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Abstract.
In recent years a series of near- and sub-barrier transfer experiments have been carried out at LNL, with reaction
products detected in inverse kinematics and at forward angles with the large solid angle magnetic spectrometer
PRISMA. Nucleon-nucleon correlation properties have been studied by measuring transfer cross sections far
below the Coulomb barrier, making excitation functions down to very low energies and corresponding to very
large distances of closest approach where the nuclear absorption is small. Such kind of studies are of general
interest since one probes the tails of the density distributions. One subtle case is the possible manifestation
of a nuclear Josephson effect. Predictions have been made of a specific gamma strength function associated
with the dipole oscillations generated by the, mainly successive, two neutron transfer process. The coupling of
PRISMA to the AGATA gamma array, recently installed at LNL, offered a unique opportunity to study such an
effect. In a very recent experiment we directly tested for the first time the possible manifestation of Cooper pair
oscillations, observed to date only in condensed matter physics.

1 Introduction

Two-particle transfer reactions are the specific tools to in-
vestigate in nuclei the effects of particle-particle correla-
tions induced by the pairing interaction. These effects are
observed, among other things, in the lowering of the level
density near the ground state for even-even systems, and,
far from closed shells, in the modification of the ground
state, with the paired nucleons spread over several single
particle states around the Fermi surface (see e.g. [1–5] and
Refs. therein). These features can be investigated nowa-
days with instrumentation of unprecedented sensitivity.
The coming into operation of large acceptance magnetic
spectrometers made it possible to perform measurements
on multinucleon transfer reactions [6, 7] with good ion
identification also at very low bombarding energies, where
one meets the most suitable conditions to study pair cor-
relations with two-nucleon transfer processes. At energies
below the Coulomb barrier nuclei interact at very large dis-
tances, so that the distortion of the elastic Coulomb waves
by the nuclear attraction is very small and may easily be
accounted for. The study of binary collisions at low bom-
barding energies and thus at far internuclear distances is
of general interest since one probes the tails of the density
distributions. This is particularly important for nuclei with
extended neutron distributions [8] or for halo nuclei [9],
where absorptive effects [10, 11] may be significant also
at large distances.

We already successfully demonstrated the powerful
method of using PRISMA [6, 7, 12–14] for such studies,
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exploiting its unique performance in terms of both reso-
lution and efficiency. Making use of inverse kinematics,
target recoils have been detected in multinucleon transfer
reactions for the systems 96Zr+40Ca [15], 116Sn+60Ni [16,
17], 92Mo+54Fe [18], 197Au+130Te [19] and 206Pb+118Sn
[20], spanning up to four orders of magnitudes in cross
sections. The main results for the 116Sn+60Ni system are
visible when comparing the experimental transfer proba-
bility (Ptr) for one- and two-neutron transfer channels with
microscopic calculations. In this system (superfluid nu-
clei) [16] the ground-to-ground-state Q values for one- and
two-neutron transfer are very close to optimum (Qopt ∼ 0),
representing a beautiful Q-value matched case. One sees
that the employed microscopic theory accurately repro-
duces the experimental data in the whole energy range, in
particular the transfer probability for two neutrons, both
in magnitude and slope, by solely considering the ground
to ground state transition. The nice agreement between
data and calculations indicates that the two-neutron trans-
fer channel in this system essentially populates only the
ground state, consistently with the particle-gamma coin-
cidence measurements performed in a second experiment
[21], using PRISMA coupled to the AGATA [22] Demon-
strator.

With the coupling of AGATA to the PRISMA spec-
trometer we could gain almost two orders of magnitude
in yields compared to the previous γ-particle measure-
ment, thus probing in more detail the role pairing corre-
lations play in the transfer process. This offers a unique
opportunity to study a nuclear (alternating current (AC))
Josephson-like effect (JE) [23, 24], with Cooper-pair tun-
nelling between superfluid nuclei, whose manifestation
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has been recently proposed [25, 26] using our data as a
stepping stone. Predictions have been made of specific
gamma strength functions associated with the dipole oscil-
lations generated by the, mainly successive, two neutron
transfer process, and the possibility opens up to directly
test in nuclear physics, one of the most important effects
of Cooper pair behaviour, observed to date only in con-
densed matter physics [27, 28].

In the first part of this contribution I will review some
of the main results obtained in our studies on neutron-
neutron and proton-proton correlation performed in heavy
ion reactions at sub-barrier energies. In the second part I
will discuss the importance of the 60Ni+116Sn system in
connection with the possible manifestation of a nuclear
Josephson effect, and present very preliminary results of a
related experiment using PRISMA coupled to the AGATA
γ array.

2 Recent results on nucleon-nucleon
correlation studies with PRISMA

2.1 Neutron-neutron correlations

In recent years neutron-neutron correlations were inves-
tigated in the closed-shell 40Ca+96Zr [15] and super-
fluid 60Ni+116Sn [16] systems from above to below the
Coulomb barrier. The data were represented via the trans-
fer 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). This representation is
very convenient since it allows to merge results extracted
from excitation functions at fixed angles and angular dis-
tributions at fixed bombarding energy, provided that one
remains in the quasi-elastic regime. The use of the large-
acceptance spectrometer PRISMA, combined with the in-
verse 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 mi-
croscopic theory [29–31]. For the inclusive one-neutron
transfer cross section one calculated the transfer probabil-
ity for a given single particle transition and one obtained
the total transfer probability by summing over all possible
transitions that can be constructed from the single particle
states in projectile and target. For the two-particle transfer
I just mention that one diagonalized the total Hamiltonian
with a model space containing only two-particle configu-
ration coupled to 0+ (i.e. transfer of a J=0+ pair). Cal-
culations well reproduce the experimental 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 1 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 [15].

Table 1. 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 transfer probabilities could
well reproduce the experimental ones in absolute value
and slope for both the (1n) and (2n) channels (we refer to
Ref. [16] for details). I wish to emphasize that to calculate
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 simulta-
neous transfer of the pair of nucleons, which cancels out
with the nonorthogonality term, and the term which repre-
sents the successive process via an intermediate channel.
The ground states have been described in the BCS approx-
imation 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 agree-
ment with the experimental total kinetic-energy loss dis-
tributions and consistently with particle-γ measurements
[21] which provided an upper limit of 24 % for the possi-
ble excited state population.

An interesting and almost unexplored issue is whether
and to what extent the effect of nucleon-nucleon correla-
tions in the evolution of the reaction is modified in colli-
sions amongst very heavy ions. In fact in these cases the
population of final states with high excitation and angu-
lar momenta and/or multistep processes may significantly
change the transfer strength of the ground-to-ground-state
transitions. We recently studied the 118Sn+206Pb system
[20], which is the heaviest (asymmetric) semi-magic com-
bination with closed proton shells and open neutron shells,
where the Qg.s. for neutron transfer are very close to the op-
timum, as seen in Table 1. Measurements have been per-
formed in a wide range of internuclear distances and first
results have been reported in a contribution to this pro-
ceedings [32], which I refer for details.

2.2 Proton-proton correlations

It is a fact that studies on proton transfer channels have
been much less extensive than on neutron transfer. Calcu-
lations of absolute cross sections for two-proton transfer
channels generally underpredicts the experimental data,
even by large factors [33–35]. For proton transfer channels
the Coulomb field is strongly modified due to the charge
transfer during the collision process [2]. Such a modi-
fication in the trajectories of entrance and exit channels
may lead to larger energy losses than for the pure neu-
tron transfers. What was lacking so far was a study at
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Figure 1. Mass spectra of Fe (two-proton stripping channels)
isotopes in the 116Sn+60Ni system at 482 MeV and 445 MeV.

far sub-barrier energies, where nuclei interact at large dis-
tances and where one meets the best conditions to remain
in quasi-elastic regime [6]. However, this energy regime
is characterized by low transfer cross sections and faces
challenging experimental conditions [36–39]. This is why,
with heavy ions, almost all studies of two-nucleon transfer
channels were carried out at bombarding energies higher
than the Coulomb barrier [40].

The 116Sn+60Ni system offers an appealing opportu-
nity to investigate how the two proton transfer channel,
connecting nuclei that initiate from closed proton shells,
compares with the two neutron transfer channel, involving
open shells configurations. The proton transfer data [17]
have been collected in the same experiment previously car-
ried out for neutron transfers [16]. We observed that pure
proton stripping transfer channels (the terms stripping and
pick-up are referred to the light partner of the reaction)
have the largest yield. The comparable yields of the pure
one- and two-proton stripping channels, for these nuclei
below the Z=28 closed proton shell, suggest the impor-
tance of proton correlations. Examples of mass spectra for
the Fe isotopes are displayed in Fig. 1. The mass spectra
display, in particular, a strong 56Fe peak, corresponding
to the stripping of two protons and two neutrons, which
stands-out at the lower (sub-barrier) energy. This observa-
tion further suggests the key role played by correlations in
the transfer process.

Total kinetic energy loss (TKEL) spectra were recon-
structed assuming a binary reaction and imposing the con-
servation of momentum. The TKEL for the pure one- and
two-proton stripping channels, i.e. (1p) and (2p), are dis-

(1p) (2p)

4
8
2
 M

e
V

4
7
6
 M

e
V

4
4
5
 M

e
V

TKEL (MeV)

C
o

u
n

ts

Figure 2. TKEL spectra obtained for the pure one-proton strip-
ping, (1p), and pure two-proton stripping, (2p), transfer channels
at three representative bombarding energies, above (upper), near
(middle), and below (lower) the Coulomb barrier (EB

lab = 462.2
MeV). The results of the GRAZING code calculation are plot-
ted as shaded histograms. The vertical red lines represent the
ground-to-ground-state Q-values.

played in Fig. 2 at selected energies. For the (1p) chan-
nel one sees at the highest energy two main components.
One component peaks close to the position of the ground-
to-ground state Q-value and represents mainly the direct
transfer. A second component, peaking at large TKEL,
includes significant deep inelastic contributions. The two
components overlap in the (2p) channel, leading to a sin-
gle broad distribution (the ground-to-ground state Q-value
of this (2p) channel corresponds to TKEL ≈ 6.13 MeV).
What is very relevant for our discussion is the behavior of
the distributions in going from above to below the barrier.
One sees that for both channels they become more narrow,
and larger energy losses tails strongly diminish.

From these findings one expects that the behavior of
the transfer probabilities (Ptr) at sub barrier energies also
reflects genuine quasi-elastic processes. The transfer prob-
abilities as a function of the distance of closest approach
D for a Coulomb trajectory are plotted in Fig. 3. The
experimental and calculated transfer probabilities are re-
ported for both neutrons and protons. For one- and two-
neutron and one-proton transfer, the energy dependence of
the probabilities are well reproduced by calculations, fol-
lowing the trend predicted by the binding energies. Cal-
culations for the (1p) channel have been carried out in the
distorted wave Born approximation (DWBA) by using for
the wave functions of relative motion their CWKB form as
in Ref. [41]. The agreement with data indicates the cor-
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rectness of the chosen set of single particle levels and the
employed one-particle matrix elements.

Calculations of the transfer probabilities for the (2p)
channel were performed with the GRAZING [42, 43]
code, where the exchange of nucleons is treated inde-
pendently and in the successive approximation. Theory
follows the energy dependence of the experimental Ptr.
On the other hand, the theoretical probabilities had to be
scaled up by almost two orders of magnitude to match the
absolute values of the data.

In our system, with closed proton and open neutron
shells, the two-nucleon transfer reactions connect 0+ states
organized in vibrational/rotational bands, and a selective
population of such 0+ states is expected [1, 2, 40]. For the
calculations of the two-neutron transfer channel we treated
the ground-to-ground-state transition in the successive ap-
proximation [16]. For Ni we used the reported spectro-
scopic factors [44] while for Sn we calculated the ground
states via a BCS approximation.

Figure 3. (Color online): Transfer probabilities (Ptr) as a func-
tion of the distance of closest approach (D) for the one- and two-
neutron (Refs. [16, 21]), and one- and two-proton (Ref. [17])
transfer channels. Solid lines are calculated transfer probabilities
(see text). The full stars near 14.5 fm are the data from Ref. [21]
The blue full and empty points near 13.5 fm are the new data
[53].

For the two-proton transfer, we have to consider the
effect of the Q-value window. This window is very dif-
ferent for neutrons and protons, for neutrons it is centered
at Q = 0 and it is quite narrow (ground states transitions
are favored), for protons it is centered at larger Q and is
wider (let’s remind that the optimum Q-value is, for pro-
tons, dominated by the Coulomb interaction, this is very
different between entrance and exit channel). The opti-
mum Q-value window for protons, implies that excited 0+

states or states with larger angular momentum generated

by higher order correlations may play a significant role.
The effect of correlations in the wave function of the trans-
ferred nucleons includes not only the one induced by the
pairing interaction (in the 0+ states) but also the one in-
duced by a generic residual interaction that correlate states
of larger angular momentum.

3 The 60Ni+116Sn system as candidate to
probe a nuclear Josephson effect

3.1 The Josephson effect: a brief recall of basic
concepts

Let us consider a system made out of two superconduc-
tors weakly linked through a thin layer of an insulating
material (Josephson junction). The Cooper pairs of each
superconductor, described by a coherent (BCS) wavefunc-
tion, behave as quasi-bosons made out of two correlated
fermions. This correlation takes place over an average dis-
tance ξ between the electron pairs, which is much larger
than the thickness of the barrier (insulator). Consequently,
the two electron partners of a Cooper pair continue to be
correlated even if each of them is moving in a different
of the two, weakly linked, superconductors. This phe-
nomenon allows for the definition of a relative gauge phase
across the Josephson junction and for the fact that in the
calculation of the tunneling probability of electron pairs
across the link, denoted P2, one has to sum the phased am-
plitudes of each electron before taking modulus squared,
the outcome being P2 ≈ P1 within a proportionality factor
of the order of unity. Thus, a Cooper pair direct current
(DC), whose magnitude depends on the phase difference,
flows from one superconductor to the other, wihout a bi-
asing potential, known as the DC JE. Applying a constant
voltage to the junction leads instead to an alternating cur-
rent (AC), because the voltage causes the phase difference
across the junction to increase over time. Since phases
which differ in 2π are equivalent, a linear phase growth
produces an alternating current and thus the emission of
photons (known as AC JE) [45]. When the biasing poten-
tial achieves a value of the order of twice the pairing gap
parameter, the (quasi-bosons) Cooper pairs become bro-
ken and the system moves away from the superconductor-
superconductor regime. Thus, the current is carried by sin-
gle electrons and one gets back to the Ohmic behaviour of
the junction (see ref. [5] for details).

3.2 The nuclear Josephson effect

Attempts to find the analogue of the JE in nuclear physics
[40, 46–50] have not provided clear cut results. The in-
terpretation of the data turned out difficult to be carried
out, due to finite size effects, the need to take into account
many open reaction channels, and the time dependent na-
ture of the transfer process. Phenomenological analysis
in terms of enhanced cross sections generated by Cooper
pair transfer in properly chosen heavy ion systems [40]
was also not conclusive.

It was only recently that, in connection with the data
collected by the PRISMA group for the 116Sn+60Ni sys-
tem, one could extract precise information concerning
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the transfer nuclear Cooper pair dimensions (correlation
length, denoted ξ). Relating this quantity to the dipole mo-
ment of the, mainly successive transferred neutrons, pre-
dictions were made concerning the possibility to study a
nuclear-like JE in terms of γ rays emitted by the trans-
ferred Cooper pair [25, 26, 51]. To that effect, namely the
determination of ξ, it was central that one could follow,
for the first time, the behaviour of the transfer probabil-
ities over a wide range of bombarding energies down to
well below the Coulomb barrier, where absorptive effects
are minimized.

To make a connection with the JE found in condensed
matter physics, and following the picture proposed by
R.Broglia and coworkers, one can associate the dielectric
layer to the surface-surface distance between the two nu-
clei at about the distance of closest approach D, while the
applied voltage difference can be represented by the re-
action Q-value divided by the effective charge of the tun-
neling Cooper pair. Within this change of representations,
one observes (see Fig. 3) that P2 is quite close to P1 for
distances of closest approach near 13.5 fm (nuclear corre-
lation length ξ), becoming an order of magnitude smaller
already at 1.3 fm beyond this distance. Using the lan-
guage adopted above from superconductivity, the quasi-
boson nature of the Cooper pairs evolves into a pair of
quasi-particles, this transition being, in nuclei, not sharp
due to finite size effects. Since for the (2n) transfer chan-
nel the Qgs = +1.3 MeV (small but not zero), one is in the
biased regime below twice the pairing gap parameter, in
which case one expects an AC JE with associated photon
emission. The authors of Ref. [25] indeed predict emis-
sion of γ-rays associated with the dipole oscillation gen-
erated by the two neutron transfer process. Such an elec-
tromagnetic emission is in the γ-ray energy region, and
corresponds to the analog of the AC JE emission observed
in superconductors in the microwave energy region in both
absorption [28] and emission (see e.g. [45]). Calculations
have been performed consistently with the values of the
measured transfer probabilities for the two-neutron pick-
up channel (+2n) leading to 62Ni nuclei.

4 The 60Ni+116Sn experiment with the
AGATA demonstrator : a reanalysis

There is an essential difference between a system of
two weakly coupled superconductors, with an amount of
Cooper pairs of the order of the Avogadro number, and two
weakly coupled superfluid nuclei, where only few Cooper
pairs are active. In the former case the phase transi-
tion from the superconducting to the non-superconducting
phase is sharp while in the latter case the transition is more
smooth. This implies that it is not unlikely that (dynami-
cal) pairing coherence is operative also at bombarding en-
ergies significantly below the Coulomb barrier. Indeed,
theory predicts that, by lowering the bombarding energy
below the Coulomb barrier, the strength distribution gen-
erated by the dipole oscillations maintains its shape, the
energy integrated one reflecting the decrease of the cross
section for the two-neutron transfer channel. We thus felt

relevant to perform a reanalysis of the γ spectra obtained
in Ref. [21], considering also the energy range higher than
that of the discrete γ lines. The results, presented below,
allowed also to address and configure on a more quantita-
tive basis the new experiment.

The γ-spectra, shown in Fig. 4, were obtained for
the 60Ni+116Sn reaction [21] in a direct kinematic exper-
iment at Elab=245 MeV, with the PRISMA spectrometer
[6, 7] at θlab=70◦ coupled to the AGATA Demonstrator γ-
array. That experiment had as purpose to determine the
transfer strength to the known excited states, to be com-
pared with the inclusive data obtained in Ref. [16]. It was
shown that the main flux in the two-neutron transfer chan-
nel is in the ground-to-ground-state transition, in agree-
ment with microscopic calculations. The emitted γ rays
correspond to the known discrete lines of the Ni and Sn
isotopes, Doppler corrected taking into account the geom-
etry of particle and γ detectors and the velocity of both the
light and heavy reaction products. In the experiments per-
formed so far with PRISMA one measured directly the ve-
locity vector for the (detected) light partner while the one
for the heavy partner was derived assuming binary kine-
matics. For the 62Ni and 114Sn nuclei, associated with the
two-neutron transfer channel, the only recognizable γ-line
within the limited statistics, corresponds to the transition
from the 2+ state to the 0+ ground state of 62Ni.

The spectra of Fig. 4 are shown in the energy range
up to ≈ 4 MeV, much larger than the one displayed in Ref.
[21], and cover the suitable region near the maximum of
the predicted strength function. The bombarding energy
and angular setting of the original experiment correspond
to an average distance of closest approach D0 ≈14.5 fm
(see Ref. [21]), where the transfer probabilities of the one-
and two-neutron transfer channels differ by about one or-
der of magnitude. From the calculations [52], performed
at the corresponding distance of closest approach as in the
inverse kinematic experiment of Ref. [16], one estimates
to observe just few γ events per day in coincidence with
62Ni ions.

In Fig. 4 one observes a distribution of events with en-
ergies larger than those of the visible discrete γ lines (all
lying within the 1-2 MeV range). The poor statistics does
not allow to quantitatively discuss and eventually iden-
tify the origin of the structure of the event distributions,
which may be due, for instance, to random coincidences
or to high energy γ rays. The group of few events near
3-4 MeV in the 62Ni spectrum is located, on average, at
a higher energy as compared to that of the corresponding
group in 114Sn, the difference between the centroids of the
two groups being a few hundreds of keV, a consequence
of the Doppler corrections applied for the discrete γ lines.
In the case in which one considers a γ ray of e.g. ≈4 MeV,
produced by the dipole oscillation associated with the two-
neutron transfer channel, one should take into account the
fact that it would be emitted from a moving source corre-
sponding to the center of mass of the binary system. With
the geometry of the detectors used in [21], the computed
Doppler shift of the ≈4 MeV γ ray amounts to tenths of
keV, a value too small compared with the predicted width
of the γ ray distribution of few MeV.
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Figure 4. Top panels: Doppler corrected γ spectra for 60Ni, 61Ni and 62Ni detected in PRISMA in coincidence with the AGATA
Demonstrator, displayed in the full energy range up to 4 MeV. Bottom panels: spectra Doppler corrected for the heavy binary partners
116Sn, 115Sn and 114Sn (the bin is 1 keV wide). The strongest transitions are labelled with the γ-ray energy, and spin and parity of
initial and final states. The broader peaks correspond to the wrongly Doppler corrected reaction partner. Details of this measurement,
performed in direct kinematics, are in Ref. [21].

The experiment reported in [21] was performed with
the AGATA Demonstrator, an array which at the time of
the measurement included four triple clusters and there-
fore covered only a limited fraction (≈ 7-8%) of the full
solid angle. Thus, the reconstruction of the γ-ray energy
via tracking procedure was significantly affected by the de-
tails of the detector geometry, in particular by those events
hitting the outer crystals and eventually leaking out from
them. Moreover, one also had to take into account the fact
that the detection efficiency depends on the γ-ray energy,
which distorts the final event distribution. A simulation
of the spectra incorporating the above mentioned features
has been carried out by reconstructing the γ-ray energy
via a tracking procedure. It considers the γ-array charac-
teristics and the kinematics of the binary reaction, with the
γ rays emitted by the light and heavy reaction partners,
the former detected in PRISMA, the latter moving at the
correlated kinematic angle. The program has as input the
gamma energies and strengths of the discrete lines experi-
mentally observed. The event distribution, also at energies
higher than the last observed discrete gamma lines, has
been generated by implementing an exponential function
which takes into account the (measured) efficiency depen-
dence on the γ-ray energy. The simulation has been carried
out using as input the predicted gamma-strength function.
It was assumed for simplicity that the γ-ray angular dis-
tribution is isotropic. It was also assumed that the γ rays
are emitted by a non-moving source, which is justified by
the fact that, as said before, the Doppler shift is very small

compared with the predicted width of the distribution (few
tenths of keV as compared to few MeV). Within the limi-
tation of the poor statistics (just few events) and the conse-
quent large fluctuations in the final number of counts and
their location in the spectrum, the results did not allow to
make definite conclusions. At the same time it appeared
obvious that to have any chance to observe the predicted
events would have required a jump of two orders of mag-
nitude in statistics. This became possible with the avail-
ability of the new PRISMA+AGATA configuration.

5 The PRISMA+AGATA experiment

To detect the predicted γ emission associated with the two
neutron transfer process, particle-γ coincidences need to
be performed. The width of the distribution is ∼ 3 MeV
so for these transitions efficiency is a very important pa-
rameter. On the other hand, other known discrete γ lines
associated with the transfer products will be visible and
since one has to control them with great accuracy all over
the measurement it is mandatory to have also high energy
resolution, thus the AGATA γ array is best suited for our
purpose. We thus undertook a very challenging experi-
ment [53], whose very preliminary results are described
below.

5.1 Experimental conditions

In this recent experiment we used the same 116Sn+60Ni re-
action as in the previous work [16]. PRISMA has been
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coupled to the AGATA gamma array equipped with 13
cluster detectors, located in the hemisphere at backward
angles with respect to PRISMA. For a 4 MeV gamma
ray, the photopeak efficiency of AGATA was 2.8% when
used in a tracking mode. Some additional La2Br3 detec-
tors have been also employed. In order to reproduce the
same experimental conditions of Ref. [16] PRISMA has
been set at θlab=20◦, a well suited forward angle to detect
with high efficiency and resolution target-like ions scat-
tered in inverse kinematic reactions at sub-barrier ener-
gies. The 116Sn beam was accelerated by the PIAVE-ALPI
complex of LNL at the energy Elab=460 MeV and with an
average current of 1.5 pnA onto a 200 µg/cm2 60Ni target
(supported by a 20 µg/cm2 C-foil) with an isotopic purity
of 99.97%. The target has been mounted on a movable
frame located inside a properly designed spherical scatter-
ing chamber, inside which it was mounted a beam stopper
and an SSBD (Silicon Surface Barrier Detector) monitor
detector, placed at 55◦ on the opposite side with respect to
PRISMA, to detect Rutherford scattered Ni-like ions and
to control the quality of the beam and for relative normal-
ization between different runs.

The bombarding energy has been chosen taking into
account the beam energy loss in the Ni target so to have in
its center an effective energy Elab=452 MeV, correspond-
ing to a distance of closest approach D=13.5 fm, close to
the theoretically calculated value of the correlation length.
This energy, about 5% below the Coulomb barrier, is a
compromise between measuring at small D, with higher
transfer yields but probing a region where absorption due
to other competing reaction channels would take place
(thus possibly precluding the qualification of a Josephson-
like junction), and measuring at large D, where absorption
is minimized but on the other hand the transfer yields drop
off and the effect may quickly disappear. The thickness
of the target was chosen on the basis of an optimum com-
promise between conflicting requirements. On one side
one had to preserve a resolution not larger than 3-4 MeV
in the Q-value spectra to be able to distinguish the quasi-
elastic region near the ground-to-ground-state transitions
from the tail due to larger energy loss, which is also fun-
damental in the analysis of the gamma ray spectra. On the
other side the very small expected gamma-particle coinci-
dence rate required a minimum thickness for the experi-
ment to be feasible.

5.2 PRISMA data analysis

The nuclear charge was identified via energy-loss and
total-energy provided by the ionization chamber of the
PRISMA focal plane. The mass identification was
achieved via trajectory reconstruction of the ions inside
the magnetic elements of the spectrometer, a quadrupole
followed by a dipole. It is based on the position informa-
tion at the entrance and at the focal plane together with the
time-of-flight between them. The large momentum accep-
tance of the spectrometer (∆p/p = ±10%) allowed to ac-
commodate most of the atomic charge states with a single
setting of the magnetic fields. I stress that to achieve high

Figure 5. Example of a ∆E-E matrix obtained in the 116Sn+60Ni
reaction with the 116Sn beam at the bombarding energy Elab=460
MeV and with the magnetic spectrometer PRISMA set at
θlab=20◦. The most intense band corresponds to Ni ions, with
proton stripping and proton pick-up channels located below and
above the Ni band, respectively. The events along the left di-
agonal are coming from low energy Sn-like ions entering into
the spectrometer and located in the (unshown) upper part of the
matrix. Part of the transfer channels along the proton pick-up di-
rection likely overlap with a convolution of strongly damped and
quasi-fission processes. The quasi diagonal band appearing on
the right side of the matrix is due to pile-up events (consider that
the ratio of these pile-up to true transfer events is of the order of
10−4).

mass and nuclear charge resolutions are a necessary re-
quirement at these low bombarding energies since the elas-
tic yield overwhelms up to even more than two orders of
magnitudes the transfer one. To detect ions at sub-barrier
energies not only with good resolution but also with the
highest efficiency, the use of inverse kinematics is also es-
sential since it provides ion high kinetic energy and for-
ward focusing.

Fig. 5 shows an example of ∆E-E matrix, obtained by
integrating for the ∆E part the first two subsections of the
ionization chamber [14], a choice that optimizes the Z sep-
aration of the Ni-like events. I just mention that the inte-
gration of the first subsection only, allows instead to better
display the band of the Sn-like ions which have a shorter
range into the gas of the IC. In the figure one clearly sees
the main band of the Z=28 ions and the proton transfer
channels along both the stripping and pick-up directions.
The high efficiency of the PRISMA detectors allowed to
observe an extended event distributions of Z much higher
than 28, where the transfer channels likely overlap with
a convolution of strongly damped and quasi-fission pro-
cesses. These kind of events may be present with signifi-
cant yield also at these sub-barrier energies (see e.g. Ref.
[6]).

The events along the left diagonal are coming from low
energy Sn-like ions entering into the spectrometer and lo-
cated in the (unshown) upper part of the matrix. For the
sake of completness I can mention that the Sn to Ni yield
ratio roughly reflects the ratio of Rutherford cross sections,
taking also into account that the dipole and quadrupole
magnetic fields of the spectrometer, set to collect with
maximum yield the Ni ions, were almost the same as the
ones needed for Sn ions. Fig. 6 displays the reconstructed
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Figure 6. Mass spectrum for Ni isotopes obtained after full tra-
jectory reconstruction of ions through the spectrometer and by
gating on Z=28 in the ∆E-E matrix. One observes the main peaks
corresponding to the (+1n) (mass 61) and (+2n) (mass 62) trans-
fer channels, as well as the less intense neutron stripping chan-
nels.

mass distributions for Ni isotopes, demonstrating the good
achieved resolution. By the ratio of the (Z=28) yields for
A=61 and A=62 over the elastic A=60, one could get the
(+1n) and (+2n) transfer probabilities. The obtained val-
ues are displayed as full and empty blue points in Fig. 3,
toghether with the data previously published for the same
system [16, 17, 21], showing an excellent overlap. A sim-
ilar agreement is visible for the one (−1p) and two pro-
ton (−2p) stripping channels. The figure illustrates the
consistent overlap of three meausurements, carried out in
different conditions and in different times, demonstrating
the correct behaviour of the extracted transfer cross sec-
tions. The achieved statistics will allow to construct an an-
gular distribution by dividing the measured angular range
into bins of one to two degrees, thus covering a range of
distances of closest approach around 13.5 fm (correlation
length ξ).

5.3 Analysis of coincident γ-rays

With the discussed optimum experimental conditions, the
achieved mass and nuclear charge resolutions and the ob-
tained consistent values of the transfer probabilities, well
encompassing the region near D=13.5 fm and thus the cor-
relation length, one will then proceed with the γ part. One
of the first steps will be to optimize the Doppler correction
taking into account the geometry of the detectors and the
velocity and trajectories of the ions through the spectrom-
eter. One then has to get rid as much as possible of the
random coincidences, by selecting the time peaks defin-
ing the time coincidence between PRISMA and AGATA

detectors and properly subtracting the background events,
both playing with the timing and energy spectra . Full sim-
ulations will constitute an essential piece of information
to jugde the origin of the event distributions, especially in
the high energy region of the γ spectra, where one also has
to disentangle the possible contamination due to the dis-
crete γ rays. In this procedure, the Q-value information
from PRISMA will be probably a key element to try to
recognize possible true events deriving from the predicted
dipole oscillations.

6 Conclusions

Nucleon-nucleon correlation properties have been stud-
ied for a variety of systems, from closed shell to super-
fluid nuclei, making excitation functions down to very
low energies and corresponding to very large distances of
closest approach where the nuclear absorption is small.
The large solid angle magnetic spectrometer PRISMA has
been shown to be an outstanding device for such studies,
which are of general relevance since one can probe the tail
of the nuclear surfaces.

In this context, it has been shown how the recently
measured 116Sn+60Ni can be considered as a very suit-
able candidate to find possible manifestations of a nuclear
Josephson effect. Following the theoretical predictions of
a specific gamma strength function associated with the
dipole oscillations generated by the, mainly successive,
two neutron transfer process, an experiment has been very
recently performed employing the PRISMA spertrometer
coupled to the AGATA gamma array. Such a combined
set-up, installed at LNL, offered in fact unique opportuni-
ties to directly test the possible manifestation of Cooper
pair oscillations, observed to date only in condensed mat-
ter physics.

The material presented in this paper is the result of the coop-
erative work of many researchers from various institutions who
participated in the experiments, mainly from the PRISMA and
AGATA collaborations. I would like to thank, in particular, S.
Szilner, T. Mijatović (RBI, Croatia), E. Fioretto, A. Goasduff,
A. M. Stefanini (LNL, Italy), G. Andreetta, F. Galtarossa, G.
Montagnoli (PD, Italy), G. Pollarolo (Univ. TO, Italy). I am
deeply grateful to R. A. Broglia and coworkers, with whom I
could share many discussions on the Josephson effect, in turn
setting the theoretical frame for the experiment performed with
PRISMA+AGATA. I finally wish to thank the LNL accelerator
group for the professional work in the delivery of the heavy ion
beams, and the target laboratory for the high quality targets.
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