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Abstract. This work briefly introduces our recent studies on reactions induced by proton drip-line nuclei, *B
and '"F, at energies around the Coulomb barrier. Using detector arrays with large solid-angle coverage, the
complete kinematics measurements were performed for systems of $B+!2°Sn and ""F+°%Ni. For the $B+'%Sn,
the coincident measurement of the breakup fragments was achieved for the first time for a proton-halo nuclear
system. The correlations between the breakup fragments reveal that the prompt breakup occurring on the outgo-
ing trajectory dominates the breakup dynamics of ®B. For '"F+¥Ni, the complete reaction channel information,
such as quasi-elastic scattering, breakup and total fusion, was derived for the first time. An enhancement of the
fusion cross section of "F+>®Ni was observed at the energy below the Coulomb barrier. Theoretical calcula-
tions indicate that this phenomenon is mainly due to the couplings to the continuum states. Moreover, different
direct reaction dynamics were found in ®B and '"F systems, suggesting the influence of proton-halo structure

on the reaction dynamics.

1 Introduction

Nuclei located closed to the drip line may present exotic
phenomenon, such as the “halo" structure, which was first
discovered by Tanihata ef al. [1] in nucleus UT i The ex-
tremely extended matter distributions result in a weakly-
bound structure, a manifestation of which is the large
breakup probability in nuclear collisions. It becomes more
intriguing when the interaction energy gets close to the
Coulomb barrier region, where couplings to the breakup
continuum states turn to be significant [2]. Therefore, the
influence of the weakly-bound structure on the reaction
dynamics at energies close to the Coulomb barrier has be-
come one of the most popular topics in the field of nuclear
physics [2, 3].

The reaction dynamics induced by neutron-halo nu-
clei has been investigated extensively both experimen-
tally and theoretically at near-barrier energies [3]. Com-
pared to their neutron counterparts, a proton halo system
may exhibit distinctive reaction properties, since the va-
lence proton actively participates in the reaction due to the
Coulomb interaction between the proton and the core as
well as the proton and the target. Owing to the limita-
tion of the secondary beam quality, however, correspond-
ing experimental data on proton-halo systems are rather
scarce. Therefore, the reaction mechanisms of proton halo
nuclear systems are still elusive to date. To further in-
vestigate the reactions induced by proton drip-line nuclei,
we performed the first complete kinematics measurement
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of ®B+!29Sn [4] and ""F+°8Ni [5] at energies around the
Coulomb barrier. The proton separation energy of B is
merely 138 keV, exhibiting an exotic proton-halo struc-
ture. More intriguing, ®B is one of the few cases that
whose ground state present a proton halo [6]. For '"F, it
has a breakup threshold of 600 keV into '°O+p. The first
excited state (E,=495 keV, J7=1/2*) of "F has been re-
ported to present a proton halo structure, which is bound
by only 105 keV. The description of the experiments and
discussions will be given in the following sections.

2 The 8B+!'2°Sn measurement

The experiment was performed at two energies of 37.8 +
0.5 and 46.1 = 0.6 MeV [4] at CRIB (CNS Radioactive
Ton Beam separator) [7] of the Center for Nuclear Study
(CNS), the University of Tokyo. Using a silicon detector
array with a large solid-angle coverage, the correlations
between the breakup fragments 'Be and proton were de-
rived for the first time at low interaction energies, which
is essential to pin down the breakup dynamics of a proton-
halo system. The angular distributions of exclusive and in-
clusive breakup of ®B+'2°Sn are found to be nearly identi-
cal with each other within the uncertainties, indicating that
the elastic breakup (EBU) is the dominant direct reaction
process. The contribution of non-elastic breakup (NEB)
was estimated by the IAV model [8] calculations, and the
results indicate that NEB just contributes ~ 18% of the
total "Be yield.

The reconstructed relative energy (Ey) distribution of
"Be+p at 38.7 MeV is shown in Fig. 1 (a), where the cir-
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Figure 1. (a) The measured E,, distribution for breakup frag-
ments "Be and proton at 38.7 MeV and compared with the sim-
ulation results (solid curves). The dashed curves denote simula-
tion results of p—wave 1* state. (b) Comparison of experimental
data (circles) with simulations (squares) for 8 vs 6, at 38.7 MeV.
The dashed curve shows the expected 3-6,, correlation assuming
asymptotic breakup from the 1* resonance of ®B. The projec-
tions of § and 6, are shown in panels (c)and (d), respectively.
The solid curves denote the simulations results. The figures are
taken and modified from Ref. [4].

cles an solid curve denote the experimental results and the
simulations based on the continuum-discretized coupled-
channels (CDCC) [9] calculations, respectively. One can
see that the simulation result reproduce the data success-
fully. A distinctive peak is observed at around 600 keV in
the E. distribution, which is very close to the location of
the first resonant state of ®B (E,=770 keV, J7=4*. '=35.6
keV). CDCC calculation was performed to estimate the
contribution of this / = 1 resonance. The result suggests
that this resonance only contribute 4.4+2.0% at 38.7 MeV.
The simulation result for the / = 1 resonance is shown in
Fig. 1 by the dashed line as well. The small fraction of the
first resonant state contribution suggests that the prompt
breakup is the dominant breakup mechanism for ®B. The
angular correlation, i.e., 61,-8, as well as the distributions
of B and 6, at 38.7 MeV are shown, respectively, in Fig. 1

(b), (c) and (d). 6, denotes the opening angle between
the breakup fragments, and S represents the orientation
of the relative momentum of breakup fragments in their
center-of-mass frame [10]. Circles are the experimental
data, and squares and solid curves denote the simulations
based on the CDCC calculations. It can be found that the
simulations reproduce the date reasonably well. Moreover,
the expected correlation between 61, and 8 assuming the
breakup via the 17 long-lived resonance of ®B is shown by
the dashed curve in Fig. 1 (b). One can see that a majority
of the events deviate from the dashed curve, confirming
that breakup through the the first resonance is just a mi-
nor contributor. Furthermore, a strongly forward-peaked
structure is observed in the 6, distribution, suggesting that
breakup mainly occurs in the outgoing trajectory of ®B, in
which case, the initial velocities of the fragments are in the
same direction as the Coulomb interaction from the target
nucleus, leading to a small 8;,. Similar results were ob-
tained as well for the higher energy case, 46.1 MeV. More
details can be found in Ref. [4].

3 The "F+Ni measurement

The experiment of '"F+¥Ni was performed at CRIB as
well at four near-barrier energies, 43.06 = 0.7, 47.5 =
0.7, 55.7 £ 0.8 and 63.1 £ 0.9 MeV [5]. A Multi-layer
Tonization-chamber Telescope Array (MITA) [11] was de-
veloped to identify the relatively heavy breakup fragment
160 with low energies. Thanks to the powerful capabil-
ity of particle identification of MITA, the information of
various reaction channels, such as quasi-elastic scattering,
inclusive and exclusive breakup, as well as the total fusion
reaction were derived. For the breakup angular distribu-
tions, CDCC and IAV model calculations were performed
to interpret the data. The results show that CDCC can rea-
sonably reproduce the exclusive '°O angular distributions,
and the sum of CDCC and IAV, which can be referred
to as the total breakup, describes properly the inclusive
data. Moreover, the IAV model calculations indicate that
the NEB component is dominant in the '®O production.
Furthermore, the excitation function of total fusion reac-
tion is shown in Fig. 2 (a), and compared with the results
of '0+°%Ni [12]. One can see that, an enhancement is
observed in the total fusion cross section of '"F+3Ni at
the energy below the Coulomb barrier. CDCC results with
and without the couplings to continuum states are shown in
Fig. 2 (b) respectively by the solid and dashed curves. De-
tails of the calculations can be found in Ref. [5]. One can
see that the enhancement of the total fusion cross section
below the Coulomb barrier mainly arises from the cou-
plings to the breakup continuum states.

4 Discussion

Distinct reaction dynamics were found for 8B and '"F nu-
clear systems: for ®B, the exclusive breakup data clearly
indicate that the EBU dominates the direct reaction mech-
anism, while NEB becomes the major component for
7F4+38Ni. To shed more light on this phenomenon, the ra-
tio of exclusive breakup cross section to the total reaction
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neutron-halo reaction systems systematically and compre-
hensively.
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