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Quasielastic backscattering and barrier distribution for the weakly bound projectile 6Li on 159Tb
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The excitation function for quasielastic scattering of the weakly bound projectile 6Li on a 159Tb target, at large
backward angle, has been measured at energies around the Coulomb barrier. The corresponding quasielastic
barrier distribution has been extracted from the experimental cross sections, both including and excluding the α

particles produced in the reaction. The quasielastic scattering cross sections, excluding the α particles, have been
analyzed in the framework of coupled channels calculations. The centroid of the quasielastic barrier distribution,
including the α particles, is found to shift towards higher energy relative to the centroid of the fusion barrier
distribution for the system. This has been attributed to the low α-breakup threshold of the nucleus 6Li.
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I. INTRODUCTION

Large back-angle quasielastic scattering is a powerful tool
for the analysis of barrier distributions close to the Coulomb
barrier [1]. Investigation of the quasielastic scattering process
in various systems has been stimulated in recent years, espe-
cially in the context of reactions induced by weakly bound
stable projectiles, where breakup is an important reaction
mechanism. Quasielastic (QEL) scattering is defined as the
sum of all direct processes, like elastic and inelastic scatter-
ing and transfer channels. Large back-angle QEL scattering
is complementary to the fusion process, since the former is
related to the reflection probability at the barrier, while the
latter is related to the penetration probability.

Fusion is usually the dominant mode of reaction at ener-
gies around the barrier, except in cases where direct reaction
channels dominate at lower energies. It is well known that
the coupling of the relative motion of the colliding nuclei
to their internal degrees of freedom manifests itself as a
strong enhancement of fusion cross sections at sub-barrier
energies [2]. However, the nature of the couplings affecting
the fusion process is not always apparent from the measured
fusion excitation function. Rowley et al. [3] proposed that a
barrier distribution, resulting from channel couplings, can be
extracted from a precisely measured fusion excitation function
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using the relation

Dfus(E ) = d2

dE2
�Eσfus(E )�, (1)

where σfus(E ) is the fusion cross section for the system at the
center-of-mass energy E . Over the years, this prescription has
been very successful for understanding the fusion mechanism
in a wide range of reactions [2].

Alternatively, a similar barrier distribution can also be
extracted from a much simpler measurement of the QEL scat-
tering excitation function at large back angle. The QEL barrier
distribution Dqel is obtained as [4]

Dqel(E ) = − d

dE

⌊
dσqel

dσRuth
(E )

⌋
, (2)

where (dσqel/dσRuth) is the ratio of QEL scattering and
Rutherford scattering differential cross sections at a fixed
back angle. Zagrebaev [5] argued that the barrier distribution
obtained from QEL scattering excitation function determines
a threshold distribution for all reaction processes other than
fusion, and this has important ramifications in the case of
heavy or weakly bound projectiles, where contributions from
deep-inelastic collisions or breakup processes are impor-
tant. This interpretation explains the differences observed in
the distributions obtained from fusion and QEL scattering
for very heavy systems, like 48Ti + 208Pb, 64Ni + 208Pb, and
70Zn + 208Pb [6], where the deep-inelastic process is a signif-
icant contributor. A similar situation can also arise in the case
of reactions with weakly bound nuclei, where the breakup
channel is an important reaction mechanism.

For weakly bound nuclei, following projectile breakup if
none of the fragments are captured by the target then the
process is called noncapture breakup (NCBU); if one of the
fragments fuses with the target then it is called an incom-
plete fusion (ICF) process. The breakup channel is known to
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affect the fusion process considerably [7]. While comparing
complete fusion Dfus for weakly bound nuclei with the corre-
sponding Dqel, whether or not the breakup process should be
considered in QEL events has remained a puzzle for several
years now. Barrier distributions have been derived from large
back-angle QEL scattering measurements for various weakly
bound systems [8–19], but Dqel has been compared with Dfus

only for a few systems [8,13–15,18–21]. For systems where
breakup related nonfusion channels dominate over fusion, the
distribution Dqel appears to be broader and shifted towards
lower energy compared to Dfus. For the system 6Li + 64Ni,
Dqel was observed to be peaked at an energy 450 keV lower
compared to the peak of Dfus [19]. Lin et al. [8] compared
Dfus and Dqel for 6,7Li + 208Pb and observed a strong shift
in the peak of Dqel to a lower energy compared to Dfus.
However, on inclusion of the contribution of α particles in the
definition of QEL events, Dqel agrees reasonably with Dfus for
both the systems. For the systems 6,7Li + 197Au, Palshetkar
et al. [18] observed that the centroid of Dqel, obtained after
inclusion of the α-particle contribution to the QEL events,
was shifted towards a higher energy compared to that of Dfus,
while the centroid of Dqel, excluding the contribution of the
α particles, was shifted towards a lower energy with respect
to Dfus. By contrast, for 7Li + 159Tb it was recently reported
that the centroid of Dqel, after inclusion of the breakup α

particles, agrees with that of Dfus [21]. In the context of this
conflicting scenario, it seems worthwhile to investigate Dqel

for the reaction induced by the weakly bound stable projectile
6Li on the target 159Tb and compare it with the corresponding
Dfus.

Therefore, a measurement of the large back-angle QEL
scattering excitation function was carried out for the system
6Li + 159Tb and the corresponding barrier distribution was
derived using Eq. (2). To study the influence of 6Li and
159Tb inelastic excitations on the QEL scattering process,
coupled channels calculations have been done. Complete and
incomplete fusion excitation functions for the same system at
near-barrier energies were reported earlier in Ref. [22]. The
QEL barrier distribution for the system determined in this
work has been compared with the fusion barrier distribution
extracted from the complete fusion cross sections of Ref. [22].

II. EXPERIMENTAL DETAILS

The experiment was carried out at the 14UD BARC-TIFR
Pelletron-Linac Facility in TIFR, Mumbai, India. A self-
supporting 159Tb target foil of thickness ≈560 μg/cm2 was
bombarded by beams of 6Li, in the energy range Elab = 17–33
MeV. The beam energy was varied in steps of 1 MeV at en-
ergies well below and well above the Coulomb barrier. Beam
currents varied from 7 to 28 nA. The incident beam energies
were corrected for the loss of energy in the target material
at half thickness of the target. A set of four silicon �E -E
telescopes, mounted at ±170◦ and ±160◦ inside a scattering
chamber of diameter 1 m, was used to detect and identify the
charged particles produced in the reaction. The thicknesses of
the detectors of each telescope were chosen that the charged
particles lose part of their kinetic energies in the first detector
(�E ) and stop by depositing the residual energies (Eres) in

FIG. 1. (a) A typical �E -Etot spectrum for the 6Li + 159Tb reac-
tion at Elab = 26 MeV and laboratory scattering angle θtel = 170◦.
The areas defined by the solid lines represent the events used in the
respective bands for determining the cross sections corresponding
to different reaction processes. Also shown are the one-dimensional
projections for (b) 6Li and (c) Z = 2 bands.

the second detector (E). However, none of the stop detectors
was thick enough to stop the Z = 1 particles. Two Si-surface
barrier detectors, each of thickness 300 μm, were placed at
±20◦ relative to the beam direction for monitoring the beam
and also for normalization purposes. A collimator was placed
in front of each telescope and monitor to define the solid
angle. The data acquisition system LAMPS [23] was used for
data recording and analysis. The solid angle ratios between
the monitors and telescopes were determined by bombarding
a gold target at low beam energies, for which the elastic
scattering cross section was purely Rutherford.

III. DATA ANALYSIS AND RESULTS

Figure 1(a) shows a typical two-dimensional �E -Etot

(where Etot = �E + Eres) spectrum measured at Elab =
26 MeV and laboratory scattering angle of 170◦. Events corre-
sponding to Z = 1, 2, and 3 can be seen to be well separated.
The enclosed areas marked on the Z = 3 and Z = 2 bands
in the figure represent the different integration areas used
in determining the cross sections of the respective reaction
processes. The Z = 3 band has two components: 6Li and 7Li.
The 6Li band primarily consists of contributions from elastic
and inelastic scattering events. The events corresponding to
the inelastically scattered excited states of 159Tb could not be
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TABLE I. Ground state Q values, Qgg, and optimum Q values,
Qopt, for different transfer channels, in the reaction 6Li + 159Tb. The
Qopt values have been calculated at two typical energies, Ec.m. = 22
and 25 MeV.

Transfer Qgg Qopt

channel (MeV) (MeV)

Ec.m. = 22 MeV
n stripping +0.71 0
n pickup −0.88 0
p stripping +3.00 −7.11
p pickup −0.52 +6.88
d stripping +10.18 −7.11
d pickup +10.44 +6.88

Ec.m. = 25 MeV
n stripping +0.71 0
n pickup −0.88 0
p stripping +3.00 −8.08
p pickup −0.52 +7.82
d stripping +10.18 −8.08
d pickup +10.44 +7.82

separated from the elastic scattering events, because of the
closely spaced low-lying levels of 159Tb. The �E detector
resolution was good enough to separate 7Li from 6Li events
and so in the spectrum one can see a separate blob of 7Li
events, arising from the n-pickup process, just above the elas-
tic scattering band. Figure 1(b) shows the one-dimensional
projection of the 6Li band.

The Z = 2 band consists of α particles produced via differ-
ent processes in the reaction. Figure 1(c), the one-dimensional
projection of the Z = 2 band, shows a broad, continuous α

peak, with centroid around two-thirds of the beam energy, cor-
responding to the marked region in Fig. 1(a). The events in this
broad peak mainly originate from breakup related processes,
like no-capture breakup (α + d) of 6Li, d capture by the target
following breakup of 6Li (and/or d stripping) and breakup
following p-stripping, n-stripping, and/or n-pickup processes
[24–26]. The n-pickup process may yield α particles, if the
resulting 7Li nucleus is produced at energies above its α

breakup threshold and breaks into α and t . The ground state
Q values, Qgg, and optimum Q values, Qopt, corresponding to
different transfer channels that can contribute to the broad α

peak are shown in Table I. The energy dependent Qopt values
have been calculated [27] at two typical energies, Ec.m. = 22
and 25 MeV. Transfer reactions preferentially populate final
states with excitation energies around, ε∗ = Qgg-Qopt. It may
be expected that the breakup of nulceus 7Be, following the
p-pickup process may produce α particles, but from Q-value
consideration (see Qgg and Qopt values in Table I), such a
process seems to be energetically unfavorable. The d-pickup
process producing 8Be, which immediately breaks into two
α particles, will also contribute to the broad α peak, but the
contribution from this channel is expected to be very small in
the 6Li + 159Tb reaction, as compared to the total contribution
to α particles from other processes [26]. The low energy
background region of the α-particle band in the spectrum

arises primarily due to the target impurities, like 12C and 16O
[28,29]. A statistical model calculation done using the code
PACE [30] shows that the contribution of compound nucleus
evaporation α particles in this reaction is negligibly small, and
the compound nucleus decays predominantly by xn channels
[22]. The contribution from evaporation α particles in the low
energy part of the α particle band is therefore expected to be
insignificant.

The events corresponding to Z = 1 could not be used in the
analysis, as the E detectors were not thick enough to stop the
Z = 1 particles. We refer to the Z = 3 band as “partial” QEL
events because it does not correspond to the full QEL scat-
tering cross section, which would include all relevant reaction
channels. The x axis of the two-dimensional �E -Etot spectra
in Fig. 1 was energy calibrated using the elastic peaks of 6Li
projectile scattered from the 159Tb target, at different incident
energies below the Coulomb barrier. The QEL scattering ex-
citation function was obtained by using the expression

dσqel

dσRuth
(E , θtel ) =

⌊
Nqel(E , θtel )

Nm(E , θm)

⌋

×
⌊

(dσRuth/d�)(E , θm)

(dσRuth/d�)(E , θtel )

⌋(
��m

��tel

)
, (3)

where Nqel is the yield in the telescope detector, Nm is the aver-
age yield in the two monitor detectors, and dσRuth

d�
(E , θm(θtel ))

is the calculated Rutherford scattering cross section at the
corresponding bombarding energy E and monitor angle θm

(telescope angle θtel). The factor ��m
��tel

is the solid angle ratio of

monitor to telescope detector. The ��m
��tel

ratio was determined
from the measurements at the lowest bombarding energies of
17, 18, and 19 MeV, where the elastic scattering is purely
Rutherford. The ratio was estimated to be 0.00500 ± 0.00004.
As the detectors were placed at angles less than 180◦, cen-
trifugal correction was incorporated to estimate the effective
c.m. energies (Eeff ). The results of QEL events at ±170◦ and
±160◦ were converted to those for 180◦ by mapping to Eeff

using the relation [4]

Eeff = 2Ec.m.

1 + csc(θc.m./2)
(4)

The good agreement between the QEL excitation functions
and barrier distributions, extracted using the data taken at
±170◦ and ±160◦, after appropriate centrifugal correction,
confirmed the consistency of our experimental data. The “par-
tial” QEL excitation function determined from only 6Li events
and the corresponding barrier distribution, Dqel, extracted us-
ing Eq. (2) are shown by the solid squares in Figs. 2(a) and
2(b), respectively. The solid triangles in the figures show the
“partial” QEL excitation function obtained from the summed
contributions of elastic, inelastic, and n-pickup (7Li) events
and the corresponding Dqel. However, the contribution of the
n-pickup channel in the QEL excitation function is found to
be significantly small. According to Zagrebaev, if breakup
related processes are not included in the QEL events, the QEL
barrier distribution represents the reaction threshold distri-
bution [5]. Hence, the partial Dqel extracted from the Z = 3
events only and shown in Fig. 2(b) by the solid triangles, does
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FIG. 2. Comparison of (a) quasielastic excitation function and
(b) quasielastic barrier distribution for 6Li + 159Tb, excluding and
including α particles.

not correspond to the fusion barrier distribution, but rather
reflects the reaction threshold distribution. The QEL scatter-
ing excitation function and the corresponding Dqel, obtained
from the sum of Z = 3 (elastic + inelastic + n pickup) and
Z = 2 (α) events are also plotted in Figs. 2(a) and 2(b), by the
solid circles. It can be seen that inclusion of the contribution
of the α particles in the definition of QEL events shifts the
peak of Dqel to higher energy by ≈1 MeV and also broadens
the distribution.

IV. COUPLED CHANNELS CALCULATIONS

To investigate the effects of couplings between different
reaction channels, the measured “partial” QEL excitation
function and the corresponding barrier distribution have been
analyzed using the coupled channels code FRESCO (version
FRES 2.9) [31]. The calculations have been performed for
Z = 3 events only, because as discussed above it was not
possible to distinguish clearly the different reaction channels
contributing to Z = 2 events, in the present inclusive measure-
ment.

TABLE II. Reduced transition probabilities B(E2) [35] used in
the coupled channels analysis to calculate the transition matrix el-
ements and nuclear deformation lengths for excited states states in
159Tb

Transition B(E2; Ji → Jf )
(Ji → Jf ) (e2b2)

5/2 → 3/2 1.87
7/2 → 5/2 1.25
7/2 → 3/2 0.72
9/2 → 7/2 0.61
9/2 → 5/2 1.13
11/2 → 9/2 0.56
11/2 → 7/2 1.47

To perform the coupled channels (CC) calculations, one
needs the entrance channel optical potential which consists
of the Coulomb potential and bare nuclear potential with real
and imaginary parts. In the calculations, the Coulomb poten-
tial was assumed to be that of a uniformly charged sphere
with radius RC = rC (A1/3

P + A1/3
T ), where AP and AT are the

mass numbers of projectile and target, respectively, and rC

is the radius parameter which was considered to be 1.3 fm.
The real part of the bare nuclear potential was considered to
be a double-folding (DF) potential, that was generated using
the density dependent M3Y-Reid (DDM3Y) nucleon-nucleon
interaction with an energy independent zero-range exchange
term [32]. The density dependence of the interaction was
taken from Ref. [33]. The matter density for 6Li was derived
from the charge distribution by assuming similar shapes for
both proton and neutron distributions. The proton distribution
of 6Li was obtained by using the parametric form for charge
distribution from Ref. [32]. The matter density for 159Tb was
obtained from Ref. [34]. The imaginary part of the bare po-
tential was taken to be of Woods-Saxon shape with depth,
radius, and diffuseness parameters values W0 = 50.0 MeV,
rw = 1.0 fm, aw = 0.3 fm, respectively. The short range of
the imaginary potential simulates the ingoing-wave boundary
condition for the core fusion process.

The CC calculations were performed by coupling the
four low-lying collective states of the target 159Tb: 5/2+ at
0.058 MeV, 7/2+ at 0.137 MeV, 9/2+ at 0.240 MeV and
11/2+ at 0.365 MeV. The form factors were chosen to be
derivatives of the undeformed potential. To obtain the transi-
tion potentials for the inelastic channels, the entrance channel
potential was deformed with coupling strengths determined
from the respective reduced transition probabilities, B(E2)
values. The B(E2) values for the corresponding transitions
in 159Tb used [35] in the calculations are listed in Table II.
The Coulomb matrix elements and the nuclear deformation
lengths for the inelastic transitions were derived from the
B(E2) values, assuming a rotational model for 159Tb. The
QEL excitation function thereby calculated is compared with
the experimental excitation function in Fig. 3. The corre-
sponding barrier distribution is plotted in Fig. 4. In the present
experiment, the inelastically scattered events could not be
separated from the elastic events because of the closely spaced
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FIG. 3. Comparison of experimental quasielastic excitation func-
tion with the FRESCO calculations for the system 6Li + 159Tb. See
text for details.

low-lying levels of 159Tb. For comparison with experimental
results, the calculated QEL scattering cross sections were
determined by adding the calculated elastic cross sections
to the cross sections corresponding to the inelastic states of
159Tb. The no-coupling calculations are shown by the dotted
lines in the figures. The dot-dashed and dashed lines show
the coupled channels calculations with couplings up to the
7/2+ state and up to 9/2+ state of 159Tb, respectively. The
short dotted lines in Figs, 3 and 4 show the results obtained
after including inelastic coupling up to 11/2+ state in the
target 159Tb. Inclusion of coupling to the next higher excited
state of 13/2+ at 0.51 MeV produced no significant effect. It
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FIG. 5. Comparison of the measured 7Li production cross sec-
tions in the 6Li + 159Tb reaction with the DWBA calculations. See
text for details.

is observed that inelastic coupling to excited states of 159Tb
leads to enhancement of cross sections at higher energies
compared to uncoupled calculations; but agreement with the
experimental data is still poor.

The 3+ resonant excited state of the 6Li projectile at
2.18 MeV was then included in the CC calculations. The
reduced transition probability B(E2) for the transition from
the ground state to the 3+ (2.18 MeV) state in 6Li was taken
to be 25.6 e2fm4 [36]. The Coulomb matrix element was
determined from the B(E2) value by assuming a rotational
model. Reorientation couplings were also considered in the
calculations. The calculations thereby obtained are compared
with the experimental data in Figs. 3 and 4 by the dot-dot-
dashed lines. Note that the calculated QEL cross sections
shown by the dot-dot-dashed lines do not include the inelastic
cross sections corresponding to the 3+ resonant state of 6Li.
It is observed that inclusion of the 3+ resonant state of 6Li in
the coupling scheme shows significant changes in both QEL
excitation function and barrier distribution, but the agreement
with data is still poor.

Thus we see that coupling to the lower lying excited states
of 159Tb enhances the QEL cross sections at higher ener-
gies along with broadening of the barrier distribution and
reduction in the height of the distribution, compared to the no-
coupling calculations. Including the 3+ resonant state of 6Li,
corresponding to sequential breakup in the coupling scheme,
improves the excitation function and barrier distribution, but
agreement with experimental data is still far away.

As already mentioned above, 7Li events originating due
to n pickup by the 6Li projectile appear just above the 6Li
band. The production of 7Li nuclei in Fig. 1 via compound
nucleus evaporation is invalidated by a statistical model cal-
culation [22]. The n-pickup cross sections corresponding to
the 7Li events are plotted in Fig. 5. In order to compare the
experimental n-pickup cross sections with theory, an attempt
was made to calculate the cross sections for the n-pickup
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process to populate the g.s. (3/2−). The n-pickup cross sec-
tions were calculated in the framework of the distorted wave
Born approximation (DWBA) at different bombarding ener-
gies around the Coulomb barrier for the 6Li + 159Tb system.
For the 6Li + 158Tb core-core interaction and the exit channel
7Li + 158Tb, the global optical model potential parameters of
Ref. [37] were used. The required binding potentials for n- 6Li
and n- 158Tb were taken from Refs. [38,39], respectively. The
depth was adjusted to reproduce the neutron binding en-
ergy to the core nucleus. For the 6Li (g.s.) : 7Li (g.s.) overlap,
the spectroscopic factors (SFs) for 1p3/2 and 1p1/2 orbitals
were taken to be 0.735 and 0.657 [40], respectively. As
the neutron SFs to the g.s. and 0− state of 158Tb are unavail-
able in the literature, the SF for 159Tb : 158Tb +n is taken to
be 1. Finite range DWBA calculations have been done using
the prior form of interaction. The cross sections thereby calcu-
lated are shown by solid lines and compared with the n-pickup
data in Fig. 5. The shapes of the experimental and theoretical
excitation functions are found to be in reasonable agreement,
barring a few high energy points. These high energy points
could not be reproduced even after including the first bound
1/2− state of 7Li in the calculations. Inclusion of the first
bound 1/2− state along with the g.s. of 7Li in the calculations
did not show any significant change in shape of the excitation
function other than an overall increase of the cross sections
and therefore has not been considered further in this paper.

To probe the effect of n-pickup coupling on the QEL
excitation function and barrier distribution, coupled reaction
channels (CRC) calculations were done, including couplings
to the n-pickup channel leading to the g.s. of 7Li, in addition
to the inelastic couplings described above. The resulting CRC
calculations are shown by the solid lines in Figs. 3 and 4.
Inclusion of n-pickup coupling slightly increases the QEL
scattering cross sections at higher energies, but has no signifi-
cant effect on the barrier distribution. The effect of coupling to
n pickup leading to the first bound 1/2− state of 7Li was also
found to be insignificant and therefore has not been shown
in the figures. Thus we see that the coupling to the lower
lying excited states of 159Tb, the 3+ resonant state of 6Li,
and the n-pickup channel could not give a satisfactory de-
scription of the measured QEL excitation function and barrier
distribution.

The n-stripping process, with Qgg = +0.71 MeV, is an
important channel in the 6Li + 159Tb reaction, that results in
a considerable fraction of α particles, following the breakup
of the unstable 5Li nucleus [26]. Though this channel will not
contribute to the “partial” QEL cross sections, corresponding
to Z = 3 considered here, coupling to this channel may be ex-
pected to influence the elastic cross sections and hence affect
the “partial” QEL cross sections. The CRC calculations were
therefore done including coupling to the n-stripping channel
to produce the g.s. and first excited state of 160Tb, taking SFs
to be 1 for the two states, in addition to the inelastic and
n-pickup couplings, but were found to show no significant
effect on the “partial” QEL excitation function and barrier
distribution. As Qgg for n stripping is +0.710 MeV, n trans-
fer to produce higher excited states of 160Tb is expected to
be favored. But due to the unavailability of proper SFs for

FIG. 6. Comparison of the barrier distributions obtained from the
QEL excitation function, excluding and including α particles, with
the CF barrier distribution for the system 6Li + 159Tb. The Dfus values
have been normalized by the factor 1/(πR2

b) to compare with Dqel.
See text for details.

the excited states of 160Tb (:159Tb +n), further calculations
including coupling to the n-stripping channel were not carried
out.

The discrepancies observed between theoretical predic-
tions and experimental results for excitation functions and
corresponding barrier distributions might be attributed to the
effects of the channels not taken into account in the coupling
scheme, such as transfer processes not considered here and
direct breakup reactions. For 6Li induced reactions, breakup
related channels are expected to be important due to the
low breakup threshold of 1.47 MeV for α + d breakup. For
the 6,7Li + 59Co reactions at near-barrier energies [41], the
calculations indicate that although the breakup cross sec-
tions are a small fraction of the total reaction cross sections,
coupling to the breakup channel has a significant effect on
the elastic scattering. Luong et al. [42] showed that for
6,7Li + 208Pb reactions the breakup following transfer is the
dominant breakup mechanism at sub-barrier energies. Thus
other reaction channels not included in our coupled channels
calculations (like direct breakup and/or transfer) might be
needed for better agreement between experimental data and
theoretical results.

V. COMPARISON OF Dqel AND Dfus

To investigate the importance of α-particle contribution in
defining QEL scattering events for 6Li-induced reactions, the
distributions Dqel for 6Li + 159Tb, both including and exclud-
ing the α particles, have been compared with the Dfus for the
system in Fig. 6. The distribution Dfus has been extracted from
the reported CF cross sections [22,43] by using expression
(1) and is shown by open triangles in the figure. Error bars
in Dfus were calculated from statistical errors in the CF cross
sections. For comparing the two distributions, Estep was taken
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to be 2 MeV for both the cases. To compare Dqel with Dfus,
the Dfus values were normalized by 1/πR2

b, where Rb is the
barrier radius, taken from Ref. [22]. The different curves in the
figure correspond to Dfus extracted from the coupled channels
calculated cross sections, using the code CCFULL [44] and
the coupling scheme and potential as mentioned in Ref. [22].
The dotted curve represents the no-coupling calculations. The
dot-dashed curve represents the coupled channels calculations
using target inelastic excitations, following Ref. [22]. As the
CF cross sections were found to be suppressed by a factor
of 0.66 for the reaction 6Li + 159Tb [22], the solid curve was
obtained by extracting CF Dfus from the coupled channels
calculated cross sections scaled by a factor of 0.66. The solid
curve is seen to reproduce reasonably well the experimental
CF Dfus for the system.

It can be observed from the figure that the Dqel derived from
the sum of elastic, inelastic, and n-pickup events is broader
and the centroid of the distribution is shifted towards lower
energy by about 1.2 MeV compared to that of Dfus. Similar en-
ergy shift was also reported for the system, 6Li + 144Sm [45].
However, a smaller energy shift of 450 keV was reported for
the medium mass system 6Li + 64Ni. This result is consistent
with the interpretation of Zagrebaev [5] that the barrier distri-
bution obtained from QEL scattering measurement represents
the total reaction threshold distribution, which will reflect in
the difference in the barrier distributions obtained from CF
and QEL excitation functions. It was conjectured that, for
systems where breakup related nonfusion channels dominate
over fusion, if breakup related processes are not included in
the QEL events, the centroid of the Dqel should be shifted to
the low-energy side when compared with the CF Dfus.

From the figure, it can also be seen that the inclusion of α

particles in the QEL events shifts the peak of the distribution
Dqel towards higher energy such that the position of the maxi-
mum of the distribution matches reasonably well with that of
the CF Dfus. However, the distribution Dqel, including the α

particles, is broader than Dfus, which results in a shift of the
centroid of the distribution Dqel towards higher energy com-
pared to that of Dfus. A similar feature has also been observed
for the system 6Li + 197Au [18]. However, this contradicts the
observations reported for 7Li + 159Tb [21] and 6,7Li + 208Pb
[8] systems.

The disagreement between the centroids of the two distri-
butions, Dqel, including the α-particle contribution, and Dfus

in 6Li + 159Tb reaction might be understood in the following
way. Since fusion and back-angle QEL scattering are comple-
mentary, it follows that

1 − σfus = σqel, (5)

where σfus and σqel are fusion and QEL scattering cross sec-
tions, respectively. For 6Li induced reactions,

σfus = σCF + σICF, (6)

where σCF and σICF are CF and ICF cross sections, respec-
tively. Also,

σICF = σα-ICF + σd-ICF. (7)

Here, σα-ICF and σd-ICF are the ICF processes where α and d
are captured by the target, respectively. It needs to be noted
here that for 6Li + 159Tb, measured σd-ICF also includes d
transfer to 159Tb, if any [22]. Also, in this reaction, the d-
capture (and/or d-stripping) process where an α particle is
emitted is the dominant ICF contributor compared to the less
favored α-capture process [22]. Therefore, σICF ≈ σd-ICF.
Eq. (5) may then be written as

1 − (σCF + σd-ICF) = σel+inel + σn-pickup + σn-strip + σp-strip,

(8)

where σel+inel, σn-pickup, σn-strip and σp-strip are the cross sec-
tions corresponding to the sum of elastic and inelastic events,
n-pickup, n-stripping, and p-stripping reactions, respectively.
The contribution to QEL cross sections corresponding to d
stripping is not written explicitly on the right-hand side of
the equation because the d-stripping cross section is already
included in σd-ICF. On the right-hand side of this equa-
tion, contributions from two channels, namely σp-pickup and
σd-pickup, have been omitted here. It has already been dis-
cussed in Sec. III that the p-pickup process is energetically
unfavorable and the contribution to α particles from the d-
pickup process is expected to be very small in the 6Li + 159Tb
reaction.

Equation (8) then yields

1 − σCF = σd-ICF + σ meas
qel + σn-strip + σp-strip, (9)

where σ meas
qel is the measured QEL scattering cross sections

corresponding to the sum of elastic, inelastic, and n-pickup
events. The α-particle events used (marked in Fig. 1) to
calculate the corresponding contribution primarily originate
from d-ICF, breakup, and transfer induced breakup processes.
Therefore, the dominant contributions to the inclusive α par-
ticles can be written as

σα-incl = σα-d + σd-ICF + σn-strip + σp-strip. (10)

Here, σα-incl is the measured inclusive α cross sections and
σα-d represents the α cross sections corresponding to direct
and sequential breakup of 6Li. Comparison of Eqs. (9) and
(10) gives

1 − σCF = σ meas
qel + (σα-incl − σα-d ). (11)

For 6Li + 159Tb, the 6Li-breakup contribution, σα-d , though
small compared to total σα-incl [22], cannot be neglected,
unlike the case of 7Li + 159Tb where σα-t can be neglected
[21]. This is because the 6Li nucleus has a lower α-breakup
threshold compared to the nucleus 7Li. The breakup threshold
of 6Li into α-d is 1.47 MeV, while that of 7Li into α-t is 2.45
MeV. It appears that if the 6Li-breakup component σα-d could
be separately measured and subtracted from σα-incl, then the
centroid of the distribution Dqel, including the remaining α

contribution, would perhaps match with that of Dfus (CF).

VI. SUMMARY

The QEL scattering excitation function for the system
6Li + 159Tb has been measured at large backward angle, at
energies around the Coulomb barrier, and the corresponding
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barrier distribution has been extracted, both with and without
the contribution of α particles. The experimental QEL scat-
tering excitation function and the barrier distribution derived
only from Z = 3 events have been compared with the coupled
channels calculations using the code FRESCO. The coupling
to the low-lying inelastic excited states of 159Tb up to 11/2+
and to the resonant first excited state of 6Li gives a reasonable
description of the barrier distribution, but underpredicts the
excitation function data at higher energies. The CRC calcula-
tions, including n-pickup channel in the coupling scheme, did
not show any significant effect. The observed disagreement
between theory and experiment might be attributed to the
effects of the direct and sequential breakup of 6Li, as well
as some transfer channels not considered here. For inclusion
of breakup in the coupled channels calculations, one needs
to carry out continuum discretized coupled channels calcula-
tions.

The barrier distribution extracted from the measured QEL
scattering excitation function was then compared with the dis-
tribution Dfus, derived from the CF cross sections of Ref. [22].
The Dfus was also determined from the coupled channels cal-
culated fusion cross sections. The experimental and calculated
Dfus agree fairly well with each other. It is observed that the
distribution Dqel obtained from the sum of elastic and inelastic
scattering and n-stripping events is broader and the peak is
shifted lower in energy compared to Dfus. The observed result
is consistent with Zagrebaev’s interpretation [5] that the QEL

barrier distribution obtained from (elastic+inelastic+transfer)
cross sections represents the total reaction threshold distribu-
tion and not the fusion barrier distribution. The maximum of
the distribution Dqel, including the α-particles contribution,
reasonably matches with the maximum of Dfus, but is seen
to be broadened compared to Dfus at higher energies. This
broadening in fact led to a shift of the centroid of the dis-
tribution Dqel, including α-particles, towards higher energy
with respect to that of Dfus. This is in contradiction to that
reported for 7Li + 159Tb [21]. The shift in the centroid of
Dqel compared to Dfus (CF) for 6Li + 159Tb is attributed to
the significant breakup probability of the relatively weakly
bound 6Li nucleus into α and d , unlike the case of 7Li. In
future, similar simultaneous investigation of Dfus and Dqel in
reactions induced by other weakly bound projectiles, like 9Be
seems interesting.
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