
PHYSICAL REVIEW C 109, 014610 (2024)

Fusion of 7Li with 205Tl at near-barrier energies
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The complete and incomplete fusion cross sections for the 7Li +205Tl reaction were measured at near barrier
energies by the online characteristic γ -ray detection technique. The complete fusion (CF) cross sections at
energies above the Coulomb barrier were found to be suppressed by ∼26% compared to the coupled channel
calculations. Reduced fusion cross sections for the present system at energies normalized to the Coulomb
barrier were also found to be systematically lower than those with strongly bound projectiles forming a similar
compound nucleus. The suppression observed in CF cross sections is found to be commensurate with the
measured total incomplete fusion (ICF) cross sections. In the ICF cross sections, t-capture is found to be
dominant than α-capture at all the measured energies. The systematic study of available CF, ICF, and total
fusion data with the 7Li projectile is performed.
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I. INTRODUCTION

In the last several decades heavy ion fusion reactions have
been studied to understand the interplay between nuclear
structure and dynamics in colliding partners [1–8]. Cluster
transfer is also reported to play a key role in understanding
the reaction mechanisms [9]. Heavy ion fusion reactions are
important to extend the nuclear chart and for the synthesis
of heavy elements. These reactions are also important for
the understanding of the energy production and elemental
synthesis in the stellar environments. With the advent of ra-
dioactive ion beams (RIBs), several novel exotic structures
and phenomena like halo and Borromean nuclei have been
discovered experimentally. Moreover, the experimental mea-
surements performed with RIBs so far have shown that the
fusion behavior is uncertain and not so well understood. It is
expected that the extended structure of these weakly bound
nuclei may, in principle, lead a large enhancement of fusion.
However, it can also be argued that due to their low binding
energy, these nuclei may break up easily while approaching
the fusion barrier, which may effectively reduce the complete
fusion (CF) cross sections [10,11]. Fusion with weakly bound
stable projectiles such as 6,7Li and 9Be having cluster struc-
tures provide a good experimental ground to evaluate these
contrasting propositions.
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It is now fairly well established that in the fusion reactions
with weakly bound stable projectiles (6,7Li and 9Be) on dif-
ferent targets the complete fusion, where the entire projectile
or all its fragments are captured in the target, is suppressed
when compared to predictions based on coupled channels
calculations at energies above the Coulomb barrier [7,12].
Similarly, the reduction of CF cross sections has also been
observed when the CF cross sections measured in reactions
with weakly bound stable projectiles are compared with that
measured with strongly bound projectiles forming similar
compound nucleus. The suppression of CF cross sections is
often quantified through the CF suppression factor which
has been deduced in several experiments with 6,7Li and 9Be
projectiles on medium and heavy mass targets showing a
systematic behavior [7], which is found to be independent of
target mass in many studies [13–16]. In general, the amount
of suppression observed in CF cross sections is almost com-
pletely compensated by the incomplete fusion (ICF) cross
sections, where part of the projectile is captured by the target.
Although there is a large amount of CF data with weakly
bound projectiles [7], simultaneous measurement of CF and
ICF data is available for only few systems. Recently, the
damping of the nuclear shell effect with excitation energy
has been studied by measuring neutron spectra following the
triton transfer in 205Tl(7Li, α) 208Pb reaction [17]. However
the CF and ICF cross sections were not measured so far for
this system.

In general, the suppression effects are expected to be de-
pendent on the variation due to Coulomb and nuclear breakup
and cluster transfer depending on the Z of the target. However,
the CF suppression with weakly bound projectiles 6,7Li and
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9Be is found to be target independent. In the present work, we
have measured the CF and ICF cross sections for 7Li + 205Tl
system and compared them with the similar existing data with
7Li projectile on several targets to understand the systematic
behavior.

In this paper, we report the measurement of CF and ICF
cross sections for 7Li + 205Tl system around the Coulomb
barrier energies using online γ -ray detection technique. The
available data of CF, ICF and TF cross sections with 7Li
projectile on several targets was utilised to understand the
systematic behavior. The paper is organized as follows. The
experimental details are described in Sec. II. The experimen-
tal results, systematics of data along with statistical model,
and coupled channel calculations are given in Sec. III. The
summary of the present study is given in Sec. IV.

II. EXPERIMENTAL DETAILS

The experiment was performed using the 7Li beam from
the BARC-TIFR Pelletron LINAC Facility, Mumbai, India at
energies Ebeam = 25, 26, 27, 28, 29, 31, 32.5, 34, 38, and
40 MeV. The target used was 205Tl of 1 mg/cm2, evapo-
rated on 25 µg/cm2 carbon backing. Beam energies were
corrected for the loss at half the target thickness and were
further used in the analysis. Prompt γ -ray transitions were de-
tected using nine Compton suppressed high purity germanium
(HPGe) clover detectors from Indian National Gamma Array
(INGA) [18] surrounding the target chamber. In this array
configuration, the detectors were arranged at three angles with
three detectors each at ±157◦, ±140◦, and ±90◦. In addition,
two Si surface barrier detectors with thicknesses 300 µm,
acting as monitor detectors were placed at ±25◦ for absolute
normalization purpose. The time stamped data were collected
using a digital data acquisition system with a sampling rate of
100 MHz [18]. Efficiency and energy calibration of the clover
detectors were carried out using standard calibrated 152Eu
and 133Ba γ -ray sources. Figure 1 shows the typical γ -ray
add-back spectrum from all the clover detectors measured at
Ebeam = 38 MeV for the 7Li + 205Tl system. The γ lines from
the possible evaporation residues (208,209Po) following CF are
labeled. Also the γ lines from the residues (207,208Bi) follow-
ing the α-capture channel and t-capture channel (206,207Pb) are
marked.

III. RESULTS AND DISCUSSION

A. Data reduction

Data reduction procedure is similar as discussed in detail in
our previous works [14,19–21]. The cross sections for all the
residues formed in CF (208,209Po) and ICF (207,208Bi, 206,207Pb)
were determined considering all the ground and metastable
(∼ few µs lifetimes) states. The γ transitions populating the
ground and metastable states in these nuclei are taken from
Refs. [22–27]. The cross sections for identified γ transitions
were calculated from the formula

σγ = Yγ

YM

d�M

εγ

dσRuth

d�
,

FIG. 1. γ -ray add-back spectrum from all the clover detectors
obtained in 7Li + 205Tl system at Ebeam = 38 MeV. The γ lines
from the possible evaporation residues (208,209Po) following CF are
labeled. Also the γ lines following the α-capture channel (207,208Bi)
and t-capture channel (206,207Pb) are marked.

where Yγ is the γ -ray yield considering the internal conver-
sion, YM is the elastic yield at the monitor detector, d�M is
the solid angle of the monitor detector, εγ is the absolute
efficiency of the detection system for a specific γ -ray energy,
and dσRuth

d�
is the Rutherford cross section (at θM = 25◦) at the

same beam energy. For the non-even-even residues, the direct
feeding to the ground state will not emit any γ -ray and hence
not detected, however it is expected to be substantially small
as observed in various studies [14,28–30].

The cross sections for 209Po (3n) and 208Po (4n) ERs
following CF along with the statistical model predictions
using the PACE code [31] are shown in Fig. 2. In the PACE

calculations, the cross section for each partial wave (l dis-
tribution) obtained from the coupled channel calculation
code CCFULL [32] were fed as an input. The default optical
potentials available in the code were used. The only free
parameter remaining in the PACE input was the level density
parameter ‘a’, which showed a negligible dependence on the
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FIG. 2. ER cross sections for 3n (209Po) and 4n (208Po) channels
following CF are shown as a triangle and circle, respectively. The
results of the statistical model calculations for the corresponding ERs
are shown by dashed dot dot (3n) and long dashed (4n) lines.

values between a = A/9 and a = A/10. The CF cross sec-
tions were determined by dividing the cumulative measured
(σ exp

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

x σ PACE
xn

/σ PACE
fus

, where x = 3, 4. The ratio (R) and the
CF cross sections thus obtained are listed in Table I. The error
bars on the data are due to errors in the determination of the
γ -ray yields, background subtraction and absolute efficiency
of the detectors.

B. Coupled channel calculations

Coupled channel calculations were performed using the
modified version of CCFULL [32], which can include the effect
of projectile ground-state spin and its excitation in addition

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 7Li+205Tl system for the measured
energy range.

Elab Ec.m. σ
exp
3n+4n σ

exp
CF

(MeV) (MeV) (mb) R(PACE) (mb)

24.9 24.0 0.45 ± 0.16 0.90 0.50 ± 0.18
25.9 25.0 0.90 ± 0.15 0.93 0.96 ± 0.16
26.9 26.0 2.85 ± 0.65 0.96 2.95 ± 0.68
27.9 26.9 14.7 ± 1.9 0.98 15.0 ± 2.0
28.9 27.9 26.2 ± 1.6 0.98 26.6 ± 1.7
30.9 29.9 93.4 ± 6.4 0.99 94.5 ± 6.5
32.4 31.3 234 ± 12 0.99 236 ± 13
33.9 32.8 311 ± 20 0.98 316 ± 20
37.9 36.6 470 ± 43 0.97 485 ± 45
39.9 38.6 647 ± 60 0.89 729 ± 67

TABLE II. Parameters for AW potential, along with the cor-
responding derived barrier height (Vb), barrier radius (Rb), and
curvature (h̄ω).

V0 r0 a Vb Rb h̄ω

System (MeV) (fm) (fm) (MeV) (fm) (MeV)

7Li+205Tl 47.4 1.18 0.63 29.4 11.2 4.46
12C+198Pt 59.2 1.18 0.65 55.9 11.3 4.60
18O+192Os 63.8 1.18 0.66 71.0 11.6 4.20

to the target excitation. The initial input potential parame-
ters were obtained from the Woods-Saxon parametrization
of the Akyüz-Winther (AW) potential [35] and are given in
Table II. The table shows the corresponding uncoupled fusion
barrier parameters (barrier height Vb, radius Rb, and curvature
h̄ω). The full couplings include the coupling of the projectile
ground state (3/2−) and first excited state (1/2−, 0.478 MeV)
with β00 (β2 for the ground-state reorientation) = 1.189, β01

(β2 for the transition between the ground and the first excited
states) = β11 (β2 for the reorientation of the first excited state)
= 1.24. These values are taken from Refs. [36,37]. These de-
formation parameters for 7Li are the same for both nuclear and
Coulomb couplings. As the target is odd-A nucleus 205Tl, the
excitation energies and deformation parameters were taken
to be the averages of those of the neighboring even-even
nuclei 204Hg and 206Pb. The averaged 3− vibrational excited
state with Ex = 2.662 MeV, β3 = 0.103 [38] was used. The
effect of coupling of 2+ excited state (Ex = 0.620 MeV, β2 =
0.05) [39] is found to be less important compared to 3− state.
The breakup or transfer coupling channel cannot be included
in these calculations.

The results from the uncoupled and coupled channel cal-
culations are shown in Fig. 3 by dotted and dashed lines,
respectively. It was observed that at sub-barrier energies, the
calculated fusion cross sections with the couplings (dashed
lines) are enhanced compared to the uncoupled values. How-
ever, at above-barrier energies, the calculated values of fusion
with or without couplings are higher than the measured ones.
Agreement could be obtained when the calculated fusion cross
sections are scaled by a factor of 0.74, and the resulting scaled
calculations are shown in Fig. 3 by a solid line. Thus, one
can conclude that the CF cross sections in this region are
suppressed by 26 ± 4% compared to the prediction of CC-
FULL calculations. The uncertainty of 4% in the suppression
factor was estimated from the uncertainties in Vb and σCF.
This suppression factor is similar to earlier studies with 7Li
projectile [7,15,16] on various targets which confirms that the
CF suppression is target independent.

Present CF cross section data were also compared with the
CF data for other systems forming similar compound nucleus
(CN) but involving strongly bound projectiles. For the present
data, the CN populated is 212Po, while with 12C + 198Pt [33]
and 18O + 192Os [34], the CN populated is 210Po. Figure 4
shows the comparison of the reduced cross sections as a
function of reduced energy for the present system along with
two other systems 12C + 198Pt [33] and 18O + 192Os [34]. It
is interesting to see that the reduced fusion cross sections
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FIG. 3. Complete fusion cross section (filled circles) for the
7Li + 205Tl system compared with coupled (dashed lines) and uncou-
pled (dotted lines) results from CCFULL calculations. Solid lines were
obtained by multiplying the coupled results by a factor of 0.74.

involving strongly bound projectiles are much larger than
those for the weakly bound 7Li projectile, and they also agree
with the results of coupled channel calculations without any
scaling. However the coupled channel calculations multiplied
by 0.74 match with the data for 7Li + 205Tl system. This again
confirms the suppression of CF cross sections with weakly
bound projectiles in comparison with strongly bound projec-
tiles as well as those predicted by the fusion model adopted
in CCFULL. A similar conclusion is also drawn in previous
works [40–43].

FIG. 4. Reduced cross sections as a function of reduced en-
ergy for the present system (filled circles) along with two other
systems 12C + 198Pt (hollow square [33]) and 18O + 192Os (hollow
triangle [34]). Dashed line is the result of coupled channel calcula-
tions for 7Li + 205Tl system. Solid line is obtained by multiplying the
coupled results by a factor of 0.74.

-

-

--

FIG. 5. Measured residue cross sections for (a) t-capture and
(b) α-capture in the 7Li + 205Tl system. The lines are the predictions
from statistical model calculations for the corresponding residues.
(c) total t-capture and α-capture cross sections are compared. (See
text for details.)

The coupled channels effects which lead to modification of
barrier height are not so significant at above barrier energies.
The calculated CF cross sections show a small modification
due to the coupling effects and relatively independent of
choice of standard potential parameters. A small suppression
is found due to continuum-continuum couplings in coupled
channels calculations [44]. In recent studies, it has been found
that the clustering of the projectile and not the breakup in
usual sense is responsible for the suppression [45,46]. The

014610-4



FUSION OF 7Li WITH 205Tl AT NEAR-BARRIER ENERGIES PHYSICAL REVIEW C 109, 014610 (2024)

TABLE III. Measured cross sections for ICF products obtained
from online γ -ray measurement technique in 7Li+205Tl system.

Elab
208Bi 207Bi 207Pb 206Pb

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

24.9 4.8 ± 0.2 6.9 ± 0.3 7.4 ± 3.4
25.9 4.9 ± 0.2 13.6 ± 0.9 10.5 ± 2.6
26.9 7.5 ± 0.3 19.4 ± 1.2 27.1 ± 2.7
27.9 7.5 ± 0.2 21.4 ± 1.1 61.1 ± 1.5
28.9 7.8 ± 0.4 1.1 ± 0.2 22.2 ± 0.9 69.9 ± 2.2
30.9 9.4 ± 0.3 1.2 ± 0.1 27.9 ± 1.4 126 ± 4
32.4 9.8 ± 0.3 7.1 ± 1.0 37.4 ± 2.0 184 ± 5
33.9 10.0 ± 0.5 7.7 ± 0.8 38.4 ± 1.8 187 ± 5
37.9 12.0 ± 0.4 44.7 ± 1.6 44.2 ± 1.7 213 ± 5
39.9 16.4 ± 0.5 65.6 ± 1.8 48.0 ± 2.4 276 ± 4

clustering remains unaltered for a given projectile leading to
the target independence in CF suppression.

C. ICF cross sections

The residues from incomplete fusion, viz., 207,208Bi (from
α-capture) and 206,207Pb (from t-capture) were also identified
via γ lines from Refs. [24–27] and cross sections were ex-
tracted. The measured residue cross sections from t-capture
and α-capture are shown in Figs. 5(a) and 5(b), respec-
tively, and are listed in Table III. The total t-capture and
total α-capture cross sections are obtained from adding the
individual residue cross sections and they are compared in
Fig. 5(c). The total t-capture cross sections are found to
be much larger than α-capture at all the measured energies.
Similar observation is also reported in Refs. [19–21,47]. It
is to be noted that deuteron and proton stripping from 7Li
projectile would give the same ERs as those following the
t-capture process and subsequent few neutron evaporation.
Hence, from experiments it is difficult to separate these three
processes.

In order to investigate the nature of t-capture and α-capture
cross sections in the 7Li + 205Tl system, statistical model cal-
culations using PACE [31] code were performed. The code was
modified accordingly for particle evaporations from the com-
posite systems formed in fragment-capture reactions and used
in previous works [19,20,48]. The spectrum of the surviv-
ing α particles, after capture of the complementary fragment
(triton), represents the cross section for breakup-fusion as a
function of the kinetic energy of the α particles. As seen
from the literature [7,49–53] for 6,7Li induced reactions on
various targets, the α, deuteron and triton energy spectra have
typically 10 MeV energy widths centered at 3

7 Ec.m. and 4
7 Ec.m.

for t and α spectra, respectively. Two separate calculations
assuming Gaussian distribution were performed. The calcu-
lated values of absolute cross sections for the residues from
t-capture, 206,207Pb, are plotted as lines in Fig. 5(a) showing
reasonably good agreement with the data. Similarly, the cal-
culations for 207,208Bi from α-capture are plotted as lines in
Fig. 5(b), showing a reasonable agreement. These calculations
suggest that these residues are populated via fragment capture
or cluster transfer followed by evaporation [9].

-(d) t-capture + α-capture

(c) α-capture

(b) t-capture

FIG. 6. Systematic behavior of (a) CF, (b) t-capture, (c) α-
capture, (d) Total ICF (= t-capture + α-capture), and (e) TF
(=CF+ICF) cross sections as a function of reduced energy with
7Li + 124Sn [19], 159Tb [30], 197Au [54], 198Pt [49], 209Bi [40], and
205Tl (present data) systems.
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(d) t-capture
    + α-capture

(c) α-capture

(b) t-capture

FIG. 7. Measured fusion function F (x) for (a) CF, (b) t-capture,
(c) α-capture, (d) Total ICF (= t-capture + α-capture), and (e) TF
(= CF+ICF) for 7Li + 124Sn [19], 159Tb [30], 197Au [54], 198Pt [49],
209Bi [40], and 205Tl (present data) systems in linear scale. The solid
and dashed lines represent the UFF and UFF multiplied by a factor
‘a’. The value of ‘a’ is 0.70, 0.26, 0.08, and 0.34 for CF, t-capture,
α-capture, and total ICF, respectively (see text for details).

D. Systematics of CF, ICF, and TF cross sections
with 7Li projectile

The complete data set available for CF, α-capture and
t-capture cross sections with 7Li projectile on 124Sn [19],
159Tb [30], 197Au [54], 198Pt [49], 209Bi [40], and 205Tl
(present data) are utilized in the systematic plots shown in
Figs. 6(a)–(6c) respectively. Total ICF is sum of α-capture and
t-capture cross sections and TF which is sum of CF and ICF
cross sections are shown in Figs. 6(d) and 6(e) respectively.
The variable on x axis (Ered) is chosen so as to remove any
geometrical factors due to target size. This kind of compre-
hensive systematic including for all channels simultaneously
have been presented for the first time with the 7Li projec-
tile. Similar plots were also shown earlier for the inclusive
α [7,21,52,55], neutron transfer [56–59], fusion [7], and reac-
tion [11] cross sections. As can be seen from Figs. 6(a)–6(e),
all the data are reasonably close in the range of 0.9–1.2 Ered,
while it deviates below 0.9Ered and above 1.2Ered. It is to be
noted that the t-capture data for the 7Li + 209Bi system and
α-capture data for 7Li + 124Sn above 1.1 Vb are deviating from
the systematic trend.

Further to rule out the dependence on potential parameters,
a reduction procedure was adopted [60,61] that completely
eliminates the geometrical and static effects of the potential
acting between the interacting partners. Thus, any deviation of
the measured CF function from the universal fusion function
(UFF) may be due to the breakup of the incident projectile.
The fusion cross section and the incident energy are reduced
to a dimensionless equation called the fusion function Fi(x)
and dimensionless variable x in this reduction method:

Fi(x) = 2Ec.m.

h̄ωR2
b
σi and x = Ec.m. − Vb

h̄ω
,

where i represents CF, t-capture, α-capture, Total ICF, and TF.
Potential parameters Rb, Vb, and h̄ω were derived from

AW potential parameters for various systems considered from
Ref. [62] to deduce F(x) and x. The experimental CF, ICF,
and TF functions were reduced to respective fusion functions
derived from the Wong formula [63]. After simplification of
the Wong formula, F (x) reduces to

F0(x) = ln[1 + exp(2πx)],

which is known as the universal fusion function (UFF). This
function is valid for the above barrier data only. Respective
fusion functions for CF, t-capture, α-capture, Total ICF, and
TF are plotted in Fig. 7(a)–7(e) in linear scale. In these plots,
UFF is shown by solid line while UFF multiplied by a factor
‘a’ is shown by dashed line. The ‘a’ parameter is the fitting
parameter to fit the corresponding data in Fig. 7(a–d). As can
be seen, from Fig. 7(a), for CF data, the UFF multiplied by
0.7 (dashed blue line) match with the data. Thus, it can be
concluded from the UFF calculations that the measured CF
functions are ∼30% less as compared to UFF, which is in
agreement with the deduced suppression value of ∼26 ± 4%
within the error bars. Similarly, for t-capture [Fig. 7(b)] and α-
capture [Fig. 7(c)] data, the UFF multiplied by 0.26 and 0.08,
respectively, fairly match with the data. The t-capture for the
7Li + 209Bi system and α-capture for 7Li + 124Sn above 1.1 Vb

are deviating a lot from the multiplied UFF line. This may be
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due to a measurement error in the reported data [19,40]. For
the total ICF [Fig. 7(d)], which is sum of t-capture and α-
capture cross sections, the UFF multiplied by 0.34 reasonably
match with the data. This also shows that ICF contributions
account for the suppression observed in the CF cross sections.
Finally, the TF, which is the sum of CF and ICF cross sections,
reasonably agree with the UFF as shown in Fig. 7(e).

IV. SUMMARY

Excitation functions for the complete and incomplete fu-
sion of the 7Li + 205Tl system were measured in the energy
range 0.80 < Vb < 1.34 by online γ -ray measurement tech-
nique. At above barrier energies, the measured CF cross
sections were found to be suppressed by a factor of 26 ± 4%
in comparison with the coupled channel calculations, which
is in agreement with the literature data for the 7Li projectile
on various targets. A comparison of the CF cross sections for
the present system with other systems involving strongly
bound projectiles such as 12C + 198Pt and 18O + 192Os form-
ing similar compound nuclei, clearly shows that the CF
cross sections for the present system are systematically lower

at above barrier energies. The measured t-capture cross
sections are significantly more than the α-capture cross sec-
tions at all the energies. A systematic comparison of measured
CF, ICF, and TF data with 7Li projectile is shown. The ground
state Q values for triton transfer are positive while they are
negative (except for the 7Li + 124Sn system) for α transfer.
The former is more dominant of the cluster transfers [7,19,20].
However there is essentially no change in the Qopt values
for these systems. It is around 0.68 × Ec.m. for triton transfer
while 0.34 × Ec.m. for α transfer. This explains rather constant
behavior of cluster t transfer which is responsible for fusion
suppression as argued above.
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