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Relativistic corrections have been made in the nonrelativistic antisymmetrized molecular dynamics (AMD)
simulations to apply to the high-energy neutron production in the '*C+'2C and 'O+ '>C collisions at
incident energies of 290 and 400 MeV /nucleon. The corrections are made in kinematics alone and neither
nucleon-nucleon inelastic scatterings nor meson productions are taken into account, and AMD with the relativistic
corrections is called semirelativistic AMD. The three-nucleon collision (3NC) and Fermi boost in the collision
processes are taken into account in the nonrelativistic AMD. Since the relativistic corrections tend to compensate
in each other, the difference between the semirelativistic and nonrelativistic results become small. High-energy
tails of the available experimental neutron double-differential cross sections, especially at larger angles, are well
reproduced by AMD with the 3NC term both with nonrelativistic and semirelativistic simulations. These results
indicate that the high-energy neutrons are dominantly produced by the 3NC process in this incident energy range.

DOLI: 10.1103/PhysRevC.108.054907

I. INTRODUCTION

Intermediate heavy-ion collisions in the energy range of
tens of MeV to a few GeV /nucleon, evolving rapidly from
pre-equilibrium stages of compression and expansion to the
deexcitation phase, allow us to investigate nonequilibrium
dynamics of finite-size fermion systems as well as the na-
ture of dense and hot nuclear systems [1,2]. The production
of subthreshold mesons, high-energy photons and nucleons,
which occurs mainly at the beginning of the reaction, can offer
information on the nuclear dynamics at the pre-equilibrium
stages [2—4]. One of them is the three-nucleon interaction.

The three-nucleon interaction consists of two parts, an
attractive part and a repulsive part [5]. The attractive part is
typically expressed by two-pion exchange with excitation of
an intermediate A resonance following the Fujita-Miyazawa
diagram [6] and is important at normal and subnormal densi-
ties. The repulsive part of the three nucleon process becomes
important in heavy-ion reactions at intermediate energies
above 100 MeV /nucleon. However, in most of transport mod-
els, only the two-body interaction and binary collision term
have been implemented. An attempt was made by Bonasera
et al. in Ref. [7] to extend a Boltzmann-Nordheim-Vlasov
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(BNV) to include the three nucleon process in a three-nucleon
collision (3NC) term, since the three-body potential part can
be included in the momentum-dependent effective interaction
[8]. In the model, the 3N collisions can occur when three
particles are found inside the same interaction sphere, which
is given by the 3NC cross section. In Ref. [9], one of the
present authors followed this scenario but used the antisym-
metrized molecular dynamics (AMD) framework and was
able to reproduce rather well the high-energy proton spectra
from the BEVALAC experiments at the incident energy up to
137 MeV /nucleon.

On the experimental side, the energy spectra of fast protons
from Ar + Ta collisions at 94 MeV /nucleon were measured
with the 47 BaF, detector array MEDEA [10] at GANIL,
France in the 1990s, stimulated by the experimental reports
of the surprisingly large cross section for the subthreshold
kaon production in Refs. [11-13]. Although the extracted
subthreshold kaon production cross sections were far below
the values reported earlier, the high-energy proton production
studies were extended to other reaction systems, using 36,40 Ap
38Ni, and '*?Xe beams on 3!V, *¥Ni, **Mo, Ta, and Au targets
[14-17]. In these studies, it was found that the protons with
the energy three to four times larger than the beam energy
per nucleon were observed over a broad angular range. The
measured energetic proton spectra and angular distributions
were extended well above the kinematic limit, but their results
were unable to be reproduced with standard BNV calculations

©2023 American Physical Society
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[14]. However, when they added a 3NC contribution based
on a perturbed method of the BNV calculations with a sharp
cutoff of the Fermi momentum in the initial nuclei, they were
able to reproduce the energetic protons reasonably well [14].

For the higher incident energies, two experimental data
sets are available for the high-energy nucleon studies. The
experiments were carried out for different beam species on
different targets at 290-600 MeV /nucleon at the Heavy-Ion
Medical Accelerator (HIMAC) facility at the National Insti-
tute of Radiological Sciences (NIRS) in Japan, to provide
the precise neutron production cross sections in the neutron-
energy range of 1 MeV to several hundreds of MeV for cancer
therapy [18,19]. It is quite interesting to apply the above
models to high-energy neutron productions, since the density
of the overlap zone between the projectile and target becomes
higher at an early stage of collisions, which enhances the
3NC process, and pion production may start to impact the
dynamical process. However, the dynamics in the available
AMD code is performed in nonrelativistic form and the rela-
tivistic treatment may become crucial at the incident energy
above 100 MeV /nucleon. We treat the relativistic effects as
the corrections to the nonrelativistic AMD calculations for
2Cc+2C and Q0+ '2C at 290 and 400 MeV /nucleon to
study the high-energy neutron production. The results of AMD
with the relativistic corrections as well as the nonrelativistic
AMD are compared with the experimental data.

This paper is organized as follows: The modified AMD
models are briefly described in Sec. II. Detail comparisons
of high-energy neutron spectra and angular distributions are
carried out in Sec. III. A summary is given in Sec. I'V.

II. MODIFIED ANTISYMMETRIZED MOLECULAR
DYNAMICS MODEL

A. Antisymmetrized molecular dynamics

In the antisymmetrized molecular dynamics (AMD)
model, the wave function for an A-nucleon system is described
by a Slater determinant | ),

1 .
|P) = ﬁdet [o: ()], (D

where ¢; = ¢z x,,. The spin-isospin state x,, of each single-
particle state takes p 1, p |, n 1, and n |. The spatial wave
functions of nucleons ¢, are given by a Gaussian wave func-
tion,

20\ Z.\> 1
(rl¢zi)=<;) exp —v<r—ﬁ> +§Z,~2 )

where the width parameter v = 0.16 fm~2 [20] is a con-
stant parameter common to all the wave packets. Thus
the complex variables Z={Z;;i=1,...,A} ={Zy,;i=
1,...,A;0 =x,y,z} represent the centroids of the wave
packets.

The time evolution of the wave-packet parameters Z is
determined by the time-dependent variational principle and

the two-nucleon collision process. The former is described as

5 / dt<d><Z)|(ih%—H)|d>(Z)>
(D(Z)|D(Z))

=0. 3)

The equation of motion for Z derived from the time-dependent
variational principle is

. dZy  OH
thc,.g,ﬁd—; = 4)
jt o

The matrix Cis jr (i,j=1,2,...,Aand 0,7 =x,y,2) is a
Hermitian matrix defined by

82

Ciojr = >
07} 0Z;

In(P(2)|P(2)), &)
and H is the expectation value of the Hamiltonian after the
subtraction of the spurious kinetic energy of the zero-point
oscillation of the center of mass (CM) of fragments [20],

2
HZ) = (P2)IH|®(Z)) 3h

V
we@) 2T hlA- Ne(Z)], (6)

where Ny (Z) is the fragment number, Ty is 3%%v/2M in prin-
ciple but treated as a free parameter for an overall adjustment
of the binding energies. The Hamiltonian in AMD is given in
a nonrelativistic form as

A2
H=22P—A"4+Zu,-j, ©)
i=1

i<j

where M is the nucleon mass and v;; is the potential energy
between particle i and particle j. In the present application, the
standard Gogny force [21] is used as the effective interaction.

The nucleon-nucleon (NN) collision process is treated as
a stochastic process using the above physical coordinates at
each time step. The NN collision rate is determined by a given
NN cross section under the Pauli principle. The NN cross
section is given by

100 mb
1 ) (®
+ E /(200 MeV)

G(Ev IO) = min (ULM(Ea p)a

where o7 (E, p) is the cross section given by Li and Mach-
leidt [22,23]. The angular distribution of proton-neutron
scattering are parametrized as

doy,

E9n 1ot/ 2-10-7/2)

1o ) )
2

o = —max (0.333In E[MeV] — 1, 0), (10)
b3

while the proton-proton and neutron-neutron scatterings are
assumed to be isotropic.

For cluster production studies, a version of AMD is made in
which cluster formation is treated as the final states of the two-
body collision process. The version is called AMD-CLUSTER
and is described in detail in Ref. [24]. An application of this
version for the experimental data for the '>C + '2C reaction at
50 MeV /nucleon was made and the results were presented in
one of our previous publications [25].
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B. Fermi boost and 3N C process

The stochastic collision process described in the previous
section is performed using the centroid of the Gaussian wave
packet. Thus the Fermi motion is only taken into account as
an average energy and no explicit Fermi motion is taken into
account in the collision process. In our previous works as pre-
sented in Refs. [9,26], the inclusion of the Fermi-momentum
fluctuation in the collision processes and the 3NC process
were studied for the energetic proton production at the in-
cident energies from 44 to 137 MeV /nucleon, based on the
modified versions of the AMD model described in the previ-
ous section.

To take into account the Fermi motion explicitly in the dy-
namical evolution, two stochastic processes are incorporated
in the original AMD formulation, which introduces fluctua-
tions in the reaction. One is for the fluctuation during the time
evolution of the wave packets in a given effective interaction
[27] and the other is the momentum fluctuation added in the
collision process [26]. These two stochastic processes made
significant improvements to reproduce the experimental data
up to the incident energies below 50 MeV /nucleon, as pre-
sented in Refs. [26-28].

The former process is an extension of the study of the par-
ticle emission from the excited nucleus. Since the equations of
motion solved using the centroids of the Gaussian wave pack-
ets, the particles emission from an excited nucleus reveals
the classical nature; that is, the emission probability increases
linearly as the excitation energy increases. When a momentum
fluctuation is added in each time step, which is evaluated from
the distribution of the Gaussian wave packet, interpreting the
distribution as the probability distribution of the momentum
of each nucleon, the quantum nature of the particle emission
is restored [29]. The quantum diffusion process is an extension
of the momentum fluctuation, which is added in phase space
according to the Vlasov equation to minimize the deviation of
the energy conservation. This modified AMD code was made
by Ono et al., and called AMD/D [27].

The above treatment is mainly related to the time evolu-
tion of the wave-packet diffusion process and significantly
affects on the multifragmentation process but contributes
little for the high-energy nucleon emissions. An additional
momentum fluctuation, therefore, is added in the collision
process to reproduce the high-energy component of the ex-
perimental proton energy spectra at the incident energy up to
50 MeV /nucleon in Ref. [26]. The process is called Fermi
boost and this version of AMD is called AMD/D-FM. In the
actual calculation for given coordinate vectors r; and r; of
two attempt colliding nucleons, the associated momenta P,
and P, are given similarly to Ref. [26] as

P, =P+ AP, (i = 1,2). (11)

P? is the centroid of the Gaussian momentum distribution for
the particle i. The second term AP; is the Fermi momentum
randomly given along the Gaussian distribution. Since the
momentum distribution is partially taken into account in the
wave-packet propagation through the diffusion process, the

FIG. 1. Diagrammatic representation of 3N collision. The lines
indicate particle trajectories and the meeting points indicate the loca-
tion of the particles at the time of collision. Py, P,, P; represent the
initial states and P}, P}, P}, are the final states. a, b, ¢ are intermedi-
ate states treated as virtual states in the 3N collision process.

following form of AP is taken:

. |APi| — cPpr
; AP, (|AP;| > cPpr)

= 0 (|AP;| < cPpr). (12)

cPpr is a correction term to avoid double counting with
the diffusion process. At the incident energy above 290
MeV /nucleon, the choice of the ¢ factor is not very sensitive
and ¢ = 0.3 is used in the present calculation. Ppr is a Fermi
momentum and Pprp = 250 MeV/c is taken:

APy = i/v(pi/ o) *G(1). 13)

G(1) is arandom number generated along the Gaussian distri-
bution with o = 1. (,oi/,oo)l/3 in Eq. (13) is used for taking
into account the density dependence empirically. p; is the
density at r; and py is the normal nuclear density. The index ©
corresponds to the x, y, z coordinates.

When these models were applied to the experimental data
around the incident energies of 100 MeV /nucleon, however,
significant deviations were observed between the available ex-
perimental proton energy spectra and those of the simulations,
as presented in Ref. [9]. To reproduce the experimental data,
a 3NC process is incorporated in AMD/D-FM, following the
work of Bonasera et al. in the extended BNV [7]. The Fermi
boost is added for the three nucleons when all three pairs of
nucleons are within a collision distance, which is evaluated
with a constant nucleon-nucleon (NN) cross section of 40
mb. The 3NC process is performed in a similar manner to
the NN collisions in AMD, following Bonasera’s formulation
in Ref. [30], and the 3NC process is performed along the
diagram shown in Fig. 1 [7].

In the diagram the 3NC process is described by a succes-
sion of three binary collisions when three nucleons are in the
collision distance with each other at the initial stage. The Pauli
principle is respected only at the final states, P}, P, P}, but
not at the intermediate states, a, b, ¢. The 3NC probability
increases as the density increases, as pointed out in Ref. [31],
and therefore it occurs mostly at the early stage of the reaction
before the generated hot-high density nuclear matter expands.
As demonstrated in Refs. [9,14], the 3NC term enhances the
high-energy nucleon production. This is simply because in
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3NC, the kinetic energy of the three nucleons can be shared
among them. This makes a significant difference in the high-
energy proton energy spectra between the simulations with
turning on and off the 3N C process, which is demonstrated in
Ref. [9]. Therefore, the high-energy nucleon emission mech-
anism in the 3NC term is purely kinematic effect in the code.
This modified version of AMD is called AMD/D-3NC.

These two processes become effective at different incident
energy regions. Fermi boost becomes important for the high-
energy nucleon production in the heavy-ion reactions below
50 MeV /nucleon, and the 3NC process becomes effective
in those around 100 MeV /nucleon and above. For cluster
productions and their studies, AMD/D works very well. Note
that all of the AMD versions described in this article are far
from perfect yet and each has good and poor parts. Therefore
a proper version should be applied according to the reaction
studies and the reaction systems at a given incident energy.

C. Semirelativistic antisymmetrized molecular dynamics

At the incident energies, Ei,. /A = 100 MeV, the relativistic
effect becomes non-negligible. In the original, AMD simula-
tions are performed, using the nonrelativistic Hamiltonian,
given in Eq. (7). In the present work we keep this nonrela-
tivistic formulation, following Ref. [32]. There are two crucial
parameters whose values may cause noticeably changes in
the neutron energy spectra in the laboratory frame between
nonrelativistic and relativistic treatments. One is the center of
mass (CM) momentum and the other is the neutron kinetic-
energy calculation. The center of mass (CM) momentum
increases as shown in Fig. 2(a) for the relativistic calculation.
After the nonrelativistic simulations are performed according
to the formulation presented in Sec. II A, the neutron kinetic
energies are calculated in the relativistic and nonrelativistic
forms and presented in Fig. 2(b) for AMD/D and AMD/D-3NC.
In each case the relativistic calculation of the neutron kinetic
energy is reduced about 20% at Ey;, > 200 MeV compared
with those from the nonrelativistic calculation.

For AMD/D, the high-energy neutron yields exponentially
falloff more rapidly above 200 MeV. This indicates that the
high-energy neutron productions are dominated by the incor-
porated stochastic processes, especially by the 3NC process,
and they are independent of the nonrelativistic or relativis-
tic formulation except for the total-energy conservation after
the process is performed. The total-energy restoration is
performed by making slight shifts in phase space of those
among the surrounding nucleons and rather insensitive to the
high-energy neutron production. Therefore in the following
scenario for the relativistic treatment, the nonrelativistic form
is kept in the AMD simulations and the relativistic corrections
are performed for these simulated results.

In the original AMD in Ref. [20] simulations are performed
nonrelativistically in the CM frame. To compare the neutron
energy spectra and angular distributions with the experimental
data, the simulated results have to be transformed into the
laboratory (LAB) frame. The relativistic corrections are made
in three steps. At the beginning of the calculation (front end),
the input system is boosted from the LAB frame to the CM
frame. At the end of the simulation (back end), the same boost,
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FIG. 2. Nonrelativistic and relativistic energy calculations are
compared for (a) the CM momentum and (b) neutron kinetic energy
in the CM frame for '2C 4 '2C at 400 MeV /nucleon.

but with opposite sign, is applied. Since the CM momentum
boost becomes larger for the relativistic treatment as shown
in Fig. 2(a), the relativistic transformation at the front end
reduces the neutron energy and that at the back end enhances
the neutron energy. At the back end, the relativistic form
is also used to calculate the neutron energy as presented in
Fig. 2(b), which results in significant reduction of the neutron
energy. Each correction makes significant effects on the neu-
tron energy spectra.

To demonstrate the effect at each correction, the changes
of the energy spectra are presented in Fig. 3 with the rel-
ativistic correction at the front end alone, with the two
corrections at the back end alone and with all three corrections
separately, using AMD/D-3NC calculations for '>C 4+ '2C at
400 MeV /nucleon. The original nonrelativistic neutron en-
ergy spectra are shown by blue histograms. Those with
corrections at the front end alone and at the back end alone
are shown by light blue and green histograms, respectively.
At forward angles, large deviations from the nonrelativistic
spectra are made in both corrections and the deviations are
slightly larger at the back end. At larger angles both deviations
become smaller, especially at the front end.

Since the corrections tend to compensate each other, the
final energy spectra both with front and back end correc-
tions become similar to those of the nonrelativistic ones as
presented by the red histograms. There are some noticeable
differences observed at forward angles, but they are rather
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FIG. 3. The three steps of the relativistic treatments are presented separately for AMD/D-3NC simulations for '>C+'>C at
400 MeV /nucleon. Blue, light blue, green, and red histograms represent the results of nonrelativistic, the front end alone (denoted rel-nonrel),
the back end alone (nonrel-rel) and all three steps corrections (relativistic), respectively. The data are taken from Iwata’s data set in

Refs. [18,33].

marginal. In the following analysis, these three-step correc-
tions are made for the nonrelativistic AMD calculations and the
simulated results are denoted semirelativistic AMD (SR-AMD).
The relativistic treatment taken in this work is semirelativistic,
since the corrections are made for the kinematics of the non-
relativistic simulated events, and nucleon-nucleon inelastic
and meson production processes are not taken into account.

A similar application of the nonrelativistic AMD is made
in Ref. [32] for the theoretical study of the nuclear sym-
metry energy for the pion production in '32Sn+ '?*Sn at
300 MeV /nucleon. In their study, AMD is combined with JAM,
a relativistic transport model, in which the former treats the
time evolution of the wave packets in the mean field and
the latter is used for the meson production, especially for
pions. The kinematic connection between these two models
are made within the relativistic formulation, but the nonrela-
tivistic Hamiltonian in Eq. (7) is used in the AMD simulation
part [34].

II1. SIMULATIONS AND RESULTS

The semirelativistic AMD simulations are applied to repro-
duce the available experimental data to study the production
mechanisms of the high-energy neutrons.

In experiments, precise measurements of neutron produc-
tion double-differential cross sections are a big challenge,
especially for those with energy above 100 MeV /nucleon.
Among the available experimental data sets, as mentioned in
the introduction, we utilized the data sets of '2C 4 12C at 290
and 400 MeV /nucleon and '°0 + 2C at 290 MeV /nucleon
[18,19] in this study. The data set in Ref. [18] is referred
as Iwata’s data and those in Ref. [19] as Satoh’s data be-
low. Neutrons with energies up to about 900 MeV, were
measured by the time-of-flight method. In both experiments,
the experimental setups were very similar to each other. The
experimental data are combined if they are available in both

experiments. Their measured angles were slightly different for
the reaction systems between 6, = 5° and 90°.

AMD/D-FM and AMD/D-3NC are applied for these reactions
with a standard Gogny effective interaction and a constant
3NC cross section of 40 mb, which corresponds to the
hard-core nucleon-nucleon scattering and is same as that in
Refs. [7,30]. In Ref. [30], the three-body cross section N3 is
given as

N3 = E05/2p3 T/mV, (14)
3n

where o is the nucleon-nucleon cross section, p is the density,
T is the temperature, m is the nucleon mass, and V is the
system volume. One should note that N3 in Eq. (14) is eval-
uated for a uniform nuclear matter. In the AMD simulations,
when three nucleons meet within a collision distance, the
surrounding density and temperature together with the front
factor are dynamically simulated in the time evolution of the
wave packets. Therefore, the actual 3N collision cross section,
o3y, used in the code is simply given by o3y = o/2. About
one to two million events are simulated for each case in the
impact-parameter range of b = 0 — 8 fm. For b > 8 fm very
few collisions are observed. The semirelativistic corrections
are made for all AMD/D-FM and AMD/D-3NC simulated results
and they are denoted SR-AMD-FM and SR-AMD-3NC, respec-
tively.

In Fig. 4, the simulated and experimental results for the
12C 4-12C reaction at 290 MeV /nucleon are compared over
the observed angles. All results are plotted in an absolute
scale. The high-energy neutrons at larger angles are reason-
ably well reproduced both by AMD/D-3NC and SR-AMD-3NC,
especially for those from Iwata’s data, whereas SR-AMD-FM
predicts much softer high-energy tails at these angles. Satoh’s
data well agree with those of Iwata’s data at 30° where
both measurements were made at the same angle, whereas
at 75° and 90°, Satoh’s data show about twice larger cross
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FIG. 4. Neutron double-differential cross sections for '2C + '2C collisions at 200 MeV /nucleon. Black solid circles and purple crosses are
the experimental data taken from Refs. [18,33] and Ref. [19], respectively. Blue, red, and green histograms are calculated with SR-AMD-FM,

SR-AMD-3NC, and AMD/D-3NC, respectively.

sections than those of the calculations. On the other hand,
the double-differential cross sections at 80° from Iwata’s data
are well reproduced by both AMD/D-FM and AMD/D-3NC at
low energies, and indeed these cross sections are smaller by a
factor of about two compared with those of Satoh’s data at 75°
and 90°. Therefore, the origin of the discrepancies between
the experimental data and the simulations at 75° and 90° are
inconclusive for its origins either from the experiments or
from the AMD simulations. The neutron spectra from Iwata’s

data at 40°, 60°, and 80° are reasonably well reproduced with
the 3NC process in the entire energy range. At 5° the peak
yield is better reproduced by SR-AMD, but the experimental
peak energy is slightly low and its width is slightly wider.
The experimental yields on the low-energy side at 6 < 30° are
significantly larger than those of all simulations. In Fig. 5, the
simulated neutron spectra are plotted with the experimental
2C + 2C reaction at 400 MeV /nucleon from 6y, = 5° to
80°. The high-energy neutrons at 6 > 60° are rather well

10 E
> 1ES °
S 10" L e
"-E 1072 F
a 10° A || |
é 0 200400600800 0 200400600800 0 200400600800
Y 10 60° | 80°
%' ®Exp-lwata
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o 4o — Sr-AMD-3NC
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1072
1073 TN . 1. T | T 1 ‘r“

0 200400600800 0 20040

600800 0 200400600800

E (MeV)

FIG. 5. Neutron double-differential cross sections for >C 4 '?C collisions at 400 MeV /nucleon. Black solid circle points are experimental

data taken from Ref. [18]. Histograms are same as those in Fig. 4.
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FIG. 6. Neutron double-differential cross sections of 'O + '2C collisions at 290 MeV /nucleon. Black solid circles are the experimental
data taken from Ref. [19]. Blue, red, and green histograms are same as those in Fig. 4.

reproduced both with AMD/D-3NC and SR-AMD-3NC, whereas
SR-AMD-FM predicts slightly softer high energy tails at these
angles. On the low-energy side, significant overpredictions are
observed. At & = 5° and 10° all AMD simulations overpredict
the yields but at 20° < 6 < 40° they underpredict the yields.
At angles 6 < 40°, all AMD simulations show a pronounced
quasi-elastic peak with about twice larger cross sections. This
feature is quite in contrast with the experimental results, espe-
cially at 20° < 6 < 40°. The experimental data do not show
any peak structure but show a rather broad shoulder. This may
cause the significant underpredictions on the lower-energy
side. On the contrary, at & = 5° and 10°, the experimental
data show peaks with similar widths, but two to three times
less yield. These discrepancy patterns are quite different from
those in Fig. 4. The different discrepancy patterns in peak
position and amplitude between the simulations and the ex-
perimental results at these forward angles may suggest that
they are caused by the experiments.

The semirelativistic and nonrelativistic AMD models are
also applied to '°0 + 2C at 290 MeV /nucleon and the results
are shown in Fig. 6. The experimental high-energy neutron
tails are well reproduced in overall with the 3NC process
in this case, except at & = 15°. At 6 = 15° the experimental
tail is harder than the nonrelativistic one. SR-AMD-FM again
predicts significantly softer tails than the experimental ones.
At angles 6 < 45°, the experimental low-energy yields are
significantly underpredicted by about a factor of two for all
three simulations.

For the above three reaction systems, nonrelativistic AMD
(green histograms) and SR-AMD (red) both with 3NC resemble
each other, especially at larger angles. A missing relativistic
treatment in SR-AMD is the time evolution of the wave packet
in the effective mean field. As discussed in Sec. II C, it is
expected that the relativistic time evolution will not change the
neutron spectra so much, since this does not affect low-energy
neutrons, and high-energy neutrons are mostly generated by
the incorporated stochastic processes. Therefore, the above

results indicate that the nonrelativistic AMD is still valid in the
incident energy range studied here.

However, the similarity between the nonrelativistic and
semirelativistic results obtained in this study is not guaran-
teed at higher incident energies nor in other heavier reaction
systems. We actually observed noticeable effects of the
semirelativistic treatments in the data analysis of the incident
energies 560-600 MeV /nucleon at large angles, but these
results will be presented in our future works.

IV. SUMMARY

AMD/D-FM and AMD/D-3NC are applied for the high-
energy neutron productions in light heavy-ion collisions,
using the '>C+'2C and 'O+ '>C reactions at 290 and
400 MeV /nucleon. The relativistic corrections are made to
the nonrelativistic AMD simulations to apply them to the ex-
perimental data at these incident energies. The semirelativistic
versions of AMD/D-3NC and AMD/D-FM are applied to the
above experimental data, as well as the original nonrelativistic
versions. The final semirelativistic results end up similar to the
original nonrelativistic results. For all cases, the high-energy
neutron tails are well reproduced by AMD with 3NC. AMD/D-
FM simulations significantly underpredict these high-energy
neutron productions. These observations, therefore, suggest
that the high-energy neutrons with energy above the incident-
beam energy per nucleon are mainly produced by the 3NC
process. Overall, these results are consistent to the results
obtained around Ej,./A =~ 100 MeV. On the other hand, all
simulations fail to reproduce the low-energy neutrons below
the beam energy at angles around 20°—45°, although the rea-
son for the discrepancies below 15° are left inconclusive either
from the experiments or from the simulations. To confirm our
results of the 3NC process in the energetic nucleon emissions,
further precise experiments are necessary in the future. The
High Intensity heavy-ion Accelerator Facility (HIAF) [35],
which is being built in China, as well as other facilities such as
FRIB and RIKEN, will provide the opportunity to probe the
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emission mechanism of high-energy nucleons and subthresh-
old particles.
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