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The transfer yields mass spectra were measured in 11B, 12,13C, 28Si(18O,17O) and 11B, 12,13C, 28Si(18O,16O)
reactions at 84 MeV. The two-neutron transfer (2NT) and the one-neutron transfer (1NT) cross sections were
extracted for all the systems. The 2NT cross section is found comparable to the 1NT one and remarkably larger
than that predicted assuming no correlations among the two transferred nucleons and only natural parity states
are populated via the (18O,16O) two-neutron transfer reaction. Calculations based on the constrained molecular
dynamics model show that such behavior is uniquely a consequence of neutron pairing correlations in the 18O
ground state.
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I. INTRODUCTION

The observed superconductivity in metals, in which below
a critical temperature Cooper pairs of electrons are formed
determining a sharp enhancement of the current, is well
described by the Bardeen-Cooper-Schrieffer (BCS) theory [1].
Under specific conditions, nuclei can behave in a similar way,
despite the reduced number of available nucleons. Hints of
superconductivity in nuclei have been widely addressed in the
literature [2–7] and attributed to the existence of a nucleonic
pairing field on top of the nuclear mean field. Although the
scientific interest in such phenomena in finite nuclei and
nuclear matter dates back more than a half century, much
remains to be investigated [8].

Direct transfer reactions play a polar role in the study of
the shell structure in nuclei. In particular, one-nucleon transfer
is a selective and direct probe of the single-particle degree
of freedom while two-nucleon transfer reactions emphasize
pairing correlations in nuclei [9,10]. The effect of the pairing
interaction on two-nucleon transfer cross sections has been
studied employing semiclassical pictures of heavy ion col-
lision (HICs) [11] and distorted waves Born approximation
(DWBA) methods [12,13], many-body approaches such as
the Hartree-Fock Bogoliubov (HFB) [14], the time-dependent
Hartree-Fock Bogoliubov (TDHFB) [15], and the continuum
quasiparticle random phase approximation (cQRPA) [16]. In
this paper we apply for the first time the constrained molecular
dynamics (CoMD) [17] to nucleon transfer reactions and
study the role of pairing correlations. From the experimental
side, light-ion induced two-neutron transfer (2NT) reactions
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have been exploited for decades and the reaction dynamics
with light ions is now well understood in terms of the full
second order DWBA [18] theory. Heavy-ion induced transfer
reactions at energy close to the Coulomb barrier are particularly
useful and have attracted large interest for the study of pairing
correlations. Indeed their description in terms of semiclassical
dynamics allows a direct interpretation of the experimental
results [19–25].

This is considerably simplified if the individual final pop-
ulated states are experimentally resolved. Using thin targets
and high-resolution detection systems, such as a magnetic
spectrometer, it is possible to well identify the residual nuclei
and resolve the final states.

We have already studied the (18O,16O) reaction on several
targets, above the Coulomb barrier, and found that this reaction
is a powerful tool to give a quantitative indication of the
effects of the pairing force in the structure of the atomic nuclei
[22,26–31]. The main reason for that is the low polarizability
of the 16O core in the 18O ground state, which reduces the
active degrees of freedom only to those associated to the two
valence neutrons. In addition, significant deviation from the
pure (1d5/2)2 configuration in the ground state wave function,
reported in (p,d), (d,t) one-neutron pick-up reactions [32–35],
have been attributed to the presence of pairing correlations.
This is also confirmed by shell model calculations [22].
Using the (18O,16O) reaction we have also provided the first
experimental indication of the giant pairing vibration [36–38],
which is the leading particle-particle giant mode.

Here we show a systematic exploration of the response of
11B, 12C, 13C, and 28Si nuclei to the (18O,16O) probe. We find
a remarkable enhancement of 2NT, with respect to 1NT cross
sections, attributed to pairing correlations in the 18O ground
state wave function.
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FIG. 1. Examples of the excitation energy spectra for the
13C(18O,16O)15C and 13C(18O,17O)14C reactions at 84 MeV incident
energy and 7◦ < θlab < 18◦. The grey area corresponds to the model
for the background subtraction (see text). The blue dashed line and the
red dashed-dotted lines correspond to the three-body and four-body
continuum channels, which open above Sn and S2n, respectively.

II. EXPERIMENTAL TECHNIQUE AND RESULTS

The experiments were performed at INFN-Laboratori
Nazionali del Sud (LNS) in Catania. An 84-MeV beam of
18O6+ ions impinged on thin solid targets. In particular, a
78 ± 5 − μg/cm2 self-supporting 97.48% enriched 11B, a
59 ± 4 − μg/cm2 self-supporting C, a 50 ± 3 − μg/cm2 self-
supporting 99% enriched 13C, and a 136 ± 8 − μg/cm2 self-
supporting Si targets were used. Supplementary runs with a
258 ± 15 − μg/cm2 WO3 on a backing of a 193 ± 11 − μg/
cm2 Au target were recorded to estimate the background in
the spectra coming from oxygen impurities in the 11B and
Si targets. The runs with C target were used also to subtract
the background coming from impurities of C in the 11B,
13C, and Si targets. The ejectiles, produced in the collisions,

were momentum analyzed using the MAGNEX spectrometer
[39,40], working in full acceptance mode, � ∼ 50 msr solid
angle and �p/p = �Bρ/Bρ ∼ 24% momentum acceptance,
and detected by its focal plane detector [41]. The angular cov-
erage was 7◦ � θlab � 18◦ for the 18O + 11B, 18O + 12C, and
18O + 13C reactions and 3◦ � θlab � 14◦ for the 18O + 28Si
reaction. The data reduction technique, based on a differential
algebraic method [42–44], and the performances of the whole
system are described in Ref. [40]. A mass resolution of 1/160
was measured [45] and an overall resolution of 160 keV (full
width at half maximum) in energy and 0.3° in angle was
obtained in the laboratory frame, mainly limited by the multiple
scattering in the target and the beam divergence. The cross
sections were extracted according to the procedure described
in Refs. [37,46]. Examples of the resulting spectra are shown
in Fig. 1.

The experimental energy integrated cross section obtained
for the one-neutron removal (1NR) and the two-neutron
removal (2NR) are listed in Table I. For the 12C and 28Si
cases a contribution in the energy spectra is expected also
from 13C and 29Si and 30Si present in the natural target,
respectively. However, due to the high isotopic abundance of
12C (∼99%) and 28Si (∼92%) such a background is small,
especially in the ratio of the integrated cross sections. The
indicated error of ±10% is mainly due to the uncertainties
in the target thickness and in the integrated beam charge by
the Faraday cup. Since the measured spectra are inclusive,
in order to obtain the net transfer yield for each reaction
channel (2NT and 1NT), the contribution to the yield given
by the nonresonant breakup channel should be subtracted. An
evaluation of such background for 1NT reactions, in the region
above the one-neutron emission threshold Sn, was done using
a model function that resembles the uncorrelated three-body
continuum, as shown in Fig. 1, lower panel. For 2NT reactions,
there is another contribution arising above the two-neutron
emission threshold S2n, which was modelled by a least-square
approach with different model functions. In Fig. 1, upper panel,
an example of such models is shown. The different models do
not change the obtained results on the transfer yields within
the quoted uncertainties. The results of the transfer yields are
listed in Table I as 1NT and 2NT.

Remarkably, the cross sections for 1NT and 2NT are
comparable for each investigated target. This trend is not
correlated to the Q values of the reactions, also given in Table I.
Regardless of any theoretical model, our experimental results
show that the 2NT probability is not simply the product of the
1NT independent probabilities.

TABLE I. Total integrated yields and net transfer yields for the different systems. The angular interval is 7◦ < θlab < 18◦ for the 18O + 11B,
18O + 12C, and 18O + 13C reactions and 3◦ < θlab < 14◦ for 18O + 28Si. The Q value and the ratios R = σ1NT/σ2NT and K = σ1NR/σ2NR for
each reaction channel are also listed.

System 17O ejectile 16O ejectile

1NR (mb) 1NT (mb) Q value (MeV) 2NR (mb) 2NT (mb) Q value (MeV) R = σ1NT/σ2NT K = σ1NR/σ2NR

18O + 11B 3.2 ±0.3 1.1 ± 0.1 − 4.674 2.4 ± 0.2 1.1 ± 0.1 − 3.939 0.9 ± 0.2 1.3 ± 0.2
18O + 12C 8.3 ±0.8 6.1 ± 0.6 − 3.098 7.2 ± 0.7 5.9 ± 0.6 0.935 1.0 ± 0.2 1.1 ± 0.2
18O + 13C 11 ±1 8.0 ± 0.8 0.132 7.6 ± 0.7 4.9 ± 0.5 − 2.793 1.6 ± 0.3 1.4 ± 0.2
18O + 28Si 24 ±2 20 ± 2 0.430 12 ± 1 10 ± 1 6.896 2.0 ± 0.4 2.0 ± 0.3

034616-2



ANALYSIS OF PAIRING CORRELATIONS IN NEUTRON … PHYSICAL REVIEW C 97, 034616 (2018)

Furthermore, we observe a clear suppression of unnatural
parity states in the even-even systems, indicating a dominant
role for no spin-flip dynamics in 2NT. This is particularly
evident in the 12C(18O,16O)14C reaction, where the only
populated state with unnatural parity (the 2− at 7.36 MeV)
is indeed suppressed [26]. More quantitatively, the integrated
cross section for unnatural parity states below S2n accounts for
less than 3% of the total, in the same energy interval. The same
holds for the reaction 28Si(18O,16O), where the low-lying states
are identified as natural parity ones. For high-lying states the
experimental resolution is not enough to resolve them. For the
odd systems the identification of natural/unnatural parity is less
evident. Nevertheless in the case of the 15C it has been shown
in Ref. [27] that the most intense populated states correspond
to those with a dominant configuration with one neutron orbital
coupled to the 14C core natural parity states.

III. THEORETICAL CALCULATIONS

To better investigate the experimental 1NT and 2NT yields
we performed calculations based on the constrained molecular
dynamics (CoMD) model [17]. The main feature of this
model is the constraint on the nucleon one-body phase space
occupation probability. The constraint ensures the fermionic
nature of nucleons both in the ground state and during the time
evolution of nuclear reactions. The CoMD model has been
successfully employed in several HIC studies [47–55]. This
work shows the first attempt, made within this framework, to
determine the neutron transfer absolute cross sections. Such
a choice is motivated by some peculiarities of the model,
one being the accessibility to all the possible exit channels
of a HIC at fixed incident energy and impact parameter. This
feature allows the investigation on the competition between
1NT and 2NT processes. Furthermore, the event-by-event
dynamics, typical of molecular dynamics models, allows us
to use in the calculations the same selection criteria of the
experimental data analysis. Nevertheless, compared to more
sophisticated theoretical approaches such as DWBA [56–62],
coupled channel Born approximation (CCBA) [63–71], and
coupled reaction channels [72], molecular dynamics models
do not provide information on the detailed level structure
of the colliding nuclei. However, since we are interested on
energy integrated cross sections, we consider it an acceptable
limitation. In the CoMD model each nucleon is described by
a Gaussian wave packet in coordinate and momentum space.
The effective interaction V employed in CoMD calculations is
a function of the superposition integrals between the Gaussian
wave packets and it is made up of the following contributions:

V = V (2) + V (3) + V Sym + V Coul + V Surf . (1)

V (2) and V (3) represent two- and three-body effective
potentials related to the nuclear equation of state parameters
t0 = −356 MeV and t3 = 303 MeV which correspond to the
isoscalar nuclear compressibility K∞ = 200 MeV [40,42,44].
Such parameters have been first employed in Ref. [73] in
the quantum molecular dynamics (QMD) model and further
used in CoMD calculations. The symmetry potential V Sym

is featured by the strength S0 = 32 MeV and the slope L =
72 MeV of the symmetry energy at the saturation density (see
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FIG. 2. R = σ1NT/σ2NT for the considered targets. The squares
refer to the experimental data, while the circles and the triangles refer
to the CoMD and CoMD+NN calculations respectively

Ref. [34]). The Coulomb potential V Coul contains an error
function dependence on the coordinates of the protons; the
surface potential V Surf is a function of the second derivative in
the coordinate space of the superposition integral (for further
details on the effective potentials in the CoMD approach see
Refs. [40,42–44]).

The absolute cross sections for 1NT and 2NT processes,

σ1NT(2NT) = 2π

bmax∑

b=bmin

P1NT(2NT)(b)b�b, (2)

have been determined from several thousands of CoMD events
generated for the reactions 11B(18O, 17,16O)12,13B, 12C(18O,
17,16O)13,14C, 13C(18O, 17,16O)14,15C, 28Si(18O, 17,16O)29,30Si
at 84 MeV laboratory incident energy and for the impact
parameter interval 1 � b � 9 fm; the time evolution of the
collisions has been followed up to 300 fm/c. The P1NT(2NT)(b)
quantities in Eq. (2) represent the 1NT and 2NT probabilities
related to the b impact parameters; �b = 1 fm is the impact
parameter step.

In Fig. 2, the circles refer to the calculated ratios R =
σ1NT/σ2NT between 1NT and 2NT cross sections. The CoMD
events have been filtered by the same selection criteria on
emission angles and kinetic energies used for the experimental
data. The calculated ratios are about 3 for the 18O + 11B and
18O + 13C reactions, in agreement with [74], and greater than
3 for the 18O + 12C and 18O + 28Si reactions. Such values
are greater than the experimental ones. We also observe an
odd-even staggering behavior between the odd (even)–even
(odd) (11B and 13C) and the even-even targets (12C and 28Si).

To understand the origin of the experimental results we have
first considered the sensitivity of 1NT and 2NT cross sections
and, consequently, of their ratio R on the symmetry potential.
The calculations performed for this purpose have shown a weak
sensitivity of the R quantity on the values of the slope L ranging
from 35 to 145 MeV. A further investigation has been focused
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on whether the compound nucleus decay mechanisms might
produce one and two neutron-enriched residual nuclei with
close probabilities.

Calculations based on the statistical decay model GEMINI
[75,76] do not confirm such a hypothesis. The experimental
results might represent the evidence of a specific particle-
particle correlation which is present in the nuclear ground state,
and plays a role in the 2NT processes. More specifically, for the
systems under examination, we refer to the neutron-neutron
pairing in the ground state of the 18O projectile. To this
aim the CoMD model has been implemented by introducing
a neutron-neutron pairing interaction. We will refer to this
implementation as CoMD+NN.

Particle-particle spatial correlations, related to the Pauli
principle and to the folding of the Gaussian wave packets with
the terms of Eq. (1) [40], are already present in the CoMD
framework. The novel CoMD+NN case adds another particle-
particle correlation, which takes place between couples of
nucleons having the same isospin (in the present work we con-
sider only neutrons) and opposite spin; such neutron- neutron
correlation is the result of the folding of the Gaussian wave
packet with a zero range interaction [3–6,14–16] of the form

UNN = U0δ(r − r′)(1 − Pσ,σ ′ ) (3)

Equation (3) expresses the pairing interaction operator
acting between neutrons near the Fermi momentum PF. U0

represents the strength of the interaction, Pσ,σ ′ is the spin
exchange operator. Self-consistent CoMD+NN calculations,
which have been performed to reproduce the experimental
binding energy and the radius of the 18O nucleus, provide
U0 = −769.43 MeV fm3. The neutron pairing gap obtained
from these calculations corresponds to �n = 3.65 MeV, such
value is slightly above the empirical formula 12

A1/2 = 2.8 MeV
[4] and greater than the 1.96 MeV value coming from HFB
calculations [14]. No fine-tuning of the parameters entering the
CoMD model was attempted since it has been rather successful
in reproducing diverse experimental data.

The R ratios determined from CoMD+NN events, which
have been generated with the same initial conditions of the

CoMD ones (incident energy, impact parameters) and also fil-
tered by the experimental selection criteria on emission angles
and kinetic energies, correspond to the triangles in Fig. 2. The
convergence toward the experimental points is remarkable;
we underline that the only difference is represented by the
presence of the neutron-neutron pairing interaction. Further-
more, analogously to s-wave pairing, the CoMD+NN pairing
interaction occurs only between neutrons having antiparallel
spins, therefore the calculations relate only to neutron transfers
between natural parity states. Further improvements of the
CoMD+NN model will concern the introduction of the pairing
interaction and the investigation of transfer processes both in
the proton-proton and in the neutron-proton channels.

IV. CONCLUSIONS

Experimental data concerning 1NT and 2NT reactions,
collected by the MAGNEX spectrometer at LNS in Catania,
have provided values of the ratios 0.9 � R � 2 for all the
explored cases. In addition we observe a strong suppression
of unnatural parity transitions in the even-even nuclei. The
CoMD+NN calculations have shown that measured R values
are uniquely a consequence of the neutron-neutron pairing
correlations which play a leading role in the 2NT processes.
This result could suggest a hint of nuclear superconductivity
in (18O,16O) transfer reactions at low energies.

In perspective it is worthwhile to study the same probe
(18O,16O) on other heavier and deformed nuclei and to study
the same reactions at higher bombarding energies.
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