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One and two proton transfer channels have been measured in 116Sn+69Ni with the magnetic spectrometer
PRISMA by making an excitation function at several bombarding energies, from above to well below
the Coulomb barrier. The total kinetic energy loss distributions show the predominance of quasi-elastic
processes in the sub-barrier regime. The data have been compared with calculations performed with
the GRAZING program, based on semiclassical formalism, and in the Distorted Wave Born Approximation

(DWBA), which provided a good theoretical description of the extracted transfer probabilities for the one
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proton transfers. The much larger values of the experimental two proton transfers compared with those
evaluated within an independent particle transfer mechanism, indicate the presence of strong proton-
proton correlations. The results complement the ones of the previously analyzed one- and two-neutron
transfers, providing significant new information on the subject compared to past works.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The pairing interaction is fundamental in characterizing the
properties of finite quantum many body systems in the vicinity
of the ground state. A very specific probe of this pairing compo-
nent in the nuclear interactions, which ties up nucleons in a highly
correlated state with zero angular momentum, is the two-nucleon
transfer reactions. These kind of reactions link different isotopes or
isotones adding or removing quanta of excitations, of vibrational
character when dealing with closed shell nuclei, or of rotational
character when dealing with nuclei with many particles outside
closed shells [1,2].

A large amount of works have been carried out on two nu-
cleon transfer reactions since at least four decades, but it is a
fact that studies on proton transfer channels have been generally
much less extensive than on neutron transfer. Well known exper-
imental difficulties exist with both light ions (see e.g. Refs. [3,4]
for the (3He,n) reaction) and heavy ions (see e.g. Refs. [5-7] and
references therein). In the latter, besides energy resolution, one
faces the problem to get sufficient resolution for full mass and nu-
clear charge identification, especially at energies close or below the
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Coulomb barrier. Calculations of absolute cross sections for two-
proton transfer channels generally underpredicts the experimental
data, even by large factors.

With heavy ions, one can follow, in the same reaction and thus
on the same footing, the transfer of single nucleons and of pairs of
nucleons, for both neutrons and protons. A recently studied case is
the 1165n4+-50Ni system [8,9], with closed proton and open neutron
shells. We measured an excitation function in inverse kinematics
[8], and an angular distribution via y-particle coincidences [9].
The experimental transfer probabilities for one- and two-neutron
transfer channels as a function of the distance of closest approach
for a Coulomb trajectory were compared with microscopic calcu-
lations, which provided a consistent description of the whole set
of data. The experimental two-neutron transfer probabilities, in
particular, were reproduced by incorporating neutron-neutron cor-
relations. Very recently, this study has been characterized as the
nuclear analogue to the (alternating-current) Josephson effect, thus
allowing a sensible determination of the nuclear Cooper pair corre-
lation length [10,11]. This was possible because one could inspect
at the behavior of the transfer probabilities over a wide range
of distances of closest approach, corresponding to energies from
above to well below the Coulomb barrier.

According to nuclear structure theories, the pairing interaction
should be equally important for protons and for neutrons. The
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Fig. 1. Mass spectra of Co (one-proton stripping channels) and Fe (two-proton strip-
ping channels) isotopes in the '16Sn+60Nj system at 482 MeV and 445 MeV.

116511 60Nj system offers an appealing opportunity to investigate
how the two proton transfer channel, connecting nuclei that ini-
tiate from closed proton shells, compares with the two neutron
transfer channel, involving open shells configurations. For proton
transfer channels the Coulomb field is strongly modified due to
the charge transfer during the collision process [12]. Such a modi-
fication in the trajectories of entrance and exit channels may lead
to larger energy losses than for the pure neutron transfers. What
was lacking so far was a study at far sub-barrier energies, where
nuclei interact at large distances and where one meets the best
conditions to remain in quasi-elastic regime [6]. However, this en-
ergy regime is characterized by low transfer cross sections and
faces challenging experimental conditions [13-17]. This is why,
with heavy ions, almost all studies of two-nucleon transfer chan-
nels were carried out at bombarding energies higher than the
Coulomb barrier [5] and under these conditions the reaction mech-
anism and the full understanding of the process were impaired by
the interplay between Coulomb and nuclear trajectories. Here we
present a new body of data on proton transfer channels, measured
with unprecedented efficiency and selectivity with the advanced
generation magnetic spectrometer PRISMA [18-20], which allowed
to clearly identify genuine quasi-elastic processes, in particular at
sub-barrier energies.

The proton transfer data have been collected in the same exper-
iment previously carried out for neutron transfers [8]. We briefly
remind that the measurement was performed in inverse kinemat-
ics by using a 11Sn beam (=2 pnA) onto a ®°Ni target (100
nglcm?), employing the super-conducting PIAVE-ALPI accelerator
complex of LNL. We measured, by detecting Ni-like recoils in
PRISMA at 6,,,=20°, an excitation function from above to well be-
low the Coulomb barrier (the estimated entrance channel Coulomb
barrier, with the value of 157.6 MeV, is located at 12.13 fm [12]).
The main characteristics of the spectrometer are the large solid an-
gle of >~ 80 msr (corresponding to £6°, and £11° for the in-plane
and out-of-plane angular range, respectively) and a momentum ac-
ceptance Ap/p = £10%. The identification of fragments has been
done on an event-by-event basis by using, for the atomic number,
the range of the ions as a function of the total energy released in
the ionization chamber and, for the mass, by reconstructing the
trajectories of the ions inside the magnetic elements of PRISMA,
making use of time of flight and position information at the en-
trance and at the focal plane of the spectrometer. More details
about the experimental conditions and trajectory reconstruction
can be found in Ref. [8].

Examples of mass spectra for the Co and Fe isotopes are dis-
played in Fig. 1. The very good mass resolution AA/A =~ 1/210
is guaranteed by the high kinetic energy of the recoils (=~ 5 -
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Fig. 2. TKEL spectra obtained for the pure one-proton stripping, (1p), and pure
two-proton stripping, (2p), transfer channels at three representative bombarding
energies, above (upper), near (middle), and below (lower) the Coulomb barrier
(Ele = 462.2 MeV). The results of the GRAZING code calculation are plotted as

shaaded histograms.

6 MeV/A). One sees 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 importance of pro-
ton correlations. One sees that channels involving neutron pick-up
and neutron stripping are also populated, with intensities that de-
crease more rapidly compared to the pure proton stripping ones in
moving from above to below the barrier. The mass spectra display
also a strong >6Fe peak, corresponding to the stripping of two pro-
tons and two neutrons, which stands-out at the lower (sub-barrier)
energy. This observation further suggests the key role played by
correlations in the transfer process. A quantitative discussion must
of course take into account optimum Q-value effects and nuclear
structure properties. In the following we focus on pure one- and
two-proton transfer channels.

Total kinetic energy loss (TKEL) spectra were reconstructed as-
suming a binary reaction and imposing the conservation of mo-
mentum. The experimental energy resolution turned out to be ~
2 MeV and was evaluated from the entrance channel mass parti-
tion below the barrier (see Ref. [8] for details). The TKEL for the
pure one- and two-proton stripping channels, i.e. (1p) and (2p),
are displayed 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 (TKEL ~ 5.13 MeV) and represents mainly the di-
rect transfer. A second component, peaking at large TKEL, includes
significant deep inelastic contributions. The two components over-
lap in the (2p) channel, leading to a single 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 trans-
fer probabilities (P;) at sub barrier energies also reflects gen-
uine quasi-elastic processes. Transfer probabilities have been then
constructed, as ratio of differential cross sections of the transfer
channels over the elastic. Below the barrier the angular distribu-
tions of the reaction products have almost the same shape and
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Fig. 3. Transfer probabilities (P;) as a function of the distance of closest approach
(D) for the pure proton stripping channels. Points are the experimental data: (1p)
(full black circles), and (2p) (red empty circles). The energies, in the center of the
target, are 482.23, 475.53, 465.32, 452.49, 445.46, 441.81, 434.36, 428.51 MeV, corre-
sponding to the distances of closest approach 12.657, 12.835, 13.116, 13.488, 13.701,
13.814, 14.051, and 14.243 fm. Solid lines are calculated transfer probability (see
text). (Top): The blue dashed line is the result of the GRAZING code calculation,
while the full black line is the DWBA calculation. (Bottom): The blue dotted line
corresponds to the GRAZING calculation for the (2p) channel, scaled x 60.

are smoothly varying within the angular acceptance of the spec-
trometer. On this basis, we integrated the yield obtained in the
full angular range and assigned the corresponding cross section
to the one of the central angle 6j,, = 20°. The transfer proba-
bilities as a function of the distance of closest approach D for a
Coulomb trajectory are plotted in Fig. 3. It is visible that close to
D values around 13 fm the probabilities for the (2p) channel un-
dergo a change of slope. We showed before that while for small D
the TKEL are affected by complex processes, for large D the TKEL
have a predominant character of direct transfer. This behavior of
the transfer probabilities and their connection with the TKEL dis-
tributions, although apparently easy to guess a priori, could only
be observed in performing a detailed excitation function.

A comparison with the experimental P; has been performed
by employing the GRAZING code [21,22]. In GRAZING, two ions in-
teract via a Coulomb plus nuclear interaction and may exchange
nucleons. The two nuclei are described as an ensemble of inde-
pendent nucleons, the basic degrees of freedom being surface vi-
brations and single particle degrees of freedom. For the excitation
of the surface modes the model employs the macroscopic approx-
imation whose form factors are proportional to the r-derivative of
the ion-ion potential and whose strength are given by the exper-
imental B(EXA). The model, for each transfer mode, stripping and
pick-up of neutrons and protons, uses a representative form factor
that is parameterized in accordance with [23], taking into account
the single-particle properties of the two colliding ions. The dif-
ferent single-particle states that are participating to the transfer
process are described by introducing average single particle level
densities. The exchange of nucleons is treated independently and
in the successive approximation.

The theoretical P; are shown in Fig. 3. For the calculations
we slightly increased (by 10%) the level density and adjusted the
overall strength of the transfer form factors (via correction factors,
0.7, both for protons and neutrons). This can be justified by the
fact that the GRAZING code takes into account the single-particle
properties through average single particle level densities, and uses
representative transfer form factors. The sensitivity of the calcu-
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Table 1

Proton single particle levels and correspond-
ing energies for 16Sn and %ONi. Spectroscopic
factors (reported in the table as SF) of a sin-
gle particle level are extracted from the exper-
imental spectroscopic factors [29] where for a
given j state we have summed the spectro-
scopic factors of all states with the same j ly-
ing in a reasonable energy range (of 2-4 MeV).

nlj €; [MeV] SF
16gp 1872 -3.903 0.8125
2ds -3.721 0.7
2d3, -1.784 0.65
351/2 -1.606 0.6
1hy12 -1.367 0.52
ONi 1d3/2 -14.222 0.75
2512 -14.186 0.83
1f72 -9.018 0.825

lated probabilities to these ingredients may be significant, espe-
cially for the proton channels and for nuclei near the closed proton
shells. One has anyway to keep in mind that certain prescriptions
in theory have been checked many times in the case of neutron
transfers, and they have to be revisited in the case of proton trans-
fers.

Calculations for the (1p) channel have been also carried out in
the distorted wave Born approximation (DWBA) by using for the
wave functions of relative motion their CWKB form as in Ref. [24].
We employed for the real part of the potential, the Woods Saxon
parameterization of Ref. [12] (Vo = — 82.6 MeV, Ry = 1.18 fm, a =
0.687 fm). For the imaginary part we calculated it microscopically
[25-27] in order to be compatible with the form factors used for
the one-particle transfer. The inclusive cross section was obtained
by summing up all the contributions coming from the single par-
ticle transitions. In Table 1, we report the sets of single particle
levels for the projectile and target that are used for the con-
struction of all the single particle transitions that populate >°Co.
The one particle matrix elements (form factors) are calculated, in
the prior representation, by using the single particle wave func-
tions constructed with the shell model potentials of Ref. [28] and
by weighting each transition with the corresponding experimen-
tal spectroscopic factor (see Table 1 and Ref. [29]). The computed
transfer probabilities are shown in Fig. 3 (full black line in top
panel). The good description of the one-proton channel, indicates
the correctness of the chosen set of single particle levels and the
employed one-particle matrix elements.

The understanding of the behavior of the one proton trans-
fers authorizes us to approach the much more complex two pro-
ton transfer process. Calculations of the transfer probabilities for
the (2p) channel were performed with GRAZING. The results are
shown in the bottom panel of Fig. 3. One sees how theory fol-
lows the energy dependence of the experimental P-. 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.

It is important to assess the kind of agreement reached be-
tween the experimental and GRAZING calculated TKEL. We remind
that these TKEL distributions are governed by the reaction dynam-
ics, the masses and charges of colliding nuclei, mass and charge
of the transferred particle, the bombarding energy and the trans-
ferred momentum and all these observables have to be included
in any reaction code. The use of the semiclassical theory is well
suited for this purpose and is well justified for our heavy-ion sys-
tem since the wave length associated with the relative motion is
much smaller than the interaction region. The requirement that the
trajectory of entrance and exit channels matches smoothly defines
the optimum Q -value (Qopt), where the transition probability has
a maximum. The results are shown in Fig. 2. One sees how the
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Fig. 4. Transfer probabilities (Ps) as a function of the distance of closest approach
(D) for the one- and two-neutron (as published in Refs. [8,9]), and one- and two-
proton transfer channels. Solid lines are calculated transfer probabilities (see text).

experimental TKEL are well reproduced, especially at the lowest
energy, implying that the transfer process is correctly treated as a
direct one.

In our system, with closed proton and open neutron shells, the
two-nucleon transfer reactions connect 0% states organized in vi-
brational/rotational bands, and a selective population of such 0%
states is expected [1,5,12]. For the calculations of the two-neutron
transfer channel we treated the ground to ground state transi-
tion in the successive approximation [8]. For 52Ni we used the
reported spectroscopic factors while for 1'6Sn we calculated the
ground states via a BCS approximation. In Fig. 4 we report the ex-
perimental and calculated transfer probabilities for both neutrons
and protons. For one- and two-neutron and one-proton transfer,
the energy dependence of the probabilities is well reproduced by
calculations, following the trend predicted by the binding energies.
For the two-proton transfer, we have to consider the effect of the
Q -value window. This window is very different 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 protons, dominated by the Coulomb interaction, this is very dif-
ferent between entrance and exit channel). The optimum 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 transferred nucleons includes not only the one in-
duced by the pairing interaction (in the 0T states) but also the
one induced by a generic residual interaction that correlate states
of larger angular momentum.

For the neutron transfer, the knowledge about the underly-
ing structure of the 0T states was mostly acquired through two-
nucleon transfer reactions, with many systematic studies carried
out via (p, t) and (t, p) reactions [2,30]. Such systematic studies for
two-proton transfer reactions are rather limited. In particular, for
58Fe and ''8Te, which correspond to two-proton removal from °Ni
and two-proton addition to 116Sn, respectively, the cross sections
and spectroscopic information of such 07 states are not well estab-
lished [2,29,31]. For the closed Z = 50 proton shell, a first excited
0T state at 1.7 MeV has been recognized as proton pairing vibra-
tional excitations. While for Z = 28 isotones, the 0 excited states
at 2.3 and 3.3 MeV may be possible candidates. We have to keep
in mind that while in the case of open neutron shells the collec-
tive aspects are important, for closed proton shells the underlying
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structure of single-particle levels contributes more significantly to
the absolute cross sections. The experimental TKEL spectra of the
(2p) channel (see Fig. 2), with only the quasi-elastic component
at sub-barrier energies, few MeV wide, are compatible with the
population of the excited 0" states, as well as states with larger
angular momentum, and their mutual excitation. To inquire about
the character of the pertinent states, considerable more informa-
tion is needed on the components of proton configuration.

The here presented proton-transfer data, measured over a wide
range of distances of closest approach, from above to well below
the Coulomb barrier, represent a significant step forward compared
to past works, where studies were limited to close barrier ener-
gies only. Our findings could only be achieved by inspecting at the
behavior of the TKEL and transfer probabilities on the same foot-
ing. The good agreement between the measured and calculated
TKEL, in particular at large distances, indicates that the transfer
is correctly treated as a direct process. On the other hand, the
calculated absolute value of the two-proton transfer probability,
obtained by considering solely an independent nucleon transfer,
strongly underpredicts the experimental data, evidencing the pres-
ence of strong proton-proton correlations. How these correlations
can account for the missing cross sections is an issue.

In general, the microscopic treatment of two proton transfers in
heavy ion reactions is still a challenge. The proton single-particle
level density and the corresponding single-particle form factors are
much less known than the ones for neutrons. Much more quality
data on proton transfer on different systems need to be collected,
most of all at sub-barrier energies. These kind of studies will be-
come soon feasible by the coupling of the PRISMA spectrometer to
the large gamma array AGATA [32].
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