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Abstract: The properties of neutrons from spectator sources produced in '"'**Sn + '*Sn collisions at 600
MeV/nucleon are studied. The isospin-dependent quantum molecular dynamics (IQMD) model is used to describe
the dynamical process of fragmentation, and the statistical model GEMINI is applied to simulate the secondary de-
cay of the pre-fragments. The differential cross section and multiplicity of the neutrons emitted from the spectator
source are used to prove the model's feasibility. The temperatures of the spectator source are extracted by two-
source-fitting the transverse momentum distributions of the neutrons using the classical Maxwellian functions. The
temperatures of the spectator sources extracted from calculations are consistent with the experimental data, those
from the SMM model, and the isotopic temperature Tyeri. However, the participant source exhibits anomalously
high temperatures. Our work suggests the possible model-errors of the IQMD+GEMINI model when describing the

neutron emission from the participant source, which is reference for the further development of the model.
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I. INTRODUCTION

The study of nuclear properties under extreme condi-
tions has long been a focal point of research [1]. Such
studies are crucial for understanding astrophysical and
nuclear physics-related issues [2—4]. The heavy-ion colli-
sions at intermediate energies are commonly used to
study thermodynamic properties of the thermal nuclei at
high temperature and density [5—7]. Moreover, a hot nuc-
lear system with excitation energy in the 3—8 MeV/A
range has been applied to study the nuclear liquid-gas
phase transition [8, 9]. Pochodzalla et al. used Au + Au
peripheral collisions to analyze the caloric curve and dis-
covered a plateau in the nuclear temperature in the excita-
tion-energy-region of 3—8 MeV/A, a phenomenon simil-
ar to the liquid-gas phase transition of water at 373.15 K.
This finding is considered significant evidence of the li-
quid-gas phase transition in nuclei [10].

Isospin effects play a critical role in nuclear fragment-
ation reactions [11—-13]. Research on isospin effects
provides a new way to extract information on symmetry
energy [14, 15]. Since the application of the caloric curve
concept to atomic nuclei, a significant isotopic depend-
ence of the caloric curve or the nuclear temperatures is
expected [16, 17]. Related experiments have been ex-
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plored. An example is the comprehensive study of the
isospin dependence of projectile fragmentation in '*’Sn,
1248, 2*La + Sn at 600 MeV/nucleon at the GSI Schwe-
rionen-Synchrotron. In 2009, the 4/Z dependence of pro-
jectile fragmentation at relativistic energies was studied
with the ALADIN forward spectrometer at SIS [18]. It
was found that the isotope temperatures for the neutron-
rich projectiles are slightly larger than those for the neut-
ron-poor projectiles. Global fragmentation observables
have been published, showing the weak dependence on
the projectile N/Z [19]. Based on the Z distributions of the
largest fragment in spectator fragmentation, the deduced
pseudocritical points were found to be only weakly de-
pendent on the ratio of the fragmenting spectator source
[20]. Recently, the Large-Area-Neutron-Detector LAND
has been used to measure the neutron emission in pro-
jectile fragmentation and explore the N/Z dependence of
the identified neutron source [21].

For data interpretation, various models have been de-
veloped to study the mechanisms of fragmentation reac-
tions [22]. Statistical models are based on the assumption
that fragments produced in a collision arise from a sys-
tem in thermal equilibrium, and they have been applied
widely to study fragmentation. In 1999, Borderie et al.
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[23] used a quantum statistical model based on the ther-
modynamic equilibrium to describe the properties of frag-
ment products from the projectile in an Ar+Ni reaction
with an incident energy of 95 MeV/A. Similarly, Ogul et
al. [19] applied the statistical multifragmentation model
to study the spectator fragment products and found that
the model could effectively describe the distribution of
spectator fragmentation products. However, many stud-
ies suggest that thermal nuclei produced in peripheral col-
lisions only partially achieve thermodynamic equilibrium.
In 2003, Colin et al. [24] studied the fragmentation pro-
cess of spectators in heavy-ion collisions in the Fermi en-
ergy region using systems of different masses. They
found that most of the spectator fragments did not satisfy
thermodynamic equilibrium conditions. Zbiri et al. [25]
used Au + Au collisions in the intermediate-energy re-
gion and studied the fragmentation products from both
participants and spectators, and showed that the spectator
fragmentation products did not achieve equilibrium in the
dynamic degrees of freedom. Furthermore, Russotto et al.
[26, 27], using heavy-ion collisions in the Fermi energy
region, studied the emission probabilities of intermediate-
mass fragments and found that the emission of these frag-
ments involved both dynamical and statistical mechan-
isms.

By contrast, dynamical models, such as the Isospin-
dependent Quantum Molecular Dynamics (IQMD) mod-
el, focus on the microscopic dynamics of the collision
and fragmentation process, considering factors such as
nucleon-nucleon interactions and the evolution of the sys-
tem in time [28]. Hybrid models combining dynamic sim-
ulations ( e.g., EQMD, UrQMD) with statistical decay
codes ( e.g., GEMINI) extend simulation timescales and
improve agreement with experimental data, particularly
for light cluster yields and collective observables like
flow and stopping power [29, 30]. The IQMD+ GEMINI
framework has advanced nuclear reaction modeling by
improving cross-section predictions through Bayesian
neural network tuning and enabling studies of phase
transitions via higher-order fragment charge fluctuations
[31-33]. However, it still exhibits limitations in accur-
ately predicting yields for extremely neutron-deficient
nuclei and struggles to fully capture shell effects and mul-
tifragmentation processes [33]. The combination of mi-
croscopic dynamics and statistical models allows for a
more comprehensive description of the fragmentation
process, including the transition from a dynamical to a
statistical regime as the system evolves. Recently, pro-
gress has been made in combining these models to better
predict and describe the complex fragmentation patterns
observed in peripheral collisions. For instance, Su et al.
used the IQMD model to study non-equilibrium thermal-
ization and fragmentation. The statistical code GEMINI
was applied to simulate the secondary decay of the pre-
fragments. The combined model has been used to suc-

cessfully reporduce data about the intermediate-mass
fragments (IMFs) in '°"'*Sn and '**La projectile frag-
mentation [34—36].

In this work, the IQMD+GEMINI model is applied to
study the properties of neutrons emitted from the spectat-
or source produced in **Sn,'”’Sn + '°Sn collisions at 600
MeV/nucleon. The paper is organized as follows. In Sec.
11, we briefly describe the method. In Sec. 111, we present
both the results and discussions. Finally, a summary is
given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Isospin-dependent quantum molecular dynamics
model

The wave function for each nucleon in the IQMD
model is represented by a Gaussian wave packet

[r-r; )% irpi(
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where r; and p; are the average values of the positions
and momenta of the ith nucleon, and L is related to the
extension of the wave packet. The phase-space density of
the system is given by
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The time evolution of the nucleons in the system is
governed by Hamiltonian equations of motion:

I..i = VpiH,
p; = _VriH‘ (3)

The Hamiltonian of baryons consists of kinetic energy,
Coulomb interaction, and nuclear interaction. The nucle-
ar interaction includes the local two-body and three-body
interactions, the symmetry potential. The nuclear poten-
tial density is expressed as
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where pj is the normal density. Subsequently, the follow-
ing parameters are used: ¢ = -356.00 MeV, B8 = 303.00
MeV, y =7/6, C,, =38.06 MeV and y; =0.75.

Binary NN collisions are included. The elastic proton-
proton scatterings, elastic neutron-neutron scatterings,
elastic neutron-proton scatterings, and inelastic NN colli-
sions are included. The parametrization of the differen-
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tial cross sections in free space are taken from Ref. [37].
The in-medium factor of elastic cross sections is con-
sidered as

]fmed _ O_O/O_free tanh(o-free/ao),

oo =0.850"%3. (5)

The dependence of density can be seen in Eq. (5). The
cross sections in free space depend on the energy and
isospin; thus, the in-medium factor is also governed by
energy and isospin.

The method of the phase space density constraint
(PSDC) is taken into account. The Pauli blocking meth-
od related to the PSDC is necessary after we use the
PSDC method to compensate for the fermionic feature.
The phase-space occupation probability f; is calculated
by performing the integration on a hypercube of volume
h* in the phase space centered around the ith nucleon at
each time step, i.e.,

& N Or 1 1 _? i
fi=0.621 +Z é ! — e T e &rdp. (6)
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Here, 0.621 is the contribution itself, and 7; represents the
isospin degree of freedom. At each time step, the phase-
space occupation f; for each nucleon is checked. If phase-
space occupation f; has a value greater than 1, the mo-
mentum of the ith nucleon is changed randomly by the
many-body elastic scattering. Meanwhile, the Pauli
blocking in the binary NN collisions is modified. Only if
f: and f; at the final states are both less than 1, the many-
body elastic scattering is accepted.

B. GEMINI

The IQMD code outputs hot fragments. To obtain
cold fragments, light particles (Z < 3) from the hot frag-
ments are emitted using the statistical code GEMINI [38].
A Monte Carlo technique is employed to follow the de-
cay chains until the excitation energy of the product is
zero. The partial decay widths are taken from the Hauser-
Feshbach formalism:
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where [ and ¢ are the orbital angular momentum and kin-
etic energy of the emitted particle, E, is the rotation plus
deformation energy of the residual system, p, and p, are
the level densities of the initial and residual systems, re-
spectively, and T is the transmission coefficient.

III. RESULTS AND DISCUSSION

A. Properties of projectile spectator

The '"'2*Sn + '2°Sn collision at 600 MeV/nucleon is
simulated by the IQMD+GEMINI model. The fragments
with Z =3 and neutrons are applied to extract the frag-
menting source. Figure 1 shows the two-dimensional dis-
tribution of transverse and longitudinal momentum for Z
=3 fragments. Two distinct emission sources are appar-
ent in the figure: a target-like source around p, = 0 and a
spectator source near p, = 1200 MeV/c. The distribution's
hot spot center lies at a transverse momentum of 50
MeV/c, corresponding to a transverse kinetic energy of
1.3 MeV. This recoil kinetic energy is influenced by both
the emission source recoil and Coulomb repulsion of the
fragments

The blue line in the figure represents the emission
angle of the fragments in the laboratory system. The ac-
ceptance range of the ALADIN spectrometer covers areas
with horizontal angle less than 10.2° and vertical angle
less than 4.5 °. In Ref. [21], the horizontal and vertical
axes are designated as y and x, respectively, with the
beam direction defined as z. In the experiment, it is not
possible to explicitly identify the collision parameter dir-
ection. Instead, the horizontal (y) and vertical (x) direc-
tions are defined by the detector orientation. This axis
definition differs from theoretical studies, where the
beam incidence direction is typically denoted as z’, colli-
sion parameter direction as x’, and perpendicular direc-
tion as y'. However, this discrepancy does not affect our
analysis owing to the relatively small recoil kinetic en-
ergy. Given the small recoil kinetic energy, the fragment
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Fig. 1. (color online) Distribution of fragments with Z= 3 in
the plane of transverse momentum p, versus longitudinal mo-
mentum p, for **Sn + '*Sn collision at 600 MeV/nucleon.
Blue lines denote the emission angles in the laboratory frame.
10.2° and 4.5° are the maximum acceptance values of the
ALADIN forward spectrometer in the horizontal and vertical
directions, respectively.
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emission shows axial symmetry along the z-axis. Thus,
variations in Cartesian coordinate definitions within the
plane perpendicular to z do not impact the dynamic ana-
lysis.

The ALADIN spectrometer is designed to detect most
of the fragments from spectator sources while excluding
most of the those from the target-like emission sources.
The horizontal acceptance angle of 10.2° is large enough
to collect most fragments from the spectator sources,
while the vertical acceptance angle of 4.5° is not enough.
Some fragments with Z = 3 that have emission angles
greater than 4.5° are not detected. This issue is more
clearly illustrated by the angular distribution shown in
Fig. 2. In the figure, the blue box represents the accept-
ance region of the ALADIN spectrometer, which extends
+10.2° horizontally and +4.5° vertically.

In Ref. [19], it is reported that the ALADIN spectro-
meter captures 90% of Z = 3 fragments. However, our
calculations indicate an efficiency of only 74%. This dis-
crepancy is largely due to the recoil effect from the emis-
sion source, which impacts the vertical acceptance angle,
though the horizontal acceptance angle is sufficiently
large. Some fragments escape detection along the hori-
zontal axis. The deviation between experimental and cal-
culated reception efficiencies also stems from an overes-
timation of the emitter temperature in the IQMD+GEM-
INI model used for simulations. It should be noted that
the reception efficiency increases with the mass number
of the emission source, eventually approaching 100% for
heavier sources. Therefore, this deviation has a minimal
effect on the subsequent discussion of the value of the
bounding charge Zyouq-

Figure 3 shows the distribution of neutrons in the
plane of transverse momentum p, versus longitudinal mo-
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Fig. 2. (color online) Probability distribution with respect to

the beam direction of the fragment with Z = 3 produced in
124Sn + 2%Sn collision at 600 MeV/nucleon. The blue square
represents the acceptance-area of the ALADIN detector.

mentum p,. Neutrons near p, =0 originate from the tar-
get-like system, while those near p, = 1200 MeV/c come
from the projectile-like system. A significant number of
neutrons are also distributed over a broad range around
p.= 600 MeV/c, which are emitted from the participants
that acquire substantial transverse momentum due to the
intense collision dynamics.

Neutrons can be emitted throughout the entire heavy-
ion collision process, from the pre-equilibrium stage
(characterized by violent two-body collisions), through
the high-temperature stage of multi-fragmentation, and fi-
nally into the lower-temperature stage of secondary de-
cay. By contrast, the Z = 3 fragments (shown in Fig. 1)
primarily originate from the multi-fragmentation stage.
As a result, the kinetic energy distribution of neutrons is
wider than that of the Z = 3 fragments.

The blue line in the figure represents the neutron
emission angle. Reference [21] shows that the maximum
horizontal acceptance angle of LAND is 8.72°, and the
maximum vertical acceptance angle is 4.09°. It is clear
that LAND can effectively exclude most neutrons from
both the target-like and participant systems.

Figure 4 shows the angular distribution of neutrons in
the detector's receiving plane. The blue box represents
LAND's acceptance region. The center of the neutron dis-
tribution is at the origin, and the distribution is circular.
LAND covers the angular range 0 < 6, < 8.72° and
-4.09° < 6, < 4.09°. The detector does not cover the re-
gion where 6, > 0°. However, owing to the symmetry of
the system, this limitation does not adversely affect the
results. In Ref. [21], a neutron emission source with a
temperature of 4 MeV was studied, and it was found that
LAND's acceptance for neutrons is 42.4%. However, the
model calculations show that LAND's acceptance is
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Fig. 3. (color online) Distribution of neutrons in the plane of

transverse momentum p, versus longitudinal momentum p,
for '**Sn + '°Sn collision at 600 MeV/nucleon. The blue lines
denote emitting angles in the laboratory frame. 8.72° and
4.09° are the maximum acceptance values of LAND in the ho-
rizontal and vertical directions, respectively.
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Fig. 4. (color online) Probability distribution with respect to

the beam direction of neutron produced in '**Sn + '°Sn colli-
sion at 600 MeV/nucleon. The blue square represents the ac-
ceptance-area of the LAND.

lower than this value for neutrons emitted by the bystand-
er emission sources in the reaction. The lower reception
efficiency by the IQMD+GEMINI model is caused by the
overestimation of the temperature.

The energy spectrum of neutrons with emission
angles less than 2° has been measured in Ref. [21]. The
calculated energy spectrum by the IQMD+GEMINI mod-
el is compared with the experimental data in Fig. 5. The
dashed line in the figure represents an incident energy of
600 MeV/u. Both the experimental and calculated spec-
tra show a peak of the differential cross section at 600
MeV/u, indicating that neutrons emitted at angles less
than 2° primarily originate from projectile-like emission
sources, with a minimal recoil effect.

The experimental energy spectra for the '**Sn and
17Sn systems have similar shapes, but the cross section
for the '>*Sn system is slightly larger than that for '%’Sn.
For the '?*Sn system, the peak value is 21.7 mb/MeV,
while for the !Sn system, the peak value is 4.3
mb/MeV. The calculations capture the overall shape and
system dependence of the experimental energy spectrum:
the peak occurs at 600 MeV, and the peak for the '**Sn
system is larger than that for the '“7Sn system. However,
the energy spectrum predicted by the model is somewhat
narrower than the experimental spectrum.

The GEANT4 toolkit was used in Ref. [21] to simu-
late a '>*Sn beam at 600 MeV/u incident on a 0.5 mm
thick Sn target, calculating neutron multiplicity as a func-
tion of Zyoua, as shown by the dots in Fig. 6. The
GEANT#4 simulations employ the Bertini cascade model.
In the calculations, neutrons emitted from secondary de-
excitations of target fragments are excluded by applying
the condition Ep, > 100 MeV. Following this criterion,
we obtain the neutron multiplicity as a function of Z,gug

——————s
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——cal. "sn

do/dE (mb/MeV)
o

Eincident energy

10-3 _ | 5600 MeV/Iu | ooi:
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E,, (MeV)
Fig. 5. (color online) Inclusive differential cross section of

neutrons in the laboratory detected within the solid angle 6y,
< 2° for the °712*Sn + '2°Sn collisions at 600 MeV/nucleon.
The experimental data are taken from Ref. [21].
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Fig. 6. (color online) Neutron multiplicity as a function of
Zoouna for '2*Sn + '°Sn collision at 600 MeV/nucleon. The
circles represent the calculations by the Bertini cascade imple-
mented in GEANT4 taken from Ref. [21].

from the IQMD+GEMINI model, represented by the blue
curve in Fig. 6.

In the range 20 < Zyoua < 45, the IQMD+GEMINI
model and the Bertini cascade model yield closely match-
ing results. Differences appear, however, in peripheral
and central collision regions. For peripheral collisions,
the neutron multiplicity predicted by the Bertini cascade
model is lower than that predicted by the IQMD+GEM-
INI model. At Zy,uqa =50, the cascade model gives a
neutron multiplicity of 4, while the IQMD-+GEMINI
model predicts 11. This discrepancy reflects differences
in the predicted isotopic distribution of Sn fragments: the
IQMD+GEMINI model suggests more neutron-deficient
isotopes. If only quasi-projectile fragments are con-
sidered, the maximum Z.,,q should be 50. However, the
cascade model shows results even for Zy,ung > 50, pos-
sibly due to the method for selecting quasi-projectile
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fragments.

In central collisions, neutron multiplicity steadily in-
creases as Zyoung decreases. For instance, at Zyou,g = 2, the
cascade model predicts a neutron multiplicity near 80,
while the IQMD+GEMINI model suggests a higher
count, reaching 91 free neutrons. Notably, using E;, >
100 MeV to filter for neutrons from projectile fragmenta-
tion is not the optimal method. As shown in Fig. 3, the
single-nucleon momentum of the projectile is approxim-
ately 1200 MeV/c in the experimental frame. Applying a
transverse momentum filter of p, > 600 MeV/c more ef-
fectively selects neutrons originating from projectile frag-
mentation.

The neutron multiplicity filtered by p, > 600 MeV/c
is depicted by the red curve in Fig. 6. This criterion se-
lects fewer neutrons than the E;, > 100 MeV threshold.
At Zyouna = 2, neutron multiplicity reaches 59, indicating
that for central collisions, 59 of the 70 neutrons in the
1248n projectile are released as free neutrons, while the re-
maining 11 are emitted as deuterons or tritons.

In fact, the neutrons selected using the condition p, >
600 MeV/c do not originate from a single equilibrated
thermal source. During the early stages of projectile-tar-
get collisions, neutrons are emitted from one side of the
projectile due to intense collisions. These neutrons are as-
sociated with the participant zone and exhibit a higher
temperature. After the violent collision process ends, part
of the projectile is sheared off, leaving an excited rem-
nant (i.e., the spectator source), which de-excites through
nucleon emission and multi-fragmentation. By isolating
this subset of neutrons, the momentum distribution of the
neutrons can provide insights into the spectator source
characteristics. In Ref. [21], the condition 1000 MeV/c <
p. < 1500 MeV/c is used to select neutrons originating
from the spectator source. We used the same method to
extract neutrons originating from the spectator source.
Figure 7 shows the experimental and theoretical neutron
multiplicity as a function of Z,,u.q. Experimental data in-
dicate that as Z,,,g increases, the neutron multiplicity
first rises and then falls. This trend is similar to the vari-
ation in intermediate-mass fragment (IMF) multiplicity
with Zyoma. For events around Zp,,ng = 30, the spectator
source primarily undergoes multi-fragmentation during
de-excitation, leading to the emission of a larger number
of neutrons. By contrast, for events with smaller or larger
Zwound> the spectator source is either smaller or has lower
excitation energy, resulting in fewer emitted neutrons.

Comparing the results for the '**Sn and '’Sn pro-
jectiles reveals that '>*Sn leads to a neutron-rich spectat-
or, producing higher neutron multiplicity. Conversely,
'7Sn results in a neutron-deficient spectator, yielding
lower neutron multiplicity. However, the difference in
neutron multiplicity between the two systems is approx-
imately 4, which is smaller than the neutron number dif-
ference of 17 between !>*Sn and '9’Sn. This suggests that

16 —mm M7
: cal. **Sn §
14 3 ---cal."sn 7
12F e exp. **sn]
10k o exp.'”sn]
2? - ]
6F ]
Pail -
AL 5 < E
2F e .
0 [ 1 1 1 1 . .si .

bound
Fig. 7.  (color online) Neutron multiplicity of the projectile
source as a function of Zyouua for ''?*Sn + 2°Sn collision at
600 MeV/nucleon. The neutrons from the projectile source are
sorted by 1000MeV/c < p, < 1500MeV/c The experimental data
are taken from Ref. [21].

during the violent collision stage, before the formation of
the equilibrated spectator source, the excess neutrons in
124Sn are largely emitted, causing the neutron multiplicit-
ies of the spectator sources in both systems to converge.

Comparing the IQMD+GEMINI model calculations
with experimental data shows a high degree of consist-
ency. Combined with the multiplicity observables repor-
ted in the literature, we can conclude that the
IQMD+GEMINI model accurately captures the primary
features of the collision dynamics in '**Sn+!2Sn reac-
tions. This provides a reliable foundation for the sub-
sequent analysis of the spectator source temperature.

We adopted the same method and calculated the
transverse momentum distribution of these neutrons, as
shown in Fig. 8. The full circles are the experimental
data. The (blue) open circles and (red) open squares are
the calculated distributions of p, and p,, respectively.
The neutron density distribution in the p, vs p, plane is
assumed to be a classical Maxwellian function added to a
constant background pedestal.

PN P+ p?
e SLCREST) oS 8
ap.p, 1€Xp ( 2mT? +Ca 3

where m is the neutron mass, C; and C, are the fitting
parameters, and 7T is the temperature parameter. To find
the temperature parameter, the distribution of p, (or py)
is fitted. The fit of experimental data with a Gaussian dis-
tribution corresponding to 7 = 2.04 MeV superimposed
on a constant background is represented by the dotted
line. The cases for the calculated p, and p, distributions
are represented by the (blue) curve and (red) dash. The
corresponding temperature parameters are 7, = 3.37 MeV
and T, = 3.31 MeV, which are significantly higher than
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Fig. 8.  (color online) Distribution of transverse momentum
for neutrons from the fragmentation of '*Sn projectiles, selec-
ted with the condition Z,oug > 45. The full circles and the dot-
ted curve denote the experimental data and corresponding fit.
The (blue) open circles and (red) open square are the calcu-
lated distributions of p, and p,, respectively. The (blue) curve
and (red) dash illustrate the corresponding fits. The data are
taken from Ref. [21].

the experimental value.

The figure raises a critical question: why does the the-
oretical transverse momentum distribution exhibit a cer-
tain broadening compared to experimental data? In other
words, why the temperatures extracted from neutron mo-
mentum distributions calculated by the IQMD+GEMINI
model are overall higher than the experimental data? In
fact, the neutron emission comprises two distinct sources,
the participant and spectator sources. The constant C, in
Eq. (8) describes this two-source effect, where the parti-
cipant source is assumed to contribute a small amount of
and temperature-independent neutrons to the detection re-
gion. If the model overestimates contributions of neut-
rons from the participant source, the fitting formula (Eq.
8) will not be applicable to the theoretical spectra.

By replacing constant C, with a Maxwellian distribu-
tion and considering the recoil effect of the spectator
source, we derive the following neutron distribution for-
mula:

N
op,0py

x 2+ 2, 2."1‘ 2
=C exp PPty p’}+CZexp<—pA py).

2mT? 2mT5
©

When applying this formula to fit the calculated neut-
ron spectra of the transverse momentum by the
IQMD+GEMINI model, we extracted the respective tem-
peratures of participant and spectator sources, as shown
in Fig. 9. It should be noted that we employed a con-
straint of 600MeV/c < p, < 1500MeV/c to enhance stat-
istical significance.

Figure 9 shows that the participant sources exhibit an-

100 ——m—mm—————r——— T
C o exp.'*Sn]
= exp."”'Sn
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————— ---cal.""sn
2 10 L(a) participant source __
=
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i 8
(b) spel,ctator source .
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Fig. 9. (color online) Temperatures of the participant and
spectator sources as a function of Zyyug in '*"'?*Sn + 2°Sn col-
lision at 600 MeV/nucleon. The temperatures extracted from
the experimental neutron spectra are taken from Ref. [21].

omalously higher temperatures than the spectator sources.
This indicates that the IQMD+GEMINI model overestim-
ates both the temperature of the participant source or their
contribution to neutron spectra in the detection region,
which ultimately explains the anomalous neutron spectra
predictions by the model (see Fig. 8). In previous ana-
lyses, we have pointed out that the model overestimates
the temperature of emission sources, consequently lead-
ing to an underestimation of detector efficiency. Those
results echo the findings presented in Fig. 9. The in-medi-
um cross sections and methods for handling the Pauli
blocking used in the model play a critical role in describ-
ing neutron emission during the violent collision stage.
Future studies could explore various parameterizations of
in-medium modifications to investigate their effects on
neutron energy spectra.

The variations in spectator-temperature with Zyung,
extracted from the theoretical momentum distributions,
are compared with the data in Fig. 9(b). The experiment-
al data are represented by open circles for the '**Sn sys-
tem and open triangles the '“’Sn system, while the
IQMD+GEMINI model calculations are shown as curves
and dashed lines, respectively. The temperature displays a
weak isospin effect, where the temperature of the '**Sn
system is slightly higher than that of the '“’Sn system.
This result is consistent with findings in Ref. [18], and
the specific reasons will not be elaborated here.

To extract the temperature of the spectator source, we
primarily relied on the two-source Maxwellian fitting for-
mula (Eq. (9)) because, in experiments, the participant
and spectator neutrons cannot be separated on an event-
by-event basis. This approach is therefore a necessary ap-
proximation when analyzing measured spectra that con-
tain contributions from both sources. Within the
IQMD+GEMINI framework, however, it is possible to
examine the time sequence of neutron emission. Early-
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emitted neutrons are largely associated with the hot parti-
cipant region, whereas later emissions increasingly re-
flect the cooler spectator source. By applying successive
time gates (80,100,120,140, and 160 fm/c), we extracted
the transverse momentum spectra of neutrons emitted
after each cutoff time and fitted them with the single-
source Maxwellian distribution (Eq. (8)). The corres-
ponding temperatures, denoted as Ts(t), are shown in Fig.
10 and compared with those relied on the two-source
Maxwellian fitting formula (Eq. (9)). The values of Ts(t)
decrease systematically with increasing emission time,
consistent with the physical expectation that the spectat-
or source is cooler than the participant source. For later
times ( e.g., 160 fm/c), Ts(160 fm/c) approaches Ts, dif-
fering by approximately 1 MeV. This residual difference
may arise from a small admixture of participant neutrons
even at late times, or from the intrinsic systematic uncer-
tainty of the two-source fitting procedure. Nevertheless,
the consistency between Ts(160 fm/c) and Ts strongly
supports the validity of the two-source fitting method.

It should be emphasized that the time-gating proced-
ure is only applicable in transport model simulations,
since neutron emission times are not accessible in experi-
ments. For this reason, in the following analysis, we con-
tinue to use the spectator temperature extracted from the
two-source Maxwellian fit as the experimentally relevant
observable.

Figure 11 shows the temperatures of the spectator
sources as a function of Zy,q in the '*Sn + '*°Sn colli-
sion at 600 MeV/nucleon. Two different thermometers
are applied to extract the temperatures. One is the spec-
trum thermometer, i.e. the temperature is extracted by fit-

ting the neutron spectra, and the other is the isotopic ther-

Yo,./Yq7,.
mometer TheLi = 1.33MeV/ 111(1,(“/77“), where Yo, Yo,

3t1e/ Yage

Youe, Yoo are the yields of fragments °Li, ’Li, *He, “He,
respectively. For the spectrum thermometer, the experi-
mental data are shown as open circles, the mean microca-
nonical temperature of the SMM description are shown as
starts, and the temperatures extracted by the IQMD+
GEMINI model are shown as a curve. The temperatures
by the IQMD+GEMINI model are higher than the experi-
mental data but are closer to that by the SMM model. The
authors in Ref. [21] refer to the partly large errors of the
data and interpret the lower temperatures as properties of
secondary emissions with neutrons dominating in the
later stages. The secondary effects have been considered
in the IQMD+GEMINI model. However, the temperat-
ure by the IQMD+GEMINI still exhibits a marked dis-
crepancy from experimental values. The contributions of
neutrons from the participant source deserves attention.

For the isotopic thermometer, rather than the overall
overestimation, a similar trend is observed when compar-
ing the calculated temperatures by the IQMD+GEMINI
model (blue dashed curve) to the experimental data (blue
circles). The calculated temperatures overestimate the ex-
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Fig. 10. (color online) Temperatures of the spectator sources

as a function of Zigumg in '2*Sn + '°Sn collision at 600
MeV/nucleon. The temperature obtained from the two-source
fit are compared with the temperature obtained from the
single-source fit but the neutrons are selected by applying suc-
cessive time gates (80,100,120,140, and 160 fm/c).

12 | T Ispectrum_
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Fig. 11. (color online) Temperatures of the spectator sources

as a function of Zygug in '2*Sn + '°Sn collision at 600
MeV/nucleon. The temperatures extracted from the experi-
mental neutron spectra are shown as open circles and those
calculated by the SMM model are shown as stars. These val-
ues are taken from Ref. [21]. Temperatures extracted by fit-
ting the neutron spectra with Eq. (9) are shown as curve. The
isotopic temperatures Ty ; are shown. Those extracted from
experimental data in Ref. [18] are shown as (blue) circles,
while that predicted by the IQMD+GEMINI model are shown
as a (blue) dashed curve.

perimental data by about 1.3 MeV in the small Zy,,q re-
gion, and underestimate by 1.2 MeV for Zy,g = 45. Such
discrepancies between different thermometric methods
arise because the isotope thermometer probes the thermal
state at chemical freeze-out, while the spectrum thermo-
meter measure kinematic signatures. The latter may be
contaminated by the non-equilibrium effect, as mention
in Ref. [39]. Figure 11 shows that discrepancies between
different temperatures are even greater for the small
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Zwouna Tegion. The violent collisions cause a longer equi-
librium time for the participants, i.e., the non-equilibrium
effect is more obvious.

IV. CONCLUSION

In summary, the '"*'*Sn + '?°Sn collisions at 600
MeV/nucleon are studied by the IQMD+GEMINI model.
The two-dimensional distribution of transverse and lon-
gitudinal momentum for fragments with Z =3 and neut-
rons are applied to show the emission sources. It is shown
that only target-like and projectile-like emission sources
are apparent for the Z = 3 fragments, but the contribution
of the participant source is considerable for neutrons. The
recoil kinetic energy of the spectator source is minor
compared to its kinetic energy near 600 MeV/nucleon.

The calculations of the differential cross section, mul-
tiplicity, and transverse momentum distribution of neut-
rons from the spectator source are campared with the data
taken from Ref. [21]. The calculations show a high de-
gree of consistency with the data of differential cross sec-
tion and multiplicity as a function of the bounding
charge. For the transverse momentum distribution, the

calculations capture the Gaussian shape, but the calcu-
lated distribution width is larger than the experimental
case. The neutron emission actually comprises two dis-
tinct sources, the participant and spectator sources. The
theoretical distribution exhibits a broadening compared to
the data because the model overestimates contributions of
neutrons from the participant source.

Two-source parameterization is applied to fit the the-
oretical spectra of nuetrons. The extracted temperatures
of the spectator sources agree with the SMM-derived
temperatures within 0.5 MeV. However, the participant
source exhibits anomalously high temperatures. Our work
identifies the possible model-errors of the IQMD+GEM-
INI model when describing the neutron emission from the
participant source, which is of reference for the further
development of the model. The temperatures of the spec-
tator sources extracted by two different thermometers are
compared, one is the spectrum thermometer and the oth-
er is the isotopic thermometer. The discrepancies between
different thermometric methods are observed. Particu-
larly for the small Zyy,,q region, the isotopic temperatures
are higher than the spectrum cases. The latter are shown
to be contaminated by the non-equilibrium effect.
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