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Abstract

The reaction dynamics of weakly-bound nuclear systems at near-barrier energies is a
compelling topic in nuclear physics. This review summarizes decades of experimental
work by the Nuclear Reaction Group at the China Institute of Atomic Energy. Using transfer
reactions with the distorted wave born approximation and asymptotic normalization
coefficient analyses, we confirm the first excited neutron halo (13C) on the β-stability
line and identified new halo states in 12B. Total reaction cross-section measurements
revealed proton halo nuclei 27P and 29S, with core enlargement observed in 27P and 28P.
We established conditions for halo formation and delineated the proton halo existence
region. In two-proton emission studies, we observed 2He cluster emission from highly
excited 17,18Ne and 28,29S, with 29S being the second such case internationally. In β-delayed
decay, we discovered β2p emission in 22Si and determined its mass, observing isospin-
symmetry breaking in 20Mg, 22Si, and 27S. Decay schemes for 27S and 26P addressed
the 26Al abundance problem. For nuclear interactions, we investigated the 6He optical
potential, finding the dispersion relation inapplicable for 6He + 209Bi, and developed notch
and Bayesian methods to constrain uncertainties. For unstable nuclei, the proton drip-line
systems 8B and 17F have been intensively studied via complete kinematics measurements of
the 8B + 120Sn and 17F + 58Ni reactions, respectively. The results show that elastic breakup
dominates for proton-halo 8B, while inelastic breakup prevails for 17F, with proton-rich
nuclei exhibiting lower breakup probabilities than neutron-halo nuclei due to Coulomb
effects. Fusion studies revealed sub-barrier enhancement in 17F + 58Ni from continuum
couplings. We propose direct fusion–evaporation measurements with deflection systems
integrated with breakup detection to disentangle complete and incomplete fusion channels.

Keywords: exotic nuclei; exotic structures and decays; optical potential; near-barrier
reaction dynamics

1. Introduction
With the development of radioactive ion beam facilities and detection techniques,

the scope of nuclear physics research has rapidly expanded towards nuclei far from the
β-stability line. The study of reaction mechanisms induced by radioactive nuclear beams at
energies around the Coulomb barrier has emerged as a hot topic in contemporary nuclear
physics [1–4]. Compared to stable nuclei, these nuclei far from the stability line generally
possess lower separation energies and are more loosely bound; hence, they are referred
to as weakly bound nuclei. This characteristic endows them with exotic structures, such
as halos, skins, and clusters. In 1985, Tanihata et al. measured interaction cross-sections
of light unstable nuclei and, using a Glauber-type analysis to extract matter radii, first
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identified the anomalously large radius of 11Li, revealing an extended nuclear structure
associated with weakly bound neutrons [5,6]. Subsequently, in 1987, Hansen and Jonson
first proposed the concept of halo nuclei [7]. For tightly bound nuclear systems, only a few
reaction channels, such as fusion, inelastic scattering, and transfer reactions, are typically
open at energies around the Coulomb barrier. In contrast, the reaction mechanisms for
weakly bound nuclear systems are considerably more complex. Due to their low breakup
thresholds, the projectile can easily break up during the reaction. The emergence of the
breakup channel can induce strong coupling effects on other channels like elastic scattering
and fusion, thereby influencing the overall reaction dynamics of the system.

The Nuclear Reaction Group at the China Institute of Atomic Energy (CIAE) has
conducted rigorous and comprehensive studies on the reaction dynamics of weakly bound
nuclear systems at energies around the Coulomb barrier. Over the past two decades, the
group has continuously dedicated substantial efforts to refining experimental techniques
and optimizing data analysis methods. In elucidating the characteristics of the interaction
potential and reaction mechanisms of weakly bound nuclear systems, a series of ground-
breaking discoveries have been achieved. Given the significant progress and profound
insights gained from these studies, there is an urgent need to conduct a comprehensive
review and synthesis of the research findings. By integrating the outcomes and literature
data from these studies, we can not only systematically summarize the scientific impli-
cations of the experimental observations but also provide important guidance for future
research directions.

The structure of this review is as follows. We start from the exotic structures and decay
modes of nuclei near the particle emission threshold in Section 1. Transfer reactions and
the Distorted Wave Born Approximation (DWBA)/Asymptotic Normalization Coefficient
(ANC) analyses are introduced to extract halo states and density distributions, with new
neutron and proton halos identified. The existence conditions for halo formation and the
proton halo region are delineated. Two-proton correlated emission and β-delayed decay
studies of proton-rich nuclei are presented, including the discovery of β2p emission in 22Si
and 2He cluster emission in 29S.

Section 2 focuses on nuclear interactions of weakly-bound systems. A novel trans-
fer reaction method is introduced to extract optical potentials for exotic nuclei, applied
systematically to the neutron-halo 6He. Variations in potential depth with energy are
exhibited, and the inapplicability of the dispersion relation for 6He + 209Bi is discussed.
The notch method and Bayesian approaches developed to constrain potential uncertainties
are described.

Section 3 presents complete kinematics measurements for proton-rich nuclei 8B and
17F using the dedicated STARE (Silicon Telescopic Array for Reactions induced by Exotic
nuclei) and MITA(Multi-layer Ionization-chamber Telescope Array) detector arrays. The
breakup mechanisms—elastic breakup dominating for proton-halo 8B versus inelastic
breakup prevailing for 17F—are illustrated, along with the observed sub-barrier fusion
enhancement for 17F + 58Ni attributed to continuum couplings.

At the end of each section, discussions and brief summaries are presented, and the
final summary of the whole paper as well as outlooks for direct fusion measurements are
given in Section 4.

2. Research on Exotic Nuclear Structures and Exotic Decay Modes
As atomic nuclei approach the separation threshold, correlations among a few nucle-

ons within the nucleus become significant, potentially leading to the formation of exotic
structures such as halos, skins, and clusters. These structural changes are accompanied by
unusual decay modes, including dineutron or diproton correlations and cluster emission.
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The nuclear structure of the initial state in nuclear reactions strongly couples with the
reaction dynamics. Therefore, it is essential to investigate the exotic structures and unusual
decay modes of nuclei near the threshold.

2.1. Halo Structures and Core Enlargement Phenomena in Atomic Nuclei

Since the mid-1980s, halo nuclei have been a research focus in nuclear physics. For
neutron halo nuclei, the angular distributions of populated excited states in 12B and 12C
were measured via the 11B(d,p) and 12C(d,p) reactions. Using the DWBA and ANC anal-
yses, the density distributions and root-mean-square (rms) radii of valence neutrons in
different nuclear states were extracted from the experimental angular distribution data [8,9].
The experimental results confirm that the first excited state of 13C is a single-neutron halo
state, marking the first experimental evidence of an excited neutron halo state existing on
the β-stability line. Additionally, the second and third excited states of 12B were identified
as single-neutron halo states, representing the second example of neutron halo states found
near the β-stability line. Due to the Coulomb barrier, proton halos are more difficult to form
compared to neutron halos, and thus far, only a few proton halo nuclei have been confirmed.
A nuclear reaction team measured the total reaction cross-sections for the secondary ra-
dioactive beams of 27P, 28P, and 29S incident on a 28Si target using the transmission method.
After incorporating Coulomb and finite-range corrections, the experimental cross-sections
were compared with calculations from a modified Glauber model incorporating the optical
limit of the eikonal approximation and few-body approaches. The results indicate that 27P
and 29S are proton halo nuclei, and a novel phenomenon of core enlargement is observed
in 27P and 28P [10].

Building on previous work, a systematic study on the formation of halo nuclei has
been conducted. Within the framework of the single-particle potential model, the root-
mean-square (rms) radii of various single-particle states were calculated by numerically
solving the Schrödinger equation and incorporating experimentally determined binding
energies and configuration parameters. By analyzing the relationship between the radii
and the separation energies, scaling laws for the valence nucleon distributions in these
single-particle states were successfully derived. Based on these scaling laws, we deduced
the necessary conditions for the formation of neutron halos and proton halos, and explicitly
identified the existence region of proton halos [11,12].

2.2. Research on Two-Proton Correlated Emission Phenomena in Highly Excited States of Nuclei

Highly excited nuclei above the separation threshold represent typical quantum open
systems, where their structures and properties undergo systematic evolution, giving rise
to new physics characterized by novel structural degrees of freedom and effective inter-
actions. Two-proton emission from highly excited states can provide insights into the
configuration and geometry of nucleons within the nucleus, holding significant scientific
importance for exploring exotic nuclear structures, nucleon–nucleon correlations, and
quantum many-body theories.

The nuclear reaction group has investigated the two-proton emission mechanism
and underlying correlations in proton-rich nuclei such as 17,18Ne, 28,29S, and 27,28P [13–16].
The observation of two-proton correlated emission (i.e., 2He cluster emission) from highly
excited states of 17,18Ne and 28,29S has been reported. Notably, the case of 29S represents
the second observed example of excited-state 2He emission internationally. A comparison
among 28,29S and 27,28P suggests that the two-proton halo structure is the primary driver
of two-proton correlated emission, rather than the previously assumed highly deformed
orbitals. To further investigate the configuration of proton pairs inside the nucleus, an HBT
analysis was performed on the momentum correlation functions of two-proton emission
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from 17,18Ne. The results indicate that the opening angle between the two protons in 17Ne
is approximately 74.5◦. This value is in good agreement with theoretical calculations [17],
indicating that Bardeen–Cooper Schrieffer/Bose–Einstein condensation-like(BCS/BEC-like)
crossover phenomenon may occur in this case, i.e., the surroundings of low density matter [18].

2.3. Study of β-Delayed Decay of Nuclei in the Proton-Rich Drip-Line Region

Nuclei far from the β-stability line possess large decay energies. Following β-decay,
they typically populate highly excited states in daughter nuclei, which can subsequently
decay through the emission of multiple nucleons or nucleon clusters, as well as fission.
These exotic decay modes provide crucial information on the structure of nuclei in the
drip-line region and the effective nucleon–nucleon interaction, making them one of the hot
topics in international research.

The research team has systematically conducted detailed measurements of the β-
delayed decay spectroscopy of proton-rich nuclei in the sd-shell [19–23]. A new decay
mode of β-delayed two-proton (β2p) emission was discovered in 22Si, enabling the first de-
termination of its mass. Its two-proton separation energy was deduced to be 108 ± 125 keV,
indicating that it is a very marginal drip-line nucleus. Significant asymmetries were ob-
served in the β-decays of nuclei such as 20Mg, 22Si, and 27S compared to their mirror
nuclei, providing rich experimental data for understanding the isospin-symmetry breaking
components in effective nuclear forces. The most complete decay schemes to date for
drip-line nuclei, including 27S and 26P, were obtained. The branching ratios for proton and
γ decay were determined for the first time, establishing the thermonuclear reaction rates
for 26Si(p, γ)27P and 25Al(p, γ)26Si. These results provide crucial data for addressing the
long-standing problem of the overabundance of 26Al in the Galaxy.

3. Optical Potentials for Weakly Bound Nuclear Systems
The nucleus–nucleus interaction potential is a fundamental physical quantity that

must first be determined in the study of nuclear reaction mechanisms. The optical model
potential (OMP) is typically used to describe the complex nucleus–nucleus interaction. The
term “optical” originates from the physical mechanism in which incident particles undergo
scattering or absorption when interacting with the target nucleus, a mechanism similar
to how light behaves under analogous conditions. Due to its remarkable effectiveness in
accurately predicting elastic scattering and reaction processes, the optical model is regarded
as one of the fundamental reaction models in nuclear physics. It is well known that the
optical potential is highly sensitive to nuclear structure; therefore, the optical potential for
exotic nuclear systems is expected to exhibit characteristics distinct from those of tightly
bound systems.

Due to limitations such as the low intensity and poor quality of radioactive ion beams,
it is difficult to precisely extract the optical potential for exotic nuclear systems from elastic
scattering angular distributions. The nuclear reaction group has proposed an innovative
method to extract the optical potential for exotic nuclear systems via transfer reactions [24].
This method offers the following advantages: (1) It allows for the use of existing high-
intensity and high-quality stable beams, thereby enabling experiments with relatively
high precision, such as in statistics, energy, and angular accuracy. (2) The final states of
transfer reactions can be populated to different excited states, which is highly conducive to
investigating the energy dependence of potential parameters, and also makes it possible to
conduct specialized studies targeting specific nuclear states.
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3.1. Optical Potentials for the 6He Halo Nucleus Systems

Over the past decade, 6He has attracted extensive attention from both theoretical
and experimental communities due to its two-neutron halo nature and the feasibility of
producing intense beams at energies near the Coulomb barrier. The abundant elastic
scattering data for the 6He system make it highly suitable for validating the OMP extracted
via the transfer reaction method.

Based on this approach, the research team measured the angular distributions of single-
proton transfer reactions 11B(7Li,6 He)12C, 63Cu(7Li,6 He)64Zn, and 208Pb(7Li,6 He)209Bi at
energies near the Coulomb barrier at the Beijing HI-13 tandem accelerator. The transfer
angular distributions were fitted using the DWBA and the coupled reaction channels (CRC)
method to extract the optical potential parameters for the outgoing channel of the halo
nucleus 6He system.

3.1.1. Optical Potential for the 6He + 12C System

At incident energies of Elab(
7Li) = 18.3 and 28.3 MeV, the angular distributions of the

single-proton transfer reaction 11B(7Li,6 He)12C were measured [25], as shown in Figure 1.
The red curves in Figure 1 represent the DWBA fitting results. The optical potential for
the 7Li + 11B incident channel was obtained from previous studies [26]. By fixing the
reduced radius r0 = 1.25 fm and diffuseness a = 0.65 fm, the proton separation energies
were recalculated, and the depths of the potentials for the bound states 7Li = p + 6He and
12C = p + 11B were derived accordingly. The spectroscopic factors for the ground-state
protons in 7Li and 12C are 0.89 and 2.85, respectively [27,28]. To optimize the fitting of the
transfer angular distributions at different incident energies, a comprehensive grid search
was performed for the six potential parameters (V, r0V , aV , W, r0W , aW). The fitting process
was evaluated through chi-square analysis. Notably, the radius parameter of the real part
of the potential is smaller than that of the imaginary part, indicating that the absorption
process starts at a larger distance, consistent with the inherently loosely bound structure of
the projectile.

Figure 1. Angular distributions of 11B(7Li,6 He)12C at Elab(
7Li) = 28.3 (circles) and 18.3 (squares)

MeV, respectively. The solid and dashed curves denote the fitting results with the DWBA approach
for the data at 28.3 and 18.3 MeV. Figure is taken from Ref. [25].
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3.1.2. Optical Potential for the 6He + 64Zn System

The experiments were performed at laboratory incident 7Li beam energies of 12.67,
15.21, 16.33, 23.30, 27.30, and 30.96 MeV to measure the angular distributions of the transfer
reaction 63Cu(7Li,6 He)64Zn and the corresponding elastic scattering of 7Li + 63Cu [29].
The optical potential for the incident channel 7Li + 63Cu was obtained by fitting the elastic
scattering angular distributions. The angular distributions of the single-proton transfer
reaction 63Cu(7Li,6 He)64Zn are shown in Figure 2. In the CRC calculations, the coupling
effects of the first excited state of 7Li and the first and second excited states of 63Cu were
taken into account.

Figure 2. Angular distributions of transfer reactions 63Cu(7Li,6 He)64Zn. The squares represent the
experimental data, and the solid and dashed curves denote the fitting results with CRC and DWBA
approaches, respectively. The figure is taken and modified from Ref. [29].

The energy dependence of the depths of the real and imaginary parts of the optical
potential for the 6He + 64Zn system was extracted. The results indicate that, within the
studied energy range, the potential parameters obtained from both the DWBA and CRC
methods vary around constant values, and there are significant differences between the
results from these two methods. Due to the limitation of the 7Li beam energies provided
by the HI-13 tandem accelerator, measurements could not be performed in the sub-barrier
energy region, and thus the phenomenon of rapid variation of optical potential parameters
near the Coulomb barrier was not observed. To verify the reliability of the results, the
elastic scattering angular distributions of 6He + 64Zn at Elab(

6He) = 10.0 and 13.6 MeV
were recalculated using the obtained potential parameters, with the experimental data
taken from Ref. [30], the results are shown in Figure 3.
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Figure 3. OM calculation results with the OMPs obtained by the CRC (solid curves) and DWBA
(dashed curves) approaches and compared with the experimental elastic scattering data of the
6He + 64Zn system at (a) Elab(

6He) = 10.0 and (b) 13.6 MeV. Open circles are the experimental data
taken from Ref. [30].

3.1.3. Optical Potential for the 6He + 209Bi System

The angular distributions of the transfer reaction 208Pb(7Li,6 He)209Bi were measured
near the Coulomb barrier at 7Li laboratory incident energies of 21.20, 24.30, 25.67, 28.55,
32.55, 37.55, and 42.55 MeV. The experimental results are given in Refs. [31–33].

The energy dependence of the real and imaginary potential depths for the 6He + 209Bi
system, extracted by the CRC and DWBA methods, is shown in Figure 4. In panel (b),
the solid and dashed lines represent piecewise linear fits to the CRC and DWBA results,
respectively. The corresponding curves in panel (a) are the real part trends predicted by the
dispersion relation based on the fitting results in panel (b).

In the CRC calculations, the coupling effects of the first three excited states of 7Li and
the single-neutron transfer channels were taken into account. The results indicate that the
potential parameters obtained by the CRC and DWBA methods are essentially the same,
suggesting that the coupling channel effects may not be significant for this heavy system.
The elastic scattering angular distributions of the 6He + 209Bi system were recalculated
using the extracted potential parameters and compared with the existing experimental
data [34,35]. The results are shown in Figure 5. It can be seen that the potential parameters
obtained by both the CRC and DWBA methods reproduce the experimental data reasonably
well, which verifies the reliability of the potential parameters.

To investigate the energy dependence of the potential parameters, linear fits were
performed on the imaginary potential depths obtained from the CRC and DWBA methods
using piecewise linear functions, with the results shown in Figure 4. It can be observed
that, as the system energy decreases, the imaginary potential depth exhibits an increasing
trend near the Coulomb barrier, indicating an anomalous threshold anomaly [36].
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Figure 4. Energy dependence of the real (a) and imaginary (b) potentials at the sensitive radius of
13.5 fm for the 6He + 209Bi system. The full circles and empty squares denote the CRC and DWBA
results from Refs. [31–33]. Solid and dashed curves in (b) represent the linear segment fitting for the
imaginary potential derived by the CRC and DWBA approaches, respectively. The predictions of the
dispersion relation according to the variations of the imaginary potentials are presented in (a) by the
corresponding curves.

Figure 5. Angular distributions of 6He + 209Bi elastic scattering calculated with OMP parameters
extracted from transfers by the CRC (solid curve) and DWBA (dashed curve) approaches, respectively,
and compared with the experimental data (circles). The figure is taken from [33].
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As the energy further decreases, the imaginary potential depth drops rapidly until
it reaches zero. From this, the reaction threshold energy for the 6He + 209Bi system is
determined to be 0.68VB, marking the first observation of the reaction threshold energy in
a halo nucleus system. Compared with the tightly bound system 16O + 208Pb (threshold
energy of 0.93VB) [37] and the stable weakly bound system 6Li + 144Sm (threshold energy
of 0.81VB) [38], the lower reaction threshold energy of the 6He + 209Bi system further
demonstrates the more diffuse matter distribution of the halo nucleus 6He. Based on the
variation trend of the imaginary part, the energy dependence of the real potential depth was
calculated using the dispersion relation [39], with the results shown as curves in Figure 4a.
The results indicate that the trend of the real depth predicted by the dispersion relation is
inconsistent with the experimental findings. The dispersion relation, grounded in causality,
is generally regarded as a universal principle widely applied in nuclear physics. These
results provide strong evidence that the dispersion relation may not be applicable to exotic
nuclear systems. The underlying physical reasons for this discrepancy warrant further
in-depth investigation.

3.2. Discussions and Brief Summary

This paper proposes a novel method—the transfer reaction method—which utilizes
transfer reactions induced by stable nuclear beams to extract the optical model potential
(OMP) for the exit channel of exotic nuclear systems. Using this method, a systematic study
of the OMP for 6He halo nucleus systems was conducted. Measurements of the single-
proton transfer reactions 11B(7Li,6 He)12C, 63Cu(7Li,6 He)64Zn, and 208Pb(7Li,6 He)209Bi
were performed at the Beijing HI-13 tandem accelerator. The transfer angular distributions
were fitted using both the CRC and DWBA methods to extract the optical potential param-
eters for the exit channel halo nucleus systems 6He + 12C, 6He + 64Zn, and 6He + 209Bi.

Based on the energy dependence of the extracted optical potential parameters, an
abnormal threshold anomaly in the imaginary potential depth near the Coulomb barrier
was clearly observed for the 6He + 209Bi system. Furthermore, a decreasing trend of the
imaginary depth with decreasing energy was observed for the first time in the deep sub-
barrier energy region, allowing for the extraction of the reaction threshold energy for
the 6He + 209Bi system. Concurrently, these results also provide the first evidence that
the causality-based dispersion relation is not applicable to this halo nucleus system. The
underlying physical reasons for this discrepancy require further investigation.

The method of extracting optical potentials for exotic nuclear systems in the exit
channel via transfer reactions offers a novel approach for studying the optical po-
tentials of such systems. The feasibility of this method has been validated in light
(11B(7Li,6 He)12C), medium-mass (63Cu(7Li,6 He)64Zn), and heavy (208Pb(7Li,6 He)209Bi)
systems. This method can be further extended to other systems to enable in-depth and
systematic investigations into the properties of optical potentials for exotic nuclear systems.

4. Study on Reaction Mechanisms of Unstable Proton-Rich Weakly
Bound Nuclei

With the improvement of radioactive beam intensity and quality, the capability to
deeply investigate the complex interplay between nuclear structure and reaction mecha-
nisms in the energy region near the Coulomb barrier has been enhanced. This energy region
serves as a transition zone from classical to quantum regimes, where above-barrier dynam-
ics are governed by classical mechanisms, while below-barrier dynamics are dominated by
quantum mechanisms. In this region, coupled-channel effects are particularly significant,
resulting in complex reaction mechanisms. The study of reaction mechanisms for weakly
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bound nuclei near the Coulomb barrier contributes to a deeper understanding of fundamen-
tal quantum issues, such as continuum coupling and coherence-decoherence mechanisms.

For fusion reactions, the presence of breakup reaction channels can have two distinct
effects. On the one hand, there is a static effect: the loosely bound structure of weakly bound
nuclei lowers the Coulomb barrier of the system, thereby increasing the fusion probability.
On the other hand, there is a dynamic effect: breakup of the projectile during the reaction
process may reduce the incoming flux of projectile ions, consequently suppressing the
fusion probability. In recent years, extensive experimental and theoretical studies have
been carried out on weakly bound nuclear systems on the neutron-rich side, and systematic
trends of fusion cross-sections for weakly bound nuclei in the neutron-rich region have
been preliminarily established [1]: For stable weakly bound nuclei, the total fusion cross-
section exhibits normal behavior, while the complete fusion cross-section is suppressed
at above-barrier energies. In contrast, for unstable weakly bound nuclei, the total fusion
cross-section is characterized by above-barrier suppression and sub-barrier enhancement.
Meanwhile, due to the absence of repulsive Coulomb interaction between the valence
neutron and the target nucleus, neutron transfer serves as the dominant direct reaction
mechanism [30,40,41], demonstrating significant coupling effects on both elastic scattering
and fusion reactions [42–44].

However, compared to neutron halo (skin) nuclei (where breakup fragments are
neutral neutrons), breakup reactions yielding charged fragments play a more significant role
in the fusion process. Unlike weakly bound neutron-rich systems, the Coulomb polarization
effect plays a crucial role in proton-rich reaction systems: due to the Coulomb repulsion
between the valence proton and the target nucleus, the valence proton is polarized to the
side far from the target. Consequently, the core of the projectile acts as a shielding agent,
thereby reducing the probability of proton transfer and increasing the breakup probability,
which subsequently influences other reaction processes such as elastic scattering and
fusion [45–47].

In the proton-rich region, data are scarce and no clear conclusion has been reached.
Currently, only a very limited number of experimental results exist, and they are mainly
concentrated on two nuclei, 8B and 17F. As a proton halo nucleus, 8B has a proton breakup
threshold of only 138 keV. 17F is a proton drip-line nucleus with a proton breakup threshold
of 600 keV, and its first excited state is considered to have a proton halo structure. In terms
of elastic scattering, the angular distributions of 8B [48–50] and 17F [51–53] with various
target nuclei do not show significant suppression of the Coulomb rainbow; meanwhile,
Continuum-Discretized Coupled-Channels (CDCC) calculations indicate that the effect
of the breakup continuum on elastic scattering is not significant. Regarding breakup
reactions, for the 8B system, only inclusive breakup results are currently available, such as
8B + 64Zn [49] and 208Pb [54]; CDCC theoretical calculations suggest that elastic breakup
may be the dominant direct reaction mechanism for 8B.

Liang et al. conducted relatively detailed studies on the Coulomb breakup of the
17F + 208Pb system at above-barrier energies [55–57]. By performing both coincidence
measurements of breakup fragments 16O and protons, and inclusive measurements, the ex-
clusive (16O-proton coincidence) and inclusive (16O) breakup reaction angular distributions
were obtained, respectively. Further theoretical analysis indicates that single-proton strip-
ping is the dominant breakup mechanism. Regarding fusion reactions, current results in
the proton-rich region are inconsistent: Aguilera et al. observed a significant enhancement
of the fusion cross-section at above-barrier energies for the 8B + 58Ni system [58]; however,
the 8B + 28Si [59] and 40Ar [60] systems exhibit suppression of the fusion cross-section
at above-barrier energies. For 17F, experimental results on fusion reactions are currently
available only for the 17F + 208Pb system [61], whose fusion cross-section trend closely
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resembles that of 16O + 208Pb, indicating that the valence proton structure of 17F does not
produce a discernible effect on the fusion process.

It is evident that the reaction mechanisms of weakly bound nuclei in the proton-rich
region, particularly the influence of breakup channels on fusion reactions and the dynamics
of the breakup process itself, remain important issues to be resolved. To address this, we
performed complete kinematics measurements for the 8B + 120Sn [62] and 17F + 58Ni [63]
systems at the CRIB (Center for Nuclear Study Radioactive Ion Beam Separator) of the
University of Tokyo, aiming to gain a deeper understanding of the reaction dynamics of
proton drip-line nuclei at near-barrier energies.

4.1. Complete Kinematics Measurement of the 8B + 120Sn System

The experiment was carried out at the CRIB facility. The secondary 8B beam was
produced by bombarding a liquid-nitrogen-cooled 3He gas target with a 11.2 MeV/nucleon
primary 6Li beam. After purification by CRIB, the intensity of the secondary 8B beam was
approximately 104 particles per second with a purity of about 20%. The main contaminants
were 7Be and 3He. By using an aluminum degrader, 8B beams at two energies around
the Coulomb barrier (VB∼38 MeV) were obtained, namely 38.7 ± 0.5 and 46.1 ± 0.6 MeV
(energies at the center of the 120Sn target). The 120Sn target was a self-supporting isotopically
enriched foil with a thickness of 2.7 mg/cm2 and a purity of about 97%. Two parallel plate
avalanche counters (PPACs) were placed in front of the target to reconstruct the beam
trajectory and determine the reaction position on the target. Reaction products were
detected using the STARE (Silicon Telescope Array for Reactions induced by Exotic nuclei)
detector array [64]. A schematic view of the array is shown in Figure 6. The array consists
of ten silicon telescope units. Each unit comprises three layers of silicon detectors: the first
layer is a double-sided silicon strip detector (DSSD) with a thickness of 40–60 µm, providing
position and energy information of the reaction products; the subsequent two layers are
quadrant silicon detectors (QSD) with thicknesses of 300 and 1500 µm, respectively, used to
stop light reaction products. Each detection unit is located approximately 70 mm from the
target, resulting in a compact configuration with a large solid angle coverage (∼40% of 4π),
enabling high-efficiency coincidence measurements. Based on the ∆E-E two-dimensional
spectra and time-of-flight (TOF) information, scattered 8B, as well as reaction products such
as 7Be and protons, can be clearly identified [62].

Figure 6. Schematic view of the STARE silicon detector array.

The elastic scattering angular distribution of the 8B + 120Sn system at 38.7 MeV is
shown in Figure 7a. The experimental data do not exhibit significant suppression of the
Coulomb rainbow. The CDCC calculation results for the elastic scattering angular distri-
bution are shown by the solid curve in the figure, which reproduce the experimental data
reasonably well. Details of the CDCC calculations can be found in Ref. [62]. The dashed

https://doi.org/10.3390/particles9020048

https://doi.org/10.3390/particles9020048


Particles 2026, 9, 48 12 of 22

curve represents the one-channel calculation results without coupling to continuum states.
A comparison reveals that the coupling effects of continuum states lead to a certain suppres-
sion of the Coulomb rainbow; however, this effect is not as pronounced as that observed in
neutron-halo nuclear systems. The results at 46.1 MeV lead to the same conclusion.

Figure 7. Angular distributions of (a) elastic scattering and (b) 7Be production for the 8B + 120Sn
system at an incident energy of 38.7 MeV. In (a), the squares represent the experimental data, while
the solid and dashed curves denote the CDCC and one-channel calculation results, respectively.
In (b), the stars and diamonds correspond to the 7Be angular distributions obtained from coincidence
and inclusive measurements, respectively. The solid curves represent the CDCC calculation results.
The figure is adapted from Ref. [62].

For the coincidence measurement of the 8B + 120Sn system, the coincidence detection
efficiency of the STARE array for breakup fragments must first be determined. In this work,
based on the five-dimensional differential cross-section dσdΩ7BedE7BedΩp from CDCC
calculations, combined with Markov Chain Monte Carlo (MCMC) sampling, the energy
E7Be and angle θ7Be of the breakup fragment 7Be, as well as the emission angles θp and φp

of the proton, were sampled from the multi-dimensional parameter space. Assuming the
azimuthal angle φ of 7Be emission to be isotropic, the energy Ep of the emitted proton was
then obtained from the energy and momentum conservation of the breakup fragments.
Thus, the complete kinematic information of the two breakup fragments, 7Be and proton,
was derived. By incorporating the geometry of the STARE detector array, the coincidence
detection efficiency was determined. The 7Be angular distribution at an incident energy of
38.7 MeV is shown in Figure 7b, where the stars and diamonds represent the experimental
results from coincidence and inclusive measurements, respectively. It can be observed that,
within the experimental uncertainties, the two sets of data are essentially consistent. This
provides the first experimental evidence indicating that the 7Be production mechanism for
the proton halo nucleus 8B is dominated by breakup reactions rather than transfer reactions.
The CDCC calculation results for the breakup process are also shown in Figure 7b as the
solid curve. It is evident that CDCC reproduces the experimental data reasonably well,
suggesting that the breakup mechanism for the 8B + 120Sn system is predominantly elastic
breakup. The results at 46.1 MeV lead to the same conclusion.

This result is consistent with the measurements for the 8B + 64Zn [49] and 208Pb [54]
systems. Although the results for these two systems were obtained from inclusive mea-
surements, the CDCC calculations reproduce the 7Be angular distributions reasonably well.
The study indicates that, from light to heavy target regions, the direct reaction mechanism
for the proton halo nucleus 8B is predominantly elastic breakup.

The correlation results of the breakup fragments 7Be and proton for the 8B + 120Sn
system at an incident energy of 38.7 MeV are shown in Figure 8. Figure 8a presents the
relative kinetic energy spectrum reconstructed from the energy correlation of the breakup
fragments, which reflects the above-threshold states (resonant or continuum states) through
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which 8B undergoes breakup. The solid curve in the figure represents the simulation result
based on the five-dimensional CDCC differential cross-section combined with the STARE
geometry. It can be seen that the simulation reproduces the experimental data reasonably
well, demonstrating the rationality and reliability of the simulation process. Meanwhile, the
experimental data exhibit a peak at around 700 keV, which corresponds precisely to the first
resonant state of 8B (Ex = 0.77 MeV, Jπ = 1+, Γ = 35.6 keV). To investigate the contribution
of this resonant state, a simulation was performed based on CDCC calculations for this state,
with the result shown as the dashed curve in Figure 8a. It is evident that the contribution
of the 1+ resonance is small, accounting for only about 4% of the total 7Be yield. Similar
conclusions are obtained at the energy of 46.1 MeV. Among the above-threshold states of 8B,
only the first resonant state has a relatively long lifetime. Therefore, this result indicates that
the breakup of 8B is dominated by a prompt breakup mechanism. The angular correlation
of the breakup fragments for the 8B + 120Sn system at 38.7 MeV is shown in Figure 8b. Here,
θ12 is the opening angle between the two fragments in the laboratory frame, and β is the
azimuthal angle of the fragments in the 8B center-of-mass frame. The solid circles represent
the experimental data, and the squares denote the simulation results based on the CDCC
output. It can be observed that the simulation describes the structure of the experimental
data reasonably well.

Figure 8. (a) Relative energy spectrum and (b) angular correlation spectrum for the 8B + 120Sn system
at an incident energy of 38.7 MeV. In (a), the solid circles represent the experimental data, while the
solid and dashed curves denote the simulation results considering l from 0 to 3 and the 1+ resonance
state with l = 1, respectively. In (b), the solid circles are the experimental data, and the squares
represent the simulation results. The dashed curve corresponds to the simulation result for the 1+

resonance state. The figure is adapted from Ref. [62].

The dashed curve represents the theoretical calculation for the first 1+ resonant state.
It can be observed that most of the experimental data deviate from this curve, once again
indicating that the contribution of the 1+ resonance is small. On the other hand, θ12 is pri-
marily concentrated at small angles, peaking around 30◦. From a classical perspective [62],
a smaller θ12 suggests that the breakup occurs predominantly on the outgoing trajectory, i.e.,
during the departure from the fusion barrier. Therefore, combining the energy and angular
correlations of the breakup fragments leads to the conclusion that the breakup of the proton
halo nucleus 8B is dominated by a prompt breakup mechanism on the outgoing trajectory.
In this scenario, the breakup process of 8B is not expected to significantly influence complete
fusion reactions. For the measurements on the 8B + 64Zn [49] and 208Pb [54] systems, only
inclusive measurements were performed, which cannot provide correlation information
between the breakup fragments. It is evident that complete kinematics measurements are
the only way to gain an in-depth understanding of the reaction mechanisms of unstable
nuclei, especially the breakup mechanism.
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4.2. Complete Kinematics Measurement of the 17F + 58Ni System

The experiment was also carried out at the CRIB facility of the University of Tokyo. A
6.6 MeV/u 16O primary beam was used to produce 17F via bombardment of a D2 gas target.
The thickness of the secondary 58Ni target was 1.0 mg/cm2. By using aluminum degraders
of different thicknesses and varying the pressure of the D2 gas target, 17F secondary beams
at four energies were generated: 43.6 ± 0.7, 47.5 ± 0.7, 55.7 ± 0.8, and 63.1 ± 0.9 MeV. The
beam intensity and purity reached 6–10 × 105 particles per second and 85%, respectively.
Compared to the 8B system, the direct reaction product of the 17F system is primarily 16O,
which is heavier. Moreover, as the measurements were performed at near- and sub-barrier
energies, the products have lower energies. Consequently, low-energy 16O ions may deposit
all their energy in the thin silicon detector, making particle identification impossible with
a silicon telescope alone. In this scenario, a gas detector must be considered as the first
∆E layer. To address the specific characteristics of the reaction products in the 17F system,
the MITA (Multilayer Ionization-chamber Telescope Array) detector array, based on an
ionization chamber combined with silicon detectors, was designed [65].

The array consists of 10 independent detection units, with a schematic diagram of each
unit shown in Figure 9a. Each unit comprises a front-end ionization chamber (IC) followed
by three layers of silicon detectors: the first layer is a double-sided silicon strip detector
(DSSD) with a thickness of 40–60 µm, and the subsequent two layers are thick quadrant
silicon detectors (QSD) with thicknesses of 300 and 1500 µm, respectively. The detection
units are placed symmetrically around the target, with central angles of each unit at ±22.8◦,
±56.4◦, ±90◦, ±123.6◦, and ±157.2◦. The solid angle coverage is close to 8% of 4π. Heavy
ions can be identified using the telescope composed of the IC and the DSSD, while light
charged particles are identified via the three-layer silicon detector stack. Therefore, based
on MITA, simultaneous identification of both heavy and light reaction products for the
17F + 58Ni system can be achieved at near-barrier energies [65].

Figure 9. MITA detector array. The MITA array consists of ten independent units. (a) Schematic view
of a single unit, which includes a front-end ionization chamber (IC) followed by three layers of silicon
detectors, labeled D1, D2, and D3, respectively. (b) Photograph of the MITA array. Adapted from
Ref. [65].

The quasi-elastic scattering angular distributions measured at four energies are shown
as open squares in Figure 10. Due to the beam energy spread, events from the inelastic
excitation of 17F to its first excited state (Ex = 0.49 MeV, Jπ = 1/2+) could not be resolved
experimentally; therefore, the obtained angular distributions are quasi-elastic. Similar to the
results for the 8B + 120Sn system, the quasi-elastic angular distributions of 17F + 58Ni do not
exhibit significant suppression of the Coulomb rainbow. The CDCC and no-coupling (No-
CC) calculations are shown by the thin solid and dashed curves in Figure 10, respectively. It
can be seen that the difference between them is small, and both reproduce the experimental
quasi-elastic angular distributions reasonably well, indicating that the coupling effects of
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the breakup continuum on elastic scattering are not significant. The exclusive and inclusive
breakup angular distributions are shown as stars and solid circles in Figure 10, respectively.
To further understand the breakup process in the 17F reaction, the elastic breakup (EBU)
angular distribution was calculated using CDCC, while the non-elastic breakup (NEB)
angular distribution was calculated using the IAV model [66]; these are shown as the thick
dash-dotted and dashed curves in Figure 10, respectively. The total breakup (TBU) process,
being the sum of EBU and NEB, is represented by the thick solid curve in Figure 10, which
corresponds to the inclusive breakup results. It is observed that the experimental data from
both coincidence and inclusive measurements are well reproduced by the theoretical EBU
and TBU calculations. Moreover, within the measured energy range, non-elastic breakup is
found to be the dominant breakup process.

Figure 10. Angular distribution results for the 17F + 58Ni system at (a) Elab = 43.6 MeV, (b) Elab =

47.5 MeV, (c) Elab = 55.7 MeV and (d) Elab = 63.1 MeV. The open squares, stars, and solid circles
represent the quasi-elastic scattering, exclusive breakup, and inclusive breakup angular distributions,
respectively. The thin solid and dashed curves correspond to the CDCC and no-coupling (No-CC)
calculation results, respectively, where the coupling to the breakup continuum is omitted. The thick
dash-dotted and dashed curves represent the CDCC and IAV model calculations for elastic breakup
(EBU) and non-elastic breakup (NEB), respectively. Their sum, representing the total breakup (TBU)
process, is shown by the thick solid curve. Adapted from Ref. [63].

On the other hand, the total fusion cross-sections were extracted by measuring fusion
evaporation protons and α particles. The results are shown in Figure 11 and compared
with the fusion excitation function for the 16O + 58Ni system [67]. To facilitate comparison
between different systems, the experimental data were reduced according to the UFF (Uni-
versal fusion function) method [68]. As can be seen from the figure, for the above-barrier
energy region, the trends of the reduced results for the 17F and 16O reaction systems are
essentially consistent. However, in the sub-barrier energy region, the reduced fusion cross-
sections for 17F exhibit an enhancement compared to those for 16O. To understand this
phenomenon, the total fusion cross-sections for the 17F + 58Ni system were calculated using
CDCC. In the calculations, the total fusion cross-sections were obtained by introducing a
short-range imaginary potential. This imaginary potential adopts the Woods–Saxon form.
For the 16O + 58Ni and p + 58Ni systems, the potential depths are 100 and 50 MeV, the
reduced radii are 0.7 and 0.5 fm, and the diffuseness parameter is 0.1 fm, respectively,
ensuring that this short-range potential is located inside the Coulomb barrier. The real part
of the optical potential for 16O + 58Ni was obtained by reproducing the Coulomb barrier
shape of this system [67]; for p + 58Ni, the real potential adopted the KD02 global optical po-
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tential [69]. The calculation results indicate that the enhancement of the fusion cross-section
for 17F in the sub-barrier region is mainly due to the coupling effects of the continuum
states, and this effect becomes increasingly significant as the energy decreases [63]. This
conclusion is not entirely consistent with the results for the 17F + 208Pb system [61]. For
the 17F + 208Pb and 19F + 208Pb systems, the total fusion cross-sections in the above-barrier
region are essentially the same. However, in the sub-barrier region, 17F + 208Pb exhibits
a suppression trend in the fusion cross-section compared to 19F + 208Pb [61]. Therefore,
the coupling effects of the continuum states in the 17F system with heavy targets require
further investigation [63].

Figure 11. Fusion excitation functions for the 17F + 58Ni and 16O + 58Ni systems. The stars and
triangles represent the reduced fusion cross-sections for 17F + 58Ni and 16O + 58Ni, respectively. The
solid curve shows the UFF theoretical calculation, serving as a reference standard. Adapted from
Ref. [63].

To further investigate the differences in reaction dynamics among unstable weakly
bound nuclei, the ratio of the breakup cross-section to the total reaction cross-section for
various systems is plotted as a function of the breakup threshold in Figure 12. It can be
clearly seen that the breakup probability increases as the breakup threshold decreases.
Interestingly, the neutron-rich and proton-rich systems clearly separate into two distinct
trends: under the same breakup threshold, proton-rich systems exhibit a lower breakup
probability compared to neutron-rich systems. This is primarily due to the additional
Coulomb barrier between the valence proton and the core nucleus, which does not exist for
valence neutrons. Therefore, unlike neutron halo nuclei, the effective breakup threshold for
proton halo nuclei should be the sum of the proton separation energy between the valence
proton and the core nucleus and the height of the Coulomb barrier. Currently, experimental
data on unstable weakly bound nuclei, especially halo nuclei, are still scarce. To gain a
more systematic and comprehensive understanding of the differences between neutron-
and proton-halo reaction systems, further studies from both experimental and theoretical
perspectives are urgently needed.

4.3. Brief Summary

Complete kinematics measurements for the proton drip-line nuclei 8B + 120Sn and
17F + 58Ni systems were carried out at near-barrier energies at the CRIB facility. Dedicated
detector arrays were designed according to the characteristics of the reaction products from
different systems to achieve comprehensive identification and high-efficiency measure-
ments. For the proton halo nucleus 8B + 120Sn, coincidence measurements of the breakup
fragments 7Be and proton were achieved for the first time, and the complete breakup
process was reconstructed through energy and angular correlations. In data analysis, a
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Monte Carlo simulation framework based on CDCC was developed, enabling a microscopic
description of the breakup process and further revealing the prompt breakup mechanism
for the proton halo nucleus 8B in the exit channel. Consequently, the breakup of 8B does
not significantly affect the complete fusion process. For the 17F + 58Ni system, information
on all reaction channels, including quasi-elastic scattering, breakup, and fusion, was ob-
tained for the first time. The results indicate that the direct reaction mechanism for 17F is
dominated by non-elastic breakup processes. Meanwhile, an enhancement of the fusion
cross-section was observed for the 17F + 58Ni system in the sub-barrier region. CDCC calcu-
lations suggest that this enhancement is mainly due to the coupling effects of the breakup
continuum, which become more significant as the energy decreases. Therefore, to clarify
the influence of continuum coupling effects on reaction dynamics, further experimental
measurements for 17F in the deep sub-barrier region are necessary. Moreover, whether such
effects exist for other proton drip-line nuclei, especially proton halo nuclei, warrants further
experimental investigation. On the other hand, the differences in reaction mechanisms,
particularly the direct reaction dynamics, between 8B and 17F further demonstrate the
influence of the proton halo structure on the reaction process. The ground state of 8B pos-
sesses a proton halo structure with an extremely low proton separation energy and a very
loose configuration, leading to elastic breakup as the dominant direct reaction process. In
contrast, the ground state of 17F consists of a 16O core plus a valence proton, with a proton
separation energy approximately three times that of 8B. In this structure, the probability of
elastic breakup for 17F is reduced, and the direct reactions are dominated by non-elastic
breakup processes such as transfer and incomplete fusion. Currently, experimental data
on the reaction mechanisms of proton halo nuclei at near-barrier energies remain scarce.
Therefore, more related experimental studies are needed to accumulate data and deepen
the understanding of the reaction dynamics of proton halo systems.

Figure 12. Ratio of the breakup cross-section to the total reaction cross-section as a function of the
breakup threshold. Solid symbols represent proton-rich weakly bound nuclei, while open symbols
represent neutron-rich weakly bound nuclei. Data for the 6He + 209Bi system are taken from Ref. [34];
for 11Li + 208Pb from Ref. [70]; for 11Be + 197Au from Ref. [71]; and for 11Be + 208Pb from Ref. [72].
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5. Summary and Outlook
Over the past decades, our research group has focused on experimental investigations

of nuclear interactions and reaction dynamics for exotic nuclear systems at energies around
the Coulomb barrier.

Our team has systematically investigated the exotic structures and decay dynamics
of nuclei near the particle emission threshold. Using transfer reactions and DWBA/ANC

analyses, we confirmed the first excited neutron halo state (13C) on the β-stability line and
identified new halo states in 12B. Total reaction cross-section measurements revealed proton
halo nuclei 27P and 29S, with a novel core enlargement phenomenon observed in 27P and 28P.
Theoretically, we established necessary conditions for halo formation and delineated the
existence region for proton halos. Regarding two-proton correlated emission, we observed
2He cluster emission from highly excited states of 17,18Ne and 28,29S, with 29S being only the
second such case internationally. In β-delayed decay studies, we discovered a new decay
mode, β-delayed two-proton (β2p) emission, in 22Si and determined its mass for the first
time. Significant isospin-symmetry breaking was observed in decays of 20Mg, 22Si, and 27S.
Complete decay schemes for 27S and 26P provided key nuclear astrophysics data addressing
the overabundance of 26Al in the Galaxy. These systematic investigations have significantly
deepened our understanding of structural evolution and reaction dynamics in exotic
nuclear systems. In our study of nuclear interactions, we systematically investigated the
optical model potential for the neutron-halo nucleus 6He using the transfer reaction method.
Notably, it was found that the dispersion relation is not applicable in the 6He + 209Bi system,
and the underlying physical mechanism remains unclear.

Investigating the reaction mechanisms of exotic nuclear systems at near-barrier ener-
gies is the core focus of our work. To deeply analyze the reaction dynamics induced by such
weakly bound nuclei, complete kinematics measurements have become the only feasible
analytical approach. To this end, we have developed various detector arrays, including the
STARE array (for light particles) used in the 8B + 120Sn experiment, and the MITA array
(for heavy particles) used in the 17F + 58Ni experiment. The coincidence measurement
results for 8B and 17F highlight the critical role of nuclear structure in reaction dynamics.
For the proton-halo nucleus 8B, elastic breakup was identified as the dominant direct
reaction channel. In contrast, for 17F, which has a valence proton structure and a higher
proton separation energy, inelastic breakup becomes the dominant process. A striking
observation is that, at a given breakup threshold, the breakup probability of proton-rich
nuclei is actually lower than that of neutron-halo nuclei, which may be attributed to the
additional Coulomb interaction between the proton and the core/target.

Furthermore, for fusion reactions induced by these unstable nuclei, an enhancement in
the total fusion cross-section was observed in the 17F + 58Ni system below the Coulomb bar-
rier. CDCC calculations attribute this enhancement primarily to couplings to the breakup
continuum states of 17F. For 8B, despite its higher breakup probability, correlations be-
tween breakup fragments suggest that breakup effects do not significantly suppress com-
plete fusion. Currently, fusion cross-sections for unstable nuclei are mainly inferred from
fusion–evaporation protons and alpha particles, introducing significant model dependence
and uncertainties. Identifying complete and incomplete fusion contributions remains a
major challenge. We propose developing a direct measurement technique using an electro-
static or magnetic deflection system at 0◦ to measure fusion-evaporation residues directly,
enabling more reliable cross-section determination. Integrating this system with a high-
efficiency detector array for breakup fragments will allow us to obtain correlations between
breakup fragments and fusion-evaporation residues. This integrated approach offers a
unique opportunity to effectively identify complete and incomplete fusion channels, pro-
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viding a promising avenue for comprehensively exploring fusion dynamics, particularly
for proton-rich nuclear systems.
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