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Abstract
In the framework of the Lanzhou Quantum Molecular Dynamics (LQMD) model,
a possible probe to the neutron-skin thickness (𝛿np) of neutron-rich 48Ca is stud-
ied in 140A MeV 48Ca + 9Be projectile fragmentation reaction based on parallel
momentum distribution (p//) of residual fragments.The Fermi-type density dis-
tribution is employed to initiate the neutron density distributions in the LQMD
simulation. A combined Gaussian function with different width parameters for
the left side (ΓL) and the right side (ΓR) in distribution are used to describe the
p// of residual fragments. The value of ΓL, taking neutron-rich sulfur isotopes
as examples, shows a sensitive correlation to 𝛿np of 48Ca, which is suggested to
be a probe to determine the neutron-skin thickness of the projectile nucleus.
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Abstract. Neutron-skin thickness is a key parameter for neutron-rich nuclei,
yet it remains difficult to determine experimentally. Within the framework
of the Lanzhou Quantum Molecular Dynamics (LQMD) model, we investigate
a possible probe for the neutron-skin thickness (𝛿np) of neutron-rich 48Ca in
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the 140A MeV 48Ca + 9Be projectile fragmentation reaction, based on the
parallel momentum distribution (p//) of residual fragments. A Fermi-type den-
sity distribution is employed to initialize the neutron density distributions in
the LQMD simulations. The p// distributions are described using a combined
Gaussian function with different width parameters for the left side (ΓL) and
right side (ΓR). Using neutron-rich sulfur isotopes as examples, ΓL shows a sen-
sitive correlation with 𝛿np of 48Ca and is proposed as a probe for determining
the neutron-skin thickness of the projectile nucleus.

Keywords: Neutron-skin thickness, Projectile fragmentation, Parallel momen-
tum distribution, Neutron-rich nucleus, Quantum molecular dynamics model

INTRODUCTION
The neutron-skin thickness, defined as the difference between the root-mean-
square radii of the neutron and proton density distributions of a nucleus, 𝛿np
� �rn2�1/2 − �rp2�1/2, is an important parameter for neutron-rich nuclei. With
the advanced capabilities of new rare isotope facilities to produce nuclei near
the proton and neutron drip lines, a new era has commenced for studying nuclei
with exotic structures, particularly neutron-rich isotopes at extremes [1, 2]. The
exact value of 𝛿np is crucial for research on nuclear symmetry energy [3] and
neutron stars [4], and it becomes even more important to study 𝛿np for extreme
nuclei because they may have significantly different density distributions in the
surface region compared to stable nuclei.

Throughout the history of studying 𝛿np in neutron-rich nuclei, many probes
have been proposed based on different theoretical frameworks and experimen-
tal approaches. Projectile fragmentation reactions induced by neutron-proton
asymmetric nuclei, as one type of heavy-ion reaction, serve as typical experimen-
tal tools to investigate properties of neutron-rich nuclei. Various observables
have been proposed as probes to study the neutron skin of projectile nuclei with
varying degrees of success, including light particle emissions [5, 6], fragment
production ratios [7, 8], and fragment mass or charge distributions through in-
formation entropy analysis [9, 10]. Due to the inherent difficulties in measuring
neutron density distributions directly, the neutron-skin thickness of asymmet-
ric nuclei is usually determined experimentally through indirect probes such as
the giant dipole resonance [11, 12], spin dipole resonance [13], neutron-removal
cross section [14], and parity-violating electron scattering (for 208Pb [15, 16]
and 48Ca [17]).

The momentum distribution of nucleons is widely used to study the structure
and properties of atomic nuclei [18–21]. The short-range correlation between
nucleons can be experimentally investigated by detecting the high-momentum
tail of the nucleon momentum distribution using bremsstrahlung 𝛾 rays in heavy-
ion nuclear reactions [22–24]. The parallel momentum distribution (p//) of
fragments in breakup or few-body reactions often provides the first evidence
for halo or skin nuclei, as demonstrated in studies of 11Li [18], 29P [25], 23Al
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[26], and 31Ne [27]. Thus, p// of residual fragments can also be employed to
determine 𝛿np within the framework of optical models [28–30]. Experimentally,
the p// of fragments is typically used to determine their yields or cross sections
after integration [31], which directly connects the fragment yields to the nuclear
density (and neutron-skin thickness) of the projectile nucleus. This suggests
that p// of fragments could serve as a probe for 𝛿np of the projectile nucleus.

In this study, we investigate the p// of residual fragments in projectile frag-
mentation reactions using the Lanzhou quantum molecular dynamics (LQMD)
model [32, 33]. Our results suggest that the width of the p// distribution for
fragments produced in peripheral collisions is sensitive to 𝛿np and could serve
as a probe for the neutron-skin thickness of the projectile nucleus.

II. MODEL DESCRIPTION
A. The LQMD Model

The LQMD model is an isospin- and momentum-dependent transport model
that includes all possible elastic and inelastic collision reaction channels during
charge exchange. The temporal evolution of nucleons, hyperons, and mesons
in a reaction system under a self-consistently generated mean field is governed
by Hamilton’s equations of motion [32–35]. Based on the Skyrme interactions,
isospin-, density-, and momentum-dependent Hamiltonians were constructed
[34]. The Hamiltonian of baryons consists of the relativistic energy, effective
interaction potential, and momentum-related components:

𝐻 = ∑
𝑖

√𝑝2
𝑖 + 𝑚2

𝑖 + 𝑈int + 𝑈mom

where 𝑝𝑖 and 𝑚𝑖 denote the momentum and mass of the baryons, respectively.
𝑈int comprises the Coulomb interaction and the local interaction potential. The
local interaction potential is expressed as follows:

𝑈loc = ∫ 𝑉loc[𝜌(r)]𝑑r

derived from the Skyrme energy density functional. 𝑉loc(𝜌) can be written as:

𝑉loc(𝜌) = 𝛼𝜌2 + 𝛽𝜌2+𝛾 + 𝑔sur(∇𝜌)2 + 𝑔sur
iso [∇(𝜌𝑛 − 𝜌𝑝)]2 + 𝐸loc

sym(𝜌)𝜌𝛿2

where 𝜌𝑛, 𝜌𝑝, and 𝜌 = 𝜌𝑛 + 𝜌𝑝 are the neutron, proton, and total densities,
respectively, and 𝛿 = (𝜌𝑛 − 𝜌𝑝)/(𝜌𝑛 + 𝜌𝑝) is the isospin asymmetry. The coeffi-
cients 𝛼, 𝛽, 𝛾, 𝑔sur, 𝑔sur

iso , and 𝜌0 were set to −215.7 MeV, 142.4 MeV, 1.322, 23
MeV・fm2, −2.7 MeV・fm2, and 0.16 fm−3, respectively. 𝐸loc

sym(𝜌) is the local part
of the symmetry energy, which can be adjusted to mimic the predictions of the
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symmetry energy calculated using microscopic or phenomenological many-body
theories:

𝐸loc
sym(𝜌) = 𝐶sym(𝜌/𝜌0)𝛾𝑠

The values of 𝐶sym and 𝛾𝑠 are 52.5 MeV and 2.0, respectively, which correspond
to hard-symmetry energy with a baryon density [34].

𝑈mom takes the form:

𝑈mom = ∑
𝑖,𝑗,𝑗≠𝑖

∑
𝜏,𝜏′

𝐶𝜏,𝜏′𝛿𝜏,𝜏𝑖
𝛿𝜏′,𝜏𝑗

∫ 𝑑p 𝑑p′ 𝑑r×𝑓𝑖(r, p, 𝑡) ln[𝜖(p−p′)2+1]𝑓𝑗(r, p′, 𝑡)

where 𝐶𝜏,𝜏 = 𝐶mom(1 + 𝑥), 𝐶𝜏,𝜏′ = 𝐶mom(1 − 𝑥) (𝜏 ≠ 𝜏 ′), and the isospin
symbols 𝜏 (𝜏 ′) represent protons and neutrons, respectively. The parameters
𝐶mom and 𝜖 were determined by fitting the real part of the optical potential as a
function of incident energy from proton-nucleus elastic scattering data, yielding
values of 1.76 MeV and 500 c2/GeV2, respectively. Thus, the effective mass of
the nuclear medium at saturation density is 𝑚∗/𝑚 = 0.75. The parameter 𝑥
represents the strength of isospin splitting, for which a value of −0.65 is adopted
in this study, and the mass splitting is 𝑚∗

𝑛 > 𝑚∗
𝑝 in the nuclear medium [36].

During the initialization of the projectile nucleus in LQMD, the initial coordi-
nates of the nucleons are obtained by random sampling according to the two-
parameter Fermi-type density distribution [38]:

𝜌𝑖(𝑟) = 𝜌0
1 + exp ( 𝑟−𝐶𝑖

𝑡𝑖/4.4 )
, 𝑖 = 𝑛, 𝑝

where 𝜌0 is a normalization constant that ensures the integrated density distri-
bution equals the number of protons or neutrons, 𝑓𝑖 is a parameter for adjusting
the diffuseness [7, 39], 𝑡𝑖 is the diffuseness parameter, and 𝐶𝑖 is the half-density
radius. Nuclei with reliable stability and expected neutron-skin thickness were
selected as collision candidates, with 𝛿np values of 0.111, 0.120, 0.136, 0.168,
and 0.186 fm for the corresponding initial 48Ca nuclei after LQMD initializa-
tion (see [Figure 1: see original paper]). Fragments were analyzed in phase
space at 𝑡 = 300 fm/c in the LQMD simulation, and nucleons with a relative
distance smaller than 3.0 fm and a relative momentum smaller than 200 MeV/c
were considered in the coalescence model [33].

B. Parallel Momentum Distribution

The p// of fragments produced in projectile fragmentation reactions exhibits a
nonsymmetric distribution in experiments, which can be fitted by a combined
Gaussian function [31]:
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𝑓(𝑝) =
⎧{
⎨{⎩

𝑆 × exp (− (𝑝−𝑝0)2

2Γ2
𝐿

) if 𝑝 ≤ 𝑝0

𝑆 × exp (− (𝑝−𝑝0)2

2Γ2
𝑅

) if 𝑝 > 𝑝0

In this combined Gaussian function, the left and right halves share the same
peak position but have different widths. Here, 𝑆 is the normalization factor, 𝑝0
is the peak position of the distribution, and Γ𝐿 and Γ𝑅 denote the widths of
the left and right sides of the combined Gaussian distribution, respectively.

III. RESULTS AND DISCUSSION
The p// of a fragment is generally influenced by the incident energy of the
reaction, the nuclear density of the reaction system, the impact parameter, and
the fragment itself (such as its isospin). The experimental 𝛿np determined from
proton elastic scattering for 40Ca was −0.010+0.022

−0.024 fm [37], while for 48Ca it
was 0.121±0.026(exp)±0.024(model) fm from the parity-violating method [17].
To compare the sensitivity of p// to the projectile nuclear density distribution,
we simulated 33P production in the 140A MeV 40Ca + 9Be (𝛿np = −0.030
fm for 40Ca) and 48Ca + 9Be (𝛿np = 0.168 fm for 48Ca) reactions and fitted
the results using Eq. (7), as shown in [Figure 2: see original paper]. The p//
for 33P in the symmetric 40Ca-induced reaction is symmetric in ΓL and ΓR,
whereas ΓL is larger than ΓR for 33P in the asymmetric 48Ca-induced reaction,
indicating a neutron-skin effect for the neutron-rich projectile.

With varying impact parameters in projectile fragmentation reactions, the p//
of a specific fragment is also influenced by the significant change in nuclear
density from central to peripheral collisions [23], and the p// of a fragment
thus carries substantial information about the reaction, such as the nuclear
density distribution and nucleon-nucleon cross section [1]. The p// values of
the neutron-proton symmetric fragment 24Mg produced in the 140A MeV 48Ca
+ 9Be reaction within impact parameter ranges 𝑏 = [0 − 2], [2 − 4], [4 − 6],
and [6 − 8] fm are plotted in [Figure 3: see original paper]. From central to
peripheral collisions, the p// for 24Mg shifts from the low-momentum side to
the high-momentum side as 𝑏 increases. Both ΓL and ΓR depend on the impact
parameter. For different p// distributions, the value of ΓL tends to decrease
with increasing 𝑏, with ΓL > ΓR (see [Figure 3: see original paper]) and the
uncertainty of ΓR larger than that of ΓL, particularly for central collisions.
While ΓR remains constant when 𝑏 < 6 fm, ΓL decreases with increasing 𝑏. The
reason for ΓL > ΓR may be related to differences in collision centrality; that is,
the larger the centrality, the deeper the collision with the target, resulting in
greater p// loss and a wider ΓL.

Finally, we studied the p// values for isotopic fragments with different isospins
to determine whether they are sensitive to the neutron-skin thickness of the
projectile. The neutron skin of an asymmetric nucleus primarily influences the
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products of peripheral collisions. The p// of fragments was simulated for pe-
ripheral collisions of 140A MeV 48Ca + 9Be within 𝑏 = [6 − 8] fm. To compare
p// values for isotopic fragments with different mass numbers, we examined the
p// per nucleon (p///A). Based on the different 𝛿np values for 48Ca shown in
[Figure 1: see original paper], the p///A distributions for neutron-rich sulfur
isotopes (from 33S to 36S) are plotted in [Figure 4: see original paper] together
with fitting results from Eq. (7). The ΓL values for p// were extracted, and
the correlations between ΓL for sulfur isotopes and 𝛿np of 48Ca are shown in
[Figure 5: see original paper], fitted using a decaying exponential function. A
strong exponential dependence of ΓL for neutron-rich sulfur isotopes on 𝛿np of
the projectile nucleus 48Ca is observed, indicating that ΓL can serve as an effec-
tive probe for the neutron-skin thickness of the projectile nucleus in projectile
fragmentation reactions.

Further simulations of fragment de-excitation were performed using the GEM-
INI code [40]. Compared with the clear correlation between ΓL and 𝛿np in
the LQMD simulations, ΓL becomes constant as 𝛿np varies in the LQMD +
GEMINI simulations, indicating that the GEMINI de-excitation erases the cor-
relation between ΓL and 𝛿np. It is also noted that the correlation between ΓL
and 𝛿np represents an indirect probe for the neutron-skin thickness of the pro-
jectile nucleus because fragments are obtained after the compression-expansion
process of the colliding system. Further investigations are needed to study the
ΓL � 𝛿np correlation, including de-excitation effects, since they may modify the
intermediate-mass fragments in projectile fragmentation reactions, as found in
Refs. [7, 8].

Based on the eikonal distorted-wave impulse approximation (DWIA) explana-
tion by Ogata et al. [30], the high-momentum side reflects the phase-volume
effect due to energy and momentum conservation, whereas the low-momentum
side reflects the momentum shift caused by the attractive potential of the resid-
ual nucleus when the incident energy is not very high (below 200A MeV). Be-
cause the impact parameters are restricted to 𝑏 = [6 − 8] fm, the width of
ΓL reflects the Heisenberg uncertainty principle in quantum mechanics; that
is, from Δ𝑥 ⋅ Δ𝑝 ≥ ℎ/4𝜋, Δ𝑥 is inversely correlated with Δ𝑝 [21]. Thus, it
can be considered that the larger the ΓL, the closer the nucleons contained in
the fragment are to the center of the nucleus. In contrast, the smaller the ΓL,
the closer the nucleons in the fragment are to the edge of the nucleus. With
increased neutron-skin thickness, the valence neutrons are pushed further away
from the center of the nucleus, resulting in a narrower ΓL as observed in [Figure
4: see original paper] for the neutron-rich sulfur fragments.

IV. SUMMARY
In summary, we have studied a possible probe for the neutron-skin thickness
of a neutron-rich projectile nucleus by simulating the 140A MeV 48Ca + 9Be
reaction within the LQMD model. The neutron-skin thickness of 48Ca was
adjusted by varying the diffuseness of the neutron density distributions. A com-
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bined Gaussian function with different widths for the left (ΓL) and right (ΓR)
halves was employed to fit the p// distributions of fragments. The p// val-
ues of fragments are influenced by the projectile nucleus, impact parameters,
and the isospin of the isotopes. We found that ΓL of the p// distribution for
projectile-like fragments produced in peripheral collisions is sensitive to 𝛿np of
the projectile nucleus. Given that p// of fragments is easy to measure exper-
imentally, the correlation between ΓL of projectile-like fragments and 𝛿np of
the projectile nucleus potentially provides a new probe for the neutron-skin
thickness of neutron-rich projectile nuclei.
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