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Abstract Light (anti-)nuclei in relativistic heavy-ion colli-
sions are considered to be formed by the coalescence mecha-
nism of (anti-)nucleons in the present work. Using a dynam-
ical phase-space coalescence model coupled with a multi-
phase transport (AMPT) model, we explore the formation
of light clusters such as deuteron, triton and their anti-
particles in different centralities for 197Au + 197Au collisions
at

√
sNN = 39 GeV. The calculated transverse momentum

spectra of protons, deuterons, and tritons are comparable to
those of experimental data from the RHIC-STAR collabora-
tion. Both coalescence parameters B2 for (anti-)deuteron and
B3 for triton increase with the transverse momentum as well
as the collision centrality, and they are comparable with the
measured values in experiments. The effect of system size
on the production of light nuclei is also investigated by 10B
+ 10B, 16O + 16O, 40Ca + 40Ca, and 197Au + 197Au systems
in central collisions. The results show that yields of light
nuclei increase with system size, while the values of coales-
cence parameters present an opposite trend. It is interesting
to see that the system size, as well as the centrality depen-
dence of BA (A = 2, 3), falls into the same group, which
further demonstrates production probability of light nuclei
is proportional to the size of the fireball. Furthermore, we
compare our coalescence results with other models, such as
the thermal model and analytic coalescence model, it seems
that the description of light nuclei production is consistent
with each other.

a e-mail: song_zhang@fudan.edu.cn
b e-mail: mayugang@fudan.edu.cn (corresponding author)

1 Introduction

Quantum Chromodynamics (QCD) predicts that a new state
of matter, namely the quark-gluon plasma (QGP), is likely
to be formed in an extremely high temperature or density
environment [1], which could be existed in the microsec-
onds after the big bang. Studying this new matter is of great
significance for us to have a comprehensive understanding
not only of the basic composition and interaction of matter
but also the information of the early evolution of the universe.
Relativistic heavy-ion collision is currently considered as a
unique way in the laboratory to detect such extremely high-
temperature and -density QCD matter and then explore the
QGP phase structure. However, the QGP state can only sur-
vive at a relatively short stage in the collision process, and it
is soon hadronized as the system’s temperature and density
rapidly decrease, then hadrons will interact with each other.
While hadronic interaction ceases, the particle approaches
a kinetic freeze-out stage. Experimentally one can infer the
properties of the early QGP by exploring the kinetic freeze-
out particles. Therefore, exploring the properties of QGP and
QCD critical point from the regular hadronic matter to the
QGP phase remains of great interest to the field [2–9].

Considering the light nuclei have small binding energy, it
is also an open question of how they can survive from the hot
nuclear matter. They might be disintegrated and regenerated
through the coalescence of nucleons which are de-coupled
from the hot and dense system, so the production of light
nuclei can be used to extract the information of freeze-out
nucleon distributions [10] and to understand how the QGP
expands, cools and hadronizes. These pieces of information
provide crucial insights for dynamical mechanism and space-
time evolution of heavy-ion collisions [11–15]. Recently the
light nucleus also demonstrates its significance to search for
the possible critical point in the phase diagram of strongly
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interacting quark matter [16–21]. Theoretical study about the
light clusters has been undertaken for a long time and several
models or methods are used to explore the production of light
nuclei. Thermal models [22–25] have successfully described
the yields of hadrons and nuclei. Besides, the coalescence
model has been used to describe the production of light nuclei
for many years [26–32]. These calculations by using a similar
coalescence mechanism coupled with phase-space distribu-
tion from different models, such as blast-wave model and
transport model, seem to resemble each other of description
for light nuclei production at RHIC and LHC energies. The
production of light nuclei can be also described by the kinetic
equations [33,34]. Especially recently, the relativistic kinetic
equations with their nonlocal collision integrals were also
solved for successfully describing light (anti-)nuclei produc-
tion from the many-body scatterings in high-energy nuclear
collisions [35].

In the present work, the system size dependence (cen-
trality and collision system) are payed more attention. We
investigate the production of deuteron and triton in relativis-
tic heavy-ion collision by means of A Multi-Phase Transport
(AMPT) model [36] followed by a dynamical coalescence
model for 197Au + 197Au collisions at different centralities
as well as for the central collisions of 10B + 10B, 16O +
16O, and 40Ca + 40Ca at

√
sNN = 39 GeV. The coalescence

factor extracted from the transverse momentum spectra of
light nuclei and proton represents the coalescence probabil-
ity, and it is related to the source volume that decreases with
the increasing of constituent momentum of coalesced nucle-
ons [37]. The transverse momentum (pT ) distribution and the
coalescence parameters (BA) of light nuclei are comparable
to the experimental data. On the other hand, the properties of
QGP are sensitive to the initial geometry and the dynamical
fluctuations in heavy-ion collisions, and the system size scan
experiment has been proposed at RHIC energies recently
[38]. These experiments will provide us more information
of the initial geometry distribution and fluctuation effects on
momentum distribution at the final stage, and some related
theoretical analytical works have been performed [24,39–
44]. Along this direction, a system scan of the coalescence
parameters is undertaken in the present work and it is found
that BA falls into the same group for its centrality dependence
when both the system size and centrality are expressed by
charged particle multiplicity (〈Nch〉) including π±, k±, p,
p̄, which indicates that light nuclei production essentially
depends on the size of the fireball.

The paper is arranged as follows: In Sect. 2, a brief descrip-
tion of the AMPT model which is used to generate the
nucleon phase-space distribution at the freeze-out stage is
presented. Also,the coalescence model for the light cluster
is described, including the Wigner phase space density func-
tions for the (anti)deuteron and (anti)triton. In Sect. 3, the
results of pT distribution and the coalescence parameters of

(anti)deuteron and triton from 10B + 10B, 16O + 16O and
40Ca + 40Ca in central collisions as well as 197Au + 197Au
collisions at different centralities are compared to the avail-
able experimental data. Finally, a conclusion is presented in
Sect. 4.

2 Model and algorithms

2.1 AMPT model

A multi-phase transport model [36] was used to provide the
phase-space of nucleons in this work. The model is com-
posed of four parts: the HIJING model [45,46] is used to
simulate the initial conditions, the Zhang’s Parton Cascade
(ZPC) model [47] is employed to describe partonic interac-
tion, the Lund string fragmentation or coalescence model is
used for the hadronization process, and A Relativistic Trans-
port (ART) model [48] is applied to describe the hadronic
rescattering process. As an event generator used in this work,
the AMPT model outputs the phase-space distribution at the
final stage in the hadronic rescattering process (ART model
[48]) with considering baryon-baryon, baryon-meson, and
meson-meson elastic and inelastic scatterings, as well as res-
onance decay or weak decay. In Refs. [36,48] the interac-
tion cross section was presented and extended. The hadronic
rescattering time would affect light nuclei spectra and yield
which are based on the phase-space information of nucleons
from the AMPT model. Refs. [36,49] suggest the maximum
hadronic rescattering time (tmax,h), which means to cease a
hadron interacting with others if it still dose not reach freeze-
out state at that time, 30 f m/c for the RHIC energy region
and 200 f m/c for the LHC energy region. Here the pT spec-
tra of p, d and t with the cutoff of the maximum hadronic
rescattering time of 30 f m/c and 100 f m/c are checked.
Figure 1 shows the pT spectra of proton, deuteron and triton
of 197Au + 197Au collisions at mid-rapidity (|y| < 0.5) for
different centralities at

√
sNN = 39 GeV, and Fig. 2 presents

the pT results for the 0−10% central collisions of 10B +
10B, 16O + 16O, 40Ca + 40Ca at

√
sNN = 39 GeV and mid-

rapidity (|y| < 0.5). We can find that these two cases are
very close to each other. Afterwords we choose the case of
tmax,h = 100 f m/c for the following calculations. We would
mention that the AMPT model has been successfully used to
simulate physics in heavy-ion collisions at the RHIC and
LHC energies [36,49,50] and the detailed parameter config-
urations can be found therein.

2.2 Dynamical coalescence model

In the coalescence model [51], the invariant yields of light
nuclei with charge number Z and atomic mass number A can
be described by the yields of cluster constituents (protons and
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Fig. 1 Transverse momentum pT spectra at mid-rapidity (|y| < 0.5)

of proton, deuteron and triton in 197Au + 197Au collisions for different
centralities at

√
sNN = 39 GeV with the maximum hadronic rescatter-

ing time of 30 f m/c and 100 f m/c
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Fig. 2 Transverse momentum pT spectra at mid-rapidity (|y| < 0.5)

for 0−10% central collisions of 10B + 10B, 16O + 16O, 40Ca + 40Ca
systems at

√
sNN = 39 GeV with the maximum hadronic rescattering

time of 30 f m/c and 100 f m/c

neutrons) multiplying by a coalescence parameter BA,

EA
d3NA

dp3
A

= BA

(
Ep

d3Np

dp3
p

)Z (
En

d3Nn

dp3
n

)A−Z

≈ BA

(
Ep

d3Np

dp3
p

)A

,

(1)

where pp and pn are the momenta of proton and neutron,
respectively, and pA is the momentum of the nucleus with
the mass number A which is approximate A times of proton
momentum, i.e. App, assuming that the distributions of neu-
trons and protons are the same. The coalescence parameter
BA related to the local nucleon density reflects the probabil-
ity of nucleon coalescence. The coalescence parameter BA

is also related to the effective volume of the nuclear matter at

the time of coalescence of nucleons into light nuclei, called
nucleon correlation volume Vef f [51], i.e. BA ∝ 1/V A−1

e f f .
The dynamical coalescence model can give the probabil-

ity of light nuclei (M-nucleon cluster) by the overlap of the
cluster Wigner phase-space density with the nucleon phase-
space distributions at an equal time in the M-nucleon rest
frame at the freeze-out stage [52]. The momentum distribu-
tion of a cluster in a system containing A nucleons can be
expressed by,

d3NM

d3K
= G

⎛
⎜⎜⎝

A

M

⎞
⎟⎟⎠

⎛
⎜⎜⎝
M

Z

⎞
⎟⎟⎠ 1

AM

∫ [
Z∏

i=1

f p(�ri , �ki )
]

[
M∏

i=Z+1

fn(�ri , �ki )
]

×ρW (�ri1 , �ki1 , · · · , �riM−1 ,
�kiM−1)

× δ( �K − ( �k1 + · · · + �kM ))d�r1d�k1 · · · d�rMd�kM ,

(2)

where M and Z are the number of the nucleon and proton of
the cluster, respectively; fn and f p are the neutron and pro-
ton phase-space distribution functions at freeze-out, respec-
tively; ρW is the Wigner density function; �ri1 , · · · , �riM−1 and
�ki1, · · · , �kiM−1 are the relative coordinates and momentum in
the M-nucleon rest frame; the spin-isospin statistical factor
G is 3/8 for deuteron and 1/3 for triton [52], note whether
to consider the isospin effect is still an unresolved problem,
neglecting the isospin effect can be found in [53,54]. While
the neutron and proton phase-space distribution comes from
the transport model simulations, the multiplicity of a M-
nucleon cluster is then given by,

NM = G
∫ ∑

i1>i2>···>iM

d�ri1d�ki1 · · · d�riM−1d�kiM−1

〈ρW
i (�ri1, �ki1 , · · · , �riM−1 ,

�kiM−1)〉,
(3)

where the 〈· · · 〉 denotes the event averaging.

2.3 Wigner phase-space density

The Wigner phase-space density of (anti)deuteron is assumed
as [52],

ρW
d (�r , �k) = 8

15∑
i=1

c2
i exp

(
−2ωi r

2 − k2

2ωi

)

+16
15∑
i> j

ci c j

(
4ωiω j

(ωi + ω j )2

) 3
4

exp

(
− 4ωiω j

ωi + ω j
r2

)

× exp

(
− k2

ωi + ω j

)
cos

(
2
ωi − ω j

ωi + ω j
�r · �k

)
, (4)

where the Gaussian fit coefficient ci and wi are given
in Ref. [52]. �k = (�k1-�k2)/2 is the relative momentum and
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�r = (�r1-�r2) is the relative coordinate of proton and neutron
inside deuteron.

The Wigner phase-space density of triton is obtained from
a spherical harmonic oscillator [28,52,55],

ρW
t (ρ, λ, �kρ, �kλ)

=
∫

ψ

(
ρ+ �R1

2
, λ+ �R2

2

)
ψ∗

(
ρ− �R1

2
, λ− �R2

2

)

× exp(−i �kρ · �R1) exp(−i �kλ · �R2)3
3
2 d �R1d �R2

= 82 exp

(
−ρ2 + λ2

b2

)
exp

(
−

(�k2
ρ + �k2

λ

)
b2

)
,

(5)

where ρ and λ are relative coordinates, �kρ and �kλ are the
relative momenta in the Jacobi coordinate, the parameter b
is obtained from the root-mean-square radius, 1.61 f m for
triton [52].

In practice, the coalescence procedure by using Eq. (3)
can not guarantee the energy conservation, such as for the
formation of dueteron p + n → d. If a proton and a neutron
with momentum-energy (�k, Ep) and (−�k, En) coalesces a
deuteron with (�0,md), and then the lost energy is �E =√
k2 + m2

p + √
k2 + m2

n − md . From Eq. (4), it can be seen

that the lost energy is ignorable since the Wigner density
is suppressed exponentially at the large relative momentum.
For the three-body case, a similar derivation can be obtained.
Actually, we made a numerical check for the effect of lost
energy, it is found that it is negligible for the yield and spectra
of the light nuclei production.

In this calculation, the AMPT model provides the phase-
space of nucleons at the freeze-out stage in heavy-ion colli-
sions and the followed coalescence model is coupled to give
the transverse momentum pT spectra of deuterons (d) and
tritons (t). Based on the obtained pT spectra, the yields of d
and t , as well as the coalescence parameters, are discussed.

3 Results and discussion

To discuss the system size dependence of light nuclei pro-
duction, some quantities of the collision systems are shown
in Fig. 3, such as 〈Npart 〉 representing the average number
of participants, and 〈Nch〉 denoting the average number of
charged hadrons (π±, k±, p, p̄) with a kinetic window of
0.2 < pT < 2 GeV/c and rapidity |y| < 0.5 (mid-rapidity),√

〈r2
i 〉 representing the averaged radius of the initial colli-

sion zone which is calculated through the participants,
√

〈r2
f 〉

representing the averaged radius of the collision system at
freeze-out stage which is calculated through the charged
hadrons. It is seen that 〈Npart 〉 and 〈Nch〉 are all propor-

tional to collision system size at final stage, namely
√

〈r2
f 〉,
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Fig. 3 Relationship between 〈Npart 〉 (〈Nch〉) and
√

〈r2
f 〉 to charac-

terise the system size. The insert plots a correlation between
√

〈r2
i 〉 and√

〈r2
f 〉

for different collision systems. In the insert, the freeze-out

radius of the collision system
√

〈r2
f 〉 increases with the initial

radius of the collision zone, namely
√

〈r2
i 〉. So both 〈Npart 〉

and 〈Nch〉 can characterise the collision system size, and it
is therefore convenient to discuss system size dependence of
observables by comparing the 〈Nch〉 -dependent results with
experimental data in the following.

3.1 pT spectra of p ( p̄), d (d̄) and t (t̄)

Figure 4 presents the transverse momentum spectra of p ( p̄),
d (d̄) and t (t̄) calculated by the AMPT model coupling with
the coalescence model in Au + Au collisions at

√
sNN = 39

GeV. The results are shown for the collision centrality classes
of 0–5%, 5–10%, 10–20%, 20–30%, 30–40%, 40–50%, 50–
60%, and 60–70% for p ( p̄) in Fig. 4a, d, 0–10%, 10–20%,
20–40%, 40–60%, and 60–80% for d (d̄) in Fig. 4b, e, 0–
10%, 10–20%, 20–40%, and 40–80% for t (t̄) in Fig. 4c, f.
It is found that the results can well describe the experimental
data for p [56], d [10] and t [57] spectra from the STAR
collaboration, especially in central collisions. Besides, we
compared the transverse momentum spectra of p ( p̄), d (d̄)
and t with the results from the iEBE-MUSIC hybrid model
plus coalescence model [31]. Note that the isospin effect in
the statistical factor in Eq. (2) can result in a constant factor
among the results [31,54] and does not affect the shape of the
spectra. It is interesting to see that two models are consistent,
which implies that the phase-space of the two models have
similar properties or distributions.

Figure 5 shows the calculated transverse momentum spec-
tra for p ( p̄) ((a) and (b)), d (d̄) ((c) and (d)) and t (t̄) ((e)
and (f)) in 10B + 10B, 16O + 16O, 40Ca + 40Ca, and 197Au
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Fig. 5 Transverse momentum pT spectra at mid-rapidity (|y| < 0.5)

of (anti)proton, (anti)deuteron and (anti)triton in 0−10% central col-
lisions of 10B + 10B, 16O + 16O, 40Ca + 40Ca, and 197Au + 197Au at√
sNN = 39 GeV by using the AMPT model coupling with the coales-

cence model

+ 197Au in 0−10% central collisions at
√
sNN = 39 GeV.

The pT spectra present an obvious collision system depen-
dence in central collisions and drop with the decreasing of
the collision system size [58].

3.2 〈dN/dy〉 of p ( p̄), d (d̄) and t (t̄)

The rapidity densities (〈dN/dy〉) of p ( p̄), d (d̄) and t (t̄)
are calculated in mid-rapidity as a function of 〈Nch〉 in 10B +
10B, 16O + 16O, 40Ca + 40Ca, and 197Au + 197Au collisions at

√
sNN = 39 GeV, as shown in Fig. 6. It is found that 〈dN/dy〉

of p as a function of 〈Nch〉 (Fig. 6a) can well describe the
data [56] but underestimate p̄ data in Au + Au collisions at√
sNN = 39 GeV. For d and d̄ (Fig. 6b), it presents the sim-

ilar description quality to the data [10]. 〈dN/dy〉 of t and t̄
as a function of 〈Nch〉 is presented in Fig. 6c. As shown in
Fig. 6a, b, 〈dN/dy〉 of p and d are comparable to those from
the iEBE-MUSIC hybrid model plus coalescence model [31]
in central collisions, and little difference for anti-matter part-
ners. In addition, the yields of these light (anti)nuclei for the
0-10% central collisions of 10B + 10B, 16O + 16O, and 40Ca
+ 40Ca systems at

√
sNN = 39 GeV are also shown in Fig. 6,

and it seems that they follow the similar 〈Nch〉 systemat-
ics. In general, it is reasonably speculated that 〈dN/dy〉 of
(anti)proton, (anti)deuteron and triton present an increasing
trend with 〈Nch〉 (collision system size) in different collision
centralities as well as collision systems.

Furthermore, we calculate the 〈Nch〉 dependence of ratios
of d/p and t/p by using a thermal model [59],

ni (T, �μ)= 〈Ni 〉
V

= Tgi
2π2

∞∑
k=1

(±1)k+1

k
λki m

2
i K2

(
kmi

T

)
,

(6)

where λi (T, �μ) = exp(
BiμB+Siμs+QiμQ

T ), Bi , Si and Qi are
the baryon number, strangeness number and charge number,
μB , μS and μQ , are their corresponding chemical poten-
tials of particle i , K2 is the modified Bessel function and the
upper sign is for bosons and lower for fermions, gi is the
spin−isospin degeneracy factor. We use the parameters such
as the chemical freeze-out temperature as well as the baryon
chemical potential from Ref. [56]. As shown in Fig. 6d,
the d/p and t/p ratios of AMPT + coalescence model are
bigger than STAR data [10,56,60]. And the d/p ratio from
the thermal model can describe the STAR data [10,56,60]
but overestimates the t/p ratio, which is consistent with the
results in references [60–62].

Figure 7 presents a comparison between 〈Nch〉 depen-

dence of the fireball radius (
√

〈r2
f 〉) calculated directly by

the coordinates from the AMPT model and that rV from
the analytic coalescence model [63] in 197Au + 197Au col-
lisions at

√
sNN = 39 GeV. In analytic coalescence model

[63], a blast-wave-like parametrization is used for the phase-
space configuration of constituent particles at freeze-out. We
extract the effective volume by equation (25) in Ref. [63],
then the fireball radius rV can be calculated by assuming a

spherical fireball. We find that the both radii (
√

〈r2
f 〉 and rV )

present a similar 〈Nch〉 dependence, i.e. increasing as 〈Nch〉.
Of course, we notice that the values of size have model or
calculation method dependence.
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(a) (b) (d)(c)

Fig. 6 〈Nch〉 dependence of the yield 〈dN/dy〉 of p ( p̄), d (d̄) and t
(t̄) from 10B + 10B, 16O + 16O, 40Ca + 40Ca, and 197Au + 197Au colli-
sion systems at 0−10% centrality and

√
sNN = 39 GeV are presented

in (a)-(c). Results are compared with experimental data of p ( p̄) and d
(d̄) in 197Au + 197Au collisions at

√
sNN = 39 GeV [10,56]. The gray

markers are the results of the iEBE-MUSIC hybrid model plus coales-
cence model [31]. The comparison of 〈dN/dy〉 dependence of d/p and
t/p between coalescence model and thermal model (fitted parameters
is from Ref. [56]) and the STAR data [54,56] are shown in (d)
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Fig. 7 The comparison of 〈Nch〉 dependence of the fireball radius cal-
culated directly from coordinates in the AMPT calculations as well
as the results obtained by analytic coalescence model [63] in 197Au +
197Au collisions at

√
sNN = 39 GeV

Figure 8a shows the 〈dN/dy〉 of proton, deuteron and tri-
ton as a function of baryon number B from the coalescence
model in 0–10% 10B + 10B, 16O + 16O, and 40Ca + 40Ca col-
lisions, as well as the 0–10%, 10–20%, 20–40%, 40–60%,
and 60–80% 197Au + 197Au collisions at

√
sNN = 39 GeV.

The lines are the fits to the calculated results by a func-
tion of N0e−r B , here N0 denotes amplitude, B is the baryon
number and r is the reduction factor. It is found that the
yields of proton, deuteron ,and triton in each collision sys-
tem exhibit a decreasing exponential trend with the baryon
number. The reduction factor [55,64] by fitting the yields of
proton, deuteron and triton as a function of 〈Nch〉 is shown
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Fig. 8 a The yields of proton, deuteron, and triton as a function of
baryon number B from the coalescence model for the 0–10% 10B +
10B, 16O + 16O, and 40Ca + 40Ca collisions, as well as for the 0–10%,
10–20%, 20-40%, 40–60%, and 60–80% 197Au + 197Au collisions at√
sNN = 39 GeV, (b) the extracted reduction factor r obtained by fitting

the yields of proton, deuteron, and triton with a function of N0e−r B

versus 〈Nch〉

in Fig. 8b. While the system size is expressed by 〈Nch〉,
the reduction factor decreases sharply with the increasing
of 〈Nch〉 and then saturate at large 〈Nch〉. This implies that
light nuclei production becomes more difficult in small sys-
tems, especially for that with baryon number B >3 in the
relativistic heavy-ion collisions.

3.3 Coalescence parameters B2 and B3

To further characterize the system size dependence of light
nuclei production, the coalescence probability of forming
light clusters is investigated by the coalescence parameters
BA (A = 2 and 3) as defined in Eq. (1). In panel (a) and
(b) of Fig. 9, the calculated coalescence parameter B2 are
compared with the data measured by the STAR collabora-
tion [10] in 197Au + 197Au collisions at RHIC energy of
39 GeV in 0–10%, 10–20%, 20–40%, and 40–60% (40–80%
for triton) centralities. The calculated results present a simi-
lar trend with the experimental data, the coalescence param-
eters B2 in panel (a), (b) and B3 in panel (c) as a function
of pT /A in different collision centralities always present an
increasing trend, this might be due to the increasing correla-
tion volume with the decreasing of pT , leading to a higher
coalescence probability for larger pT values. In addition, the
values of B2 and B3 decrease with collision centrality (i.e.
the more central collisions the less BA), which suggests that
source volume being larger in central collisions. From the
viewpoint of the coalescence probability of nucleons to form
these light clusters, it is reasonable to have a bigger coales-
cence probability while the distance between the protons and
neutrons is smaller. On the other hand, we note that the val-
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Fig. 9 Coalescence parameters B2 and B3 as a function of pT /A for
deuterons (a), anti-deuterons (b) and tritons (c) for 197Au + 197Au col-
lisions at

√
sNN = 39 GeV at different centralities: 0–10%, 10–20%,

20–40%, and 40–60% (40–80% for t). The solid markers are experimen-
tal data of (anti)deuterons and tritons from the STAR collaboration [10].
The smooth lines are the results of B2 and B3 from the iEBE-MUSIC
hybrid model plus coalescence model [31]
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Fig. 10 Coalescence parameters B2 and B3 as a function of pT /A for
deuterons (a), anti-deuterons (b) and tritons (c) from 0 to 10% central
collisions of 10B + 10B, 16O + 16O, 40Ca + 40Ca, and 197Au + 197Au at√
sNN = 39 GeV

ues of B2 for deuterons are systematically larger than those
of anti-deuterons in the same centrality, it is consistent with
the experimental observation [10], indicating that the corre-
lated volume of baryons is smaller than that of anti-baryons.
Besides, the comparison of our results of B2 and B3 with the
iEBE-MUSIC hybrid model plus coalescence model [31] is
also shown in this figure, and the trend remains similar.

Furthermore, the coalescence parameter B2 for
(anti)deuterons as a function of pT /A is also calculated for
10B + 10B, 16O + 16O, and 40Ca + 40Ca collisions at 0–10%
centrality at

√
sNN = 39 GeV, and the results are presented in

Fig. 10 (a) and (b). It is found that the coalescence parameter
B2 presents a system size dependence, i.e. B2 decreases as
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Fig. 11 〈Nch〉 dependence of B2 and B3 for the (anti)deuteron and
(anti)triton in 197Au + 197Au collisions at 0–10%, 10–20%, 20–40%,
and 40–60% centralities as well as the 0–10% central collisions of 10B
+ 10B, 16O + 16O and 40Ca + 40Ca systems at

√
sNN = 39 GeV. The

experimental data of (anti)deuteron produced in 197Au + 197Au collision
is taken from the STAR collaboration [10]

the system size increases. This result is consistent with the
centrality dependence in the same system such as Au + Au
collisions. The pT dependence of B2 also presents an upward
trend as shown in Fig. 9. The coalescence parameter B3 is
presented as a function of pT /A for the 0–10% central col-
lisions of 10B + 10B, 16O + 16O, 40Ca + 40Ca, and 197Au +
197Au systems at

√
sNN = 39 GeV in Fig. 10c, it shows the

similar trend with B2 even though the error remains larger.
Figure 11 shows the 〈Nch〉 dependence of coalescence

parameters B2 and B3 of d (d̄) (a, b), t (t̄) (c, d) in
197Au+197Au collisions at 0–10%, 10–20%, 20–40%, and
40–60% (40–80% for t) centralities as well as 0–10% cen-
tral collisions of 10B + 10B, 16O + 16O, 40Ca + 40Ca sys-
tems at

√
sNN = 39 GeV. It is observed that the coalescence

parameters B2 and B3 present an obvious collision centrality
dependence, the values of B2 for deuteron and anti-deuteron
decrease with the increasing of 〈Nch〉. The 〈Nch〉 dependence
of B3 for triton in 197Au + 197Au collisions at 0–10%, 10–
20%, 20–40%, and 40–80% centralities at

√
sNN = 39 GeV

is also shown in this figure. B3 also shows a decreasing trend
with 〈Nch〉. Besides, it is observed that the values of B2 and
B3 present an obvious collision system dependence in 0–10%
central collisions of 10B + 10B, 16O + 16O, 40Ca + 40Ca, and
197Au + 197Au systems, the values of B2 and B3 for deuteron
and anti-deuteron drop with the increasing of system size, the
value of B3 also shows a decreasing trend with 〈Nch〉. Consid-
ering the properties of system size dependence from Fig. 3
as well as the relationship between coalescence parameter
and nucleon correlation volume, i.e. BA ∝ 1/V A−1

e f f [51],
we found that BA can be expressed by a simple function,
BA ∝ 1/ (〈Nch〉)(A−1) (here A = 2 or 3). From the viewpoint
of light nuclei production by coalescence mechanism, it is
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concluded that the coalescence parameter BA can reflect the
collision system size when the system is at kinetic freeze-out
stage.

The thermal model has been successfully used to describe
the multiplicities or particle ratios of hadrons and light nuclei
[65] in relativistic heavy-ion collisions, while the coales-
cence model basing on phase space data is another useful tool
to treat light nuclei production. In practice, the phase-space
data can be generated from various models, such as blast-
wave model [66], hydrodynamics [31], transport model [67]
or pure analytical calculation [63]. In our work, the coales-
cence model basing on the AMPT phase space data is used to
study the light nuclei production at RHIC lower energy in the
Beam Energy Scan project [56,68], the results are consistent
with the previous calculations and provide a more compre-
hensive understanding of the experiment data. Therefore we
argue that these models could approach an equivalent simula-
tion of the production of light nuclei assuming the thermal or
kinetic freeze-out properties of the collision systems, respec-
tively.

4 Summary

In summary, based on the AMPT model coupled with the
dynamic coalescence model, the collision system size depen-
dence of light nuclei production was investigated for the
0–10%, 10–20%, 20–40%, 40–60%, and 60–80% 197Au +
197Au collisions at

√
sNN = 39 GeV. The calculated trans-

verse momentum pT spectra can well describe the experi-
mental data from the STAR collaboration and the extracted
coalescence parameters of B2 and B3 fitted the data well. In
the same way, the production of light nuclei is also calculated
for the 0–10% central collisions of 10B + 10B, 16O + 16O, and
40Ca + 40Ca systems at

√
sNN = 39 GeV. As the system size

is denoted by 〈Nch〉 for different centralities and collision
systems, the yields of light nuclei 〈dN/dy〉 present an obvi-
ous system size dependence, namely 〈dN/dy〉 increases with
the system size (〈Nch〉). The reduction factor for light nuclei
production is also presented for the system size dependence,
which indicates that light nuclei production becomes more
difficult in small systems. And the coalescence parameters
BA (A = 2, 3) as a function of 〈Nch〉 fall into the same group
regardless for different centralities in a fixed collision sys-
tem or different systems at a fixed centrality. Coalescence
parameters BA (A = 2, 3) present a decreasing trend with the
increasing of 〈Nch〉, i.e. follow a proportional dependence
on 1/〈Nch〉A−1. We can conclude that the light nucleus pro-
duction essentially depends on the fireball volume, reflected
in the system size or centralities. These results shed light on
further experimental system scan project at RHIC or LHC.
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