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Fusion reaction studies for the 6Li + 124Sn system at near-barrier energies
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The complete and incomplete fusion along with one neutron stripping and pickup cross sections for the 6Li +
124Sn system are measured using online and offline characteristic γ -ray detection techniques. The complete
fusion (CF) cross sections at energies above the Coulomb barrier are found to be suppressed by ∼34% compared
to the coupled channel calculations. This suppression observed in complete fusion cross sections is found to
be commensurate with the measured total incomplete fusion (ICF) cross sections. There is a distinct feature
observed in the ICF cross sections, i.e., d capture is found to be dominant than α capture at all the measured
energies, contrary to the data available for 6Li + 209Bi,197Au systems. The total fusion cross section ratio between
6Li and 7Li induced reactions shows an increasing trend as the energy decreases below the barrier while it
remains unity at above-barrier energies. A simultaneous explanation of complete, incomplete, and total fusion
(TF) data is also obtained from the calculations based on the continuum discretized coupled channel method with
short-range imaginary potentials. The cross section ratios of CF/TF and ICF/TF obtained from the data as well
as the calculations shows the dominance of ICF at below-barrier energies and CF at above-barrier energies.
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I. INTRODUCTION

Exploring the influence of the weakly bound cluster struc-
ture of light nuclei in reaction dynamics is a topic of current
interest [1,2]. The low breakup threshold of such nuclei leads
to breakup into the constituent cluster fragments, resulting
in suppression of complete fusion [3–5], breakup threshold
anomaly in the optical potential [6–8], large inclusive breakup
α cross sections [9–11], etc. Large α yields relative to the
complementary fragments for nuclear reactions involving nu-
clei with α + x cluster structure, e.g., 6,8He, 6,7Li, 7,9Be, are
observed. In recent studies, it was found that the t capture
process is the main source of α production in the reactions
involving 7Li nuclei [10]. For 6Li induced reactions, it is also
claimed that d capture is the main source of α yields [11]. In
reactions involving 7Li nuclei, the measured t capture cross
sections are larger than α capture cross sections over a wide
energy range [12–14]. However, in the reactions involving 6Li
nuclei, the limited available data with 209Bi [15] and 197Au
[16] targets showed that the d capture cross sections are larger
than α capture cross sections at below-barrier energies, while
α capture and d capture cross sections are of similar order at
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above-barrier energies. Hence, a complete set of measurements
and comparison of α and d/t capture cross sections with 6,7Li
projectiles on the same target are essential to understand these
differences.

Except for the 209Bi and 197Au targets, the complete set
of fusion data with both 6,7Li projectiles has not been mea-
sured. For the 7Li + 159Tb system, the CF, t capture, and α
capture cross sections were measured [17]. Similarly, for the
6Li + 159Tb system, the CF, d capture and partial α capture
cross sections were measured [18]. Hence, the remaining
residues from α capture need to be measured for unambiguous
comparison of α and d capture cross sections. Recently, we
reported the complete set of fusion data for the 7Li + 124Sn
system [14].

In the present work, the effects of the cluster structure on
the reaction dynamics are reported from comparative study
of complete (CF) and incomplete fusion (ICF) processes
involving 6,7Li projectiles. We report the measurement of
CF and ICF along with one-neutron stripping and pickup
cross sections for the 6Li + 124Sn system around the Coulomb
barrier energies, utilizing both online and offline characteristic
γ -ray detection techniques. The dominant evaporation residues
(ERs) from complete fusion are 127I (3n) and 126I (4n). In
addition, we also identified the residues from α capture,
populating 126,127Te in online measurement. In the present
case, the residue 126I (4n) along with the residues following d
capture, viz., 124Sn(d,1n)125Sb, 124Sn(d,2n)124Sb, and transfer
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products 125Sn (one-neutron stripping) and 123Sn (one-neutron
pickup) undergo radioactive decay with half-lives suitable for
offline measurements. The offline γ -ray activity measurements
were carried out after irradiation of the target with different
beam energies for extraction of cross sections of these residues
to get complete information of total ICF and 1n transfer
channels. For 126I, it was possible to obtain the cross sections
using both in-beam and off-beam methods. In addition to this,
we also measured the residue cross sections from α capture
(in the off-beam method) at a few energies which were not
measured in earlier work [18] in the 6Li + 159Tb system.

The paper is organized as follows: the experimental details
are described in Sec. II. The experimental results, systematics
of data, along with coupled channel calculations are given in
Sec. III. The summary of the present study is given in Sec. IV.

II. EXPERIMENTAL DETAILS

Two separate experiments were carried out for in-beam
and off-beam γ -ray counting using the 6Li beam at the 14UD
BARC-TIFR Pelletron-Linac accelerator facility, Mumbai. A
detailed description of the experimental setup used for online
γ -ray measurements is given in our earlier works [3,14] and
only a short summary pertinent to this work is presented
here. The 6Li beam with energies Ebeam = 18–36 MeV in
1–2 MeV steps was bombarded on a 124Sn target (thickness
= 2.47 ± 0.04 mg/cm2). The beam energies were corrected
for the loss at half the target thickness and used in the further
analysis. A Compton suppressed clover detector placed at
125◦ at a distance of 25 cm from the target center was
used for the estimation of absolute cross section of populated
reaction channels. The absolute efficiency of this detector was
determined using a set of radioactive 152Eu, 133Ba, and 241Am
sources mounted in the same geometry as the target. Along with
the clover detector, one Si surface barrier detector (thickness
500 μm) was placed at 30◦ to monitor Rutherford scattering for
absolute normalization purposes. The integrated beam current
deposited at the beam dump after the target was also recorded
using a high precision current integrator.

For the off-beam measurement, three targets of 124Sn having
thicknesses 3.3, 1.7 and 3.2 mg/cm2 were irradiated with beam
of 6Li at 20.2, 25.9, and 34.2 MeV energies respectively. These
energies were chosen in such a way that, after energy loss
correction at half the target thickness, they match with that of
previously measured online γ -ray measurements. The targets,
with the Al catcher (∼1 mg/cm2 thick), were placed normal to
the beam direction so that the recoiling residues were stopped
in the target-catcher assembly and were irradiated for almost
18 h. The beam current was ∼80 nA and it was monitored
and recorded using a computer-aided measurement and control
(CAMAC) scaler every minute during each irradiation. The
irradiated target-catcher assembly was attached to a perspex
sheet and kept at a fixed distance (∼10 cm) in front of a high-
purity germanium (HPGe) detector for counting. The HPGe
detector was surrounded by 2 mm thick Cu and Cd sheets and
5 cm thick Pb sheets to reduce the background. The energy
calibration and absolute efficiency of the HPGe detector were
measured using a set of calibrated radioactive 152Eu, 133Ba,
and 241Am sources placed at the same geometry as the target.

FIG. 1. γ -ray add-back spectrum from the Compton suppressed
clover detector at 125◦ obtained in the 6Li + 124Sn system at Elab =
33.7 MeV. The γ lines from the possible evaporation residues
(126,127I) following CF are labeled. Also the γ lines following the
α capture channel (126,127Te) are marked.

All three targets were counted individually at various intervals
following the half lives. In addition, four targets of 159Tb having
thicknesses 1.7–1.9 mg/cm2 were irradiated with the 6Li beam
at 24, 26.1, 25.9, and 30.1 MeV energies for measurement of
residue cross sections from α capture.

III. RESULTS AND DISCUSSION

A typical in-beam γ -ray add-back spectrum at Elab =
33.7 MeV is shown in Fig. 1. The γ lines from the ERs
following CF, viz., 126,127I, are labeled. Also the identified
γ lines following the ICF channel, viz., from α capture,
126,127Te, are marked. The typical off-beam γ -ray spectrum at
Elab = 33.7 MeV is shown in Fig. 2, where the residues from
CF, d capture, and 1n transfer identified by the characteristic γ
lines are labeled. The decay half-lives (T1/2) and intensities are
same as listed in our previous work on the 7Li + 124Sn system
[14].

A. Complete fusion

The cross sections for the residues from complete fusion,
127I (3n) and 126I (4n), obtained using the prompt γ -ray
transitions are shown in Fig. 3. The cross sections of γ -
ray transitions feeding to the ground and metastable (having
lifetimes of a few μs) states of the particular residue are
added to get the residue cross sections. The information of
γ lines populating the ground and metastable states in these
nuclei is taken from Refs. [19,20]. 126I is also a β-active
nucleus (T1/2 = 12.93 days) and hence the cross sections for
this channel were obtained by following the radioactive decay
in the off-beam γ -ray counting method and are found to be
consistent with the in-beam measurements as shown by the
open circle symbol in Fig. 3. The statistical model predictions
using the PACE code [21] are also shown in Fig. 3. The angular
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FIG. 2. Offline γ -ray spectrum obtained in the HPGe detector
for the 6Li + 124Sn system at Elab = 33.7 MeV. Identified γ lines
from different residues following CF (126I), d capture (124,125Sb), one-
neutron stripping (125Sn), and one-neutron pickup (123Sn) are marked.

momentum distribution obtained from the coupled channel
code CCFULL [22] was used as input in PACE at each energy
to obtain the cross sections of the decay channels.

The complete fusion cross sections were determined by
dividing the cumulative measured (σ expt

3n+4n) cross sections by
the ratio R, which gives the missing ER contribution, if any.
Here the ratio R is defined as R = ∑

x
σ PACE

xn
/σ PACE

fus
, where

FIG. 3. ER cross sections from online γ -ray measurement for 3n

(127I) and 4n (126I) channels following CF are represented by open
triangles and open squares, respectively. The ER data from offline
γ -ray measurement for the 4n channel are also shown by open circles.
The results of the statistical model calculations for the corresponding
ERs are shown by dash-dot-dot (3n) and dashed (4n) lines.

TABLE I. Measured cross sections for �σxn (x = 3,4) evapora-
tion residues and complete fusion along with the ratio R, obtained
from PACE (defined in the text) for the 6Li + 124Sn system for the
measured energy range.

Elab Ec.m. σ
expt
3n+4n R (PACE) σ

expt
CF

(MeV) (MeV) (mb) (mb)

17.5 16.7 1.92 ± 0.22 0.79 2.43 ± 0.28
18.5 17.6 7.55 ± 1.31 0.87 8.68 ± 1.50
19.5 18.6 31.9 ± 2.44 0.92 34.7 ± 2.7
20.5 19.6 60.8 ± 4.0 0.95 64.1 ± 4.2
21.5 20.5 103 ±9 0.97 106 ± 9
22.6 21.5 182 ±10 0.98 186 ± 10
23.6 22.5 273 ± 14 0.98 278 ± 14
24.6 23.4 351 ±18 0.99 356 ± 18
25.6 24.4 438 ±19 0.99 443 ± 20
26.6 25.4 458 ±22 0.99 464 ± 22
27.6 26.3 482 ±19 0.99 488 ± 19
29.6 28.3 639 ± 27 0.99 648 ± 27
31.6 30.2 680 ±31 0.98 692± 32
33.7 32.1 695 ±32 0.98 712 ± 33
35.7 34.0 729 ±36 0.94 773 ± 39

x = 3,4. The CF cross sections thus obtained are listed in
Table I and plotted in Fig. 4. The error bars on the data are due
to statistics, background subtraction, and absolute efficiency
of the detectors. For off-beam measurements, uncertainty in
the target thickness was also included.

Coupled channel (CC) calculations were performed using
the code CCFULL [22]. The potential parameters used were
V0 = 45 MeV, r0 = 1.17 fm, and a0 = 0.61 fm, obtained
from the Woods-Saxon parametrization of the Akyuz-Winther

FIG. 4. Complete fusion cross section (filled circles) for the 6Li +
124Sn system compared with coupled (dashed lines) and uncoupled
(dotted lines) results from CCFULL calculations. Solid lines were
obtained by multiplying the coupled results by a factor of 0.66.
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FIG. 5. Comparison of measured CF cross sections in reduced
scale vs reduced energy for 6,7Li + 124Sn systems plotted in logarith-
mic and linear (in the inset) scales (see text for details).

(AW) potential [23]. The corresponding uncoupled barrier
height VB , radius RB , and curvature h̄ω derived for the present
systems are 20.0 MeV, 10.1 fm, and 4.53 MeV respectively.
The CC calculations include two target inelastic vibrational
states, 2+, 1.132 MeV and 3−, 2.603 MeV with β2 = 0.0953
and β3 = 0.106 [24] respectively. The projectile ground state
(1+) having the quadrupole moment Q = −0.082 fm2 [25]
was also coupled along with these two target inelastic states.

The results of the CC calculations are shown in Fig. 4. It
can be seen from Fig. 4 that, at energies below the barrier, the
CC calculations (dashed line) show an enhancement of fusion
cross section as compared to the uncoupled ones (dotted lines).
However, at above-barrier energies, the calculated values of
fusion with or without couplings are higher than the measured
ones. The measured fusion cross sections agree very well with
the calculated ones when multiplied by a factor of 0.66 (solid
line). This implies that there is an overall suppression of the
complete fusion cross section by ∼34% as compared to the
ones predicted by CCFULL. An uncertainty of 4% in suppression
factor was estimated from the uncertainties in VB and σCF . This
value of suppression in CF is found to be independent of target,
in agreement with the data available from the literature [4,5]
with weakly bound projectiles.

In Fig. 5, we show the comparison of measured CF cross

sections in reduced scale, σCF /(A
1
3
p + A

1
3
t )2, vs reduced energy

Ec.m./[(ZpZt )/(A
1
3
p + A

1
3
t )] for the two projectiles 6,7Li on a

124Sn target in the logarithmic and linear (in the inset) scales.
The corresponding cross sections involving the 7Li projectile
are taken from Ref. [14]. It was observed that the CF cross
sections with 7Li at above-barrier energies are larger than
those with 6Li, which is consistent with the values of break
up thresholds. However, at below-barrier energies, the cross
sections with 6Li are higher than those with 7Li. A similar

FIG. 6. Measured residue cross sections for (a) d capture (from
offline γ -ray measurement) (b) α capture (from online γ -ray mea-
surement) in the 6Li + 124Sn system are plotted. The lines are the
predictions from statistical model calculations for the corresponding
residues (see text for details).

observation is also made in the work of Rath et al. with
6,7Li + 144,152Sm systems [26].

B. ICF and 1n transfer cross sections

We have also identified the residues from incomplete fusion
and one-neutron transfer channels and extracted the cross
sections. The cross sections for the residues from α capture,
126,127Te, were obtained from prompt γ -ray transitions. The γ
lines for these nuclei were identified from Ref. [27]. The cross
sections for the residues from d capture (124,125Sb) and 1n
transfer (123,125Sn) were obtained by following the radioactive
decay in the off-beam γ -ray measurement. In Table II, the
measured cross sections for incomplete fusion (126,127Te and
124,125Sb residues) along with one-neutron pickup (123Sn) and
stripping (125Sn) products are given. These measured cross
sections for residues from d capture and α capture are shown
in Figs. 6(a) and 6(b), respectively. Similarly for 6Li + 159Tb
system, the cross sections for the residues from α capture are
listed in Table III. Note that proton pickup in the target would
give the same ER as the one following d capture process and
subsequent few neutron evaporation. Hence, from experiments
it is difficult to separate these two processes.

In order to investigate the behavior in observed residues
from d capture and α capture in the 6Li + 124Sn system,
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TABLE II. Measured cross sections for residues from incomplete fusion, 1n pickup and 1n stripping reactions obtained from online and
offline γ -ray measurements in 6Li + 124Sn system.

Elab
127Te 126Te 125Sb 124Sbg 125Sng 125Snm 123Snm

(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb)

17.5 1.61 ± 0.20
18.5 2.30 ± 0.71
19.5 1.47 ± 0.84 3.61 ± 0.54 66.2 ± 6.6 24.2 ± 2.4 4.40 ± 0.51 10.2 ± 1.1 6.22 ± 0.63
20.5 3.00 ± 0.80 3.77 ± 0.33
21.5 4.90 ± 1.47 5.00 ± 0.50
22.6 8.41 ± 0.98 11.7 ± 1.1
23.6 13.3 ± 1.1 21.0 ± 1.3
24.6 15.6 ± 3.6 23.4 ± 1.8
25.6 17.5 ± 1.6 33.3 ± 2.0 164 ± 18 174 ± 18 20.1 ± 2.1 27.8 ± 2.8 36.7 ± 3.7
26.6 18.1 ± 6.1 36.6 ± 2.9
27.6 20.5 ± 3.6 44.3 ± 2.9
29.6 24.4 ± 2.1 78.3 ± 4.9
31.6 21.2 ± 5.7 85.7 ± 5.0
33.7 14.8 ± 4.9 94.7 ± 6.1 117 ± 13 210 ± 22 22.8 ± 2.4 23.8 ± 2.4 37.4 ± 4.6
35.7 9.4 ± 2.4 107 ± 8

statistical model calculations using PACE [21] code were
performed. The code is modified accordingly for particle
evaporations from the composite systems formed in fragment-
capture reactions. The details are available in Ref. [28]. In the
case of compound nucleus formation, the excitation energy
of the compound nucleus is E∗ = Qgg + Ec.m., which is a
fixed value for a particular incident beam energy. However,
the excitation energy of the composite system in fragment
capture reactions has a wider distribution. The shape of the
distribution can be estimated by measuring the energy spectra
of the outgoing complementary cluster fragment. Typically 10
MeV energy widths centered at 1

3Ec.m. and 2
3Ec.m. for the d

and α spectra, respectively, are observed [11,29–32]. Gaussian
distributions centered at 1

3Ec.m. and 2
3Ec.m. were considered for

the d and α captured composite systems, respectively. Typical
10 MeV energy widths in α and d spectra were assumed
for both the calculations. Two separate calculations assuming
these distributions were performed. The calculated values of
absolute cross sections for the residues from d capture 124,125Sb
are plotted in Fig. 6, showing reasonably good agreement with
the data. Similarly the calculations for 126,127Te residues from
α capture are shown in Fig. 6(b), showing a similar agreement.
These calculations suggest that these residues are populated

TABLE III. Cross sections for α capture in the 6Li + 159Tb
system. The 1n (162Ho) and 3n (160Ho) channel cross sections are
measured in the present study, while the 2n (161Ho) channel cross
sections are taken from Ref. [18].

Elab
162Ho 161Ho 160Ho TotHo

(present work) [18] (present work)
(MeV) (mb) (mb) (mb) (mb)

23.7 5.07 ± 0.72 5.07 ± 0.72
25.8 15.6 ± 2.7 7.0 ± 1.1 22.6 ± 2.8
29.8 37.1 ± 5.7 31.7 ± 3.1 68.8 ± 6.2
33.8 23.1 ± 3.8 68.7 ± 5.9 2.14 ± 0.37 94.0 ± 6.0

via fragment capture or transfer followed by evaporation, not
through any other one-step direct process.

C. Comparison of ICF cross sections with 6,7Li projectiles

In Figs. 7(a)–7(d), we have plotted the available measured
d capture and α capture cross section data as a function of
Ec.m./VB for 6Li projectile on 209Bi [15], 197Au [16], 159Tb
[18], and 124Sn (present data) targets, respectively. Here, the
values of VB used were calculated in CCFULL code, which adds
the Coulomb and nuclear potentials, the later is given in the
form of Akyuz Winther potentials [23]. It is observed that with
209Bi and 197Au targets, d capture dominates over α capture
at below barrier while α capture and d capture are of similar
order at above-barrier energies. However, with 159Tb [18], and
124Sn data, it is seen that the d capture is dominant over α
capture at all energies. It is observed that in the 209Bi and
197Au measurements, some of the residues from d capture were
not measured, hence d capture is lower than α capture cross
sections at above-barrier energies.

Similarly, in Figs. 7(e)–7(h), we have plotted the available
measured t capture and α capture data with 7Li projectile
on 209Bi [15], 197Au [16], 159Tb [17], and 124Sn [14] targets,
respectively. Here it is observed that the cross sections for t
capture are dominant over α capture at all the energies. Similar
observations were also reported in our earlier works [10,12,13].
There can be two reasons for the dominance of d/t capture over
α capture : (i) Q values for d/t capture are much more than α
capture for all the reactions considered and (ii) The Coulomb
barrier for d capture is lower than that of α capture on same
target. These two cumulative effects favor d/t capture over α
capture.

Comparison of the d and t capture cross sections with 6,7Li
projectiles on the same target reveals that d capture cross
sections are larger than t capture cross sections at below-barrier
energies, while at energies above the barrier they are similar,
except for 209Bi and 197Au targets (due to missing residue cross
sections from d capture).
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FIG. 7. (a)–(d) Measured d capture and α capture cross sections
as a function of Ec.m./VB for (a)6Li + 209Bi [15], (b)6Li + 197Au [16],
(c) 6Li + 159Tb [18], and (d) 6Li + 124Sn (present data) systems are
shown with filled triangle and hollow circle symbols respectively.
(e)–(h) Measured t capture and α capture cross sections as a function
of Ec.m./VB for (a)7Li + 209Bi [15], (b)7Li + 197Au [16], (c) 7Li +
159Tb [17], and (d) 7Li + 124Sn [14] systems are shown with filled
diamond and filled circle symbols respectively.

D. Systematics of total fusion with 6,7Li projectiles

For fusion of weakly bound nuclei on light and medium
mass targets, the same residue can be populated by the CF and
ICF mechanisms, making their separation much more difficult.
For this reason, most of the fusion data for light and medium
mass systems are relative to total fusion (TF). In the previous
works on 6,7Li projectiles with light and medium mass targets,

FIG. 8. Ratio of the 6Li to 7Li induced total fusion excita-
tion functions as a function of Ec.m./VB. The present data of
124Sn (solid circles) are compared with other targets taken from
Refs. [16–18,35,37,38]. (See text for details.)

viz., 24Mg [33], 28Si [34,35], 59Co [36], 64Zn [37], 64Ni [38], it
was observed that the ratio of the measured TF cross sections
of 6Li to 7Li as a function of reduced energy Ec.m./VB gives
a universal behavior as shown in Fig. 8. In the above-barrier
region the ratio is nearly unity, but as the energy decreases
below the barrier it exhibits a rising trend for all the systems.
Here the experimental data and values of VB used were taken
from Refs. [35,37,38].

For heavier mass targets, the CF and ICF contributions can
be separated out and hence TF can be defined as an addition
of CF and ICF cross sections. Because in the present set of
data with the 124Sn target the CF and ICF cross sections are
available, we have plotted the TF cross section ratio in Fig. 8.
We have also extracted the CF and ICF data available with
159Tb [17,18] and 197Au [16] targets and plotted them in Fig. 8.
It is interesting to see the similar rising trend at below-barrier
energies and near unity at above-barrier energies with all these
heavy mass targets also. The rising trend at below-barrier
energies can be justified since ICF cross sections (mainly d
capture) with the 6Li projectile are larger than those (mainly t
capture) with the 7Li projectile, as demonstrated in the previous
section.

E. Simultaneous description of CF, ICF, and TF cross sections

Several models employing both classical and quantum
mechanical methods have been used to investigate the CF
and ICF processes for reactions with weakly bound nuclei
[12,39–48]. In a quantum mechanical treatment like the contin-
uum discretized coupled channel (CDCC) approach, coupled
channel effects of the projectile breakup are taken care of
exactly and utilized to understand CF and ICF processes
[12,42–45]. Several experimental studies in recent times have
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indicated the importance of indirect paths contributing to
breakup and ICF [49]. In recent classical trajectory model
calculations [39–41], an attempt has been made to understand
the sequential fusion from other processes after breakup. An
explicit treatment of all these sequential processes which lead
to a large number of final states through various mechanisms
in a full quantum mechanical framework is a daunting task.
In this regard, an inclusive breakup model has been developed
by Lei and Moro [48], which incorporates the sum over all the
possible final states through which the unobserved fragment
may interact with the target. A good description of the inclusive
α breakup cross sections for 6Li induced reactions has been
obtained in this calculation. The indirect processes, which may
include processes such as the breakup fusion or the exchange
of nucleons between the fragment and the target, can also be
studied through the effects of imaginary potentials describing
the absorption of these fragments in the CDCC calculation.
This method was employed in our earlier works [12–14] to
obtain a simultaneous description of complete, incomplete, and
total fusion cross sections around Coulomb barrier energies
for the 6,7Li projectiles on several targets. Recently, similar
calculations for CF and ICF cross sections were also reported
by Camacho et al. [50] for the 6Li + 144Sm,154Sm systems.
Coupled channels calculations using CDCC method with the
code FRESCO (version 2.9) [51] are performed here for the
present set of data for the 6Li + 124Sn system. The details of
the calculation method were already described in the earlier
work [12] and only a short summary pertaining to this work is
presented here.

In the calculations, we assume the cluster structure of
6Li → α + d (Ethres = 1.47 MeV), and the binding potential
for α − d in 6Li was taken from Ref. [52]. The real (Vα−T

and Vd−T ) potentials as well as the short-range imaginary
(Wα−T and Wd−T ) volume type potentials were used for the
interactions between fragments and the target. In addition,
another short-range imaginary volume type potential WP−T

in the 6Li-target channel is introduced. The density dependent
double folding São Paulo potentials (SPPs) [53] were used for
Vα−T and Vd−T , while the short-range imaginary potentials
for α + target (d + target) were W0 = 25 (25) MeV, rw =
0.59 (0.74) fm, aw = 0.4 (0.4) fm. With these potentials,
the total fusion cross section (σTF) was calculated. In the
calculations, we use the parameters as WP−T = 25 MeV,
rP−T = 1.0 fm, and aP−T = 0.4 fm. This imaginary potential
ensures that the total flux decreases by the absorption when the
core and the valence cluster are in the range of the potential
of target nucleus. Small regions of absorption of Wα−T and
Wd−T as compared to WP−T reduces the possible double
counting effects. Incomplete fusion cross sections for d capture
and α capture were determined by turning off the imaginary
potentials Wd−T and Wα−T respectively, as described in earlier
works [12,14]. Then total incomplete fusion can be obtained
by adding σα capture and σd capture, and complete fusion can be
determined by σCF = σTF − σICF.

In Fig. 9(a) results of the calculations for the TF, CF, and
ICF cross sections are shown with long dashed, short dashed,
and dotted lines, respectively, along with the corresponding
experimental data. The bare calculations (without breakup
couplings) were also performed and the calculated fusion cross

FIG. 9. (a) The data of CF, ICF, and TF cross sections for 6Li +
124Sn system are compared with the coupled channel calculations. The
arrow indicate the position of the Coulomb barrier. (b) Comparison
of individual ICF contributions from α capture and d capture along
with total ICF with the calculations. (See text for details.)

sections are denoted by a dash-dot-dot line. The Coulomb
barrier position is marked by an arrow in the figure. It is seen
that, at energies above the Coulomb barrier, the calculations
which include the couplings and calculations that omit them
have negligible difference, but, at energies below the barrier,
the coupled TF cross sections are enhanced in comparison to
bare TF cross sections. The calculated individual ICF cross
sections, σα capture and σd capture, are shown in Fig. 9(b) along
with the measured data. The simultaneous description of CF,
individual ICF, and total ICF was achieved from these coupled
channels calculations.

The ratios of cross sections, σICF/σTF and σCF/σTF, de-
rived from the calculations as a function of Ec.m./VB for the
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FIG. 10. The ratios of cross sections, σICF/σTF and σCF/σTF,
derived from the calculations as a function of Ec.m./VB for the
6Li + 124Sn system are shown by dashed and solid lines respectively.
The symbols show the experimental data.

6Li + 124Sn system are shown in Fig. 10. The corresponding
experimental data from the present measurement of σICF/σTF

and σCF/σTF are also shown in Fig. 10. From the figure it is
evident that σICF/σTF and σCF/σTF ratios remain approximately
constant over the energy range above the barrier and CF is
dominant over ICF. For energies below the barrier, the σICF/σTF

ratio is increasing while the σCF/σTF ratio is decreasing. This
shows the dominance of ICF at below-barrier energies. At the
barrier position, σICF/σTF and σCF/σTF ratios are of similar
magnitude, indicating the equal importance of CF and ICF.
The σICF/σTF ratio at above-barrier energies gives a value
of the suppression factor in CF which is found to be in
agreement (∼40%) with the literature data for 6Li projectiles
from various measurements [3–5], and in agreement with the
value for CF suppression factor obtained with the CCFULL

calculations. Hence simultaneous measurement of CF and
ICF cross sections is essential for understanding of the CF
suppression factor.

IV. SUMMARY

Complete and incomplete fusion along with one neutron
transfer excitation functions for the 6Li + 124Sn system were
measured in the energy range 0.9 < Ec.m./VB < 1.7 by online
and offline γ -ray detection techniques. At above-barrier ener-
gies, the measured complete fusion cross sections were found
to be suppressed by a factor of 34 ± 4% in comparison with
the coupled channel calculations performed using the model
adopted in CCFULL. This suppression factor is found to be in
agreement with the literature data for the 6Li projectile on

various targets. The CF cross sections for the present system
were compared with the previously measured 7Li + 124Sn [14]
system. It was found that at below-barrier (above-barrier)
energies, CF cross sections with 6Li are larger (smaller) than
with the 7Li projectile.

The measured d capture cross sections in 6Li + 124Sn and
6Li + 159Tb systems were found to be significantly more than
the α capture cross sections at all the energies, contrary to
the observations for the 6Li + 209Bi [15] and 6Li + 197Au
[16] systems. The statistical model calculations successfully
explain the measured cross sections for the residues arising
from d capture and α capture in the 6Li + 124Sn system.
These calculations suggest that these residues are populated
via fragment capture or transfer followed by evaporation, not
through any other one-step direct process. The measured ICF
cross sections taken as sum of d capture and α capture cross
sections are found to be commensurate with the suppression
observed in the CF data. Further, simultaneous measurements
of CF and ICF preferably with different target mass systems
are required to understand these aspects.

The TF cross section ratios of 6Li to 7Li induced reactions
on several targets showed a universal behavior. In the above-
barrier region, the ratio is nearly unity, but as the energy
decreases below the barrier it exhibits a rising trend. The data
reveal that the ICF cross sections (mainly d capture) with the
6Li projectile are larger than those (mainly t capture) with the
7Li projectile at below-barrier energies and hence this causes
the rising trend at below-barrier energies.

We also performed the CDCC based coupled channel
calculations, which include the coupling of breakup continuum
of the 6Li nucleus explicitly using cluster folding potentials in
the real part along with short-range imaginary potentials to
calculate the CF, ICF, and TF cross sections. A simultaneous
explanation of the experimental data for the CF, ICF, and
TF cross sections over the entire energy range was obtained.
It will be interesting to study the relative importance of
the breakup and transfer contributing to the ICF and ex-
tract the distinguishing characteristics of these two processes.
The calculated and experimental ICF fraction, which is the
ratio of ICF and TF cross sections, is found to be constant at
energies above the barrier and it increases at energies below
the barrier, showing the enhanced importance of the ICF
contribution in TF at below-barrier energies.
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