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The mechanism of reactions with weakly-bound proton-rich nuclei at energies near the Coulomb barrier 
is a long-standing open question owing to the paucity of experimental data. In this study, a complete 
kinematics measurement was performed for the proton drip-line nucleus 17F interacting with 58Ni at four 
energies near the Coulomb barrier. Thanks to the powerful performance of the detector array, exhaustive 
information on the reaction channels, such as the differential cross sections for quasielastic scattering, 
exclusive and inclusive breakup, as well as for fusion-evaporation protons and alphas, was derived for 
the first time. The angular distributions of quasielastic scattering and exclusive breakup can be described 
reasonably well by the continuum-discretized coupled-channels calculations. The inclusive breakup was 
investigated using the three-body model proposed by Ichimura, Austern, and Vincent, and results indicate 
the non-elastic breakup is the dominant component. The total fusion cross sections were determined by 
the fusion-evaporation protons and alphas. Based on the measured exclusive breakup data, the analysis 
of the classical dynamical simulation code PLATYPUS demonstrates that the incomplete fusion plays 
a minor role. Moreover, compared with 16O+58Ni, both the reaction and total fusion cross sections of 
17F+58Ni exhibit an enhancement in the sub-barrier energy region, which mainly arises from couplings 
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to the continuum states. This work indicates that the information of full reaction channels is crucially 
important to comprehensively understand the reaction mechanisms of weakly bound nuclear systems.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
Pioneering measurements beginning in the 1980s on 11Li [1,2], 
exotic nuclei are recognized to have special and unusual proper-
ties which influence strongly their reaction reactivity, especially 
at energies around the Coulomb barrier. Nowadays, the availabil-
ity of high-quality radioactive beams greatly increases our ability 
to study the reactions induced by exotic nuclei. This topic has re-
ceived considerable attention for several decades, particularly on 
the influence of the large interaction radii and the breakup prob-
abilities [3,4]. As a typical example, reactions induced by 6He 
have attracted enormous interest both theoretically and experi-
mentally [4], because of its neutron-halo nature as well as the 
relative ease of producing intense 6He beam within the inter-
ested energy regime. Distinctive phenomena were observed in this 
neutron-halo reaction system. For instance, owing to the lack of 
the Coulomb interaction between the valence neutrons and the 
target, neutron transfer is the dominant direct reaction at ener-
gies around the Coulomb barrier [5–7], and it has strong coupling 
effects on both the elastic scattering [6,8] and the fusion reaction 
channels [3,9–11].

In contrast to the neutron-halo projectiles, reactions induced by 
the weakly bound proton-rich nuclei, especially by the ones with 
proton-halo or valence-proton structures, present distinctive prop-
erties. Both the core and valence proton have long-range Coulomb 
interaction with the target [12–14], thus the dynamic Coulomb po-
larization effect is of particular importance [15–18], which may 
suppress the breakup and transfer probabilities [19]. So far, re-
search on reactions with proton drip-line nucleus is still in its in-
fancy, mainly concentrating on 8B and 17F, as reviewed in Ref. [4]. 
Experimental data with these projectiles are still scarce, hence the 
reaction mechanism is still not yet clear. Compared with 17F, the 
structure of 8B is more complicated because of the non-inert core, 
7Be, which is also proton-rich and weakly bound nucleus. While 
17F can be treated properly with a two-body model as an inert 16O 
core and a loosely bound proton, which is able to reproduce suc-
cessfully the known electromagnetic properties of 17F [20]. More-
over, considering that 17F is relatively easy to be produced exper-
imentally, it is a more suitable case for a thorough study on the 
reaction mechanisms of weakly bound proton-rich systems as a 
breakthrough point.

The valence proton of 17F is bound only by 0.6 MeV with a root 
mean square (rms) radius of about 3.7 fm [21,22], which is sig-
nificantly larger than that of the 16O core (2.7 fm [23]). The first 
excited state of 17F (Ex = 0.495 MeV and Jπ = 1/2+) is the only 
bound state below the breakup threshold, and was reported to has 
an extended rms radius, ∼5.3 fm [21,22], exhibiting a proton-halo 
structure [24]. Within the energy range of interest, the fusion re-
action was measured only for 17F+208Pb [13], while no obvious 
fusion enhancement or suppression was observed. To provide fur-
ther insight into this unexpected behavior, detailed knowledge of 
the breakup mechanism is required. So far, only few breakup data 
sets were reported for heavy target system 17F+208Pb [25–27], and 
it was found that the proton stripping mechanism dominates [25]. 
For light target systems, the nuclear field plays a more signifi-
cant role, hence it may provide better understanding of couplings 
between breakup/transfer and fusion [28]. M. Mazzocco et al. mea-
sured 17F+58Ni at two energies slightly above the Coulomb bar-
rier [29]. However, emitting 17F and 16O were not separated, thus 
only quasielastic angular distributions were obtained. Due to the 
lack of complete reaction channel information, we are still far 
from a comprehensive understanding on the reaction dynamics 
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of weakly bound proton-rich nuclear systems, especially the cou-
plings between different reaction channels.

In this Letter, we present results of the complete kinematics 
measurements to investigate the reaction mechanisms of 17F in-
teracting with a light target 58Ni at energies around the Coulomb 
barrier. The experiment was performed at CRIB (Center for Nu-
clear Study Radioactive Ion Beam separator [30]). The radioactive 
17F beam was produced via the 2H(16O,17F) reaction in inverse 
kinematics by using a 6.6 MeV/nucleon 16O primary beam ac-
celerated by the RIKEN AVF cyclotron. A cryogenic deuterium gas 
target [31] was used as the primary target. After purification by the 
double achromatic system and the following Wien filter of CRIB, 
the 17F beam was sent onto a 1.0 mg/cm2-thick self-supporting 
and isotopically enriched 58Ni target, with a typical intensity of 
6–10 × 105 particle per second and a purity of ∼ 85%. By adjusting 
the pressure of the primary gas target and inserting aluminium de-
graders with different thicknesses, 17F with four distinct energies, 
i.e., 43.6 ± 0.7, 47.5 ± 0.7, 55.7 ± 0.8 and 63.1 ± 0.9 MeV in the 
middle of the target, were produced. Two parallel plate avalanche 
counters (PPACs) [32] were installed in front of the target to re-
construct the trajectory of each incident beam ion event by event. 
A Multi-layer Ionization-chamber Telescope Array (MITA) [33] was 
used to detect the reaction products over a large range of Z . MITA 
is a compact detector array composed of ten ionization-chamber-
based multilayer telescope units, covering an angular range of 
15.2◦−164.8◦ and a solid angle of 7.5% of 4π . Each telescopic unit 
contains four stages: one grid ionization chamber (IC), followed by 
one double-sided silicon strip detector (DSSD) and two quadrant 
silicon detectors (QSDs). Thanks to the powerful capability of par-
ticle identification of MITA, both light reaction products like p and 
α and heavy ions like 16O and 17F can be clearly distinguished, 
as shown in Fig. 1. Angular distributions of elastic scattering, ex-
clusive and inclusive breakup, as well as the fusion cross sections 
were therefore derived simultaneously for the first time. The de-
tails of the experimental setup and the data analysis procedure 
were described in Ref. [33]. These results offer us an opportunity 
to reveal the effects of weakly bound valence-proton on the reac-
tion dynamics of 17F+58Ni.

Due to the influence of the beam energy straggling and the en-
ergy loss in the thick target, the total energy resolution is about 
4.0%, which is not sufficient enough to allow a clear separation 
between the elastic and inelastic scattering events. As such, the 
scattering data have to be considered as quasielastic (QE). The dif-
ferential cross sections of QE scattering relative to Rutherford’s are 
shown in Fig. 2, where only the statistical uncertainties are taken 
into account. Continuum-Discretized Coupled-Channels (CDCC) cal-
culations were performed by using the code FRESCO [34] to inves-
tigate the breakup coupling effect, the results are also displayed in 
Fig. 2 by the solid curves. In the CDCC framework, the 17F nucleus 
was treated as a valence p plus a 16O core. The global parametriza-
tion of KD02 [35] was used for the interaction of p+58Ni, and 
the p+16O potential parameters were taken from Ref. [36]. While 
for 16O+58Ni, optical model potentials with the Woods-Saxon form 
were adopted, with the parameters extracted through fitting the 
elastic scattering data of 16O+58Ni [37,38] and 17F+58Ni from the 
present work simultaneously. In the fitting, we took the same vol-
ume potentials but different surface interaction parameters for the 
16O and 17F+58Ni systems. The adopted potential parameters for 
16O+58Ni are listed in an additional table in the supplementary 
material. As a comparison, the calculations omitting the couplings 

http://creativecommons.org/licenses/by/4.0/


L. Yang, C.J. Lin, H. Yamaguchi et al. Physics Letters B 813 (2021) 136045
Fig. 1. Typical spectrum obtained by the most forward telescopic unit at E lab =
63.1 MeV, with the telescopes composed of (a) IC and DSSD, (b) DSSD and QSD1, 
and (c) QSD1 and QSD2, respectively.

Table 1
The extracted cross sections of total reaction (σR) and excitations of projectile 
(σ Proj.

Ex.1 ) and target (σ Tar.
Ex.1) to the first excited states, inclusive (σInc.16O) and exclu-

sive (σExc.16O) 16O, as well as TF derived from evaporation protons (σ p
TF) and alphas 

(σα
TF). All the experimental results are presented with uncertainties derived by χ2

analysis. The theoretical cross sections CF (σCF) and ICF (σICF) are also listed. The 
energies and cross sections are in the unit of MeV and mb, respectively.

E lab (MeV) 43.6 47.5 55.7 63.1

σR 99±25 243±29 642±158 860±96

σ
Proj.
Ex.1 23.8 24.1 26.4 24.4

σ Tar.
Ex.1 31.1 39.3 53.2 53.6

σInc.16O 25.3±2.3 35.0±1.8 71.5±8.2 56.9±3.3
σExc.16O 5.3±3.5 8.0±8.0 9.5±7.6 15.9±9.0
σ

p
TF 13.9±6.3 88.0±8.7 497±23 665±58

σα
TF −− 78±28 421±93 530±134

σCF 13.2 85.3 499 668
σICF 0.2 1.1 13.0 27.0

to the continuum states (no continuum couplings, NCC) are also 
presented in Fig. 2 by the dashed curves. One can see that the 
results of these two approaches are very similar to each other, in-
dicating the coupling effects arising from the breakup channels on 
the elastic scattering is not significant [39]. Moreover, the total re-
action cross section σR was extracted by fitting the quasielastic 
angular distributions with the coupled channel (CC) approach, in 
which the couplings to the first excited states of 17F and 58Ni were 
taken into account. The fitting results are displayed by the dash-
dotted curves in Fig. 2, and the extracted σR and the cross sections 
of the excitations of projectile (σ Proj.

Ex.1 ) and target (σ Tar.
Ex.1) to the first 

excited states are listed in Table 1.
The angular distributions of oxygen produced in 17F+58Ni are 

shown in Fig. 3, where the circles and stars denote the results from 
the inclusive and exclusive breakup measurements, respectively. 
Monte Carlo simulations were performed to find the efficiency of 
3

Fig. 2. Angular distributions of quasielastic scattering (squares) of 17F+58Ni at four 
different reaction energies. The solid, dashed, and dash-dotted curves represent the 
calculation results of the full CDCC, the ones switching off the couplings to the 
continuum states, and the coupled-channels fit of the quasielastic scattering, re-
spectively.

detecting the breakup fragments 16O and proton in coincidence. As 
shown in Fig. 3, it can be seen clearly that the exclusive breakup 
is just a minor component of the total 16O yield. The CDCC frame-
work and the three-body model proposed by Ichimura, Austern, 
and Vincent (IAV) [40,41] were adopted to evaluate the contri-
butions from the elastic breakup (EBU) and non-elastic breakup 
(NEB), respectively. In the CDCC calculation, the angular distribu-
tion of EBU is simply obtained by assuming the direction of 16O is 
the same as the pair system of p+16O. As a spectator model, the 
IAV model has recently been revisited and successfully applied to 
several inclusive breakup reactions [6,42–44]. The corresponding 
calculation results are displayed in Fig. 3, where the dashed and 
dash-dotted curves denote the results from the IAV and CDCC ap-
proaches, respectively. One can find that the exclusive 16O data is 
reasonably reproduced by CDCC calculations, and the sum of EBU 
and NEB, which hence is referred to as the total breakup (TBU), 
describes properly the magnitude and shape of the inclusive data. 
The angular distributions of inclusive 16O were fit with a Gaussian 
function to obtain angle integrated cross sections, as listed in Ta-
ble 1. Due to statistical limitations, the integrated cross sections of 
exclusive 16O were derived according to the theoretical CDCC cal-
culations, and the results are also shown in Table 1. It can be seen 
clearly that the NEB dominates the inclusive breakup cross section, 
as it was found in 17F+208Pb by Liang et al. at energies around [25]
and well above the Coulomb barrier [28,45].

Fusion cross sections were determined by analyzing the fusion-
evaporation protons and alphas [12]. Only the proton events in 
the backward angular region (θlab ≥ 115◦) were taken to avoid 
the large contaminants at forward angles from breakup reactions. 
According to the CDCC calculation, the contribution of breakup 
protons amounts to less than 5% and has been subtracted from 
the backward proton angular distribution [46]. The statistical code
PACE2 [47] was employed to reproduce the energy and angu-
lar distributions of protons and alphas [12,33]. In the calculations, 
default input parameters were adopted, except the level density 
parameter a, which was fixed to be a = A/7.6 [48], where A is 
the mass number. In addition, the experimental fusion cross sec-
tions were used as an input in an iterative way, and then the code 
internally shifts the respective optical-model transmission coeffi-
cients to reproduce these values. The derived fusion cross sections 
are listed in Table 1. Due to the low statistics of alpha particles 
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Fig. 3. Angular distributions of exclusive (stars) and inclusive (circles) breakup of 17F+58Ni. The dash-dotted, dashed, and solid lines correspond to the EBU (CDCC), NEB (IAV 
model), and their sum (TBU), respectively.
at the lowest reaction energy, only the fusion cross sections at the 
three higher energies are presented. The errors include the statis-
tical and model parameter uncertainties [17], which contain the 
uncertainties from the level density parameter, as well as the shift 
in proton and alpha multiplicities by comparing the results of the 
codes PACE2 and LILITA [49]. One can find that the fusion cross 
sections deduced from protons and alphas are consistent with each 
other within the uncertainties, as listed in Table 1. Since the com-
plete fusion (CF) and incomplete fusion (ICF) components cannot 
be distinguished, the results have to be regarded as the total fusion 
(TF) cross sections. The classical dynamical model code PLATY-
PUS [50,51] was used to estimated the CF and ICF cross sections. 
As the critical inputs, the parameters of the breakup probability 
function were derived by fitting the measured EBU cross sections. 
The KD02 global potentials were used for the proton partitions, 
and the potential parameters of 16O and 17F were taken from the 
Broglia-Winther [52], which were modified to reproduce the exper-
imental fusion cross sections [38]. The results are listed in Table 1
as well, and the adopted potential parameters are shown in the 
supplementary material. It can be clearly seen that the CF plays a 
dominant role in the TF process.

The excitation functions of the σR, inclusive (σInc.16O) and ex-
clusive (σExc.16O) 16O, as well as the TF from evaporation protons 
are shown in Fig. 4. The theoretical predictions of the correspond-
ing reaction channels are also displayed in Fig. 4 by the curves. 
One can see that the sum of σInc.16O, σTF and excitations to the 
first excited states of 17F and 58Ni almost exhausts the σR within 
the experimental uncertainties, leaving no or very limited room 
for other reaction channels. In the above-barrier region, the fu-
sion reaction is the dominant process, and it reduces exponen-
tially as the energy decreases. The σInc.16O and σExc.16O, however, 
vary smoothly with the energy, and the σInc.16O becomes the ma-
jor component in the sub-barrier region. The comparisons of the 
reduced σR and σTF between 17F and 16,17O with a 58Ni tar-
get [37,38,53] are shown in Figs. 5 (a) and (b), respectively. For the 
σR, the excitation function of 17F is nearly superimposed to the 
curve for the 16,17O systems in the above barrier region, while the 
values at sub-barrier energies suggest a clear enhancement of the 
σR for 17F+58Ni. A similar behavior is also observed in the fusion 
reactions as shown in Fig. 5 (b), where the σTF and the Ec.m. are 
4

Fig. 4. Excitation functions of total reaction (stars), exclusive (squares) and inclu-
sive (triangles) breakups, as well as the TF deduced from protons (circles) from 
the present work. The solid curve represents the CC calculations for the σR. The 
dash-dot-dotted and dashed curves denote the TF derived from CDCC calculations 
with and without the continuum states couplings, respectively. The dash-dotted and 
dotted curves are the calculation results of CDCC plus IAV model and CDCC, corre-
sponding to the inclusive and exclusive breakup, respectively. The arrow indicates 
the nominal position of the Coulomb barrier, which is about 35.4 MeV.

reduced as: F (x) = 2Ec.m.σTF/h̄ωR2
B and x = (Ec.m. − V B)h̄ω [11]. 

RB, V B and h̄ω are respectively the parameters associated with the 
barrier radius, height and curvature. The benchmark curve of the 
Universal Fusion Function (UFF) is also shown in Fig. 5 (b) by the 
solid line. It can be seen that the TF cross section of 17F is in good 
agreement with the 16O projectile at above barrier energies, while 
in the sub-barrier region, fusion with 17F is enhanced relative to 
the 16O system and the UFF.

CDCC calculations were performed to investigate the influence 
of breakup on the fusion reaction. The TF cross sections were cal-
culated by introducing short-range fusion potentials for the parti-
tions of 16O and p+58Ni separately [54], which is equivalent to the 
use of an incoming boundary condition inside the barrier for each 
fragment. In the calculations, the Woods-Saxon potential W with 
depth −100 (−50) MeV, reduced radius r0 = 0.7 (0.5) fm, and dif-
fuseness parameter a = 0.1 (0.1) fm was used for the imaginary 
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Fig. 5. Comparison of the reduced σR (a) and σTF (b) between 17F+58Ni and its 
neighbor systems. The dashed curve in (a) denotes the trend of the excitation func-
tions of 16,17O+58Ni. The solid curve in (b) represents the benchmark UFF.

part of 16O (proton) +58Ni. The results depend weakly on the depth 
of this potential: 50% reduction of the depth only causes the cross 
section changed by ∼ 3%. The r0 was determined by the radius at 
which the half density of the fragment and target is overlapped. 
A small a was used to ensure that W is well inside the Coulomb 
barrier. The real part potential of 16O+58Ni was determined by re-
producing the shape of the Coulomb barrier extracted from the 
experimental fusion data [38], as used in the PLATYPUS calcula-
tions, and the real part of KD02 potential was adopted for p+58Ni. 
The calculation results with and without the couplings to contin-
uum states are shown in Fig. 4 by the dash-dot-dotted and dashed 
curves, respectively. One can find that these two theoretical re-
sults are almost the same at above-barrier energies, and both can 
reproduce the experimental fusion cross sections properly, indicat-
ing a negligible breakup coupling effect. At the sub-barrier energy, 
however, the experimental data can only be reproduced when the 
couplings to the continuum states were taken into account, while 
the calculation without these couplings underestimate the exper-
imental result. Moreover, the effect from the breakup couplings 
becomes more significant as the energy decreases further as in-
dicated by the theoretical predictions.

In summary, we performed complete kinematics measurements 
for the proton drip-line nuclear system 17F+58Ni at four energies 
around the Coulomb barrier. Thanks to the powerful detector array 
MITA, reaction products were distinguished clearly, hence informa-
tion on almost all the reaction channels, such as the quasielastic 
scattering, exclusive and inclusive breakup, as well as the total 
fusion, are identified simultaneously for the first time for a pro-
ton drip-line nuclear system. We found that the coupling effects 
5

to the continuum states of 17F on the elastic scattering is just 
modest, and the NEB is dominant in the 16O production. The sum 
of the excitations to the first excited states of projectile and tar-
get, inclusive breakup and total fusion exhausts the reaction cross 
sections within the experimental uncertainties, leaving no or very 
limited room for other reaction channels. Based on the measured 
breakup information, we found that the incomplete fusion is a 
minor component of the total fusion. The cross sections of total 
reaction and fusion of 17F+58Ni were found to be identical with 
those of 16O+58Ni at above-barrier energies, but enhancement was 
observed at the energy below the Coulomb barrier. According to 
the CDCC calculation, such an enhancement is mainly due to the 
breakup coupling, which becomes more significant with the in-
teraction energy downward further in the sub-barrier region. To 
establish the systematics of this effect, reaction measurements of 
proton-halo nuclei on a range of targets at energies around and 
below the Coulomb barrier will be valuable. These results further 
indicate that the complete kinematics measurement could be the 
only promising approach to understand the reaction mechanisms 
of weakly bound nuclear systems comprehensively and provide the 
convincing data to promote the development of nuclear reaction 
theory.

We gratefully acknowledge the use of the FRESCO post-
processing codes for calculation of elastic breakup three-body 
observables of J. A. Tostevin. This work is supported by the Na-
tional Key R&D Program of China (Contract No. 2018YFA0404404), 
the National Natural Science Foundation of China (Grants Nos. 
11635015, U1732145, 11705285, U1867212, 11805280, and
11961131012), the Continuous Basic Scientific Research Project 
(No. WDJC-2019-13), and the Leading Innovation Project (Grant 
No. LC192209000701). H. Yamaguchi is supported by JSPS KAK-
ENHI (Nos. 16K05369, and 19K03883). Jin Lei acknowledges par-
tial support from The National Science Foundation under Con-
tract No. NSF-PHY-1520972 with Ohio University. J. Lubian and 
J. Rangel acknowledge CNPq, CAPES, FAPERJ, and INCT-FNA (In-
stituto Nacional de Ciência e Tecnologia- Física Nuclear e Apli-
cações) (Proc. No. 464898/2014-5) for partial financial support. 
K. Y. C. was supported by National Research Foundation of Korea
(Nos. 2020R1A2C1005981, 2019K2A9A2A10018827, and
2016R1A5A1013277). The work at University of Surrey was sup-
ported by the STFC (Grant No. ST/P005314/1). S. M. C. was sup-
ported by a National Research Foundation of Korea (No. NRF-
2020R1I1A1A01065120).

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .physletb .2020 .136045.

References

[1] I. Tanihata, H. Hamagaki, O. Hashimoto, Y. Shida, N. Yoshikawa, K. Sugimoto, O. 
Yamakawa, T. Kobayashi, N. Takahashi, Phys. Rev. Lett. 55 (1985) 2676.

[2] I. Tanihata, H. Hamagaki, O. Hashimoto, et al., Phys. Lett. B 160 (1985) 380.
[3] L.F. Canto, P.R.S. Gomes, R. Donangelo, et al., Phys. Rep. 596 (2015) 1.
[4] J.J. Kolata, V. Guimarães, E.F. Aguilera, Eur. Phys. J. A 52 (2016) 123.
[5] A. Di Pietro, P. Figuera, F. Amorini, C. Angulo, G. Cardella, S. Cherubini, et al., 

Phys. Rev. C 69 (2004) 044613.
[6] J.P. Fernández-García, A. Di Pietro, P. Figuera, J. Gómez-Camacho, M. Lattuada, 

J. Lei, A.M. Moro, M. Rodríguez-Gallardo, V. Scuderi, Phys. Rev. C 99 (2019) 
054605.

https://doi.org/10.1016/j.physletb.2020.136045
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibF724F388D8A43831981AC147B2C08071s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibF724F388D8A43831981AC147B2C08071s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib1AC882C7288046EA3185F40099D5D8E1s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibB73761B4B71A065180ADD613053B356Cs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib22ED115D525D808BD1DB3566A653C704s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib2E2531D9FDAD40A51859E5C4E33A2039s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib2E2531D9FDAD40A51859E5C4E33A2039s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib3FE39027BCA7473ABAB32AB164E6356Bs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib3FE39027BCA7473ABAB32AB164E6356Bs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib3FE39027BCA7473ABAB32AB164E6356Bs1


L. Yang, C.J. Lin, H. Yamaguchi et al. Physics Letters B 813 (2021) 136045
[7] J.P. Fernández-García, M.A.G. Alvarez, A.M. Moro, M. Rodríguez-Gallardo, Phys. 
Lett. B 693 (2010) 310.

[8] N. Keeley, N. Alamanos, K.W. Kemper, K. Rusek, Prog. Part. Nucl. Phys. 63 (2009) 
396.

[9] R. Raabe, J.L. Sida, J.L. Charvet, et al., Nature 431 (2005) 823.
[10] B.B. Back, H. Esbensen, C.L. Jiang, K.E. Rehm, Rev. Mod. Phys. 86 (2014) 317.
[11] L.F. Canto, et al., J. Phys. G 36 (2009) 015109.
[12] E.F. Aguilera, P. Amador-Valenzuela, E. Martinez-Quiroz, D. Lizcano, P. Rosales, 

H. García-Martínez, et al., Phys. Rev. Lett. 107 (2011) 092701.
[13] K.E. Rehm, H. Esbensen, C.L. Jiang, B.B. Back, F. Borasi, B. Harss, et al., Phys. Rev. 

Lett. 81 (1998) 3341.
[14] V. Guimarães, et al., Phys. Rev. Lett. 84 (2000) 1862.
[15] M. Ito, K. Yabana, T. Nakatsukasa, M. Ueda, Nucl. Phys. A 787 (2007) 267c.
[16] E.F. Aguilera, E. Martinez-Quiroz, D. Lizcano, et al., Phys. Rev. C 79 (2009) 

021601(R).
[17] E.F. Aguilera, P. Amador-Valenzuela, E. Martinez-Quiroz, J. Fernández-Arnáiz, J.J. 

Kolata, V. Guimarães, Phys. Rev. C 93 (2016) 034613.
[18] E.F. Aguilera, E. Martinez-Quiroz, P. Amador-Valenzuela, A. Gómez-Camacho, J.J. 

Kolata, J. Phys. Conf. Ser. 492 (2014) 012002.
[19] Y. Kucuk, A.M. Moro, Phys. Rev. C 86 (2012) 034601.
[20] C.A. Bertulani, P. Danielewicz, Nucl. Phys. A 717 (2003) 199.
[21] R. Morlock, R. Kunz, A. Mayer, et al., Phys. Rev. Lett. 79 (1997) 3837.
[22] C.J. Lin, H.Q. Zhang, Z.H. Liu, Y.W. Wu, F. Yang, M. Ruan, Phys. Rev. C 66 (2002) 

067302.
[23] I. Angeli, K.P. Marinova, At. Data Nucl. Data Tables 99 (2013) 69.
[24] R. Lewis, A.C. Hayes, Phys. Rev. C 59 (1999) 1211.
[25] J.F. Liang, J.R. Beene, A. Galindo-Uribarri, J. Gomez del Campo, C.J. Gross, P.A. 

Hausladen, et al., Phys. Rev. C 67 (2003) 044603.
[26] M. Romoli, E. Vardaci, M. Di Pietro, A. De Francesco, A. De Rosa, G. Inglima, et 

al., Phys. Rev. C 69 (2004) 064614.
[27] C. Signorini, D. Pierroutsakou, B. Martin, et al., Eur. Phys. J. A 44 (2010) 63.
[28] J.F. Liang, J.R. Beene, H. Esbensen, et al., Phys. Lett. B 491 (2000) 23.
[29] M. Mazzocco, C. Signorini, D. Pierroutsakou, T. Glodariu, A. Boiano, C. Boiano, 

et al., Phys. Rev. C 82 (2010) 054604.

[30] Y. Yanagisawa, S. Kubono, T. Teranishi, et al., Nucl. Instrum. Methods Phys. Res., 
Sect. A 539 (2005) 74.

[31] H. Yamaguchi, Y. Wakabayashi, G. Amadio, et al., Nucl. Instrum. Methods Phys. 
Res., Sect. A 589 (2008) 150.

[32] H. Kumagai, A. Ozawa, N. Fukuda, et al., Nucl. Instrum. Methods Phys. Res., Sect. 
A 470 (2001) 562.

[33] N.R. Ma, L. Yang, C.J. Lin, et al., Eur. Phys. J. A 55 (2019) 87.
[34] I.J. Thompson, Comput. Phys. Rep. 7 (1988) 167.
[35] A.J. Koning, J.P. Delaroche, Nucl. Phys. A 713 (2003) 231.
[36] J.M. Sparenberg, D. Baye, B. Imanishi, Phys. Rev. C 61 (2000) 054610.
[37] N. Keeley, J.A. Christley, N.M. Clarke, et al., Nucl. Phys. A 582 (1995) 314.
[38] N. Keeley, J.S. Lilley, J.X. Wei, et al., Nucl. Phys. A 628 (1998) 1.
[39] G.L. Zhang, G.X. Zhang, C.J. Lin, J. Lubian, J. Rangel, B. Paes, et al., Phys. Rev. C 

97 (2018) 044618.
[40] M. Ichimura, N. Austern, C.M. Vincent, Phys. Rev. C 32 (1985) 431.
[41] N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Rawitscher, M. Yahiro, Phys. 

Rep. 154 (1987) 125.
[42] Jin Lei, A.M. Moro, Phys. Rev. C 92 (2015) 061602(R).
[43] Jin Lei, A.M. Moro, Phys. Rev. C 95 (2017) 044605.
[44] Jin Lei, A.M. Moro, Phys. Rev. Lett. 122 (2019) 042503.
[45] J.F. Liang, J.R. Beene, A.L. Caraley, et al., Phys. Lett. B 681 (2009) 22.
[46] J. Rangel, J. Lubian, P.R.S. Gomes, et al., Eur. Phys. J. A 49 (2013) 57.
[47] A. Gavron, Phys. Rev. C 21 (1980) 230.
[48] P. Amador-Valenzuela, E.F. Aguilera, E. Martinez-Quiroz, D. Lizcano, T.L. 

Belyaeva, J.J. Kolata, J. Phys. Conf. Ser. 492 (2014) 012003.
[49] J. Gomez del Campo, R.G. Stokstad, ORNL Report TM-7295, 1981.
[50] A. Diaz-Torres, D.J. Hinde, J.A. Tostevin, M. Dasgupta, L.R. Gasques, Phys. Rev. 

Lett. 98 (2007) 152701.
[51] A. Diaz-Torres, Comput. Phys. Commun. 182 (2011) 1100.
[52] R.A. Broglia, A. Winther, Heavy Ion Reactions (Parts I and II, Frontiers in 

Physics), Vol. 84, 1991.
[53] E. Strano, D. Torresi, M. Mazzocco, N. Keeley, A. Boiano, C. Boiano, et al., Phys. 

Rev. C 94 (2016) 024622.
[54] A. Diaz-Torres, I.J. Thompson, C. Beck, Phys. Rev. C 68 (2003) 044607.
6

http://refhub.elsevier.com/S0370-2693(20)30848-0/bibFE45330D8E9D1E62AAD5BA54807C2E65s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibFE45330D8E9D1E62AAD5BA54807C2E65s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib581EF563C3562C2A07C511A7FC7B81A4s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib581EF563C3562C2A07C511A7FC7B81A4s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib07E0F8427B5AAEA3A35191E36F8D2C68s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibD3EF17084E8B874A7B1D625173A808E0s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib8F0BBCC381B9362AD353C82DE50FB569s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib0A3E1EFF8BA9C514D5DEEA4B00DE426Fs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib0A3E1EFF8BA9C514D5DEEA4B00DE426Fs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibAD0E921A827958DADA8CE46B4858BBEDs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibAD0E921A827958DADA8CE46B4858BBEDs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib5BF4F918E9230157D6C44FCBC6D66F62s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib5768F31BDACE6CBA59344AA9458ED613s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib2A2C224622F7E2F9290691EDBBDF8923s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib2A2C224622F7E2F9290691EDBBDF8923s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib20CE59CD58BD1A9D279E1447FB17DA64s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib20CE59CD58BD1A9D279E1447FB17DA64s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib09BAFFE390647C916A1D2620E5AE808Es1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib09BAFFE390647C916A1D2620E5AE808Es1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib1F58F8E35CEC19967863B53B4D964BCDs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib7E4BEFBC35E16323786B686FDC0F9710s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib120EF68374F4A9F4FA572BEF88926F1Ds1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib9F0996BACA7C24DEF7D4342FDC2453E5s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib9F0996BACA7C24DEF7D4342FDC2453E5s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib27D3EFDDDB81B50201FBEA81BB2C05CBs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibE97C4FB0EAF67B6A106BC243DAB87924s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib86649C0C359B989C17D3C9F74B03626Cs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib86649C0C359B989C17D3C9F74B03626Cs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib9D9F7C9839D012001F553E5F513DBEBCs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib9D9F7C9839D012001F553E5F513DBEBCs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib4553CDE92E923D7AD4E3D2B5C89FCC90s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibB0D6CB68EDE592A3FF95C05E9E92EA00s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib978476546A4A55D2D7FE9863B277F898s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib978476546A4A55D2D7FE9863B277F898s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib256E7D6C4908E5D5DB3201C2828C6EA7s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib256E7D6C4908E5D5DB3201C2828C6EA7s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib29D3EF43C60331A555D64760D384CCA5s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib29D3EF43C60331A555D64760D384CCA5s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib63E11BCDAC53C12FA446C1CC1557A5CFs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib63E11BCDAC53C12FA446C1CC1557A5CFs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib720AA5D96B07B3F34E88464F91FD06E7s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib4A0348E137DDC02D80E7ABF1210F54A0s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib8151C532341FE8176B712AD93B3B34BFs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibDB309AFBF40D11A1024A7B36F979A43Cs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib438BBA04E9AC080C9F58FEE31F0C0B7Cs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib5F1031939B10B22560E5500C54DB7B41s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibC192447E6159C6E7578D76E7CE3CD6CBs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibC192447E6159C6E7578D76E7CE3CD6CBs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib19D08E35A49AAB83E90DB843C48F450Cs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibE40BF52C2F00D83E55B7CE0A1E14F4FBs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibE40BF52C2F00D83E55B7CE0A1E14F4FBs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibF2EF67F37E24BFF109ECED93B47BA879s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibF37BD71D8D5D76888A6A30FE47E41E76s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibE8DBCA5F481CB6D65E54E08BAE1D192Ds1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibA9500623BD13B86FC7BF96C6B33CBC21s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib23964809EAC7EA512311D32FB681B546s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib933CE9B695F5B723C1CE69788A4BF3D3s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibBE26A93A4093654CD3325CE316EA218Ds1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibBE26A93A4093654CD3325CE316EA218Ds1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib91C13D81B75958C6C9B981A2B840908Es1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib4C925DC02D1B1A60D9B84794D974E3FFs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib4C925DC02D1B1A60D9B84794D974E3FFs1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibAF6567F2C714D407494B93F531CE57E5s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib81043F8C681575BCA3E4EFF6AFBD9DB9s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib81043F8C681575BCA3E4EFF6AFBD9DB9s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib7063280784AB9A35C869C5CFA40697E0s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bib7063280784AB9A35C869C5CFA40697E0s1
http://refhub.elsevier.com/S0370-2693(20)30848-0/bibDA34E98B9C638710C349A5DA8303696Bs1

	Insight into the reaction dynamics of proton drip-line nuclear system 17F+58Ni at near-barrier energies
	Declaration of competing interest
	Appendix A Supplementary material
	References


