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Abstract.This work presents theoretical results compared with the experimental data for the two-neutron 
transfer angular distribution in which a beam of 18O nucleus, at 84 MeV incident energy, has collided on the 
13C, 28Si, and 64Ni targets. The two-neutron transfer in the 9Be(7Be,9Be)7Be reaction, at 23.1 MeV incident 
energy, was also analyzed. The main goal was to verify the relevance of the pairing correlation of the two 
transferred neutrons on the cross sections and to show its role when both neutrons are transferred to states 
with a low and high degree of collectivity.  

 

1 Introduction 
The study of pairing correlation in two-nucleon transfer 
reaction has intensively been performed in the last 
decades. In the past, this kind of direct reactions was 
usually probed by the (t,p) and (p,t) reactions. Due to 
restrictive radioprotection rules, these reactions were 
prohibited. Another alternative reaction was proposed in 
the Istituto Nazionale di Fisica Nucleare – Laboratori 
Nazionali del Sud (Italy) by considering the (18O,16O) 
reaction, once the 18O nucleus can be considered as com- 
posed by an inert core of 16O and two valence neutrons. 
In this sense, some reactions were measured considering 
the 18O nucleus as projectile at 84 MeV incident energy, 
and 12,13C [1, 2], 16O [3, 4], 28Si [5] and 64Ni [6] as target 
to analyze the feasibility of the (18O,16O) reaction as 
substitute of the (t,p) one, and then to investigate the role 
of the pairing correlation of both transferred neutrons in 
the transfer reaction cross sections obtained performing 
coupled reaction channel calculations [7]. The 
12C(18O,16O)14C reaction has experimentally shown, 
similarly to (t,p), the feasibility in populating the two-
neutron configuration of the 14C nucleus.  

In particular, the two-neutron transfer in the 
18O+16O reaction includes the complexity of dealing with 
identical ingoing and outgoing partitions, as well as the 
recently studied two-neutron transfer in the 9Be+7Be 
reaction [8] at 23 MeV, and the alpha-particle transfer in 
the 16O+12C at 80 and 84 MeV incident energy [9]. The 
complexity appears because the elastic scattering and 
elastic transfer are indistinguishable processes, and they 
can compete. In these cases, the quantum interference 
effect between elastic scattering and elastic transfer 
should be explicitly taken into account in the 
calculations.  
Another important aspect of the transfer reactions is their 
high selectivity, which is very important to study the 
nuclear structure of the involved nuclei. By means of 
these reactions, it is possible to obtain spectroscopic 
information as the spectroscopic amplitudes that are 
connected to the strength of each single- or two-particle 

component of the nuclear wave functions (or even to the 
alpha-particle component). As it is well known, the two 
valence particles may be simultaneously or sequentially 
transferred from the projectile to the target in stripping 
reactions, and these processes may compete with each 
other. While the simultaneous two-nucleon transfer re- 
actions (or one-step) reveal the two-particle component 
of the nuclear wave functions, the sequential two-
nucleon transfer (or two-step) raises their one-particle 
nature. In this work, we discuss the competition between 
the collectivity and the pairing correlation in the states 
populated by the two transferred particles. The two-
neutron transfer angular distribution has been quite well 
described by the theoretical calculation for some specific 
measured channels. The theoretical results show that the 
states with high collectivity are preferably accessed by 
the sequential two-neutron transfer process suggesting 
that the correlation of the two transferred neutrons was 
broken by the collectivity of the populated final state.  

This work is organized as 18O follows. The next 
section is devoted to the results and discussions while in 
the last section, we give some remarks and show some 
perspectives on our work guidelines.  

2 Results 

The more straightforward theoretical treatment involving 
the rearrangement reaction can be reached by 
considering only the ground state of the partner nuclei in 
the initial and final partition, as well as, assuming the 
coupling between the partitions as weak. In this context, 
the distorted wave Born approximation (DWBA) 
approach might be applied, once the coupling interaction 
is regarded in the first order. On the other hand, if the 
coupling interaction between the partitions is extended to 
higher-orders, the coupled reaction channel (CRC) 
method will be invoked.  Moreover, in two-neutron 
stripping transfer reaction like, for instance,𝑎𝑎 𝑏𝑏 + 2𝑛𝑛 +
 𝐴𝐴 → 𝑏𝑏 + 𝐵𝐵(𝐴𝐴 + 2𝑛𝑛) the transfer amplitude can be 
determined by the equation 

𝑇𝑇!→! =  𝜒𝜒!(!) 𝑊𝑊!" 𝜒𝜒!(!) ,  (1) 
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so that the residual interaction responsible to the transfer 
process is written as 𝑊𝑊! = 𝑈𝑈 𝑅𝑅 + 𝑣𝑣 𝒓𝒓! + 𝑣𝑣 𝒓𝒓! −
𝑈𝑈(𝑅𝑅!). In addition, the matrix elements defined by 
𝑊𝑊!" ≡  𝜙𝜙! 𝑊𝑊! 𝜙𝜙!  contains all the structure 
information of the collision partners. 𝜒𝜒!(!) and 𝜒𝜒!∗(!) 
represent the wave functions of the relative motion in the 
entrance and final partitions, respectively, with the 𝛼𝛼 and 
𝛾𝛾 being all the quantum numbers needed to specify the 
scattering state. In the collision, the target interacts with 
the core (in which the two valence neutrons are bound) 
by mean of the 𝑈𝑈 𝑅𝑅  interaction, and with each valence 
particles by 𝑣𝑣 𝒓𝒓!  and 𝑣𝑣 𝒓𝒓! . 𝑈𝑈(𝑅𝑅!) represents the 
interaction between projectile and target nuclei 
concerning the center of mass coordinate 𝑅𝑅!. Moreover, 
while 𝑈𝑈 𝑅𝑅  and 𝑈𝑈(𝑅𝑅!) are complex potentials, the 𝑣𝑣 𝒓𝒓!  
and 𝑣𝑣 𝒓𝒓!  interactions are assumed to be real. From the 
transfer amplitudes we can determine the transfer 
angular distribution given by 

!"!→!
!"

=  !!!!
(!!!!)!

!!
!!

!
(!!!!!)(!!!!!)

𝑇𝑇!→!
!
,     (2) 

where 𝜇𝜇! and 𝑘𝑘!  are the reduced masses and the wave 
number in partition 𝑖𝑖. In the two-particle transfer, the T 
amplitude given in equation (1) is explicitly represented 
by two terms. The first, corresponds to the direct two-
particle transfer, in which the two particles are 
transferred from the initial partition to the final one, 
while, the second term, is related to the sequential two-
particle transfer, where both valence particles are 
transferred one by one passing through an intermediate 
partition, let say 𝛽𝛽. In this case, the equation (1) is 
represented as 𝑇𝑇!→! =  𝑇𝑇(!)!→! + 𝑇𝑇(!)!→!→![7]. The 
direct and sequential two-particle transfer can compete 
with each other and both terms should be considered in 
the same calculation. However, it is essential to consider 
each transfer mechanism to study the degree of 
correlation between the transferred particles.   

 In the present work, the two-neutron transfer angular 
distributions were calculated considering the finite-range 
coupled reaction channel method using the Fresco code 
[10].  

 To perform microscopic transfer reaction 
calculations, it is important to know the one and two 
particle spectroscopic amplitudes, as well as, to use a 
parameter-free optical potential (like a double folding 
potential). In this work, the theoretical transfer 
calculations were performed using the São Paulo double 
folding potential [11] in the real and imaginary parts of 
the optical potential (U(R) = (Nr+ 𝑖𝑖Ni)VSP(R)). In the 
ingoing partition, the imaginary part was normalized by 
a factor 0.6 [12], which consider that the more relevant 
couplings to the bound states were explicitly included, 
but some dissipation to continuum occurs. On the other 
hand, in the outgoing partition, the imaginary part was 
multiplied by a factor 0.78 [13], once no couplings were 
considered. The spectroscopic amplitudes concerning the 
one- and two-neutron wave function overlaps were 
derived from the shell model calculation by using the 
NuShellX code [14]. The single-particle wave functions 
were generated considering a Woods-Saxon potential 
whose depth was varied to fit the experimental biding 
energies of one and two neutrons.  

 

Fig. 1. Comparison of the experimental data and theoretical 
results corresponding to the 13C(18O,16O)15C. IC means 
independent coordinates CRC calculations. Seq stands 
for the sequential CCBA calculations.  

 To probe the pairing correlations in the 
12,13C(18O,16O)14,15C, 16O(18O,16O)18O, 28Si(18O,16O)30Si, 
and 64Ni(18O,16O)66Ni reactions, we have separately 
analyzed the direct and sequential two-neutron transfer 
reactions. In particular, the microscopic independent 
coordinates scheme was considered to analyze the direct 
two-neutron transfer in finite range coupled reaction 
channel calculations. Here, both valence particles are 
treated as particles spatially separated and 
simultaneously transferred from the initial to the final 
state. In this case, the spectroscopic amplitudes 
correspond to two-particle configurations. Details about 
this method can be found in Ref. [10]. On the other hand, 
we also considered the sequential process in which the 
two neutrons are transferred one by one passing through 
an intermediate partition. In these transfer calculations, 
high-order couplings between states inside the partition 
and to first-order between different partitions were 
considered. This means that the coupled channel Born 
approximation was employed for the sequential two-
neutron transfer calculations. In a full quantum 
treatment, the direct and sequential two-neutron transfer 
should be considered together in the same calculation.  

 In the two-neutron transfer reaction studies 
mentioned above, the cross section for the direct and 
sequential processes that populated the ground state of 
the residuals 14,15C, 18O, 30Si, and 66Ni nuclei had the 
same order of magnitude. The result of this study is 
shown in Figures 1, 2, and 3, in which the 18O was the 
projectile impinging on light- and medium-mass targets. 
Conversely, for the two-neutron transfer in 
the206Pb(18O,16O)208Pb reaction [16] the cross section of 
the sequential process was larger than the direct one.  
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Fig. 2. Comparison of the experimental data and theoretical 
results corresponding to the 28Si(18O,16O)30Si. IC means 
independent coordinates CRC calculations. Sequential 
stands for the sequential CCBA calculations. 

 The scenario is a little bit different when the two 
neutrons populate some excited states of the residual 
nuclei with strong collectivity. In this case, the 
correlation amount a considerable number of nucleons is 
more relevant, and the pairing correlation does not 
appear to be very important. In this situation, the 
sequential process becomes the most suitable reaction 
mechanism. On the other hand, the excited states with 
lower collectivity were preferably populated by the 
direct two-neutron transfer in the light residual nuclei 
14,15C and 18O. In Figure 1, we just show the results for 
the angular distribution populating the ground (1/2+) and 
first excited (5/2+) states of the 15C nucleus. For the 
light-medium 30Si and medium 66Ni mass residual nuclei, 
the sequential two-neutron transfer was more likely to 
occur, as can be seen in Figures 2 and 3. This behavior 
has been associated with the competition between the 
collective and pairing residual interactions. In the 
13C(18O,16O)15C some evidence of the existence of giant 
pairing vibration [15] were found which are produced by 
the coherent particle-particle excitation during the 
removal or addition of two nucleons with relative motion 
characterized by the s-wave. 

 

 

Fig. 3. Comparison of the experimental data and theoretical 
results corresponding to the 64Ni(18O,16O)66Ni. IC means 
independent coordinates CRC calculations. Sequential stands 
for the sequential CCBA calculations. SM means that the 
spectroscopic amplitudes are derived from shell-model 
calculations. 

 The 9Be(7Be,9Be)7Be [8] elastic transfer reaction 
shows features similar to the (18O,16O) [3,4] elastic 
transfer mentioned above, in the sense that the direct 
two-neutron mechanism is very important (in fact, in this 
case, it is the preferred mechanism). In this reaction, the 
elastic scattering and elastic transfer are 
indistinguishable processes, once the ingoing and 
outgoing partitions are the same. Therefore, the quantum 
effect of interference between both processes have been 
taken into account. It was shown that, while the elastic 
scattering is the predominant process at forward angles, 
the elastic-transfer is more likely to occur at backward 
angles. On the other hand, in the alpha-transfer reaction 
12C(16O,12C)16O, it is observed a strong competition 
between the elastic scattering and elastic transfer 
processes at backward angles. In Figure 4, we show the 
comparison between experimental data and theoretical 
predictions for the angular distribution concerning the 
quasi-elastic collision 7Be+9Be. One can observe that the 
direct two-neutron transfer is the most important process 
at backward angles when we compared with the 
sequential one. 
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Fig. 4. Comparison of the experimental data and theoretical 
predictions corresponding to the elastic scattering and elastic-
transfer angular distributions in the 7Be+9Be collision at 23.1 
MeV. 

3 Conclusions 
In this work, we present some measured angular 
distributions corresponding to the two-neutron transfer 
reaction in comparison with the theoretical calculation 
by using the finite range coupled reaction channel 
method. The data for the 12,13C(18O,16O)14,15C, 
16O(18O,16O)18O, 28Si(18O,16O)30Si and 64Ni(18O,16O)66Ni 
reactions, at 84 MeV incident energy, were measured at 
Istituto Nazionale di Fisica Nucleare – Laboratori 
Nazionali del Sud (Italy). Besides, the experimental data 
for the 9Be(7Be,9Be)7Be reaction were showed and 
compared with the theoretical results. This data have 
been measured at São Paulo University using the 
RIBRAS (Radioactive Ion Beams in Brazil) facility. The 
results show the importance of the pairing correlation 
between the two valence neutrons in the transfer 
reactions.  

In final states with high collectivity, the sequential 
two-neutron transfer is favored. On the other hand, 
nuclear states with low collectivity have been populated 
through the direct two-neutron transfer.  
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