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Abstract: Heavy-ion charge-exchange (CE) reactions provide a sensitive probe of isospin dynamics in nuclear col-
lisions. We investigate the reaction '2C(*2C, >’Nz*) 1?Be at 400—600 4 MeV using the ultra-relativistic quantum mo-
lecular dynamics model coupled with a phase-space coalescence approach. This reaction constitutes a nontrivial CE
channel accompanied by single n* production in heavy-ion collisions, thereby extending previous studies from
lepton-induced to hadronic systems. The 2N fragment is formed via nucleon and meson exchange, while 7* produc-
tion is primarily governed by A resonance excitation and decay; this dual mechanism enables the simultaneous in-
vestigation of CE processes and A-induced pion production within the same reaction system. We calculate the reac-
tion cross section and analyze the four-momentum distributions of 2N and n*. Characteristic phase-space features
reflect these distinct production mechanisms and offer guidance for future experimental design. Furthermore, this re-
action could serve as a pathway for rare-isotope production.
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I. INTRODUCTION

Heavy-ion collisions provide a powerful platform for
studying strong interactions and the properties of nuclear
matter. By spanning a wide range of incident energies,
these collisions probe nuclear matter under diverse condi-
tions, ranging from sub-saturation densities to extremely
high-temperature and high-density environments. At low
and intermediate energies, heavy-ion reactions provide
important insights into nuclear reaction mechanisms, the
nuclear matter equation of state (EoS), and the evolution
of nuclear shell structure [1-9]. At higher energies, they
enable the formation of hot and dense hadronic matter
and may lead to the creation of a quark—gluon plasma
(QGP) [10—14], offering insights into the state of matter
in the early universe shortly after the Big Bang. Further-
more, high-energy collisions can produce various strange
particles and hypernuclei [15—18]. Studies of hyper-
nuclei place constraints on hyperon—nucleon (Y-N) and
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hyperon—hyperon (Y-Y) interactions and are essential for
understanding neutron stars [17, 19-22].

Among the various reactions in heavy-ion physics,
charge-exchange (CE) reactions play a unique role. These
reactions are characterized by the transfer of charge
between the projectile and target while conserving the
mass number. At low energies, CE reactions are domin-
ated by proton—neutron exchange mechanisms between
nucleons [23]. As collision energy increases, charged-
meson exchange processes become increasingly import-
ant and compete with nucleon exchange [24]. Because
protons and neutrons represent two isospin states of the
nucleon, CE reactions can be interpreted as isospin trans-
itions induced by the strong interaction. Such processes
are analogous to nuclear f decay and thus serve as an ef-
fective probe of S-like transitions [25]. Consequently, CE
reactions offer access to nuclear matrix elements (NMEs)
relevant to weak-interaction processes, including neut-
rino—nucleus reactions and neutrinoless double-f decay
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(0vBB) [26, 27]. Furthermore, CE studies contribute to a
deeper understanding of meson-exchange mechanisms,
nucleon—nucleon correlations, and spin—isospin excita-
tions in nuclei [28—31].

Medium- and high-energy heavy-ion CE reactions
also provide potential pathways for producing hyper-
nuclei, particularly neutron-rich and neutral hypernuclei
[32], such as {n, 3n, §H, and [H. Investigations of these
systems address fundamental questions regarding the pos-
sible existence of neutral hypernuclei and the origin of
the extremely short lifetimes observed in neutron-rich hy-
pernuclei [33]. However, owing to their extremely small
production cross sections and the scarcity of experiment-
al data—particularly at high energies—these studies re-
main largely theoretical; thus, further experimental veri-
fication is required.

Among various reaction mechanisms, experimental
studies have shown that reactions involving A* excita-
tion can produce rare isotopes of interest, wherein the A*
resonance decays via n* and neutron emission [34]. Al-
though these processes are typically induced by leptons,
the underlying mechanism is universal and equally ap-
plicable to heavy-ion collisions.

In this paper, we present a systematic theoretical in-
vestigation of the '2C(*2C, )N z*)!?Be reaction using the
ultra-relativistic quantum molecular dynamics (UrQMD)
model. This reaction represents a nontrivial heavy-ion
charge-exchange (CE) channel accompanied by single n*
production. Compared with conventional CE studies fo-
cusing on nucleon-induced or light-ion reactions, this
work extends the investigation to a heavy-ion system,
thereby providing a new perspective on isospin dynamics
and meson production in a many-body environment. A
distinctive feature of this reaction is that both CE pro-
cesses and A resonance excitation and decay occur with-
in the same system, enabling the study of these mechan-
isms under identical reaction conditions.

Using the UrQMD model, we calculate the reaction
cross section and systematically analyze the four-mo-
mentum distributions of the emitted 2N and n* particles.
Multidimensional distributions in momentum, energy,
emission angle, and rapidity exhibit characteristic phase-
space features associated with different production mech-
anisms, providing detailed insights into the underlying re-
action dynamics.

Furthermore, these processes may constitute a path-
way for producing rare isotopes in complex nuclear sys-
tems. Overall, this work provides a consistent theoretical
framework and quantitative predictions that can serve as
a useful reference for future experimental investigations.

II. THEORETICAL FRAMEWORK

A. UrQMD model
The UrQMD model is a microscopic, many-body the-

oretical framework based on transport theory. In this
model, nucleons are described as Gaussian wave packets
with finite spatial widths, whose centroids in coordinate
and momentum space evolve dynamically under the sys-
tem Hamiltonian [35, 36]. The Hamiltonian incorporates
several terms, including two- and three-body Skyrme in-
teractions, Yukawa potentials, Coulomb interactions,
Pauli blocking, symmetry energy contributions, and mo-
mentum-dependent potentials. Detailed parameters for
these interactions are provided in Ref. [35]. These terms
collectively govern the interactions among nucleons and
determine their spatiotemporal evolution through the
Hamiltonian equations of motion:

dr, 0H

i 1
dr (?p;’ M

dp,' _ oH

e~ or, @

where r; and p; denote the position and momentum of the
ith nucleon, respectively. Additionally, the UrQMD mod-
el incorporates stochastic processes such as particle scat-
tering and decay, which are modeled using experiment-
ally measured cross sections and resonance parameters.
Therefore, the UrQMD model provides a comprehensive
description of various physical mechanisms in nuclear re-
actions over a broad energy range, including elastic and
inelastic scattering, resonance excitation and decay, and
meson production. Consequently, the model reproduces
experimentally observed particle production probabilities,
rapidity distributions, and angular distributions with reas-
onable accuracy [35-37].

To date, the UrQMD model has been extensively ap-
plied to simulate nuclear reactions over a wide energy
range, from SIS to RHIC. These applications include nuc-
leon—nucleus collisions [38], nucleus—nucleus collisions
[39—42], and strange particle production [38, 43]. Previ-
ous studies have shown that the UrQMD model is suit-
able for investigating heavy-ion collisions in the medium-
energy regime. In this paper, the UrQMD model is em-
ployed to simulate and analyze CE reactions accompan-
ied by single-7* production in medium-energy heavy-ion
collisions.

The numerical simulations in this study are per-
formed using the UrQMD model. To ensure reproducibil-
ity and account for model sensitivity in the medium-en-
ergy regime, we specify the detailed settings as follows.
We simulate >C+!2C collisions at incident energies of
400, 500, and 600 4 MeV. All calculations are conduc-
ted in the laboratory reference frame. The impact para-
meter is set to b = 0-5.5 fm, covering central to peripher-
al collisions. Because single-n* CE reactions require suf-
ficient nuclear overlap for A resonance production, this
range encompasses most of the relevant events for the
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12C +12C system.

A hard Skyrme-type EoS is adopted for the nuclear
mean-field potential, which is suitable for describing the
collective dynamics and pion production in this energy
regime. The initial nuclei are prepared using a stabiliza-
tion procedure consistent with the quantum molecular dy-
namics (QMD) mean-field, instead of a simple
Woods—Saxon initialization. This treatment ensures the
structural stability and proper binding energies of the pro-
jectile and target, avoiding unphysical pre-collision oscil-
lations and nucleon emission.

The dynamical evolution is followed up to a total
propagation time of 100 fm/c. By this time, the system
reaches the low-density freeze-out stage, where fragment
formation and pion production have stabilized and yields
have saturated [44].

B. Phase-space coalescence model

The phase-space coalescence model is applied to the
final-state nucleons from the UrQMD simulations to re-
construct and identify the nuclear fragments produced in
the reaction. This model has been widely used in dynam-
ical models, including the Boltzmann—Uehling—Uhlen-
beck (BUU), QMD, and UrQMD frameworks, to identi-
fy nuclear clusters and estimate their yields [45—47]. It
has been shown to provide a reliable description of
cluster formation in the medium-energy regime for nuc-
lei with mass numbers A = 1-14 [48]. Thus, it is well-
suited for describing fragment formation in the A = 12 re-
action system considered in this paper.

In the final state of the collision, emitted nucleons
that are sufficiently close in phase space are assumed to
originate from the same primary fragment and are thus
considered to form a cluster. In this model, two nucleons
i and j are considered to belong to the same cluster if the
following conditions are satisfied:

|pi—pjl <po, Iri—rjl<ro, 3)
where p, and r, denote the momentum- and coordinate-
space coalescence parameters, respectively. Typically, po
and rq range from 0.25 to 0.35 GeV/c and from 3 to 4 fm,
respectively [46].

To examine the sensitivity of the coalescence produc-
tion probabilities to p, and ry, we perform simulations
with 10 events at an incident energy of 500 4 MeV. The
production probabilities of 2N and ?Be are evaluated for
different parameter sets, as shown in Figs. 1 and 2. The
error bars represent the square root of the number of
events ( VN), corresponding to Poisson statistical uncer-
tainties. The results indicate that the production probabil-
ities are weakly dependent on p, but increase signific-
antly with r.

This behavior can be understood in terms of the un-
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Fig. 1. (color online) Effect of p, on the production probab-

ilities of N and ?Be in 2C+'2C collisions at 500 AMeV
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Fig. 2. (color online) Effect of r, on the production probab-

ilities of 2N and '?Be in '2C +'2 C collisions at 500 A MeV (p, =
0.25 GeV/c).

derlying reaction mechanism. Given that the projectile,
target, and fragments share the same mass number
(A = 12), the reaction is dominated by peripheral colli-
sions. In such collisions, nucleons experience minimal
deflection and remain spatially localized, resulting in a
strong dependence of the production probability on the
coordinate-space criterion ry. In contrast, the small mo-
mentum transfer limits the variation in relative momenta
among nucleons participating in the coalescence process.
Consequently, varying the momentum-space criterion pq
has a minimal effect on the number of nucleons satisfy-
ing the coalescence condition, leading to a weak depend-
ence of the production probability on py.

Because the phase-space coalescence model is funda-
mentally a phenomenological tool intended for order-of-
magnitude estimations and trend analysis, its parameters
can assume a reasonable range of values. Considering the
distinct interactions between nucleon pairs, particularly
the Coulomb repulsion between protons, a smaller coales-
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cence radius is adopted for proton—proton pairs. In this
study, we adopt the momentum-space coalescence para-
meter and coordinate-space coalescence radii as

po=025GeV/ce, r,,=28fm, r,=r,=38fm. (4)
The momentum of a reconstructed fragment is calculated

by summing the momenta of its constituent nucleons:
P=>_pi=(pup,po). Q)

and the magnitude of the total momentum is given by

p=\/pPit+p;+pk (6)

The total energy is then calculated using the relativist-
ic energy—momentum relation:

E = \/p*ct + m3c*, 7

where m is the rest mass of the fragment. This simple and
efficient method is widely used in transport-model ana-
lyses of nuclei production in medium- to high-energy
heavy-ion collisions.

In this paper, we focus on the reaction channel
2C(2C, ’N7*)?Be to investigate CE reactions accom-
panied by the production of a single n* meson. This
channel is particularly advantageous because *N pos-
sesses no bound excited states and exists only in its
ground state [49], thereby eliminating uncertainties asso-
ciated with excitation energies. Consequently, the total
energies of >N and n* can be accurately determined us-
ing their rest masses, m(!2N) = 12.0186132 u ~ 11.195 GeV
and m(n*) ~ 0.139 GeV [50, 51]. The nucleon dynamics at
incident energies of 400,500, and 600 4 MeV are simu-
lated using the UrQMD model, after which the coales-
cence model is applied to reconstruct the final-state frag-
ments.

1. RESULTS

In this paper, we employ the UrQMD model to simu-
late 1.44x 10° events for the 2C +!2C incident channel at
medium energies (400, 500, and 600 4 MeV). The final-
state nucleons from the collisions are subsequently ana-
lyzed using a phase-space coalescence model to calculate
the event production probability for the specific reaction
channel: >C('2C, ’Nn*)?Be.

The reaction cross section at each incident energy is
calculated as described in [32]:

N

0 = Arcaction * s
N, total

(®)

where o denotes the cross section for the channel of in-
terest, Aqection TEpresents the geometric reaction area, Ny
is the total number of simulated events, and N is the num-
ber of events corresponding to the selected reaction chan-
nel. In the simulation, the impact parameter b is sampled
according to the geometric prescription.

do =2nbdb, 9)
yielding a probability distribution:

apr
b (10)

Sampling is performed over the range 0 <b<5.5 fm,
yielding Arcaction = 7 X (5.5fm)?.

For the '>C("2C,"””Nn*)"?Be reaction, the numbers of
identified events are 13, 24, and 30, yielding cross sec-
tions of 8.58+238nb, 15.84+3.23nb, and 19.80+
3.61 nb, respectively. As shown in Fig. 3, the cross sec-
tion increases monotonically with the incident energy.

[ ®  cross section

|
|

257

cross section (nb)

T T T
400 500 600

E (MeV)
Fig. 3. Cross sections for the '2C('?C, >’Nr*)'?Be reaction at
400, 500, and 600 4 MeV.

We further investigate the dynamical properties of the
2C(12C,"2N7*)!?Be reaction. By analyzing the energy and
momentum distributions, along with other relevant ob-
servables of the reaction products, we aim to elucidate the
underlying reaction dynamics and identify characteristic
phase-space features associated with different production
mechanisms. Additionally, we explore potential path-
ways for rare isotope production and provide quantitative
predictions to guide future experimental studies.
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A. Momentum and energy distributions for the
2¢(2¢, 2Nzt) 2Be reaction

In this subsection, we examine the momentum and
energy distributions of the emitted N nuclei and =+
mesons in the laboratory frame. This analysis provides
direct insight into the kinematic characteristics of the re-
action products and illuminates the underlying mechan-
isms of energy and momentum transfer during the colli-
sion. To achieve a comprehensive understanding, we sys-
tematically investigate the total, longitudinal, and trans-
verse momentum distributions, along with the corres-
ponding energy distributions.

The total momentum distributions of the emitted '°N
nuclei in the laboratory frame are presented in Fig. 4.
Owing to limited statistics in several datasets, statistical
uncertainties are evaluated using exact Poisson confid-
ence intervals (Garwood method) rather than the VN ap-
proximation [52]. These confidence intervals are derived
from the chi-squared distribution and correspond to a
95% confidence level (a = 0.05).

relative yield
o
[$)]

12 12.5 13
(GeVic)

Piab
Fig. 4.
tions of emitted 2N nuclei in the laboratory frame for the
12C(12C, ’Nn*) ?Be reaction at incident energies of 400, 500,
and 600 AMeV.

(color online)Normalized total momentum distribu-

Under this statistical treatment, the extracted distribu-
tions exhibit a clear systematic trend. As the incident en-
ergy increases from 400 to 600 4 MeV, the peak position
shifts toward higher momentum, accompanied by a de-
crease in peak height, whereas the overall width remains
essentially unchanged.

The longitudinal momentum distributions in the
laboratory frame are presented in Fig. 5. The normalized
p. distributions exhibit features similar to those of the
total momentum distributions. In particular, as the incid-
ent energy increases, the peak position shifts toward high-

; :
1400 MeVv
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relative yield
o
[$,]
T

. . . ,
11.5 12 12.5 13 13.5
(GeV/c)

PLiab
Fig. 5. (color online) Normalized longitudinal momentum
distributions of the emitted >N nuclei in the laboratory frame
for the reaction '2C('2C,2Nz*)"?Be at incident energies of
400, 500, and 600 AMeV.

er momentum, accompanied by a decrease in peak height,
whereas the distribution width remains essentially un-
changed.

The transverse momentum distributions are presented
in Fig. 6. In contrast to the longitudinal distributions, the
normalized pr distributions exhibit nearly identical
shapes across all three incident energies. The distribu-
tions display pronounced maxima in the low-pr region,
with the dominant contributions concentrated within
Prian ~ 0.05-0.25 GeV/c. Within the uncertainties, no sig-
nificant shift in the peak position or notable change in
width is observed as the incident energy increases, indic-
ating a weak dependence of the transverse momentum on
incident energy.

The energy distributions of the emitted >N nuclei are

: !

1400 Mev
500 MeV | ]

e %600 MoV

S
©
T

g
©
T
L

o
3
T
.

o
[N
T
.

relative yield
o
[$,]
.

o
~
T
L

o
w
T
L

S

N

-
L

o
-
.

P 1ab (GeVlc)

Fig. 6.
tributions of the emitted 2N nuclei in the laboratory frame for
the reaction '>C('2C, '>’Nx*)!’Be at incident energies of 400,
500, and 600 AMeV.

(color online) Normalized transverse momentum dis-
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presented in Fig. 7. As the incident energy increases from
400 to 600 A4 MeV, the peak position shifts toward high-
er energies, whereas the overall width remains essen-
tially constant and the peak height decreases slightly.

1400 Mev| |

091 500 MeV

p NS %500 MoV
0.8 1
0.7 F

relative yield
o
[9)]

16 16.5 17 17.5
E_ (GeV)

Iab(
Fig. 7. (color online) Normalized laboratory-frame energy
distributions of emitted >N nuclei for the reaction
2C(2C, 2Nz*)2Be at incident energies of 400, 500, and
600 AMeV.

In summary, a coherent picture emerges from the mo-
mentum and energy distributions. The incident energy
primarily influences the longitudinal dynamics of the
emitted fragments, as reflected by systematic shifts in the
total and longitudinal momentum distributions, whereas
the transverse momentum distributions remain largely un-
changed. The approximately constant widths suggest that
the fragmentation process predominantly preserves the
intrinsic momentum spread of the projectile. These char-
acteristics indicate that >N production is dominated by
peripheral collisions, in which the projectile undergoes
limited energy dissipation, rather than by central colli-
sions associated with substantial momentum and energy
transfer.

Subsequently, we analyze the total, longitudinal, and
transverse momentum distributions, as well as the energy
distribution, of the emitted 7" mesons in the laboratory
frame to elucidate their production mechanism in the
2C(12C, ’Nn*) ?Be reaction. These distributions charac-
terize the kinematic behavior of the n* mesons and
provide insights into the underlying reaction dynamics.

As shown in Figs. 8, 9, and 10, the produced =*
mesons exhibit low total, longitudinal, and transverse mo-
menta, with minimal variation as the incident energy in-
creases. The similarity between the longitudinal and
transverse distributions indicates that the motion of the =*
mesons is nearly isotropic. The energy distributions,
shown in Fig. 11, exhibit a similarly weak dependence on
the incident energy, consistent with the trends observed in
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Fig. 8. (color online) Normalized total momentum distribu-
tions, in the laboratory frame, of 7* mesons produced in the
reaction >C(12C, ’Nn*)?Be at incident energies of 400, 500,
and 600 AMeV.
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Fig. 9. (color online) Normalized longitudinal momentum
distributions of produced n* mesons in the laboratory frame
for the reaction ">C('2C, >Nz*)!?Be at incident energies of
400, 500, and 600 AMeV.
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Fig. 10.  (color online) Normalized transverse momentum
distributions of produced n* mesons in the laboratory frame
for the reaction ">C('2C, >’Nz*)!’Be at incident energies of
400, 500, and 600 AMeV.
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(color online) Normalized energy distributions of
n* mesons in the laboratory frame for the reaction
2C(12C, 2N7*)?Be at incident energies of 400, 500, and
600 AMeV.

the momentum distributions.

These characteristics are inconsistent with direct reac-
tion processes, which typically yield high-momentum,
forward-peaked pions. They are also inconsistent with the
decay of the emitted '°N nucleus. Because the >N nucle-
us carries a large longitudinal momentum, its decay
products would be strongly forward-peaked in the labor-
atory frame. Instead, the observed low-momentum, quasi-
isotropic distributions suggest that the 7* mesons are pre-
dominantly produced via the decay of A resonances. This
scenario naturally explains both the weak energy depend-
ence and the near isotropy of the momentum and energy
distributions.

B. Angular Ddistributions for the '>C('?C, >N x*)'?Be
reaction

The emission angle @ is defined as the angle between
the momentum vector of an emitted particle and the in-
cident beam direction. It serves as a key observable for
characterizing the spatial correlation between particle
emission and the beam direction, and provides important
guidance for the optimal placement of detectors in sub-
sequent experiments.

In this work, the emission angles of the !N nuclei
and n* mesons in the '*C("2C, ?’Nz*)'’Be reaction are
calculated as!

Qzarctan(lp—ﬂ), (11)
|pel

where |pL| and |pT| denote the longitudinal and trans-
verse momentum components with respect to the incid-
ent beam, respectively.

In the laboratory frame, the emitted >N nuclei are

concentrated predominantly at small forward angles
(0°-2.5°), as shown in Fig. 12. This pronounced forward
peaking indicates that the momentum transfer from the
incident '?C nucleus occurs primarily along the beam dir-
ection, with negligible transverse components. Such a
distribution is characteristic of peripheral single-CE reac-
tions. Furthermore, the distribution shifts toward even
smaller angles as the incident energy increases, suggest-
ing that the >N emission becomes increasingly collim-
ated along the beam axis at higher energies. These obser-
vations are consistent with the conclusion that 2N is pro-
duced predominantly in peripheral collisions involving
small momentum transfers.

L 1400 MeV | |
500 MeV
600 MeV

o
=3
T

ATealTe "

e o e
o =2} ~
T T T

. .

relative yield
o
o~

o
w
T
.

o °
= [N}
T r

.

0 0.5 1 1.5 2 25
0, (degree)

Iab(
Fig. 12.
emitted >N nuclei in the laboratory frame for the reaction
2¢(2C, 2Nz*)2Be at incident energies of 400, 500, and
600 AMeV.

(color online) Normalized angular distributions of

In contrast, the angular distributions of the 7* mesons
are much broader. In the laboratory frame, they extend
from 0° to approximately 150°, as shown in Fig. 13(a),
whereas the >N nuclei remain strongly forward-peaked.
If the 7* mesons were produced in the same direct reac-
tion, their angular distributions would be expected to ex-
hibit similar forward peaking. However, the observed
broad distributions suggest a distinct production mechan-
ism.

In the center-of-mass frame, the n* angular distribu-
tions remain broad, spanning approximately 5° to 165° as
shown in Fig. 13(b). The majority of mesons are emitted
at angles greater than 90°, exhibiting a pronounced back-
ward enhancement. This backward peaking weakens with
increasing incident energy. Such features are consistent
with a multi-step reaction scenario, as suggested by the
momentum and energy distributions. In this scenario, the
incident nucleus first interacts with target nucleons to
form an intermediate excited state, such as a A resonance,
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color online) (a) Normalized angular distributions of produced n* mesons in the laboratory frame for the reaction
g p ry

2C(2C, ’Nn*) ?Be at incident energies of 400, 500, and 600 AMeV. (b) Normalized angular distributions of produced n* mesons in
the center-of-mass frame for the reaction '>C ('2C, ’Nn*)?Be at incident energies of 400, 500, and 600 AMeV.

which subsequently decays into a #* meson. The redistri-
bution of momentum among nucleons during this pro-
cess naturally yields the observed broad and backward-
enhanced angular distributions.

C. Rapidity distributions for the '>C('?C, ’Nr*)?Be
reaction

While the angular distributions primarily reflect the
emission geometry of the reaction products, rapidity
provides complementary insight into their longitudinal
dynamics. Therefore, we analyze the rapidity distribu-
tions of the emitted "N nuclei and 7" mesons. Rapidity is
defined as

E +|p.l
E- |I’L|’

1
y=5n (12)

where £ and p; denote the total energy and longitudinal
momentum of the particle, respectively. Because rapidity
differences are invariant under longitudinal Lorentz
boosts, rapidity provides a convenient, nearly frame-inde-
pendent measure of longitudinal dynamics. Consequently,
it serves as a sensitive probe of particle emission along
the beam axis.

As shown in Fig. 14(a), the rapidity of the emitted
2N nuclei increases with the incident beam energy. In
contrast to central collisions, where particle production is
concentrated around mid-rapidity, Fig. 14(b) shows that
the rapidity distributions of the emitted '’N nuclei peak in
the high-rapidity region, close to the rapidity of the incid-
ent nucleus. Moreover, the rapidities of the emitted >N
nuclei are at most 0.03 lower than the rapidity of the in-
cident 2C nucleus. This indicates that the formation of
12N is dominated by the projectile, and that the participat-
ing nucleons undergo negligible thermalization or mo-
mentum exchange, consistent with the characteristics of
peripheral collisions.

As shown in Fig. 15, the rapidity distributions of the

n* mesons peak around y = 0, indicating that their longit-
udinal momenta are relatively small in the center-of-mass
frame. A slightly higher yield is observed at negative
rapidities. As the incident energy increases, the distribu-
tion shifts slightly toward positive rapidities, consistent
with the weakening of the backward-emission feature ob-
served in the angular distributions. The concentration at
mid-rapidity suggests that these 7" mesons originate pre-
dominantly from the participant region rather than from
projectile-like fragments. This behavior aligns with the
broad, backward-enhanced angular distributions and fur-
ther supports the interpretation—drawn from momentum,
energy, and angular analyses —that the n* mesons are
predominantly produced via the decay of intermediate A
resonances.

Overall, the rapidity distributions provide a comple-
mentary view of the angular emission patterns. The N
nuclei exhibit rapidities close to those of the incident nuc-
leus, reflecting their projectile-dominated origin and the
peripheral character of the reaction. In contrast, the n*
mesons are concentrated at mid-rapidity, corresponding
to small longitudinal momenta and consistent with their
tendency toward backward emission in the center-of-
mass frame. These features agree with the conclusions
drawn from the momentum, energy, and angular ana-
lyses, providing a coherent picture in which the =*
mesons are predominantly produced via the decay of in-
termediate A resonances in a multi-step process.

IV. DISCUSSION

In transport models such as UrQMD, CE-like effects
may arise from various microscopic mechanisms, includ-
ing genuine nucleon—nucleon CE reactions and effective
CE processes, such as A resonance excitation followed by
reabsorption and large-angle elastic nucleon—nucleon
scattering. In a nuclear medium, these processes are fur-
ther modified by Pauli blocking and density-dependent
effects, complicating the unambiguous identification of
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(color online) (a) Normalized rapidity distributions of the emitted 2N nuclei in the laboratory frame for the

12C(2C, 2Nz*) ?Be reaction at incident energies of 400, 500, and 600 AMeV. (b) Normalized rapidity distributions of the emitted >N
nuclei in the projectile frame for the '2C('2C, >N x*)?Be reaction at incident energies of 400, 500, and 600 AMeV.
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Fig. 15.  (color online) Normalized center-of-mass rapidity
distributions of x* mesons produced in the reaction
2C(12C, ’Nn*)?Be at incident energies of 400, 500, and
600 AMeV.

the underlying mechanisms.
The events analyzed in the present study,

2C+"”C— "Be+""N+n",

correspond to peripheral collisions. In these events, only
a few nucleon—nucleon collisions occur, and the associ-
ated momentum transfer is small, rendering large-angle
elastic scattering highly improbable. Although multiple A
excitations could, in principle, contribute, their probabil-
ity at the present energies is negligible. Moreover, addi-
tional scatterings or excitations would result in greater
nuclear excitation and reduce the likelihood that the re-
sidual nuclei remain bound [53]. Although a complete
disentanglement of all mechanisms is not possible within
the UrQMD model, the combined constraints from colli-
sion geometry, residue stability, and single 7 emission
favor a scenario dominated by a nucleon—nucleon CE re-

action mediated by a single A excitation.

Furthermore, because the cross section for the
2C(12C,"?Nx*)"?Be reaction is much smaller than those of
competing channels in '2C +'2C collisions, a careful eval-
uation of the background is required to ensure that the se-
lected events correspond to the channel of interest. There-
fore, the missing—mass method is employed to recon-
struct the unobserved system via energy—momentum con-
servation:

Erniss = Epeam + Etgt —Eon— Eg, (13)

Pmiss=Pbeam+Ptgl_P‘2N_P7r*v (14)
2

Mr%niss = Er211iss - |Pmiss| (15)

Here, E.is, Pumis, and My are the energy, mo-
mentum, and invariant mass of the unobserved system,
respectively. The missing-mass distribution allows us to
determine whether the reconstructed system corresponds
to the expected residual nucleus, thereby serving as an ef-
fective tool for event selection in reactions with complex
final states [54].

In practice, some emitted #* mesons may remain un-
detected, whereas other particles may be misidentified as
™ mesons. These effects can lead to the misclassifica-
tion of non-target channels as target events, thereby intro-
ducing background contributions. To quantify these ef-
fects, we analyze the multiplicity of n* mesons and the
production of other mesons (such as 7° and n~) to identi-
fy potential background sources and estimate the maxim-
um signal-to-background ratio.

Figure 16 shows the multiplicity distributions of z*
mesons at 400, 500, and 600 4 MeV when the residual
projectile nucleus is '’N and the heaviest target fragment
has a mass number of A =12. No events containing two
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7* mesons are observed at any of the three energies. Fur-
thermore, the numbers of events in which one 7n* meson
is produced alongside other mesons are 0, 2, and 6 at 400,
500, and 600 4 MeV, respectively.

2r i
2
S
=
E1r 13 26 36 1
IS
+
S
of 405920 315540 295158 1
400 500 600

Energy (MeV)

Fig. 16. Multiplicity distributions of #* in the >C +!2C reac-
tion at incident energies of 400,500, and 600 4 MeV for
events in which the projectile residue is 2N and the heaviest
target fragment has a mass number of A = 12.

To estimate the signal-to-background ratio, we as-
sume that the background follows a Poisson distribution.
We adopt the 95% confidence-level upper limit for the
number of background events, thereby providing a con-
servative estimate of the minimum signal-to-background
ratio. The corresponding upper limits on the background
are 3.00, 6.30, and 11.84 events at 400, 500, and 600 4
MeV, respectively [55]. Consequently, the minimum sig-
nal-to-background ratios are approximately 4.33, 3.81,
and 2.53, respectively.

In addition to background arising from detection inef-
ficiencies, the residual target nucleus is unlikely to re-
main a single '’Be nucleus; instead, it populates multi-
fragment states such as '"Be+n and '"Be+n+n, as
shown in Figs. 17, 18, and 19. During missing-mass re-
construction, these channels introduce additional back-
ground, potentially compromising the purity and resolu-
tion of the spectra.

To estimate the impact of these channels on the tar-
get reaction, we employ the UrQMD model and consider
a conservative worst-case scenario. Events in which the
heaviest target fragment has a mass number of 11 are
treated as

2C+2C 5”2 N+7"+'"Be+n,

and events with a heaviest fragment mass number of 10
as

12 13 1
2 296
101 59 891 A
2 227 408
8r 17 258 82 1
< 41 171 11
6 4 69 50 1
6 99 15
4F 1 28 43 1
1 38 12
2F 21 1
2
0 L L L 1 L
0 1 2 3 4
z

Fig. 17.  Correlation between the mass number 4 and the
charge Z of the heaviest target fragment produced in the
2C(2C, >N z*) reaction at an incident energy of 400 4 MeV.

12F 24 A
7 567
10F 104 1726
2 471 914
8t 23 584 232 A
< 121 430 36
6 4 193 159 2 A
19 212 29
4t 50 114 2 1
1 9% 31
2t 1 42 1
0 . . . . .
0 1 2 3 4
z

Fig. 18. Correlation between the mass number 4 and atomic
number Z of the heaviest target fragment produced in the
2C(12¢, 2N 7*) reaction at an incident energy of 500 4 MeV.

121 30 1
3 916
10r 1 187 2928 A
6 805 1546
8r 55 1063 418 1
< 176 774 66
6 5 350 296 3 1
45 445 53
4 108 261 2 b
213 43
2r 1 82 1 k
1
0 . 1 L . 1
0 1 2 3 4
z

Fig. 19. Correlation between 4 and Z for the heaviest target
fragment produced in the '2C(12C, >’N*) reaction at an incid-
ent energy of 600 4 MeV.

114101-10



Charge-exchange reactions accompanied by a single 7*...

Chin. Phys. C 50, 114101 (2026)

2C+2C 52N+t +2Be+n+n.

Under this assumption, at 400, 500, and 600 4 MeV, the
count ratios of the target channel

PC+2C 5" N+7x"+"2Be,

to the ""Be+n channels are 4.36x 1072, 4.18x 1072, and
3.37x 1072, respectively; the corresponding ratios to the
UBe + n+n channels are 1.37x1072, 1.31x1072, and
9.63x 1073,

V. CONCLUSION

In summary, we have conducted a comprehensive
theoretical investigation of the '2C('2C, 1>’Nx*)!?Be reac-
tion using the UrQMD model combined with a phase-
space coalescence approach.

This work presents a novel investigation of a nontrivi-
al heavy-ion CE channel in which CE processes and A
resonance excitation occur simultaneously. While these
mechanisms have primarily been studied in lepton-in-
duced or light-ion reactions, this study extends the ana-
lysis to a many-body heavy-ion environment within the
UrQMD model. The reaction, featuring single n* emis-

sion with >N predominantly in its ground state, yields a
well-defined final-state configuration suitable for study-
ing the reaction dynamics involving both CE processes
and A resonance excitation and decay.

Our kinematic analysis reveals that the momentum,
energy, emission angle, and rapidity of !N are strongly
correlated with those of the incident '>C nucleus. These
correlations indicate that the reaction is dominated by
peripheral, low-excitation collisions. In contrast, the n*
mesons exhibit relatively low momentum and energy,
broad angular and rapidity distributions, and a tendency
toward backward emission in the center-of-mass frame,
consistent with their production via the decay of interme-
diate A resonances.

Overall, this study offers guidance for rare-isotope
production and experimental design, including detector
configuration, beam-energy selection, and event-identi-
fication strategies. Future work will incorporate experi-
mental data to further constrain the model and improve
our understanding of heavy-ion CE reactions and associ-
ated meson-production mechanisms.
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