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Effects of coupling to breakup in the 6,7Li + 64Zn systems at near-barrier energies
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Elastic scattering angular distributions for the weakly bound nucleus 7Li on 64Zn have been measured in a
wide angular range at energies around the Coulomb barrier. The present experimental data and our previously
measured elastic scattering data for the system 6Li + 64Zn have been analyzed within the continuum-discretized
coupled-channels method, where the resonant and nonresonant states of the projectile are taken into account.
In this theoretical framework, we have also analyzed our previously measured excitation functions of elastic
scattering at backward angles and the corresponding barrier distributions for the same systems. A good agreement
between the experimental data and the calculations has been observed. The obtained results, besides confirming
the importance of the coupling to the breakup channels in collisions with weakly bound nuclei, show that, in the
case of 6Li, the inclusion of the resonant states of the projectile produces non-negligible effects.
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I. INTRODUCTION

In the last decade, many efforts have been concentrated on
the study of nuclear collisions at energies around the Coulomb
barrier induced by stable weakly bound nuclei, such as 6Li
and 7Li (see, e.g., Ref. [1] and references therein). 6Li and 7Li
nuclei have weakly bound cluster structures, i.e., 6Li = α + d
and 7Li = α + t , with separation energies Sα = 1.47 MeV
and 2.47 MeV, respectively [2]. Therefore, owing to this
peculiarity, the coupling to the breakup channels can affect
the dynamics of reactions induced by these nuclei (see, e.g.,
Refs. [1,3]).

Strong effects of the loosely bound structure on elastic
scattering have been found in reactions involving unstable halo
nuclei, such as 11Be, 6He, and 11Li (see, e.g., Refs. [4–8]).
In the case of elastic scattering with stable weakly bound
nuclei, these effects were also clearly observed in the energy
dependence of the optical potential, where no usual threshold
anomaly appears (see, e.g., Refs. [9–15]).

The elastic scattering angular distributions of 6,7Li on differ-
ent targets have also been extensively investigated within the
continuum-discretized coupled-channel (CDCC) framework
(see Refs. [16–19]). Couplings to the 6,7Li → α + d(t) reso-
nant and nonresonant breakup processes were demonstrated to
have a significant effect on the elastic scattering cross section.

The barrier distribution method has been proved to be
a powerful tool to study the effects of couplings to dif-
ferent reaction channels at near-barrier energies (see, e.g.,
Refs. [20,21]). Due to the difficulties to extract the bar-
rier distribution from fusion measurements, an alternative
representation can be derived from the quasielastic (QEL)
scattering at backward angles. Those two descriptions are
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linked through the conservation of the reaction flux, since
fusion is connected to the probability of transmission and QEL
to the reflection probability. Therefore, the QEL backscattering
can be considered as complementary to fusion. The barrier
distribution of quasielastic scattering (Dqel) is defined as [22]

Dqel(E) = − d

dE

[
dσqel

dσRuth

]
, (1)

where dσqel/dσRuth corresponds to the ratio of the quasielastic
scattering and the Rutherford differential cross sections at a
fixed backward angle. QEL scattering is defined as the sum of
elastic and inelastic scattering, and all other direct processes.

Another representation of the barrier distribution can be
obtained from the elastic backscattering excitation function
(see, e.g., Ref. [23]).

It has been shown for several systems that the barrier
distributions derived from quasielastic scattering (and elastic,
in the case of tightly bound nuclei) are similar to those
derived from fusion (see, e.g., Refs. [24–26]). In reactions
with weakly bound nuclei, if only the elastic and inelastic
cross sections are included in the QEL, the Dqel distribution
does not provide information about the fusion barrier, but
it reflects the “total-reaction threshold distribution” [27,28]
(see also Refs. [29,30]).

In Refs. [31–35], excitation functions for QEL and/or
elastic scattering at backward angles, and the corresponding
barrier distributions, have been measured and analyzed for
several systems involving 6,7Li. The results show that the
effects of coupling to breakup channels are larger for 6Li than
for 7Li.

With the aim of contributing to the investigation of the
dynamics of reactions induced by weakly bound nuclei, we
have performed a systematic study of the 6,7Li + 64Zn systems
at energies around the Coulomb barrier where, elastic scatter-
ing angular distributions and fusion excitation functions were
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measured and elastic and QEL barrier distributions derived
from the corresponding excitation function measurements
[36–38]. In Ref. [36], the elastic scattering of 6Li on 64Zn
at energies around the Coulomb barrier has been investigated
within the optical model. The energy dependence of the optical
potential reveals an absence of the usual threshold anomaly
[39]. This new kind of anomaly, so-called “breakup threshold
anomaly” [12], can be understood as an evidence of the effect
of the coupling to the breakup channels.

Moreover, in [37], elastic and QEL barrier distributions
were analyzed within the coupled-channel approach including
inelastic excitations of the projectile and target. These calcu-
lations did not reproduce the experimental data in the case of
6Li projectile. This result suggests that the effects of couplings
to the continuum will be important in the reactions induced
by 6Li.

In order to conclude our systematic study of 6,7Li + 64Zn,
we measured elastic scattering angular distributions for the
7Li + 64Zn system at energies around the Coulomb barrier
not measured before and investigated the effects of coupling
to breakup in the 6,7Li + 64Zn systems within the three-body
CDCC framework. The new experimental data and those that
we previously measured in Ref. [36] for the 6Li + 64Zn elastic
scattering angular distributions are compared with the CDCC
calculations to look for differences in the breakup coupling
effects for the two projectiles, 6Li and 7Li. Moreover, we
investigated the effect of different 6Li resonant states on the
elastic scattering angular distributions. Furthermore, we ana-
lyzed, in terms of the CDCC calculations, barrier distributions
obtained from the backscattering excitation functions reported
in Ref. [37] for both 6,7Li + 64Zn systems. It is also interesting
to see whether the elastic scattering angular distributions and
the barrier distributions can be described simultaneously by
means of the same CDCC calculations. The results of this
investigation are reported in the present paper.

This paper is organized as follows. First, in Sec. II, the mea-
surements of the elastic scattering of 7Li on 64Zn are presented.
The CDCC calculations are described in Sec. III. In Sec. IV,
the results of the CDCC calculations are compared with the
experimental elastic angular distributions, the backscattering
excitation functions, and the barrier distributions for the
6,7Li + 64Zn systems. The effects of the couplings to breakup
channels are discussed. Finally, in Sec. V, a brief summary of
our results is presented.

II. EXPERIMENTAL DETAILS AND RESULTS

The measurements of the elastic scattering angular dis-
tributions of 7Li on 64Zn were performed in two different
experiments: in the first experiment the measurements corre-
sponding to higher energies Elab = 18.33 and 20.18 MeV were
carried out, while in a second experiment those corresponding
to lower energies Elab = 13.03, 13.85, 15.08, and 16.60 MeV
were performed. The measurements were carried out at the
Laboratori Nazionali del Sud. The 7Li beam was produced by
the SMP Tandem Van de Graaff accelerator and transported
to the CT2000 scattering chamber. The target was 99.4%
enriched 64Zn evaporated onto a carbon backing and placed at
45◦ with respect to the beam direction. The target thickness

was 140 μg/cm2 on a 60 μg/cm2 carbon backing in the
first experiment and 110 μg/cm2 on a 20 μg/cm2 carbon
backing in the second experiment. A thin 209Bi backing layer,
2–3 μg/cm2, was also present in the target used in the second
experiment. In the data analysis, the beam energies were
corrected for the energy loss in the first half of the target.

Charged particles coming from the reactions were detected
and identified by five silicon telescopes. Each telescope was
composed by a ∼10 μm thick detector (�E) and a detector
with a thickness in the range 100–400 μm (E). The telescope
system was mounted on a rotating plate in the scattering
chamber. The angular separation between adjacent telescopes
was 10◦. The angular distributions were measured in steps of
2.5◦–10◦, depending on the beam energy and on the angular
region, in the angular ranges of θlab = 30◦–170◦ at lower
energies and θlab = 20◦–135◦ at higher energies. Circular
collimators with diameters of 6 mm were positioned in front
of each telescope, in such a way that their angular opening
with respect to the target center was between 0.8◦ and 1.0◦.

The beam was defined by a rectangular aperture of
3×3 mm2 and a circular collimator with a diameter of 1 mm,
placed 155 cm and 16 cm upstream of the target, respectively.

Two monitor telescopes with angular opening of ∼0.2◦,
placed at ±12.5◦ in the first experiment, and at ±20◦ in the
second experiment, were used for normalization purposes.

Absolute values of the cross sections were obtained by
assuming that the 6Li + 64Zn scattering at forward angles,
where the two monitor detectors were placed, is pure Ruther-
ford. It should be mentioned that the events corresponding to
the elastic scattering on 64Zn and 208Bi, which was present
in the target of the second experiment, were not separated at
these small angles. Therefore, the number of “background”
events from 209Bi had to be evaluated and subtracted from
the elastic scattering counts in the monitor detectors. For that
reason, one additional monitor telescope, with angular opening
of ∼2◦ and placed at ∼90◦, was used in the second experiment.
The number of counts in the forward monitors corresponding
to the scattering on 209Bi was then determined from the
number of counts in the monitor placed at 90◦, by assuming
a pure Rutherford scattering of 6Li on 209Bi for all monitor
detectors.

The ratios of the solid angles between monitors and
telescopes were determined by measuring the elastic scattering
of 7Li on a 140 μg/cm2 thick gold target (assuming Rutherford
scattering). More details of the normalization procedure can
be found in Ref. [36].

Figure 1 shows a two-dimensional spectrum �E versus
residual energy Eres measured at Elab = 16.6 MeV with a
telescope at 135.2◦. Events corresponding to Z = 1, 2, and 3
are well separated. The Z = 3 events associated to the elastic
scattering and inelastic scattering to the 0.48 MeV 1/2− state
of 7Li and the 0.99 MeV 2+ state of 64Zn, as well as elastic
scattering on 209Bi are clearly visible. Events corresponding
to the 64Zn(7Li, 6Li) 65Zn one-neutron (1n) transfer were also
observed. One can see that the �E resolution was not good
enough to separate completely 7Li from 6Li.

In Fig. 2, experimental results for the 7Li + 64Zn elastic
scattering angular distribution at six incident energies are
represented by circles (The different lines displayed in this
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FIG. 1. (Color online) Two-dimensional �E-Eres spectrum mea-
sured at Elab = 16.6 MeV, θlab = 135.2◦.

figure are discussed in Sec. IV). The error bars in the figure
represent statistical uncertainties only. The uncertainties in the
cross sections due to the 1n-transfer “background” depend
on the angle and on the beam energy and could amount
up to ∼5% at the highest measured angles at the highest
energies.
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FIG. 2. (Color online) Elastic scattering angular distributions for
the 7Li + 64Zn system. The solid lines represent the CDCC calcula-
tions, the dashed lines are the calculations without the coupling to
the continuum states and the thin lines represent the OM predictions
without reorientation couplings (see Sec. IV for details).

III. CDCC CALCULATIONS

The CDCC formalism was proposed to extend the coupled-
channel (CC) method for reactions induced by loosely bound
systems, where the breakup channels can induce strong
couplings to the continuum states of the projectile (see,
e.g., Refs. [40,41]). Since continuum states are infinite and
non-normalizable, a procedure of discretization is used, which
allows to approximate this continuum by a finite set of
square-normalizable states. For that purpose, the standard
binning method was employed [41], which allows to discretize
and include these unbound states in the calculations. The
CDCC method has been successfully applied to study reactions
induced by weakly bound nuclei, using three-body and four-
body models of the reaction (see, e.g., Refs. [16–18,42–47]).

In this work, we consider a three-body model of the
reactions 6,7Li + 64Zn, which is based on a α + d(t) model of
6,7Li plus the 64Zn target. The cluster separation energies for
the systems α + d(t) are Sα = 1.47 MeV and Sα = 2.47 MeV,
respectively. Due to such low separation energy, the coupling
to the continuum states of the projectile is expected to be
important. Therefore, these continuum states of the system
α + d(t) are included and discretized by means of the binning
method [41]. These calculations were performed using the
code FRESCO [48], in which both nuclear and Coulomb effects
were considered.

A. The 6Li case

As was already mentioned, the 6Li nucleus has an α + d
cluster structure. The α-d binding potential of the Woods-
Saxon form, taken from Ref. [49], was used to generate the 1+
(angular momentum � = 0 coupled to the spin of the deuteron
s = 1) ground state (g.s.) wave function; the potential depth
has been adjusted to give the binding energy of 1.47 MeV. The
same Woods-Saxon geometry was used for the resonant states
3+, 2+, and 1+ (� = 2 coupled to the deuteron spin s = 1);
the depth has been adjusted to reproduce the experimental
energies of each of the resonances using the program GAMOW

[50] (see Table I). The Coulomb potential of an uniformly
charged sphere with radius RC was included. The widths of
the resonances calculated with this potential are compared with
the experimental values of Ref. [2] in Table III.

In Ref. [51], the effect of nonresonant breakup states was
shown to be quite significant. Thus, besides the resonant states,
non-resonant continuum states with angular momentum � = 0,
1, and 2 were considered, where the same interaction α-d of the
g.s. was used. The continuum states were truncated at 7 MeV
and discretized into momentum bins of width 0.09 fm−1.

TABLE I. Parameters of the Woods-Saxon potential correspond-
ing to the α-d interaction. The Coulomb radius is RC = R.

Potential V (MeV) R (fm) a (fm)

α-d (g.s.) 77.47 1.9 0.65
α-d (3+) 85.39 1.9 0.65
α-d (2+) 75.27 1.9 0.65
α-d (1+) 67.26 1.9 0.65
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J. P. FERNÁNDEZ-GARCÍA et al. PHYSICAL REVIEW C 92, 054602 (2015)

TABLE II. Parameters of the α-t potential.a The Coulomb radius
is RC = 3.095 fm.

Potential V (MeV) α (fm−2) VSO (MeV)

α-t (g.s., 1/2−) 83.52 0.15747 1.003
α-t (7/2−) 83.52 0.15747 1.003
α-t (5/2−) 78.19 0.15747 1.003

aV (r) = −(V + 4αVSO �� · �σ )exp(−αr2).

These bins were modified for each resonance state; for
the 3+, 2+, and 1+ resonances the continuum discretization
of 5.4 bins/MeV, 2.6 bins/MeV, and 2.8 bins/MeV was
considered inside the resonance.

For the α-64Zn interaction, the Woods-Saxon parametriza-
tion of Ref. [4] was used. Besides the α-d and α-64Zn
potentials, it is necessary to consider the interaction d-64Zn,
which was obtained by single folding the p-64Zn plus n-64Zn
interactions [52] over the deuteron g.s. wave function (see also
Ref. [53]).

To obtain a good convergence, the wave function of the
projectile-target relative motion was expanded in partial waves
up to Jmax = 120 and it was integrated numerically up to 70 fm.

B. The 7Li case

The 7Li nucleus can be well described by an α + t cluster
structure. To obtain the bound states of 7Li and the bin wave
functions, the α-t potential of the Gaussian form, including
central and spin-orbit terms, taken from Ref. [54] was used.
The depth of the central potential has been adjusted to
reproduce the experimental energies of each of the bound
states, the 3/2− g.s. and the 1/2− first excited state (� = 1
coupled to the triton spin s = 1/2), and the unbound resonant
states 7/2− and 5/2− (� = 3 coupled to the triton spin
s = 1/2). As it can be seen from Table II, the bound states
and the resonance 7/2− can be reproduced by the same depth.
This same potential was also used for the nonresonant contin-
uum states of 7Li. The calculated widths of the resonances
are compared with the experimental values of Ref. [2] in
Table III.

Continuum states with angular momentum � = 0, 1, 2, and
3 were considered, in which the � = 3 unbound states were
modified in order to avoid double counting in the calculations.
For the 5/2− and 7/2− resonances the continuum discretiza-
tion of 1.25 bins/MeV and 1.43 bins/MeV was considered
inside the resonance, while the nonresonant continuum was
discretized in momentum bins of width 0.09 fm−1 up to 7 MeV.

The α-64Zn interaction of Ref. [4] was used, while for
the interaction t-64Zn the parametrization of Ref. [55] was
considered.

The number of partial waves of the projectile-target relative
motion was limited to Jmax = 120 and the integration was
performed numerically up to 60 fm.

IV. RESULTS AND DISCUSSIONS

The calculated elastic scattering angular distributions for
the 7Li and 6Li projectiles are represented by solid lines in
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FIG. 3. (Color online) Elastic scattering angular distributions for
the 6Li + 64Zn system. The solid lines represent the CDCC calcula-
tions, while the dashed lines are the calculations without the coupling
to the continuum states.

Figs. 2 and 3, respectively. In general, a reasonable agreement
with the experimental data is observed.

In the 6Li case, the disagreements observed at highest
energies are presumably due to the limitation of the two-body
(α + d) model of 6Li. In Ref. [56], the 6Li + 209Bi elastic
scattering was analyzed within three-body CDCC model and
a good agreement with the experimental data was obtained by
using normalization factors for the fragment-target potentials.
On the other hand, it was shown in Ref. [53] that four-body
CDCC calculations, based on a more realistic three-body
(α + n + p) model of 6Li, reproduce the same data without
renormalization of the potentials.

In the case of 7Li, we can presume that the two-body
α + t model works better since t is a stiffer particle than d
due to its larger breakup threshold (Sn = 6.26 MeV [2] for
t → d + n). In Fig. 2, on can observe that the calculations
slightly underestimate the experimental cross sections at
the lowest energies. This disagreement could be due to
the use of the global t-64Zn potential. We verified that a
renormalization of this potential improves the agreement with
the data and that the calculations are less sensitive to the α-64Zn
potential.

In the same figures, the calculations without the coupling to
the continuum states of the projectile are represented by dashed
lines. The comparison between the two calculations and the
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TABLE III. Resonant states of 6Li (3+, 2+, and 1+) and 7Li (7/2−

and 5/2−). The experimental energies Eexp and widths �exp are taken
from Ref. [2]. The widths �theo are results of the program GAMOW

[50].

Projectile Resonance Eexp (MeV) �exp (MeV) �theo (MeV)

6Li 3+ 0.716 0.024 0.018
6Li 2+ 2.84 1.3 0.85
6Li 1+ 4.18 1.5 2.36
7Li 7/2− 2.16 0.093 0.092
7Li 5/2− 4.21 0.88 0.90

experimental data reveals that the effect of the coupling to
breakup channels is important in the case of the 6Li projectile,
while such effect has been found to be less significant in the
7Li case. The calculations without breakup in the case of 7Li
include the g.s. reorientation couplings and the coupling to
its bound 1/2− first excited state. To evaluate the effects of
these couplings, optical model (OM) calculations using only
the bare interaction 7Li(g.s)-64Zn, i.e., without reorientation
couplings and excitation of the first excited state (1/2−), have
been performed. The potential 7Li(g.s)-64Zn is obtained by
a single folding the t-64Zn plus α-64Zn interactions over the
α-t g.s. wave function. The results of the OM calculations
are represented by thin green lines in Fig. 2. Notice that the
reorientation couplings and the excitation of the 7Li 1/2− state
have a significant effect in comparison with the couplings to
breakup channels, mainly at medium measured energies. The
g.s. reorientation couplings in 6Li are absent since 6Li(g.s.) is
a spherical nucleus.

To assess the effect of the coupling to the resonant states of
6Li we have performed CDCC calculations including only the
nonresonant continuum states, while the resonant states were
ignored. This kind of calculations can be performed thanks to
the bin procedure, which permits to remove or include the bins
corresponding to the different resonant states. These resonant
bins are determined by the energy and width of each resonance,
presented in Table III.

In Fig. 4, the elastic scattering angular distributions for the
6Li + 64Zn system at the four lower energies, Ec.m. = 10.77,
11.69, 12.43, and 13.54 MeV are shown. The solid lines
represent the full CDCC calculations, the dashed lines are the
calculations without the couplings to the continuum states,
and the dotted lines represent the calculations considering
only the nonresonant states. A comparison of these curves
shows that inclusion of the couplings to the resonant states
produces significant effect on the elastic scattering angu-
lar distributions at the lowest incident energies, while at
higher energies these couplings become less important. At
the lowest energies this effect improves considerably the
agreement with the experimental data and is comparable to
the effect of couplings to only non-resonant continuum. The
dependence on the incident energy may be understood as an
increment of the probability to access nonresonant continuum
states with higher energies with respect to the resonant
states.
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FIG. 4. (Color online) Elastic scattering angular distributions for
the 6Li + 64Zn system. The solid lines represent the CDCC calcula-
tions, the dotted lines are the calculations without the coupling to the
resonant states, while the dashed lines are the calculations without
the couplings to the continuum states.

In Ref. [57], similar calculations of the effect of couplings
to resonant states on elastic scattering angular distributions
were performed for the 6Li + 28Si and 6Li + 58Ni systems. It
was found that the effect is negligible in the case of the 28Si
target, while some effect was observed at low energies in the
case of the 58Ni target. The effect of the resonant continuum
states on the elastic scattering for the 6Li + 58Ni system has
a dependence on the incident energy as that observed in
the present paper, becoming negligible when increasing the
bombarding energy (see Fig. 4 in Ref. [57]). In the present case,
the comparison between the calculations with and without the
inclusion of couplings to resonant states is qualitatively similar
to the one of Ref. [57], in which that effect was considered to
be very small. However, it is clear from Fig. 4 that the inclusion
of resonances has an important effect on the calculated cross
sections for the 6Li + 64Zn scattering at the lowest energies.
Similar conclusion on the effect of the 6Li resonances was also
reached in Ref. [58] for the 6Li + 144Sm system.

To study the importance of the coupling to the different
resonant states of 6Li we have performed CDCC calculations
including the non-resonant continuum states and only one of
the resonances, while the other resonant states were ignored.
In Fig. 5, the elastic scattering angular distribution for the
6Li + 64Zn system at Ec.m. = 11.69 MeV is shown. As before,
the solid line represents the full CDCC calculation, while the
calculations considering only the resonance 1+, 2+, or 3+
are displayed by dotted, dashed, and dashed-dotted lines. One
notes that the couplings to the 3+ resonance are more relevant
than to the 2+ and 1+ resonances. This can be understood
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FIG. 5. (Color online) Elastic scattering angular distribution for
the 6Li + 64Zn system at Ec.m. = 11.79. Dotted, dashed, and dashed-
dotted lines represent the CDCC calculations considering non-
resonant states and only 1+, 2+, or 3+ resonance, respectively. Full
CDCC calculations are represented by solid lines.

given the lower excitation energy and narrower width of the
3+ resonance compared to the other two.

Backscattering excitation functions and corresponding bar-
rier distributions for the 6,7Li + 64Zn systems reported in
Ref. [37] have been also analyzed with the CDCC method.
In Ref. [37], in the case of the 6Li + 64Zn system, the QEL
scattering was defined as the sum of the elastic scattering and
inelastic excitation of the 64Zn 2+ state. In the case of the
7Li + 64Zn system, the inelastic excitation of the 7Li 1/2−
state and 1n transfer to the 65Zn states were also included in
the QEL scattering. The transfer channel and the inelastic
excitation of the target were not included in our CDCC
calculations. Because of that, only the elastic scattering for
6Li + 64Zn has been considered. In the case of 7Li + 64Zn,
the elastic scattering and inelastic excitation of the 7Li 1/2−
state have been analyzed.

The CDCC calculations of the backscattering cross sections
were performed at the same energies, Elab = 9–20 MeV in
steps of 0.5 MeV, and angles, θlab = 160◦ and 170◦, for which
the experimental cross sections were measured [37]. As in
Ref. [37], the final backscattering excitation functions were
obtained by correcting the center of mass energies Ec.m. for
the angle-dependent centrifugal potential and averaging the
cross sections for the two angles. The barrier distributions
were derived from the excitation functions using the same
procedure [59] that was applied to the experimental data [37].

In Figs. 6 and 7, the calculated elastic scattering excitation
functions and the corresponding barrier distributions, Del

qel,
are compared with the experimental data for the systems
6Li + 64Zn and 7Li + 64Zn, respectively. Furthermore, the
excitation function for the 7Li(1/2−) inelastic scattering and
its component of the QEL barrier distribution, Dinel

qel , are
also displayed in Fig. 7. A reasonable agreement between
the experimental data and calculations is observed when the
6,7Li → α + d(t) resonant and nonresonant breakup processes
are taken into account. In the 6Li case, the effect of such
couplings is to broaden the barrier distribution and to shift the
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FIG. 6. (Color online) (a) Excitation function of elastic backscat-
tering and (b) the corresponding contribution to the barrier distribu-
tion for 6Li + 64Zn system. The experimental data are represented by
the circles, while the solid lines correspond to the CDCC calculations.
The dashed lines represent the calculations without the couplings to
the continuum states.

barrier peak position to higher energies, while minor effects
were observed in the case of 7Li.

To conclude, the comparison of the CDCC calculations
with the experimental elastic angular distributions and barrier
distributions show larger effect of the coupling to the breakup
channels in a 6Li + 64Zn system than in 7Li + 64Zn. The
importance of these couplings was also reported for the total
fusion and breakup cross sections at energies around the
Coulomb barrier, for example in Refs. [60] and [61]. This
behavior could be linked with the difference between the
breakup thresholds, which is smaller for 6Li (1.47 MeV) than
for 7Li (2.47 MeV).

Similar effects were observed for the 6Li projectile with
different targets in Ref. [16] and, recently, e.g., with 28Si [62],
59Co [63], 90Zr [15], 144Sm [35], 208Pb [64], and 209Bi [63],
which support the results obtained in this work.

As it was shown in Fig. 6, the couplings to breakup channels
can produce a shift of the barrier peak position to higher
energies. This effect was also found for, e.g., 6,7Li + 144Sm
[35] and 6Li + 28Si [33,62].

Thus, the results obtained in this work ratify that it is
necessary to consider the couplings to breakup channels for
a complete theoretical description of reactions induced by
weakly bound projectiles. Moreover, it is found, in the case of
the 6Li projectile, that the effect of couplings to resonant stats
is important at low-incident energies.
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FIG. 7. (Color online) (a) Excitation functions of elastic and
inelastic backscattering and the corresponding contributions to the
QEL barrier distribution in (b) and (c), respectively, for 7Li + 64Zn
system. The experimental data are represented by the circles and
triangles for the elastic and inelastic data, respectively. The solid lines
correspond to the CDCC calculations, while the dashed lines represent
the calculations without the couplings to the continuum states. The
thin lines represent the OM without reorientation couplings.

V. SUMMARY AND CONCLUSIONS

We have measured elastic scattering angular distributions
for the 7Li + 64Zn system at energies around the Coulomb
barrier in a wide angular range.

These new data, the elastic scattering angular distribution
of 6Li + 64Zn that we obtained in a previous experiment
[36], our elastic backscattering excitation functions and their
corresponding barrier distributions for both systems [37], have
been compared with continuum-discretized coupled-channels
calculations. The projectile dissociation has been taken into
account by including the couplings to the α + d(t) resonant
and non-resonant continuum states, while inelastic excitations
of the target have not been considered.

In general, a good agreement between the calculations and
the experimental data for both the elastic angular distributions
and barrier distributions has been observed.

In the 6Li case, the inclusion of resonant states has been
found necessary to reproduce the experimental data at low
energies. Moreover, a more important effect of the couplings
to the 3+ resonant state than to the 2+ and 1+ resonances has
been observed; this is correlated with the excitation energies
and widths of the resonances. The relative importance of the
resonant continuum states with respect to nonresonant states
decreases as the incident energy increases.

The couplings to the breakup channels have a significant
effect in the case of the 6Li scattering, whereas minor effects
have been found for the 7Li case. This behavior can be related
to the fact that the breakup threshold of 6Li is smaller than
that of 7Li. Moreover, in the 6Li case, those couplings tend to
broaden the barrier distribution derived from elastic scattering
and to increase its average energy.

The presented results confirm the importance of the
coupling to the continuum in reactions involving weakly bound
nuclei.
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