ables, we first show the dynamical process and frag-
ment production mechanisms in Sn + Sn collisions at
E/A = 50MeV. Fig.2 (a) and (b) show the time evo-
lution of the density contour plots for 124Sn +124 Sn at
E/A = 50MeV for b = 0 and 6fm from one typical
event. The projectile and target touch around 50fm/c
and nucleons start to transfer between projectile and tar-
get and the compressed region reaches the highest density
around 100fm/c for both impact parameters. In central
collisions (b = 0fm), the compressed reaction system
expands to low density and multifragmentation occurs
after 100fm/c. In peripheral collisions (b = 6fm), the
projectile/target residues separate around 150fm/c and
the low-density neck is ruptured into fragments. The
excited projectile/target residues move forward contin-
uously along their paths after 150fm/c. This suggests
that the nucleon diffusion process in peripheral heavy
ion collision finishes around 150fm/c.

Figure 3 shows the charge (left panels) and mass
(right panels) distributions of the reaction products for
112Sn +112 Sn at incident energy of 50MeV per nucleon
for b = 2, 6, 8fm. The solid symbols are the results with
γi = 2.0 and open circles are the results with γi = 0.5.
The charge and mass distributions depend on the sym-
metry potential parameter γi. The multiplicity distribu-
tion of fragments obtained with γi = 0.5 is narrower than
that obtained with γi = 2.0. In neutron-rich systems, the
highest density in the overlap region is reached around
γi ∼ 0.5 and more compressional energy is stored for
the soft-asy EoS case than that with stiff-asy EoS case.
Higher compressed nuclear matter can expand to lower
density and the reaction system with soft asy-EoS disin-
tegrates into more fragments. Calculations show that the
systems completely disintegrates into mainly nucleons for
γi << 0.5.

For completeness, the contour plots of the multiplicity
of fragments with charge Z as a function of its scaled
rapidity y/yc.m.

beam for 112Sn +112 Sn for b = 2, 6, 8fm are
shown in Fig.4. In general, two ridges are observed in
the rapidity distribution of fragment charge. Intermedi-
ate mass fragments with Z between 3 to 20 are formed
from mid-rapidity to projectile/target rapidity sources
formed in central collisions to peripheral collisions. In
detail, the maximum charge of fragments in mid-rapidity
decreases with increasing impact parameter b. The heav-
iest fragments have lost about 35% of their initial velocity
for central collisions, and about 25%(10%) of their initial
velocity for b = 6fm (b = 8fm). The velocity loss of the
heaviest fragments is closely related to the multiplicity
of fragments formed below the normal density in HICs,
and depends on the decelerating effects from the effective
N-N interactions and nucleon-nucleon collision frequency.
All of these features have been observed in experiments
[18, 36].

III. INFLUENCE OF S(ρ), σ∗
nn/np AND IMPACT

PARAMETERS b ON ISOSPIN OBSERVABLES

In order to estimate the uncertainties from the trans-
port model simulations in constraining the density de-
pendence of symmetry energy, the influence of symmetry
potential, isospin dependence of in-medium NN cross-
section, and impact parameters on the isospin sensitive
observables are studied with the ImQMD model. In par-
ticular, we focus on the calculated results of the neutron
to proton yield ratios as well as the isospin transport ra-
tios (Ri). These two observables have been used exten-
sively to provide constraints on the density dependence
of symmetry energy at subnormal density [24,27].

A. Nucleon yield ratios

The symmetry potential, which is opposite in sign
for proton and neutron, directly affects the emission
of neutrons and protons. This fact has been recog-
nized early on and has been studied quite intensively
[21, 22, 26, 30]. However, due to low interaction with
matter, neutrons are more difficult to measure and
different types of detectors have to be employed to
measure neutrons and protons. To minimize the ef-
fects of detector efficiencies, double ratios DR(n/p) =
Rn/p(A)/Rn/p(B) = (Yn(A)/Yp(A))/(Yn(B)/Yp(B)) are
normally constructed where Yn(A) and Yp(A) are
the neutron and proton yields in system A. In
Fig.5, the DR(n/p) data from two collision systems
A =124 Sn +124 Sn and B =112 Sn +112 Sn are plotted as
solid stars in the left panel. The shaded regions in Fig.5
are the ImQMD results predicted with two different sym-
metry energy cases γi = 0.5(upper shaded region) and
2.0(lower shaded region). The impact parameter depen-
dence is plotted in the right panel. In this study, the
transverse emitted nucleons obtained with the angular
cut of 70o < θc.m. < 110o, are selected as in Ref [20, 30].
From central to peripheral collisions, the DR(n/p) for
transverse emitted nucleons mainly relate to the informa-
tion of symmetry energy of nuclear matter in the overlap
region which contains the information of earlier stages of
the collision. The observation that the DR(n/p) ratios
for the γi = 0.5 case are greater than that for γi = 2.0,
is the same as that observed in other transport model
predictions [21, 22]. At intermediate energy HICs, the
emitted nucleons mainly come from the sub-normal den-
sity, where the symmetry energy is larger for smaller
γi. Larger symmetry energy results in enhanced neutron
emissions and larger values of the double ratios.

The symmetry potential parameter γi also influences
the stability of initial nuclei. The initial nucleus becomes
much less stable with decreasing γi due to the stronger
repulsion of the neutrons on the surface of neutron-rich
nuclei. The collision systems completely disintegrate into
nucleons in the ImQMD simulations for very small values
of γi ≪ 0.5 and the DR(n/p) ratios approach the limiting
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FIG. 2. (Color online) Time evolution of contour plots of nucleon density for reaction of 124Sn +124 Sn at E/A=50MeV for
b=0 (top panels) and 6 (bottom panels) fm.

FIG. 3. (Color online) The charge (left panels) and mass
(right panels) distributions for 112Sn +112 Sn at b=2 (top pan-
els), 6 (middle panels), and 8 (bottom panels) fm. The solid
symbols are for γi = 2.0 and open symbols are for γi = 0.5.

FIG. 4. (Color online) Contour plots of the multiplicity of
fragments with charge Z as a function of their scaled rapidity
y/yc.m.

beam for 112Sn +112 Sn at E/A=50MeV for b=2 fm (left
panel), 6 fm (middle panel), and 8 fm (right panel).

FIG. 5. (Color online) (Left panel) Double n/p yield ratios,
DR(n/p), from transverse emitted nucleons as a function of
kinetic energy. The solid stars are data from ref. [20].(Right
panel) DR(n/p) from transverse emitted high kinetic energy
nucleons (Ec.m. > 40MeV ) as a function of impact parame-
ters. The upper shaded region is for γi = 0.5 and the lower
shaded region is for γi = 2.0.

value of 1.2.

We investigate the impact parameter dependence of
the DR(n/p) ratios for emitted nucleons with EC.M. =
40 − 80MeV , θc.m. = 70 − 110 degree. The energy
and angular gates are chosen to minimize sequential de-
cays and cluster effects. The cuts also provide more ro-
bust coalescence-invariant quantities. As shown in the
right panel of Fig.5, the impact parameter dependence is
rather weak noting that there is a large zero-offset on the
y-axis.

Similar to the symmetry potential, the isospin depen-
dence of in-medium NN cross sections also plays an im-
portant role on the observables for heavy ion collisions
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in the transport model. Here we test three kinds of in-
medium NN cross sections on the DR(n/p) ratios: 1)

normal case, σ∗
nn/np = (1− 0.2ρ/ρ0)σ

free
nn/np ; 2)σ∗

nn/np =

σfree
nn/np; 3) isospin independent case, σ∗

nn = σ∗
pp = σ∗

np .

We use the same energy and angular gate as the gated
nucleons contain more information of the HICs at their
earlier stage, and are more sensitive to the in-medium
NN cross section. To remove the influence of the over-
all average NN cross section, we keep the total nucleon-
nucleon collision number the same for cases 1) and 3).
The calculated results of the DR(n/p) ratios are plotted
in Fig.6. By comparing case 1 (open squares) and case
3 (solid circles), we can test the influence of the isospin
dependence of the in-medium NN cross sections on the

observables. The influence of σ∗
nn/pp/σ

free
nn/pp can be in-

vestigated by comparing the DR(n/p) results obtained
with case 1 (open squares) and case 2 (inverted trian-
gles). DR(n/p) depends weakly on the in-medium NN
cross section whether the soft (γi = 0.5) or stiff (γi = 2)
symmetry potentials are used in the simulations. The
reason is that the NN collision frequencies are suppressed
by Pauli blocking at E/A = 50MeV , and the differ-

ent σ∗
nn/np/σ

free
nn/np or σ∗

np/σ
∗
nn in the transport model

do not lead to obvious differences in the DR(n/p) ratios.
Thus, the isospin observable DR(n/p) ratio from Sn+Sn
at E/A = 50MeV is a robust observable for constraining
the density dependence of symmetry energy.

FIG. 6. (Color online) Effects of different in-medium NN
cross section on DR(n/p) from transverse emitted high energy
nucleons (Ec.m. > 40MeV ). The open squares are for isospin-
dependent in-medium NN cross section with phenomelogical
formula (case 1 in text). The inverted triangles are for the
free space NN cross section (case 2).The solid circles are for
the isospin-independent in-medium NN cross section (case 3).

B. Isospin transport ratio Ri

In the case when the neutron to proton ratios differ
greatly between projectile and target, there is a net neu-
tron flux into the lower density neck region and isospin
diffusion occurs. This isospin diffusion process, which de-
pends on the magnitude of the symmetry energy, affects
the isospin asymmetry of the projectile/target residues in
peripheral HICs. The isospin transport ratio Ri has been
introduced [14] to quantify the isospin diffusion effects,

Ri =
2X −XAA −XBB

XAA −XBB
(7)

The subscripts A and B represent the neutron rich and
neutron-poor nuclei, and A =124 Sn, B =112 Sn in this
work. The value of Ri is obtained through three reaction
systems, A + A, B + B and A + B(orB + A), where X is
an isospin observable. The non-isospin diffusion effects
are minimized by scaling the isospin observables with the
same observables from the symmetric collisions of the
neutron-rich A+A and neutron-deficient B+B systems.
Based on Eq.(7), one expects Ri = ±1 in the absence
of isospin diffusion and Ri ∼ 0 if isospin equilibrium
is achieved. Eq.(7) also dictates that different observ-
ables, X, will give the same results if they are linearly
related. In one experiment, X is taken as the isoscaling
parameter, α, from the yield of the light particles near the
projectile rapidity [14]. In the transport model [14, 15]
based on the Boltzmann Uehling Uhlenbeck (BUU) ap-
proach, the isospin asymmetry δ of the projectile residues
(emitting source) have been used to compute Ri(δ). The
constraints on the density dependence of symmetry en-
ergy were obtained by comparing BUU predictions to the
isospin diffusion data. This is possible only if the isoscal-
ing parameters α are linearly related to the isospin asym-
metry of the projectile residues. This has been shown
both experimentally and theoretically [12, 18, 37] mainly
in central collisions. In the BUU analysis, the projectile
residues are defined with density greater than 0.05ρ0 and
the center of mass velocity greater than half of the beam
velocity [14]. The definition of a residue based on this cri-
terion is not applicable in the ImQMD model as cluster
process is introduced and fragments are produced. For
the very central collision, there is no large residue.

ImQMD calculation shows that isospin diffusion for
124Sn +112 Sn at b = 6fm stops around 150fm/c.
The nucleons and fragments emitted at later stages
do not give contributions to the isospin diffusion pro-
cess, but their isospin contents should still be taken
into account. To obtain the isospin transport ra-
tios, we used three different isospin tracers to calculate
the isospin transport ratios of Eq.(7). We simulated
the collisions of four reaction systems 124Sn +124 Sn,
124Sn +112 Sn, 112Sn +124 Sn, 112Sn +112 Sn at incident
energy of 50MeV per nucleon at different impact param-
eters.

In the first case, the isospin asymmetry of projectile
residues (or emitting source) are constructed from the
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emitted nucleons (N) and fragments (frag) with their ve-
locity cut v > 0.5vc.m.

beam(Nearly identical results are ob-
tained with higher velocity cut v > 0.7vc.m.

beam). The left
panel in Fig.7 shows the results of isospin transport ra-
tios Ri(X = δN,frag) (upright triangles) as a function of
the impact parameters for two values of γi = 0.5 (open
symbols) and 2.0 (closed symbols). In the second case,
the residues are composed of all nucleons (including both
bound and unbound nucleons) with their velocity cut at
v > 0.5vc.m.

beam. The inverted triangles Ri(X = δN ) rep-
resent the results from this definition of residues. The
isospin transport ratios constructed with these two trac-
ers are very similar in values. Ri obtained with soft sym-
metry case (γi = 0.5) is smaller than those obtained with
stiff symmetry potential case (γi = 2.0). This is consis-
tent with the expectation that higher symmetry energy
at subnormal density with γi = 0.5 leads to larger isospin
diffusion effects (smaller Ri values).

FIG. 7. (Color online) (Left panel) Isospin transport ratios
as a function of impact parameters with two tracers. Up-
right triangle symbols are for the tracer defined by the isospin
asymmetry of fragments and unbound nucleons with velocity
cut (v > 0.5vc.m.

beam),X = δN,frag. Inverted triangles are for the
tracer defined by the isospin asymmetry of nucleons with ve-
locity cut (v > 0.5vc.m.

beam),X = δN . (Right panel) The isospin
transport ratio as a function of impact parameter with tracer
defined by the heaviest fragments with Zmax ≥ 20 in projec-
tile region, X = δZmax≥20.

The Ri values obtained from both tracers as a func-
tion of impact parameters are plotted in the left panel
of Fig.7. The values of Ri weakly depend on the impact
parameters from central collisions to mid peripheral col-
lisions. More importantly, the isospin equilibrium and
global thermal equilibrium are not reached even for cen-
tral collisions. In the ImQMD model, the effective in-
teraction is not sufficiently strong to stop projectile and
target nor are the collisions sufficiently frequent because
most of them are Pauli suppressed. These two effects
keep the reaction system from attaining isospin equilib-

rium even in central collisions. With impact parameter
increasing from mid peripheral collisions to peripheral
collisions, the number of nucleons transferred from pro-
jectile and target decreases quickly causing the Ri values
to increase rapidly for b > 5fm.

The third tracer uses the isospin asymmetry of heaviest
fragments with charge Zmax > 20 in the projectile region.
This tracer is valid mainly for peripheral collisions as the
central collisions are dominated by multifragmentation
and very few large projectile fragments survive. The de-
pendence of Ri for impact parameter b > 5fm is shown
in the right panel of Figure 7. Interestingly, the isospin
transport ratios shown in the left and right panels with
different isospin tracers have different values especially
in the case of (γi = 0.5) . Stronger isospin equilibration
(smaller Ri values) are observed in the isospin transport
ratios Ri(X = δN,frag) constructed from nucleons and
fragments than Ri(X = δZmax>20) constructed from the
heaviest fragments with Zmax ≥ 20. Since isospin diffu-
sion mainly occurs through the low-density neck region,
and few target nucleons diffuse to the projectile residues
or vice verse due to the short isospin diffusion time at
E/A = 50MeV , larger Ri(X = δZmax≥20) values result.
In contrast, rupture of the neutron-rich neck leads to
neutron-rich fragments at mid rapidity. Due to the Fermi
motion of nucleons, there is more mixing of emitted nu-
cleons from the target and projectile regions. This leads
to small Ri with tracer X = δN,frag. Experiments [38]
have been proposed in both Rare Isotope Beam Factory
at RIKEN and the Coupled Cyclotron Facility at NSCL
to test these predictions by comparing the isospin trans-
port ratios obtained from residues and from intermediate
mass fragments.

Since fragments are formed from the mid rapidity to
near projectile rapidity regions, the rapidity dependence
of Ri should contain more information on the reaction dy-
namics. It can provide constraints on the density depen-
dence of symmetry energy. Fig.8 shows Ri as a function
of the scaled rapidity y/ybeam. The symbols in the left-
most panel are data obtained in Ref.[18] for three central-
ity gates. The isospin tracer X = ln(Y (7Li)/Y (7Be))
where Y (7Li)/Y (7Be) is the yield ratios of the mirror
nuclei, 7Li and 7Be [18]. As expected the values of Ri

obtained from peripheral collisions (solid upright trian-
gles) are larger than those obtained in central collisions
(solid inverted triangles). For comparisons, the results
of Ri(X = δN,frag) at impact parameters b = 2, 4, 6 and
8fm are plotted as lines in the middle and right panels.
The middle panel contains the results from the soft sym-
metry potential (γi = 0.5) while the right panel shows
the results from the stiff symmetry potential (γi = 2.0).
The impact parameter trends and magnitude of the data
are more similar to the results of the calculations from
soft symmetry potentials (γi = 0.5), consistent with pre-
vious analysis [26]. However, the experimental trend of
Ri gated with the most central collisions (inverted tri-
angles) are not reproduced by the calculations. The ex-
perimental data indicate more equilibrations for central
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collisions near mid rapidity while the transport model
indicates more transparency. To explore if the different
trends of Ri exhibited by the central collisions data are
the results from the impact parameter smearing, we have
performed multiplicity gated analysis similar to the ex-
perimental analysis; the results are similar with larger
error bars due to limitations on statistics.

FIG. 8. (Color online) (Left panel) The data of Ri as a func-
tion of rapidity for three centrality gates [16]. (Middle panel)
The calculated results of Ri(X = δN,frag) as a function of
rapidity for b = 2, 4, 6, 8fm for γi = 0.5 (Right panel) and
γi = 2.0.

Next, we will discuss the influence of different isospin
dependence of in-medium nucleon-nucleon cross section
on isospin diffusion. Fig.9 shows the isospin diffusion val-
ues Ri calculated from three cases of in-medium NN cross
sections, 1) normal case, σ∗

nn/np = (1 − 0.2ρ/ρ0)σ
free
nn/np

(open squares); 2)σ∗
nn/np = σfree

nn/np (inverted triangles);

3) isospin independent case, σ∗
nn = σ∗

pp = σ∗
np(solid cir-

cles). The isospin tracer adopted here is the X = δN,frag

using the isospin asymmetry of fragments and unbound
nucleons with v > 0.5vc.m.

beam. Similar to the conclusion of
Ref [19], larger in-medium NN cross sections enhance the
isospin diffusion ability. But the influence is weak at the
energy we studied. Two reasons lead to this conclusion.
The dynamical process of heavy ion collisions is governed
more by the mean field than the nucleon-nucleon colli-
sions at 50MeV per nucleon. In addition, the nucleon-
nucleon collision frequency is small for peripheral colli-
sion. The effects of different in-medium NN cross section
dependence on Ri in the ImQMD model are smaller than
those predicted by the IBUU04 model, especially for the
stiff symmetry potential. This small difference between
these two calculations could be caused by the difference
on the total nucleon-nucleon collision number in the sim-
ulations. In any case, both of these transport models
illustrate that the isospin diffusion depends strongly on
the symmetry potential and less strongly on the isospin
dependence of the in-medium NN cross section at this

beam energy.

FIG. 9. (Color online) The effects of different in-medium NN
cross sections on Ri(X = δN,frag). The open squares are
for the isospin-dependent in-medium NN cross section with
phenomelogical formula σ∗

nn/np = (1 − 0.2ρ/ρ0)σ
free
nn/np

, (case

1 in text). The inverted triangles are for the free space NN

cross section (case 2) σ∗
nn/np = σfree

nn/np
. The solid circles are

for the isospin-independent in-medium NN cross section (case
3) σ∗

nn = σ∗
pp = σ∗

np.

IV. SUMMARY

In summary, we investigate the influences of the den-
sity dependence of symmetry energy, in-medium nucleon-
nucleon cross section and impact parameters on isospin
observables predicted by the ImQMD model, the reac-
tion dynamics is influenced more by the mean field than
the NN collision. The double n/p yield ratios (DR(n/p))
and the isospin transport ratios (Ri) are more sensitive
to the density dependence of symmetry energy than the
isospin dependence of the in-medium NN cross section.
We also examine the impact parameter dependences of
the DR(n/p) ratio and isospin transport ratio. Our re-
sults illustrate that there is a weak impact parameter
dependence of DR(n/p) from central to peripheral colli-
sions, and weak impact parameter dependence of Ri from
central to mid-peripheral collisions. From mid- periph-
eral to peripheral collisions, the Ri increase rapidly with
increasing impact parameter due to the decreasing num-
ber of transferred nucleons between projectile and target
in peripheral collisions.

Cluster formation is important for intermediate energy
heavy ion collisions, and the clusters are formed from mid
rapidity to projectile or target rapidity as described in the
QMD type model. Ri as a function of rapidity describe
the data better with soft asymmetry terms. Our results
also predict that the values of Ri with the tracer X =
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δZmax≥20 is larger than Ri with tracer X = δN,frag for
large symmetry energy at sub-saturation densities (small
γi); this result can be tested experimentally.
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Appendix

An explicit momentum-dependent interaction term in-
troduced in Eq.(5) changes the mean field potential and
therefore the EoS obtained with Skyrme interaction pa-
rameters. In order to recover the Equation of State (EoS)
obtained with Skyrme interaction parameters and see
its influence, we can add a counter term in the explicit
momentum-dependent interaction energy density form in
Eq.(5) as follows.

umd =
1

2ρ0

∑
N1,N2

1

16π6

∫
d3p1d

3p2fN1(p⃗1)fN2(p⃗2)

1.57[ln(1 + 5× 10−4(∆p)2)]2

− 1

2ρ0

∑
N1,N2

1

16π6

∫ pf

d3p1d
3p2fN1(p⃗1)fN2(p⃗2)

1.57[ln(1 + 5× 10−4(∆p)2)]2 (A.1)

With this correction on the momentum-dependent inter-
action, we repeat the simulations of the Sn + Sn col-
lisions, albeit with less statistics, the results of the
mass/charge distribution, neutron/proton ratios and
isospin transport ratios from ImQMD are the same as
the results obtained using Eq. (5) without the correc-
tion term, within statistical uncertainties. The reason is
as follows: It is known that the momentum-dependent
interaction plays an essential role in the overlap region
of the projectile and targets in HICs. Particles with
larger relative momenta are positioned more closely in
space and the strong repulsive force from the momentum-
dependent interaction causes the system to have a lower
maximal compression and increases the mean free path
in this lower compressed region. Thus, the strength of
the repulsive force from the Momentum Dependent In-
teraction (MDI) and the NN collision frequency related to
the mean free path influence the observables of HICs di-
rectly. However at E/A = 50MeV , the relative momen-
tum of nucleons is not large enough and the frequency
of nucleon-nucleon collisions are suppressed by the Pauli
blocking effects. Therefore, the two different Momentum
Dependent Interactions in Eq.(5) and Eq.(A.1) do not
lead to large difference of the observables.
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