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We measured multinucleon transfer reactions for the 206Pb+118Sn system at Elab=1200 MeV
by employing the large solid angle magnetic spectrometer PRISMA. Differential and total cross
sections andQ-value distributions have been obtained for a variety of neutron and proton pick-up and
stripping channels. The Q-value distributions show how the quasi-elastic and deep inelastic processes
depend on the mass and charge of the transfer products. The corresponding cross sections have been
compared with calculations performed with the GRAZING code. An overall good agreement is found
for most of the few nucleon transfer channels. The underestimation of the data for channels involving
a large number of transferred nucleons indicates that more complicated processes populate the given
isotopes.

PACS numbers: 25.70.Hi; 29.30.-h; 24.10.-i

I. INTRODUCTION

Multinucleon transfer reactions between heavy ions at
energies close to the Coulomb barrier constitute a link be-
tween quasi-elastic (QE) processes, characterized by the
transfer of few nucleons and small kinetic-energy losses,
and deep-inelastic (DIC) processes, where massive trans-
fer and large kinetic-energy losses take place. In the QE
regime nuclear structure plays a fundamental role in the
evolution of the reaction and this is where specific proper-
ties, single particle degrees of freedom, surface vibrations
and pair transfer modes, can be probed at best [1, 2]. In-
vestigating how and up to what extent these properties
govern the transition from the QE to DIC regimes has
been the subject of very large amount of works over the
last four decades, but the understanding of their details
still faces significant experimental and theoretical chal-
lenges.

In recent years a renewed interest in the study of these
processes has been motivated by advances in two main
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areas. On one side multinucleon transfer reactions have
been recognized as a competitive and promising tool for
the production of exotic species, especially the heavy
neutron-rich ones which are accessible in reactions with
very heavy systems [3]. On the other side it has been
shown how nucleon-nucleon correlation properties can be
quantitatively studied at energies far below the Coulomb
barrier, where QE processes dominate [4, 5]. These new
studies are receiving a distinctive boost thanks to the
successful implementation of large solid angle magnetic
spectrometers, which allow to identify in mass, charge
and Q-value and with unprecedented efficiency multinu-
cleon transfer products. The experimental high-quality
data accumulated so far on the relevant observables [6–
14], in particular cross sections, also helped to test and
improve the predictions of the various theoretical models
[15–20]. However, such studies are still limited to very
few cases and an effort is required to explore a wider
range of bombarding energies and masses. This is par-
ticularly important for very heavy systems since they are
notoriously affected by the high Coulomb field and by
processes with large energy loss components, which may
significantly influence the final yield distributions.

In this context we studied the 206Pb+118Sn system at
an energy high enough to get large mass and charge yields
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for multineutron and multiproton transfer channels, thus
allowing to study into detail how the main observables,
cross sections and Q-value distributions, evolve as func-
tion of the number of transferred nucleons. The spe-
cific choice of the isotopes has been done mainly because
the optimum Q values are suitable for observing both
neutron and proton pick-up and stripping channels (the
terms pick-up and stripping are conventionally referred
to the lighter partner of the reaction). Into more de-
tail, the ground-to-ground state Q values for the main
open channels lie below the bell-shaped curves which de-
fine the optimum Q values and therefore the transition
probability [2]. These curves, few MeV wide, are derived
from the conditions of smooth matching of the entrance
and exit channel trajectories [21]. In the presently stud-
ied system, particularly relevant are the channels asso-
ciated with the neutron stripping and proton pick-up,
since they lead to the population of heavy neutron-rich
nuclei. This path, in heavy systems, has been studied
in high-resolution experiments [11, 12] using large solid-
angle spectrometers. In the 136Xe+198Pt reaction [11]
it was evidenced that the production of very neutron-
rich heavy nuclei was associated with low kinetic-energy
losses. Besides the yields of the Xe-like fragments, those
of the U-like nuclei were directly extracted via coinci-
dences with γ rays in the 136Xe+238U reaction [12]. Size-
able cross sections for neutron-stripping channels have
been measured in the 94Rb+208Pb reaction employing
a neutron rich 94Rb radioactive beam [22] and in the
197Au+130Te reaction [14] employing a high-resolution
kinematic-coincidence set-up. In this last system the ef-
fect of the neutron evaporation generated by large energy
losses and its impact on the survival probability of the
heavy Au isotopes was deduced. In the present study we
investigated how, in heavy systems, the mass and charge
yields and the final cross sections depend on the energy
losses in their evolution from the QE to DIC regimes,
testing up to what extent we can understand and de-
scribe on the same footing the whole set of neutron- and
proton-transfer channels, opened along the pick-up and
stripping directions.

II. THE EXPERIMENT

A 206Pb beam was accelerated at Elab=1200 MeV
with an average current of ∼2 pnA employing the PI-
AVE positive-ion injector followed by the ALPI post-
accelerator of Legnaro National Laboratories. A 200
µg/cm2 strip (2 mm) 118Sn target, with an isotopic purity
of 99.6%, sandwiched between 15 µg/cm2 carbon layers,
was used. We detected target-like fragments in PRISMA
[10], which was placed at θlab=35◦ (the grazing angle)
and, in an additional short run, at 25◦, an angular range

FIG. 1: (Color online): ∆E - E matrix obtained for the
206Pb+118Sn reaction at Elab=1200 MeV, with the spectrom-
eter placed at θlab=25◦. The most intense band corresponds
to the target-like nuclei. Events deriving from fission pro-
cesses are also visible.

FIG. 2: (Color online): Matrix of velocity (β = v/c) vs in-
plane scattering angle (θlab), obtained by merging the mea-
surements performed with the two PRISMA angular and mag-
netic settings. The events at large and low β correspond to
Sn-like and Pb-like ions, respectively. The blue curves corre-
spond to the calculated Rutherford scattering for both frag-
ments.

sufficiently wide to consistently follow the drop in yield
of the elastic+inelastic scattering and the main region of
the multinucleon transfers. Favorable experimental con-
ditions were achieved by employing inverse kinematics,
which allowed to get good A, Z and Q-value resolution,
thanks to the high kinetic energy (6-8 MeV/A) of the de-
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tected ions. Monitors of silicon surface barrier type were
placed inside a sliding seal scattering chamber at θlab =
50◦ - 65◦. The monitors were used to detect Rutherford
scattered Sn ions for relative normalization between dif-
ferent runs and to control the beam conditions during
the measurements.

The identification of target-like products in PRISMA
has been done on an event-by-event basis through the
reconstruction of the trajectories of the ions [10] inside
the magnetic elements. A start signal for time-of-flight
measurements and two-dimensional position information
are given by a position-sensitive micro-channel plate de-
tector [23]. After passing through a quadrupole and a
dipole magnetic element, ions enter a focal plane made
of a parallel-plate detector of multi-wire type, provid-
ing timing and position signals, followed by an array
of transverse-field multi-parametric ionization chambers
(IC) [24], where the nuclear charge Z is identified via
energy-loss (∆E) and total-energy (E) measurements.
The magnetic fields of the spectrometer were set to bring
the target-like ions with maximum yield near the center
of the focal-plane area.

An example of measured ∆E - E matrix is displayed in
Fig. 1. The most intense band corresponds to the target-
like ions produced in the multinucleon-transfer process.
One also sees fission-like events, which represent only a
fraction of their total yield since the spectrometer was
set for the detection of transfer products. They could
be safely distinguished from the multinucleon transfer
events via the time of flight. The visible Z separation in-
dicates the good resolution of the IC. In Fig. 2 a plot of
the velocity (β = v/c) vs in-plane scattering angle (θlab)
is shown together with the calculated Rutherford scat-
tering. The kinematics of the reaction allowed also part
of the beam-like ions to enter the spectrometer (lower
β), with a distribution bending toward the expected lim-
iting angle for Pb (∼ 35◦), well followed by the calcu-
lations. These kinematic constraints helped to monitor
the beam energy and the set magnetic field of the spec-
trometer. From the energy information of the IC we ob-
tained the atomic charge-state (q) distribution, which,
combined with the A/q spectra, leads to the final mass
distributions. We point out that the large momentum
acceptance of the spectrometer (∆p/p = ±10%) allowed
to accommodate most of the atomic charge states with
a single setting of the magnetic fields. In Fig. 3 we
show, as an example, the mass vs Q-value matrix for Cd
(Z = 48) isotopes, demonstrating the good mass reso-
lution, ∆A/A ≈ 1/210. The crucial procedure to reach
such a resolution was the application of the prescription
for the optical aberration correction [14, 25]. In the tra-
jectory reconstruction, the very large longitudinal dimen-
sion of PRISMA with respect to the transversal one, as
well as the large dimensions of the magnetic elements, en-

sure that the trajectories are planar after the quadrupole
and that the effect of the fringing fields is rather small.
Nevertheless, for very heavy ions, the mass resolution can
be affected by the presence of optical aberrations due to
higher-order magnetic fields which can deviate the ions
trajectory from the planarity. Thus, an additional em-
pirical correction has been applied, by polynomial lin-
earization of the A/q bands as a function of the position
at the entrance and focal-plane detectors. These correc-
tions are implemented in the mass vs Q-value spectra. In
the case of Sn isotopes, due to the overwhelming elastic
yield, the atomic charge state resolution was not suffi-
cient to remove the typical A/q repetitive pattern, which
generates 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% and larger for the weaker
neutron transfer channels, therefore the analysis has been
limited to the (±1n) and (±2n) channels only.

FIG. 3: (Color online): Mass vs Q-value matrix for Cd iso-
topes at θlab=35◦.

III. ENERGY LOSS DISTRIBUTIONS

The large acceptance of PRISMA gives an excellent
opportunity to follow the details of the energy dissipated
in the reaction in its evolution from the quasi-elastic to
the deep-inelastic regimes. The most suitable way to
represent this evolution is via a two dimensional matrix
of Q-value (or alternatively kinetic energy) vs scatter-
ing angle, traditionally called Wilczynski plot [26]. We
constructed the Wilczynski plots selecting in mass and
charge the transfer reaction products. The Q-values were
generated by assuming a binary reaction and imposing
the conservation of momentum. In Fig. 4 we show, as
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FIG. 4: (Color online:) Matrix of Q-value vs center of mass
angle θcm for the (+1n) channel (top panel). The matrix
is displayed by matching the measured events at the two
PRISMA angular and magnetic settings. The panels below
show the projections onto the Q-value axis at the indicated
center of mass angles (corresponding to θlab = 36.5◦, 34.5◦,
32.5◦, and 24.5◦ starting from the higher spectrum, with
∆θlab ' 2◦). The vertical (red) lines represent the ground-to-
ground state Q-value.

an example, the plot for the (+1n) channel together with

the projections onto the Q-value axis at selected center
of mass angles. One sees that at more forward scattering
angles the distribution is dominated by a QE peak, lo-
cated close to the ground-to-ground state Q-value (Qgs).
Such a region becomes progressively unpopulated when
moving to angles more backward than the grazing one
(θcm ' 109◦). At the same time, the large energy-loss
components become more important and tend to acquire
a Gaussian-like shape. We point out that the energy and
angular acceptance of the spectrometer [27, 28] may al-
ter the final shapes for these very large energy losses, at
least to some extent.

The Wilczynski plots and their projections on the Q-
value axis around the grazing angle, shown in Figs. 5
and 6, respectively, are displayed for the strongest chan-
nels in the vicinity of the entrance-channel mass parti-
tion, namely those involving one and two neutrons, and
one and two protons. One can follow well the whole
event distributions, from the regions close to the Qgs to
energy losses up to ∼ 150 MeV. The Wilczynski plots
show clearly that the reaction is dominated by the high
Coulomb field and one can observe the progressive in-
crease of the large energy-loss components towards back-
ward angles, at variance with the reactions with medium-
mass projectiles on heavy targets [7, 13, 29–35]. We wish
to point out that the here presented high resolution data
allow to visualize this behaviour for energy loss com-
ponents much smaller (compared to the kinetic energy
of elastic events) than the systems previously measured
with higher efficiency but lower resolution.

On Fig. 6 one sees that for pure neutron transfers the
distributions peak close to the Qgs, with events extend-
ing to larger energy losses. Only in the elastic+inelastic
channel the (narrow) quasi-elastic peak turns out to be
well separated from the large energy-loss components.
For channels involving proton and neutron stripping the
distributions initiate near the optimum Q values (differ-
ing by a few MeV from the Qgs) but peak at large values,
indicating that evaporation of neutrons may be expected.
One notices that the channels involving large number of
transferred nucleons, like the isotopes belonging to the
two proton stripping, have similar Q-value shapes, and
for the neutron strippings, reflect the one of the strongest
mass. This is what one can expect when these chan-
nels receive contributions due to evaporation from near-
by higher masses with larger yields. This situation, for
the two proton stripping, holds also along the neutron
pick-up side. On the other hand, we have to keep in mind
that the overall effect of the evaporation on the integrated
yields of each neutron pick-up channel is much less sig-
nificant, since higher mass channels have progressively
lower primary cross sections. The one proton transfer
channels have a behaviour in between the pure neutron
transfers and the two-proton stripping chain, in terms of
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FIG. 5: Wilczynski plots (Q-value vs θcm) measured at θlab = 35◦ for the labeled transfer channels. The contours represent

the double-differential cross sections, d2σ
dΩdQ

. The yield for the (+1p− 1n) channel could not be safely extracted due to partial

overlap with the 118Sn one.

FIG. 6: Q-value distributions measured at θlab = 35◦ for the labeled transfer channels. The yield for the (+1p − 1n) channel
could not be safely extracted due to partial overlap with the 118Sn one. Vertical lines indicate the ground-to-ground state Q
values.



6

energy losses and effects of evaporation. The details of
the shapes may depend on specific nuclear structure or
dynamics effects.

IV. CROSS SECTIONS AND COMPARISON
WITH THEORY

Differential cross sections have been extracted for the
measurement performed with PRISMA at θlab = 35◦

(near the grazing angle), where the flux for few nucleon-
transfer channels has major components close to the
quasi-elastic region. For the elastic+inelastic and pure
neutron-transfer channels the cross sections could be ex-
tracted also with PRISMA at θlab = 25◦. At both an-
gular settings the quasi-elastic part has been obtained
by integrating the range from Qgs to ∼ −35 MeV, close
to the valley visible in the Q-value spectrum of the (0n)
channel. The reliability of the method has been tested
by employing different integration procedures, also in the
Wilczynski plots. For the channels involving protons,
where the deep-inelastic components could not be sepa-
rated, only an integration of the fullQ-value distributions
with PRISMA at θlab = 35◦ has been applied.

The obtained angular distributions for selected chan-
nels are shown in Fig. 7, where the filled circles corre-
spond to the integration of the full Q-value range and
the empty circles to the integration of the quasi-elastic
components only. In the figure are also shown the cal-
culations performed with the GRAZING code [36, 37].
The data are plotted in a restricted angular range, i.e.
without the edges of the distribution which can be af-
fected by the acceptance of the spectrometer. The quasi-
elastic distributions have been obtained by matching the
two PRISMA angular and magnetic settings. The elas-
tic+inelastic data are shown as a ratio to the Ruther-
ford cross sections. The absolute scale of cross sections
has been obtained by normalizing the differential angular
distribution of the (+1n) channel to the GRAZING com-
puted one (see also Refs. [10, 14]). The normalization
constant, which has been kept the same for all neutron
and proton transfer channels, provides also a consistent
description of the elastic+inelastic over Rutherford cross
section.

The data have been compared with the GRAZING
code, whose main characteristics are briefly reminded
below. In GRAZING, two ions interact via a Coulomb
plus nuclear interaction and may exchange nucleons. The
relative motion of the system is calculated in a nuclear
plus Coulomb field. The two nuclei are described as an
ensemble of independent nucleons, the basic degrees of
freedom being surface vibrations and single particle de-
grees of freedom. For the excitation of the surface modes
the model employs the macroscopic approximation whose

form factors are proportional to the r-derivative of the
ion-ion potential and whose strength are given by the ex-
perimental B(Eλ). The model, for each transfer mode,
stripping and pick-up of neutrons and protons, uses a
representative form factor that is parameterized in ac-
cordance with [38], taking into account the single-particle
properties of the two colliding ions. The different single-
particle states that are participating to the transfer pro-
cess are described by introducing average single particle
level densities. The treatment of the transfer degrees of
freedom is based on the assumption that in a heavy-ion
collision the exchange of a nucleon may proceed via many
open channels that are all quite weak, so that they may
be treated as independent modes. Thus, the exchange of
nucleons is treated independently and in the successive
approximation.

Figure 7 shows that the calculations well describe the
elastic+inelastic over Rutherford distribution, in partic-
ular the fall-off at angles beyond the quarter point, indi-
cating the correct treatment of the absorption. Calcula-
tions also well reproduce the one nucleon-transfer chan-
nels, demonstrating the correct treatment of the form
factors and the chosen range of partial waves. The fact
that a quite good agreement holds also for the channels
involving the one-proton stripping and neutron pick-up
indicates their direct nature. A similar agreement for
the one-proton-pick-up is not achieved, presumably due
to an underestimation of the strength of the form factor.
This underestimation propagates for the other channels
involving neutron pick-up, though the shapes are always
well reproduced. Along the neutron stripping side, more
influenced by neutron evaporation, calculations underes-
timate progressively the absolute values.

The main features just discussed for the angular dis-
tributions can be also seen in the total cross sections,
shown in Fig. 8 for the wealth of observed transfer chan-
nels. The experimental values have been obtained by in-
tegrating the differential cross sections assuming a Gaus-
sian shape. One observes how the pure neutron transfer
channels are well reproduced by calculations. The same
holds for the pure (−1p) channel. Along the proton-
stripping side, the experimental cross sections tend to
shift toward lower masses and are progressively under-
estimated by GRAZING. We remind that the primary
cross sections for channels involving neutron stripping
may be significantly modified by the evaporation of neu-
trons from the close-by larger masses. This leads to a
reshuffling of the final mass distribution, which indeed
affects more significantly the lower mass region of the
populated isotopes.

The difference between proton and neutron transfers in
the comparison of the experimental and calculated cross
sections was already noticed in previously studied sys-
tems with medium-mass projectiles [7, 9, 39]. Besides



7

FIG. 7: Experimental differential cross sections (points) compared with GRAZING calculations (lines) without including effects
of neutron evaporation. The filled circles correspond to the integration of the full Q-values while the empty circles correspond
to the quasi-elastic part only (integration in the range from the Qgs to ∼ − 35 MeV). The elastic+inelastic channel is plotted
as a ratio over the Rutherford cross section (multiplied by 100). The experimental cross section for the (+1p − 1n) channel
could not be safely extracted due to partial overlap with the 118Sn yield. Experimental errors are the statistical ones only.
The relative normalization between the different PRISMA settings at θlab = 25◦ and 35◦ was obtained by using the elastically
scattered 118Sn ions in the monitor detector placed at 58◦.

the influence of the larger energy losses for channels in-
volving proton transfers, this was partly attributed to
the large modification in the trajectories of entrance and
exit channels due to the charge transfer [13], which may
not be fully taken into account by theory. The discrepan-
cies with theory for the two proton transfer channels may
also indicate the possible presence of additional degrees of
freedom (pair-transfer modes), as discussed in the works
of Refs. [9, 39]. To what extent they play a role is still
an issue. More in general, in the case of proton transfer,
some prescriptions in theory may need to be revisited,
since the single-particle level density and corresponding
form factors are less known. An improved understanding
is particularly relevant for the proton pick-up channels
since they pave the path towards the population of the
neutron-rich heavy nuclei.

V. CONCLUSIONS

Multineutron- and multiproton-transfer channels have
been successfully measured with high resolution in the
206Pb+118Sn system at Elab=1200 MeV for nuclei in the
A ∼ 120 mass range, exploiting the performance of the
large solid angle magnetic spectrometer PRISMA. By in-
specting at the details of the dependence of the Q-value
distributions on scattering angle and mass and charge of
the transfer products, we could follow the evolution from
quasi-elastic to deep inelastic processes and correlate this
evolution to the behaviour of the extracted differential
and total cross sections. At least for few nucleon transfer
channels, these main observables, Q values and cross sec-
tions, retain the main characteristics of direct processes.
For the transfer channels involving many nucleons, the
large energy loss unavoidably leads to a reshuffling in the
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FIG. 8: Experimental (points) and GRAZING calculated (histograms) total angle and Q-value integrated cross sections for the
various transfer channels populated in the 206Pb+118Sn reaction at Elab=1200 MeV. Experimental errors are only statistical
ones, and are almost all within the size of symbols. The solid and dashed histograms are the calculations performed with and
without evaporation, respectively. The experimental cross sections for the pure neutron transfers have been extracted only for
the (±1n) and (±2n) channels and only for the quasi-elastic part of the Q values (see text for details). Due to the overwhelming
elastic yield the cross section for (+1p− 1n), corresponding to 118Sb, is not included.

final yield distributions.
From the comparison of the experimental cross sec-

tions with those calculated with the GRAZING code,
an overall good agreement is found for most of few nu-
cleon transfer channels. The quality of agreement demon-
strates, also for the case of the presently studied heavy
system, the correctness of the used nuclear potential and
the chosen range of partial waves that contribute to the
cross sections. On the other hand, the progressive un-
derestimation of the yield as more nucleon transfers are
involved may indicate that more complicated processes
populate the given isotopes, not well taken into account
by theory. The observed different behaviour between the
proton stripping and proton pick-up channels, particu-
larly relevant for the production of neutron rich heavy
nuclei, is presently not fully understood. It is important
to further pursue studies of the proton transfers and, in
particular, to improve their theoretical description.
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