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ABSTRACT 
The 18O + 116Sn system’s fusion excitation functions were revisited in the energy regime below the Coulomb 
barrier, where the experimental fusion cross sections enhancement was noted compared to that of the simple 
barrier penetration model. To understand such enhancement, analyses were carried out with different values of 
transfer coupling strength or transfer form factor in the coupled channels formalism. The ground state Q value is 
positive for this system. A comparative study of the system selected for this work with different coupling schemes 
indicated that the coupling of 2 neutron transfer channel with the collective excitations is the reason behind such 
sub-barrier fusion enhancement. To carry out such calculations considering neutron transfer coupling, a parameter 
called transfer form factor is required which depends on a factor called transfer coupling strength. It is discovered 
that as the transfer coupling strength is increased or decreased, the fusion cross-section likewise increases or 
decreases below the barrier energy and exhibits the opposite trends above it. Such variations have been 
emphasized in this work through the system considered. 
 
KEYWORDS: Sub-barrier fusion cross section, Neutron transfer, Transfer form factor, Q – values, CCFULL. 

INTRODUCTION 
The heavy-ion nuclear fusion dynamics at 
energies surrounding the Coulomb barrier is 
strongly influenced by coupling to different 
reaction channels (Deb et al., 2022). Many 
experimental results clearly conveyed the fact 
that coupling to collective excitations could 
enhance the sub-barrier fusion cross sections, 
i.e., the fusion cross sections at energies below 
the barrier on comparison with the one-
dimensional barrier penetration model 
(1DBPM) predictions (Deb et al., 2022; 
Stefanini et al., 1995a, 1995b). Few 
experiments even pointed out that the sub-
barrier fusion enhancement that was seen is due 
to the neutron transfer that takes place in 
addition to the inelastic couplings (Dasso et al., 
1983a, 1983b). However, an unambiguous 
statement cannot be made regarding the role of 
transfer reactions in fusion in the presence of 
strong inelastic couplings. The role of various 
couplings in the behaviour of sub-barrier fusion 
is still being investigated because the present 
experimental and theoretical research are 
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insufficient to draw firm 1conclusions. More 
experiments on different projectile-target 
combinations will produce enough data to study 
theories and formulations to be made regarding 
the role of neutron transfer on the sub-barrier 
fusion cross section. Most of the experiments 
were carried out on systems having positive 
ground state Q value neutron transfer channels 
because they create barrier energy of lower 
values than the inelastic couplings and, 
therefore, can be identified. In this paper, the 
role of different couplings, including inelastic 
and neutron transfer, in sub-barrier fusion is 
studied for the 18O + 116Sn system. To highlight 
the pertinent significance of couplings to 
collective states and neutron transfer channels 
having + Q values at ground state as well as the 
variations of the parameters involved in the 
cross-section formula, we examine the fusion 
cross-section measurements from Ref. (Deb et 
al., 2020) for this same system. This 18O + 116Sn  
system possesses positive Q value for 2 neutron 
transfer channels. The Sn isotopes are 
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collective in nature as they have the lowest 
quadrupole and octupole states. A complete 
level structure of Sn has been studied up to 
excitation energy of 4.3 MeV and the existence 
of two- and three-quadrupole phonon states 
could be identified (Raman et al., 1991). The 
B(E2) ↑ values of the transitions from the first 
4+ state and the second and third 2+ states are 
found to be more compared with that of the 
single particle estimates, therefore indicating 
that these states have a character of two-phonon 
vibrational state. The Jπ = 1- states have been 
studied in many even-even isotopes of Sn 
nuclei (Bryssinck et al., 1999), and this has 
been identified as a member of the multiplet of 
the mixed quadrupole - octupole (2+ ⊗ 3-) 
multiphonon states. Therefore, there is enough 
experimental data to confirm that the Sn 
isotopes have two or more phonon states. The 
18O + 116Sn system studied enables us to study 
the fusion excitation function due to coupling to 
positive Q value neutron transfer channels. The 
ground state Q values for the different neutron 
transfer channels are given in Ref. (Deb et al., 
2020).  
Role of neutron transfer in sub-barrier 
fusion 
The optimum Q value (Qopt) controls nucleon 
transfer between interacting partners in heavy 
ion driven nuclear processes (Deb et al., 2020) 
Qopt, derived from smoothly matching the 
trajectories before and after the transfer (Liang 
et al., 1994) is given by  

𝑄!"# = $
$!"$#"

$!$#
− 1'𝐸%.'.                    (1) 

where Zp and Zt are the atomic numbers of 
projectile and the target respectively, Zp’ and Zt’ 
are the atomic numbers of the ejectile and the 
recoil nucleus respectively, and Ec.m. is the 
energy of the projectile in the center of mass 
frame. The relevant quantity to be considered 
for the transfer channel is the difference 
between the ground state Q value and the 
optimum Q value. For neutron transfer channels 
Qopt = 0 because the atomic number of the 
interacting partners remain the same before and 
after the reactions as neutrons being neutral in 
charge. As a result, the ground state Q value is 

considered in the current work for interpreting 
fusion cross-sections. Even though the Q value 
is positive for numerous neutron transfer 
pathways, only valence neutrons (primarily one 
or two neutron transport channels with ground 
state Q values that are positive) contribute 
significantly to fusion. Additionally, if coupling 
to collective states is less prominent for 
spherical or magical nuclei, the substantial 
contribution from the transfer channels can be 
anticipated (Khushboo et al., 2017). The 
transfer form factor (F), which is generated 
from the empirically obtained transfer 
probability and is provided by the following 
equation (Hagino et al., 1999; Dasso & Vitturi, 
1986), is a transfer-related parameter needed to 
include transfer coupling in the computation 

𝐹 = 𝐹#
()$
(*

  (2) 
where VN is the ion-ion nuclear potential and 

the factor, Ft, is known as the transfer coupling 
strength which is expressed as 

𝐹# =
+!,
-.%

     (3)  

where βp is the pairing deformation parameter 
scale which plays the analogous role as the 
standard dynamical deformation parameter, β. 
Just as β displays the character of inelastic 
transitions, βp measures the collective strength 
of the pair modes. Here R and AT are the radius 
and mass of the target respectively. Thus, the 
transfer form factor is radial dependent which 
can be further simplified as (Mahon et al., 1997)         

𝐹 = 𝐹#
/

√12
exp -− (*4,&)

/.6	8'
.             (4) 

where RB is the barrier radius. The transfer 
probability, in the form of transfer form factor 
(Saha et al., 1994), is written as 𝑃(𝑟!, 𝑄9) =
2
:'
|𝐹(𝑟!, 𝑄9)|6 exp 5−

;<(4<)!#=
'

6:'
6           (5) 

where 𝜎 = 8ℏ
'?*)̈
6

 .This Eq. (5) gives the 

probability of transfer to a given excited state x 
with Q value Qx. α is the amplitude for the 
colliding system to be in a channel x after the 
reaction (t = ∞) and is given by 
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𝛼9(∞) =
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where Fx is a form factor describing the 
transition from the incoming channel to the 
channel x having Q value Qx. The integral in Eq. 
(6) is evaluated by considering the trajectory 
around the distance of closest approach, ro, 
given by 

𝑟(𝑡) = 	 𝑟! +
/
6
𝑟!̈𝑡6  (7) 

where 𝑟!̈ is the acceleration at ro which is 
calculated for the entrance and exit channels by 
assuming a Coulomb trajectory using the 
relation 

𝑟! =
"!""#"

$(&#.%.'()
#1 + 𝑐𝑜𝑠𝑒𝑐 *#.%.

$
* = 𝑑+ ,𝐴,

!
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!
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(8) 
The d0 value can be found out by knowing the 

θc.m. value that can be determined from the 
transfer measurement. Thus, using Eq. (4) and 

Eq. (7), the integral in Eq. (6) is evaluated 
as𝛼9(∞) =

/
Aℏ
𝐹9(𝑟!, 𝑄9)8
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Thus, the transfer probability is obtained as in 
Eq. (5) using P (ro, Qx) = |αx (∞) |2. Using such 
a semi-classical theory, the effective transfer 
coupling strengths are found from the measured 
transfer probabilities for each transfer channels 
of the nucleon. The fusion cross sections at 
energies below and above the barrier were then 
determined by incorporating these values into 
the coupled channel calculations. Although it 
was discovered that coupled-channel 
calculations could not replicate the 
enhancement in the 18O + 116Sn system without 
considering the neutron transfer channel, no 
attempt was made to find a quantitative 
measure of the effect of transfer on the large 
sub-barrier fusion enhancement observed in 
these systems (Deb et al., 2020). In the current 
work, the theoretical coupled-channels code 
CCFULL (Hagino et al., 1999) is used to 
investigate the fusion excitation function to 
comprehend the behavior of sub-barrier fusion 
in the 18O + 116Sn system.  
 

RESULTS AND DISCUSSIONS 
Fig. 1 shows the plot of the experimentally 
measured fusion cross sections at various 
energies as a function of Ec.m.. 1DBPM cross 
sections have been calculated to comprehend 
the experimental cross sections in the sub-
barrier regions. To fit the cross-sections at 
above-barrier energies, appropriate Woods-
Saxon parameterization of the nuclear potential 
parameters has been used for the calculations. 
This is because the effect of static and dynamic 
properties in the process of complete fusion 
becomes negligible in that energy range as 
shown in Refs. (Deb et al., 2020; Hagino et al., 
1999; Stefanini et al., 2009). For the 18O + 116Sn 
system, the nuclear potential parameters 
considered in this work includes V0 (potential 
depth) = 75.6 MeV, r0 (potential radius) = 1.2 
fm, and a0 (diffuseness parameter) =0.72 fm 
(Deb et al., 2020). Fig. 1 shows a plot of the 
computation's result. In comparison to 1DBPM 
fusion cross sections, it is evident that the sub-
barrier region of the 18O + 116Sn system 
considered for this work, is enhanced. This 
demonstrates that the experimental fusion cross 
section cannot be replicated by a 
straightforward quantum mechanical barrier 
penetration model. To explain the experimental 
observations, basic 1DBPM computations and 
couplings of different inelastic states have been 
performed, as demonstrated in the Ref. (Deb et 
al., 2020). But none of the combinations could 
match the experimental measurements. 
Coupled-channels calculations, for this system, 
were done considering 18O nucleus and 116Sn 
nucleus as vibrators. Their contribution as a 
rotator is negligible as their deformation 
parameter values are nearly zero (Deb et al., 
2020), because both the nuclei are spherical. 
The coupled-channels computations 
underestimate the fusion excitation function of 
the current system in the sub-barrier energy 
region, even after considering all low-lying 
inelastic excitations mutually, as shown in Ref. 
(Deb et al., 2020). As a result, the sub-barrier 
fusion boost over the coupled-channels 
computations might be a sign of a physical 
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effect that has not been considered yet. 
Subsequently, we needed to examine whether 
any neutron transfer taking place between the 
interacting partners could lay any role in 
reproducing the fusion cross-section of the 
present system and, therefore, could explain the 
sub-barrier fusion enhancement. To do this, the 
couplings of the neutron transfer channel have 
been included in coupled-channels analysis. 
The Ft value, as stated in the preceding section, 
is necessary to include transfer coupling in the 
coupled-channel calculations using the 
CCFULL software, which enables one to 
couple 2 neutron transfer channels only. The 
coupled-channel calculations are done using 
several values of Ft in the CCFULL code, in the 
0.2 MeV to 0.5 MeV range, since the transfer 
cross sections have not yet been measured for 
the current system. Fig. 2 plots the coupled-
channels calculations with +2n transfer 
coupling for the values of Ft in this range. From 
the figure, we can see the significance of the 
value of this parameter on the fusion cross 
section. Different values of Ft do not produce 
the same cross sections but produce different 
fusion cross section. Even the slight change of 
the value of this parameter results in substantial 
changes in the fusion cross section. The 
coupled-channels calculations are found to 
improve the description of experimental fusion 
cross sections at sub-barrier energies when Ft is 
increased from 0.2 to 0.5 MeV, but they 
significantly under-predict the fusion cross 
section at above-barrier energies. Below the 

barrier, with the increasing value of Ft, the sub-
barrier fusion enhancement increases. But 
again, with the increasing value of Ft, the cross 
section above the barrier decreases. Refs. 
(Khushboo et al., 2017; Sahoo et al., 2020) 
observed similar trends of Ft. To achieve the 
best agreement between the experiment and 
theoretical fusion excitation functions for the 
18O + 116Sn system, we also included the Q 
value of the neutron-pair transfer channel along 
with the transfer coupling strength, Ft, both of 
which were treated as free parameters 
according to the prescription of Bourgin et al. 
(Bourgin et al., 2014). Thus, despite these 
fluctuations, Fig. 2 shows that the fusion 
excitation functions, with values of Ft = 0.3 
MeV and Q = + 4.08 MeV, which is equal to 
the Q value of two neutron stripping channels 
for the current system, fit both below and above 
the barrier within the experimental 
uncertainties. This fitting has been displayed 
separately in the inset of Fig. 2 for clarity. This 
can be seen in Fig. 1 with the experimental 
cross section data since it replicates the fusion 
cross sections very well. Therefore, while 
evaluating the sub-barrier fusion enhancement, 
the positive Q value neutron transport routes 
should be considered. The comprehensive 
fusion and differential transfer measurements 
are necessary and must be carried out to provide 
additional insight into the role of neutron 
transfer channels in sub-barrier fusion 
enhancement.
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Fig. 1 The experimentally measured excitation function is compared with the 1DBPM using CCFULL. It shows 
that the couplings of different inelastic excitations of interacting partners in addition to the 2n transfer channel 
reproduces the experimental excitation function well. 

 
 

 

 

 

 

 
 
 
Fig. 2 The fusion excitation function is compared with the 1DBPM and the transfer coupling between interacting 
partners using CCFULL having various values of transfer coupling strength. It shows that the inclusion of 
couplings of inelastic excitations of interacting partners with 2n transfer channel having Ft = 0.3 MeV and Q = 
+4.08 MeV reproduces the experimental excitation function well. 

CONCLUSIONS 
In comparison to the straightforward one-
dimensional quantum mechanical barrier 
penetration model, the system under 
consideration in this work, 18O + 116Sn, has 
shown augmentation of the fusion cross section 
below the Coulomb barrier energy (Deb et al., 
2020). Using the theoretical coupled channel 
formalism code CCFULL, coupled channel 
calculations were carried out, considering both 
18O and 116Sn as vibrators, to explore the cause 

of such enhancement at the sub-barrier area. 
Although the calculations were done with 
inelastic excitations of the several states of the 
collision partners, they were unable to replicate 
the experimental observations. Even when all 
low-lying inelastic excitations were mutually 
included in the calculations, the sub-barrier 
fusion cross section could not be replicated. For 
two-neutron transfer channels from the 
projectile to the target, the system under 
consideration has a positive Q value. Because 
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the CCFULL code allows for the inclusion of a 
neutron-pair transfer, calculations were done 
with two neutron transfer’s channels. Neutron 
transfer coupling is done in the code using the 
transfer coupling strength, Ft. Transfer 
measurements are, therefore, desired for to 
determine the value of Ft. But for the present 
system, transfer measurements are not 
available. Hence, the coupled-channel 
calculations are considered with various trial 
values of Ft in the CCFULL code ranging from 
0.2 MeV to 0.5 MeV, which is the main basis 
of this work. It was observed that while the 
fusion cross-section of the above barrier drops, 
the sub-barrier fusion cross section grows as Ft 
increases. The experimental findings could, 
thus, be replicated reasonably well throughout 
the entire energy regime considering Ft = 0.3 
MeV, with the Q value of two neutron stripping 
channel for the current system being +4.08 
MeV. Therefore, when evaluating the sub-
barrier fusion enhancement, the positive Q 
value neutron transfer channels with the Ft 
value should be considered. Transfer 
measurements are to be done, in future, for this 
system to get the correct value of Ft.  
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