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Multinucleon transfer channels from 70Zn (15 MeV/nucleon) + 64Ni collisions
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In this article, we report a study of ejectile distributions of multinucleon transfer channels from the reaction
of 70Zn with 64Ni at 15 MeV/nucleon. The measurements were performed with the MAGNEX large acceptance
spectrometer in a wide angular range around the grazing angle and provided high-resolution characterization of
the ejectiles in terms of the atomic number Z , the mass number A, the momentum-per-nucleon p/A, and the reac-
tion angle θlab. The momentum distributions, angular distributions, and the production cross sections of several
multinucleon transfer channels were extracted and studied in detail. Concerning the production of neutron-rich
nuclides, that was one of the main motivations of this work, apart from proton-removal products, neutron-pickup
isotopes (with up to three neutrons picked up from the target) were observed. The experimental distributions were
compared with two dynamical models, the deep-inelastic transfer (DIT) model and the constrained molecular
dynamics (CoMD) model, followed by the deexcitation code GEMINI. The DIT model, designed to describe the
sequential exchange of nucleons, offered an overall fair description of the processes involving nucleon exchange,
but was unable to describe the quasielastic part of the momentum distributions of several channels, suggesting the
presence of direct reaction processes. The microscopic CoMD model gave an overall similar, but less accurate
(with respect to DIT) description of the data, indicating that further development is needed. The present work
outlines an experimental approach to investigate peripheral collisions of medium-mass heavy ions below the
Fermi energy to extract information on the reaction mechanisms and provide guidance for the production of
exotic neutron-rich nuclei.
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I. INTRODUCTION

Nuclei away from the valley of beta stability provide the
opportunity to explore nuclear structure and nuclear dynamics
at the extremes of neutron-to-proton asymmetry [1–6]. These
extremes of the nuclear landscape—the drip lines—not only
allow us to examine various aspects of the effective nuclear
interaction, but also offer a venue to understand various as-
trophysical processes, most notably the rapid neutron capture
process (r process). This explosive nucleosynthesis process,
involving very neutron-rich nuclei from iron and above, takes
place in stellar environments of high neutron flux and high
temperature (e.g., supernova explosions, neutron star mergers)
[7–9] and is responsible for approximately half of the abun-
dance of nuclei heavier than iron.

For the last few decades, fragmentation, fission, and fusion
reactions have been the traditional approaches to produce ex-
otic nuclei in the laboratory [10–13]. In fact, the capabilities of
these processes have effectively determined the present limits
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of the nuclide chart [4]. Consequently, the efficient production
of neutron-rich nuclides constitutes a central issue in current
and future facilities worldwide (see, e.g., [14–22]).

To move further toward neutron-rich nuclides, along with
proton stripping in the context of fragmentation, it is nec-
essary to pick up neutrons from the target nucleus. This
possibility is effectively offered by multinucleon transfer and
deep-inelastic reactions between heavy ions at lower energies,
namely near and above the Coulomb barrier. These reactions
are characterized by the sequential exchange of nucleons be-
tween the projectile and the target and have been recently
extensively used to access neutron-rich nuclei [23–26]. Con-
comitantly, multinucleon transfer reactions have been used to
study the reaction mechanisms that lead to the production
of these exotic nuclei (e.g., [27,28]). Thus, one can follow
the evolution of the mechanism from quasielastic and direct
processes to deep inelastic collisions characterized by high
energy dissipation. We note that quasielastic processes include
possible nucleon-pair transfer and thus, may elucidate the
nucleon-nucleon correlations at energies around the Coulomb
barrier [29,30].
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For effective exploration of multinucleon transfer reac-
tions, especially those leading to rare nuclear species, modern
magnetic spectrometers have been developed with large ac-
ceptance in momentum and solid angle. Examples of such
devices are the following: PRISMA at INFN/LNL [31,32],
VAMOS at GANIL [33–35], and MAGNEX at INFL/LNS
[36–38].

Along the lines of the above studies, we investi-
gated heavy-ion peripheral collisions at energies of 15–25
MeV/nucleon in order to access nuclides with high neu-
tron excess. Initially, our studies involved 25 MeV/nucleon
86Kr-induced reactions [39–42] and, subsequently, 15 MeV
/nucleon 86Kr-induced [43–45] and 40Ar-induced reactions
[46,47]. The aforementioned experiments were performed
with the MARS recoil separator [48] at the Cyclotron Institute
of Texas A&M University. Our studies indicated the limita-
tions of a 0-degree separator to access the very neutron-rich
fragments produced at angles around the grazing angle. Thus,
for efficient collection and study of these fragments, the use
of a large acceptance spectrometer is indispensable, as in the
case of reactions near the Coulomb barrier.

In the energy range of 15–25 MeV/nucleon, the velocities
of the ejectiles are higher and the angular distributions are
narrower, compared to the Coulomb barrier reactions, leading
to efficient collection and identification. Moreover, from a
nuclear dynamics point of view, this energy regime differs
from the regime near and above the Coulomb barrier, where
a broad range of studies have already been performed and
vividly continue. In the Fermi energy regime, the velocities
of the reaction partners become comparable to the nucleon
Fermi velocities, and the interaction time is shorter. This re-
sults in partial restriction of available phase space for nucleon
transfer that takes place in this regime [49,50], compared to
the Coulomb barrier reactions and implies the evolution of the
reaction mechanism favoring faster and/or more dissipative
dynamical processes.

Guided by these observations, we initiated a project to pro-
duce, identify, and measure the distributions of projectile-like
fragments with the MAGNEX large-acceptance spectrometer
at INFN-LNS from the reaction 70Zn (15 MeV/nucleon) +
64Ni. We note that the design of MAGNEX is optimized
for charged particle spectroscopy, aiming at good energy
and angular resolution and the ability to measure absolute
cross sections for rare channels of interest [36,37]. In the
present study, we relied on the performance of MAGNEX
for reactions involving medium-mass heavy ions where the
Z resolution appeared limited. As presented in Ref. [51],
we developed a detailed procedure to reconstruct the atomic
number Z of the ejectiles along with their ionic charge states
employing measurements of the energy loss, residual energy,
and time of flight. Subsequently, we proceeded to obtain the
momentum and angular distributions of the ejectiles, and their
production cross sections. These experimental results along-
side comparisons to theoretical calculations will be presented
in this article.

This work constitutes one of the very few high-resolution
mass-spectrometric studies in the energy range of 15–
25 MeV/nucleon, providing complete characterization of
medium-mass ejectiles in terms of Z , A, velocity, and angle.

A similar mass-spectrometric study in this energy range, pre-
sented in [52–54], concerned ejectiles from the reaction of 18
MeV/nucleon 86Kr with 208Pb. We expect that the complete
interpretation of the present data, along with detailed theo-
retical calculations and comparisons with previous work, will
shed light on the evolution of the reaction mechanisms. Thus,
our study will provide a bridge between the detailed studies
of multinucleon transfer near and above the Coulomb barrier
[23,24], and the large body of high-energy (fragmentation)
reactions characterized by an abrasion-ablation mechanism
[10].

The present article is organized as follows: In Sec. II,
a description of the experimental setup and the measure-
ments are presented. In Sec. III, the data analysis is described
with emphasis on the identification of projectile-like frag-
ments and extraction of their distributions. In Sec. IV, a
description of the theoretical model framework is presented.
Two dynamical models were used: the phenomenological
deep-inelastic transfer (DIT) model and the microscopic con-
strained molecular dynamics model (CoMD). In Sec. V, the
results on experimental distributions with emphasis on the
neutron-rich nuclides are discussed along with comparisons to
calculations. Finally, in Sec. VI, a discussion and conclusions
are given.

II. EXPERIMENTAL DETAILS

The experiment was performed with the MAGNEX spec-
trometer [36,55,56] at Istituto Nazionale di Fisica Nucleare,
Laboratori Nazionali del Sud (INFN-LNS) in Catania, Italy. A
beam of 70Zn15+ at 15 MeV/nucleon delivered by the K800
superconducting cyclotron bombarded a 1.18 mg/cm2 64Ni
foil at the optical object point of MAGNEX. The optical axis
of the spectrometer was set at an angle of 9.0◦, so MAGNEX
covered the horizontal angular interval of 4.0◦–15.0◦. We
mention that its magnetic structure consists of a vertically fo-
cusing quadrupole and a horizontally dispersing and focusing
dipole magnet. This apparatus provides a maximum accep-
tance in momentum of about 24% and in solid angle of 50 msr.
The beam was collected in an electron suppressed Faraday
cup inside the target chamber. The ejectiles emerging from the
target passed through a 6 μm mylar stripper foil and then were
momentum analyzed by the MAGNEX spectrometer [57–59]
and detected by its focal plane detector (FPD) [60,61]. The
FPD is a gas-filled hybrid detector providing the energy loss
and the coordinates of the ions. At the end of the detector, a
wall of 60 silicon detectors provides the residual energy of
the ions. In our experiment, the Si detectors also provided the
start for the time of flight (TOF) measurement of the ejectiles
through the apparatus, while the stop signal was given by the
radiofrequency (RF) of the cyclotron. This setup provided a
TOF resolution of ≈3 ns, limited mainly by the cyclotron RF
timing.

In the present experiment, only about one-half of the active
area of FPD was used in order to avoid radiation damage
of the full array of the silicon detectors and possible high
dead times due to limitations in the data acquisition sys-
tem. Furthermore, to optimize the resolution, a set of vertical
slits before the quadrupole restricted the vertical angular
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acceptance of MAGNEX in the range–0.8◦ to 0.8◦. This
angular acceptance, along with the full horizontal angular
acceptance (4◦–15◦), implies a solid angle acceptance of
5.4 msr. The restriction of the vertical acceptance and the
active area of the FPD resulted in the use of only seven
of the silicon detectors belonging to the middle row of
the silicon detector wall. We note that these experimen-
tal restrictions in the acceptance of the spectrometer will
be circumvented in the future in view of the upgrade of
MAGNEX [62]. Thus, in a full acceptance run, the whole
area of the FPD can be exposed to the flux of the reaction
products, allowing one to probe very suppressed reaction
channels.

III. PARTICLE IDENTIFICATION
AND ANALYSIS PROCEDURES

The projectile-like fragments from the studied reaction
have atomic numbers Z = 26–32 and mass numbers A =
60–75. The particle identification procedure is described in
detail in [51,63,64]. Herein, we summarize the main points.
The determination of the atomic number of the ejectiles in-
volves a correlation between the total energy loss (�Ecor) in
the gas section of the FPD (corrected for path length differ-
ences depending on the angle of incidence) and the residual
energy measured by the silicon detectors (Eresid). In previ-
ous works with MAGNEX, this correlation was shown to be
adequate for the determination of the atomic number Z of
lighter ions (e.g., 18O, 20Ne, [65]). However, in our case of
medium-mass heavy ions, this correlation was not adequate
and we had to reconstruct the atomic number Z using the
measured and calibrated quantities �Ecor, Eresid, and TOF,
as presented in detail in [51]. The total kinetic energy is
obtained as

Etot = �Ew + �Etot + Eresid, (1)

where �Etot is the measured energy loss and �Ew is a calcu-
lated correction for the energy loss in the entrance window of
FPD. Furthermore, the TOF and the total energy information,
along with the magnetic rigidity measurement allowed us to
obtain the ionic charge state of the ion.

Subsequently, we employed a correlation of the recon-
structed atomic number Z with the reconstructed ionic charge
state q of the ejectiles in a two-dimensional plot and applied
proper gating to select events of specific Z and q [51]. For
the determination of the masses, we set gates on Z and q for
each Si detector. We then implemented an approach of mass
identification for large acceptance spectrometers as described
in [36]. The approach relies on the relationship between the
magnetic rigidity and the total kinetic energy of the ions,
expressed as

Bρ =
√

m

q

√
2Etot. (2)

The proportionality of the magnetic rigidity Bρ on
√

E tot with
a slope of

√
m/q suggests that a correlation of Bρ with

√
E tot

or, equivalently, on Etot, should lead to particle bands of the

FIG. 1. Magnetic rigidity (Bρ) vs total energy (Etot) correlation
of ejectiles with Z = 30 and Q = 28 from the reaction 70Zn (15
MeV/nucleon) + 64Ni from one Si detector. The graphical contours
represent isotopes of Zn28+ with A = 68–72.

same
√

m/q. Since in our approach we have fixed q, the bands
should refer to successive masses.

In Fig. 1, we present a typical plot of Bρ versus Etot for
Zn28+ ejectiles (setting gates for Z = 30, q = 28) for events
from one of the Si detectors. In this representation, the se-
lection of the various masses is performed by setting the
respective graphical cuts, as shown for A = 68–72 in the case
of Zn28+ ejectiles.

After identification of all observed ejectiles on each Si de-
tector, we proceeded with the analysis as follows. For each ion
characterized by Z , q, and A, we obtained a two-dimensional
distribution of the reaction angle θlab versus magnetic rigidity
Bρ. These distributions were properly stored for subsequent
analysis. Two representative examples are shown in Fig. 2
for 70Zn

28+
and 71Zn

28+
from the same Si detector as in

Fig. 1.
We note that, in this experiment, we collected fragments

at several magnetic rigidity settings covering the range from
Bρmin = 1.260 T m to Bρmax = 1.425 T m. The beam cur-
rent was continuously recorded and integrated. In a first step,
the beam charge was used to obtain relative normalization
between the various runs. To obtain absolute cross sections,
regarding the horizontal angular acceptance, we employed the
method of [58]. For that, we obtained and used elastic scatter-
ing data of 15 MeV/nucleon 70Zn + 64Ni and 70Zn + 208Pb at
angles where the scattering is expected to be pure Rutherford
scattering (specifically, for 70Zn + 64Ni, this is valid only
for θlab � 5◦. We note that for the present experimental
setup, the limited vertical angular acceptance of �φ = 1.6◦
did not imply any efficiency variation over the accepted phase
space.

For a given nuclide Z, A at a given velocity bin—expressed
in our analysis as momentum per nucleon p/A—and a given
angular bin, θlab, the yields at its various charge states present
in the data were combined in the following way. For each
charge state q, a factor representing the fraction of the yield
in this charge state, was obtained employing the parametriza-
tion of charge state distributions of Leon et al. [66]. This
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FIG. 2. Reaction angle θlab versus magnetic rigidity Bρ of fully
identified ejectiles from the reaction 70Zn (15 MeV/nucleon) + 64Ni,
for the same Si detector as in Fig. 1. The ejectiles, with A gates shown
in Fig. 1, correspond to Z = 30, Q = 28, and A = 70 (a), and Z =
30, Q = 28, and A = 71 (b).

parametrization of equilibrium charge state distributions has
been successfully used in the energy and mass regime of our
studies [39,40,43,67]. Employing these factors, the corrected
yields represented by each charge state were obtained and
averaged.

The above analysis procedure eventually resulted in a four-
dimensional distribution of the differential cross section with
respect to Z , A, θlab, and p/A. The bin widths of θlab and p/A
were 0.5◦ and 0.5 MeV/c, respectively. From this distribution,
we obtained momentum and angular distributions as well as
production cross sections of the ejectiles. We wish to comment
that in our analysis and subsequent presentation we chose to
use the momentum per nucleon (p/A) of the ejectiles, instead
of the kinetic energy. The momentum per nucleon essentially
expresses the velocity of the ejectiles and allows a direct
comparison with the velocity of the beam. Moreover, similarly
to the kinetic energy, it constitutes a good measure of the en-
ergy dissipation and can provide important information on the
reaction mechanism. Experimental results on the distributions
of various channels will be presented in the following, along
with comparisons with theoretical models that will be, first,
outlined in the next section.

IV. BRIEF DESCRIPTION
OF THE THEORETICAL MODELS

The calculations performed in this work are based on a
standard two-stage Monte Carlo approach. In the first, dynam-
ical stage, the interaction between the projectile and the target
was described by two theoretical models: the phenomenolog-
ical DIT model and the microscopic CoMD model.

The DIT (deep-inelastic transfer) model [68] is a phe-
nomenological model designed to describe peripheral colli-
sions in the Fermi energy domain. Both the projectile and the
target are assumed to be spherical and approach each other
along Coulomb trajectories until they are within the range
of the nuclear interaction. Then, the system is represented
as two Fermi gases in contact allowing the stochastic ex-
change of nucleons through a “window” that opens between
the touching nuclear surfaces. These nucleon transfers are
responsible for the dissipation of the kinetic energy of relative
motion into internal excitation and collective rotation of the
primary fragments. The DIT code was run with its standard
parameters [44,47] in the impact parameter range b = 4–12
fm. After separation, the two primary fragments, namely, the
excited projectile-like and target-like fragments—that we also
call, respectively, quasiprojectile (QP) and quasitarget—share
approximately equally the total excitation energy.

The CoMD (constrained molecular dynamics) model
[69,70] is a microscopic code for heavy-ion nuclear reactions
from the Coulomb barrier to the Fermi energy and above. The
code is based on the general approach of quantum molecular
dynamics (QMD) [71] describing the nucleons as localized
Gaussian wave packets that interact via an effective nucleon-
nucleon interaction. In this model, the enforcement of the
Pauli principle is achieved via a phase space constraint at each
step of the time evolution of the system. The CoMD code was
run with parameters as in our recent work [47], employing
an effective interaction with a compressibility of K = 254
MeV. The impact parameter range was 4–12 fm and the time
evolution of the system was followed for times up to 600 fm/c
(2 × 10−21 s).

After the dynamical stage of the reaction, described by
either of the above two models, the deexcitation of the primary
fragments was described by the GEMINI code. GEMINI is
a statistical deexcitation code that implements Monte Carlo
techniques and the Hauser-Feshbach formalism to calculate
the probabilities for fragment emission with Z � 2 [72,73]
(see also [44]). Heavier fragments may be emitted with prob-
abilities following a transition state formalism. The final
partition of products is generated by a succession of binary
decays.

In the following, the two-stage DIT/GEMINI and
CoMD/GEMINI calculations will be referred to as DIT and
CoMD calculations, respectively.

V. EXPERIMENTAL RESULTS
AND COMPARISON WITH MODEL CALCULATIONS

In this section, we present the experimental results of ejec-
tile distributions from the reaction of 70Zn with 64Ni at 15
MeV/nucleon obtained from the analysis described in Sec. III.
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FIG. 3. Wilczynski plots of ejectiles from representative channels of the reaction 70Zn (15 MeV/nucleon) + 64Ni. The horizontal lines
represent the p/A of the projectile and the vertical lines the grazing angle. Channels are marked by the number of neutrons or protons added or
removed from the projectile. The inelastic channel, denoted as ‘‘0n” (corresponding to no net nucleon transfer) is also displayed.

Further on, we proceed with a comparison of the experimental
data with theoretical calculations employing the models pre-
sented in Sec. VI.

Recall that the analysis of the data resulted in ejectile
distributions (differential cross sections) with respect to Z , A,
θlab, and p/A. In order to have an overall perspective of the
distributions for most of the isotopes analyzed, we present
two-dimensional distributions of p/A versus θlab in Fig. 3.
These plots—that we will refer to as Wilczynski plots in
our discussion—are essentially equivalent to the traditional
Wilczynski plots. The latter are plots of kinetic energy versus
scattering angle widely used in the study of deep-inelastic
collisions near and above the Coulomb barrier providing in-
formation on energy dissipation and the dynamical behavior
of the dinuclear complex [74–76]. In the plots of Fig. 3, the
horizontal lines represent the projectile p/A = 164.4 MeV/c,
and the vertical lines indicate the grazing angle θgr � 6.5◦
of the ejectiles of the reaction [77]. The various channels
are marked by the number of neutrons or protons added or
removed from the projectile. For our orientation, the channel
of 70Zn, corresponding to no net nucleon transfer, that we
will call “inelastic” channel, is displayed in the middle panel.
In most of the channels we discern a peak (a “band”) near

the velocity of the beam (quasielastic peak) and an extended
region of lower velocities corresponding to more dissipative
events, as we will discuss in further detail later. In addition, in
most of the channels we observe characteristic valleys along
the θlab coordinate, or correspondingly dips in the distributions
along the p/A coordinate (as we will also see later). These
dips are the result of the software gates imposed during the
data analysis to remove the elastically scattered beam, as
we have already mentioned. As we may expect, the nucleon
pickup products are characterized by overall lower p/A val-
ues (velocities) essentially due to momentum conservation,
as these projectile-like fragments have picked up nucleons
from the “stationary” target. We note here that a velocity shift
for nucleon pickup products has been also observed at higher
(fragmentation) energies (80–140 MeV/nucleon) [78,79] and
interpreted with a simple momentum conservation model. We
also note that the distributions peak at and near the grazing
angle. This fact reveals the quasielastic and deep-inelastic
character of the production mechanism.

At this point, we will not discuss these plots further.
Instead, we will consider, first, the integration of these
distributions with respect to p/A that will give angular dis-
tributions (to be discussed later), whose further integration
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FIG. 4. Mass distributions (cross sections) of elements with Z = 28–31 from the reaction 70Zn (15 MeV/nucleon) + 64Ni. The experimen-
tal data are shown by closed (black) circles. The DIT calculations are shown as follows: primary fragments with dotted (blue) line, final (cold)
fragments with dashed (blue) line, and final fragments filtered for acceptance with the solid (blue) line (see text). The vertical dashed (green)
line indicates the initiation of neutron pickup.

with respect to θlab will provide the production cross sec-
tions of the observed nuclides. Moreover, we will proceed
with integration of these two-dimensional distributions over
θlab in an appropriate window that will result in the p/A
distributions.

A. Production cross sections

In Figs. 4 and 5, we present the production cross sections
for the observed isotopes of the elements with Z = 28–31
from the reaction 70Zn (15 MeV/nucleon) with 64Ni. In both
figures, the experimental data are shown by the full black
points. The vertical dashed (green) line indicates the begin-
ning of neutron pickup that develops from this line to the
right.

As we see from these figures (and also from Fig. 3), in the
present experiment, we achieved the production and complete
characterization—in terms of Z , A, p/A, and θlab—of several
neutron-rich nuclides corresponding to the pickup of 2–3 neu-
trons from the target.

The distinct advantage of employing the MAGNEX spec-
trometer is the high-resolution measurement of the reaction
angle and the momentum resulting from the trajectory re-
construction procedure. This detailed angular and momentum
information is decisive for the elucidation of the reaction
mechanisms, as we have already noticed in regards to Fig. 3,
and we will elaborate in the following.

We now compare the experimental cross sections with
the DIT and CoMD calculations presented in Figs. 4 and
5, respectively. Recall that the calculations are performed
in a Monte Carlo fashion leading to calculated distributions
(differential cross sections) in terms of Z , A, p/A, and θlab.
Moreover, ionic charge states can be assigned to the above
distributions by employing the parametrization of charge state
distributions of Leon et al. [66] that was also employed in
the analysis of the experimental data (Sec. III). Thus, the cal-
culated distributions can be appropriately projected (and/or
integrated) so that they can be compared with the experimen-
tal data.

In Fig. 4, we first focus our attention to the calculated
yield distributions of the primary projectile-like fragments
(quasiprojectiles) presented by the dotted (blue) lines. We
observe wide and nearly symmetric distributions extending
far to the neutron-rich side. The deexcitation of these excited
primary products with the GEMINI code leads to the (cold)
nuclides with cross sections depicted by the dashed (blue)
lines. The distributions of these final nuclides are substantially
altered compared to those of the primary nuclides (especially
on their neutron-rich side) and are closer to the experimental
data. As a general observation, the symmetric shape of the
primary yield distributions bears some similarity to that of
the yield distributions of products from multinucleon transfer
reactions near the Coulomb barrier [23,24,27]. However, at
our energy, the excitation energies of the primary products are
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FIG. 5. Mass distributions (cross sections) of elements with Z = 28 −31 from the reaction 70Zn (15 MeV/nucleon) + 64Ni. The experimental
data are shown by closed (black) circles. Here, the CoMD calculations are shown as follows: primary fragments with dotted (red) line,
final (cold) fragments with dashed (red) line, and final fragments filtered for acceptance with the solid (red) line (see text). For comparison,
primary fragments from DIT are repeated with the dotted (blue) line. The vertical dashed (green) line indicates the initiation of neutron
pickup.

expected to be higher and the evaporation chains longer, thus
leading to substantially altered final yield distributions.

Furthermore, in Fig. 4, with solid (blue) lines we show the
cross sections after filtering the theoretical distributions for
the angular acceptance of MAGNEX (�θlab = 4◦–15◦) and
the magnetic rigidity interval 1.260–1.425 T m covered in the
experiment, as mentioned before.

Interestingly, we observe that the filtered DIT calculations
lead to cross sections that are in overall reasonable agreement
with the experimental data. The neutron-rich sides of the dis-
tributions are rather well described, with the exception of the
Ga (Z = 31) isotopes (one-proton pickup). On the neutron-
deficient side, we see that both the filtered distributions and
the data are much lower than the calculated total (i.e., without
filtering) cold yield distributions (dashed lines in the figure).
This is obviously an effect of the limited Bρ range covered
in the present experiment. Our calculations show that the
minimum Bρ should be 1.000 T m in order to cover the full
range of the neutron deficient nuclides.

In Fig. 5, we present the CoMD calculations and their
comparison to the data in a fashion similar to the DIT ones.
The dotted (red) lines show the CoMD primary yields directly
compared to the DIT primary yields (dotted blue lines) that
are also repeated in this figure. It is interesting to notice that
the two primary fragment distributions are nearly identical,
especially on the neutron-rich side. This result suggests that

the overall effect of nucleon transfer (exchange) and the mass
flow are effectively similar in both models, despite the differ-
ent physical ingredients of them. As in Fig. 4, here again the
dashed (red) lines show the cross sections after the GEMINI
deexcitation stage, and the full (red) lines show the filtered
cross sections.

Our remark concerning the CoMD calculations is that
while they provide, to some extent, an overall description of
the shape of the experimental yield distributions, they tend to
overpredict the yields of the neutron-rich sides of the distribu-
tions for the isotopes below the projectile.

Given the observed similarity in the calculated primary
yields between DIT and CoMD, we tentatively ascribe the ob-
served differences in the cross sections to possible differences
in the excitation energies of the primary products.

Despite the overall better agreement of DIT with the ex-
perimental cross section data, we will continue to present and
evaluate the results from both codes in the following discus-
sion. It is our intention to further understand and improve the
CoMD results by possible proper choice of the parameters of
the model and investigation of the excitation energy distribu-
tions of the primary products.

We notice that the present results do not extend as far out
toward neutron-rich nuclides as our previous measurements
with the 15 MeV/nucleon 86Kr beam on 64Ni and 124Sn with
the MARS separator [43,44], due to severe limitations in the
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FIG. 6. (a) Angular distribution of ejectiles from the inelastic
channel of the reaction 70Zn (15 MeV/nucleon) + 64Ni. The ex-
perimental data are shown by closed (black) circles. The vertical
dashed (green) line indicates the grazing angle. The calculations
shown are DIT by open (blue) circles and CoMD by open (red)
squares. (b) Momentum per nucleon distribution of ejectiles from the
inelastic channel. The experimental data are shown by closed (black)
circles. The vertical dashed (green) line is the p/A of the projectile.
The numbers above some peaks give the total excitation energy (in
MeV) obtained from binary kinematics using the corresponding p/A
values. The DIT calculation is shown with open (blue) circles and
the CoMD one by open (red) squares. Three components of the DIT
distribution, that we call QP-0n, QP-1n and QP-2n, are shown under
the assumption that the primary fragment (the quasiprojectile, QP)
undergoes pick up of no neutrons [open (green) squares], one neutron
[open (purple) diamonds] and, two neutrons [open (yellow) triangles]
and subsequent evaporation of them (see also text).

beam current imposed by the experimental setup in which
the elastically scattered projectiles were accepted in the focal
plane detector. This limitation will be circumvented in the
future in view of the ongoing upgrade of MAGNEX [62]
toward accepting high rates that will be crucial in order to
extend our experimental studies to very neutron-rich nuclides.

B. Inelastic channel

In Fig. 6, we present the angular and momentum distribu-
tions of 70Zn ejectiles. We will refer to this channel as the
“inelastic” channel, including possible complicated processes
of nucleon pickup, breakup, and evaporation which end up
with no net nucleon transfer from the target to the projec-
tile. We will come back to this point later on. In Fig. 6(a),
we present the angular distribution of the inelastic channel.
The experimental data are shown by the closed points. The

vertical dashed line indicates the grazing angle θgr = 6.5◦. As
already mentioned, the elastically scattered projectiles have
been removed by software gates, and thus do not contribute.
This angular distribution has the characteristic shape of a
quasielastic process peaking just inside the grazing angle, as is
the case for the angular distributions of most of the observed
channels. We also compare the experimental distribution with
the results from the DIT and CoMD calculations shown by
open (blue) circles and open (red) squares, respectively. The
DIT calculations exhibit a rather flat behavior underestimating
the data, while extending to larger angles. The CoMD calcu-
lations tend to overestimate the data, while they describe the
peak of the data inside the grazing angle.

We continue with a discussion of the momentum per nu-
cleon, p/A, distributions starting from the inelastic channel
70Zn, displayed in Fig. 6(b). The experimental data are shown
by the closed points. The vertical dashed line indicates the p/A
of the projectile. We note that the horizontal axis gives the p/A
in steps of 0.5 MeV/c, representing a momentum resolution
of ≈0.3%. To obtain the p/A distributions, we integrated the
experimental distributions in the angular range θlab = 4◦–6◦,
corresponding to the region around the peak of the distribu-
tions. The vertical axis, denoted as “diff. cross section,” gives
the value of d2σ

d (p/A)d�
in units of mb

(MeV/c)msr . We have verified
that if we obtain the p/A distributions of this channel in the
full observation window of θlab = 4◦–15◦, the shape of the
spectrum remains almost unchanged and the differential cross
section is only slightly higher. This is valid for all reaction
channels involved in this work.

The numbers above some of the peaks give the total excita-
tion energy of the quasiprojectile-quasitarget system obtained
using the indicated p/A values and employing binary kine-
matics. The excitation energy is connected to the reaction
Q value as E∗

tot = Qgg − Q, where Qgg is the ground-state to
ground-state Q value of the channel, reported on the right side
of the p/A figure.

The quasielastic peak corresponding to E∗
tot = 6 MeV rep-

resents inelastic excitation of the projectile and/or the target
to low-lying states with a combined excitation energy of this
value. The bump at E∗

tot = 42 MeV corresponds to more com-
plicated processes possibly involving the pickup of a neutron
from the projectile and the subsequent evaporation of a neu-
tron to yield the 70Zn nucleus. In a similar fashion, as in the
detailed analysis of Sohlbach et al. [52] we can assume that
the bump at E∗

tot = 88 MeV corresponds to the pickup of two
neutrons from the projectile and a subsequent evaporation. We
will come back to this point later on by decomposing our DIT
calculations into various processes.

In the same figure, along with the experimental data, we
show the DIT calculation with open (blue) circles. We note
that the theoretical DIT distributions were filtered taking into
account the Bρ range of the experiment and the polar (hor-
izontal) angular window θlab = 4◦–6◦ that we chose for the
integration of the experimental p/A distributions, as already
mentioned. Furthermore, since the experimental azimuthal
angle window was �φlab = 1.6◦, and no filter for the above
azimuthal acceptance was applied in the calculations, we
downscaled the theoretical distribution by an appropriate az-
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imuthal factor (≈ 20) before comparing it to the experimental
p/A distribution. [This factor is the ratio of the solid angles
subtended in the corresponding two cases of polar angular
window θlab = 4◦–6◦ and azimuthal angular windows of 360◦,
and �φlab = 1.6◦.]

We observe that the DIT calculation can describe only
the part of the distribution from the first bump at p/A = 161
MeV/c (E∗

tot = 42 MeV) and lower. This result is consistent
with the fact that DIT has no inherent mechanism of inelastic
excitation, thus it cannot describe the inelastic part of the ex-
perimental p/A spectrum. Recall that the only process that is
treated by the DIT model is the sequential transfer of nucleons
from the projectile to the target and vice versa.

To elaborate further on the DIT calculation, we present in
Fig. 6(b) the decomposition of the p/A distributions of the
ejectiles predicted by DIT under the assumption that they
come from primary quasiprojectiles that have picked up no
neutrons (green squares), one neutron (purple diamonds), and
two neutrons (yellow triangles), respectively, and lost an equal
number of neutrons in subsequent evaporation. We will refer
to these calculations as QP-λn, where λ = 0, 1, 2, denoting
that the observed ejectile comes from a primary fragment
(quasiprojectile, QP) which (after appropriate pickup) has
evaporated no neutrons, one neutron, and two neutrons, re-
spectively. The first two of these distributions peak near the
experimental bump of E∗

tot = 42 MeV, with the QP-0n channel
contributing 29% and the QP-1n channel contributing 52%
of the total DIT distribution. The QP-2n channel (with 13%
contribution) peaks at lower p/A values in correspondence
with the observed bump at E∗

tot = 88 MeV, albeit the higher
yield of the latter. The dip in the data at p/A = 158 MeV/c
due to the exclusion of elastically scattered projectiles can also
be described by the DIT calculation, provided that we impose
a software gate to exclude elastically scattered projectiles with
q = 29 in the calculation.

We notice that between the left side of the inelastic peak
of E∗

tot = 6 MeV and the right side of the peak of the DIT
distribution corresponding to E∗

tot = 42 MeV, there is an area
of the spectrum that is not accounted for by either of the
above two contributions. We tentatively assign this part of
the distribution to higher-energy inelastic excitation of the
target nucleus to the giant resonance regime possibly involv-
ing double (or higher order) resonances (see, e.g., [80] and
references therein). A similar contribution may be assumed
for the part of the experimental spectrum corresponding to the
bump of E∗

tot = 88 MeV and to lower p/A values, including
the edge of E∗

tot = 115 MeV which is near the lower limit of
the magnetic rigidity of the experiment. Further analysis to
extract the relevant contributions is not a straightforward task
and is beyond the scope of the present article.

Furthermore, in Fig. 6(b), we show the CoMD calcula-
tion (open squares). The CoMD calculation is higher and
broader than DIT, extending to larger p/A values toward the
experimental quasielastic peak. Despite the overall disparity
of the CoMD calculation with respect to the data and the
DIT calculation, we wish to point out that, owing to its fully
microscopic N-body character, the model has the inherent
ability to describe inelastic excitation (in a gross manner;

CoMD predicts no discrete states), as well as giant resonances
[81] and the collective response of the projectile and the
target induced by their mutual interaction. This dynamical
behavior of CoMD requires further investigation [82]. Along
these lines, from an experimental point of view, investigation
of a collective dipole mode, the so-called dynamical dipole
mode, was recently performed (e.g., [83,84] and references
therein) via measurements of preequilibrium γ ray emission
of the projectile and target after their interaction. In close
relation to these studies, we foresee that the coupling of the
MAGNEX spectrometer with the proposed G-NUMEN array
[85–87] will enable further studies of preequilibrium aspects
in combination with fully identified ejectiles.

C. Nucleon removal and nucleon pickup channels

We will now continue with the presentation of the p/A
distributions of some of the most important transfer channels
observed, and later on with the corresponding angular distri-
butions. In Fig. 7, we show the p/A distributions of several
nucleon removal products. Specifically, we present the prod-
ucts obtained from the removal of one neutron (69Zn), one
proton (69Cu), two neutrons (68Zn), and two protons (68Ni).
As we discussed before, the observed dips in the p/A spectra
are due to software gates in our analysis to exclude elastically
scattered beam particles.

Concerning the one-neutron removal (−1n) and the
one-proton removal (−1p) channels, the experimental p/A
distributions have rather similar shapes (apart from the abrupt
ending of the second in its left side, due to experimental Bρ

restrictions). However, we observe a large difference in the
cross sections of the −1n and −1p channels, the former being
one order of magnitude higher than the latter. In these dis-
tributions, we observe a distinct quasielastic peak just below
the projectile velocity corresponding to low E∗

tot and a lower
bump corresponding to higher E∗

tot, in analogy to the situation
regarding the inelastic channel [Fig. 6(b)].

Focusing our attention to the −1n channel, we assign the
first peak at p/A = 164 MeV/c and E∗

tot = 11 MeV to a direct
process of one neutron stripping from the 70Zn projectile.
Furthermore, we may assign the part of the distribution be-
low p/A = 162 MeV/c to a multistep process involving the
pickup of one neutron, leading to an excited primary ejectile
of 71Zn, and the subsequent evaporation of two neutrons. This
analysis is corroborated by the DIT calculation presented in
the same manner as in Fig. 6(b) for the inelastic channel. We
notice that the DIT calculation is lower than the data, but
the shape the quasielastic peak is reasonably well described
by the QP-0n component of the calculation. The QP-1n and
QP-2n components reasonably well describe the lower part of
the distribution and the bump at E∗

tot = 69 MeV, but they are
again lower than the data. The contributions of the above three
components relative to the total DIT distribution are 63%,
17%, and 11%, respectively.

Analogous remarks pertain to the −1p channel. The
quasielastic peak represents a direct proton stripping, and the
part at lower velocities comes from a more complex process
involving, apart from proton removal, neutron pickup and
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FIG. 7. Momentum per nucleon distributions of ejectiles from
stripping channels of the reaction 70Zn (15 MeV/nucleon) + 64Ni.
The experimental data are shown by closed (black) circles. The
vertical dashed (green) line is the p/A of the projectile. The DIT cal-
culation is shown by open (blue) circles, and the CoMD one by open
(red) squares. The three components of the DIT distribution, namely
QP-0n, QP-1n, and QP-2n, are also shown with open (green) squares,
open (purple) diamonds and, open (yellow) triangles, respectively, as
in Fig. 6(b).

subsequent evaporation, corroborated by the DIT analysis, as
above.

It is interesting to note that the DIT calculation adequately
describes the experimental p/A distributions of −1n and −1p
channels, most notably the quasielastic part. This points to the
overall fair description of the one nucleon stripping, that is
the simplest process that can be described by the DIT model.

However, the discrepancy in the magnitude of the QE part of
the −1n channel may be ascribed to details of the direct pro-
cesses that require proper analysis with direct reaction codes.
Moreover, the discrepancy regarding the lower part of the −1n
spectrum may reflect collective excitations of the target, as in
the case of the inelastic channel.

In regards to the CoMD model, the calculation results
in peaks at velocities lower than those of the experimental
quasielastic peaks, and appears to overestimate the distribu-
tions, especially the one-proton removal channel.

We now turn our attention to the two-neutron and two-
proton removal channels, Figs. 7(c) and 7(d). The two spectra
are rather similar, apart from the abrupt left side of the −2p
spectrum, the first one being about two orders of magnitude
higher. For the −2n channel, the DIT calculation underes-
timates both the quasielastic peak and the lower part of the
p/A distribution. The QP-λn decomposition appears to yield
approximately equal contributions (≈23%) of the three com-
ponents. Concerning the −2p channel, the DIT calculation
gives a somewhat better description of the experimental spec-
trum, but it also underestimates the QE side of the spectrum.
The three QP-λn DIT components have contributions of 53%,
23%, and 12%, following the same trend as obtained for the
−1n and −1p channels.

As in the case of reactions at lower energies (e.g., [30] and
references therein), we may assume that a process of direct
transfer of a nucleon pair (neutron pair or proton pair) con-
tributes to the quasielastic part of these channels. The CoMD
calculation appears to describe the −2n spectrum, apart from
its QE part. In contrast, it describes the QE part of the −2p
spectrum, but it overestimates the lower part, as in the case of
the −1p spectrum. A common observation regarding the left
part of the −1n and −2n spectra is that the DIT calculation is
substantially lower than the data. As already pointed out, this
discrepancy may reflect contributions of collective excitations
of the target residual that may be partially accounted for in the
CoMD calculation.

In Figs. 8(a)–8(c), we present the p/A distributions of
ejectiles with pickup of one proton, one neutron, and two
neutrons from the target, whereas in Fig. 8(d) we show the
p/A distribution for the single charge exchange channel. As
in the case of nucleon removal channels, the spectra of the
pickup products are characterized by a quasielastic peak, now
located at velocities just below the beam—because of the
nucleon pickup—and an extended part at lower velocities. The
total excitation energies of the quasielastic peaks, as indicated
in the figures, are low. The full calculations with DIT [open
(blue) circles with dashed lines] appear to describe part of the
quasielastic peak and the shape of the tails of these pickup
channels.

Specifically, for the +1p channel, the QP-0n component
of the DIT distribution appears to describe only part of the
quasielastic peak. In contrast, the QP-1n is not able to describe
the broad experimental peak of E∗

tot = 48 MeV, indicating
the inability of DIT to describe the proton pickup and/or
the possible contribution of collective excitation of the target
remnant in a way similar to the −1n, −2n, and the inelastic
channels, discussed before.
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FIG. 8. Momentum per nucleon distributions of ejectiles from
nucleon pickup channels of the reaction 70Zn (15 MeV/nucleon) +
64Ni. The experimental data are shown by closed (black) circles. The
vertical dashed (green) line is the p/A of the projectile. The DIT cal-
culation is shown by open (blue) circles, and the CoMD one by open
(red) squares. The three components of the DIT distribution, namely
QP-0n, QP-1n, and QP-2n, are also shown with open (green) squares,
open (purple) diamonds and, open (yellow) triangles, respectively, as
in Fig. 5.

Concerning the +2n channel, the QP-0n DIT calculation
describes most of the quasielastic part of the spectrum, apart
from its right side. The QP-1n component describes the lower
part of the p/A spectrum. Again, this observation may suggest

the possibility of a direct neutron-pair pickup in the experi-
mental data.

In Fig. 8(d), we present the p/A distribution of the iso-
tope 70Cu(−1p,+1n) involving single charge exchange. A
sharp quasielastic peak appears just below the velocity of the
projectile corresponding to very low excitation energy. It is
noteworthy that the DIT calculation (the QP-0n component)
appears to describe most of the experimental distribution,
apart from the quasielastic peak. This may be taken as an
indicator of a direct charge exchange process involving meson
exchange (see, e.g., [88] and references therein) in addition
to the nucleon exchange, the latter process being rather ade-
quately descibed by DIT.

Regarding the CoMD calculation for all the channels of
Fig. 8 [open (red) squares with dashed lines], the general
behavior is that the calculated p/A distributions exhibit broad
peaks at lower velocities than the data and appear to miss the
QE part of the spectra.

For completeness in Figs. 9 and 10 we present the angular
distributions of the nucleon removal and the nucleon pickup
products, respectively. The data are given by the closed points,
while the open points are the calculations. The vertical dashed
(green) line represents the ejectile grazing angle θgr = 6.5◦.
As in the case for the inelastic channel [Fig. 6(a)], the angular
distributions exhibit a bell-shaped pattern peaking inside the
grazing angle. The DIT and CoMD calculations appear to
describe the general behavior of the angular distributions.
However, the DIT calculations are broader than the data,
whereas the CoMD calculations are somewhat narrower and,
specifically for the −1p and −2p channels, are higher than the
data (as we also saw for the corresponding p/A distributions).

D. “Cluster” pickup products

In Fig. 11, we display the p/A distributions of isotopes
of Ga (Z = 31). These correspond to the pickup of one pro-
ton and to one, two, and three neutrons from the target. We
observe a progressive displacement of the quasielastic peak to
lower velocities with increasing number of nucleons picked
up, due to momentum conservation. Both the DIT and the
CoMD calculations cannot describe the experimental distri-
butions for these channels, grossly underestimating the data.
This may suggest that, apart from the sequential pickup of
nucleons, the contribution of direct pickup of clusters (d , 3H,
etc.) from the target should be taken into account. Such a
process is not described by the DIT or the CoMD models
and motivates further theoretical investigation with appropri-
ate models explicitly involving cluster degrees of freedom
[89–91].

VI. DISCUSSION AND CONCLUSIONS

In this article we present our study of the reaction
70Zn + 64Ni at 15 MeV/nucleon with the MAGNEX
spectrometer. This is our first effort to study peripheral
collisions with medium-mass heavy ions with a large accep-
tance spectrometer in this energy. The ejectiles were fully
characterized in terms of the atomic number Z , the mass
number A, the momentum per nucleon p/A and the reaction
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FIG. 9. Angular distributions of ejectiles from stripping channels
of the reaction 70Zn (15 MeV/nucleon) + 64Ni. The experimental
data are shown by closed (black) circles. The vertical dashed (green)
line shows the grazing angle. The calculations shown are DIT by
open (blue) circles and CoMD by open (red) squares.

angle θlab. The momentum distributions, angular distributions,
and the production cross sections of several multinucleon
transfer channels were extracted and studied in detail. The
high-resolution momentum and angular information of the
present data was decisive for elucidation of the reaction mech-
anisms.

The overall picture of the reaction mechanism outlined
in a first glance with the Wilczynski plots indicates mainly
two processes: (a) a quasielastic process characterized by

FIG. 10. Angular distributions of ejectiles from nucleon pickup
channels of the reaction 70Zn (15 MeV/nucleon) + 64Ni. The exper-
imental data are shown by closed (black) circles. The vertical dashed
(green) line shows the grazing angle. The calculations shown are DIT
by open (blue) circles and CoMD by open (red) squares.

velocities just below the projectile velocity and low excitation
energy (nucleon stripping seems to be in favor of this pro-
cess) and (b) an extended region of lower velocities and high
excitation energies (nucleon pickup seems to be in favor of
this process). We should underline here, that the deep-inelastic
region, involves dissipative processes, i.e., more complicated
processes of nucleon exchange and subsequent neutron evap-
oration. Since both processes, quasielastic and deep inelastic,
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FIG. 11. Momentum per nucleon distributions of ejectiles from
“cluster” pickup channels of the reaction 70Zn (15 MeV/nucleon)
+ 64Ni. The experimental data are shown by closed (black) circles.
The vertical dashed (green) line is the p/A of the projectile. The
calculations shown are DIT by open (blue) circles and CoMD by
open (red) squares.

were observed in all our reaction products, a deconvolution of
those was attempted successfully and various channel contri-
butions were determined.

In this first experiment with MAGNEX, we achieved the
production of several neutron-rich nuclides close to the pro-
jectile. We note that during the experiment the elastically
scattered projectiles, after traversing the spectrometer, were
accepted by the focal plane detector. This experimental con-
dition imposed limitation in the beam current in regards to
the production of more neutron-rich nuclides. However, in
the present work, the MAGNEX facility offered the distinct
advantage of the high-resolution measurement of the momen-
tum and the reaction angle of the medium mass ejectiles in an
extended region covering the quasielastic and deep-inelastic
processes. We wish to mention that the ongoing upgrade of
the MAGNEX focal plane detector toward high rates will
be advantageous to extend our experimental studies to more
neutron-rich nuclides in the near future. Along this line, the

coupling of the upgraded MAGNEX spectrometer with the
proposed G-NUMEN array [85–87] will allow, among other
aspects, the study of γ rays in coincidence with fully identified
ejectiles in the MAGNEX spectrometer, allowing detailed ex-
ploration of the reaction dynamics, as well as the spectroscopy
of the produced nuclides.

The experimental data of this work were compared with
two dynamical models, the DIT and the CoMD, followed by
the deexcitation code GEMINI. The DIT model, designed
to describe the sequential exchange of nucleons, offered an
overall fair description of the processes involving nucleon
exchange, but could not describe the quasielastic part in some
of the channels, most notably the inelastic channel, the two-
nucleon removal channels and the single-nucleon exchange
channel. Furthermore, it grossly underestimated channels that
may correspond to the pickup of clusters. The CoMD model
gave an overall, but less accurate description of the data,
indicating that further developments are needed.

Our future plans include the use of direct reaction codes
such as FRESCO [92] and/or PTOLEMY [93] for further un-
derstanding of the reaction processes involved in this system
and energy regime. Also, we plan to test the semiclassical
code GRAZING [94,95], widely used to describe reactions
near and above the Coulomb barrier.

The present work represents our first step that paves the
way to detailed studies of peripheral reactions of medium-
mass nuclei in the Fermi energy regime. This regime is
characterized by velocities of the reaction partners com-
parable to the nucleon Fermi velocities and, thus, shorter
interaction times, compared to the Coulomb barrier reac-
tions. The reaction mechanism evolves toward favoring faster
and/or more dissipated dynamical processes. As examples of
fast processes, that were hinted by our experimental data in
comparison with our models, we report (a) the high-energy
inelastic excitation in the region of giant resonances, possibly
involving multiphonon excitations, (b) the direct transfer of
nucleon (neutron or proton) pairs, (c) the meson-mediated
single charge exchange and, (d) the direct transfer of clus-
ters between the reaction partners. Each of these interesting
processes is a nuclear dynamics topic by itself and shows the
exciting possibilities for subsequent near-term investigations
inspired by the present work along with future experimental
and theoretical studies.

In closing, we envision that the ensuing studies in this
energy and mass regime will probe the evolution of the var-
ious facets of nuclear dynamics, and play an overarching
role between the investigations of multinucleon transfer near
the Coulomb barrier and the studies of high-energy (frag-
mentation) reactions. Furthermore, these studies will provide
guidance to the efficient production of exotic neutron-rich
nuclei toward the r-process path and the neutron drip line.
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