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Abstract The yield ratios of neutron/proton (R(n/p)) and
SH/*He (R(t/>He)) with reduced rapidity from 0 to 0.5 are
investigated for 50 MeV/u #2:4446:4850,5254.56C, 4 40Cq,
This was conducted at whole reduced impact parameters
using the isospin-dependent quantum-molecular-dynamics
model in which the initial neutron and proton densities are
sampled within the Skyrme-Hartree—Fock model, using
which the neutron skin thickness (ARy,) is determined for
different neutron-rich Ca isotopes. The results show that
both R(n/p) and R(t/*He) have strong linear correlations
with AR,, of different Ca isotopic projectiles from five
different centralities. It is suggested that R(n/p) and
R(t/>He), from the same centrality, could be treated as
possible experimental observables to extract the neutron
skin or halo thickness for neutron-rich isotopic nuclei,
including the nuclei near the neutron drip line.
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1 Introduction

The equation of state (EOS) of neutron-rich nuclear
matter, especially the symmetry energy term, is of great
importance in nuclear physics and nuclear astro-
physics [1, 2]. Neutron-rich nuclei-induced reactions pro-
vide an opportunity to study the symmetry energy term in
the EOS of dense neutron-rich matter [3—-6]. Several
experimental observables have been proven to be sensitive
to nuclear symmetry energy, including the neutron/proton
ratio [7-9], isospin diffusion [10, 11], isospin fractionation
and isoscaling [12—14], differential elliptic flow [15, 16],
interaction cross section, charge-changing cross sec-
tion [17], nucleon-nucleon momentum-correlation func-
tion [18], and «-decay half-life [19]. Among these
observables, the neutron/proton ratio is probably the best
probe for studying symmetry energy because symmetry
potentials act directly on nucleons and thus affect the yield
of free nucleons in heavy-ion reactions. The determination
of the exact symmetry energy depends on the proton and
neutron density distributions; hence, the proton and neutron
density distributions are required with high accuracy. The
proton density distribution can be determined to a high
degree of accuracy by electromagnetic interactions such as
those in electron scattering experiments, while the neutron
density distribution is relatively poorly obtained from
hadron—nucleus interactions because of the complexity of
the strong interactions between nucleons. Neutron skin
thickness is commonly used to refer to the difference
between the neutron and the proton root-mean-square radii:

ARy = <”2>r11/2 -

proton (R(n/p)) [20], and the yield ratio of triton to *He
(R(t/°He)) [21] at projectile-like rapidity and large

<r2>11)/ *. The yield ratio of neutron to
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centrality have been found to have a strong linear corre-
lation with neutron skin thickness ARnlD for a certain neu-
tron-rich Ca projectile. In their work [20, 21], the neutron
and proton density distributions and the different ARy, are
obtained by adjusting the diffuseness parameter in the
droplet model for a Ca isotope, and these distributions are
used for the phase initialization of a Ca projectile. Different
yield ratios are then obtained from the isospin-dependent
quantum-molecular-dynamics (IQMD) model simulated
reaction events with different projectile initialized phase
space. Thus, R(n/p) and R(t/>He) are suggested as exper-
imental observables to extract AR, for neutron-rich nuclei.
In this work, we use the SkM* parameters in Skyrme—
Hartree—Fock (SHF) model for different neutron-rich Ca
isotopes to obtain the AR,,, and the neutron and proton
density distributions that are used to generate the projectile
initialization phase space for the IQMD model. Moreover,
the yield ratios of neutron to proton, and triton to *He in
midrapidity from wide Ca isotope-induced reactions
42,44,46,48,50,52,54,56Ca 4- 49Ca at 50 MeV/u are explored, and
the reduced impact parameter dependence of the relation-
ship between these yield ratios and neutron skin thickness
is investigated.

2 Theoretical descriptions

The quantum-molecular-dynamics (QMD) model is a
successful many-body theory that can explicitly describe
the state of the reaction system and can represent the time
evolution of the colliding system quite well from inter-
mediate to relativistic energies. Thus, it can provide valu-
able information about both the collision dynamics and the
fragmentation process. As a dynamical model, it mainly
consists of several components: initialization of the pro-
jectile and the target nucleons, nucleons’ propagation in the
mean field, nucleon—-nucleon collisions in nuclear medium,
and Pauli blocking. A detailed review of the QMD model
can be seen in Ref. [22]. The IQMD model is based on the
above theory combined with isospin effect on the mean
field, nucleon—nucleon collisions, and Pauli
blocking [23, 24].

In the IQMD model, each nucleon is represented by a
Gaussian wave packet:

a1 (F—7i(n)? ir - pi(t)
‘//l'(r7 t) - (27[L)3/4 exp [_ 4L ‘| exp |:_ h :|
(1)

where 7;(¢) and p;(¢) are the ith wave pocket in the coor-
dinate and momentum space, L is the wave pocket width,

and L = 2.16fm?) is used in this study. The nuclear mean-
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field potential used in the IQMD model can be parame-
terized as the following [23, 24]:

Uiy = (L) + (L) +30 -2

(pn - pp)

+ Csym o

where p, is the normal nuclear matter density (0.16 fm’3);
p and p,, p, are the total proton and neutron densities,
respectively; 1, is the zth constituent of the isospin degree
of freedom, which equals 1 or — 1 for neutrons or protons,
respectively. The different parameters «, f8, and 7y represent
the different nuclear equations of state. Cgyp is the sym-
metry energy strength due to the asymmetry of neutrons
and protons in a nucleus. In this study, we adopt
o= —356MeV, f=303MeV, and y = 1.17 which cor-
responds to the so-called soft EOS with an incompress-
ibility of K =200MeV and Cgy = 32MeV. V. is the
Coulomb potential and Uy is the Yukawa (surface)
potential, which has the following form:

pYuk _ Vy

1 2
=% —exp(Lm°)
2m %é; rij

[exp(fmrij)erf(\/]jm — rij/\/éﬁ)
— exp(mr;)erf(v/Lm + r,-j/\/éﬁ)]

(3)

with V, = 0.0074 GeV, m = 1.25fm™', L = 2.16 fm?, and
the relative distance r; = |r; — 7j|. In the model, the radial
density can be written as:

P +r?

1 2\ L
f’(”:ZWe"P(‘ oL >2rr,-

i

<low () —ew(-7)]

with the summation of all nucleons.

In the IQMD model, clusters emitted in a collision are
usually distinguished using the coalescence method in
which nucleons with relative spatial distance Ar smaller
than 3.5 fm and relative momentum difference Ap smaller
than 300 MeV /¢ are treated as part of a cluster [22, 25, 26].
There are other different clustering methods that may
change the fragment production rate, but the ratios of R(n/
p) and R(t/*He) are only slightly affected by clustering
methods and other effects [27].

The nucleon-nucleon (NN) cross section used in the
model is an experimental parameterization, which is also
isospin-dependent. The cross section between neutron and
proton is about three times larger than that between neutron
and neutron, or proton and proton, when the collision
energy is below 300 MeV/u.

For the initialization of the nucleons of the projectile
and target, the IQMD model distinguishes between proton

(4)
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and neutron. The neutron and proton density distributions
of the projectile and the target nuclei are determined by the
SHF theory, with the so-called SkM* parameters. The
stability of the initialized phase space of the projectile and
the target is checked by the time evolution in the mean field
until 200 fm/c according to the density distributions of the
neutron and proton, rms radii, and the average binding
energy. The calculated AR,, of 4*#46:48:50525436Cq jso-
topes are 0.019, 0.075, 0.124, 0.167, 0.242, 0.301, 0.357,
and 0.401 fm, respectively.

3 Results and discussion

The total centrality of collisions of
42,44,46,48,50,52,5456Ca 4-49Ca at 50 MeV/u is simulated by
the IQMD model with soft EOS. The reduced impact
parameter is used to describe the centrality of the collision
as bre = b/bmax, Where by, is the total of the radii of the
projectile and target nuclei. In this study, the physical
information of the fragments is carried out in the center-of-
mass frame and limited at projectile-like midrapidity: the
reduced rapidity in the center-of-mass frame
= (¥/¥p). . Where y, is the rapidity of the projectile)
between 0 and 0.5.

First, the time evolution of the yield ratios of R(n/p) and
R(t/*He), from **Ca + *°Ca as an example, is investigated
as shown in the upper and lower panels of Fig. 1. It shows
that the yield ratios of neutron to proton from midrapidity
in all centralities are stable after 160 fm/c, while R(z/*He)
becomes saturated much earlier at 140 fm/c. To improve
the statistics, we accumulated the studied fragments from
180 to 200fm/c. It appears that the larger the impact
parameter, the greater the ratios, which may be because the
main difference between neutron and proton density dis-
tribution lies in the surface of the nucleus.

To compare the reduced impact parameter dependence
for different Ca isotopes, Fig. 2 is plotted. It shows that the
yield ratios from all the neutron-rich Ca isotope-induced
reactions increase with reduced impact parameter, and the
ratios from heavier Ca isotopes are larger and increase
more obviously with b, especially in peripheral collisions
which may be due to the greater impact of the neutron skin
on larger collision parameters. For a certain Ca isotope,
R(t/3He) is greater than R(n/p) and appears to more clearly
increase with b, than R(n/p). The yield ratios from dif-
ferent centrality in projectile-like midrapidities that carry
the neutron—proton composition information of the pro-
jectile are close to the N/Z value of the projectile. It appears
that on average, R(n/p) is lower, while R(t/>He) is larger
than the projectile’s constituent N/Z value, which is con-
sistent with the experimental result [28]. That means the
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Fig. 1 (Color online) Time evolution of the yield ratios of R(n/p)
(solid symbols) and R(z/*He) (open symbols) with 0<y<0.5 from
42Ca 4 %Ca at 50 MeV/u. The different symbols represent the ratios
from different centralities: squares represent 0<b. <0.2, circles
represent 0.2 <b,. <0.4, up triangles represent 0.4 <b,, <0.6, down
triangles  represent 0.6<b,<0.8, and diamonds represent
0.8<be<1

midrapidity projectile-like fragments prefer more neutrons
to protons mainly due to Coulomb repulsion and the neu-
tron-rich circumstance. Figure 3 is plotted to examine the
relationship between the yield ratios and the N/Z of the
projectiles at different centralities. Strong linear correla-
tions between R(n/p), R(t/*He), and N/Z are exhibited for
all centralities, among which the ratio values and the slopes
of the correlation are the largest for peripheral collisions.
This may indicate that the reaction mechanism is the same
at the same reduced impact parameter for the projectiles
with different N/Z induced collisions.

The corresponding neutron skin thickness dependence is
shown in Fig. 4. It shows that the similar strong linear
correlations between R(n/p), R(t/>He) and neutron skin
thickness are exhibited for different centralities. It may be
understood that the fragments within projectile-like
midrapidities are emitted from the projectile part of the
collision overlap zone; thus, the yield ratios of n/p and
t/*He are close to N/Z of the projectile. Meanwhile, the
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Fig. 2 (Color online) The reduced impact parameter dependence of
the yield ratios of R(n/p) (solid symbols) and R(z/>He) (open
symbols) with 0<y<0.5 from %*#44648.50525456C, 4 490Cy at
50 MeV/u. The different symbols represent the ratios from different
projectile-induced collisions

neutron skin thickness should be larger for nuclei with
more neutrons of the same isotope, and the yield ratios of
n/p and t/3He from nuclei with larger neutron skin thick-
ness should be larger. Therefore, one can deduce the neu-
tron skin thickness of the projectile in an isotope chain
through the detection of the midrapidity yield ratios of R(n/
p) or R(t/>He) from other isotope-induced reactions at the
same reduced impact parameter, especially at peripheral
collisions with larger yield ratios. The double ratios
R(t/>He)/R(n/p) dependent on the neutron skin thickness
of 42:44,46:48,50,5254.56C4 are plotted in Fig. 5. It shows that
the double ratios from different centralities are nearly equal
for a certain Ca projectile and decrease very slightly with
the increasing neutron skin thickness, which may be due to
the relatively larger free neutron—proton ratio for the more
neutron-rich projectile. In other words, R(z/*He) is almost
proportional to the R(n/p) at all centralities for different Ca
isotopes, and hence R(¢/°He) is a good replacement for
R(n/p) because the charged fragments of triton and *He are
more easily measured than neutrons. Some model param-
eter dependence is investigated in the relationship between
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Fig. 3 (Color online) The projectile’s N/Z dependence of the yield
ratios of R(n/p) (solid symbols) and R(z/>He) (open symbols) with
0<y<0.5 from 42444648505254356C, 4+ 40Ca at 50 MeV/u. The
different symbols represent the ratios from different centrality
collisions. The dotted lines are linear fitting

the yield ratios and the neutron skin thickness. A small
change in the width of the Gaussian wave packet and the
hard or soft nuclear EOS can affect the yields of the studied
fragments, but almost does not change the yield ratios of
R(n/p) or R(t/>He), nor the linear relation between the
yield ratios and the neutron skin thickness.

4 Summary

We simulated 50 MeV/u #?4446:48,50.52,5456Cy 4 40Cq
collisions using the IQMD model in which the initial
neutron and proton densities were sampled using the SHF
model, and the yield ratios of neutron to proton and *H to
3He within projectile-like midrapidity were extracted. It
was found that the ratios R(n/p) and R(t/>He) from the
same centrality are strongly linear with N/Z and the neutron
skin thickness of the neutron-rich Ca isotopic projectiles.
Moreover, the largest ratios and slopes of the linear fitting
are obtained for peripheral collisions. Thus, R(n/p) and
R(t/3He) could be proposed as experimental observables
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Fig. 4 (Color online) Similar to Fig. 3, but for AR, dependence
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Fig. 5 (Color online) Double ratio R(¢/>He)/R(n/p) with 0<y<0.5
as a function of AR,,, from 42:44:46:48:50.52.5456Cq 1 40Cq at 50 MeV/u.
The different symbols represent the ratios from different centrality
collisions

of the neutron skin or halo thickness AR, of neutron-rich
nuclei, and we can deduce the ARnp for the nuclei near the
neutron drip line through the measurement of R(n/p) or
R(t/3He) from isotopic nuclei near the beta-stable line.

Furthermore, more information on the nuclear EOS, espe-
cially the symmetry energy at subsaturation densities,
could in turn be deduced from neutron skin thickness. We
recommend that a related experimental study should be
conducted.
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