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Momentum correlation functions of nucleon-nucleon pairs are presented for reactions with C isotopes
bombarding a 12C target within the framework of the isospin-dependent quantum molecular dynamics model. The
binding-energy dependence of the momentum correlation functions is also explored, and other factors that have
an influence on momentum correlation functions are investigated. These factors include momentum-dependent
nuclear equations of state, in-medium nucleon-nucleon cross sections, impact parameters, total pair momenta,
and beam energy. In particular, the rise and the fall of the strength of momentum correlation functions at lower
relative momentum are shown with an increase in beam energy.
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I. INTRODUCTION

The method of two-particle intensity interferometry was
developed by Hanbury Brown and Twiss (HBT) [1] in the
early 1950s. Originally they applied a two-photon corre-
lation to measure the angular diameter of stars and other
astronomical objects. Initially, the method did not receive
universal acceptance before a number of terrestrial exper-
iments were performed to confirm it. Now the method of
intensity interferometry is commonly referred to as the HBT
effect. Although the original application of the HBT effect
used photons as the detected particles, it was rapidly realized
that the approach can be generalized to include correlation
measurements for other bosons and fermions as well. The
first measurements of the HBT effect in subatomic physics
came from elementary-particle reactions. Goldhaber et al.
extracted the spatial extent of an annihilation fireball in
proton-antiproton reactions from two-pion correlations [2].
In fact, the method explores the idea that identical particles
situated nearby in phase space experience quantum-statistical
effects resulting from the (anti)symmetrization of the multi-
particle wave function. For bosons, therefore, the two-particle
coincidence rate shows an enhancement at a small momentum
difference between the particles. The momentum range of this
enhancement can be related to the size of the particle source in
coordinate space. Recently, there has been not only substantial
experimental literature on the technical applications, but also a
large number of theoretical papers on momentum correlations
with different models from low-energy to relativistic-energy
heavy-ion collisions (HICs). For reviews, see Refs [3–6]. More
recently, the HBT method was extended to others fields, for
instance, the analogous correlations in semiconductors and in
free space aiming at the fermionic statistics of electrons [7,8].

Many experimental measurements of the HBT effect have
been made for HICs at intermediate energy in recent years.
With an increase in beam energies, nucleon-nucleon (NN)
collision plays a dominant role during the reaction process
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at intermediate energy, which results in the increasing im-
portance of earlier particle emission. By application of the
two-particle correlation function, one can obtain information
on particle emission and collision dynamics.

In this energy domain, most correlation measurements
focus on two-proton correlation functions. The shape of a two-
proton correlation function reflects the combined effects of the
Pauli blocking principle, Coulomb interaction, and proton-
proton (p-p) nuclear interactions. Earlier measurements, per-
formed by Lynch et al. [9], of two-proton correlation functions
in intermediate-energy HICs provided the evidence for particle
emission from localized highly excited regions. After that,
many experimental groups investigated momentum correlation
functions in various aspects, such as for unstable particle
populations [10], the dependence on the impact parameter [11],
the dependence of the total momentum of nucleon pairs [12],
the dependence of the isospin of the emitting source [13], and
so on. More interestingly, the HBT technique was used to
construct a neutron-neutron (n-n) correlation function that is
useful for investigating the properties of neutron-halo nuclei
[14–16]. Details about the nuclear equation of state (EOS)
and collision dynamics could be revealed from the correlation
function by a comparison between experimental data and
transport-model calculations.

However, in most studies of p-p correlation functions, the
HBT strength at 20 MeV/c of the p-p relative momentum is
taken as a unique quantity to determine the source size and/or
emission time of two-proton emission. In a recent analysis
for the HBT data below 100 MeV/nucleon with the imaging
method, Verde et al. showed that the width of the correlation
function provides the information on the source size of the
fast dynamical component while the peak of the correlation
function is sensitive to a relative yield from slow and fast
emission components [17,18]. In addition, it was claimed that
the proton emission from the slow statistical component was
not suitably treated in the conventional transport model, such as
the Boltzmann-Uehling-Uhlenback (BUU) model [19]. In light
of the preceding studies, the whole shape on the correlation
function is important for deducing space-time information
of the emission source [17]. For heavy-ion reactions with
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a mid-heavy projectile and target combination in the Fermi
energy domain, the slow-emission component should not be
neglected. To minimize the complication of the slow and fast
components of proton emission in correlation functions, it
might be useful to choose light reaction systems at higher beam
energies. In this context, we use a C + 12C system to investigate
momentum correlation functions above 100 MeV/nucleon in
this work.

To understand the details of collisions for different reactions
by the HBT studies, a reliable simulation of the collision
dynamical process for heavy-ion reactions is required. The
simulation gives a reasonable treatment of fragment formation
after the final-state interaction. There are some good event-
generator models that describe the collision process. In
relativistic HICs, successful models include both the string-
hadronic-like models, such as the relativistic quantum molec-
ular dynamics (QMD) model and the parton cascade model.
In the intermediate-energy region, the successful transport
model includes the BUU model [20] and the QMD model [21].
From those event-generator models one can obtain the phase
space of the emitted particles with different parameters of the
EOS and then construct the momentum correlation function.
Recently, the nuclear symmetry energy dependence of the
HBT method was also explored through the isospin-dependent
BUU model [22] in intermediate-energy HICs. Moreover, the
nuclear binding-energy and separation-energy dependences
of the HBT strength were investigated with the help of the
isospin-dependent QMD (IDQMD) model [23,24]. In this
paper, more features of momentum correlation functions are
reported by use of the IDQMD model.

This paper is organized as follows: In Sec. II we describe
the HBT technique and the IDQMD model; the stability of
the IDQMD model is checked. Section III presents the results
and discussions. We discuss the influences of the following
factors: Initialization of projectile and target, emission time
of nucleons, evolution time of the reaction, gate on the
total momentum of the NN pair, soft-momentum-dependent
(soft M) and stiff-momentum-dependent (stiff M) EOSs,
in-medium NN cross sections, impact parameters, incident
energy, etc. The conclusions are presented in Sec. IV.

II. HBT TECHNIQUE AND THE IDQMD MODEL

First, we recall the HBT technique. As we know, the
wave function of relative motion of light identical particles is
modified by the final-state interaction and quantum-statistical
symmetries when they are emitted in close proximity in space
and time, and this is the principle of intensity interferometry,
i.e., the HBT method. In the standard Koonin-Pratt formalism
[25–27], the two-particle correlation function is obtained
by convolution of the emission function g(p, x), i.e., the
probability for emitting a particle with momentum p from
the space-time point x = (r, t) with the relative wave function
of two particles:

C(P, q) =
∫

d4x1d
4x2g(P/2, x1)g(P/2, x2) |φ(q, r)|2∫

d4x1g(P/2, x1)
∫

d4x2g(P/2, x2)
, (1)

where P(= p1 + p2) and q[= 1
2 (p1 − p2)] are the total and

relative momenta of the particle pair, respectively, and φ(q, r)
is the relative two-particle wave function with its relative
position r = (r2−r1)− 1

2 (v1 + v2)(t2 − t1). This approach is
very useful in studying effects of a nuclear EOS and NN
cross sections on the reaction dynamics of intermediate-energy
HICs [5].

From the viewpoint of theoretical simulation, the correla-
tion function can be established by an event generator that
produces phase-space information by modeling the collision
dynamics and particle production. The event-generator cor-
relation functions are then constructed from the positions and
momenta representing the single-particle emission distribution
at the time of the last strong interaction, i.e., at freeze-out.
In this work, the event generator is the IDQMD transport
model [21], which has been successfully applied to HBT
studies of HICs for neutron-rich nuclei-induced reactions
[23,24]. Using Pratt’s [28] computation code named CRAB

(for correlation after burner), which takes into account final-
state NN interactions, we evaluated two-nucleon correlation
functions from the emission function given by the IDQMD
model. In the following discussion, we introduce the model
briefly.

The QMD approach is a many-body theory that de-
scribes heavy-ion reactions from intermediate energy to
2 GeV/nucleon [29]. It includes several important factors: Ini-
tialization of the target and the projectile, nucleon propagation
in the effective potential, NN collisions in a nuclear medium,
the Pauli blocking effect, and the numerical test. A general
review of the QMD model can be found in [21]. The IDQMD
model is based on the QMD model’s embodiment the isospin
factors.

The HIC dynamics at intermediate energies is governed
mainly by three components: The mean field, two-body
collisions, and Pauli blocking. Therefore, for an isospin-
dependent reaction dynamics model, it is important to affiliate
isospin degrees of freedom with the above three components.
In addition, the sampling of phase space of neutrons and
protons in the initialization should be treated separately
because of the larger difference between neutron and proton
density distributions for nuclei far from the β-stability line.
For an exotic neutron-rich nucleus, one should sample a
stable initialized nucleus with a neutron-skin or neutron-halo
structure so that one can directly incorporate nuclear structure
effects into a microscopic transport process. The IDQMD
model has been improved based on the above ideas, and the
details are subsequently given.

In the present calculations the interaction potential in the
IDQMD is determined as follows:

U (ρ) = USky + V Coul + U sym + V Yuk + UMDI + UPauli, (2)

where USky is the density-dependent Skyrme potential, and,
when the momentum-dependent potential is include, it reads

USky = α

(
ρ

ρ0

)
+ β

(
ρ

ρ0

)γ

+ t4 ln2

[
ε

(
ρ

ρ0

)2/3

+ 1

]
ρ

ρ0
,

(3)
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TABLE I. The parameters of the interaction potentials.

α β γ t3 t4 t5 ε K
(MeV) (MeV) (MeV) (MeV) (MeV−2) (MeV) (MeV)

−390.1 320.3 1.14 7.5 1.57 5 × 10−4 21.54 200
−129.2 59.4 2.09 7.5 1.57 5 × 10−4 21.54 380

where ρ and ρ0 are the total nucleon density and its normal
value, respectively. The parameters α, β, γ, t4, and ε are related
to the nuclear EOS and are listed in Table I. Vc is Coulomb
potential, and UYuk is the Yukawa potential given by

UYuk = t3

exp

(∣∣∣−→r1 −−→r2
∣∣∣

m

)
∣∣∣−→r1 −−→r2

∣∣∣
m

, (4)

where m = 0.8 fm. UMDI is the momentum-dependent inter-
action [29]:

UMDI = t4 ln2[t5(−→p1 − −→p2)2 + 1]
ρ

ρ0
, (5)

where −→p1 and −→p2 are the momenta of two interacting nucleons.
UPauli is the Pauli potential:

UPauli = Vp

(
h̄

p0q0

)3

exp

[
− (−→ri − −→rj )2

2q2
0

− (−→pi − −→pj )2

2p2
0

]
δpipj

, (6)

where

δpipj
=

{
1 for n-n or p-p
0 for n-p.

The parameters Vp, p0, and q0 are 30 MeV, 400 MeV/c, and
5.64 fm, respectively. U sym is the symmetry potential. In
the present calculation, we use U sym = Csym(ρn − ρp)/ρ0τz,
where Csym is the strength of symmetry potential, taking the
value of 32 MeV; ρn and ρp are the neutron density and
the proton density, respectively; and τz is the zth component of
the isospin degree of freedom, which equals 1 or −1 for neu-
trons or protons, respectively. The parameters of the interaction
potential are given in Table I, where K = 200 or 380 MeV
means the soft M or the stiff M potential, respectively.

The in-medium NN cross section can be parametrized
as isospin dependent from the available experimental data.
Studies of collective flow in HICs at intermediate energies
revealed the reduction of the in-medium NN cross sections
[30–32]. An empirical expression of the in-medium NN cross
section [31] is used:

σ med
NN =

(
1 + f

ρ

ρ0

)
σ free

NN , (7)

with the factor f ≈ −0.2, which has been found to better
reproduce the flow data [30]. Here σ free

NN is the experimental
NN cross section [33]. The free neutron-proton (n-p) cross
section σ free

NN is about a factor of 3 times larger than the
free n-n or p-p cross section below about 400 MeV/nucleon
in the laboratory energy. It should be mentioned that the

relationship between the n-p cross section and n-n (p-p) cross
section depends also on the modification of the nuclear density
distributions during the reactions.

The Pauli blocking effect in the IDQMD model is treated
separately for the neutron and the proton: Whenever a
collision occurs, we assume that each nucleon occupies a
six-dimensional sphere with a volume of h̄3/2 in the phase
space (considering the spin degree of freedom), and then we
calculate the phase volume V of the scattered nucleons being
occupied by the rest nucleons with the same isospin as that
of the scattered ones. We then compare 2V/ h̄3 with a random
number and decide whether the collision is blocked.

When the initialization of the projectile and the target is
taken in the IDQMD model, the density distributions of protons
and neutrons are distinguished from each other. The references
of neutron and proton density distributions for the initial
projectile and target nuclei in the IDQMD model are taken
from the Skyrme-Hartree-Fock (SHF) method with parameter
set SKM∗. Using this density distribution, we can get the initial
coordinate of nucleons in nuclei in terms of the Monte Carlo
sampling method. The momentum distribution of nucleons is
generated by means of the local Fermi gas approximation:

P i
F (�r) = h̄[3π2ρi(�r)]

1
3 , (i = n, p). (8)

In the model, the radial density can be written as

ρ(r) =
∑

i

1

(2πL)3/2
exp

(
− r2 + r2

i

2L

)
L

2rri

×
[
exp

( rri

L

)
− exp

(
− rri

L

)]
, (9)

where L is the so-called Gaussian wave width (here L =
2.16 fm2).

Stability of the initialized nucleus is checked by the time
evolution of the system at zero temperature [24]. The accepted
configurations are quite stable: Only a few percentage of
nucleons escape from the nucleus until 200 fm/c in the
intermediate-energy domain. In addition, we also check the
stability by tracking the time evolutions of the average binding
energy and the root-mean-square radius of the initialized
nucleus, and good enough stability is found. Lighter nuclei
are somewhat less stable. One or two out of ten nuclei lose a
nucleon in the required time span. To avoid taking an unstable
initialization of projectile and target in the IDQMD calculation,
we select the initialization samples of only those nuclei that
meet the required stability.

Nuclear fragments are constructed by a modified isospin-
dependent coalescence model, in which particles with relative
momentum smaller than p0 = 300 MeV/c and relative distance
smaller than R0 = 3.5 fm will be combined into a cluster.

In our calculations, the reactions of C isotopes with 12C are
performed. Most simulations are done in head-on collisions
(b = 0 fm) at 100 or 800 MeV/nucleon. The momentum
correlation functions are constructed by the phase-space points
at 200 fm/c when the system is basically at the freeze-out stage.
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FIG. 1. (Color online) The p-n correlation functions Cp-n for the
reactions of a chain of C isotopes with 12C at 800 MeV/nucleon and
b = 0 fm by use of the stable initialization of projectile and target.
The meanings of the symbols are given on the right-hand side of the
figure.

III. RESULTS AND DISCUSSIONS

A. Stable initialization versus random initialization

Figure 1 shows proton-neutron (p-n) correlation functions
from the reactions induced by a chain of C isotopes projected
on the 12C target at 800 MeV/nucleon of incident energy and
head-on collisions (impact parameter b = 0 fm) when a suitable
selection of the stable initialization is used. In this figure the
HBT strength of each isotope at a lower relative momentum
can be separated. If we plot this strength at 5 MeV/c (Cp-n) as
a function of the mean binding energy (Eb) of the projectiles
(C isotopes), we find that there exists an approximate linear
relationship between Cp-n and Eb, as shown by the filled circles
in Fig. 2.

To investigate the importance of initialization in the HBT
study, a comparison was performed with a random initializa-
tion for the projectile and the target in the IDQMD model
based on Monte Carlo sampling. In random initialization, the

6.0 6.6 7.2 7.8
1.4
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2.9

3.4

 stable ini.
 random ini.

C
p

-n
 (

q=
5M

eV
/c

)

E
b
 (MeV/nucleon)

C-isotopes

FIG. 2. (Color online) The relationship between the p-n correla-
tion function Cp-n at 5 MeV/c and the average binding energy per
nucleon of C isotopes. The filled circles represent the results obtained
with the stable initial phase space taking in the IDQMD model
according to the SHF density distribution. The open circles represent
the results with the random initial phase space. The collisions were
simulated at 800 MeV/nucleon and b = 0 fm. The target is 12C. The
lines are linear fits to guide the eyes.
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FIG. 3. (Color online) The p-n correlation function Cp-n obtained
for the reactions of a chain of C isotopes with a 12C target at
800 MeV/nucleon by use of the random initialization of the projectile
and the target. Symbols that represent the different isotopes are
defined on the right-hand side of the figure.

phase space of the nucleons is generated with Monte Carlo
random sampling. During sampling of each nucleon, if the
distance between every two nucleons is larger than 1.5 fm
and the product of the space radius and the momentum radius
between two nucleons is larger than one constant according
to the uncertainty relationship, the sampling will be accepted.
In this case, there is no additional requirement of the binding
energy of the projectile or the target.

With such a random initialization, the initial phase space of
the nucleons for the projectile and the target is different event
by event. Through the transport process of the IDQMD model,
we can obtain the momentum correlation function and extract
the HBT strength in the final states. Figure 3 shows the p-n
HBT strengths, for different C isotopes by randomly sampled
initialization. Similar to that of Fig. 1, the strength at 5 MeV/c
is not a constant for different isotope-induced reactions that are
indicated by the open circles in Fig. 2. However, two apparent
differences can be observed between the results of stable
initialization and random initialization. One is the difference
in the magnitude of the HBT strength. The values of Cp-n
at 5 MeV/c with the random initialization are less than those
with the stable initialization. For the random initialization, the
initial phase space, which may not meet the requirement of
the ground state as required in the SHF calculation, fluctuates
event by event. In this case the tightness of the initial nucleus
becomes weaker than that with a stable initialization of the
phase space that is sampled by the SHF density distribution.
Thus the values of Cp-n at 5 MeV/c that can embody the
tightness between the nucleons become smaller. The other dif-
ference is the slope of Cp-n vs. Eb. A steeper linear relationship
is observed for the stable initial phase space, while the depen-
dence of Cp-n vs. Eb becomes weaker in the random case.

The comparison between both different initialization meth-
ods indicates that the reasonable initial phase space of the
projectile that is sampled by the experimental Eb and the SHF
density calculation in the IDQMD model is important and
suitable for investigating the dependence of the binding energy
for some observables. In the following calculations, we use
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FIG. 4. (Color online) The time evolution of the emission rate of
nucleons for 18C + C at 100 MeV/nucleon and b = 0 fm with the
different gates of the total NN pair momentum.

the stable initialization to study some features of momentum
correlation functions.

B. Emission time of nucleons and evolution time of reaction

In the intermediate-energy domain, the extraction of the
space-time information is further complicated by two effects.
One is the presence of multiple sources of particle emission
[34]; the other is the different time scale of statistical and
dynamical emissions from equilibrium and nonequilibrium
sources [17,18]. The total momentum-gated correlation func-
tion can be used to investigate the latter effects. Understanding
the emission time sequence of neutrons and protons will be
helpful for understanding the nuclear interaction. It also might
be sensitive to the nuclear EOS. It has been shown that the
emission times of the nucleons are related to their kinetic
energies. Generally, earlier emitted nucleons have higher
energies than later ones. Some results have been demonstrated
in the experiments [35].

Figure 4 shows the time evolution of the particle emission
rate by use of the Stiff M EOS. The open circles connected
with solid curves show the proton emission rate and the filled
ones represent the neutron emission rate. The collisions are
simulated for 18C + 12C at 100 MeV/nucleon and b = 0 fm.
In the following discussion, except for the special note, the
collisions are all performed in the above circumstances.

From this figure, nucleons begin to be emitted around
20 fm/c, and their emission rates reach their maximum
15–20 fm/c later. With increasing total NN momentum Ptot,
the peak of the emission rate of nucleons becomes larger
and its corresponding time tends to an earlier time. This
indicates that nucleons with higher total pair momentum are
emitted earlier. Higher momentum nucleons belong mostly
to preequilibrium emission nucleons and essentially originate

from higher-density regions. In contrast, lower-momentum
nucleons are mostly emitted from equilibriumlike sources.
For n-p pairs with lower total momentum, the emission rate
of a neutron and a proton is almost synchronous, i.e., there
is no obvious difference of the emission sequence between
neutron and proton. However, for the n-p pair with larger total
momentum, the emission rate of neutrons reaches the peak
value earlier than that of protons; it means that, on average,
neutrons are emitted earlier than protons. The reason why
the emission rate of neutrons is larger than that of protons
stems from the neutron-rich content of the projectile. Two
interpretations seem to be possible. On the one hand, the
symmetry potential term in Eq. (2) plays an important role
in controlling the emission of nucleons. In a neutron-rich
projectile-induced reaction, protons could feel a stronger
attractive potential because of neighboring neutrons, which
results in more bound protons for disassembling sources. On
the other hand, neutrons will, on the one side, feel the stronger
repulsive interaction because of more n-n pairs and, on the
other side, feel smaller attractive potential because of the
decreasing of the average assorted number of nearest-neighbor
protons for a certain neutron for an increasing isospin of the
source. For both reasons more unbound neutrons are produced
for disassembling sources with higher isospins [36].

Experimentally, the momentum correlation function re-
flects the information in the final state of the reaction.
Theoretically, the final state can be seen as the state at the
freeze-out of the system. Since the HBT method is sensitive
to the space-time information, we investigate the HBT method
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FIG. 5. (Color online) The momentum correlation functions of
n-n, p-n, and p-p pairs for 18C + C at 100 MeV/nucleon and
b = 0 fm are constructed in different evolution times of the system.
The evolution times are given in the top panel on the right-hand side.
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FIG. 6. (Color online) The two-nucleon correlation functions
Cn-n, Cp-n, and Cp-p for 18C + C at 100 MeV/nucleon and b = 0 fm
with the different total pair momenta (Ptot) cuts or EOS parameters:
The left-hand panels correspond to the different gates of Ptot while
the right-hand panels correspond to different EOSs for Ptot =
400 MeV/c.

at different evolution times of reaction. Figure 5 shows the
correlation functions of n-n, p-n, and p-p pairs when the
evolution time of reaction t = 150, 200, 250, 300, and 400 fm/c.
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FIG. 7. (Color online) The HBT strength of two-nucleon corre-
lation functions for n-n and p-n at 5 MeV/c or at p-p at 20 MeV/c for
18C + C at 100 MeV/nucleon as a function of the gate of the total
momentum (Ptot) of the nucleon-nucleon pairs in the collisions.

Generally, HBT values become smaller in later evolution times
because of the weakness of the NN correlation when the system
is diluted. However, we can roughly say that the HBT values
do not change dramatically after t = 200 fm/c compared with
earlier times. Because of the limited computation resource,
hereafter we investigate the features of the HBT values for all
systems when t = 200 fm/c.

C. Gate of the total momentum

Since the magnitude of the total pair momentum is related to
the nucleon emission time, we discuss the effect of the total pair
momentum on the HBT results in this subsection. An earlier
emission time induces a stronger correlation; a larger total
momentum thus contributes to the strength of the correlation
function too. We discuss the calculations with different total
NN pair momentum (Ptot) in what follows. The results are
shown in Fig. 6. In this figure, three types of NN correlation
functions, namely n-n, n-p, and p-p, are shown. From the left-
hand panels, it is clearly observed that the higher the Ptot, the
higher the HBT value in lower relative momentum, whereas,
from the right-hand panels, it is observed that HBT value in
the region of lower relative momentum is higher with the soft
M EOS than that with the stiff M EOS.

To see an overall trend of HBT strength versus Ptot, we plot
the value of Cn-n (Cp-n) at 5 MeV/c or Cp-p at 20 MeV/c as
functions of Ptot in Fig. 7. The filled circles connected with
the solid lines present the results with the soft M EOS and the
open circles connected with the solid line show the ones with
the stiff M EOS.

From the figure, it is clear that the strength of the two-
nucleon correlation function is smaller at lower total pair
momentum than that of the higher one. As is shown, the
nucleons with lower total momenta are emitted later than
those with higher total momenta, which naturally reduces
the HBT strength. The calculated difference indicates the
qualitative characterization of the emission process during the
collisions. On the other hand, the tendency is similar despite
the different combinations of NN pairs. Experimental results
for the momentum-gated nucleon pairs show a trend similar
to the one that can be found in the literature, see for example
Refs. [11,12].

In addition, one can find that the HBT strength with the stiff
M EOS is higher than that with the soft one. The influence of
the different momentum-dependent EOSs on the HBT strength
is discussed in the next subsection in detail.

D. Soft- and stiff-momentum-dependent potential

The EOS is considered an important property of nuclear
matter and several studies have been made to investigate EOSs
of finite nuclear matter [37]. In this section, we show the results
of correlation functions with different EOS parameters.

In previous studies, the role of different potentials, i.e,
the soft and the stiff potentials in transport models, has
been investigated by means of some physical observables.
However, in most cases, the potential does not include
the momentum-dependent term, e.g., in HBT studies with
isospin-dependent BUU model [22]. In this work we used
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FIG. 8. (Color online) The comparison between the correla-
tion function with soft M and stiff M EOSs for 18C + C at
100 MeV/nucleon and b = 0 fm in IDQMD calculations. The
left-hand panels correspond to the cases of Ptot < 200 MeV/c while
the right-hand panels correspond to the cases of Ptot > 400 MeV/c.
The filled and open circles represent the results with soft- and stiff-
M EOSs, respectively.

a momentum-dependent part in the potential, namely the
soft M potential EOS and the stiff M potential EOS. We
use also an isospin-dependent potential and calculated NN
correlation functions with the above-mentioned two types of
momentum-dependent potentials. The results are shown in
Fig. 8.

In Fig. 8 the filled circles connected represent the
correlation function with the soft M EOS and the open
ones are the results with the the stiff M EOS. The left-
hand panels are the HBT results with Ptot < 200 MeV/c
and the right-hand panels are the results with Ptot >

400 MeV/c. From the figure, it is clear that the correlation
function with the stiff potential is larger than that with the soft
potential, which is similar to the calculation results with the
BUU model [11]. The stiff potential makes the compression
of nucleonic matter difficult compared with the case with the
soft one and leads to a larger emission rate and earlier average
emission time of nucleons, which in term leads to a stronger
correlation function for the stiff potential.

E. In-medium nucleon-nucleon cross section

The effect of the in-medium NN cross section (σ med
NN ) is

discussed in this subsection. We use a value of σ med
NN , which is

different from the free NN cross section (σ free
NN ), to investigate
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FIG. 9. (Color online) The two-nucleon correlation functions
Cn-n, Cp-n and Cp-p for 18C + C at 100 MeV/nucleon and b = 0 fm
with different in-medium NN cross sections (σ med

NN /σ free
NN ) (left-hand

panels) or different EOSs (right-hand panels) for fixed 0.6σ free
NN .

its influence on momentum correlation functions. Figure 9
shows n-n, n-p, and p-p correlation functions for different
σ med

NN and EOSs. Slightly larger values of the HBT strength
are found for larger σ med

NN , especially for 0.8 σ free
NN , as well

as for the stiff M EOS. Figure 10 shows the HBT strengths at
5 MeV/c (for n-n and n-p) or at 20 MeV/c (for p-p) as functions
of σ med

NN in the stiff M and soft M EOSs. The strength increases
with σ med

NN and with the stiffness of the EOS. This can be
understood by the following argument: With the increase in
the in-medium NN cross section, the collision rate between
two nucleons increases; consequently the system reaches the
equilibrium stage faster. Before equilibrium is reached, more
preequilibrium nucleons are emitted, which makes the strength
of the correlation function larger.

F. Impact-parameter dependence

Considering the importance of the Wigner function that de-
pends on the impact parameter, we investigate the momentum
correlation function at different impact parameters. Collisions
of 18C + 12C are performed at 100 MeV/nucleon and at the
impact parameters of 0, 1, 2, 3, 4, and 5 fm. The calculated
total momentum integrated correlation functions are shown in
Fig. 11. Larger HBT values for central collisions or stiff EOSs
are predicted. Their strengths are shown in Fig. 12.

In Ref. [11], some explanations of the effect of impact
parameters have been presented. As we already know, the
strength of the correlation function depends mainly on the
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emission time and the source size. From the figure,
there exists a large difference between soft and stiff potentials.
Second, the strength of a correlation function becomes weaker
with an increasing impact parameter on both soft M and stiff
M EOSs. This indicates that the stiffness of the potential
in the IDQMD model does not change the tendency of the
HBT strength with an increasing impact parameter. On the
other hand, the behavior of the HBT strength with an impact
parameter might reflect the changed size of the emitting
source. In central collisions, NN collisions are very frequent,
and emitted nucleons are mostly from one compact and hot,
dense region. Therefore the HBT strength is larger because of
the smaller source size, if compared with that of peripheral
collisions. Some other factors, including Fermi jets, may also
contribute to this effect [38].

G. Incident-energy dependence

The influence of incident energy on HBT strengths is
investigated in this section. Figure 13 shows the momentum
correlation functions at different beam energies (left-hand
panels) and different EOSs (right-hand panels). Figure 14
displays the calculated HBT strengths of n-n [Fig. 14(a)],
p-n [Fig. 14(b)], and p-p [Fig. 14(c)] pairs as a function of
beam energy for head-on collisions. From the figure, both
stiff M and soft M potentials provide a similar evolution
of the HBT strength with beam energy. Interestingly, the
HBT strength first increases with the incident energy and
reaches a peak around 100 MeV/nucleon and then decreases
at higher incident energies. The raise of the HBT strength at
lower incident energies can be essentially attributed to drastic
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behavior of HBT strengths with incident energies higher than
100 MeV/nucleon cannot be explained in this way.

To discuss the possible origin of the complex behavior
of the HBT strength with incident energy, we investigate
the maximum nucleon emission rate in the whole time
evolution as a function of beam energy in Fig. 15. From
the figure, the maximum nucleon emission rates show a rise
and fall behavior similar to the one observed in Fig. 15 for
the HBT strength. Around 100 MeV/nucleon, the nucleon
emission rate is maximum. This energy coincides with the
peak position of the HBT strength in Fig. 15. From this point
of view, the HBT strength could be correlated to the maximum
nucleon emission rate during HICs. The higher the nucleon
emission rate, the stronger the HBT strength. Of course,
another possible explanation for the falling branch of HBT
strength can be attributed to the source size in the final state
(t = 200 fm/c). It is expected that, in the energy range
of a few hundreds of MeV/nucleon, where the repulsive
NN interaction is dominant, a more dilute system might
develop after freeze-out. Therefore the fall of the HBT with
a beam energy above 100 MeV/nucleon indicates that the
source size has been much expanded in the final state at higher
energies. In contrast, the attractive mean field competes with
the repulsive NN interaction below 100 MeV/nucleon. Shorter
emission times with increasing beam energies may play a
dominant role in determining the behavior of the HBT strength.
Figure 15 also illustrates that the emission rate of neutrons is
larger than that of protons and that the neutrons are emitted
earlier than protons.

IV. SUMMARY

In summary, IDQMD model has been used as an event-
generator to study the momentum correlation functions of
n-n, p-p, and n-p pairs for C + 12C. An approximate linear
relationship between the strength of a correlation function
at low relative momentum and the mean binding energy
of projectiles has been revealed, and the influence of the
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different initialization methods of the projectiles on mo-
mentum correlation functions has been also investigated. In
addition, some different physical factors that have effects on
momentum correlation functions have been shown in this
work. These factors include nuclear EOSs and in-medium
NN cross sections. It shows that the stiff M EOS or a larger
in-medium NN cross section results in a stronger HBT strength
than does the soft M EOS or a smaller in-medium NN cross
section. Some other aspects that also have effects on mo-
mentum correlation functions, including the time evolution
of the reaction system, the impact parameter, the gate of the
total momenta of NN pairs, and the incident energy, are also
explored. Results show that the HBT strength decreases with
an increasing impact parameter because of an earlier emission
or a compact source size in central collisions. A positive
correlation between the gate of total NN pair momentum and
the HBT strength can be explained by the earlier emission time

of nucleons with higher total momentum. The rise and fall of
the HBT strengths with the beam energy can be interpreted
either in terms of the maximum nucleon emission rates during
HICs or in terms of the dominant shorter emission time with an
increasing beam energy below 100 MeV/nucleon and the larger
later-stage expansion of the source size with an increasing
beam energy above 100 MeV/nucleon.
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