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 a b s t r a c t

Radioactive tin beams were used to explore the flow observables under varying isospin asymmetries while main-
taining a constant total charge. The rapidity dependence of directed flow (𝑣1) and elliptic flow (𝑣2) was stud-
ied for protons, deuterons, tritons, 3He, and 4He, produced in neutron-rich 132Sn + 124Sn and neutron-deficient 
108Sn + 112Sn collisions at 270 MeV∕nucleon. In general, heavier particles exhibited larger 𝑣1 and 𝑣2 values. The 
experimental data was used to test transport models which simulate heavy ion collisions. Specifically, compar-
isons were made with Antisymmetrized Molecular Dynamics (AMD) model calculations, which explicitly account 
for cluster correlations. Two types of momentum-dependent mean field potentials were tested. The results reveal 
that both 𝑣1 and 𝑣2 values are enhanced when the mean field incorporates stronger momentum dependence. In 
addition, 𝑣2 exhibits larger sensitivity to symmetry energy than 𝑣1 but the overall sensitivity to symmetry energy 
is low. In an attempt to describe the data, different parameter sets have been tried. Most describe either the 
hydrogen flow or helium flow reasonably well but none describes the flow of all particles simultaneously.
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M. Kurata-Nishimura, M. Kaneko, T. Isobe et al.

1.  Introduction

Determination of the nuclear equation of state for nuclear matter has 
been a significant objective for both the nuclear physics and nuclear as-
trophysics communities [1]. Recent advances in astronomical observa-
tions of neutron stars, such as the detection of gravitational waves (GW) 
from binary neutron star mergers by LIGO-Virgo detector network  [2–4] 
and neutron star mass-radius correlation measurements from the NICER 
collaboration  [5], have brought renewed attention and excitement to 
the importance of the nuclear equation of state (EOS) in physics.

Recent attempts to extract the nuclear EOS by combining the con-
straints from both the terrestrial experiments and the astrophysical ob-
servations  [6–8] suggest that the laboratory constraints around 1.5 
times the nuclear saturation density carry significant uncertainties. Re-
ducing these uncertainties, whether through improvements in theoreti-
cal models or by increasing the accuracy of the measured data, including 
new measurements, is crucial for refining the equation of state for both 
nuclear and neutron star matter.

In the laboratory, heavy ion collisions (HICs) have been employed 
worldwide to investigate the nuclear EOS, as they provide a unique tool 
for exploring the properties of nuclear matter at densities away from 
nuclear saturation [9]. Furthermore, radioactive ion beam (RIB) facto-
ries offer new opportunities to study nuclear matter with high isospin 
asymmetry, using ion beams beyond the nuclear stability  [10,11]. How-
ever, to extract meaningful physics information, such as the nuclear EOS 
parameters, transport models are required to simulate the dynamics of 
heavy ion collisions. Due to technical difficulties, very few models con-
tain all the physics ingredients to simulate the nuclear collisions  [12]. 
Specifically, most transport models do not contain rigorous cluster for-
mation, which may affect the extraction of the equation of state param-
eters.

The collective flow has been studied as one of the most sensi-
tive observables of the nuclear EOS [13–15] and provides informa-
tion about the dynamics of heavy ion collisions. This paper presents 
the directed and elliptic flow measurements for light charged particles 
emitted in Sn+Sn reactions at 270 MeV/nucleon. The results are com-
pared with the Antisymmetrized Molecular Dynamics (AMD) model sim-
ulations [16]. Unlike other transport models that rely solely on mean 
field propagation of nucleons and nucleon-nucleon collisions, the AMD 
model incorporates cluster correlations during the dynamical evolution 
of heavy ion collisions, offering a more comprehensive treatment of clus-
ter formation [17,18]. Furthermore, we take advantage of the most re-
cent version of the AMD that allows varying the momentum-dependent 
interaction of the mean field, which has been shown to influence the 
flow observable  [19].

2.  Experiment

Radioactive ion (RI) beams allow the investigation of isospin sym-
metry energy directly by providing exotic projectiles with very dif-
ferent neutron-excess contents. This experiment was performed at RI 
Beam Factory operated by RIKEN Nishina Center and CNS, University of 
Tokyo. A heavy ion collision experiment using the RI beams were con-
ducted with the SAMURAI Pion Reconstruction and Ion-Tracker Time 
Projection Chamber (S𝜋RIT-TPC) located in the SAMURAI experimen-
tal area [20,21]. In this paper, the data were obtained from the reactions 
of a neutron-rich system 132Sn + 124Sn and a system which is nearly sym-
metric 108Sn + 112Sn at an incident energy of 270 MeV/u. The 132Sn and 
108Sn secondary beams were separated using BigRIPS [22] and directed 
onto enriched targets of 124Sn (608 mg∕cm2) and 112𝑆n (561 mg∕cm2). 
At the midpoint of the target, the beam energy was 268 MeV/u. The 
typical beam intensity was 7.5 ∼ 9.5 × 103 particles per second, with 
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beam purities of 54% for 132Sn beam and 52% for 108Sn beam. While 
low-Z contaminants were present, they contributed less than 1% to the 
overall statistics. In this study, a total of 2.5 million and 1.5 million 
events were analyzed for the reactions 132Sn + 124Sn and 108Sn + 112Sn,
respectively.

The experimental setup and detector configurations are described in 
detail in Refs. [23–26]. The 124Sn and 112Sn solid targets were placed 
15mm upstream of the S𝜋RIT-TPC entrance window. Electrons ionized 
by charged particles passing through the S𝜋RIT-TPC were drifted up-
ward and then amplified in a field cage. Energy deposits along each 
particle path were measured by pads located on a top plate. Track re-
construction was performed by associating amount of charge and hit 
timing on pads. A helical track based on the Riemann fit [27] was uti-
lized to evaluate the magnetic rigidity of each track. light charged par-
ticles were well separated [26,28,29] by adopting dedicated software 
to compensate for electronic saturation  [30], and space charge cor-
rections [31]. The multiplicity (M) of each event was determined by 
the number of reconstructed tracks originating from the vertex within 
20mm for all charged particles including pions. In this paper, mid-
central collisions were chosen within 47 ≤ M ≤ 56 for 132Sn + 124Sn col-
lisions and 46 ≤ M ≤ 55 for 108Sn + 112Sn collisions, which corresponded 
to 0.15 ≤ 𝑏0 ≤ 0.35 with the reduced impact parameter (𝑏0) determined 
in Ref. [28].

In this study, we required at least 15 clustered pads and a vertex in 
the beam axis within 4.0mm to select reliable tracks. For those tracks, 
particle identification was applied depending on the correlation be-
tween the mean energy loss per unit length along the path and its mag-
netic rigidity. Proton, deuteron, triton, 3He, and 4He were separated in 
the following analysis.

In the flow analysis, the reaction plane was determined using 
charged particles with mass number 1 ≤ 𝐴 ≤ 4 detected within the TPC’s 
geometrical acceptance. However, the flow observable values were de-
termined only with particles accepted within the range of (−20◦ < 𝜙 <
30◦) ∪ (160◦ < 𝜙) ∪ (𝜙 < −150◦) where the tracks are of good quality. The 
acceptance represented by the mass invariant plots of transverse mo-
mentum vs. the scaled rapidity for p, d, t, 3He, and 4He, is illustrated 
in Fig. 1. Here, the horizontal axis indicates scaled rapidity, 𝑦∕𝑦cmNN − 1, 
where 𝑦 is the rapidity of the detected particle in the laboratory frame 
and the 𝑦cmNN is the rapidity of the nucleon-nucleon (𝑁𝑁) center-of-mass 
in the laboratory frame. To reduce the impact of contamination from 
triton on 3He, the systematic error was minimized by limiting the accep-
tance of these particles to within the scaled rapidity 𝑦∕𝑦cmNN − 1 > −0.3, 
while 𝑦∕𝑦cmNN − 1 > −0.5 for other particles. In the gated phase space 
shown in Fig. 1, a detection efficiency exceeding 90% was achieved, 
covering the entire range of transverse momentum. For flow observ-
ables, efficiency corrections are not important, and they were, therefore, 
not taken into account.

3.  AMD Model comparison

We employed the AMD model [17,32,33] to gain physics insights 
from the data. AMD describes the dynamics of a many-nucleon system 
using the time evolution of a Slater determinant of Gaussian wave pack-
ets. Two-nucleon collisions are treated as a stochastic transition from 
an initial state to a final state. AMD treats cluster correlations explic-
itly by extending the two-nucleon collision process. The details are de-
scribed in Ref. [17]. Each scattered nucleon may form a cluster with 
surrounding particle(s) as 𝑁1 +𝑁2 + 𝐵1 + 𝐵2 → 𝐶1 + 𝐶2. This includes 
the special cases in which both or one of 𝐵1 and 𝐵2 is empty, e.g., 
𝑁1 +𝑁2 → 𝑁1 +𝑁2 and 𝑁1 +𝑁2 + 𝐵1 → 𝐶1 +𝑁2. The collision prob-
ability for a specific configuration (𝐶1, 𝐶2) is expressed as

𝑑𝜎(𝐶1, 𝐶2)
𝑑Ω

= 𝑃 (𝐶1, 𝐶2, 𝑝f,Ω)
𝑝i
𝑣i

𝑝f
𝑣f
|𝑀|

2 𝑝f
𝑝i
, (1)
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Fig. 1. The S𝜋RIT-TPC acceptance for light charged particles for the scaled impact parameter within 0 ≤ 𝑏0 ≤ 0.15. The horizontal axis is the scaled rapidity, 𝑦∕𝑦cmNN − 1, 
where 𝑦 is the rapidity of the detected particle in the laboratory frame and the 𝑦cmNN is the rapidity of the nucleon-nucleon (𝑁𝑁) center-of-mass in the laboratory frame. 
The vertical axis corresponds to the transverse momentum. To minimize contamination from triton on 3He, 𝑦∕𝑦cmNN − 1 > −0.3 was analyzed, while 𝑦∕𝑦cmNN − 1 > −0.5
for other particles.

Fig. 2. The momentum-dependent mean field potential as follows: The blue dot-dashed line represents the momentum dependence in the Skyrme SLy4 interaction. 
The red dashed line corresponds to Λmd = 5 fm−1 [17], where the momentum dependence was moderately weakened to be similar to the empirical optical potential 
described by Hama et al [36](shown with solid circles). The green dashed line indicates Λmd = 2 fm−1, where the momentum dependence was weakened strongly. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The sigma values in longitudinal (TOP) and transverse (middle) rapidity distributions for 𝐴 ≤ 4. AMD with four parameter sets; Λmd = 2 fm−1(SLy4) (green 
band), Λmd = 5 fm−1(SLy4) (magenta band), and Λmd = 5 fm−1(SLy4 ∶ L108) (gray band) are compared with data. The details are described in the text. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where 𝑝i and 𝑣i are the initial relative momentum and the velocity be-
tween the colliding nucleons 𝑁1 and 𝑁2. The relative momentum vector 
after the momentum transfer between them is denoted by (𝑝f,Ω), and 𝑝f
is determined to conserve the energy 𝐸 of the system which includes 
the adopted effective interaction. The velocity factor 𝑣f = 𝜕𝐸∕𝜕𝑝f as a 
function of 𝑝f also depends on the effective interaction. The overlap 
probability factor for cluster formation, 𝑃 (𝐶1, 𝐶2, 𝑝f,Ω), is defined by 
considering the non-orthogonality between the states of different con-
figurations. Cluster breaking is treated in the same framework when 𝑁1
or 𝑁2 is a nucleon in a previously formed cluster.

An important input to the calculation is the matrix element |𝑀|

2 for 
the two-nucleon scattering which may be modified in a nuclear medium. 
We express it as 

|𝑀|

2 = (2∕𝑚𝑁 )2𝑑(𝜎̃𝑁𝑁 )∕𝑑Ω, (2)

where the effective in-medium nucleon-nucleon cross section 𝜎̃𝑁𝑁  is 
parameterized as

𝜎̃𝑁𝑁 = [1 + 𝑥(𝜌 − 𝜌′)∕𝜌0]𝜎0 tanh
𝜎(free)𝑁𝑁
𝜎0

, (3)

𝜎0 = 0.4(𝜌′)−2∕3. (4)

In these formulas, the right-hand side in Eq.  (2) is evaluated at an av-
erage of 𝑝i and 𝑝f, and 𝜌′ is a density with a momentum cut as defined 
by Eq. (161) in Ref. [12]. To adjust the stopping in the next section, 
we include a term proportional to (𝜌 − 𝜌′)∕𝜌0 where 𝜌 is the density and 
𝜌0 = 0.16 fm−3, is the saturation density.

The effective interactions used in AMD are described in Ref. [17]. 
The present study uses two interactions, labeled SLy4 and SLy4:L108, 
which differ in the density dependence of the symmetry energy. The 
original SLy4 interaction contains a slope parameter 𝐿 = 46 MeV, while 
SLy4:L108 has 𝐿 = 108 MeV. The original Skyrme interaction  [34,35] 
exhibits a quadratic momentum dependence of the mean field, charac-
terized by an effective mass 𝑚∗∕𝑚 = 0.70 in symmetric matter at satu-
ration density. However, this momentum dependence is too strong at 
high momenta (blue dot-dashed line in Fig. 2), and has been modified 
by introducing a momentum cutoff parameter Λmd = 5 fm−1 in Ref. [17], 
to reasonably reproduce the empirical optical potential by Hama et al.
[36], as shown in Fig. 2 by the red dashed line. To investigate the im-
pact of the momentum dependence of the mean field on the flow ob-
servables, we compare two cases of Λmd = 5 fm−1 and Λmd = 2 fm−1. 
The latter case, which corresponds to a choice in Ref. [37], exhibits a 
weak momentum dependence as shown in Fig. 2 by the green dashed
line.
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Fig. 4. The directed flow, 𝑣1 plotted as a function of scaled rapidity. Top and bottom panels are for 132Sn + 124Sn and 108Sn + 112Sn, respectively. A linear function 
evaluates the slope parameter, 𝑣11, fitting at the mid-rapidity. AMD calculations with Λmd = 2 fm−1(SLy4) (green band), Λmd = 5 fm−1(SLy4) (magenta band), and 
Λmd = 5 fm−1(SLy4 ∶ L108) (gray band) are also plotted for comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

4.  Stopping analysis and results

In the heavy-ion collisions considered in this study, the AMD calcu-
lations with cluster correlations predict that the system is compressed to 
a maximum density of approximately 2𝜌0 [32], after which it expands in 
all directions. The degree of stopping in such collisions is typically char-
acterized by comparing the longitudinal and transverse emissions. Stop-
ping is known to depend on several factors in transport models, such as 
the incompressibility and the two-nucleon collision cross sections. The 
incompressibility is fixed to 𝐾 = 230 MeV in this study, while the impact 
of the momentum dependence of the mean field (Λmd) on the stopping 
must be carefully considered. Specifically, varying Λmd affects the cross 
sections defined by Eq.  (1), particularly through the factors 𝑝f∕𝑣f and 
𝑝i∕𝑣i, thereby influencing stopping. Since flow is already known to be 
highly correlated with stopping [38], it is crucial to analyze flow ob-
servables under the condition of a consistent stopping. To achieve this, 
we adjust the parameter 𝑥 in the matrix element according to the choice 
of Λmd, as described below.

We analyzed the stopping power from longitudinal rapidity (𝑦𝐿, the 
same as 𝑦∕𝑦cmNN − 1) and transverse rapidity (𝑦𝑇 ) distributions for cen-
tral collision events (𝑏0 < 0.15). The distribution of 𝑦𝐿 was assumed to 
be symmetric around 𝑦𝐿 = 0, compensating for the low efficiency of the 
detector for 𝑦𝐿 < −0.5. The distribution of 𝑦𝑇  with a cut of |𝑦𝐿| < 0.3 was 
derived from mass and transverse momentum projecting onto an arbi-
trary reaction plane to eliminate collective flow effects. The spreads of 
the 𝑦𝐿 and 𝑦𝑇  distributions, defined as 𝜎𝐿(𝑇 ) =

√

1
𝑁 Σ𝑁

𝑖

(

𝑦𝐿(𝑇 )𝑖
)2
, were 

utilized to quantify the stopping power by taking the ratio 𝜎𝑇 ∕𝜎𝐿. In 
Fig. 3, the ratios, 𝜎𝑇 ∕𝜎𝐿 as well as 𝜎𝐿 and 𝜎𝑇  are plotted for the light 
charged particles from 132Sn + 124Sn reactions (left panels) and from 

108Sn + 112Sn reactions (right panels). For comparison, the results from 
AMD were analyzed in the same manner as the data. Since stopping 
is affected by Λmd, the parameter 𝑥 in 𝜎̃𝑁𝑁  of Eq. (3) was adjusted 
to keep the predicted stopping power to be consistent with the data. 
We adopt the values of 𝑥 = 0.1 for Λmd = 5 fm−1, and 𝑥 = 0 for Λmd =
2 fm−1. AMD calculations for Λmd = 5 fm−1(SLy4) (magenta band), 
Λmd = 2 fm−1(SLy4) (green band), and Λmd = 5 fm−1(SLy4 ∶ L108) (grey 
band) are plotted with data in Fig. 3. The trend of particle dependence 
and the values of 𝜎𝐿, 𝜎𝑇 , and 𝜎𝑇 ∕𝜎𝐿 are reproduced reasonably.

5.  Flow analysis and results

5.1.  Directed flow (𝑣1)

We analyze directed flow (𝑣1) and elliptic flow (𝑣2), which are de-
fined as the coefficients of the first and second harmonics of the Fourier 
expansion for the distribution of the azimuthal angle, respectively. The 
azimuthal angle distributions of particles, Δ𝜙 = 𝜙 − Ψ, were obtained 
by rotating its azimuthal angle with respect to the reaction plane angle 
Ψ,

1
𝑁

𝑑𝑁
𝑑(Δ𝜙)

= 1 + 2𝑣1 cos (Δ𝜙) + 2𝑣2 cos (2Δ𝜙). (5)

Ψ was determined as the azimuthal angle of a flow vector 𝑸 which was 
obtained by summing the transverse unit vector with a sign depending 
on the scaled rapidity [39] as

𝑸 =
𝐴≤4
∑

𝜔𝒑𝑡∕|𝑝𝑡|, 𝜔 =

{

+1 if 𝑦∕𝑦cmNN − 1 ≥ 0
−1 if 𝑦∕𝑦cmNN − 1 < 0,

(6)
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Fig. 5. Particle dependence of 𝑣11, 𝑣20, plotted on top and bottom, respectively. Left and right columns correspond to 132Sn +124 Sn and 108Sn +112 Sn, respectively. AMD 
calculations with Λmd = 2 fm−1(SLy4) (green band), Λmd = 5 fm−1(SLy4) (magenta band), and Λmd = 5 fm−1(SLy4 ∶ L108) (gray band) are also plotted for comparison. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where summation runs over all light charged particles with 1 ≤ 𝐴 ≤ 4
event by event. The selected particle was excluded from 𝑸 computa-
tion to avoid auto-correlation. Since S𝜋RIT-TPC has a rectangular shape, 
the reaction plane angles were corrected using shifting and flattening
methods [40] to minimize detector bias. The correction factors 
for the reaction plane resolution are ⟨cos (ΔΨ)⟩ = 0.748 ± 0.004 and 
⟨cos (2ΔΨ)⟩ = 0.416 ± 0.006  [39].

The directed flow 𝑣1 as a function of the scaled rapidity is shown 
in Fig. 4 for proton, deuteron, triton, 3He, and 4He. The top panels 
correspond to 132Sn + 124Sn, while the bottom panels correspond to 
108Sn + 112Sn. 𝑣1 reaches a higher value with a steeper slope for heavier 
particles in both systems. The AMD results with the three configurations 
are presented: Λmd = 2 fm−1(SLy4) (green band),
Λmd = 5 fm−1(SLy4) (magenta band), and Λmd = 5 fm−1 (SLy4:L108) 
(gray band). Systematically, the slopes for all particles are steeper for 
Λmd = 5 fm−1 compared to Λmd = 2 fm−1. To condense the information 
of 𝑣1, a linear fit is used to extract the slope parameter, 𝑣11 in the mid-
rapidity region. 𝑣11 is plotted on the top half in Fig. 5 and the shaded 
lines represent the AMD values. The general trend that the strength of 
𝑣11 increases with the mass number is reproduced with all three param-
eter sets of AMD. However, this trend is weaker in AMD than in the ex-
perimental data, so that neither Λmd = 2 fm−1 nor Λmd = 5 fm−1 explain 

𝑣11 simultaneously for all particles. Different parameter sets including 
using SkM* instead of Skyrme SLy4 interactions have been tested. The 
general conclusions are similar in that the AMD calculations reproduce 
the 𝑣11 values for either Z=1 or for Z=2 isotopes but not for all 5 par-
ticles.

The results of 3He and 4He demonstrate better agreement for Λmd =
5 fm−1 in both reaction systems, while the results for proton and 
deuteron are overestimated. On the other hand, the weaker momentum 
dependence of Λmd = 2 fm−1 describes the hydrogen isotopes, proton, 
deuteron and to a certain extent triton better. The 𝑣11 values are similar 
for the two reaction systems except for 3H and 3He. Experimental 𝑣11
values of 3He seems to be smaller than that of 3H in the neutron-rich 
system, while they are similar in the 108Sn + 112Sn system. AMD predicts 
smaller 𝑣11 for 3He in all parameter sets. The difference of 𝑣11 between 
3H and 3He flow may arise from a sensitivity to the symmetry energy.

To investigate the sensitivity of flow to symmetry energy, we com-
pared the results of Λmd = 5 fm−1 from AMD with two different symme-
try energy slope parameters, 𝐿 = 46 MeV and 𝐿 = 108 MeV, as shown 
in the upper panels of Fig. 5. They do not show much difference. 
Λmd = 5 fm−1 (SLy4 ∶ L108) seems to suppress 3He values more for the
132Sn + 124Sn system but the uncertainties are too large to determine the 
slope parameter of the symmetry energy at this moment.
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Fig. 6. The elliptic flow, 𝑣2 plotted as a function of scaled rapidity. Top and bottom panels are for 132Sn +124 Sn and 108Sn +112 Sn, respectively. Solid lines in 
the figure show relevant results with a parabolic function, and the minimum 𝑣2 is determined as 𝑣20. AMD calculations with Λmd = 2 fm−1(SLy4) (green band), 
Λmd = 5 fm−1(SLy4) (magenta band), and Λmd = 5 fm−1(SLy4 ∶ L108) (gray band) are also plotted for comparison. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

5.2.  Elliptic flow (𝑣2)

The rapidity dependence of 𝑣2 is shown for the two systems in Fig. 6. 
Negative 𝑣2 is observed, which indicates out-of-plane emission (squeeze-
out) with respect to the reaction plane. The heavier particles show a 
more significantly negative 𝑣2 for both systems. The strength of |𝑣2| is 
influenced by several factors, including the incident energy, the size of 
the colliding system, and the chosen impact parameter region, as re-
ported in Ref. [41]. Applying a low transverse momentum cut is known 
to enhance the results. However, this analysis does not include such a 
cut, as it helps compare with models.

The AMD results are displayed in the figures for the three cases in the 
same manner as 𝑣1. While the calculations reproduce the overall trends 
of U-shape distributions, the agreement is not very good at low and high-
rapidity regions. In regions of large rapidity, the contribution from spec-
tators becomes significant during collisions with a large impact parame-
ter. The discrepancy observed might arise from a mismatch between the 
experimental and calculated distributions of impact parameters. While 
AMD can precisely determine the impact parameter, experimental data 
typically encompass a broad range of impact parameters. Furthermore, 
it may be related to the discrepancies in the rapidity and transverse 
distributions between AMD and the experimental data [28,29]. To min-
imize the effect of impact parameter contamination, the minima of 𝑣2
(𝑣20) were evaluated by fitting the data of each particle with a parabolic 
function as shown by the solid curves in Fig. 6.

The mass number dependence of |𝑣20| is plotted for the two systems 
in the lower panels of Fig. 5. The values of |𝑣20| increase monotoni-
cally with the mass and charge number. Larger |𝑣20| for 3He is observed 
than for 3H. In Ref. [41], it was noticed that the elliptic flow of 3H is 

larger than that of 3He with beam energy ≥ 400 MeV/u. However, the 
gap between 3H and 3He decreases with beam energy. If we extend that 
dependence toward the beam energy below 400 MeV/u, it can be ex-
pected that |𝑣20| for 3He becomes larger than that for 3H. This swapping 
might be linked to the turning point of the excitation function of |𝑣2| at 
around 400 MeV/u [42], which is a result of the expansion speed be-
ing comparable to the crossing time of the two nuclei. The observation 
suggests that particles moving within the dense matter formed by heavy 
ion collisions are more affected by the repulsive force from the Coulomb 
potential when the beam energy is below 400 MeV/u. The difference be-
tween the two systems is small, but slightly larger |𝑣20| is observed in 
132Sn + 124Sn for light clusters. This might be evidence of considerable 
repulsive potential in the neutron-rich system.

For the AMD results, the overall |𝑣20| values agree with data better 
if Λmd = 5 fm−1(SLy4) is used. The weaker momentum dependence of 
Λmd = 2 fm−1(SLy4) leads to an underestimation of the data.

In the discussions of the symmetry energy in the last subsection, 
there is a maximum difference of about 10% between 𝐿 = 108 MeV and 
𝐿 = 46 MeV settings in 𝑣11. The difference is not enough to distinguish 
between them due to the large statistical errors. The mass dependence of 
𝑣20 is flatter when the 𝐿 = 108 MeV setting is used in 108Sn + 112Sn, and 
it differs by about 20% from 𝐿 = 46 MeV. This suggests that the mass-
dependent elliptical flow may be sensitive to the symmetry energy.

6.  Summary

We performed a heavy-ion collision experiment using Sn isotope 
beams at beam energy of 270 MeV∕nucleon at the RIKEN-RIBF fa-
cility using the S𝜋RIT-TPC detector. light charged particles with 1 ≤
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𝐴 ≤ 4 produced in the neutron-rich 132Sn +124 Sn and neutron-deficient 
108Sn +112 Sn collisions were analyzed for flow and stopping observables. 
The rapidity dependence of the directed flow (𝑣1) and elliptic flow (𝑣2) 
was studied for protons, deuterons, tritons, 3He, and 4He, focusing on 
mid-central collisions within the range 0.15 ≤ 𝑏0 ≤ 0.35. To investigate 
the effects of the momentum-dependent mean field potential, we con-
ducted Antisymmetrized Molecular Dynamics (AMD) model calculations 
that incorporates the SLy4 interactions using parameter sets with mo-
mentum dependence (Λmd = 5 fm−1) which is similar to the Hama po-
tential and a weakened momentum dependence (Λmd = 2 fm−1). Addi-
tionally, the influence of symmetry energy was examined using a “stiff 
symmetry energy" parameter with slope, 𝐿 = 108 and a “soft symmetry 
energy" parameter with 𝐿 = 46 with Λmd = 5 fm−1.

Our findings demonstrate that the mean field potential with Λmd =
5 fm−1 enhances the directed flow 𝑣1 for light charged particles com-
pared to the weakened momentum dependence case (Λmd = 2 fm−1). 
The strength of 𝑣1 increases with particle mass, and the particle-
dependent trends of 𝑣11 were generally reproduced across all three 
parameter sets in AMD calculations. However, no parameter set fully 
agrees with the experimental 𝑣11 values for all particle species.

A negative elliptic flow (𝑣2), generally referred to as “squeeze-out" 
or “out-of-plane flow," was observed, with |𝑣20| increasing monotoni-
cally with particle mass. The AMD calculations suggest that the Λmd =
5 fm−1 parameter set provides a good overall description of the |𝑣20| val-
ues. The Λmd = 2 fm−1 parameter set underestimates the experimental
data.

We conclude that the momentum-dependent potential influences 
flow observables for light charged particles, despite the AMD model 
predictions not aligning perfectly with the data. These results provide 
further insight into understanding the heavy-ion collision process.

Moreover, a notable difference was observed between 3He and 3H, 
where 3He exhibited a stronger |𝑣20|. This observation contrasts with 
previous studies conducted at high beam energies (> 400 MeV/u) but 
aligns with expectations based on extrapolated energy dependencies 
below 400 MeV/u. The greater contribution of the Coulomb potential 
at lower beam energies likely explains this discrepancy. Our compar-
ative analysis of the two systems indicates a slightly larger |𝑣20| in 
132Sn + 124Sn, suggesting a stronger repulsive potential in the neutron-
rich system. Additionally, a comparison of AMD calculations at 𝐿 = 46
MeV and 𝐿 = 108 MeV reveals that the density dependence of the sym-
metry energy has a relatively modest impact (approximately 10%) on 
𝑣11, while the particle mass dependence of 𝑣20 in 108Sn + 112Sn shows a 
more pronounced effect (about 20%).

This work illustrates the complex phenomena in heavy ion collisions, 
including the production of clusters. Those data will encourage further 
development of theoretical work on the collision dynamics and cluster 
production in heavy-ion collisions.
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K.S. Sim, V. Simion, K. Siwek-Wilczyńska, V. Smolyankin, M.R. Stockmeier, G. Sto-
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