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We present selected results recently obtained in the study of neutron-neutron correlations for closed
shell and superfluid systems. Studies have been performed with heavy ion transfer reactions at ener-
gies below the Coulomb barrier by employing inverse kinematics technique and exploiting the un-
precedented gain in resolution and efficiency of the large solid angle magnetic spectrometer PRISMA
compared to previous devices.
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1. Introduction

In nuclear structure studies the pairing interaction, responsible for the two-nucleon correlation,
plays a fundamental role in defining the low-energy spectra of nuclei and the properties of their
ground state [1–3]. Two-nucleon transfer reactions are amongst the best tools to investigate such
correlations. Particular interesting are reactions using heavy ion collisions since one can envisage the
exchange of many nucleons, both neutrons and protons [4–6]. Understanding whether and how pair
correlations can be probed in heavy ion collisions was the purpose of different experiments performed
in the past [7, 8]. In these works the authors searched for signatures of nucleon-nucleon correlations
via the extraction of enhancement coefficients, defined as ratio of the actual transfer cross section to
the prediction of models using uncorrelated states.

Suitable conditions to study correlations are met at energies below the Coulomb barrier, where
nuclei interact at very large distances, so that the distortion of the Coulomb elastic waves by the
nuclear attraction is very small and may easily be accounted for. A boost in the field has been achieved
by employing large solid angle spectrometers [9, 10]. With those devices the detection efficiency and
resolution to identify the fragments reached a sufficient level to make these experiments feasible.
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One- and two-neutron transfers have been measured at energies far below the Coulomb barrier with
the PRISMA spectrometer for testing the transfer form factors up to a distance of 15.5 fm [11–13].
We report below some of the main results obtained so far.

2. Neutron transfer reactions in closed shell and superfluid systems

In recent years neutron-neutron correlations were investigated in the closed-shell 40Ca+96Zr
[11] and superfluid 60Ni+116Sn [12] systems from above to below the Coulomb barrier. The data
were represented via the transfer probability (Ptr), defined as the ratio of the transfer yield over the
quasi-elastic one, plotted as a function of the distance of closest approach (D). The use of the large-
acceptance spectrometer PRISMA, combined with the inverse kinematics condition, allowed one to
measure Ptr down to very large values of D, sufficiently far from the nuclear absorption region.

In both cases data have been compared with a microscopic theory. For the inclusive one-neutron
transfer cross section we calculated the transfer probability for a given single particle transition and
we obtained the total transfer probability by summing over all possible transitions that can be con-
structed from the single particle states in projectile and target. For the two-particle transfer we just
mention that we diagonalized the total Hamiltonian with a model space containing only two-particle
configuration coupled to 0+ (i.e. transfer of a J=0+ pair). Calculations reproduce well the experimen-
tal slope as well as the absolute values of the transfer probabilities for the one neutron channel. For
the two-neutron channel the data of 40Ca+96Zr were largely underpredicted, indicating the need to
take into account states with higher multipolarities and/or more complex two-particle correlations.
As seen in Table I the ground to ground state Q values (Qg.s.) for the two-neutron transfer strongly
differs from the optimum Q-value (close to ∼ 0 MeV) and therefore the ground state transition does
not contribute to the total transfer strength in agreement with what was experimentally observed in
the Q values spectra [11].

Table I. Ground to ground state Q values (in MeV) for up to four neutron pick-up transfer channel for the
systems discussed in the present report.

Channel 1n 2n 3n 4n
40Ca+96Zr +0.51 +5.53 +5.24 +9.64

60Ni+116Sn -1.74 +1.31 -2.15 -0.24
118Sn+206Pb -1.60 +0.77 -1.45 +0.44

A different situation occurs in the well Q-value matched system 60Ni+116Sn, with the Qg.s. for
one- and two-neutron transfers very close to the optimum. Here the microscopically calculated trans-
fer probabilities could well reproduce the experimental ones in absolute value and slope for both
the (1n) and (2n) channels (we refer to Ref. [12] for details). We wish to emphasize that to calcu-
late the (2n) channel one has to solve the well-known system of semiclassical coupled equations up
to second-order Born approximation, whose amplitude consists of the simultaneous transfer of the
pair of nucleons, the nonorthogonality term, and the term which represents the successive process
via an intermediate channel. The ground states have been described in the BCS approximation with
a standard state-independent pairing force. The nice agreement between data and calculations indi-
cates that the two-neutron transfer channel in this system is populating essentially only the ground
state, in agreement with the experimental total kinetic-energy loss distributions and consistently with
particle-γ measurements [13] which provided an upper limit of 24 % for the possible excited state
population.
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3. The 206Pb+118Sn system

An interesting and almost unexplored issue is whether and to what extent the effect of nucleon-
nucleon correlations in the evolution of the reaction is modified in collisions amongst very heavy ions.
In fact in these cases the population of final states with high excitation and angular momenta and/or
multistep processes may significantly change the transfer strength of the ground-to-ground-state tran-
sitions. To make a proper comparison with the already studied systems, we chose the 118Sn+206Pb
system, which is the heaviest (asymmetric) semi-magic combination with closed proton shells and
open neutron shells, where the Qg.s. for neutron transfer are very close to the optimum, as seen in Ta-
ble I. This system was earlier studied [14] by employing particle-γ coincidences but the extracted Ptr
was limited to small values of D. In the present experiment, by using the inverse kinematics condi-
tion, we could detect the target-like ions in PRISMA with sufficient A, Z and Q-value resolution also
at energies below the barrier and corresponding large D values. The same experimental technique
to detect heavy ions in a similar mass range A ∼ 130 has been already successfully employed in a
very recent study of the 197Au+130Te system [15] to investigate the role of neutron evaporation in the
production of neutron rich nuclei [16].

Fig. 1. ∆EIC-EIC matrix of the detected ions in the PRISMA ionization chamber for the 206Pb+118Sn reac-
tion at Elab=1200 MeV and θlab=25◦. One clearly observes the event distributions for both proton stripping
and proton pick-up transfer channels and, below the transfer region, the distribution attributed to fission-like
products.

In the experiment we used a 2-pnA 206Pb beam delivered by the PIAVE positive-ion injector
followed by the ALPI post-accelerator of LNL, impinging onto a 200 µg/cm2 (2-mm strip) 118Sn
target. The Sn material was sandwiched between 20 µg/cm2 carbon layers. We measured an excitation
function at three different bombarding energies, Elab=1200, 1100 and 1035 MeV. For the highest
energy PRISMA was initially placed close to the grazing angle at θlab = 35◦ and then it was kept at θlab
= 25◦ in decreasing the bombarding energy. In fact below the barrier the transfer angular distributions
are peaked at forward angles in the laboratory frame (backward angles in the center-of-mass reference
frame). In this geometrical configuration target-like recoils entering PRISMA had sufficient kinetic
energies to be detected with good resolution, also at low bombarding energies. The kinematics of the
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reaction allows part of the beamlike ions to enter the spectrometer, being the limiting angle for Pb
close to 35◦. This helped to check the correct geometry and setting of the whole instrument. Inside
the sliding seal scattering chamber two monitors of silicon surface barrier type were used to detect
Rutherford scattered Sn ions for relative normalization between different runs and to control the beam
conditions during the measurements.

Figure 1 shows the ∆EIC-EIC matrix, i.e. the energy loss vs the total energy, of the detected ions
in the PRISMA ionization chamber (IC) at Elab = 1200 MeV and θlab = 25◦. Many proton trans-
fer channels are present and quite easily identified, both proton stripping and proton pick-up ones.
One also observes a significant yield corresponding to fission events. We mention that at lower bom-
barding energies the yield of the transfer channels rapidly drops off and ion identification becomes
progressively more challenging. In the analysis, which is still at a very preliminary stage, one aims
at selectively gating on the event distributions corresponding to the different nuclear charges and
construct the mass spectra for the various isotopes at the measured bombarding energies and angu-
lar settings. This will allow to measure the evolution of the transfer probability as a function of the
distance of closest approach. Particular interesting will be the case of Sn isotopes for the study of
neutron-neutron correlation.

4. Summary and outlook

We present some of the main results recently obtained in the study of neutron-neutron corre-
lations, where data have been compared with microscopically calculated probabilities for one- and
two-neutron transfer channels. Such studies have been performed at energies below the Coulomb bar-
rier, a region which became accessible thanks to the unprecedented gain in resolution and efficiency
of large solid angle magnetic spectrometers. The experimental technique has been also successfully
employed for the detection of ions in the Sn-Te region and will become important in next planned
experiments for the study of proton-proton correlations.
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