PHYSICAL REVIEW C 98, 024610 (2018)

Energy evolution of channel coupling for the system °Li 4+ *Ni at near-barrier energies

Md. Moin Shaikh!-" and Subinit Roy?
YWariable Energy Cyclotron Centre, I1/AFE, Bidhan Nagar, Kolkata 700064, India
2Saha Institute of Nuclear Physics, 1/AF, Bidhan Nagar, Kolkata 700064, India

® (Received 14 June 2018; published 10 August 2018)

Background: Different theoretical models have been used to understand the effects of coupling of direct reaction
channels on reaction observables in recent years. However, very few attempts have been made to check the
consistency of the model calculations in terms of comparing different experimental observables with the model
predictions.

Purpose: In the present work, coupled channel calculations are performed with transfer and breakup coupling for
collision of the weakly bound stable projectile °Li with the medium-mass target *Ni at near-barrier energies. The
main goal is to find the consistency of the model calculation in simultaneous reproduction of reaction observables
like the elastic angular distributions, back-angle elastic excitation function, and fusion excitation function to find
the effective energy regions of dominance of these couplings.

Method: Both coupled reaction channel (CRC) and continuum discretized coupled channel (CDCC) calculations
are performed using the code FRESCO. Transfer coupling is included through the CRC formalism. The CDCC
scheme is used for breakup coupling and to distinguish the effect of resonant and nonresonant couplings.
Results: In the case of the CRC calculation, the full coupling including inelastic scattering, 1n stripping, and
1p stripping gives the best description of the experimental data and particularly reproduces the data in the
subbarrier energy region. It is observed that the 1p-transfer channel has a larger impact on reaction observables
compared to 1n transfer. On the other hand, for breakup nonresonant breakup has the dominant effect on the
reaction observables, although resonant breakup has a larger cross section. The full breakup coupling reproduces
the elastic scattering angular distributions and excitation function in the above-barrier region. But the scheme
overpredicts these observables in the subbarrier region.

Conclusion: CRC and CDCC calculations are complementary to each other. The energy dependencies of the
relevant couplings for the °Li 4+ **Ni system around the barrier show that inelastic and transfer coupling are
important at energies below the Coulomb barrier but continuum coupling is dominant in the above-barrier energy

region.
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I. INTRODUCTION

The impact of coupling to different direct reaction channels
on elastic scattering and fusion reaction at near-barrier energies
involving weakly bound systems is one of the prime rea-
sons for the interest in low-energy nucleus-nucleus collisions
[1-7]. The degree of influence of the couplings, however, varies
with the target and the incident energy of the weakly bound
projectile.

In general for weakly bound stable nuclei, like °Li with
alpha separation energy S, = 1.47 MeV, the complete fusion
(CF) cross section of the projectile at above-barrier energies
is shown to be suppressed by a certain factor in comparison
with the one-dimensional barrier penetration model (IDBPM)
prediction for fusion. The magnitude of the observed suppres-
sion is higher for heavy-mass targets but it decreases with de-
creasing target mass or, more precisely, with decreasing charge
product of the projectile and the target [8,9]. The suppression
is essentially caused by breakup processes through the removal
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of flux from the incident channel before it reaches the effective
barrier radius for fusion. A part of the lost flux can induce
complete fusion by sequential capture of the two projectile
fragments with the target [1]. The process cannot be distin-
guished experimentally [4] from the CF process where the pro-
jectile remains intact. Consequently, the total fusion (TF) cross
section, defined as the sum of the cross sections of complete fu-
sion and incomplete fusion of one of the breakup fragments of
the projectile, remains more or less unaffected by the breakup
process at above-barrier energies. The TF cross sections at
these energies coincide with the IDBPM predictions as well as
with the coupled channel predictions for fusion cross sections.

On the other hand, at subbarrier energies, both CF and
TF cross sections involving weakly bound projectiles exhibit
enhancements with respect to the 1DBPM predictions. Un-
like strongly bound projectiles, the enhancement of fusion
cross sections of weakly bound projectiles at below-barrier
energies is not very clearly understood. Whether the observed
enhancement can be explained through the couplings to in-
elastic excitation and transfer channels or the breakup of
the projectile affects the enhancement needs to be investi-
gated. Unfortunately, no unified reaction model exists that
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simultaneously encompasses couplings to collective excita-
tions, transfer channels, and excitation to the continuum.

At near-barrier energies, the effect of coupling to the
continuum on elastic scattering is also quite significant. Several
studies have been performed spanning a wide target mass
range and using weakly bound stable as well as unstable
projectiles [10-23]. While Coulomb-induced coupling to the
continuum dominates the elastic scattering from high-Z heavy-
mass targets, the interplay of Coulomb and nuclear breakup
becomes important as the target charge and mass decrease
[24]. Coulomb breakup, introducing long-range absorption,
affects primarily the Coulomb rainbow region of the elastic
angular distribution. Nuclear breakup strongly affects the
elastic phase shift and thus modifies the shape of the elastic
angular distribution. In general, coupling to breakup channels
introduces a repulsive real dynamic polarization potential but
coupling to bound reaction channels produces an attractive
real dynamic polarization potential. Effects are strong with the
incident energy close to the barrier. The resultant effect on
elastic scattering is of great interest.

In a recent work [25], we have investigated the effect of
coupling to inelastic and one-particle transfer reaction channels
on the barrier distribution from the back-angle quasielastic ex-
citation function, a complementary measurement of the fusion
excitation function for the ®Li 4 ®*Ni system at near-barrier
(Coulomb barrier, Vg = 12.41 MeV) energies. The systematic
coupled reaction channel (CRC) calculation revealed that
coupling to collective excitation to the first excited state of *Ni
and the resonant first excited state of ®Li along with coupling
to one-proton and one-neutron transfer channels reproduced
the quasielastic barrier distribution quite well. However, the
CRC calculation could not reproduce the high-energy part of
the quasielastic excitation function.

The present work attempts to identify the relative im-
portance of bound state—to—bound state coupling and bound
state—to—continuum coupling in the direct reaction products
on elastic scattering and fusion observables for the °Li + **Ni
system. The primary goal is to look for energy variation
of the relative influence of these couplings on the reaction
observables, with particular interest in describing the higher-
energy behavior of the back-angle elastic excitation function.
The CRC formalism has been used to investigate the effect of
coupling to bound states. The continuum discretized coupled
channel (CDCC) formalism has been adopted to describe the
coupling between bound states and continuum states.

II. THEORETICAL FORMALISM

Both CRC and CDCC calculations for the system SLi +
%Ni have been performed using the reaction code FRESCO
(FRES 2.9) [26]. The code FRESCO can calculate elastic and
inelastic angular distributions, reaction cross sections, and
transfer (CRC)/breakup (CDCC) angular distributions along
with their integrated cross section as well as fusion cross
section simultaneously. The fusion cross section (Ofysion) 1S
estimated indirectly from the relation

Ofusion = Otreaction — Ooutgoing s (D
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FIG. 1. Representative coupling schemes used in CRC calcula-
tion. Schemes CC I, CC II, and CC III are indicated and coupling
scheme CC 1V incorporates all the couplings simultaneously.

where Oreaction 18 the total absorption cross section and ogugoing
is the sum of the cross sections of individual direct reaction
channels considered in the calculation.

A. CRC coupling scheme

The direct reaction channels considered in the present
scheme are the inelastic excitations of the projectile ®Li and the
target *Ni, one-neutron stripping to the °Li 4+ ®Ni system, and
one-proton stripping to the “He + ®Cu system. The coupling
schemes adopted in the CRC calculation are schematically
shown in Fig. 1. Altogether four coupling schemes, viz., CC
I, CC II, CC III, and CC IV, have been used to understand
the effect of coupling of direct reaction channels on different
reaction observables.

Scheme CC I includes the inelastic excitations of the first
excited state, 27, of the target *Ni with excitation energy 1.345
MeV and the first resonant state (3*; 2.18 MeV) of the o and d
cluster of the projectile °Li. Coupling scheme CC 1T is defined
as a scheme with CC I and the one-neutron stripping channel
leading to three-body final state with a Q value of 0.435 MeV.
In the calculation only the ground state of the ejectile °Li
and low-lying states of the residue ®Ni are considered. The
required spectroscopic amplitudes for the overlaps (°Li|°Li)
and (*Ni|*Ni) are taken from Refs. [27,28]. To further explore
the effect of one-nucleon stripping, the calculation has been
performed with coupling scheme CC III. The scheme is similar
to scheme CC II, with the difference that in this case the one-
neutron stripping channel is replaced by a one-proton stripping
channel, again leading to three-body final state, with a Q
value of 3.021 MeV. The spectroscopic amplitudes associated
with the (*He|®Li) and (®*Cu|**Ni) overlaps are taken from
Refs. [27,29].

Coupling scheme CC IV is the full channel coupling
scheme, which includes the inelastic excitations of the reac-
tants and both the one-neutron and the one-proton stripping
channels.

The optical potential for the entrance channel of the SLi +
%Ni system consists of a “bare” nuclear potential and the
Coulomb potential with radius Rc = 1.3 x (A},/ 3 + AIT/ 3) fm,
where Ap and Ay are the mass numbers of the projectile
and target, respectively. The real part of the bare nuclear
potential is constructed by folding the density-dependent M3 Y-
Reid nucleon-nucleon interaction with a zero-range exchange
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interaction term [30,31]. The mass densities of °Li and **Ni
are taken from Refs. [30,32,33]. The imaginary component
of the bare nuclear potential consists of a short-ranged vol-
ume Woods-Saxon potential that simulates the ingoing wave
boundary condition [34]. The well-known Akyiiz-Winther [35]
potential has been used as the real potentials in the exit
channels, and the same short-ranged Woods-Saxon potential
with strength Wy = 50 MeV, radius parameter r; = 1.0 fm,
and diffuseness a; = 0.4 fm as the imaginary potentials. The
strengths of the bound-state potentials of Woods-Saxon form,
with fixed geometry parameters of radius r, = 1.25 fm and
diffuseness a, = 0.65 fm, have been adjusted to reproduce
the binding energies of the states. The transition strengths for
inelastic coupling have been obtained from the deformation
parameters of the projectile and target and the values of the
parameters are taken from Refs. [36,37]. The details of the
coupling schemes and the potential parameters can be found
in Ref. [25].

B. Continuum discretized coupled channels

To observe the effect of breakup, a dominant direct reaction
channel for weakly bound projectiles, CDCC calculations
were performed in the measured energy range using the code
FRESCO. In the calculation the projectile °Li has been taken as a
two-body cluster nucleus of « and d fragments with the ground
state at —1.47 MeV from the threshold. The positive energy
resonant states lie in the a-d continuum. The model space has
been constructed by discretizing the breakup continuum into
equal energy bins in the energy space. The continuum above
the®Li — o +d breakup threshold (1.47 MeV) is discretized
into energy bins of width AE = 2 MeV. Each bin is treated as
an excited state of ®°Li at an excitation energy equal to the
mean energy of the bin and having spin J and parity (—1)~,
where L is the relative orbital angular momentum between
the a-particle core and the deuteron. The continuum states
with L =0, 1, 2, and 3 are included in the calculation. The
maximum excitation energy considered for the highest incident
energy is 12 MeV for all the L windows. For lower bombarding
energies the upper limit of excitation is suitably modified. The
widths are modified near the location of the resonant states.
The resonance states considered are present at the energies
0.72, 2.84, and 4.18 MeV in the L = 2 continuum. The bin
widths for the L # 2 continuum are kept uniform.

The cluster folding model, adopting the global « and d
optical potentials with the ®*Ni target, has been used to generate
the effective potentials in the CDCC formalism. The binding
potentials between the & + d clusters are considered to be L de-
pendent [38]. We have used the global « optical potentials from
Refs. [39,40] in the calculation. These potentials are adjusted
by renormalizing the real and imaginary strengths to match
the experimental elastic scattering angular distribution data of
®Li + %Ni system at 26 MeV and the renormalization factors
are N = 0.70 and N; = 2.50. These renormalization factors
are kept fixed for all the incident energies. The parameters
for d + ®Ni potential are taken from Ref. [41] and are kept
unmodified. In this calculation, all the reorientation couplings
have been considered. Target excitation, however, is not in-
cluded in the scheme. The calculations have been performed
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FIG. 2. Theoretical elastic scattering angular distributions ob-
tained using different coupling schemes in CRC calculations for
the system °Li 4 **Ni in comparison with the experimental angular
distributions taken from Ref. [33]. See text for details.

with three coupling conditions, viz., first, calculation with
only nonresonant continuum coupling, ignoring the presence
of excited resonant states; second, calculation with coupling
only to the excited resonant states; and third, calculation with
the full coupling condition, which includes both resonant and
nonresonant coupling terms. Calculation without any coupling
has also been done for all the incident energy values.

III. RESULTS AND DISCUSSION
A. Results of CRC calculation

Measured data of the elastic angular distribution [33] at
different energies, back-angle quasielastic scattering excitation
function at 6y, = 150° [25], and fusion excitation functions
[9] are present in the literature. In the next few paragraphs,
we discuss the simultaneous reproduction of the observable
quantities using the CRC scheme.

Before introducing the channel coupling, a first-order
distorted-wave Born approximation calculation has been per-
formed to obtain the cross section for each channel. The
corresponding output is labeled “NC.” The NC cross section
is used as the base for comparison of the effects of different
coupling conditions on observable quantities.

To understand the reaction mechanism, the study of elastic
scattering angular distributions at different energies near the
barrier energy is a very useful tool. The calculated angular
distributions with different coupling schemes along with the
experimental data have also been plotted in Fig. 2. The bench-
mark angular distributions with the no-coupling condition are
shown by dashed-dotted curves for all the incident energies.
The angular distributions corresponding to schemes CC I, CC
II, CC 1L, and CC IV are shown by the dotted, dashed—double-
dotted, dashed, and solid curves, respectively.

It is clearly shown that the angular distributions with the
no-coupling condition underpredict the experimental data at
higher angles. The deviation from the measurement increases
with increasing incident energy. It is also shown in Fig. 2 that
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the inclusion of couplings definitely improves the reproduction
of the data. A closer look at Fig. 2, however, reveals that
the matching with experimental data improves significantly
after the introduction of transfer coupling, and inelastic cou-
pling alone does not have much effect on the distribution.
It is also important to point out that between the transfer
couplings, 1p stripping has a much stronger effect on the
elastic scattering angular distribution compared to 1n transfer
throughout the measured energy range. The reproduction of
experimental data is best for coupling scheme CC IV, where
all the above-mentioned couplings are incorporated. Scheme
CC IV reproduces the experimental data at subbarrier and very
close to barrier energies. But as the incident energy increases
above the barrier region the calculated cross section starts to
underpredict the data at higher angles. Hence, one can argue
that the reproduction of elastic angular distributions from the
CRC scheme is not satisfactory at higher energies, though it is
quite good in the barrier and the subbarrier energy region.

As the deviation between the model predictions and the
data is greater at backward angles, the effect of coupling
will also be magnified at these angles. Hence, the back-angle
elastic scattering excitation functions become a very useful
tool to understand the effect of different couplings and the
reaction mechanism. As elastic scattering and fusion are
complementary to each other, coupling should affect fusionina
similar fashion. The experimental elastic scattering excitation
function at back angle, 0}, = 150° and the fusion excitation
for the system °Li 4 ®Ni have been plotted in Fig. 3 along
with their theoretical counterpart.

As expected, Fig. 3(a) shows observations of the elastic
scattering excitation function similar to the observations of
the elastic scattering angular distribution in Fig. 2 but on
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FIG. 3. Theoretical (a) back-angle elastic scattering and (b) fusion
excitation functions obtained using different coupling schemes in
CRC calculations for the system °Li 4 **Ni. Open triangles represent
experimental quasielastic scattering cross sections from Ref. [25]
and filled squares represent the corresponding elastic scattering
cross sections. The short-dashed line is the theoretical prediction for
quasielastic scattering from the CC IV coupling scheme of the CRC
calculation. See text for details.

a more magnified scale. The elastic scattering excitation
function with the no-coupling condition greatly underpredicts
the experimental data at higher energies. The deviation from
the measurement decreases with decreasing incident energy.
The inclusion of different couplings improves the reproduction
of the data. Among all the coupling schemes, the full coupling,
i.e., CCIV scheme shows the best reproduction of experimental
data, although it underpredicts the experimental data at higher
energies. To compare the elastic scattering excitation function
with the previous observation of quasielastic scattering exci-
tation functions [25], both the experimental and the best-fit
theoretical (CCIV) quasielastic excitation functions are plotted
in Fig. 3(a). It is shown that the quasielastic cross sections
are slightly higher than the elastic scattering cross sections
at higher energies. As the energy decreases the quasielastic
scattering cross sections merge with the elastic scattering
cross sections, both experimentally and theoretically, due to
the dominance of the elastic scattering cross section at lower
energies.

The fusion outputs of the same schemes have also been
compared with the experimental fusion excitation functions,
both TF and CF, in Fig. 3(b). The model fusion cross section
at each energy is estimated from Eq. (1). The fusion excitation
function in the no-coupling condition describes the TF data
in the above-barrier region but underpredicts both CF and TF
data in the below-barrier region.

With the inelastic couplings of the CC I scheme, a slight
enhancement of cross sections in the subbarrier region has been
observed, although no significant effect is seen in the above-
barrier cross-section values.

Including the coupling of the 1n-stripping channel along
with the CC I scheme in the CC II coupling scheme produces
a larger enhancement in fusion cross sections at subbarrier
energies. The calculation, however, overpredicts the CF cross
sections in the low-energy regime but compares well with the
predictions of CC I and no-coupling conditions at above-barrier
energies.

On the other hand, with the CC III coupling scheme, where
the 1p-stripping channel instead of 1 stripping is considered
with the inelastic couplings, the model excitation function
marginally underpredicts the CF data at subbarrier energies.
At higher incident energies the fusion cross sections with the
CC III scheme match the other model predictions indicating a
reduction of the channel coupling effect.

Finally, it is observed that the CC IV coupling scheme,
which includes the 1n- and 1p-stripping channels as well as the
inelastic channels, describes CF data remarkably well at ener-
gies below the barrier. As expected it reasonably matches the
cross-section values determined from other coupling schemes
in the above-barrier region. All the models in this energy
regime overpredict the measured CF cross sections, which are
suppressed due to the effect of absorption of flux from the
entrance channel by breakuplike processes.

The CRC calculations include the effects of both inelastic
and transfer couplings, but not the effect of coupling to
channels arising out of breakup of the projectile. In the above-
barrier region, the breakup is argued to be the reason behind
the suppression. The argument is corroborated by the good
matching of the experimental TF excitation function with the
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FIG. 4. Calculated breakup cross section for different excitation
energies (bin) from the continuum for both resonant and nonresonant
states for the system °Li + %Ni at energy 26 MeV. Bin numbers
29, 38, and 48 correspond to the resonant states 4.15, 2.88, and
0.716 MeV, respectively, in °Li, above the a 4 d threshold at
1.47 MeV with the widths 2.58, 1.85, and 0.025 MeV, respectively.

1DBPM and the CRC calculations. In the below-barrier region,
it has been shown in Refs. [9] and [24] that the enhancement
in TF cross sections occurred because of the admixture of
reactions, other than fusion. The trend observed in the CRC
model description of the elastic angular distributions and
excitation function as well as the fusion excitation function
corroborates with the observation from the model predictions
of back-angle quasielastic excitation function and the barrier
distribution extracted from it as described in Ref. [25].

B. Results of the CDCC calculation

One can observe that transfer coupling is not sufficient
to describe the experimental observations, especially in the
higher-energy region; the effects of other dominant reaction
channel breakup on different reaction observables are inves-
tigated. As already mentioned, °Li has three resonant states
in the continuum. In the present case effects of nonresonant
and resonant couplings are probed separately as well as
simultaneously. It is reported in the literature that the major
part of the breakup cross section for the projectile °Li comes
from the resonant breakup of the projectile for heavy targets
[10]. In Fig. 4 it is clear that this observation is also true
for the projectile °Li with the medium-mass target **Ni. The
breakup cross sections come mainly from the bin numbers
29, 38, and 48, which correspond to the excitation energies of
5.62,4.32, and 2.18 MeV with resonant widths 2.58, 1.85, and
0.025 MeV, respectively. It should also be noted that bin widths
are not equal for all the bins. The bin width of the continuum
away from the resonance states is taken to be 2 MeV. As an
example cross sections coming from bin numbers 1, 2, 3, etc.,
in Fig. 4 are cross sections for the 2-MeV bin width. On the
other hand, the cross section in bin number 48 is only for the
energy window of 25 keV. The calculated resonance energies
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FIG. 5. Theoretical elastic scattering angular distributions calcu-
lated from CDCC calculation for the system °Li 4 %Ni for different
coupling conditions at different energies near the barrier in compari-
son with the experimental angular distributions. See text for details.

and widths of the resonance states, above the threshold of
1.47 MeV, are quite close to their experimental values of 4.18,
2.84, and 0.716 MeV with the widths 1.5, 1.7, and 0.024 MeV,
respectively.

To identify the effect of each coupling a base calculation has
been performed without introducing any coupling. The curves
calculated using this configuration are termed without coupling
in different figures related to the CDCC calculation.

In Fig. 5, the calculated elastic angular distributions from
CDCC calculations (i) without coupling (dotted line), (ii) with
only resonant coupling (dashed—double-dotted line), (iii) with
only nonresonant coupling (dashed line), and (iv) with the full
coupling including both resonant and nonresonant terms (solid
line) are compared with the experimental angular distributions
at different incident energies. It is clearly shown in Fig. 5
that the calculated angular distributions from the no-coupling
configuration underpredict the experimental data by a large
amount. The description of the data improves with the inclusion
of couplings but coupling only to the resonant or to the
nonresonant states is not enough to describe the experimental
data. Though resonant breakup is the major contributor to the
total breakup cross section, its effect in terms of coupling to
the entrance channel is relatively less compared to that of
direct breakup to the continuum. The full coupling improves
the description of the data further and the reproduction of
the experimental angular distributions is quite reasonable in
the measured energy range. Figure 5 clearly shows that the
effect of breakup is dominant at higher incident energies as
the deviation of calculated angular distributions under the
no-coupling condition from the experimental data is larger in
the higher-angle region at these energies.

As already mentioned, the effect of coupling is better
manifested at higher angles of elastic scattering angular distri-
butions. Following the same scheme, the back-angle excitation
function has also been generated. The measured back-angle
elastic scattering excitation function is compared with the
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FIG. 6. Theoretical (a) back-angle elastic scattering and (b) fusion
excitation functions obtained using different coupling schemes of

CDCC calculations for the system °Li 4 *Ni in comparison with
the corresponding experimental data.

CDCC model prediction in Fig. 6(a). The observed trend in
the description of the excitation function also corroborates
with the observation from the description of elastic angular
distributions. The excitation function with full coupling is
found to be closest to the experimental data. It is also observed
that the reproduction is good at the highest energy points, and as
the energy decreases the full coupling excitation function starts
to underpredict the experimental values. The breakup coupling
appears to be dominant at relatively higher energies and one
may argue that the effects of breakup and transfer couplings
on elastic scattering are complementary to each other.

The fusion excitation functions obtained from the same
CDCC coupling conditions along with the experimental ex-
citation function [9] are plotted in Fig. 6(b). The theoreti-
cal excitation functions for all conditions overestimate the
measured excitation function throughout the measured energy
range by a significant amount. The effect of coupling is not as
striking as observed for elastic scattering. The reason behind
this overestimation is embedded in the method of obtaining
the fusion cross section [Eq. (1)]. The transfer channels have
significant cross sections in the measured energy range. Within
the CDCC formalism adopted in the present model calculation,
the transfer component could not be delineated from the fusion
cross section, and hence, the large enhancement. If the contin-
uum associated with the ®Li projectile can be described as a
three-body « + p + n continuum instead of only a two-body
o + d continuum, simultaneous estimation of the breakup and
dominant one-nucleon transfer cross sections within the CDCC
framework seems to be possible.

C. Comparisons

Different experimental observables, viz., elastic scattering
angular distribution, back angle elastic scattering, and fusion
excitation function, for the system °Li+ ®Ni have been
discussed in the light of transfer coupling (CRC) and breakup
coupling (CDCC) schemes. It is observed that the introduc-
tion of couplings significantly improves the simultaneous
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FIG. 7. Comparative elastic scattering angular distributions cal-
culated from CRC coupling scheme CC IV and the full CDCC
coupling scheme for the system °Li + %Ni.

reproduction of data compared to the respective no-coupling
configurations for both schemes. But none of the schemes
reproduce the experimental data over the whole energy range
measured. Figures 7 and 8 reveal the relative importance and
dominance of the CRC calculation with the full coupling
condition in comparison with the full CDCC calculation on
the observable quantities.

In Fig. 7, the angular distributions from the full CRC
calculation are represented by solid lines, and those from
the CDCC calculation by dashed lines. It is shown in Fig. 7
that both CRC and CDCC calculations reproduce the elastic
angular distributions at Coulomb-dominated forward angles,
where the effect of couplings is expected to be negligible. As
we focus on the higher-angle side of angular distributions,
the region dominated by the nuclear potential, we find that

| I N O SRR e T
S o TF ® cF
FE T ----CDCC ——CRC
N ----cDCC__----- Modified
10 3 norm

L 1 ! 1

0.8 1.0 1.2 1.4 1.6 1.8 20
E N
cm. "B

FIG. 8. Comparative (a) back-angle elastic scattering and (b)
fusion excitation functions calculated for the system SLi + %Ni.
The dashed-dotted curve represents the normalized CDCC excitation
function and the short-dashed curve represents the realistic fusion
excitation function from the code FRESCO.
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the calculated angular distributions from the CRC start to
deviate from experimental data with increasing angle values,
especially at higher energies. The deviation diminishes with a
decrease in incident energy, and below the barrier the calcu-
lation reproduces the elastic angular distributions quite nicely.
On the contrary, the angular distributions predicted by the
CDCC model reproduce the experimental data at higher angles
and higher energies quite nicely. The calculation somehow
deviates from the experimental data below the barrier energy.

The effect of coupling on elastic scattering is more clearly
visualized by the back-angle elastic scattering excitation
function, which is shown in Fig. 8(a). The figure clearly
shows that the reproduction with the CRC model is good
on the lower-energy side and it gradually underpredicts the
experimental data at higher energies. The result with the CDCC
calculation is just the reverse of the CRC model prediction.
The CDCC reproduces the data nicely on the higher-energy
side and deviates from the experimental data at lower energies.
Figure 8(a) clearly indicates that the higher-energy region is
dominated by breakup coupling and the influence of transfer
coupling is important at lower energies. The two couplings
complement each other quite nicely over the measured energy
range.

If we extend our modeling to describe the fusion excitation
function using both coupling schemes. It is shown in Fig. 8(b)
that the excitation function from the CDCC overestimates
the fusion cross sections throughout the measured energy
range, whereas the cross sections from the CRC calculation
overpredicts the CF cross sections at higher energies but
reproduces the data nicely in the low-energy region. From
the description of elastic scattering one would naively expect
better reproduction of the fusion excitation function at higher
energies from the CDCC calculation compared to the CRC
prediction. This is not the case, primarily for two reasons: (a)
unlike with elastic scattering, none of the couplings has any
significant effect on fusion, particularly at high energies; and
(b) the dominant transfer and target excitation cross sections
in this energy region are not explicitly taken care of in the
CDCC model. The second argument is even more prominent
at subbarrier energies because in this energy region transfer
has a greater cross section than complete fusion. To put both
calculations on the same footing the fusion cross section from
the CDCC is normalized to that from the CRC at higher
energies. The normalized excitation function is plotted by the
dashed-dotted curve in Fig. 8(b). It is shown that even the

normalized excitation function is unable to reproduce the data
at lower energies, indicating that breakup coupling has no
significant effect at lower energies. As it was observed that
breakup coupling does not have a significant effect on fusion in
the measured energy range, to gain further insight we modified
the fusion cross section obtained from the CRC calculation,
which does not include the effect of breakup. The modified
fusion cross section is generated by subtracting the breakup
cross section (cross sections estimated from the CDCC) from
the fusion cross section from the CRC. The modified fusion
cross section is also plotted in Fig. 8(b). It is shown that the
reproduction is exceptionally good throughout the measured
energy regime except for a small region where both of the
couplings are important.

IV. SUMMARY AND CONCLUSION

In summary, a comparative study of CRC and CDCC
calculations has been performed using the computational code
FRESCO to understand the effect of direct reaction channels,
viz., particle transfer and projectile breakup, on different
observables for the system °Li + %*Ni at near-barrier energies.
These calculations indicate that particle transfer and breakup
couplings work differently. It can easily be concluded that cou-
pling has a positive influence when explaining the experimental
observables, but neither the CRC nor the CDCC could explain
all the experimental observables throughout the measured
energy range. The CRC scheme reproduces the scattering data
on the lower-energy side quite nicely, whereas it fails to explain
the data above the barrier. On the other hand, observations
for the CDCC are complementary to the observations for the
CRC scheme i.e., for scattering data at higher energies this
scheme is good, but not so on the lower-energy side. In the
case of the fusion excitation functions, the CDCC scheme
overestimate the experimental data over the whole measured
energy regime. This large mismatch can be partially attributed
to the definition of fusion cross section in FRESCO and the
CDCC coupling scheme, which ignores inelastic excitation
and transfer channels having significant cross sections. The
CRC calculated fusion excitation function is very close to the
experimental excitation function.

A calculation is required which can include both transfer
and breakup coupling simultaneously to get their interplay and
corresponding effects on reaction observables, which is a more
realistic situation.
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