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Abstract. Reactions of weakly bound stable and unstable nuclei have been extensively investigated for several
decades. Unique structural effects and breakup mechanisms of weakly bound nuclei have consistently been
focal points in the research of nuclear physics, especially at energies around the Coulomb barrier. This paper
will review the recent experimental researches performed by the Nuclear Reaction Group at the China Institute
of Atomic Energy on weakly bound nuclear reactions in the near-barrier energy region. A anomalous threshold
phenomenon in the optical potentials of the ®He + 2°Bi system has been observed. Results indicate that the
dispersion relation cannot describe the relation between the real part and imaginary part of the optical potential.
Moreover, breakup mechanisms of stable weakly bound nuclei %’Li as well as proton-rich nuclei '’F and 8B
have been studied. The similarities and differences in breakup mechanisms and their effects are discussed.

1 Introduction

In recent years, with the improvement of the quality of ra-
dioactive beams and the upgrade of detection techniques,
there has been a great interest in the study of nuclear re-
action mechanisms induced by weakly bound nuclei in the
Coulomb barrier energy region. It is widely known that the
average binding energy per nucleon in a typical nucleus is
about 8 MeV, forming a tightly bound nuclear structure.
Howeyver, there also exist exotic nuclei where nucleons are
weakly bound to each other, such as °Li and °Be, and their
separation energy is generally less than 5 MeV(the sepa-
ration energy of ®Li is 1.474 MeV and that of °Be is 1.665
MeV ). Accordingly, such nuclei are called weakly bound
nuclei. Their weakly bound nature is of great importance
for understanding nuclear structure [1-4], nuclear poten-
tial [5, 6], and reaction dynamics [7, 8]. The reaction
mechanisms within the energy region of the Coulomb bar-
rier for weakly bound nuclear systems are quite complex
compared to tightly bound nuclei. An important feature
of weakly bound nucleus-nucleus collisions is the high
probability of breakup, which leads to the formation of
many-body open quantum systems (OQSs). In collisions
of weakly bound nuclei, the breakups and threfore cou-
plings to continuum states have to be considered. Such
coupling effects strongly influence the reaction dynamics,
which is particularly significant in the energy region near
the Coulomb barrier. Studying the breakup mechanism,
especially in the energy region near the Coulomb barrier,
contributes to a deeper understanding of the dynamics of
0Qs.
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Furthermore, the characteristic of high breakup proba-
bility in weakly bound nuclei also have an impact on the
energy dependence of their interaction optical potential
(OP). It is widely recognized that for tightly bound nu-
clei in the energy region near the Coulomb barrier, as the
incident energy decreases, there is a localized peak in the
real part of the potential accompanying a rapid decrease
in the imaginary part. This phenomenon is called "thresh-
old abnormaly" (TA) [9-11]. This situation may change
for weakly bound nuclei. The breakup probability of these
nuclei is still large at energies below the Coulomb barrier.
Therefore, the net polarization potential in the scattering
of weakly bound nuclei not only includes an attractive po-
tential caused by the coupling of the elastic channel with
inelastic excitation and other direct reactions, but also con-
tains a repulsive potential due to the breakup process. The
usual TA can still be observed if the attractive potential
is dominant. However, if the repulsive potential predom-
inates, an anomalous behavior will be observed for such
systems [12—16]: as the incident energy decreases below
the barrier, the depth of the imaginary potential will not
decrease to zero quickly, but show an increasing trend.
We refer to this phenomenon as the anomalous thresh-
old anomaly (ATA). Additionally, the dispersion relation
seems to be difficult to apply to the real and imaginary
parts of the OP in weakly bound nuclei systems.

This article will briefly review the research achieve-
ments of the nuclear reaction group of the China Institute
of Atomic Energy in the field of weakly bound nuclei reac-
tions in the near-barrier energy region in recent years, from
two aspects: the optical potential of weakly bound nuclear
systems and the breakup mechanism of weakly bound nu-
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clei. Additionally, it will provide a future outlook for de-
velopment directions.

2 Optical model potentials of weakly
bound nuclear systems

The optical model potential (OMP) is extensively em-
ployed to describe the interaction of nuclear collisions.
In general, OMPs are extracted by fitting angular distri-
butions of elastic scattering. However, in the region of
energies near and below the barrier, the angular distribu-
tions become featureless and it is difficult to obtain ef-
fective information. Therefore, we proposed an original
method [17] for studying the OMPs of weakly bound nu-
clear systems by transfer reactions, which can yield fairly
precise results. This method utilizes transfer reactions in-
duced by stable nuclear beams as probes, extracting the
OMP parameters of the system in the exit channel by fit-
ting the angular distribution of the transfer reactions. The
sensitivity of this method has been investigated theoreti-
cally [18], and the reliability was confirmed experimen-
tally in the previous works [19, 20].
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Figure 1. Angular distributions of 2Pb(’Li, °He)** Bi reactions
for proton transferred to different states of 2Bi. The figure is
taken from [21].

Based on the transfer reaction method, for the first
time, we have precisely determined the reaction threshold
of the neutron halo nuclear system °He + 2®Bi through
the single-proton transfer reaction 208pp("Li, “He)*"Bi,
clearly revealing the ATA phenomenon [19, 21]. Two
experiments have been done at HI-13 tandem accelera-
tor. Reaction energies in the laboratory frame were 21.20,

24.30, 25.67, and 28.55 MeV for the low-energy experi-
ment, and were 42.55, 37.55, 32.55, 28.55, 25.67 MeV for
the high-energy case. Angular distributions of transfer re-
actions at some typical energies are shown in Fig. 1. It can
be seen that as the reaction energy decreases, the number
of final excited states that can be confidently determined
is reduced. At lower energies of 21.20 and 24.30 MeV, re-
spectively, only the ground state and the first excited state
of 2PBi resulting from the process of one proton transfer
from "Li to 2%8Pb could be observed. To extract the OMP
parameters of the exit channel, the coupled reaction chan-
nels (CRC) approach was applied to fit the experimental
data with the code FRESCO [22], and the fitting results
are shown in Fig. 1 by the solid curves.

The energy dependencies of the real and imaginary
potentials at the sensitivity radius 13.5 fm are shown in
Fig. 2. As shown in this figure, a strong energy depen-
dence is observed for both the real and imaginary poten-
tials. For the real part, it exhibits a bell-shaped structure
near the barrier(Vg ~ 20 MeV in the center of mass sys-
tem), which also can be obvserved in tightly bound nuclear
systems. For the imaginary part, the strength increases first
as the reaction energy decreases in the sub-barrier region.
Such behavior is referred to as ATA. Moreover, in the deep
sub-barrier region, the decreasing trend in the imaginary
part is observed for the first time, and the threshold energy
is determined as 13.73 MeV (~0.68Vp). The low threshold
energy may be attributed to the extended matter distribu-
tion and small binding energy of the halo nucleus ®He.

Using the linear schematic model [11], we obtained
the predicted curve for the dispersion relation, which are
depicted with a red solid line in Fig. 2. Comparison with
the experimental results clearly shows that the dispersion
relation for ®He + 2%®Bi does not hold true, which might
be a common phenomenon in systems involving exotic
nuclei [12, 13, 23]. The dispersion relation is derived
from causality, hence the non-applicability of the disper-
sion relation is an extremely anomalous phenomenon. Al-
though there have been some possible explanations for this
anomaly [21, 24], further study is required to discover the
underlying physics.

3 Breakups of weakly bound nuclei
3.1 Breakup reactions of stable nuclei: %Li + 2Bi

In many fusion experiments involving weakly bound sta-
ble nuclei, such as °Li and "Li, the complete fusion (CF)
cross-section above the barrier energy obtained from the
experiments is reduced by about 30% compared to the
cross-section calculated by the coupled channels model.
This suppression of CF is closely related to the appearance
of incomplete fusion products [25-30]. Weakly bound nu-
clei have a lower breakup threshold, and they are more
likely to break apart into fragments, which can then be
absorbed by the target nucleus to form incomplete fusion
products. So, this suggests that the CF suppression is
caused by the breakup of weakly bound nuclei. In order
for us to better understand the breakup effect of weakly
bound nuclei on the suppression of complete fusion, our
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system. the solid curve in (b) shows the fitting for the imaginary
potential, and the prediction of the dispersion relation according
to the variation of the imaginary potential is represented in (a) by
the solid curve. The figure is taken from [21].

importance of delayed breakup increases with increasing
incident energy.

group conducted a detailed study of the relative probabil-
ity of exclusive breakup channels in the Li + 2®Bi re- a
action at energies around and above the Coulomb barrier
(30, 40, and 47 MeV) [31]. Through the relative ener-
gies of the breakup fragments, different breakup compo-
nents (prompt breakups and delayed breakups) and vari-
ous breakup modes (@ + p, @ + d, @ + t and @ + «) are
distinguished. The relative contributions of the observed
breakup modes to the total breakup and prompt breakup
respectively are shown in Fig. 3.
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Through this work, rich information on breakups of
67Li+2%Bi was obtained experimentally, which requires a
unified theory to comprehensively understand the dynam-
ics and its influences.

3.2 Breakup reactions of proton-rich nuclei: ''F +
N, 8B + 12°Sn

For proton-rich nuclei, there are currently only a few ex-
perimental research results available. Therefore, the reac-
tion mechanism of proton-rich nuclei in the near-barrier
energy region is an unexplored blank area that urgently
needs to be investigated. Currently, the research mainly
focuses on the two nuclei, 3B and '"F. We have conducted
full kinematic measurements for these two proton-drip nu-
clei at the Center for Nuclear Study Radioactive lon Beam
separator (CRIB) at the University of Tokyo, Japan [32—
34].
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Figure 5. Angular distributions of quasi-elastic scattering (open
squares), exclusive (stars) and inclusive (solid circles) breakup
reactions of "F+°%Ni at 43.6 MeV (a), 47.5 MeV (b), 55.7
MeV (c) and 63.1 MeV (d). The thin solid, dashed and dotted-
dashed curves represent the CDCC calculations, CDCC calcula-
tions without the couplings from the continuum states and cou-
pled channel fitting results. The thick dotted-dashed and dashed
curves denote the CDCC and IAV calculation results, which are
responsible for the EBU and NEB. The thick solid curve is the
sum of EBU and NEB results, i.e., the TBU. The results are taken
from [33].

Measurements have been carried out for the '"F+3Ni
system at four energy points in the near-barrier energy re-
gion, 43.6 MeV, 47.5 MeV, 55.7 MeV, and 63.1 MeV. For
the first time, complete identification of reaction products
in the near-barrier energy region for the '"F interacting
with a light target nucleus has been achieved, allowing the
extraction of almost complete reaction channel informa-
tion, such as the quasi-elastic scattering angular distribu-
tion, breakup reaction angular distribution, and total fu-
sion reaction excitation function. The quasi-elastic scatter-
ing angular distribution, exclusive and inclusive breakup
angular distributions obtained from the experiment are
shown in Fig. 5. For quasi-elastic scattering, the results

from the continuum discretized coupled-channels (CDCC)
method and the calculation without considering the cou-
pling to continuum states are shown by the solid and
dashed lines, respectively, in Fig. 5. For elastic breakup
(EBU) and non-elastic breakup (NEB) angular distribu-
tions, calculations were performed using the CDCC and
Ichimura, Austern and Vincent (IAV) model [35], with the
results shown by the bold dashed and dot-dash lines in
Fig. 5. The sum of these two represents the total breakup
(TBU) process, corresponding to the inclusive measure-
ment, i.e., the inclusive breakup result. It can be seen
that the theoretical EBU and TBU are able to reproduce
the exclusive and inclusive experimental data quite well.
Moreover, within the measured energy range, NEB is the
dominant breakup process.
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Figure 6. Measured relative energy (E,) distribution (a) and an-
gular correlation (b) for breakup fragments "Be and p from the
*B+!20Sn system at 38.7 MeV: circles denote the experimental
data, the solid and dashed curves in panel (a) represent the sim-
ulated distributions of E, and the contribution of the p-wave
1*state; the squares in panel (b) show the simulation results, and
the solid curve denotes the expected 8 — 6}, correlation assuming
asymptotic breakup from the 1* resonance of ®B. The figures are
taken from [32].

For the proton-halo nucleus 3B+!2Sn system, mea-
surements were carried out at two energies of 38.7 MeV
and 46.1 MeV near the barrier [34]. For the first time, the
correlation between the proton-halo nucleus 8B breakup
fragments has been derived. The breakup angular distribu-
tion indicates that the EBU is the primary mechanism for
producing "Be, providing exact evidence that the breakup
is the main direct reaction process. Moreover, through the
energy and angle correlations between the breakup frag-
ments (Fig. 6), the complete breakup process has been re-
constructed. In terms of data analysis, based on the CDCC
combined with the Markov Chain Monte Carlo method,
the microscopic description of the breakup and the contin-
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uum state coupling effects has been achieved. The results
show that: The breakup of B via the 1* resonant state ac-
counts for only 4% of the total breakup cross section; the
breakup of ®B is primarily a prompt process occurring in
the outgoing trajectory.

4 Summary and outlook

We introduced the recent researches of the nuclear reaction
group at the China Institute of Atomic Energy on weakly
bound nuclear reactions. For the study of nuclear interac-
tion, the anomalous threshold behavior in the *He+2%°Bi
system was observed, where the dispersion relation is not
applicable. Additionally, the researches on the breakup
mechanisms of stable nuclei °Li and 7Li, as well as proton-
drip nuclei 8B and !"F, were also reviewed. Furthermore,
we continue to expand and delve deeper into the existing
research content, such as the optical potential study of the
Li+2%8Pb system in the deep sub-barrier and the breakup
mechanisms of "Be. These studies will provide valuable
opportunities for a systematic and comprehensive under-
standing of the reaction dynamics of weakly bound nuclei
and promote the development of nuclear reaction theory.
Without a doubt, more systems with exotic nuclei are re-
quired to understand the dynamics of open quantum sys-
tems.
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