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Abstract. Existing high-resolution experimental data collected with the MAGNEX spectrometer were ana-
lyzed to investigate peripheral collisions of medium-mass nuclei from the reaction 70Zn (15 MeV/nucleon) +
64Ni. The main focus of this work was to correlate the observed ejectiles with the excitation energy of their pro-
genitors. Experimental excitation energy distributions were generated and compared with the Deep-Inelastic
Transfer (DIT) model. This revealed a dominance of direct reaction mechanisms located at low excitation
energies and more complex mechanisms at higher energies. Future efforts include further detailed studies of
the excitation energy distributions to elucidate the multinucleon transfer mechanisms and to comprehend the
resolution limits achievable with medium-mass nuclei such as 70Zn.

1 Introduction

The interest of the Nuclear Physics community in the
study of nuclei away from the valley of beta stability has
been kept vivid through the years [1–4]. Exploring the
extremes of the nuclear landscape enables us to study var-
ious facets of the effective nuclear interaction, to under-
stand various astrophysical processes, most notably the
rapid neutron capture process (r-process), which plays a
significant role in the production of half of the abundance
of nuclides heavier than iron [5]. To advance further to-
wards exotic neutron-rich nuclei, a fundamental approach
is via multinucleon transfer and deep-inelastic reactions
between heavy ions at low energies, namely near and
above the Coulomb barrier. These reactions are mainly
characterized by the sequential exchange of nucleons be-
tween the projectile-target binary system (e.g., [6]).

Motivated by observations from our group’s recent
contributions in the energy range of 15-25 MeV/nucleon
[7–10], we proceeded to a project to produce projectile-
like fragments with the use of the MAGNEX large-
acceptance spectrometer at the INFN-LNS from the reac-
tion of 70Zn (15 MeV/nucleon) + 64Ni. As presented in
Ref.[11], we have developed a systematic procedure for
the particle identification of the reaction products by re-
constructing 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. Sub-
sequently, we moved on to obtain the momentum and an-
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gular distributions of the ejectiles, as well as their isotopic
production cross sections [12, 13]. In this contribution, we
further extend our analysis by reconstruction of the exci-
tation energy distributions of various reaction channels of
the aforementioned reaction.

2 Experimental Apparatus and Data
Reduction

The experiment was performed with the MAGNEX spec-
trometer [14, 15] at Istituto Nazionale di Fisica Nucle-
are, Laboratori Nazionali del Sud (INFN-LNS) in Cata-
nia, Italy. MAGNEX is a high-acceptance device which
makes use of both the advantages of traditional magnetic
spectrometry and those of a large angular and momentum
acceptance detector. A 70Zn15+ ion beam was delivered by
the K800 Superconducting Cyclotron at the energy of 15
MeV/nucleon and impinged on a 1.18 mg/cm2 64Ni target-
foil. The optical axis of the spectrometer was set at an
angle of θopt = 9◦ with respect to the beam axis, leading
to a horizontal angular coverage of 4.0◦-15.0◦. In this ex-
periment, the magnetic rigidity interval covered was in the
range of 1.260-1.425 Tm. The ejectiles emerging from the
target were detected by the MAGNEX focal plane detector
(FPD) [16]. The FPD provides a simultaneous determina-
tion of the angles θ and ϕ of the ion’s trajectory and the
energy loss of the reaction products in the gas. Finally, the
time-of-flight (TOF) of the ions was measured via a start
signal from the silicon detectors of FPD and a stop signal
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from the radiofrequency of the cyclotron. In this experi-
ment, for technical reasons, only a part of the FPD active
area was used, further reduced due to optimization of the
vertical angular acceptance, resulting finally to a solid an-
gle acceptance of 5.4 msr.

By using the measured quantities provided by the FPD,
the particle identification (PID) was carried out following
the approach developed in Ref. [11] and applied in de-
tail in Refs. [12, 13]. By setting graphical cuts in the Bρ
versus Etot plot, we obtained a two-dimensional distribu-
tion of the reaction angle (θlab) versus magnetic rigidity.
Each channel in this plot, was stored and used as input for
a data manipulation program developed in our laboratory.
This program yields a four-dimensional distribution of the
cross section with respect to Z, A, θlab, and momentum per
nucleon (p/A), eventually resulting in momentum spectra,
production cross sections, as well as excitation energy dis-
tributions of the ejectiles. We note that the momentum per
nucleon (p/A) represents the velocity of the particles and
can be a useful indicator of the energy dissipation caused
by the interaction of the projectile with the target, offer-
ing crucial insights into the mechanism responsible for the
production of the fragments of interest. The general be-
haviour of the momentum distributions that were fully an-
alyzed in our work [12, 13] exhibit two primary regions:
a) a quasielastic peak corresponding to direct processes,
and b) a broad region at lower p/A values indicative of
deep inelastic processes. In the following section, we will
show results of reconstructed excitation energy distribu-
tions from various reaction channels. This comprises a
parallel approach to that of the momentum distributions to
further elucidate the reaction mechanism.

3 Results and Comparison with
Theoretical Calculations

In this section, experimental results of ejectile distri-
butions from the reaction of 70Zn with 64Ni at 15
MeV/nucleon will be described and compared with the-
oretical calculations. The calculations are based on a stan-
dard two-stage Monte Carlo approach. In the first, dynam-
ical stage, the interaction between the projectile and the
target was described by the phenomenological DIT model
[17]. Following the dynamical stage of the reaction, the
de-excitation of the primary fragments was described by
the statistical de-excitation GEMINI code [18, 19]. For
the purpose of this work, the combined calculations will
be simply referred to as DIT calculations.

On panels (a)-(d) of Fig. 1, we present mass distri-
butions for the observed isotopes of the elements with Z
= 28–31 from the reaction 70Zn (15 MeV/nucleon) with
64Ni. The experimental data are shown by the closed black
circles. The vertical dashed (green) line is an indicator
for the starting point of neutron pickup. We note that the
production of several neutron-rich nuclides corresponding
to the pickup of 2–3 neutrons from the target has been
achieved (e.g. in the case of Zn and Ga isotopes, respec-
tively). In this figure also, the data are compared with
the DIT calculations. We first focus our attention to the

calculated yield distributions of the primary projectile-like
fragments (quasiprojectiles) presented by the dotted (blue)
lines. Their distributions are wide and nearly symmetric
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. These distributions are more
similar to the experimental data. While with solid (blue)
lines we show the cross sections that have been appropri-
ately filtered for the angular acceptance of MAGNEX and
the magnetic rigidity interval of the experiment as men-
tioned in Sect. 2. We observe that the filtered DIT cal-
culations lead to cross sections that are in overall reason-
able agreement with the experimental data. The neutron-
rich sides of the distributions are rather well described,
with the exception of the Ga (Z=31) isotopes (one-proton
pickup). Our current results may not lead to very neutron-
rich nuclides as our research group’s previous efforts using
a 15 MeV/nucleon 86Kr beam on 64Ni and 124Sn with the
MARS separator [7]. The main reason of this result in the
present experiment is due to limitations in the beam cur-
rent imposed by the experimental setup, which accepted
elastically scattered projectiles in the focal plane detector.
With the ongoing upgrade of the MAGNEX facility [20]
to accept higher rates, we are confident that this limita-
tion will be surmounted, thus leading to the possibility of
further experimental studies to produce very neutron-rich
nuclides in the near future.

We continue with panels (e)-(h) of Fig. 1, where we
present calculated mean excitation energy distributions of
primary projectile fragments with the use of DIT. This plot
represents a correlation of the mean excitation energies per
nucleon of the primary (hot) fragments with the mass num-
ber of the de-excited final fragments. The primary frag-
ments undergo subsequent de-excitation, resulting in the
various nuclides shown in each frame of the figure. It is
worth noticing that with an increase in the number of neu-
trons in the secondary products, the corresponding progen-
itors from which they originated had progressively lower
excitation energies, reaching almost zero values in the very
neutron-rich isotopes. This is a justified behaviour, as in
order to detect such neutron-rich products, they must be
quite ’cold’, so that they can reach the detector without
losing the captured neutrons. Concluding, the production
of neutron rich products implies low excitation energies
for the progenitors. In other words, the chance of surviv-
ing very neutron rich products has its origin to "cold" pro-
genitors. And the challenge is: how can we obtain experi-
mentally "cold" progenitors.

In panel (a) of Fig. 2, we present excitation energy dis-
tributions of ejectiles from the inelastic channel of the re-
action 70Zn (15 MeV/nucleon) + 64Ni. We have attempted
a preliminary reconstruction of the total excitation energy
of the quasiprojectile (QP)-quasitarget (QT) binary sys-
tem, that resulted in the observed fragments based on bi-
nary kinematics on an event-by-event basis. The proce-
dure of reconstruction follows the approach reported in
Ref.[22]. The reconstruction is performed under two dif-
ferent assumptions. The first assumption takes into ac-
count neutron emission only (closed black circles with full
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Figure 1. Panels (a)-(d): Production cross sections (mass distributions) of elements with Z=28-31 from the reaction 70Zn (15
MeV/nucleon) + 64Ni. Experimental Data: Closed (black) circles. 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.
The vertical dashed (green) line indicates the initiation of neutron pickup. Panels (e)-(h): Calculated mean excitation energy per nu-
cleon distributions of primary projectile fragments that lead to observed (cold) fragments of given mass number A.

lines). The second assumption represents the limit of no
evaporation (black crosses with dashed lines). The ob-
tained experimental data are compared with the DIT cal-
culations shown by open (blue) circles. We have also ex-
tended our efforts to delve deeper into the reaction mecha-
nism and the role of the primary fragments, by proceeding
to a decomposition of the E∗ distributions of the ejectiles
predicted by DIT. We make the assumption that the cold
(final) fragments originate from primary quasiprojectiles
that have picked up no neutrons (green squares), one neu-
tron (purple diamonds), and two neutrons (yellow trian-
gles), respectively, and lost subsequently via evaporation
an equal number of neutrons. We will refer to these calcu-
lations as QP-λn, where λ = 0, 1, 2, meaning that the ob-
served ejectile comes from a primary fragment (quasipro-
jectile, QP) which (after appropriate pickup) has evapo-
rated no neutrons, one neutron, and two neutrons, respec-
tively. The (orange) vertical dashed line at 20 MeV in-
dicates an empirical threshold of quasielastic processes,
defining the limit of no neutron emission from the QP. The
vertical axis, presented as “diff. cross section,” gives the
value of d2σ

dEdΩ in units of [ mb
(MeV)msr ]. We note that all the

excitation energy distributions discussed in this work (as
the p/A distributions of our previous work [12, 13]) are
obtained in the polar angular range of θlab = 4 - 6◦ (and
the azimuth range ∆ϕ = 1.6◦), thus corresponding to ∆Ω
= 1.0 msr. We have checked that if the distributions are
obtained in the full angular range θlab = 4 - 15◦, the shape
of the distributions does not change whereas the cross sec-
tions are slightly increased. The general behaviour of the
reconstructed excitation energy distributions is a progres-
sive decrease of the cross section with respect to the in-
crease of the total excitation energy of the primary bi-
nary system. The experimental distributions are compared
with the components of the DIT calculation, with the fol-

lowing qualitative correspondence: the QP-0n calculation
is in good agreement with the behaviour of the data in
the quasielastic region (low excitation energy), the QP-1n
calculation describes the middle area of the distribution,
while the QP-2n calculation describes the tails of the ex-
citation energy distributions in the dissipative region (high
total excitation energy). The following observations are
in line: the experimental data obtained under the assump-
tion of no evaporation extend to larger excitation energies
compared to the data obtained assuming neutron evapora-
tion only. Moreover, the experimental data are higher than
the calculations, possibly implying the existence of inelas-
tic excitation mechanisms that cannot be described by the
DIT model. We note that this behaviour is in agreement
with the conclusions obtained from our previous study of
the p/A distributions [12].

In panel (b) of Fig. 2, we present the DIT calcu-
lated correlation of the mean excitation energy of primary
quasiprojectiles leading to 70Zn as a function of the total
excitation energy of the QP-QT system. The open (blue)
circles are from the full DIT calculation and show that
the QP obtains nearly half of the available total excita-
tion energy, as expected from peripheral collisions involv-
ing nucleon exchange (see [22] and references therein).
The open (green) squares indicate the QP-0n component
of the DIT calculation indicating the limit of no neutron
emission. Furthermore, the open (purple) diamonds and
the open (yellow) triangles present the QP-1n and QP-2n
component of the DIT calculations. These correlations are
rather flat indicating the corresponding thresholds for 0n,
1n and 2n emission from the QP to give the 70Zn ejectile.

In a fashion similar to Fig. 2(a), we present in Fig. 3 the
reconstructed excitation energy distributions of ejectiles
from one- and two- neutron pickup channels [panels (a)-
(b)] and the single charge exchange channel [panel (c)].
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Figure 2. Panel (a): Reconstructed excitation energy distri-
butions of ejectiles from the inelastic channel of the reaction
70Zn (15 MeV/nucleon) + 64Ni. Experimental Data: Neutron
evaporation-only [closed (black) circles with full lines], no evap-
oration limit [(black) crosses with dashed lines]. Panel (b): Cal-
culated excitation energy of primary quasiprojectiles leading to
70Zn as a function of the total excitation energy of the primary
quasiprojectile - quasitarget system. The DIT calculation is
shown with open (blue) circles. Three further components of the
DIT decomposition, 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 text).

Interestingly, in Fig. 3(a) we observe a pronounced exper-
imental peak at low excitation energy that corresponds to
direct 1n pickup. We note that it cannot be described by
the QP-0n calculation, as DIT describes only a stochastic
exchange of nucleons. Also the data above 20 MeV are,
as in the case of the inelastic channel, higher than the DIT
calculation, hinting again at mechanisms of inelastic exci-
tation followed by transfer that cannot, of course, be de-
scribed by DIT. The (+2n) and (-1p+1n) channels appear
to be described well by the DIT calculations.

Finally in Fig. 4 we present the excitation energy dis-
tributions of nucleon stripping channels. Conclusions sim-
ilar to Fig. 3 may be drawn. Specifically, in the (-1n) and (-
2n) channels, the data are above the DIT calculations, pos-
sibly pointing at mechanisms beyond nucleon exchange.
The QP-0n component of DIT roughly describes the re-
gions below 20 MeV, whereas above 20 MeV the other two
components QP-1n, QP-2n progressively take part (but
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Figure 3. Reconstructed excitation energy distributions of ejec-
tiles from nucleon pickup channels of the reaction 70Zn (15
MeV/nucleon) + 64Ni. Experimental Data: Neutron evaporation-
only [closed (black) circles with full lines], no evaporation limit
[(black) crosses with dashed lines]. The DIT calculation is shown
with open (blue) circles. Three further components of the DIT
decomposition, 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 (yel-
low) triangles] and subsequent evaporation of them.

as already mentioned, the calculations are lower than the
data).

4 Conclusions

This work represents part of our detailed investigations of
peripheral reactions of medium-mass nuclei in the Fermi
energy regime based on experimental measurements of
ejectiles from the reaction 70Zn + 64Ni at 15 MeV/nucleon
studied with the MAGNEX spectrometer. The MAGNEX
facility enabled us to obtain high-resolution measurements
of the momentum and the reaction angle of medium mass
ejectiles in an extended region from quasielastic to deep-
inelastic processes. Specifically, in this work we attempted
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Figure 4. Reconstructed excitation energy distributions of
ejectiles from stripping channels of the reaction 70Zn (15
MeV/nucleon) + 64Ni. Experimental Data: Neutron evaporation-
only [closed (black) circles with full lines], no evaporation limit
[(black) crosses with dashed lines]. The DIT calculation is shown
with open (blue) circles. Three further components of the DIT
decomposition, 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 (yel-
low) triangles] and subsequent evaporation of them.

to correlate the observed ejectiles with the excitation en-
ergy of their progenitors in binary collisions through kine-
matical reconstruction and DIT calculations.

The detailed study of ejectiles under this new perspec-
tive indicated clearly, similar to comparisons as a function
of p/A (see Ref.[12, 13]), the dominance of direct reac-
tion mechanisms at low excitation energy (below about 20
MeV) and the appearance of more complicated processes
(even beyond independent nucleon exchange) at higher ex-
citation energy. Moreover it was found that the chance of

surviving of very neutron-rich products has its origin in
"cold" progenitors, and that the quasiprojectile (i.e. the
progenitor of the ejectile) carries on average about 1/2 of
the total excitation energy. These findings give us the ini-
tiative for new future work, including detailed studies of
the excitation energy correlation and sharing between the
participants of a binary collision and the conditions under
which one of them may remain relatively "cold", thus min-
imizing (or avoiding) neutron evaporation.

Finally, our plans include efforts to reconstruct the ex-
citation energy with the maximum possible resolution at-
tainable in our analysis in order to examine the possibility
to perform charged particle spectroscopy.
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