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Effects of neutron-skin thickness on light-particle production
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Within the framework of the isospin-dependent quantum molecular dynamics (IQMD) model, we simulate the
semiperipheral collisions of neutron-rich Ca, Mg, and Ne isotopes on '2C target at 50 MeV /nucleon. Different
neutron-skin thicknesses (S,) of projectiles are obtained by adjusting the neutron diffuseness parameter in the
droplet model. It is suggested that in both initial and final states, the difference of momentum between neutrons
and protons [AP(n — p)] decreases linearly with the increase of S,,. The similar correlation exists between S, and
the peak position of the momentum spectrum of neutrons (g;). Moreover, the yield ratio of neutrons to protons
[R(n/p)] is proportional to S, and R(n/p) with lower momentum is more sensitive to S,. The above analyses
are also applied to the triton and *He, which displays some limitations of their dependence on S,. Therefore,
AP(n — p), g1, and R(n/p) can be taken as general experimental observables to extract information on S,,.
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I. INTRODUCTION

The density distribution is one of the fundamental prop-
erties of nuclei which is related to the single particle orbit
and wave function of the nuclei. With the development of
radioactive beam physics, the study interest on nuclei far away
from the B-stability line has been greatly increased and a
series of new physical phenomena have been discovered, such
as new magic numbers, collective motion modes, and exotic
structures [1-4]. Especially, the structure of neutron skin or
halo is one of the most important properties in exotic nuclei.
For the neutron-rich nucleus, with neutron number (N) larger
than proton number (Z), the excess neutrons tend to be on
the surface of the nucleus, thus forming a neutron-rich region
which is called the neutron skin. The neutron-skin thickness
is defined as the difference between the root-mean-square
(rms) radii of neutron and proton density distributions: S, =
(r2y1/2 — (rg) 172 The radius of the proton density distribution
can be measured with high accuracy by electromagnetic inter-
action [5], but it is a challenge to obtain the precise radius
of the neutron density distribution directly in experiments
because of its charge neutrality. So far, there are various
experimental methods to measure the distribution of neutron
by strong or weak interaction probes, such as hadron scat-
tering [6,7], giant dipole resonance (GDR) [8,9], spin dipole
resonance (SDR) [10], and antiprotonic annihilation [11,12].
However, the deduced results change significantly with exper-
imental analysis methods and have much lower experimental
accuracy compared with the proton radius [13]. Therefore,
further investigations on observable of neutron-skin thickness
is expected, which is of great importance in nuclear physics
and astrophysics.
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The equation of state (EOS) of nuclear matter is one
of the key problems in nuclear physics, which reflects the
interaction between microscopic particles in a macroscopic
viewpoint [1,14—-16,16-25]. Previous studies have found that
there is a direct correlation between the neutron-skin thickness
of the neutron-rich nucleus and the symmetry energy term in
the EOS of nuclear matter [26-34], thus providing the possi-
bility of obtaining information on the symmetry energy and
determining the form of the EOS. For example, with the help
of the Skyrme-Hatree-Fock (SHF) [26] and some other mod-
els [33], it has been demonstrated that there is a strong linear
correlation between the neutron-skin thickness and the slope
of the symmetry energy at the saturation density for the heavy
nucleus 2®Pb. Furthermore, it is of great significance in un-
derstanding the properties of neutron stars and other compact
objects in nuclear astrophysics. Some properties of neutron
stars depend on the EOS, including the crust-to-core transi-
tion, the cooling, and the relationship between the mass and
radius, as a result of which we can give some constraints on
the properties of neutron stars by extracting the nuclear EOS
from experimental measurements in nuclear physics [18,27—
29,31,35-40].

It is known from quantum mechanics that the wave
function in the coordinate representation and momentum
representation are Fourier transforms. Besides, Heisenberg
proposed the uncertainty principle between position and mo-
mentum, expressed as 0.0, > i/2, where o, and o, are the
uncertainty of position and momentum, respectively. It im-
plies that we cannot determine the position and momentum
of a particle precisely at the same time. Because it is easier
to measure the momentum than the density distribution for
neutrons in experiments, it may be interesting to study the
dependence of the difference of momentum between neutrons
and protons with neutron-skin thickness.

Besides, based on the isospin-dependent quantum molec-
ular dynamics (IQMD) model with different neutron density
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distributions for the initialized projectile, Refs. [41,42] found
that the yield ratio of neutrons to protons [R(n/p)] is
proportional to the neutron-skin thickness. However, ac-
cording to the problem of efficiency of detecting neutrons
in experiments, Ref. [43] proposed that the yield ratio
of tritons to *He [R(z/>He)] could be taken as a more
effective experimental observable to extract the neutron-
skin thickness. Recently, Refs. [44,45] have further proved
the above conclusions. Additionally, by using the isospin-
dependent Boltzmann-Uehling-Uhlenbeck (IBUU) transport
model [14,46—48], Ref. [49] indicated that R(n/p) as a func-
tion of their kinetic energies is affected significantly by the
density dependence of the nuclear symmetry energy. Simi-
larly, Ref. [50] manifested that both the yields and energy
spectra of light clusters (deuteron, triton, and 3He) are sen-
sitive to nuclear symmetry energy. It is found that a softer
symmetry energy gives a smaller yield of these clusters and
this effect is large when they have lower kinetic energies. It
is worth noting that the nuclei involved in the above studies
are all heavy, such as Ca with mass number larger than 48, Ni,
and Sn. It would be also valuable to investigate the reactions
at around 50 MeV /nucleon with lighter neutron-rich nuclei as
projectiles, like Mg isotopes, which could be measured at the
heavy-ion research facility in Lanzhou (HIRFL).

In the present paper, we employ the IQMD model to
simulate heavy-ion collisions induced by neutron-rich nuclei
at intermediate energies and explore the correlation between
the neutron-skin thickness and some physical quantities of
the emitted light particles (neutron, proton, triton, and 3He),
such as the momentum difference, momentum spectrum, and
yield ratio. The sensitivities of several probes of neutron-skin
thickness will be further investigated.

II. MODEL AND METHOD

The quantum molecular dynamics (QMD) model is a semi-
classical microscopic transport theory to describe heavy-ion
collisions from intermediate to relativistic energies which
has been extensively and successfully used [47,48,51-63].
It involves three basic elements: the mean field, two-body
nucleon-nucleon collision, and Pauli blocking, giving us de-
tailed phase space information of nucleons and fragments.
With the advance of radioactive beam physics, the isospin
degree of freedom plays a crucial role in explaining certain
physical phenomena, and the isospin-dependent interaction is
therefore introduced into the QMD model simulation, which
is called an isospin-dependent QMD (IQMD) [55,64]. In the
IQMD model, instead of a classical point particle, each nu-
cleon is regarded as a Gaussian wave packet with finite width
in both coordinate space and momentum space, expressed as
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where 7;(t) and 13}(t) are the spatial center and momentum
center of the ith wave pocket, respectively, and L is the square
of the width of the wave packet, which is set to be 2.16 fm?
in our study [64-66]. Then the wave function of the whole
system is a direct product of coherent state ¢;(7, t). The initial

values of the phase space parameters 7;(¢) and 13,-(t) are given
by the Monte Carlo sampling. The coordinate of the nucleon
can be sampled from a given density distribution and the
Fermi momentum is calculated by

PL(F) = i372 o', i=n,p 2)

to obtain the momentum of the nucleon by the random sam-
pling from [0, P.]. The evolution of every single nucleon
follows the Hamilton canonical equation. The effective poten-
tial U includes four parts, i.e., Skyrme, symmetry, Coulomb,
and Yukawa terms, which can be expressed as

n — 1
U= [ Haydr + Com P 5 (1 =) Ve + v,
0
&)

where py = 0.16 fm~=3 is the normal nuclear matter density,
and p, p,, and p, are the total, neutron, and proton densities,
respectively. 7, is the zth component of the isospin degree
of freedom, which equals 1 for neutrons or —1 for protons,
respectively. Coym = 32 MeV is the symmetry energy strength.
V. is the Coulomb potential. Uy, is the Yukawa potential, that
is, surface potential. In particular, the Skyrme energy density
can be parametrized by
2
Hyy= 224 P P
2p0 y+1 py

py+1

“

The first term represents the two-body attractive interaction
and the latter represents three-body repulsive interaction with
three potential parameters, i.e., @, 8, and y, which determines
the form of the nuclear EOS. In the model, « = —356 MeV,
B =303 MeV, and y = 7/6 are taken to represent the soft
EOS without considering the momentum dependent potential.
The fragments after freezing-out are constructed by the coa-
lescence model [50,67—-69] that the nucleons with the relative
momentum smaller than 300 MeV /¢ and the relative distance
smaller than 3.5 fm are combined into a cluster.

The density distributions are given by the droplet model as
in Refs. [41-43,70,71]. In the droplet model, the densities of
neutrons and protons follow the Fermi distribution with two
parameters, that is,

P

— = =np, Q)
1 4 exp (f;t,- §f4)

pi(r) =

where p! is the normalization constant ensuring that the
density distribution equals to the number of neutrons (i =
n) or protons (i =p), C; =Rl — (0.413fit;/R:)?] is the
half-density radius, #; is the diffuseness parameter, and f;
is to adjust the diffuseness parameter which can give a
good description of stable nuclei when it is equal to 1.0.
Reference [12] found that C; for a neutron and proton in
heavy nuclei are almost the same, but ¢; for the neutron is
larger than that for the proton which determines the neutron-
skin thickness. More details can be found in Refs. [72,73].
In order to obtain different sizes of neutron skin, we adjust f,
from 1.0 to 1.6, while maintaining f, = 1.0 unchanged in this
work. It can be found that for the neutron-rich nucleus, the
density distribution of neutron is larger than that of the proton

024616-2



EFFECTS OF NEUTRON-SKIN THICKNESS ON ...

PHYSICAL REVIEW C 109, 024616 (2024)

and with the increase of f;,, the neutron density distribution is
more extended and the neutron-skin thickness grows almost
linearly.

In order to improve the self-consistency of the nuclear
interaction potential used to determine the initial density
distribution and evolution in the transport model, we can
also obtain the density distribution by the SHF model which
has been applied to a great variety of phenomena, includ-
ing deformation properties, superheavy nuclei, vibrations, and
heavy-ion collisions [74—79]. After continuous improvement,
the widely used standard Skyrme energy density functions are
obtained. Here, we mainly focus on the Skyrme two-body and
three-body interaction which can be written in the following
form:

t 1 + 82
Hgpr = ZO|:2+XO_(1 —+ 2x0) > ]/02

2
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where § = (o, — pp)/p is the isospin asymmetry and g, #3,
X0, X3, and o are the Skyrme interaction parameters. Note that
o is also known as the density-dependent coefficient of the
Skyrme interaction potential which commonly ranges from
1/6to 1. When o < 1, the potential is soft, while wheno = 1,
the potential is stiff. So far, a great deal of Skyrme parame-
ter sets have been proposed by fitting experimental data on
some properties of nuclei and each set corresponds to its own
macroscopic quantities, such as the nuclear symmetry energy
at the saturation density, the slope of the symmetry energy, and
the incompressibility of symmetric nuclear matter. A general
review of Skyrme interaction and nuclear matter constraints
can be found in Ref. [80]. Comparing Eq. (6) with Eq. (4),
we can update the potential parameters («, 8, ) in the IQMD
model.

Our specific study procedures are as follows. First, we
obtain neutron and proton density distributions of projectiles
and targets by using the droplet model and acquire different
values of S, for projectiles by changing the factor f,,. Then we
put the density distributions into the IQMD model as sampling
functions to get the initial coordinate and momentum of each
nucleon. In order to select the stable initialized nuclei, it is
necessary to check their stability by the time evolution of the
rms radii, neutron skin thickness, and binding energy until
200 fm/c. In the next step, the selected projectiles and targets
are put into the IQMD model to simulate the collisions thus
receiving detailed information on final fragments, such as the
phase space, angular momentum, and binding energy. Based
on the above data, subsequent analyses are conducted to inves-
tigate the correlations between the neutron-skin thickness and
various physical quantities. For comparison, it was studied
with the densities calculated by the SHF model instead of the
droplet model. In this case, the same Skyrme parameters were
used both in the SHF and IQMD model for consistency.

III. RESULTS AND DISCUSSION

By using the IQMD model, we simulate the semiperiph-
eral collision processes of 44.47.60Cq, 28’32'37Mg, and 2:273INe

with '2C target at the incident energy of 50 MeV /nucleon.
The reduced collision parameter b is defined as b/bpgy to
describe the colliding centrality, where the impact parameter
b is the distance of the center of mass between the projectile
and target, and the maximum impact parameter bp,x is the
sum of the rms radii of the projectile and target. Because the
effect of neutron skin is mainly reflected on the surface of
the nucleus, we focus on the semiperipheral collision with
0.6 < b < 1.0 in our work. In addition, the rapidity of the
fragments normalized to the incident projectile rapidity is

defined as
. 1 E+ P
y= Eln(E_Pi>/yproja (7

where yj; is the rapidity of the projectile, E is the total energy
of the fragment, and P, is the momentum of the fragment in the
beam incidence direction. Particularly, all the above quantities
are calculated in the center-of-mass system. We can use j to
distinguish whether the fragment comes from the projectile
or target and select the fragments with > 0 to minimize
the target effect. The dynamical process is simulated until
200 fm/c.

The difference of momentum between neutrons and pro-
tons [AP(n — p)] is defined by the following expression:

N, Np

1 i -
AP = p) = 3 3 3 (P = Py, ®)
ntVp

i=1 j=1

where N, and N, are total numbers of neutrons and pro-
tons. Figure 1 shows the time evolution of the momentum
difference between neutrons and protons [AP(n — p)] and
the momentum difference between tritons and *He [AP(t —
SHe)] from 100 to 200fm/c for Mg on '>C target at
50 MeV /nucleon under the condition of 0.6 < b < 1.0 and
¥ > 0. It can be seen that before 130fm/c, all AP(n — p)
and AP(t — 3He) drop rapidly. After that, AP(t — He) tends
to be stable, while AP(n — p) decreases very slowly still
keeping parallel and distinguishable with different neutron
diffuseness parameters. We accumulate the emitted neutrons,
protons, tritons, and 3He between 170 fm/c and 200 fm/c to
improve statistics. Consequently, the dependence of AP(n —
p) on neutron-skin thickness is plotted in Fig. 2. Figure 2(a)
illustrates the relationships for the nucleons of the initial-
ized projectiles, while Figs. 2(b)-2(d) are for the emitted
neutrons and protons after 170fm/c. It indicates that no
matter if in the initial or final state, there is a strong
linear correlation between S, and AP(n — p). AP(n — p)
becomes smaller when S, is larger. It means that if neu-
trons and protons get closer in space distribution, they will
have larger difference in momentum distribution, which cor-
responds to the relationship between position and momentum
as described in the uncertainty principle and representation
transformation.

Figure 3 presents the dependence of AP(n — p) on the ratio
of N to Z (N/Z) for Ca, Mg, and Ne isotopes in the final
state with the same f,. f, = 1.0 refers to the neutron-skin
thickness being predicted by the droplet model. It indicates
that AP(n — p) is proportional to N/Z and a heavier nucleus
results in a larger AP(n — p). Since it is relatively much easier
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FIG. 1. Time evolution of AP(n— p) (a) and AP(r —*He)
(b) for Mg+ '2C at 50 MeV /nucleon with 0.6 <b < 1.0 and
¥ > 0. Different colors correspond to different values of f,.

to detect light charged particles in experiments, thus the de-
pendence of AP(t — *He) on neutron-skin thickness is further
studied. The correlation between S, and AP(r — *He) in the
final state becomes weak and the good linear relation exists
only for very neutron-rich projectiles (**Ca, *’Mg, *'Ne) with
large N/Z (N/Z ~ 2) as shown in Fig. 4. For the nucleus closer
to the B-stability line, the probability of producing tritons
and *He is lower causing the larger fluctuation. The value
of AP(t —*He) is always smaller than the corresponding
AP(n — p) for the same projectile. This may be due to the
cancel-out effect between the three nucleons inside triton and
*He.

To see the effect of neutron-skin thickness on the mo-
mentum difference between neutrons and protons, a detailed
study on momentum distributions of the emitted nucleons is
carried out. With different f, varying from 1.0 to 1.6, we
systematically investigate the normalized momentum spectra
of neutrons and protons at 200 fm /¢ without any condition on
rapidity. It can be seen that the momentum spectra of neutrons
are obviously different for different neutron-skin thicknesses,
while those of protons are almost the same. The specific
results under the conditions of f, = 1.0, 1.3, and 1.6 are taken
as examples in Fig. 5(a). For quantitative comparison, the neu-
tron momentum spectra are fitted by the Gaussian function.
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FIG. 2. Dependence of AP(n — p) on neutron-skin thickness for
28.323TMg 4 12C in the initial state (a), >3 Mg+ 2C in the final
state (b), “+47%Ca + 2C in the final state (c), and *>?"3'Ne + '2C in

the final state (d) at 50 MeV /nucleon with 0.6 < b < 1.0 and 7 > 0.
The dotted lines are the results of linear fit.

The formula of Gaussian is given by

1/x—g 2
Y = goexp —§<?> ; )

where the normalized constant gy is the peak height, the mean
g1 is the peak position, and the standard deviation g; is the
full width at half-maximum (FWHM). Taking *’Mg as an
example, the dependence of the three fitting parameters on
neutron-skin thickness is shown in Fig. 6. It is found that the
peak becomes higher while the peak position and standard
deviation become smaller with the neutron-skin thickness in-
creasing. The same analysis is applied to other neutron-rich

190 F Ca(1.0) = Mg(1.b) . Ne(l0) ]
e Ca(l3) ® Mg(l.3) ® Ne(l.3)

3 150 [ 4 Ca(le) 4 Mg(l6) 4 Ne.(..1..6) - ]
>
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=
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150k A

12 14 16 18 20 22

N/Z

FIG. 3. Dependence of AP(n — p) on N/Z for *#7%Ca 4 12C
(black), 23237Mg + 12C (red), and 2*?73!Ne + '2C (blue) in the final
state at 50 MeV/nucleon with 0.6 < b < 1.0 and ¥ > 0. Squares,
circles, and triangles represent f, = 1.0, f, = 1.3, and f, = 1.6,
respectively. The dotted lines are the results of linear fit.
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projectiles. The peak position of the momentum distribution
decreases linearly with the increase of the neutron-skin thick-
ness. It indicates that the average momentum of neutrons
produced in the final state becomes smaller. Since the average
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FIG. 5. The normalized momentum spectra of the emitted neu-
trons (shown by lines) and protons (shown by scatters) (a), and the
momentum spectra of the ratio of neutrons to protons (b) at 200 fm/c
for Mg+ >C at 50 MeV /nucleon with 0.6 < b < 1.0. Different
symbols or line styles correspond to different values of f, as shown
in the legend.
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FIG. 6. Dependence of neutron momentum spectrum’s Gaussian
fitting parameters g (a), g; (b), and g, (c) on neutron-skin thickness
for ¥Mg 4+ 2C at 50 MeV /nucleon with 0.6 < b < 1.0. The dotted
lines are the results of linear fit.

momentum of protons is constant, the momentum difference
between neutrons and protons becomes smaller, which is in
accordance with the above results between S, and AP(n — p).
According to the droplet model, the initial density distribution
is more extended for neutrons while that of protons remains
constant with increasing S,. This anticorrelation between
position and momentum satisfies the principles of quantum
mechanics. More importantly, the yield ratio of neutrons to
protons as a function of momentum is clearly dependent on
the neutron-skin thickness by varying the diffuseness param-
eter and the cases of 37Mg with f, = 1.0, 1.3, and 1.6 are
displayed in Fig. 5(b). It is evident that R(n/ p) is quite distinct
from each other at small momentum for different neutron-skin
sizes. With the increase of the momentum, the distinction
gradually weakens and R(n/p) tends to be consistent. Like-
wise, Ca and Ne isotope chains can give the same conclusion,
confirming that the yield ratio of neutrons to protons at smaller
momentum is more sensitive to the neutron-skin thickness
than that at higher momentum. Therefore, we can select the
neutrons and protons with a certain range of momentum, such
as 0.07-0.13 GeV/c, to see the dependence of their yield ratio
with the neutron-skin thickness. The results are in agreement
with the conclusions in Ref. [49] obtained in the studies
of peripheral collisions of 1328 4 1328p, 1245 + 1248n, and
128n 4+ '128n at 40 MeV /nucleon by using the IBUU model.
They found that a larger symmetry energy could give a larger
R(n/p) and the effects of the symmetry potential are most
prominent at lower kinetic energies. A large number of studies
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FIG. 7. Dependence of R(n/p) and R(t/ *He) on neutron-skin thickness for ®Ca (a), #'Ca (b), *Ca (c), ¥ Mg (d), **Mg (e), Mg (f), *'Ne
(2), 2Ne (h), and »*Ne (i) on '2C target at 50 MeV /nucleon with 0.6 < b<1.0and ¥ > 0. The dotted lines are the results of linear fit.

have suggested that there is a strong linear correlation between
the neutron-skin thickness and symmetry energy, which is
very clear and model-independent. As a result, with a thicker
neutron skin, the symmetry potential is stronger so that more
neutrons become unbound but they generally have smaller
momentum.

Figure 7 displays the dependence of R(1/p) and R(t/ *He)
on neutron-skin thickness for *+47:60Ca, 28323Mg  and
23.27.31Ne on a '2C target with § > 0. For different projec-
tiles with different Z and N/Z, R(n/p) is always directly
proportional to S,, which further confirms the results in
Refs. [41,42]. Reference [43] found that R(z/ 3He) could be
a sensitive probe to extract S, by simulating *°Ca + 2C as
well as ®®Ni + 2C and selecting the produced fragments with
7 > 0. Specially, a notable phenomenon occurs on R(¢/ *He)
in this work that their strong linear dependence on S, only
appears in ®Ca, Mg, and *'Ne with large N/Z and the
correlation becomes weaker when the nucleus is closer to the
B-stability line. The reason could be that the simulation result
is no longer applicable when the neutron-skin thickness has a
too large and unreasonable value.

Aiming to do a more self-consistent simulation in the
IQMD, we replace the droplet model with the SHF model
to obtain the initial density distribution for the projectile. By
studying 240 sets of Skyrme parameters available in Ref. [80]
with the SHF model, we ultimately select five parameter
sets (Zs, SkSC1, BSk12, SkT3*, SkT4) to obtain different
neutron-skin thicknesses. For the five parameter sets, their
incompressibility coefficients are all around 230 MeV repre-
senting the soft EOS, while the slopes of the symmetry energy
at the saturation density (L) are —29.38 MeV, 0.13 MeV,
38.01 MeV, 56.32 MeV, 93.49 MeV, respectively. In Fig. 8§,
we plot the proton and neutron density distributions of *’Mg
computed by the SHF model. The dependence of S,, with L is
also presented in the inset. It can be found that, with the in-
crease of L, the neutron density distribution is more extended
and S, is larger. The range of S, is 0.3234-0.5387 fm which
is not as wide as that using the droplet model. Then these
density distributions are used for the initialization and the
same Skyrme potential parameters are used in the evolution
and collision process in the IQMD model. Other condi-
tions and analysis methods are the same as discussed above.
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FIG. 8. The proton and neutron density distributions of *’Mg
computed from the SHF model. The correlation between L and S,
is in the inset plot.

Figure 9 illustrates the dependence of R(n/p) and R(t/ *He)
on neutron-skin thickness for *’Mg 4 '2C and *'Ne + 2C at
50 MeV /nucleon, and similar results are obtained.

From the above discussion, three probes are sensitive to
the neutron-skin thickness for neutron-rich nuclei, i.e., the
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FIG. 9. Dependence of R(n/p) and R(¢/*He) on neutron-skin
thickness for *’Mg (a) and *'Ne (b) on '2C target at 50 MeV /nucleon
with 0.6 < b < 1.0 and § > 0. The dotted lines are the results of
linear fit.

difference of momentum between neutrons and protons, the
peak position of the momentum spectrum of neutrons, and
the yield ratio of neutrons to protons. As the neutron-skin
thickness varying, these three quantities change by 3%, 8%,
19%, respectively, which implies the yield ratio is the most
sensitive observable experimentally for neutron-skin thick-
ness. With the development of the detector technology, the
detection efficiency for neutron becomes large, thus making
it feasible to extract useful information on the neutron-skin
thickness from those proposed probes in future experiments.
For example, the construction of the neutron wall for the ex-
ternal target experiment in the heavy-ion cooler-storage-ring
project (HIRFL-CSR) at Lanzhou provides high efficiency for
detecting neutrons. Furthermore, the similar simulations are
also carried out in a more general energy region which is up
to 150 MeV /nucleon. It is confirmed that even with differ-
ent incident energies, strong correlations still exist between
our proposed observables and the neutron-skin thickness. Our
work mainly aims at the experiments in the HIRFL which will
be performed at around 50 MeV /nucleon. For experiments at
higher energies, the corresponding calculations can be done
to give the theoretical support. Besides, through replacing '>C
with another nucleus as the target, such as 9Be, we find that
the choice of the target nucleus will have little influence on
the above conclusions.

IV. SUMMARY

Based on the IQMD model, the effects of neutron-skin
thickness on light particles (neutron, proton, triton, and 3He)
production from the reactions of 4447.60Cq 28’32’37Mg, and
23.213INe on a '’C target at 50 MeV/nucleon under the
condition of the reduced impact parameter from 0.6 to 1.0,
i.e., semiperipheral collisions, have been systematically stud-
ied. For projectiles, different neutron-skin thicknesses are
obtained by adjusting the neutron diffuseness parameter in
the droplet model. The SHF model was also used to get
the density distributions for comparison. The difference of
momentum between neutrons and protons is defined as the av-
erage magnitude of the relative momentum in every possible
permutation and combination. The dependence of AP(n — p)
on the neutron-skin thickness is studied. It is obvious that both
in the initial state and final state, AP(n — p) decreases linearly
with the increase of S,, which is in accordance with the un-
certainty principle and representation transformation between
coordinate and momentum space in quantum mechanics. The
same analysis is performed for light charged particles, tritons,
and *He, which are easier to be measured experimentally
compared with neutrons. It is suggested that the difference
of momentum between tritons and *He could be used as a
probe for the neutron-skin thickness of nuclei with large N/Z
(N/Z = 2).

Further studies on momentum spectra at 200 fm/c indicate
that the correlation between the peak position of neutrons
and the neutron-skin thickness displays a similar linear trend
which confirms the above results. Moreover, the yield ratio at
small momentum for neutrons and protons is more sensitive
to the neutron-skin thickness than that at large momentum.
In addition, the yield ratio of neutrons to protons and the
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yield ratio of tritons to *He are proportional to the neutron-
skin thickness. Nevertheless, for the projectile closer to the
B-stability line, the dependence of R(t/>He) on the neutron-
skin thickness becomes weak when the skin size is too large,
indicating that the observables investigated in this work will
be more feasible for the neutron-rich nuclei far from the
B-stability line.

In conclusion, the difference of momentum between neu-
trons and protons, the peak position of the momentum
spectrum of neutrons, and the yield ratios of neutrons to
protons are sensitive to the neutron-skin thickness. And the
effects of neutron-skin thickness on the production of tri-
tons and 3He exist mainly in very neutron-rich systems,

which are not as universal as those of neutrons and protons.
These results can be important for extracting information of
the neutron-skin thickness and the nuclear equation of state
experimentally.
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