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Novel Pauli blocking method in quantum molecular dynamics type models
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In this work, we propose a novel method for calculating the occupation probability in the Pauli blocking of the
quantum molecular dynamics type models. This method refines the description of the Pauli blocking ratio in the
nuclear matter and that in the finite nucleus. The influence of the new Pauli blocking method on the heavy ion
collisions observables, such as the charge distribution, the free neutron to proton yield ratios, and the extracted
physical quantities, such as the in-medium nucleon-nucleon cross sections, are investigated. For the extracted
in-medium nucleon-nucleon cross sections, our results show that it will be enhanced 1.1–2.5 times than that
with the conventional Pauli blocking method at the beam energy less than 150 MeV/u, which highlights the
importance of a refined Pauli blocking method for developing an advanced transport model to describe complex
heavy ion collisions.
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Introduction. Investigations of the medium properties of
nuclear systems, such as the isospin asymmetric nuclear equa-
tion of state (EOS) [1–4] and in-medium nucleon-nucleon
(NN) cross sections [5–8], play a crucial role in advancing our
understanding of dense nuclear matter, dynamics of heavy ion
collision (HIC), and effective nucleon-nucleon interaction. In
the laboratory, HIC is a unique way to extract the information
of interest about the EOS and in-medium NN cross sections.
However, these extractions rely on the transport models. As
a game changer, developing advanced models have been sug-
gested in the long-range plan for nuclear science [9].

To develop advanced transport models, one has to under-
stand the model dependence of the extraction of the EOS
and in-medium NN cross sections via HICs first. Since 2009,
the transport model evaluation project (TMEP) has made im-
portant progresses in this area [10–14]. The TMEP results
illustrate that one of the crucial theoretical challenges for the
transport model is the Pauli blocking. The commonly used
Pauli blocking methods in the transport models underesti-
mate the blocking ratio compared to its benchmark value,
especially in the quantum molecular dynamics (QMD)-type
models, in the nuclear matter [11]. Thus, one may expect that
the extracted in-medium NN cross sections or EOS via HICs
may have systematic deviations relative to the true value, and
a refined Pauli blocking method is indispensable to develop
advanced transport models in the future.

In the transport equation, the Pauli blocking comes from
the Uehling-Uhlenbeck factor [14–16], and is realized after
NN attempted collisions in transport models. For example,
for the attempted collision between particles i and j, the final
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states of the outgoing particles i and j are occupied by the
surrounding nucleons with the probabilities Pi and Pj , respec-
tively. Then, the collision will be blocked according to the
blocking probability P = 1 − (1 − Pi )(1 − Pj ).

In QMD-type models, the calculations of the occupation
probability Pi can be generally divided into two kinds. One is
to calculate Pi from the phase space density [11], i.e.,

Pi = P(ri, p′
i ) = 1

4/h3

N∑
k=1,k �=i

1

(π h̄)3

× exp

[
− (ri − Rk )2

2σ 2
r

− (p′
i − Pk )2

2σ 2
p

]
, (1)

where σr and Rk (σp and Pk) are the width and centroid of the
phase space density in coordinate (momentum) space. The ri

and p′
i are the coordinate and momentum of outgoing nucleon

i. Another is to calculate Pi from the overlap of the hard
spheres [17,18], i.e.,

Pi = P(ri, p′
i ) =

N∑
k=1,k �=i

1

4/h3
O(x)

ik O(p)
ik . (2)

Here, O(x)
ik (O(p)

ik ) is the volume of the overlapping region of
spheres with the parameters of radius Rx (Rp) of nucleons
i and k in coordinate (momentum) space. This method was
developed as an approximation of Eq. (1) since computing
exponentials with computers was slow. The variant of the
second method was to introduce the additional surface cor-
rection [18,19], since the spurious NN collisions caused by
conventional Pauli blocking method mainly occur in the sur-
face region of finite nucleus [20].

These two methods mentioned above cause a large fluc-
tuation in the occupation probability Pi which results in
the underestimation of the average occupation probability,
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particularly in the QMD-type models where each nucleon is
represented by a fixed width of Gaussian wave packet or is
in a specific state. To address this issue, a way to reduce the
fluctuation of the occupation probability Pi is required.

In this work, we propose an ad hoc method to calculate the
occupation probability Pi by considering the quantum effects
on the distribution of the final states. Then, this new method is
evaluated in the nuclear matter at T = 5 MeV and in the finite
nucleus used in the initialization of the transport model. To
understand the influence of the new Pauli blocking method on
the mechanism of heavy ion collisions, we select two observ-
ables. One is the charge distribution, which provides insights
into the fragmentation pattern. Another is the spectra of the
free neutron to proton yield ratios, which has been used to
determine the density dependence of symmetry energy. Lastly,
we investigate the influence of the new Pauli blocking method
on the extraction of physical quantity, such as the in-medium
NN cross sections, by describing the stopping power data.

Theoretical model. The improved quantum molecular
dynamics (ImQMD) model we used is the same as in
Refs. [21–23], the nucleonic potential energy density u with-
out the spin-orbit term can be written as the sum of the local
term uloc and momentum dependent interaction term umd, i.e.,
u = uloc + umd. The local term is defined as

uloc = α

2

ρ2

ρ0
+ β

γ + 1

ργ+1

ρ
γ

0

+ gsur

2ρ0
(∇ρ)2

+ gsur,iso

ρ0
[∇(ρn − ρp)]2 + Asym

ρ2

ρ0
δ2 + Bsym

ργ+1

ρ
γ

0

δ2.

(3)

Here, δ = (ρn − ρp)/(ρn + ρp) is the isospin asymmetry, ρ0

is the saturation density, ρn and ρp are the densities of the
neutron and proton, respectively. The coefficients of α, β,
γ , gsur, gsur,iso, Asym, Bsym can be obtained from the stan-
dard Skyrme interaction parameters t0, t1, t2, t3, x0, x1, x2,
x3, σ [24]. The momentum dependent interaction term can
be derived from its interaction form δ(r1 − r1)(p1 − p2)2

[21,25,26],

umd = C0

∑
i j

∫
d3 pd3 p′ fi(r, p) f j (r, p′)(p − p′)2

+ D0

∑
i j∈n

∫
d3 pd3 p′ fi(r, p) f j (r, p′)(p − p′)2

+ D0

∑
i j∈p

∫
d3 pd3 p′ fi(r, p) f j (r, p′)(p − p′)2, (4)

where fi(r, p) is phase space density distribution function of
the ith nucleon. The parameters C0 and D0 can be determined
from the standard Skyrme momentum dependent interaction
term, and details can be found in Ref. [21]. The treatment of
initialization and NN collision used in this work are the same
as those in Refs. [5,24].

The in-medium NN elastic cross section σ med
NN reflects the

medium correction beyond the Pauli blocking, and is taken as

σ med
NN =

(
1 + η(

√
s)

ρ

ρ0

)
σ free

NN (5)

FIG. 1. Sketch of the idea for the conventional Pauli blocking
method ‘PB(W)’ and new Pauli blocking method ‘PB(W*)’.

in this work. The η is a parameter that varies with incident
energy, and σ free

NN is free NN elastic cross sections taken from
Ref. [27]. Equation (5) has been widely used in the transport
models [5,28–31]. Usually, the η is determined by describing
the HICs data with transport model simulations.

Pauli blocking method. The conventional Pauli blocking
we used in ImQMD is as the same as Eq. (1). To overcome
the defect of the conventional Pauli blocking in QMD-type
models, one possible approach is to consider the quantum
effects on the states of nucleons, i.e., each nucleon can occupy
a series of states that are labeled by the momentum. This
effect has been considered in the antisymmetrized molecular
dynamics (AMD) model [32,33], in which the wave function
of a nuclear system is approximately described by a Slater
determinant.

In QMD-type models, we propose an ad hoc Pauli blocking
method to calculate the occupation probability Pi. In this new
method, the Pi is also determined by the surrounding nucleons,
but each nucleon has N states. For understanding, we schemat-
ically present this idea in momentum space as in Fig. 1(b). The
green point is the nucleon i in its state p′

i, and the blue points
are nucleon j in N states labeled with ( j, λ = 1, 2, . . . , N).
The corresponding formula of Pi reads

Pi = P(ri, p′
i )

= 1

4/h3

1

(π h̄)3

N∑
j=1, j �=i

exp

[
− (ri − R j )2

2σ 2
r

]
c j (p′

i ), (6)

where the factor c j (p′
i ) is calculated as

c j (p′
i ) = 1

N

N∑
λ=1

exp

[
− (p′

i − P j,λ)2

2σ 2
p

]
. (7)

N is equal to the nucleon number of the system. The mo-
mentum P j,λ represents the jth nucleon at state λ, and is
sampled from the momentum space of the system. Thus, one
can expect that c j (p′

i ) is smoother than that in the conventional
method, where

c j (p′
i ) = e

− (p′
i−P j )2

2σ2
p , (8)
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FIG. 2. (a) The standard deviation of P(p′) and the
〈min(P(p′), 1)〉 by using the PB(W) and PB(W*). (b) The
Rsuc

coll obtained in this work, and in Ref. [11] for different transport
models. The red line represents the benchmark values of the
successful collision rate.

and the idea of the conventional method is schematically pre-
sented in panel (a) for comparison. In practical calculations,
we approximate the Gaussian function in Eqs. (6) and (7) with
a triangle to enhance the efficiency of the calculations. In the
following discussions, we will refer to the new Pauli blocking
method as PB(W*) and the conventional Pauli blocking as
PB(W).

Occupation probability and successful collision rate in
nuclear matter and the finite nucleus. To evaluate the new Pauli
blocking method PB(W*), one has to establish benchmark
values for comparison. Two benchmark values can be utilized
for this purpose. The first one is the occupation probability
P(p′) in nuclear matter. By comparing the calculated occupa-
tion probability with the Fermi distribution, we can evaluate
the effectiveness of the Pauli blocking method in nuclear
matter. The second benchmark is the occupation probability
in the ground state of finite nuclei. This benchmark allows us
to evaluate the performance of the new Pauli blocking method
in reproducing the occupation probabilities in realistic nuclear
systems. Deviations of the calculated occupation probabilities
from the expected values provide insight into the accuracy and
reliability of the Pauli blocking method.

Figure 2(a) gives the distributions of the occupation prob-
ability for the final state of all collisions in the first time
step in nuclear matter at T = 5 MeV. The conditions for
simulations [34] are also as the same as those in Ref. [11].
The lines are the average values used in the practical
calculations, i.e., 〈min (P(p′), 1)〉. Two cases are presented,
one is for PB(W) (the blue dashed line with blue error

bars), and another is for PB(W*) (the blue solid line with
blue-shaded region). The benchmark result, which is a Fermi
distribution at T = 5 MeV, is presented as a red line. For the
case of PB(W*), the variance of P(p′) is reduced by about
70% compared to the conventional method. Moreover, the
〈min (P(p′), 1)〉 values obtained with PB(W*) are close to
the benchmark values at low momentum region. At high ki-
netic energy region, the 〈min (P(p′), 1)〉 values obtained with
PB(W*) are similar to those obtained with the conventional
method and the P(p′) values are overestimated.

Figure 2(b) shows the averaged successful collision rate
Rsuc

coll = 〈dN suc
coll/dt〉, which is obtained during the time interval

60–140 fm/c. The open symbols are the results of the differ-
ent BUU and QMD models, which have been published in
Ref. [11]. The blue square is the Rsuc

coll obtained with PB(W*),
which is about 11.8 c/fm and comparable to the values ob-
tained with IBUU, RVUU, and SMF models. In the QMD
family, our results on Rsuc

coll evidence that the new Pauli block-
ing method is better than the conventional methods and worse
than the hard sphere overlap method with surface correction in
the TuQMD [35]. The CoMD result is close to the benchmark
value, but is not presented here since they use a different
philosophy [36–38]. However, the advantage of our method
is that we did not introduce any new parameters which is
different than the hard sphere overlap method with surface
correction.

Next, we check the influence of PB(W*) on the finite
nucleus which will be important for simulating HICs. As
an example, we choose the 124Sn in the following analysis
since it is on the long isotope chain and was widely used to
study the isospin physics in HICs [39–44]. Two quantities are
analyzed. One is the distribution of the occupation probability,
i.e., P(p′). Another is the radial distribution of the successful
collision rate 〈dN suc

coll/dtdr〉, which can help us identify the
region where the spurious NN collisions occur due to the
defects of Pauli blocking. All the simulations are performed
by using the SLy4 interaction, and the number of events is
1000.

Figure 3(a) shows the distributions of the occupation prob-
ability for the initialized nucleus, i.e., 124Sn, with PB(W) and
PB(W*) at the first time step. Ideally, the momentum distribu-
tion of the initial nuclei P(p′) at the first time step still keeps
the Fermi Dirac distribution. However, the shape of P(p′)
obtained with both PB(W) and PB(W*) deviates from the
expected Fermi distribution. This deviation can be attributed
to two factors. First, the initial nucleus in the framework of
QMD does not represent the true ground state, resulting in a
binding energy that deviates by approximately 8% from the
true ground state [45]. Second, there is the defect of Pauli
blocking as mentioned in Refs. [11,18]. Comparing the results
obtained with PB(W) and PB(W*), we find that the variance
of P(p′) is reduced by about 35% compared to the result by
using the PB(W). Thus the averaged occupation probability,
i.e., 〈min(P(p′), 1)〉, obtained with PB(W*) is greater than
that for the PB(W). At low momentum regions, the occupation
probability obtained with PB(W*) is close to 1. Panel (b)
shows the radial distribution of the successful collision rate for
PB(W) and PB(W*) at first time step. With PB(W*), the oc-
currence of spurious collision is suppressed by approximately
60% in the surface region of the nucleus.
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FIG. 3. (a) The standard deviation of P(p′) and the
〈min(P(p′), 1)〉 by using the PB(W) and PB(W*). (b) The
radial distribution of the successful collision rate for 124Sn for
PB(W) and PB(W*). (c) and (d) Root-mean-square radius of 124Sn
as a function of time for PB(W) and PB(W*), respectively.

In addition, we check the influence of the new Pauli block-
ing method on the stability of the initial nucleus, as the
stability of the initial nucleus is crucial for the simulations
of HICs. The root-mean-square (rms) radius of sampled 124Sn
as a function of time is tested and plotted in Figs. 3(c) and
3(d) for PB(W) and PB(W*), respectively. The curves are
from ten random events, and they illustrate that the new Pauli
blocking method improves the stability of the initial nuclei.
To quantify the stability of the sampled initial nucleus, we
employ the probability of stability (Pstab), as used in Ref. [45].
Pstab is calculated as the ratio of the number of events (Nstab)
that maintain the rms variation within 40% at t = 200 fm/c
compared to the rms values at t = 0 fm/c, to the total number
of events (Ntotal), with Ntotal set to 1000. Our calculations re-
veal that the Pstab obtained with PB(W*) reaches 97%, which
is larger than that obtained with PB(W).

Impacts of new Pauli blocking method on HICs observables
and the extraction of physical quantity. Now, let us turn to
investigate the influence of the new Pauli blocking method
on the HICs observables, such as the charge distributions,
i.e., dM/dZ , and isospin sensitive observable, i.e., the free
neutron to proton yield ratio, i.e., R(n/p). The reaction system
we simulated is 197Au + 197Au, and the beam energy is from
50 to 250 MeV/u. All the parameters we used in the sim-
ulations are the same except for the Pauli blocking method,
allowing us to isolate the specific influence of the new method
on the observables.

Figure 4(a) shows the charge distributions of fragments
obtained with PB(W) (dashed lines) and PB(W*) (solid lines).
Our calculations show that the charge distributions obtained
with the PB(W*) are narrower than those with PB(W), which
can be attributed to the stability of the initial nuclei. As we
learned in Figs. 3(c) and 3(d), the stability of the initial nuclei

FIG. 4. (a) The charge distribution, and (b) the spectra of R(n/p),
obtained with PB(W) and PB(W*).

is better for PB(W*) than that for PB(W), which means that
the projectile/target nuclei are tightly bound for PB(W*) than
PB(W) during the time evolution. Consequently, the projectile
and target are more likely to penetrate each other and form
heavier fragments for PB(W) compared to PB(W*). With the
beam energy increasing, the difference in the charge distribu-
tion obtained with two kinds of Pauli blocking becomes small
as the weakening of the Pauli blocking effects.

Figure 4(b) presents the influence of different Pauli block-
ing methods on the isospin sensitive observable, R(n/p). Our
results show that the calculations with PB(W*) lead to a
suppression of the neutron to proton yield ratios compared to
PB(W), especially at high kinetic energy of the emitted nucle-
ons. For R(n/p) ratios at Ebeam = 50 MeV/u, the suppression
of R(n/p) by using the PB(W*) is less than 15% relative to
that with PB(W). This suppression implies that the constraints
of symmetry energy via transport models will modified if the
PB(W*) is adopted, but the strength of the modification in the
constraints of the symmetry energy depends on the correlation
between the R(n/p) and the slope of the symmetry energy.

To understand the impact on the extraction of physical
quantities, as an example, we investigate the in-medium NN
cross sections. It was done by describing the stopping power
vart l [46], which measures the ratios between the variance
of the transverse rapidity distributions and longitudinal distri-
butions of the emitted particles and is closely related to the
successful NN collision rate. The vart l is defined as

vart l =
〈
y2

t

〉
〈
y2

z

〉 . (9)

Here, yt and yz are the transverse and longitudinal rapidity
of the detected particles. The calculations are performed for
Au+Au at b = 1 fm with the interaction parameter set SLy4.

Figure 5(a) shows the excitation function of vart l for
Au+Au. The symbols are the data of vart l obtained in
Refs. [46–48]. Two Pauli blocking methods have been adopted
to describe the data, which are from INDRA and FOPI Col-
laborations [46–48]. Panel (b) shows the ratio of the extracted
in-medium NN cross section between two methods, i.e,

Rmed
NN = σ med

NN [PB(W ∗)]

σ med
NN [PB(W )]

. (10)

Three lines correspond to the results at 0.5ρ0, ρ0, and
1.5ρ0. Our calculations show that the extracted NN cross
sections with the new Pauli blocking method are enhanced
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FIG. 5. (a) The excitation function of vart l obtained with PB(W)
and PB(W*). (b) The ratio of the extracted in-medium NN cross
section obtained with two Pauli blocking methods, line with different
styles correspond to different medium density. The data are presented
as symbols from Refs. [46–48].

compared to the extracted in-medium NN cross sections ob-
tained with the conventional Pauli blocking method. At low
incident energy, for example, at Ebeam = 40 MeV/u, the ex-
tracted in-medium NN cross sections at ρ = ρ0 with PB(W*)
are 2.5 times larger than that with PB(W). At the incident en-
ergy greater than 150 MeV/u, the values of Rmed

NN tend to 1.1 at
normal density. The enhancement of the in-medium NN cross
sections is similar as observed in the AMD calculations [49],
but our results show that the cross sections extracted from
PB(W) and PB(W*) are almost identical and previous results
of the extracted in-medium NN cross sections obtained with
PB(W) do not need to change dramatically in the framework
of the QMD model.

However, one should note that the above discussions are
not sufficient to draw quantitative conclusions regarding the
in-medium NN cross sections. This is because we have not
taken into account the impact parameter smearing effect,
which exists in experiments, and the uncertainties arising from
the effective interactions. A more comprehensive and accurate
analysis of the in-medium NN cross sections will be done in
our next work.

Summary and outlook. In this paper, we focus on proposing
a novel method to calculate the occupation probability in
the treatment of the Pauli blocking in the QMD-type models

rather than to reproduce or explain the existing data. This
method considers the quantum effect that each nucleon oc-
cupies a series of states rather than a single state, and it
effectively reduces the fluctuations in the occupation proba-
bility and enhances the Pauli blocking ratios. The validation
of the new Pauli blocking method has been done in the nu-
clear matter and the finite nuclei by comparing them with the
benchmark values. The comparisons evidence that the new
Pauli blocking method can provide a more accurate Pauli
blocking ratio than the conventional Pauli blocking method
used in QMD-type models.

Furthermore, we examine the influence of the new Pauli
blocking method on the heavy ion collision observables, such
as the charge distribution and the free neutron to proton yield
ratios. Our calculations show that the influence of the Pauli
blocking method on the charge distributions cannot be ne-
glected, especially at low beam energy, and the impact on
the free neutron to proton yield ratios is less than 15%. For
the extracted physical quantity, such as the in-medium NN
cross sections, which are obtained by describing the experi-
ment data of stopping power, our calculations show that the
extracted in-medium NN cross sections with the new Pauli
blocking method are enhanced compared to that with the
conventional Pauli blocking method. At the normal density,
the extracted in-medium NN cross sections with PB(W*)
are enhanced 1.1–2.5 times larger than that with PB(W) at
Ebeam = 40–150 MeV/u. At Ebeam > 150 MeV/u, the ex-
tracted in-medium NN cross sections are enhanced 1.1 times
larger than that with PB(W).

Overall, our results emphasize the importance of an appro-
priate Pauli blocking method in accurately describing heavy
ion collisions and in improving insights into the reaction
dynamics. The new Pauli blocking method provided in this
work will be a better choice for the development of advanced
transport models in the future.
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M. Kiš, P. Koczoń, T. Kress, Y. Leifels, M. Merschmeyer, K.
Piasecki, A. Schüttauf, M. Stockmeier, V. Barret, Z. Basrak, N.
Bastid et al., Systematics of central heavy ion collisions in the
1A GeV regime, Nucl. Phys. A 848, 366 (2010).

[49] M. Kaneko, T. Murakami, T. Isobe, M. Kurata-Nishimura, A.
Ono, N. Ikeno, J. Barney, G. Cerizza, J. Estee, G. Jhang, J. Lee,
W. Lynch, C. Santamaria, C. Tsang, M. Tsang, R. Wang, D.
Ahn, L. Atar, T. Aumann, H. Baba et al., Rapidity distributions
of Z = 1 isotopes and the nuclear symmetry energy from Sn+Sn
collisions with radioactive beams at 270 MeV/nucleon, Phys.
Lett. B 822, 136681 (2021).

L021604-7

https://doi.org/10.1143/ptp/87.5.1185
https://doi.org/10.1016/j.ppnp.2004.05.002
https://doi.org/10.1103/PhysRevC.64.024612
https://doi.org/10.1103/PhysRevC.87.014001
https://doi.org/10.1016/j.jcp.2005.02.032
https://doi.org/10.1103/PhysRevLett.92.062701
https://doi.org/10.1103/PhysRevLett.102.122701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.126.162701
https://doi.org/10.1016/j.physletb.2020.136016
https://doi.org/10.1140/epja/s10050-022-00851-2
https://doi.org/10.1103/PhysRevC.104.024605
https://doi.org/10.1103/PhysRevLett.92.232301
https://doi.org/10.1140/epja/i2006-10101-2
https://doi.org/10.1016/j.nuclphysa.2010.09.008
https://doi.org/10.1016/j.physletb.2021.136681

