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Barrier distributions derived from fusion and back-angle quasielastic scattering excitation functions are
important tools in understanding the reaction mechanisms in nucleus-nucleus collision at near-barrier energies.
The excitation functions for the quasielastic scattering of "Li from the medium-mass target ®*Ni are measured
at the angles 150° and 170° for the energy range of 12 to 24 MeV. The corresponding quasielastic barrier
distribution function for this system is derived. The extracted barrier distribution is then compared with the
previously measured fusion barrier distribution for the same system to look for any shift in the peak location
to below-barrier energy as observed for the ®Li 4 % Ni system. Further, the barrier distributions of the system
"Li 4 ®Ni from complementary measurements of the fusion and back-angle excitation functions are compared
with the barrier distribution functions of ®Li 4 *Ni. While °Li behaves like a weakly bound projectile, another
stable isotope of Li, ’Li, behaves more like a strongly bound projectile in collision with the same medium-mass

target ®Ni.
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I. INTRODUCTION

Fusion is the most dominant reaction process near the
Coulomb barrier energies. In heavy-ion collisions, the proba-
bility of fusion is further enhanced due to coupling of the rel-
ative motion in the entrance channel to other reaction degrees
of freedom [1-7]. The evidence of channel coupling is also
present in observables like the excitation functions and the
near-barrier energy dependence of the interaction potential.

One major outcome of channel coupling is the splitting
of the nominal Coulomb barrier of the colliding system into
multiple barriers having varied degrees of penetrability asso-
ciated with each of them. As a result, the function describ-
ing the distribution of these effective barriers or the barrier
distribution (BD) becomes one of the powerful observables
to understand the effect of channel coupling at near-barrier
energies. The barrier distribution extracted from the precisely
measured fusion excitation function, Dy, provides a clearer
signature of the effects modifying the fusion process at low
energies [8,9].
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A similar distribution of barriers can also be extracted
from the back-angle quasielastic excitation function [10-12]
as a consequence of the conservation of flux. But the BD
derived from the back-angle quasielastic excitation function,
Dye1, as argued by Zagrebaev [13], gives the distribution of
the reaction thresholds. For collisions involving only strongly
bound systems both these distributions demonstrate identical
behavior [14] unless the reactants are very heavy. Barrier
distributions, Dy and Dy, have been extracted for a large
number of tightly bound systems [9,15-18]. It is observed
that these complementary techniques yield BDs exhibiting
behavior similar to that of the major peak at the Coulomb
barrier energy, indicating that the barrier is the primary re-
action threshold at low energies. A deviation is expected for
collisions where nonfusion reaction channels present with a
cross section comparable to the fusion cross section [19,20].

On the other hand, Dy, and Dge have also been compared
for a few systems involving weakly bound nuclei. The ob-
servations are quite different from those for strongly bound
systems [21-23]. With weakly bound systems, the BDs are
found to be wider, extending largely to subbarrier energies,
and in many cases Dgs and Dy do not peak at the same
energy [24-29]. Lin et al. [26] observed that for weakly bound
systems ®’Li + 28Pb, 2B there is a strong shift in the
peak of Dy to a lower energy compared to Dy, but for the
system 'O + !#*Sm, where both the reaction partners are
strongly bound, there is no significant difference between Dy,
and Dg. Palshetkar et al. [27] extracted Dy, and Dy for
the °Li + ' Au system and reported a shift of the centroid
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of Dy towards an energy lower by 3 MeV compared to
the centroid of Dyy. The shift for the medium-heavy target
144Sm with the same °Li projectile is about 1.5 MeV [28].
Jia et al. [29] compared Dy, and Dy for the system °Be +
208ph and observed that the BDs match quite nicely with one
another only when Dy is shifted towards an energy higher
by 1.5 MeV. In a previous work by our group [30,31], we
demonstrated that for the °Li 4 *Ni system the Dye1 peaked
at an energy 450 keV lower compared to the peak of Dyy;.

A systematic analysis of the observations with weakly
bound projectiles indicates that the breakup degree of freedom
broadens the BDs to subbarrier energies with the breakup-
related nonfusion channel dominating over fusion. At the
same time there is a shift in the peak locations of Dy and
Dy, and the shift depends upon the target mass as well as the
breakup threshold of the projectile.

To further test the conjecture, we present in this article
our study of Dgs and Dge of the system Li + %Ni and
their comparison with the system °Li 4 *Ni. The back-angle
quasielastic excitation function has been measured (Sec. II)
to extract Dy and compare it with Dy, from the previously
measured fusion excitation function for the same system [32].
The primary motivation of this work is to see whether 'Li
(S¢ = 2.47 MeV) behaves like a weakly bound projectile such
as SLi (S, = 1.47 MeV) with the same lower-medium-mass
target nucleus **Ni.

II. EXPERIMENTAL DETAILS

The experiment was carried out in the General Purpose
Scattering Chamber (GPSC) at the BARC-TIFR Pelletron
Linac Facility in TIFR, Mumbai, India. A self-supporting
~99% enriched ®Ni foil of thickness 507 £ 10 pg/cm?,
prepared by Oak Ridge National Laboratory, USA, was used
as the target. The incident energy of the 'Li beam was varied
from 12 to 24 MeV and the Coulomb barrier of the "Li + *Ni
system is close to 13.7 MeV in the laboratory. The energy
was changed in small steps with a step size of 2 MeV for
the energy range 24-20 MeV, 1 MeV for 20-15 MeV, and
0.5 MeV for the rest of the energy range. The beam current
during the experiment was maintained in the range of 1 to
7 pnA. The outgoing backscattered particles were detected
using two AE-E telescopes consisting of conventional silicon
surface barrier detectors placed at 6y, = £170° with respect
to the beam direction. Both the telescopes had 15-um-thick
AE detectors which were followed by 300-um- and 1-mm-
thick E detectors, respectively. The solid angle subtended by
each telescope at the target center was estimated to be around
1.22 msr. A silicon surface barrier detector of thickness 2 mm
was positioned at 150° with respect to the beam direction to
achieve the required comparison with the previously reported
quasielastic excitation function measurement for the system
®Li+%Ni [31]. The solid angle of the single detector at the
backward angle was 0.62 msr. In addition, two more single
surface barrier detectors of thickness 500 um and 3 mm,
respectively, were positioned at £20° about the beam axis
to monitor the beam position during the experiment. These
detectors were also used for the purpose of normalization
and target thickness verification. After each energy change,
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FIG. 1. A representative two-dimensional AE-E spectrum from

the telescope at 170° for the system "Li 4 %Ni at a beam energy of

16 MeV. Inset: Energy projection of the elastic band. The elastically

and inelastically scattered peaks are also marked.

calibration runs were taken using a standard '*’Au target.
The events were recorded in the data acquisition system
LAMPS [33] and an off-line version of the same was used to
perform the data analysis. A representative two-dimensional
plot at incident energy 16 MeV for the angle 170° showing
the populated particle channels is presented in Fig. 1. The
spectrum indicates that events corresponding to Z = 1, 2, and
3 are clearly separated from one another. An energy projection
of the elastic band is also shown in the inset in Fig. 1 and
it is observed that the inelastically scattered events can be
separated from elastic scattering. Peak positions correspond-
ing to the elastic scattering and inelastic excitations to the
first excited state of the projectile "Li* (0.478 MeV) and first
excited state of the target “*Ni* (1.345 MeV) are marked in
the figure.

III. ANALYSIS AND RESULTS

A. Quasielastic scattering excitation function and
corresponding barrier distribution Dy

In the present work, the quasielastic scattering cross sec-
tion is taken as the sum of cross sections of elastic and inelas-
tic excitations of the projectile and the target. The quasielastic
excitation functions have been measured by telescopes at
+170° (equivalent angle with respect to the center-of-mass
frame, 6., = +171°) and a single detector placed at 150°
(Be.m. = 153°).

The barrier distribution, Dge, at a particular energy, is
defined as the energy derivative of the ratio of the back-
angle (180°) quasielastic differential cross section doge to
the Rutherford scattering differential cross section doy at the
same angle [11],

d daqel
Dgel(E) = “aE\ dog )’ (D

and can be derived numerically using the point difference
formula. As the measurement is performed at an angle 6, .
less than 180° for center-of-mass energy E. ., a centrifugal
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FIG. 2. Experimental (a) ratio to the Rutherford back-angle
quasielastic scattering excitation function and (b) barrier distribution
in comparison with the theoretical predictions. Filled circles and
open squares represent the data corresponding to the angle 6., =
153° and 6, ,, = 171°, respectively, for the system ’Li 4 %Ni. The
dashed line represents the calculation without the coupling condi-
tion; the solid line, the same with the coupling condition. Dotted,
dashed-dotted, and dashed—double-dotted lines represent the effect
of pair transfer coupling with coupling strengths 0.1, 0.3, and 0.5,
respectively.

correction is needed to estimate the effective energy, E.f, as

2
™ cosec(Oem./2) + 1

to obtain the equivalent cross section at 180°. The measured
ratios of quasielastic cross sections to Rutherford cross sec-
tions at 6., = 171° (Bl = 170°) and 6. = 153° (blap =
150°) as a function of the energy with centrifugal correc-
tion and correction for target thickness have been plotted
in Fig. 2(a). The barrier distributions Dy (E) are extracted,
using Eq. (1), from the quasielastic excitation functions for
these angles and are shown in Fig 2(b). The filled circles
represent the data corresponding to the angle 6., = 153°
and the open squares represent the same for the angle 6. ,, =
171°, respectively. It is observed that the quasielastic barrier
distributions obtained from the cross-section data for both
angles are consistent with each other [34].

2

Eep = E¢

B. Fusion barrier distribution Dy,, and comparison with Dy

The barrier distribution Dg,(E) has also been extracted
from the previously measured total fusion excitation func-
tion for the system "Li+ %Ni [32]. The excitation function
and the extracted barrier distribution function are plotted in
Figs. 3(a) and 3(b), respectively. The barrier distribution func-
tions derived from the fusion and the back-angle quasielastic
excitation functions are compared in Fig. 4. Conservation of
flux in nuclear collision ensures that for light-ion-induced
processes the complementary measurements of fusion and
the back-angle quasielastic excitation functions yield similar
barrier distribution functions with peaks at energies near the
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FIG. 3. (a) The experimental total fusion (TF) excitation func-
tion (solid bullets) in comparison with the one-dimensional barrier
penetration model (1IDBPM) and coupled-channel (CC) model pre-
dictions. (b) Barrier distribution (BD) functions derived from fusion
excitation functions plotted in (a). Dashed and solid lines represent
the calculated 1DBPM and CC predictions, respectively. Dotted,
dashed-dotted, and dashed—double-dotted lines represent the effect
of pair transfer coupling at coupling strengths 0.1, 0.3, and 0.5,
respectively.

Coulomb barrier of the system. However, for loosely bound
light projectiles on heavy targets, due to the probability of
breakup, deviations from the above picture have been ob-
served. It is clear in Fig. 4 that for the ’Li+ %Ni system
both the experimental barrier distributions peaked at almost
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FIG. 4. Barrier distribution (BD) extracted from back-angle
quasielastic excitation function in comparison with the same ex-
tracted from the fusion excitation function for the system "Li 4 ®Ni.
Open squares and filled circles represent the BDs extracted from the
quasielastic scattering and fusion excitation functions, respectively.
Solid and dotted lines represent the BDs extracted from quasielastic
scattering and fusion calculated from the coupled-channel calcula-
tion with the coupling condition.
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TABLE I. Input real and imaginary potential parameters for
CCQEL calculation.

Potential
Vo MeV) 1y (fm)  a(fm) Wy (MeV) r, (fm)  a, (fm)
42.1 1.17 0.606 50.0 1.0 0.4

the same energy and their behaviors also match each other
within the experimental uncertainties. This is contrary to the
observation for the °Li 4 *Ni system [31].

IV. MODELING THE BARRIER DISTRIBUTIONS

As the complementary measurements of the barrier dis-
tribution yield the same distribution function for TLi + %*Ni,
we intend to perform the coupled-channel (CC) calculation
for both the fusion and the back-angle quasielastic exci-
tation functions. To explain the experimental observations,
the model calculations have been carried out using the code
CCQEL [35]. The reason for using the code is to find the
simultaneous effect of channel coupling on the fusion and
quasielastic scattering excitation functions and, hence, the
BDs.

A complex nuclear potential has been used in the calcula-
tion, where the real part of the nuclear potential is the Akyiiz-
Winther potential [36] with the Woods-Saxon parametriza-
tion form. The imaginary part of the potential, on the other
hand, also has the Woods-Saxon shape but the parameters are
chosen such that the component simulates the ingoing-wave
boundary condition for core fusion only. The potential pa-
rameters are listed in Table I. The corresponding parameters
of the uncoupled barrier coming from the calculation with
the chosen potential are the barrier height Vg = 12.20 MeV,
the barrier radius Rz = 9.25 fm, and the barrier width Aiw =
3.56 MeV, respectively.

In the coupling scheme of the CC calculation, inelastic
excitations of both the projectile and the target have been
introduced, taking the first excited states of the two colliding
particles with the corresponding deformation parameters. A
deformation parameter obtained from B(E2) 1= 7.59¢? - fm*
[37] has been used for the first excited state of 'Li with
JT =1/27 and E* = 0.478 MeV. In the case of the target
%Ni, a quadrupole deformation parameter 8, = 0.169 [38]
is used for the first excited state at E* = 1.345 MeV and
JT =2"%,

The effect of inelastic channel coupling on the back-angle
quasielastic excitation function and the barrier distribution
extracted from it is shown Fig. 2. The solid and dashed lines
represent the theoretical predictions of the observables with
and without inelastic coupling conditions, respectively. It is
shown in Fig. 2(a) that the effect of inelastic channel coupling
dominates the above-barrier energy region of the quasielas-
tic scattering excitation function. Because of the coupling,
the theoretical quasielastic cross sections have increased and
come closer to the experimental data in the above-barrier
energy region. But in the below-barrier region, as expected,
the channel coupling does not show any cognizable effect.

The description of the quasielastic barrier distribution is also
improved with the inelastic channel coupling. The CC calcu-
lation describes the experimental peak position of the barrier
quite nicely, though the reproduction of the shape of the
distribution is not very satisfactory. Figure 2 clearly indicates
the requirement for other reaction channels in the description
of the experimental data.

In a simultaneous analysis, the effect of channel coupling
on fusion and the corresponding barrier distribution is shown
in Fig. 3. The fusion cross sections in the no-coupling con-
dition are used as the one-dimensional barrier penetration
model (IDBPM) cross sections, which are represented by
the dashed line, whereas solid lines represent the outcome
of the CC calculation. It is shown in Fig. 3 that (a) channel
coupling enhances the fusion cross sections at the subbarrier
energy region but it does not have a significant effect at the
above-barrier energies, and (b) the channel coupling affects
only the peak height of the calculated barrier distribution.
Both the model calculations reproduce the features of the
experimental barrier distribution extracted from the fusion
excitation function. Coupling to the inelastic states of the
target and projectile does not have any strong effect on Dy
for the system "Li + ®Ni.

To look for the effect of transfer coupling in a simultaneous
calculation using the code CCQEL, we considered the coupling
to 2n and d pair transfer channels. Both these two-particle
transfer channels have low positive Q values, viz., 2.14 and
2.83 MeV, respectively, for the "Li + ®Ni system. It is not
possible to distinguish between different combinations of pair
transfer, i.e., between 2n, 2p, and d transfers in this code.
These channels can only be separated by their Q values and
the strengths of coupling, which is a parameter related to the
transfer probability. As the transfer probability is still to be
evaluated for these channels, the coupling strength is a free
parameter in this system. However, the coupling strength can
be constrained in the present work through a simultaneous
reproduction of the complementary reaction observables, the
quasielastic scattering and fusion excitation functions, and the
secondary observables, the distribution of barriers.

It is found from the calculation that the small difference
in Q values of the two channels does not have any significant
effect in altering the excitation functions. Hence, the transfer
coupling calculations have been performed with different
values for the coupling strengths with an average of the QO
values of these two channels. The effect of transfer coupling
on quasielastic scattering and fusion is depicted in Figs. 2
and 3 using dotted, dashed-dotted, and dashed—double-dotted
lines for coupling strengths of 0.1, 0.3, and 0.5, respectively.
It is observed from both figures that a coupling strength of 0.1
does not have any significant effect on the quasielastic scatter-
ing or fusion excitation functions or the barrier distributions
obtained from these excitation functions. When the strength
is increased to 0.3 the reproduction of quasielastic scattering
excitation improves slightly on the higher-energy side but an
indication of mismatch is observed on the lower-energy side
for both the quasielastic scattering and the fusion excitation
functions. These figures also show that the coupling strength
cannot be as large as 0.5 because for this strength value
the mismatch with the data is too great for all the reaction
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FIG. 5. Comparison of BDs extracted from (a) fusion and
(b) back-angle quasielastic excitation functions for the systems
"Li+ *Ni (filled circles) and OLi+ *Ni (open squares). The vertical
dashed line indicates the peak position of the BDs for the system
"Li 4 %Ni, which matches the peak position of the fusion BDs for
the system °Li + *Ni.

observables. From Figs. 2 and 3 one may infer that pair
transfer coupling can have some effect on reaction observables
for the system "Li 4+ ®*Ni and the upper limit of the strength
of that coupling can be 0.3. But this coupling is very weak and
it does not play any significant role in the reaction mechanism
for this system.

The BDs derived from the fusion and the back-angle
quasielastic excitation are compared in Fig. 4. It is clearly ob-
served that both experimental distributions for the "Li + *Ni
system peaked at almost the same energy and their behaviors
also match each other within the experimental uncertainties.
The theoretical barrier distributions, obtained from CC calcu-
lations, also exhibit the same behavior. According to Zagre-
baev [13] the quasielastic barrier distribution actually gives
the distribution of reaction thresholds rather than the potential
barrier distribution and the two give the same distribution
when fusion completely dominates the reaction cross section
at low energies, a feature associated with strongly bound
systems. Thus the primary observation in the present work
indicates that the effect of any other direct reaction channels
on the reaction cross section for the "Li + ®*Ni system is not
as significant as fusion at low energies and "Li behaves like a
strongly bound projectile against the target ®Ni.

V. COMPARISON WITH °Li + *Ni

In this section, the nature of the barrier distributions de-
rived from two complementary measurements for the system
"Li+ %Ni are compared with the previously reported results
for the °Li + ®*Ni system [31]. Figure 5 depicts a comparison
of the BDs from the fusion [Fig. 5(a)] as well as from the
back-angle quasielastic [Fig. 5(b)] excitation functions for the
two systems.

It is observed that the barrier distributions obtained from
the fusion excitation functions for both the systems peaked

almost at the Coulomb barrier energy of the respective system.
However, the fusion barrier distribution of °Li+ %*Ni has a
comparatively wider shape.

But a distinct difference in barrier distributions from the
quasielastic excitation functions for "Li + ®Ni and °Li + ®Ni
is clearly visible. In the above-barrier energy region both the
barrier distributions show a similar behavior. While the BD
from the back-angle quasielastic excitation function for the
"Li 4+ %Ni system peaked at the barrier energy, the distribution
for the system °Li + ®*Ni peaked at an energy roughly about
450 keV [31] lower than the barrier energy. Also, the distribu-
tion function for the case of the ®Li+ % Ni system extends
significantly to the below-barrier energy side, generating a
much wider BD compared to that for the ’Li 4 **Ni system.
The observation indicates that the reaction threshold for the
more weakly bound system °Li+®Ni is shifted towards
lower energies compared to the system 'Li 4 %Ni, although
the two-body breakup threshold of the latter is only about a
MeV higher.

The comparison of barrier distributions from the fusion and
back-angle quasielastic excitation functions signifies that for
the "Li + ®Ni system the fusion and reaction barriers are the
same, but for ®Li 4 %Ni the reaction barrier is lower than the
fusion barrier. Thus in a collision with the light-medium-mass
target ®*Ni, although the projectile "Li behaves more like
a strongly bound system, for its weakly bound partner Li,
with a two-body breakup threshold of 1.47 MeV, nonfusion
reaction channels are still open below the barrier energy.

The observation of the present work conforms with the
trend in the experimental results from the collision of Li
isotopes with targets of different masses. Both the isotopes
behave as weakly bound systems, with regard to the width
and energy shift in peak locations of the BDs from two
complementary sources, for heavy targets. With a decreas-
ing target mass, 'Li starts behaving like a strongly bound
projectile well before its stable isotopic partner °Li. For the
®Li projectile, while the energy shift in the peak location of
the BDs decreases with a decreasing charge product of the
colliding nuclei and becomes negligibly small for light targets,
the width of the distribution function remains wide, extending
to below-barrier energies even for a light-mass target like 28Si
[23-25].

VI. SUMMARY

Measurement of back-angle quasielastic scattering excita-
tion functions has been performed at 6j,, = 150° and 6}, =
170° for the system "Li 4+ *Ni at near-barrier energies. Barrier
distributions are extracted from the measured excitation func-
tions and both of them show a similar distribution pattern. The
BD has also been extracted from previously measured fusion
excitation functions for ’Li 4 *Ni. The resultant BDs from
fusion and quasielastic scattering have been compared and it is
found that both distributions show almost the same behavior,
peaking at the Coulomb barrier energy and having almost
the same width. Since in the present study no significant
difference between the two is observed, i.e., the back-angle
quasielastic BD representing the reaction threshold distri-
bution is the same as the fusion BD, it can be concluded
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that fusion is the most dominant reaction channel around the
barrier energies for the system 7Li 4 “Ni.

A coupled-channel calculation has been performed to un-
derstand the effect of channel coupling simultaneously on the
quasielastic and fusion excitation functions and also on the
corresponding extracted BDs. The description of the exper-
imental observables has improved with the introduction of
coupling of inelastic channels, but the improvement is not
enough to exactly describe the experimental BDs, especially
the widths, either for the fusion or for the quasielastic scat-
tering cases. The same coupling predominantly affects the
above-barrier energy region for fusion and the subbarrier re-
gion for quasielastic scattering. The calculation also indicates
that pair transfer coupling does not have any significant effect
on the reaction mechanism for the system of the current study.

The barrier distributions of the system ’Li 4 %*Ni are also
compared with the barrier distributions of °Li+ %*Ni. The
fusion BDs for both systems peak at the respective barrier

energies, with relatively less bound °Li+®Ni having a
slightly broader distribution. Again, in comparing the BDs
from the back-angle quasielastic excitation functions, the
observation of the BD for °Li 4 %Ni, extending significantly
to subbarrier energies relative to 'Li+ %Ni, leads to the
conclusion that the reaction threshold is different from the
fusion one for the more weakly bound system °Li+ %Ni.
Therefore, in a collision with the light-medium-mass nucleus
N1, even though °Li behaves as a weakly bound projectile,
"Li, with a breakup threshold at 2.47-MeV excitation, acts
more like a strongly bound projectile.
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