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In this letter we report on effects of nucleon-nucleon correlations probed in nucleon transfer
reactions with heavy ions. We measured with high efficiency and resolution a complete set of ob-
servables for neutron transfer channels in the 206Pb+118Sn system employing a large solid angle
magnetic spectrometer, which allowed to study a wide range of internuclear distances via a detailed
excitation function. The coupled channel theory, based on an independent particle transfer mecha-
nism, follows the experimental transfer probabilities for one- and two-neutron pick-up and stripping
channels. The experimental two-neutron transfer cross sections indicate that in reactions between
pair-vibrational (closed shell) and pair-rotational (open shell) nuclei, correlations manifest via pair-
addition and pair-removal modes, which constitute one of the elementary modes of excitations in
nuclei.

The pairing interaction is responsible for the formation
of Cooper pairs, i.e. for the correlation of fermions mov-
ing in time reversed states, and plays a fundamental role
for a variety of quantum mechanical systems [1–5]. In
the nuclear case, pairing leads to the modification of the
level densities near the ground states, the odd-even stag-
gering of nuclear masses and the deviation of the moment
of inertia from the rigid-body values [6–8]. These mani-
festations of pairing can be probed in transfer reactions
[9–15]. Transfer reactions with heavy ions offer unique
possibilities since a large number of nucleons may form
pairs. Such reactions are governed by the dynamics of the
nuclear surfaces, which strongly depends on the internu-
clear distance, and only those pairs close to the surfaces
act in the transfer process. Within the very short inter-
action time (∼ 10−21-10−22 seconds), few nucleons can
be transferred, yet even one single pair can lead to re-
markable effects, as observed in enhanced transfer cross
sections due to the effect of correlations [9, 11].

The correlations involve the structure of both interact-
ing partners and the reaction mechanism is dominated by
the long range Coulomb interaction which acts very early
in the scattering process and thus may strongly compete
with the transfer channel. To take into account the com-

∗Suzana.Szilner@irb.hr
†Lorenzo.Corradi@lnl.infn.it

peting reaction channels [16, 17] theories need to be com-
pared with data in a wide range of internuclear distances,
from above to below the Coulomb barrier. Experimen-
tally one has to collect high resolution data [18, 19] well
below the barrier, where nuclei interact at very large dis-
tances and where the distortion of the Coulomb elastic
waves by the nuclear attraction may easily be accounted
for. The low energy region is however also characterized
by low transfer cross sections and to preserve both high
resolution and detection efficiency is very difficult [20–
24]. This is why data were taken mostly close to the
Coulomb barrier [11]. A major breakthrough happened
with the advent of large solid angle magnetic spectrome-
ters [25–27] whose capabilities to fully identify the reac-
tion products made these experiments feasible [28, 29].
This was due to the innovative way of developing and
applying to low energy heavy-ion reactions the concepts
of trajectory reconstruction.

In the 116Sn+60Ni system [30–32] the experimental
transfer probabilities for one- and two-neutron transfer
channels (P1n and P2n, respectively), measured via ex-
citation functions and angular distributions, were com-
pared with microscopic calculations [33], which provided
a consistent description of the whole set of data. The
experimental two-neutron transfer probabilities, in par-
ticular, were reproduced for the first time by incorpo-
rating neutron-neutron correlations. In few high reso-
lution experiments carried out so far in reactions with
ground-state Q values for neutron transfers close to the
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FIG. 1: (Color online): Mass vs TKEL (top panel) and mass
vs scattering angle (bottom panel) for Sn isotopes detected
in the 206Pb+118Sn reaction at Elab = 1090 MeV and at
θlab=25◦. A repetitive pattern of the overwhelming elastic
peak may generate some degree of overlap for near-by masses.
We estimated that the possible over-counting of yields of the
(±2n) channels is at most ∼20%.

optimum (Qopt ∼ 0), large enhancement was found for
the (neutron) open shell 120Sn+112Sn [34], but almost no
enhancement was needed for the (neutron) closed shell
144Sm+208Pb [35]. The presently studied 206Pb+118Sn
system represents a key case since it involves nuclei with
open and closed shells and thus may shed light on the
effect of pair correlations. The optimum Q values [36]
for this reaction are suitable for observing both neutron
pick-up and stripping (the terms pick-up and stripping
are conventionally referred to the lighter partner of the
reaction), thus giving the compelling opportunity to mea-
sure at the same time the addition and removal of pairs of
neutrons from lead and tin isotopes. These channels cor-
respond to pair vibrations (closed-shell nuclei like Pb)
and pair rotations (nuclei with many particles outside
closed shells like Sn) [4, 5, 9], which, together with sur-
face vibrations and single-particle excitations, constitute
the elementary modes of excitations in nuclei [37].

Transfer channels have been measured in a wide range
of bombarding energies, from close to far distant colli-
sions. The experimental conditions needed to perform
such a measurement with heavy systems required to get

the highest mass, nuclear charge and energy resolutions
achievable within the present detector technology. A
206Pb beam was accelerated at Elab=1200, 1090 and
1035 MeV with an average current of ∼2 pnA employ-
ing the PIAVE-ALPI accelerator complex of LNL. A 200
µg/cm2 118Sn target, with an isotopic purity of 99.6%,
was used. We detected target-like fragments in PRISMA
[29], placed at θlab=25◦, with a further measurement at
35◦ for the highest energy only. Selected results for this
highest measured energy have been reported in Ref. [38].
The nuclear charge was identified via energy-loss and
total-energy provided by the ionization chamber at the
focal plane. The large momentum acceptance of the spec-
trometer (∆p/p = ±10%) allowed to accommodate most
of the atomic charge states with a single setting of the
magnetic fields. The mass identification was achieved via
trajectory reconstruction of the ions inside the magnetic
elements of the spectrometer [29], a quadrupole followed
by a dipole. It was based on the position information
at the entrance [39] and at the focal plane [40] together
with the time-of-flight between them (see Refs. [38, 41–
43] and references therein).

To show the achieved mass resolution, we plot in Fig.
1 examples of the mass versus Total Kinetic Energy Loss
(TKEL) (top panel) and mass versus scattering angle
(bottom panel) for Sn isotopes. The TKEL is recon-
structed assuming a binary reaction and imposing the
conservation of momentum. The quality of the mass dis-
tribution can be better appreciated in the bottom matrix,
where the straight bands illustrate the correct trajec-
tory reconstruction. One sees clearly the presence of the
elastic+inelastic and both neutron pick-up and stripping
channels. The TKEL distributions are very narrow, typ-
ical of scattering at sub-barrier energies, and with most
of the events close to the ground-to-ground-state transi-
tions. To illustrate these last features we display in Fig. 2
the TKEL spectra for the quasielastic, one- and two-
neutron pick-up and stripping channels at the two lowest
measured bombarding energies. The TKEL are shown
together with calculations performed with the GRAZ-
ING code [44, 45]. The experimental energy resolution,
taking into account trajectory reconstruction, detectors
and target effects, was estimated to be ∼ 4-5 MeV. In the
spectra one sees that the main transfer flux is near the
optimum Q values for all neutron transfer channels, with
the distributions much narrower than the ones measured
at the highest energy [38]. Tails reflecting large energy
loss components are still visible in the spectra, though
they did not affect significantly the evaluation of the (by
far dominant) quasielastic components. Cuts in TKEL
have been made [38], to ensure that the extracted cross
sections reflect quasielastic reaction processes. GRAZ-
ING well describes the experimental TKEL spectra, indi-
cating the correct inclusion of the range of partial waves
involved in the reaction. Possible slight shifts between
experimental and calculated TKEL can be attributed to
the fact that GRAZING uses an average level density and
keeps only one average Q-value for neutron pick-up and
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FIG. 2: (Color online): TKEL spectra obtained for the quasielastic and one- and two-neutron pick-up and stripping transfer
channels at the two measured bombarding energies. The vertical lines correspond to the position of the ground state Q values:

Q
(−2n)
gs = − 2.17 MeV, Q

(−1n)
gs = − 2.59 MeV, Q

(+1n)
gs = − 1.60 MeV, Q

(+2n)
gs = + 0.77 MeV. The results of the GRAZING code

calculation are plotted as shaded histograms.

stripping channels. The results presented here are im-
portant as they probe large internuclear distances where
data on heavy systems are extremely scarce.

In these low energy collisions (large internuclear dis-
tances) the transfer cross section is small compared to the
elastic and can be treated as perturbation (like DWBA
[46]). The representation of the transfer probability
Ptr, defined as ratio of the transfer yield over the elas-
tic+inelastic (entrance channel mass partition), as func-
tion of the distance of closest approach for a Coulomb tra-
jectory D, is very convenient. This representation allows
to merge results extracted from excitation functions at
fixed angles and angular distributions at fixed bombard-
ing energy, provided that one remains in the quasielastic
regime. From the experimental point of view the con-
struction of the transfer probabilities as ratios of yields,
for channels having similar masses, nuclear charges and
kinetic energies, minimizes the effect of the spectrometer
transmission [41, 42]. In Fig. 3 we show the extracted
transfer probabilities plotted as a function of distance of
the closest approach. Since the form factor for transfer
decays exponentially, the quasielastic transfer probabil-
ities as a function of D follow, in a (semi-logarithmic)
plot, straight lines with a slope related to the binding
energy of the transferred nucleon [11, 18, 47]. The slope
of the two-neutron transfer probability should then be
twice that of the one-neutron one. As seen from the fig-
ure this is clearly the case both for the stripping and
pick-up reactions.

We performed an analysis of the reaction with the
GRAZING code [44, 45]. GRAZING is a semi-classical
coupled-channel code that describes the evolution of the
reaction by employing the well known form factors (ma-
trix elements) for the inelastic excitation of the surface
modes, of target and projectile, and the form factors
for the single-particle exchange of neutron and protons.
These single-particle form factors are constructed from
the known single-particle levels of projectile and target.
In this model the multinucleon transfer is calculated by

assuming that the exchange proceeds via a successive
mechanism. The results of such a calculation are shown,
with straight lines, in Fig. 3. As it is apparent, the
model well follows the transfer for both the pick-up and
stripping channels in the whole measured D range.

We feel important to show how the GRAZING model
describes other aspects of the reaction. In Fig. 4 we
show the elastic+inelastic over Rutherford cross section
ratio plotted as a function of distance of the closest ap-
proach. The model reproduces quite well this ratio over
several orders of magnitude, in particular the drop well
beyond the quarter point [46]. This is very important, as
GRAZING calculates the evolution of the reaction with-
out the use of any imaginary potential. The depopulation
of the entrance channel is created by the reactions that
exchange nucleons between projectile and target and is
indeed well followed by the model. We here recall that
the model describes the relative motion of the two ions
by employing a nuclear plus Coulomb potential, with the
empirical potential of Ref. [12] as nuclear part, which
well reproduces the elastic scattering of many target and
projectile combinations.

Looking into more detail at Fig. 3, one sees how the ex-
perimental probabilities for the one-neutron transfers are
well reproduced by the theory. Although noteworthy, the
achieved agreement may not be so surprising, since these
channels constitute the building blocks of the model, i.e.
the model is constructed to describe these channels cor-
rectly. On the other hand the experimental probabilities
for the two neutron transfers are slightly underpredicted
(by a factor ≤ 2). Since GRAZING incorporates an inde-
pendent particle transfer mechanism only, this difference
provides a measure of the effect of two-particle corre-
lations in the presence of nuclei that are closed shells.
While keeping in mind the inclusive character of our re-
action, we remind that the pairing interaction allowed
to correlate spectra of neighboring even-even nuclei [37].
Of key relevance was the determination of the matrix el-
ements connecting pair addition and pair removal. Tin
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FIG. 3: (Color online): Experimental (points) and calculated (lines) transfer probabilities for the one- and two-neutron pick-
up (left) and stripping (right) plotted as a function of the distance of closest approach D. The probabilities have been
obtained by dividing the transfer cross sections by the elastic(+inelastic) (entrance channel mass partition) cross sections.
The points have been obtained by binning, for each measured energy, the PRISMA angular acceptance in steps of ∆θ ∼ 1◦.
At the smallest measured D, corresponding to the highest measured energy and angles forward than the grazing, we plotted
the value corresponding to the central angle only. Experimental errors incorporate the indetermination of the beam energy
(horizontal bars) and the contribution of the detector resolution, trajectory reconstruction and tail in the mass spectra due to
the overwhelming elastic channel (vertical bars). Calculations have been performed with the GRAZING code. The vertical
blue line corresponds to the calculated radius of the Coulomb barrier (14.3 fm) [12].

FIG. 4: (Color online): Experimental (points) and calculated
(line) elastic(+inelastic) (σel) over Rutherford (σRuth) cross
sections. At the smallest measured D, corresponding to the
highest measured energy and angles forward than the graz-
ing, we plotted the full angular distribution (empty circles).
Data include statistical errors only. Calculations have been
performed with the GRAZING code at Ecm = 430.5 MeV.
The vertical blue line, as in Fig. 3, corresponds to 14.3 fm.

and lead nuclei have been previously studied via (t, p)
or (p, t) reactions [9, 10] in order to elucidate the role
of the pairing correlations. In the vicinity of the shell
closure, the pairing correlations manifest via vibrational
structure, here one talks about pair vibrations, in con-

trast to the pair rotations encountered in the middle of
the shell. The pairing vibration model predicts that the
ratio of the cross sections for the population of the dif-
ferent ground states is proper of an harmonic situation,
with the strengths proportional to the number of phonons
in the final state. For the present reaction, where both
neutron pick-up (+2n) and stripping (−2n) channels are
available, the ratio of the strength for the addition and re-
moval of two neutrons has been extracted by linear fits of
the transfer probabilities as function of D. The slopes of
the fitted lines (defined by the neutron binding energies)
are almost the same for the two channels, so this proce-
dure ensured that the obtained values are independent
on D. The ratio turns out to mirror the one of the (p, t)
and (t, p) reactions leading to 204Pb and 208Pb ground
states, respectively (see Fig. 6-62 in Ref. [5] with the
ratio of 1.7). We can argue that, since 118Sn is a member
of the pair rotational band [9], with the transfer strength
of the addition and removal of two neutrons being quite
isotope independent, its effect on the ratio of cross sec-
tions may elide to a large extent. The obtained value
indicates that in our reaction most of the two-neutron
transfer cross sections are concentrated in ground states
(see also the narrow peaks in the TKEL spectra shown
in Fig. 2). These facts illustrates how the Pb partner,
which governs the size of the cross sections, manifests its
vibrational structure and pair vibration character [37].

The obtained results evidence the fundamental role
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played by the nuclear surfaces in the transfer mechanism.
The study at different internuclear distances probes the
behaviour of the main observables, the transfer proba-
bilities and total kinetic energy loss (see Ref. [48] and
references therein). This is particularly important for
heavy systems, which, due to the high Coulomb field, do
not develop a barrier and consequently a pocket, which
defines the region where strong absorption takes place.
The measurement in a wide D range allowed to follow
and thus to control the transition from the large to the
small D regions, dominated by quasielastic and absorp-
tive processes, respectively. The intermediate D region,
where the possible effects due to correlations and absorp-
tion mix up, is also where a concept has been developed
to link neutron transfer reactions with Cooper pair tun-
neling [49, 50] and the formation of a Josephson junction
[51, 52]. Our results indicate that, to approach these
studies, a proper selection of the bombarding energies
and consequently the internuclear distances is manda-
tory. Absorptive effects may start to be significant also
at large D, where nuclei with extended neutron distri-
butions [53–56] may be exploited to measure the density
dependence of the pairing interaction [57].

We measured multinucleon transfer reactions for the
206Pb+118Sn system in a wide range of bombarding en-
ergies by employing the large solid angle magnetic spec-
trometer PRISMA. The experimental transfer probabili-
ties for elastic+inelastic, one- and two-neutron pick-up

and stripping channels have been extracted and com-
pared with the GRAZING code. It is remarkable that
theory is able to describe at the same time all relevant
channels. A slight underprediction of the experimental
two neutron transfer probabilities can accommodate the
contribution of the transfer of correlated neutrons. This
is also seen in the ratio of the two-neutron stripping and
pick-up cross sections, which mirrors the one extracted in
light-ion induced reactions, manifesting, even in heavy-
ion reactions, the pair vibration character of Pb.
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tagnoli, A. M. Stefanini, and S. Szilner Colliding heavy
nuclei take multiple identities on the path to fusion. Na-
ture Communications 14, 7988 (2023).

[49] G. Potel, F. Barranco, E. Vigezzi, and R. A. Broglia,
Quantum entanglement in nuclear Cooper-pair tunneling
with γ rays, Phys. Rev. C 103, L021601 (2021).

[50] R. A. Broglia, F. Barranco, G. Potel, and E. Vigezzi,
Transient weak links between superconducting nuclei: co-
herence length, Nucl. Phys. News 31 (2021) No.4.

[51] B. D. Josephson, Possible new effects in superconductive
tunneling, Phys. Lett. 1, 251 (1962).

[52] B. D. Josephson, The Discovery of Tunneling Supercur-
rents, in Les Prix Nobel en 1973 (P. A. Norstedt and
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