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Proton-halo breakup dynamics for the breakup threshold in the & — 0 limit

B. Mukeru'
Department of Physics, University of South Africa, P.O. Box 392, Pretoria 0003, South Africa

Abstract: Proton-halo breakup behavior in the &g — 0 limit (where &g is the ground-state binding energy) is stud-
ied around the Coulomb barrier in the 3B +38Ni reaction for the first time. For practical purposes, apart from the ex-
perimental 8B binding energy of 137 keV, three more arbitrarily chosen values (1, 0.1, 0.01 keV) are considered. It
is first shown that the Coulomb barrier between the core and the proton prevents the 7Be + p system from reaching
the state of an open proton-halo system, which, among other factors, would require the ground-state wave function to
extend to infinity in the asymptotic region, as &y — 0. The elastic scattering cross section, which depends on the
density of the ground-state wave function, is found to have a negligible dependence on the binding energy in this
limit.

The total, Coulomb and nuclear breakup cross sections are all reported to increase significantly from gy = 137 to
1.0 keV, and converge to their maximum values as g9 — 0. This increase is mainly understood as coming from a
longer tail of the ground-state wave function for gy < 1.0 keV, compared to that for g9 = 137 keV. It is also found
that the effect of the continuum-continuum couplings is to slightly delay the convergence of the breakup cross sec-
tion. The analysis of the reaction cross section indicates a convergence of all the breakup observables as g9 — 0.

These results provide a better sense of the dependence of the breakup process on the breakup threshold.
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I. INTRODUCTION

Given the strong quantitative dependence of the
breakup cross section on the projectile breakup threshold,
as exemplified by Refs. [1-7], one may naively assume
that as gy — 0, o(gy) —» o, where g is the breakup
threshold (ground-state binding energy) and o the break-
up cross section. Not only has this assumption not been
given attention, but the breakup behavior for ground-state
binding energies below the breakup threshold is just not
known, let alone in the &g — 0 limit, where the binding is
dominated by correlations instead of the mean field. For a
neutron-rich nucleus in this binding energy limit, a
loosely-bound neutron is expected to move far away from
the core nucleus, owing to the absence of the Coulomb
barrier between the core nucleus and the valence neutron,
to couple to unbound continuum states, thus leading to an
“open” quantum system [8-13]. For a proton-rich nucleus,
on the other hand, the Coulomb barrier eventually pre-
vents a loosely-bound proton from moving away from the
core nucleus, in which case an “open ” proton-rich
quantum system may also be prevented. The existence of
bound states for gy =0 is well outlined in the literature,
such as in Ref. [14]. In these references, a bound state for

zero binding energy is justified by the fact that a poten-
tial that contains a Coulomb term, which falls asymptotic-
ally to zero from above, in which case the wave function
must tunnel to infinity to reach the other free region,
which takes forever, and hence the state is bound. There-
fore, for a proton halo, one would then expect a bound
state as gy — 0.

In this paper, I study the elastic scattering, breakup,
and reaction cross section behavior in the 3B +¥Ni reac-
tion around the Coulomb barrier, in the event where the
8B breakup threshold becomes exceptionally small, i.e in
the g9 — 0 limit. For practical purposes, apart from the
experimental ground-state binding energy &y = 137 keV
[15], three more values are arbitrarily selected, &y = 1.0,
0.1, 0.01 keV, where 0.01 keV can be regarded as ap-
proaching zero compared to 137 keV. The main ques-
tions this work intends to elucidate are: How does the
proton breakup process behave as gy — 0? Does the
breakup cross section converge in this limit? What is the
role of the continuum-continuum couplings in this bind-
ing energy limit? While reactions induced by loosely-
bound systems are known to be characterized by strong
continuum-continuum couplings, as verified for example
by Refs. [16-19] and references therein, the dependence
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of these couplings on the ground-state binding energy is
not clear.

The choice of this reaction is motivated, on one hand,
by the availability of differential breakup cross section
experimental data as a function of the centre-of-mass
(c.m.) angle, around the Coulomb barrier [20], which is
the incident energy of interest in the present work. On the
other hand, the 3B nucleus is the lightest established pro-
ton-halo system, and this reaction has been widely invest-
igated in various studies, such as Refs. [21-28], making
comparison easier. The importance of this study also
stems from the fact that loosely-bound systems with very
weak binding energies below 0.1 MeV, such as "B, are
being identified [29], making the investigation of the
breakup process in such a low binding energy regime an
interesting study. To obtain the breakup cross sections,
the coupled differential equations obtained through the
continuum-discretized coupled-channel (CDCC) formal-
ism [30, 31] are solved numerically. This formalism has
been found to be the most adequate theoretical tool to
handle breakup reactions induced by weakly-bound pro-
jectiles. Its popularity in this field comes from the fact
that it accurately includes the continuum-continuum
couplings in the coupling matrix elements. Starting from
the truncation and discretization of the projectile con-
tinuum, it leads to a set of finite coupled differential
equations, which are numerically tractable.

The paper is organized as follows: in Section II, the
results are presented and discussed, and the conclusions
are reported in Section II1.

II. NUMERICAL CALCULATIONS
AND RESULTS

A. Numerical calculations

The fundamentals of the CDCC formalism can be
found in Refs. [30, 31], and the details are not repeated in
this work. This section starts with a description of the dif-
ferent input parameters for the numerical solutions of the
CDCC coupled differential equations. The projectile is
modeled as ®B — "Be+ p, where the valence proton is
loosely bound to the "Be core nucleus, with a binding en-
ergy o =137 keV [15]. The ground state is obtained by

coupling the proton in the 0p: orbit to the % ground

state of the "Be nucleus. However, for the sake of simpli-

city and in order to reduce the computational burden in
this work, I consider an inert core, meaning that the "Be
spin was not taken into account. Consequently, the adop-
ted model cannot describe the 1* and 3* resonances of
the ®B nucleus, although the effect of the 17 resonance is
reported in Ref. [32] as negligible. Also, the assumption
of an inert core is not expected to dramatically affect the

Table 1.
sponse functions for the different ground-state binding ener-
gies. The value +/(r?)=2.38+0.04 fm was taken from Ref.
[37].

Root-mean-square radii and dipole electric re-

Binding energy/keV m /fm B(E1)/(e*fm?)
137 2.39 0.53
1.0 2.55 0.60
0.10 2.57 0.61
0.01 2.57 0.61
Table 2. Integrated total (o), Coulomb (ocow) and nucle-

ar (onye ) breakup cross sections (in millibarns) for the differ-
ent ground-state binding energies.

go/keV Oior/mb o /mb O Coul /mb O nucl/mb
137 177 565 165 28
1.00 348 963 351 45
0.10 370 981 371 71
0.01 375 984 380 73

result due to the fact that in some cases, core excitations
are reported to account for minor effects, as for example
shown in Refs. [33, 34]. The parameters of the nuclear
component of the "Be + p Woods-Saxon potential, used to
calculate ground-state bound and continuum wave func-
tions, are Vy=44.65 MeV, Vso=19.59MeV-fm?,
Ry = Rso = 2.391 fm, and ag = aso = 0.52 fm, taken from
Ref. [35], to which a Coulomb term is added. The para-
meters of the core-target and proton-target optical poten-
tials are the same as those given in Tables 1 and 2 of Ref.
[16], adopted from Ref. [21]. The parameters of the optic-
al potential in the projectile-target centre-of-mass were
also taken from Ref. [21]. For the numerical integration
of the CDCC coupled differential equations, the maxim-
um angular momentum between "Be and the proton was
truncated by {max = 5, the maximum matching radius for
bin integration by rm,x = 100 fm, the maximum projectile
excitation energy by emax =8 MeV, the maximum order
of the potential multipole expansion by Am. =35, the
maximum matching radius of the integration of the
coupled differential equations by Ry.x = 1000 fm, and the
maximum angular momentum of the relative center-of-
mass motion by Ly.x =5000. The interval [0,emax] Was
further sliced into energy bins of width Ae =0.5MeV for
s- and p-states, Ae=1.0MeV for f~ and d-states, and
Ae =1.5MeV for higher partial waves. The computer
code Fresco [36] was used for numerical calculations.

B. Results and discussion
In Fig. 1, the ground-state wave functions correspond-
ing to ground-state binding energies gy = 137, 1.0, 0.10,
0.010 keV are shown in panel (a). One observes in this
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Fig. 1. (color online) Ground-state wave functions for gy =

137, 1.0, 0.10, 0.010 keV, for (a) the "Be+p system and (b)

"Be+n (where only g =137 keV and 0.01 keV results are

shown).

figure that for &) < 1.0 keV, the ground-state wave func-
tion becomes negligibly dependent on the ground-state
binding energy, since the curves of all three wave func-
tions can hardly be distinguished, and has an extended
tail, compared to that corresponding to & =137 keV.
This indicates that the ground-state wave function is not
sensitive to the binding energy as &y — 0 (converges to a
finite function). It is also noticed that in the asymptotic
region, the wave function tends to zero even in the gy — 0
limit. The result in this figure appears to suggest that the
"Be + p system might have a square-integrable solution at
&0 = 0. However, given the complexity of proving the ex-
istence of such a solution, the present work refrains from
drawing such a forceful conclusion. Therefore, as expec-
ted, one can infer that the Coulomb barrier prevents the
"Be+p system reaching the state of an open quantum
system, which would require the wave function to extend
to infinity as gy — 0.

To show that the lack of extension of the "Be+p
ground-state wave function to infinity as gy — 0 is in fact
due to the Coulomb barrier between the "Be nucleus and
the proton, I replaced the proton of the "Be+p system
with a neutron to give the "Be +n system, such that only
the centrifugal barrier due to the ground-state p-wave re-
mains. Indeed, as shown in panel (b) of this figure, the
wave function is largely extended (to infinity) for
&0 =0.01 keV, compared to panel (a).

An extended ground-state wave function to infinity
may be associated with a neutron already moving almost
independently from the core nucleus, coupling to un-

bound continuum states. In conclusion, the Coulomb bar-
rier between the "Be core nucleus and the valence proton
prevents the "Be + p system from reaching the limit of an
“open ” quantum system. Notice that the ground-state
wave function plays an important role in the breakup pro-
cess. In fact, breakup reactions induced by loosely-bound
systems are known to be peripheral [38], thanks to an ex-
tended matter density in the peripheral region. Therefore,
the convergence of the ground-state wave function to a
definite function as &y — 0 may also signal the conver-
gence of the breakup observables. Also, the extended tail
of the ground-state wave function for & <1 keV, com-
pared to that for gy = 137 keV, indicates that larger break-
up cross sections are expected in the former case than in
the latter.

To further check the effect of the ground-state bind-
ing energy on the projectile's internal structure, the elec-
tric dipole response functions for the transitions from the
p-wave ground-state to continuum s and d-waves for all
four binding energies are shown in Fig. 2 as functions of
the projectile excitation energy ¢ (in MeV). As in Fig. 1
(a), one also observes in this figure a significant increase
of the response function (at € <3.0 MeV) as the binding
energy decreases from &, = 137 to 1.0 keV, while a con-
vergence is observed for gy < 1.0 keV. This convergence
as g — 0 is also displayed in Table 1, where the root-
mean-square radii [/(/2)] and the reduced transition
probabilities B(E1) (obtained after the integration of the
dipole electric response functions up to epax =8.0 MeV)
are shown for each binding energy. This table shows the
convergence of the root-mean-square radius and the re-
duced probability as gy — 0.

In order to show how the different reaction observ-
ables depend on the breakup threshold in the gy — 0 limit,
I start with the elastic scattering. The elastic scattering
cross section depends on the square of the ground-state
wave function through its scattering matrix elements,
meaning that it has a strong dependence on the projectile
ground-state density. The elastic scattering cross sections

0.25 T

S "gp = 137keV ——
o oal gy = 1.00keV |
s [ g9 =0.10keV — —
S oasl \ g0 =0.0lkeV - — |
g |
& \ 7
b ool Betp |
= 005, N
K w U
S\'g/hc
O 1 1 1 1 1 1 1
0O 1 2 3 4 5 6 7 8

e(MeV)
Fig. 2. (color online) Dipole electric response functions for
the transitions from the ground-state to continuum s and d-

waves, for ground-state binding energies &y =137, 1.0, 0.10,
0.010 keV.
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obtained for all four binding energies at an incident en-
ergy Epp =26 MeV are shown in Fig. 3. This figure
shows that the elastic scattering cross section has a negli-
gible dependence on the ground-state binding energy,
even in the gy — 0 limit, similar to the ground-state wave
function. These results single out the importance of the
ground-state wave function in elastic scattering. There-
fore, one can conclude that as gy — 0, the ground-state
binding energy has a negligible effect on the elastic scat-
tering cross section, due to its negligible effect on the
ground-state wave function in this binding energy limit.
Notice that although the centrifugal barrier does not ap-
pear to prevent the extension of the ground-state wave
function to infinity in the asymptotic region, its effect on
the elastic scattering cross section is reported to be im-
portant (see Ref. [39] for details).

Unlike elastic scattering, the breakup process does not
depend on the square of the ground-state wave function.
For transitions to and from the ground-state, the radial
part of the coupling matrix elements contains the product
of the ground-state wave function and the continuum bin
wave functions. On the other hand, transitions between
continuum states, which are known to be important in the
breakup of loosely-bound systems, do not contain the
ground-state wave function. These couplings might, to
some extent, slow the convergence of the breakup cross
section as gy — 0. Before diving into the details, I first
compare in Fig. 4 the differential breakup cross section as
a function of the c.m. angle with the experimental data,
taken from Ref. [20]. The theoretical calculations corres-
pond to & =137 keV, at an incident energy FEj,, =26
MeV. This figure displays a nice agreement between the
theoretical calculations and the data.

As the binding energy decreases, the convergence of
the breakup cross section can be expected to become
tricky, owing to changes in the reaction dynamics. To this
end, in Figs. 5, and 6, I discuss the convergence of the
differential breakup cross section as a function of the c.m.
angle in terms of the maximum orbital angular mo-
mentum £y, and the maximum projectile excitation en-

1.2 T T T T

g0 =137 —

1 g=1.0 i
g =01 — —

0.8 g =001 — - |

0 30 60 90 120 150 180
O(degrees)

Fig. 3. (color online) Elastic scattering cross sections ob-

tained for ground-state binding energy e =137, 1.0, 0.10,

0.010 keV, at an incident energy Ej,, =26 MeV.
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Fig. 4. (color online) Differential breakup cross section as a
function of the c.m. angle, corresponding to binding energy
g0 =137 keV. The experimental data were taken from Ref.
[20].
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Fig. 5. (color online) Convergence of the differential break-
up cross section as a function of the c.m. angle in terms of the
maximum core-proton orbital angular momentum ¢y, for all
four binding energies.
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ergy emax, for all four ground-state binding energies. An
inspection of Fig. 5 shows that regardless of the binding
energy, convergence is achieved with £, =3, since the
contribution from higher-order partial-waves appears to
be negligible. Figure 6 shows that the convergence is
achieved with ep,x =4 MeV. This figure also indicates
that for g <137 keV, the contribution from gpax >2
MeV is rather negligible. This suggests that in the gy — 0
limit, higher projectile excitation energies are in fact less
relevant.

Quantitatively, it is noticed in Figs. 5 and 6 that the
breakup cross section increases greatly from &, = 137 to
1.0 keV (see panels (a) and (b)), whereas for g, < 1.0
keV, the breakup cross sections appear to become more
similar, building at smaller angles (around 10°). In the
light of these results, one concludes that in the gy — 0
limit, there is convergence of the breakup cross section,
which can be attributed to the fact that the ground-state
wave function converges to a definite function as the
ground-state binding energy tends to zero, as observed in
Fig. 1. Given the peripheral nature of the breakup pro-
cess, the large increase of the breakup cross section when
the binding energy decreases from &, =137 to 1.0 keV
can be mainly attributed to the longer tail of the ground-
state wave function for gy < 1.0 keV, compared to that for
&9 =137 keV, as observed in Fig. 1. Also, as the ground-
state binding energy decreases, the breakup becomes
more peripheral, leading to significant contributions of
higher-order partial-waves to the L-distribution partial
breakup cross sections, as will be shown in Fig. 9. This
can further explain the large importance of the breakup
cross sections for g5 < 1.0 keV.

To study the dependence of the continuum-con-
tinuum couplings (ccc) on the ground-state binding en-
ergy, Fig. 7 shows the differential breakup cross sections
as a function of the c.m. angle, when these couplings are
included ("All coupl.") and excluded ("No ccc") in the
coupling matrix elements. As one would expect, the
breakup cross section is largely suppressed when the ccc
are taken into account compared to when they are ex-
cluded. This figure suggests that the effect of the ccc ap-
pears to lead to convergence as gy — 0.

In order to further analyze the breakup dynamics in
the g9 — 0 limit, I show in Fig. 8 shows the Coulomb and
nuclear breakup cross sections. The Coulomb breakup
cross section was approximately obtained by removing
the off-diagonal projectile-target nuclear interactions
("Be-target and proton-target nuclear interactions) in the
coupling matrix elements, keeping only its diagonal
monopole component, i.e., the nuclear interaction in the
projectile-target centre-of-mass, to account for nuclear
absorption in the centre-of-mass. The nuclear breakup
cross section, on the other hand, was obtained by remov-
ing the off-diagonal projectile-target Coulomb interac-
tions  ("Be-target and  proton-target  Coulomb
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Fig. 7. (color online) Differential breakup cross section as a

function of the c.m. angle in the presence of all different coup-
lings (“All coupl.”) and when the continuum-continuum coup-
lings are excluded (“No ccc”), for all four binding energies.
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Fig. 8. (color online) Differential breakup cross section as a

function of the c.m. angle for total, Coulomb and nuclear
breakups, for all four binding energies.

interactions), retaining only its diagonal monopole part
(i.e., the Coulomb interaction in the projectile-target
centre-of-mass). The diagonal nuclear monopole com-
ponent was also included. The total breakup cross sec-
tion refers to that obtained when both Coulomb and nuc-
lear interactions are simultaneously included in the coup-
ling matrix elements. This is the case for the results dis-
cussed above. Since the early studies [18], this procedure,
although approximative, has been widely used to study
the Coulomb and nuclear breakup separately, and has
produced the expected effects. This figure shows that the
nuclear breakup cross section is much smaller than its
Coulomb counterpart, which is approximately compar-
able to the total breakup cross section. Panels (b), (¢) and
(d) indicates that the nuclear and Coulomb breakup cross
sections are also negligibly dependent on the ground-state
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Fig. 9. (color online) Angular momentum distribution breakup cross sections (o4*) (panels (a), (c), (e) and (g)), and reaction cross

sections (oF) (panels (b), (d), (f) and (h)), for total, Coulomb and nuclear breakups, and for all four binding energies.

binding energy in the &y — 0 limit.

To better picture the negligible dependence of the
total, Coulomb and nuclear breakup cross sections on the
binding energy at short and long distances, their angular
momentum distributions (L-distributions) are plotted in
Fig. 9. It is noticed in the upper panels of this figure that
the behaviour of all three breakup cross sections at lower
and higher angular momenta is independent of the
ground-state binding energy as &y — 0.01 keV. As expec-
ted, due to the long-range nature of Coulomb forces, the
Coulomb and total breakup cross sections are signific-
antly extended to larger angular momenta compared to
the nuclear breakup cross section.

Another important reaction observable in the breakup
process is the reaction cross section. This may contain in-
formation about the structure of the colliding partners. To
test the dependence of this quantity on the ground-state
binding energy, the lower panels of Fig. 9 display the par-
tial reaction cross sections for total, Coulomb and nucle-
ar breakups. The reaction cross section, in a similar way
to the breakup cross section, has a negligible dependence
on the ground-state binding energy as g, — 0.01 keV. It
would have been assumed that as &y — 0, the nuclear ef-
fect would vanish due to the short-range nature of nucle-
ar forces, where the breakup becomes exclusively asymp-
totic. However, looking at the behavior of the reaction
cross section at lower angular momenta, it appears that
the nuclear effect also converges as gy — 0. Another re-
markable observation in this figure is the approximate
similarity of all three different reaction cross sections at
lower angular momenta (L < 20). If the Coulomb break-
up were calculated without the diagonal nuclear compon-
ent, then the resulting reaction cross section would have
been lower than its total and nuclear counterparts. This
result indicates that the diagonal nuclear potential has an
important effect on the Coulomb breakup calculations. A
further study of this effect may reveal other important

Table 3. Total, Coulomb and nuclear breakup convergence
rates as g9 — 0.01 keV.
go/keV Otot ot O Coul Onucl
137—-1.0 49.1% 41.3% 53.0% 38.0%
1.0—-0.1 6.0% 1.8% 5.4% 36.6%
0.1 - 0.01 1.3% 0.30% 2.4% 2.7%

breakup dynamics.

To further show the convergence of the different
breakup cross sections as gy — 0, Table 2 summarizes the
integrated total (o), Coulomb (ocom) and nuclear
(0nue) breakup cross sections, as well as the total break-
up cross section obtained in the absence of the con-
tinuum-continuum couplings (o *). This table exhibits
the convergence that is already displayed in the different
figures. In Table 3, the convergence rate is shown, where
one sees that as &g — 0.01 keV, o only grows by about
1.3%, o by about 0.3%, o-cou by about 2.4%, and oy

tot
by about 2.7%. Comparing the oy and o conver-
gence rates, it can be deduced that the effect of the con-
tinuum-continuum couplings is to slightly slow down the

convergence of the breakup cross section as gy — 0.

III. CONCLUSIONS

In this paper, I have investigated the behavior of the
breakup process in the gy — 0 limit for the ®B +¥Ni reac-
tion around the Coulomb barrier. For practical purposes,
apart from the ®B ground-state experimental binding en-
ergy of 137 keV, three other arbitrarily selected values
(1.0, 0.1, 0.01 keV) were also considered.

Analyzing the dependence of the ground-state wave
function on the binding energy, it is concluded that the
Coulomb barrier between the "Be core nucleus and the
valence proton prevents the "Be+ p system from reach-
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ing the state of an open quantum system, which would re-
quire the ground-state wave function to extend to infinity
in the asymptotic region. Consequently, the elastic scat-
tering cross section, whose matrix element contains the
density of the ground-state wave function, is also found
to be negligibly dependent on the binding energy as
g — 0.

On the other hand, the total, Coulomb and nuclear
breakup cross sections are reported to significantly in-
crease when the ground-state binding energy decreases
from gy = 137 to 1.0 keV, and converge to their maxim-
um values as gy — 0. This increase is mainly understood
as coming from the longer tail of the ground-state wave
function for gy < 1.0 keV, compared to that for gy = 137
keV. It is also found that the effect of the continuum-con-

tinuum couplings is to slightly delay the convergence of
the breakup cross section to its maximum value in the
gy — 0 limit. The analysis of the reaction cross section
signals shows a convergence of all the breakup observ-
ables as gy — 0.

In conclusion, due to the Coulomb barrier, the "Be + p
system does not reach the state of an open quantum sys-
tem in the &y — 0 limit, while the corresponding breakup
observables converge to their maximum values. These
results may serve to clear the ground toward an elabor-
ated theory on the breakup dynamics in the gy — 0 limit.
It would be interesting to perform a similar study for a
neutron-halo system, where there is no Coulomb barrier
between the core nucleus and the valence neutron.

References

[1] L. F. Canto, P. R. S. Gomes, R. Donangelo et al., Phys.
Rep. 596, 1 (2015)
[2] V. Jha, V. V. Parkar, and S. Kailas, Phys. Rep. 845, 1

(2020)

[3] R. Chatterjee and R. Shyam, Prog. Part. Nucl. Phys. 103, 67
(2018)

[4] B. Mukeru, J. Phys. G: Nucl. Part. Phys. 45, 065201 (15pp)
(2018)

[5] J. Rangel, J. Lubian, L. F. Canto et al., Phys. Rev. C 93,
054610 (2016)

[6] R. Kumar and A. Bonaccorso, Phys. Rev. C 84, 014613
(2011)

[71 Y.Kucuk and A. M. Moro, Phys. Rev. C 86, 034601 (2012)

[8] K. Mohring and U. Smilansky, Nuclear Phys. A 338, 227
(1980)

[91 H. P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems, Oxford University Press, 2002

[10] J. Okolowicz, M. Ploszajczak, and 1. Rotter, Phys. Rep. 374,
271 (2003)

[11]  J. Dobaczewskia, N. Michel, W. Nazarewicza et al., Prog.
Part. and Nucl. Phys. 59, 432 (2007)

[12]  U. Weiss, Quantum Dissipative Systems, World Scientific,
2008

[13] N. Michel, W. Nazarewicz, J. Okolowicz ef al., J. Phys. G:
Nucl. Part. Phys. 37, 064042 (12pp) (2010)

[14] J. Daboul and M. M. Nieto, Phys. Let. A 190, 357 (1994),
Phys. Rev. E 52 4430 (1995)

[15] M. Wang, G. Audi, F. G. Kondev et al., Chin. Phys. C 41,
030003 (2017). [See also at https://www.nndc.bnl.gov/
nudat2/]

[16] B. Mukeru, M. L. Lekala, and A. S. Denikin, Nucl. Phys. A
935, 18 (2015)

[17] L. F. Canto J. Lubian, P. R. S. Gomes et al., Phys. Rev. C
80, 047601 (2009)

[18] F. M. Nunes and I. J. Thompson, Phys. Rev. C 57, R2818
(1998) Phys. Rev. C 59, 2652 (1999)

[19] B.Paes, J. Lubian, P. R. S. Gomes et al., Nucl. Phys. A 890,
1(2012)

[20] V. Guimareas ef al., Phys. Rev. Lett. 48, 1862 (2000)

[21] T. L. Belyaeva, E. F. Aguilera, E. Martinez-Quiroz et al.,
Phys. Rev. C 80, 064617 (2009)

[22] J. A. Tostevin, F. M. Nunes, and 1. J. Thompson, Phys. Rev.
C 63, 024617 (2001)

[23] J. Rangel, J. Lubian, P. R. S. Gomes et al., Eur. Phys. J. A
49, 57 (2013)

[24] A. Gomez Camacho, E. F. Aguilera, R. S. Gomes et al.,
Phys. Rev. C 84, 034615 (2011)

[25] E. F. Aguilera, E.Martinez-Quiroz, T. L. Belyaeva et al.,
Phys. of At. Nuclei 71, 163 (2008)

[26] J. Lubian, T. Correa, E. F. Aguilera et al., Gomes, Phys.
Rev. C 79 064605 (2009) Phys. Rev. C 78 064615 (2008)

[27] E. F. Aguilera et al., Phys. Rev. C 79 021601(R) (2009)
Phys. Rev. Lett.107 092701 (2011)

[28]  P. Descouvemont, and E. C. Pinilla, Few-Body Syst 60, 11
(2019)

[29] K.J.Cook et al., Phys. Rev. Lett. 124, 212503 (2020)

[30] N. Austern et al., Phys. Rep. 154, 125 (1987)

[31] Y. Iserietal., Prog. Theor. Phys. Suppl. 89, 84 (1986)

[32] C. A. Bertulani, Phys. Lett. B 547, 205 (2002)

[33] F.F.Duan efal., Phys. Lett. B 811, 135942 (2020)

[34] A. Di Pietro, A. M. Moro, J. Lei et al., Phys. Lett. B 798,
134954 (2019)

[35] H. Esbensen and G. F. Bertsch, Nucl. Phys. A 600, 37
(1996)

[36] L J. Thompson, Comput. Phys. Rep. 7, 167 (1988)

[37] A.Ozawa, T. Suzuki, and T. Tanihata, Nucl. Phys. A 693,
32 (2001)

[38]  P. Capel and F. M. Nunes, Phys. Rev. C 75, 054609 (2007)

[39] Y. Y. Yang, X. Liu, land D. Y. Pang, Phys. Rev. C 94,
034614 (2016)

054107-7


https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2015.08.001
https://doi.org/10.1016/j.physrep.2019.12.003
https://doi.org/10.1016/j.ppnp.2018.06.001
https://doi.org/10.1016/0375-9474(80)90131-1
https://doi.org/10.1016/S0370-1573(02)00366-6
https://doi.org/10.1016/j.ppnp.2007.01.022
https://doi.org/10.1016/j.ppnp.2007.01.022
https://www.nndc.bnl.gov/nudat2/
https://www.nndc.bnl.gov/nudat2/
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6
https://doi.org/10.1140/epja/i2013-13057-0
https://doi.org/10.1007/s00601-018-1476-6
https://doi.org/10.1103/PhysRevLett.124.212503
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1143/PTPS.89.84
https://doi.org/10.1016/0167-7977(88)90005-6

	I INTRODUCTION
	II NUMERICAL CALCULATIONS AND RESULTS
	A Numerical calculations
	B Results and discussion

	III CONCLUSIONS

