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Abstract

Peripheral reactions of medium-mass nuclei in the Fermi energy regime (10-
30 MeV/nucleon) offer a promising pathway for producing exotic neutron-rich
isotopes and probing intricate reaction mechanisms. The work of this thesis
constitutes a systematic study of peripheral reactions of medium-mass nuclei
in the Fermi energy regime, focusing on the reaction of 70Zn (15 MeV/nucleon)
+ 64Ni using the MAGNEX spectrometer. MAGNEX through its advanced ray-
reconstruction methods allowed for the precise determination of ejectiles with
respect to the atomic number Z, the mass number A, the momentum per nucleon
p/A and the reaction angle θlab. The experimental p/A, angular, production cross
sections, and excitation energy distributions for several multinucleon transfer
channels were extracted and studied in detail, along with comparisons to theoreti-
cal models and kinematic calculations. This work indicated the dominance of
direct reaction mechanisms at low excitation energy (below about 20 MeV) and
the appearance of more complicated processes (beyond independent nucleon
exchange) at higher excitation energy. Comparative analyses with the DIT, CoMD,
and GEMINI models indicated an overall satisfactory description and underscored
their limitations in certain reaction channels, highlighting the need for further
developments and the integration of direct reaction codes in the context of this
research direction.

This work not only deepens our understanding of peripheral heavy-ion reac-
tions, but also outlines the pivotal role of the MAGNEX magnetic spectrometer in
modern nuclear research. Its state-of-the-art design and high-resolution capabil-
ities pave the way for future studies aimed at optimizing the production of exotic
nuclei and exploring the underlying dynamics of nuclear reactions.

SUBJECT AREA: Nuclear Physics
KEYWORDS: Heavy Ion Reactions, Large Acceptance Spectrometer, Neutron
Rich Isotopes, Multinucleon Transfer, Momentum and Angular Distributions



Περίληψη

Oι περιφερειακές αντιδράσεις πυρήνων μέσης μάζας στην περιοχή ενεργειών
Fermi (10-30 MeV/νουκλεόνιο) προσφέρουν μια υποσχόμενη οδό για την παρα-
γωγή εξωτικών ισοτόπων πλουσίων σε νετρόνια και τη διερεύνηση πολύπλοκων
μηχανισμών αντίδρασης. Η διατριβή αποτελεί μια συστηματική μελέτη των περι-
φερειακών αντιδράσεων πυρήνων μέσης μάζας στην περιοχή ενεργειών Fermi, ε-
στιάζοντας στην αντίδραση 70Zn (15 MeV/nucleon) + 64Ni χρησιμοποιώντας το φα-
σματόμετρο MAGNEX. Το MAGNEX, μέσω προηγμένων μεθόδων ανακατασκευής
τροχιών, επέτρεψε τον ακριβή προσδιορισμό των θραυσμάτων ως προς τον ατο-
μικό αριθμό Z, τον μαζικό αριθμό A, την ορμή ανά νουκλεόνιο p/A και τη γωνία
θlab. Από τα πειραματικά δεδομένα, εξήχθησαν και μελετήθηκαν σε βάθος οι κα-
τανομές της p/A, οι γωνιακές κατανομές, οι ενεργές διατομές παραγωγής και οι
κατανομές της ενέργειας διεγέρσεως για διάφορα κανάλια πολλαπλής μεταφο-
ράς νουκλεονίων, σε συνδυασμό με θεωρητικούς υπολογισμούς και κινηματική
ανάλυση. Αυτή η εργασία ανέδειξε την κυριαρχία των άμεσων μηχανισμών α-
ντίδρασης σε χαμηλές ενέργειες διεγέρσεως (κάτω από περίπου 20 MeV), ενώ σε
υψηλότερες ενέργειες διεγέρσεως παρατηρήθηκαν πιο σύνθετες διαδικασίες πέ-
ραν της ανεξάρτητης ανταλλαγής νουκλεονίων. Οι συγκριτικές αναλύσεις με τα
μοντέλα DIT, CoMD και GEMINI ανέδειξαν ικανοποιητική περιγραφή αλλά και
περιορισμούς τους σε ορισμένα κανάλια αντίδρασης, υπογραμμίζοντας την ανά-
γκη περαιτέρω ανάπτυξης των μοντέλων και ενσωμάτωσης κωδίκων άμεσων α-
ντιδράσεων στο πλαίσιο αυτής της ερευνητικής κατεύθυνσης.

Αυτή η εργασία δεν εμβαθύνει μόνο στην κατανόηση των περιφερειακών α-
ντιδράσεων βαρέων ιόντων, αλλά επίσης αναδεικνύει τον καθοριστικό ρόλο του
φασματόμετρου MAGNEX στη σύγχρονη πυρηνική έρευνα. Ο πρωτοποριακός
του σχεδιασμός και η υψηλή ανάλυση που προσφέρει ανοίγουν νέες προοπτικές
για μελλοντικές μελέτες που στοχεύουν στη βελτιστοποίηση της παραγωγής εξω-
τικών πυρήνων και στη διερεύνηση της δυναμικής των πυρηνικών αντιδράσεων.

ΘΕΜΑΤΙΚΗ ΠΕΡΙΟΧΗ: Πυρηνική Φυσική
ΛΕΞΕΙΣ ΚΛΕΙΔΙΑ: Αντιδράσεις Βαρέων Ιόντων, Φασματόμετρο Μεγάλης
Αποδοχής, Ισότοπα Πλούσια σε Νετρόνια, Πολλαπλή Μεταφορά Νουκλεονίων,
Γωνιακές Κατανομές και Κατανομές Ορμής
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Chapter 1
Introduction

Nuclear physics, as an independent field of science, was established in the dusk of
the 19th century and more specifically in 1896 with the discovery of radioactivity
by Henri Becquerel. This observation, along with other significant events of the
20th century, such as the identification of the electron by J.J. Thomson the very
next year, the development of quantum theory in the 1920s, the discovery of the
neutron in 1932 by Chadwick and the semi-empirical Bethe-Weizsacker formula
in 1935, lead this nascent field into a remarkable flourishing. This interdisci-
plinary field of science, widely considered today as one of the most important
for modern basic research, is in an abiding search for answers to questions that
concern nuclear structure, cosmology, astrophysics, the synthesis of chemical
elements, as well as the production of energy. An impressive achievement has
been the synthesis, identification and study of the properties of about one half of
the theoretically estimated 7000 bound nuclei. Over the last 85 years, the num-
ber of known nuclides increased by more than a factor of ten, resulting in ≤ 3500

presently known isotopes of 118 elements, with the exact number being 3352 ac-
cording to a recent contribution [1]. The advent of novel reaction types along
with the development of powerful accelerators and experimental techniques for
separation and identification of reaction products has led to this considerable
progress. Model predictions indicate that still about 4000 further nuclides are
waiting for their discovery [2, 3]. The vastest unexplored territory is located on
the neutron-rich side in the upper half of the chart of nuclides. For the last few
decades, fragmentation, fission, and fusion reactions have been the traditional
approaches to produce exotic nuclei in the laboratory [4, 5, 6, 7]. In fact, the
capabilities of these processes have effectively determined the present limits of
the nuclide chart. The minimum accessible cross-sections currently reach ap-
proximately 1 pb for each of the three types of reactions, based on the current
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Figure 1.1: This representation of the chart of nuclides illustrates the typical regions where
the conventional routes of fusion, fission and fragmentation contribute. The blank area
corresponds to neutron-rich nuclides that have not been discovered yet, while the red-
white hatched region remains inaccessible through standard reaction mechanisms. [2].

beam intensities and target thicknesses suitable for these processes. Expanding
the nuclide chart could be facilitated by increasing beam intensities. Emerging
advanced facilities worldwide aim to provide beam currents that are 10 to 100
times higher, targeting the production of nuclei at sub-picobarn cross-sections
[2]. The access to these nuclei is presently limited by available beam intensities
and/or the lack of appropriate pathways for their production and identification.
The latter concerns particularly the production of new neutron-rich isotopes of
transuranium and superheavy elements, as well as neutron-rich nuclei below
Pb, which are expected to participate in the astrophysical r-process.

The r-process, or rapid neutron capture process, is responsible for half of
the abundance of the nuclides heavier than iron [8]. According to the r-process
canonical model (CAR, Canonical r-process model) [9], events characterized by
high density or flow of neutrons (Nn ≥ 1020neutrons/cm3), high temperatures (T ≥
109K) and especially short times of irradiation with neutrons (of the order of a
few seconds) are capable of justifying the abundance of r-nuclides in the solar
system. However, these conditions imply the existence of nuclei deep enough in
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the neutron-rich side of the valley of nuclear stability, where the typical neutron
separation energies are of the order of 2− 3 MeV [10]. These conditions are met
by astrophysical events such as supernova explosions and neutron star mergers
[11]. The nuclei produced by the r-process in these events depend on the compo-
sition of material ejected by the merger [12] and the properties of the progenitor
neutron stars, including their equation of state [13].

In general, nuclear fusion reactions constitute the main energy source during
stellar hydrostatic burning which allow the stars’ long life-times of millions to
billions of years. While gravity serves as the primary energy source in explosive
stellar events such as supernovae or neutron star mergers, nuclear reactions,
particularly those involving short-lived nuclides, play a crucial role in shaping
the dynamics of these events and in the formation of elements throughout the
Universe [14]. One of the main challenges of the research community is deter-
mining the rate at which nuclear reactions occur in these environments. During
hydrostatic burning, the stellar temperature is much smaller than the Coulomb
barrier of the fusing nuclei. This makes it usually impossible to determine the
cross sections at the most effective energies in stars in the laboratory. As a result,
laboratory data obtained at higher energies need to be extrapolated. Studying
the properties of short-lived nuclides requires their production at Radioactive
Ion Beam (RIB) facilities. This capability has significantly advanced our astro-
physical understanding in recent years. Additionally, nuclear reaction rates are
often altered in the extreme conditions of stellar environments, such as high tem-
peratures and densities. These changes necessitate theoretical modeling, which
has also made remarkable progress recently, driven by improved computational
power and the development of innovative theoretical methods [15].

Due to the aforementioned extreme conditions prevailing in these astrophysi-
cal events, high energy γ-ray photons are produced which are responsible for the
so-called photodisintegration. It is a process where nuclei emit particles such
as neutrons due to their irradiation by these high-energy photons. During the
r-process, starting from a relatively light nucleus in the region of Fe, rapid neu-
tron capture takes place, leading to nuclei with neutron excess. The process stops
when the produced nucleus is rather short-lived that it undergoes β-decay before
it can capture further neutrons. This is the last phase of the process, the so-called
freeze-out.
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For the last few decades, fragmentation, fission and fusion reactions have
been the traditional approaches to produce such exotic nuclei in the laboratory
[4, 2, 5, 6]. The efficient production of neutron-rich nuclides constitutes a cen-
tral issue in current and future facilities worldwide. Towards this direction, the
development of modern magnetic spectrometers with large acceptance in mo-
mentum and solid angle has been pivotal. Examples of such devices are the fol-
lowing: PRISMA at INFN/LNL [16, 17], VAMOS at GANIL [18, 19, 20], and MAGNEX
at INFL/LNS [21, 22, 23].

To move further toward neutron-rich nuclides, along with proton-stripping in
the context of fragmentation, it is necessary to pick up neutrons from the target
nucleus. The increase of beam intensities is a main goal in accelerator labora-
tories worldwide, but to reach new neutron-rich nuclei, also new ways for their
production are required. Two main approaches include the application of mult-
inucleon transfer (MNT) reactions and deep-inelastic reactions between heavy
ions at lower energies, namely near and above the Coulomb barrier, as well as
with the use of radioactive ion beams (RIBs) [5, 24].

The MNT reactions are characterized by the sequential exchange of nucleons
between the projectile and the target and have been recently extensively used
to access neutron-rich nuclei [25, 26, 27, 28, 29, 30, 31]. Concomitantly, multinu-
cleon transfer reactions have been used to study the reaction mechanisms that
lead to the production of these exotic nuclei (e.g., [32, 33]). Thus, one can fol-
low 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 elu-
cidate the nucleon-nucleon correlations at energies around the Coulomb barrier
[34, 35].

Nuclear reactions, in parallel with chemical reactions, can occur via differ-
ent reaction mechanisms. The nature of these mechanisms depends on two key
parameters of the reaction: the kinetic energy of the projectile and the impact
parameter of the collision. It is therefore necessary to follow a brief categoriza-
tion of the nuclear reactions based on these two parameters [36].

Nuclear reactions can be divided into three main categories, regarding beam
energy, in the following: low energy reactions (<20 MeV/nucleon), intermediate
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energy (about 20-200 MeV/nucleon) and high energy (>200 MeV/nucleon). Based
on the impact parameter, which is a measure of the closeness of the two partici-
pants of the nuclear reaction, the reactions are distinguished as follows:

1. Distant Reactions: This category concerns Rutherford scattering and inelas-
tic Coulomb scattering.

2. Peripheral/Grazing Reactions: In the field of low-energy reactions, direct
nucleon transfer takes place and/or incomplete fusion. In intermediate en-
ergies, projectile fragmentation and/or multinucleon transfer mostly dom-
inate this energy regime. When the overlap between the projectile and tar-
get is very large, further dissipative events occur, such as deep inelastic
collisions. In deep inelastic scattering, the colliding nuclei touch, partially
amalgamate, exchange substantial amounts of energy and mass, rotate as
a partially fused complex, and then reseparate under the influence of their
mutual Coulomb repulsion before forming a compound nucleus.

3. Central Reactions: At low energies, head-on collisions lead to fusion of the
reacting nuclei, which can lead to the formation of a compound nucleus or
a “quasi-fusion” event in which there is substantial mass and energy ex-
change between the projectile and target nuclei without the “true amnesia”
characteristic of compound nucleus formation [37].

Figure 1.2: Schematic representation of the various reaction types based upon impact pa-
rameter [36].

33



Multinucleon transfer (MNT) occurs in deep inelastic binary reactions at ener-
gies around the Coulomb barrier [38, 39]. The first step of multinucleon trarnsfer
reactions is the formation of a dinuclear system (DNS) after the capture of projec-
tile and target nucleus due to the nuclear force [38, 40]. After capture, the DNS is
trapped in a minimum of the nucleus-nucleus potential, followed by an exchange
of mass (charge) and energy between the reaction partners. The livetimes of such
dinuclear systems are typically on the order of 10−21–10−20s and depend on sev-
eral parameters like the atomic number (Z), mass number (A), isospin asymmetry
(N/Z), excitation energy or angular momentum of the DNS.

Figure 1.3: Scheme depicting the formation and interaction of the projectile-target dinu-
clear system [38]. During the interaction, the dinuclear system evolves by continuous re-
distribution of nucleons, excitation energy and angular momentum between the nuclei be-
fore it finally decays.

If the dinuclear system successfully overcomes the fusion barrier, it leads into
a Compound Nucleus (CN), achieving full statistical equilibrium. The CN releases
its excess energy by emitting nucleons, gamma rays, or by undergoing fission.
Alternatively, the DNS may decay prior to CN formation (Quasi-Fission event,
QF). Before decay, extensive exchange of neutrons and protons between nuclei
occurs, resulting in a variety of reaction products that differ from the original
projectile and target nuclei. The excitation energy of the interacting dinuclear
system is distributed between the resulting Projectile-Like and Target-Like nu-
clei. In collisions with i.e. non-zero impact parameter, the DNS can also rotate
about its center of mass. This exact rotation can explain the broad angular distri-
butions of the reaction products. The formation of the dinuclear system is usu-
ally accompanied by strong dissipation of kinetic energy which is mainly trans-
formed into internal excitation of the system [2]. Upon scission of the dinuclear
system, the initially excited primary fragments are emitted, which subsequently
de-excite through mostly nucleon and/or γ-ray emission. The final products in
their ground state are called secondary fragments.
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Along the lines of other concurrent studies as referenced above, our research
group has investigated heavy-ion peripheral collisions at energies of 15−25 MeV/
nucleon in order to access nuclides with high neutron excess. Initially, these
studies involved 25 MeV/nucleon 86Kr-induced reactions [41, 42, 43, 44] and, sub-
sequently, 15 MeV/nucleon 86Kr-induced [45, 46, 47] and 40Ar-induced reactions
[48, 49]. The aforementioned experiments were performed with the MARS recoil
separator [50] at the Cyclotron Institute of Texas A&M University. These studies
indicated the limitations of a 0-degree separator to access the very neutron-rich
fragments produced at angles around the grazing angle. Thus, for efficient col-
lection 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 al-
ready been performed and vividly continue. In the Fermi energy regime, the
velocities of the reaction partners become comparable to the nucleon Fermi ve-
locities, and the interaction time is shorter. This results in partial restriction of
available phase space for nucleon transfer that takes place in this regime [51,
52], compared to the Coulomb barrier reactions and implies the evolution of
the reaction mechanism favoring faster and/or more dissipative dynamical pro-
cesses. Guided by these observations, we initiated a project to produce, iden-
tify, and measure the distributions of projectile-like fragments with the MAGNEX
large-acceptance spectrometer at INFN-LNS from the reaction of 70Zn+64Ni at 15
MeV/nucleon. We note that the design of MAGNEX is optimized for charged par-
ticle spectroscopy, aiming at good energy and angular resolution and the ability
to measure absolute cross sections for rare channels of interest [21, 22]. 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 a recent contribution [53], a detailed procedure to reconstruct the atomic num-
ber Z of the ejectiles along with their ionic charge states employing measure-
ments of the energy loss, residual energy, and time of flight has been developed.
This identification procedure will be thoroughly presented within a following
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section of this dissertation. Subsequently, the momentum and angular distribu-
tions of the ejectiles, and their production cross sections were obtained. These
experimental results alongside comparisons to theoretical calculations and will
be thoroughly presented along the lines of this thesis.

This work constitutes one of the very few high-resolution mass-spectrometric
studies in the energy range of 15 − 25 MeV/nucleon, providing complete charac-
terization of medium-mass ejectiles in terms of Z, A, velocity, and angle. A simi-
lar mass-spectrometric study in this energy range, presented in [54, 55, 56], con-
cerned ejectiles from the reaction of 18 MeV/nucleon 86Kr with 208Pb. We expect
that the complete interpretation of the present data, along with detailed theoret-
ical calculations and comparisons with previous work, will shed light on the evo-
lution of the reaction mechanisms. Thus, our study will provide a bridge between
the detailed studies of multinucleon transfer near and above the Coulomb bar-
rier [25, 26], and the large body of high-energy (fragmentation) reactions char-
acterized by an abrasion-ablation mechanism [4].

The present work is organized as follows: In Chapter 2, a description of the
experimental setup and the measurements are presented. In Chapter 3, the data
analysis is described with emphasis on the identification of projectile-like frag-
ments and extraction of their distributions. In Chapter 4, a description of the the-
oretical 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 Chapter 5, the results on exper-
imental distributions with emphasis on the neutron-rich nuclides are discussed
along with comparisons to calculations. Finally, in Chapter 6, a discussion and
conclusions are given.

Furthermore, we explore in Appendix A the supplementary reaction of 70Zn
with 27Al at 15 MeV/nucleon, offering insights that complement the main reaction
studied in this work, namely 70Zn (15 MeV/nucleon)+64Ni. While in Appendix B,
we present additional material for the Zn + Ni reaction, including detailed mo-
mentum and angular distributions for various reaction channels, which provide
a broader context for the results discussed in the main chapters.
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Chapter 2
Experimental Setup

2.1 Introduction

The use of magnetic spectrometers in nuclear physics research has been pivotal,
providing an invaluable tool in the efforts to study charged particles produced in
nuclear reactions. These instruments rapidly became indispensable in conven-
tional nuclear physics laboratories due to their advantages over other detection
techniques. Specifically, they offer a strong selection of the reaction products,
depending on their momentum over charge ratio (p/q), that enables a significant
reduction of the experimental background; thus, leading to an effective detection
of particles at very forward angles. Another significant advantage is the capabil-
ity to offer exceptional mass, momentum and angular resolution, paving the way
to detailed spectroscopy studies.

However, the use of traditional magnetic spectrometers has been challenged
over the years due to their inherently limited acceptance. This is a limitation aris-
ing mainly from aberrations in the optical designs of the magnets. To alleviate
these limitations, innovative solutions were employed such as the use of correct-
ing lenses and high-order ray-reconstruction techniques. The subsequent inclu-
sion of major technological upgrades such as multipole lenses and gas filled focal
plane detectors, especially multi-wire proportional counters of many kinds, fur-
ther advanced magnetic spectrometry, allowing for higher resolution and more
effective aberration corrections [57].

The advent of computational tools like COSY INFINITY [58] and differential
algebra techniques proved to be a turning point in the field of magnetic spec-
troscopy, as these tools enabled the reconstruction of particle trajectory. To give
an overview of the reconstruction technique, in standard ion optics [59], the
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motion of a beam of charged particles under the influence of magnetic fields
is described via a phase space representation. The initial phase space vector
Qi ≡ (θi, Yi, ϕi, δ) defined at the target point, is connected to the final one Qf ≡
(Xf , θf , Yf , ϕf ) by a nonlinear transport map characteristic of the spectrometer’s
optical system, as follows:

G : Qi −→ Qf (2.1)

In the aforementioned vectors, θi and ϕi represent the horizontal and vertical
angles, respectively, Yi the vertical position coordinate and δ = (p − p0)/p0 the
fractional momentum deviation, with p being the ion momentum and p0 the ref-
erence one. The final parameters Xf , θf , Yf , ϕf are the horizontal and vertical
coordinates and angles of the ions in a plane normal to the reference trajectory.
Eq. 2.1 can be mathematically inverted to reconstruct the initial momentum vec-
tor from the measured parameters at the focal plane, as follows:

G−1 : Qf −→ Qi (2.2)

However, this process is complicated for nonlinear aberrations, which can
ultimately lead to degradation of the resolution if not properly corrected. For
this reason, a reliable method of solving the nonlinear transport equations was
developed at Michigan State University for the S800 spectrometer of NSCL and
implemented in programs like COSY INFINITY. This technique employs differ-
ential algebra to calculate high-order transport matrices, avoiding the compu-
tationally expensive ray-tracing procedures traditionally used. Furthermore, it
ensures that the magnetic fields are accurately described, even when derived
from interpolated datasets [60, 61]. A high accuracy is also needed for the sev-
eral geometrical quantities defining the spectrometer layout. This is achieved
via accurate measurements and alignments of all the elements of the spectrom-
eter. By combining high-resolution focal plane detection with this mathematical
framework, the initial phase space parameters can be reconstructed with high
accuracy, enhancing the spectrometer’s performance in large-acceptance exper-
iments.
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This approach has been impactful in instruments like MAGNEX, where the
use of high-order ray-reconstruction techniques allows for up to 10th-order aber-
ration correction. The method not only compensates for distortions, but also en-
ables a detailed understanding of ion transport efficiency at different locations
across the spectrometer. This procedure would be challenging to achieve with
purely experimental techniques due to the difficulty of installing detectors along
the ion trajectory [62].

The capability offered by these advancements to perform large-acceptance
measurements while maintaining high resolution has opened new pathways in
heavy-ion physics, the production of exotic nuclei, as well as the study of rare
reaction mechanisms. Modern magnetic spectrometers, such as MAGNEX, have
been designed with large angular and momentum acceptances to accommodate
the demands of contemporary nuclear physics experiments. These include stud-
ies involving low-intensity radioactive ion beams, suppressed reaction channels,
and rare processes like Double Charge-Exchange (DCE) reactions, which are es-
sential for investigating nuclear matrix elements relevant to neutrinoless double-
beta decay [63].

This chapter provides a detailed overview of the experimental setup and mea-
surement techniques employed to investigate medium mass ejectiles in heavy-
ion reactions at the Fermi energy domain (∼ 10–30 MeV/nucleon) using the large
acceptance spectrometer MAGNEX at INFN-LNS. The experiment, proposed by us
and approved by the Program Advisory Committee (PAC), was performed at the
Istituto Nazionale di Fisica Nucleare - Laboratori Nazionali del Sud (INFN-LNS) in
Catania, Italy. The work focuses on peripheral collisions of medium-mass heavy
ions, with the goal of obtaining high-resolution measurements of ejectile distri-
butions. In this chapter we outline the design and operation of the experimental
apparatus, the configuration of the spectrometer, and the procedures followed
for data acquisition and analysis.

2.2 MAGNEX Spectrometer and Measurements

MAGNEX is a large-acceptance magnetic spectrometer installed at the INFN-LNS
laboratory in Catania. It is a high-acceptance device which makes use of both the

39



advantages of the traditional magnetic spectrometry and those of a large angu-
lar and momentum acceptance detector. The spectrometer is composed of two
large aperture magnets, manufactured by Danfysik A/S, namely a quadrupole
followed by a 55◦ dipole and a Focal Plane Detector (FPD), built in collaboration
with GANIL, for the detection of the emitted ions. A schematic view of the appa-
ratus is shown in Fig. 2.1 [21].

Figure 2.1: A schematic view of MAGNEX
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2.2.1 Focal Plane Detector

A beam of 70Zn15+ at 15 MeV/nucleon delivered by the S800 superconducting cy-
clotron bombarded a 1.18 mg/cm2 64Ni foil at the optical object point of the MAG-
NEX large acceptance spectrometer [64, 65, 21]. The spectrometer’s optical axis
was positioned at 9.0◦, allowing MAGNEX to cover an angular range from 4.0◦ to
15.0◦. The unreacted 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 [66, 67] and detected by its focal plane detector (FPD) [68, 69].

The structure of MAGNEX mainly involves of a vertically focusing quadrupole
and a horizontally dispersing and focusing magnet. This apparatus provides a
momentum acceptance of about 24% and a solid angle of 50 msr [68]. This per-
formance results from the implementation of trajectory reconstruction. The de-
velopment of such a complex apparatus requires an advanced Focal Plane Detec-
tor (FPD) too. This detector is responsible of providing an unambiguous particle
identification, but also an accurate tracking of the ions trajectory as they pass
through the various magnetic elements of the spectrometer. The focal plane de-
tector (FPD) is a large (1360×200×90 mm3 active volume) gas-filled hybrid detector
with a wall of 60 large-area silicon detectors (50×70×0.5 mm3) arranged in three
rows at the end. It mainly consists of two parts: a gas tracker sensitive to the
energy loss of the reaction products and a stopping wall of silicon detectors for
the measurement of their residual energy. The gas tracker is inside a vacuum
chamber and has a mylar window with typical thickness ranging from 1.5 µm to
6 µm. The active region of the gas tracker is filled with isobutane with pressure
ranging from 5 to 100 mbar. In our experiment, as already mentioned, a mylar
window of 6 µm thickness and isobutane of 40 mbar were used. To avoid any
further dead layers there is no exit window. The Si detectors are located inside
the gas volume.

2.2.2 Energy Loss

Figures 2.2 and 2.3 represent sketches that depict the bottom and the lateral view
of the MAGNEX FPD, respectively. One can distinguish three different regions:
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Figure 2.2: Sketch of the bottom view of the FPD. [68]

the drift region, the multiplication region and the induction region, where the
latter can be seen more thoroughly in the first sketch which depicts the bottom
view of the FPD. The drift region consists of the cathode, an aluminum plate and a
Frisch grid. The multiplication region is defined by the Frisch grid and the plane
where ten proportional wires are located. The ten wires are shared among six
Drift Chambers DCi = 1,2,...,6. Specifically, DC2 and DC5 have just a single wire
while the other DCs have two proportional wires. The induction region is defined
by the plane where the ten proportional wires lay and the anode. The anode is
divided in six longitudinal strips, one for each DC. The operation principle of
the FPD is rather standard. When an incident charged particle coming from the
dipole crosses the entrance window of the FPD, it generates a track of ions and
electrons in the gas section between the cathode and the Frisch grid. The pres-
ence of a uniform electric field of around 50 V/cm, drifts the primary electrons
towards the grid with a constant velocity. Then the electrons pass in the multipli-
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Figure 2.3: Sketch of the lateral view of the FPD. [68]

cation region where they are being accelerated by the strong electric field from
the proportional wires. Due to the fact that the gas counter works in the pro-
portional regime, the electron avalanches that are produced close to the wires
are proportional to the energy loss of the ion in the gas. Hence, six independent
signals are given for the energy loss, one for each DC. With the use of proper am-
plifiers, the signals are shaped and amplified. These amplified signals are used
for particle identification. The total measured energy loss is given by the equa-
tion:

∆Etot =
6∑

i=1

∆Ei (2.3)

The logic outputs are also used as a STOP signal for measuring the drift time
of the electrons. Furthermore, for each event, the total energy loss ∆Etot in the
FPD needs to be corrected for the angle of incidence at the focal plane, giving the
corrected energy loss ∆Ecor corresponding to the angle of incidence θinc = 59.2◦

of the central trajectory. It means that:

∆Ecor =
cosθfoc
cosθinc

∆Etot (2.4)
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Figure 2.4: Visualization of θinc and θfoc with respect to the central trajectory, ∆Ecor, and
∆Etot.

Apart from the signal produced from the DC wires, the electron avalanche
is responsible for the induction of a charge in a given number of pads that are
laying above the wires. This type of multiplexed signals are then readout and
digitally converted. The center of gravity of the charge distribution at each DC
wire is finally extracted, leading to the identification of the horizontal position
(Xfoc) and the horizontal angle (θfoc) of each incident particle. As far as the verti-
cal coordinates are concerned, they are extracted by measuring the arrival time
of the electron avalanches in the wires. Of course, it essential that the gas tracker
works in the proportional regime as already mentioned, where the drift velocity
is almost constant in the whole volume of the detector system. The drift times in
the gas are measured by the interval between the signal provided by the Si de-
tectors (START) and the DCs (STOP), using six standard TAC+ADC readout chains.
This way, six vertical positions are extracted, one for each wire, that are used to
obtain the vertical position (Yfoc) and the angle (ϕfoc). As can be seen in Fig. 2.5,
there has been a cross-talk [69, 70] in the induced signals between two neigh-
boring detectors on the FPD. The electron avalanche produced by a given pro-
portional wire is also capable of inducing a charge in pads that correspond to a
neighboring wire. Thus, the extracted charge distributions for a given wire could
be distorted affecting the determination of the horizontal coordinates.
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Figure 2.5: Sketch depicting details from the induction pad. The red arrows represent the
main induced charge over the electrode after the ion passing. The gray shadow is an indi-
cation of the cross-talk signal induced by the neighbor DC. [69]

In order to alleviate the problem of cross-talk, the geometry of the wires and
the strips was changed, introducing a 2 mm spacer between two adjacent strips
as can be seen on the left-hand side of Fig.2.6. On the right-hand side of the same
figure, a schematic representation of the induction signals is shown, specifically
in the region of DC4, DC5, and DC6 multiplication wires. The dotted areas indicate
the presence of a cross-talk induced signal, where the filled areas correspond to
areas of main charge induction. Apart from the modification of the geometry of
the FPD, a proper procedure was implemented to estimate the cross-talk induced
signal and reported in ref. [21, 66, 67, 68, 69].

Figure 2.6: Left panel: Scale drawing depicting six strips that correspond to the six drift
chambers. Each strip is segmented in pads (gray colored area). Right Panel: Schematic
representation of the induction signal formation in specific DC wires.

45



2.2.3 Silicon Wall - Residual Energy Extraction

As mentioned above, the silicon stopping wall is embedded in the gas in order to
avoid further dead layers. The “wall” has 60 silicon pad detectors, arranged in 20

columns and 3 rows. Each one of the silicon detectors has a rectangular shape,
an active area of 50x70 mm2 and a thickness of 500 µm. The silicon columns are
mounted orthogonally to the spectrometer optical axis. This way the effective
dead layer is minimized. When the charged particles cross the gas section of the
FPD, they finally reach the silicon detector wall. Charge pre-amplifiers similar
to those used for the wire signals are used. The outputs are sent to shaping am-
plifiers providing spectroscopic and timing outputs. The spectroscopic signals
provide the residual energy (Eresid) of the incident particles. Timing signals can
be used to measure the Time Of Flight (TOF) as will be described further on in
this work, among other uses.

In the present experiment only about one-half of the active area of FPD was
used (the other part was covered with an aluminum screen) in order to avoid
radiation damage of the silicon detectors and high dead times due to limitations
in the data acquisition system. These experimental restrictions will be circum-
vented in the future in view of the upgrading of the MAGNEX facility [71]. Thus,
in a full acceptance run, the whole area of the FPD can be exposed to the flux of
the reaction products, especially for the investigation of very suppressed reac-
tion channels. Furthermore, in this experiment a set of vertical slits before the
quadrupole restricted the vertical angular acceptance of MAGNEX in the range
−0.8 to 0.8 degrees. 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 detector system. For the present analysis, the silicon detec-
tors used are the following: Si-8, Si-11, Si-14, Si-17, Si-20, Si-23, Si-26. The signals
of the silicon detectors gave the start for the time of flight (TOF) measurement
of the particles through the spectrometer, while the cyclotron’s radiofrequency
(RF) of 20 MHz provided the stop signal. This setup provided a modest TOF reso-
lution of ∼3 ns, limited mainly by the cyclotron RF timing.

The experiment at the INFN/LNS was performed in June 2018 and spanned
five days, where a series of runs were carried out. The experiment conducted
using the spectrometer comprised a total of 90 runs. However, not all these runs
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were directly utilized in the scope of the present work. Among these runs, several
shared similar experimental configurations, such as the use of the same projec-
tile and target, the employment of the same beam current and the same settings
of the MAGNEX spectrometer. To streamline the analysis and organization of the
data, the runs were categorized into distinct groups, referred to as run sets. Each
run set represents a collection of runs characterized by consistent experimental
settings, ensuring a logical structure for data interpretation and facilitating com-
parisons across different configurations.

The main run sets utilized for the purposes of this study are (Table 2.1):

• Runs 22–34, 41–61, 64–69: Corresponding to 70Zn +64 Ni reaction (Run Set
”ZnNi”).

• Runs 16–19: Corresponding to 70Zn +208 Pb reaction (Run Set ”ZnPb”).

• Run 39: Corresponding to 70Zn +27 Al reaction (Run Set ”ZnAl”).

Run
Set

Runs Projectile Target (thickness) Bρ Setting (Tm) Notes

ZnNi 22-34,
41-61,
64-69

70Zn 64Ni(1180µg/cm2) 1.2880 (Runs 22-34,41-61)
1.3594 (Runs 64-69)

Main focus of
this work

ZnPb 16-19 70Zn 208Pb(1164µg/cm2) +
C(40µg/cm2)

1.2635 For cross section
normalization

ZnAl 39 70Zn Al (810µg/cm2) 1.2880 Additional reac-
tor data

Table 2.1: Details of the run sets analyzed in this work.

In the following chapters, the focus of this work will be on the data analysis
of the ”ZnNi” run set, which corresponds to the 70Zn + 64Ni reaction. This anal-
ysis involves the detailed presentation of the particle identification approach,
followed by the extraction of momentum, angular, mass distributions, includ-
ing the reconstructed excitation energy distributions. It is worth noting that the
same methodology was applied to the other run sets. Selected results from these
additional analyses will also be presented.
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The experimental setup described in this chapter was designed to address the
primary goal of identifying neutron-rich ejectiles in medium-mass heavy-ion re-
actions at 15 MeV/nucleon. The use of the MAGNEX large-acceptance magnetic
spectrometer, with its carefully calibrated detection systems and capabilities, en-
sured reliable and precise data collection. The data acquisition and particle iden-
tification approach will be presented in the following chapter of this work. The
results presented later on will serve as strong indicators of effective particle pro-
duction, supporting the validity of our experimental approach and providing im-
portant information regarding the reaction mechanisms of peripheral collisions
at this energy regime.
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Chapter 3
Data Analysis

3.1 Introduction

In this chapter, the focus shifts from the experimental setup to the methodolo-
gies employed in analyzing the data obtained from the studied reaction. The
main interest of this work was to examine the feasibility of medium-mass ejec-
tile identification in this energy regime. The main reaction under study (Run Set
”ZnNi”), produced projectile-like fragments with atomic numbers Z=26-32 and
mass numbers A =60–72. These fragments are central to exploring the produc-
tion of neutron-rich nuclei and the underlying reaction mechanisms.

Initially, traditional approaches to reconstruct the atomic number (Z) were
applied, relying on correlations between the total energy loss (∆Ecor) in the gas
section of the FPD and the residual energy (Eresid) measured by the silicon de-
tectors. Previous studies with the MAGNEX spectrometer have demonstrated
that this approach is effective for lighter ions (e.g., 18O, 20Ne, [72]). However,
for medium-mass heavy ions, as examined in this work, this correlation alone
was insufficient. Consequently, a different reconstruction methodology, utiliz-
ing the measured and calibrated quantities ∆Ecor, Eresid, and time-of-flight (TOF)
was necessary to achieve reliable identification.

Following the successful identification of the reaction products, the next step
was to study distributions for various reaction channels, with particular atten-
tion to neutron-rich isotopes. These distributions—including angular, momen-
tum, and mass spectra—offer valuable insights into the production trends of
neutron-rich nuclei and provide a basis for comparison with theoretical mod-
els, advancing our understanding of the reaction mechanism.
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Figure 3.1: Plot of the horizontal angle versus the horizontal positionmeasured at theMAG-
NEX focal plane for ejectiles from the interaction of a 70Zn beam (15 MeV/nucleon) with a
64Ni target distributed on all the FPD silicon detectors used for this experiment, namely
Si-8, Si-11, Si-14, Si-17, Si-20, Si-23, Si-26.

3.2 Particle Identification Procedure

The magnetic rigidity in this experiment was set properly in order to transport
the ejectiles and bring them to the center of the FPD. A typical plot of the hor-
izontal angle (θfoc, in degrees) versus the horizontal position (Xfoc, in meters)
measured at the FPD is presented in the following three figures. In these figures,
unidentified experimental data of ejectiles from the 70Zn (15 MeV/nucleon) + 64Ni
reaction are shown. Specifically, in Fig. 3.1, these data are distributed on all sil-
icon detectors (Si-8, Si-11, Si-14, Si-17, Si-20, Si-23, Si-26). In Fig. 3.2, these data
are distributed on four silicon detectors (Si-8, Si-14, Si-20, Si-26). The blank ar-
eas correspond to data of the 3 other silicon detectors, eliminated by software
gates, for better clarity of the presentation. Moreover, the red lines correspond
to simulated data for elastically scattered 70Zn ejectiles at the charge states 30+,
29+ and 28+, from left to right, respectively, being in their ground state. In Fig.
3.3, the same correlation is presented but this time the previously omitted Si de-
tectors are shown (Si-11, Si-17, Si-23). While the blank areas correspond to data
of the rest 4 Si detectors that are now omitted.

After the description of the setup and the overview of the collected events, as
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Figure 3.2: Plot of the horizontal angle versus the horizontal positionmeasured at theMAG-
NEX focal plane for ejectiles from the interaction of a 70Zn beam (15 MeV/nucleon) with a
64Ni target distributed on four of the FPD silicon detectors, namely Si-8, Si-14, Si-20 and Si-
26. The open (blank) areas correspond to three other silicon detectors, namely Si-11, Si-17,
Si-23 (whose data are omitted by software gates) adjacent to the oneswhose data are shown.
The red lines are simulations for elastically scattered 70Zn ejectiles in the charge states 30+,
29+ and 28+, from left to right, respectively.

illustrated in the horizontal angle versus horizontal position plots, the approach
for the identification procedure of the reaction products will be presented. This
approach is based on the technique of [68]. Specifically, the determination of
the atomic number of the ejectiles involves a correlation between the residual
energy measured by the silicon detectors and the total energy loss in the gas sec-
tion of the Focal Plane Detector of the spectrometer corrected for path length
differences depending on the angle of incidence.

In Fig. 3.4, two plots depicting the total energy loss at the gas section of the FPD
versus the residual energy measured by a single silicon detector are presented.
From now on, this Si detector (Si-11) will be considered as a “reference” Si detec-
tor. The left panel displays the results of the analyzed data from this experiment,
specifically focusing on the reaction observed with the MAGNEX spectrometer.
The Si detector, marked with an asterisk in Fig. 3.3, was utilized for this analysis.
To refine the dataset, elastic events corresponding to 70Zn30+, 70Zn29+, 70Zn28+ were
excluded by applying a dedicated software gate. This gate was implemented in
the θfoc versus Xfoc correlation, as illustrated in Figs. 3.2 and 3.3.
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Figure 3.3: Plot of the horizontal angle versus the horizontal positionmeasured at theMAG-
NEX focal plane for ejectiles from the interaction of a 70Zn beam (15 MeV/nucleon) with a
64Ni target distributed on three of the FPD silicon detectors, namely Si-11, Si-17 and Si-23.
The open (blank) areas correspond to four other silicon detectors, namely Si-8, Si-14, Si-20
and Si-26 (whose data are omitted by software gates) adjacent to the ones whose data are
shown. The red lines are simulations for elastically scattered 70Zn ejectiles in the charge
states 30+, 29+ and 28+, from left to right, respectively. The asterisk designates the “refer-
ence” detector (Si-11) which can be seen on the following figure.
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Figure 3.4: ∆Ecor vs Eresid correlation for the identification of Z. On the left, our data from
the reaction of 70Zn + 64Niwith theMAGNEX spectrometer are presented. On the right, data
from [72] for 20Ne10+ induced reactions are presented.

On the right panel, the results from the analysis that was carried out in Ref.
[72] are shown. It is evident that this correlation is actually adequate for the de-
termination of the atomic number Z of light ions. However, in the case of heavier
medium-mass ions, a clear Z separation could not be obtained. For this reason,
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the particle identification approach was extended with the measurement of the
time of flight and a reconstruction of the atomic number Z and charge state q of
the ejectiles.

The Z reconstruction is based on the energy loss, the residual energy, as well
as TOF measurements after an appropriate calibration of these parameters [72].
In the calibration procedure of the energy loss and the residual energy, advan-
tage was mainly taken of the fact that the elastically scattered 70Zn ions enter the
FPD in a broad range of angles (as indicated in Fig. 3.2, 3.3 with the red lines),
thus providing calibration points of ∆Etot and Eresid for successive θfoc angle win-
dows. In the present analysis, several variants of the Z reconstruction approach
have been developed. An overview of these will be presented in the following
subsections.

3.2.1 First Effort of PID: ZI , q approach

The first approach was based on the measured quantities of time-of-flight (TOF)
and ∆Ecor. Guided by Bethe-Bloch’s stopping power formula ∆E ∝ Z2

υ2 , the atomic
number Z may be expressed as Z ∝ υ

√
∆Ecor, where υ is the velocity of the ejec-

tiles. Following this dependence, we can reconstruct Z with the expression:

ZI = a0(υ) + a1(υ)υ
√
∆Ecor + a2(υ)(υ

√
∆Ecor)

2 (3.1)

In order to determine the functions a0(υ), a1(υ), and a2(υ) in the velocity range
of interest, the energy-loss data of Hubert et al. [73] were employed to determine
the coefficients of this equation for the atomic number range 6 ≤ Z ≤ 36 and
in the energy range of 8–18 MeV/nucleon. A least-squares fitting procedure was
applied at each energy in steps of 0.5 MeV/nucleon. The values of each coefficient
at the various energies were then fitted with polynomial functions of velocity.

The TOF measurement, along with the trajectory length of each particle, en-
abled the determination of the velocity of the ejectiles:

υ =
L

TOF (3.2)
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Figure 3.5: Example Z vs β
√
∆Ecor correlation for ejectiles for Z = 6-36 at 8, 10 and 18 MeV/u,

with β = υ
c .

where L is the trajectory length obtained from the trajectory reconstruction, as
reported in [21]. Furthermore, calculation of the ionic charge state q was based
on the fundamental equation of magnetic spectrometry:

Bρ =
p

q
(3.3)

where Bρ represents the magnetic rigidity, and p denotes the momentum of the
particle. Within the context of this work, we have used an equivalent expression
for the magnetic rigidity that is:

Bρ =
1

α

pc

q
(3.4)

with α = 299.79 MeV
T ·m . In this expression, the magnetic rigidity Bρ is expressed in

Tesla · meters (T·m), the momentum in MeV/c and q is the integer value of the
charge state of the ion. In a non-relativistic approach, the total kinetic energy
Etot of the ions reaching the focal plane can be expressed as:

Etot =
1

2
mυ2 =

1

2
(mnA)

(υ
c

)2
=

1

2
(mnc

2A)β2 (3.5a)

Etot =
p2

2m
=

(pc)2

2mc2
=

(pc)2

2mnc2A
(3.5b)
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where m is the mass of the ion, mn the atomic mass, A the mass number of the ion
and β = υ

c
. Combining the last terms of equations 3.5a and 3.5b, we can express

the momentum p as:

pc =
√

2mn c2 A Etot =

√
2mn c2

(
2Etot

mnc2β2

)
Etot

leading to:
pc =

2Etot

β
(3.6)

By substituting 3.6 into eq. 3.4, the charge state q can be finally expressed as:

q =
1

α

1

Bρ

2Etot

β
(3.7)

The total kinetic energy of the ions reaching the FPD is determined from the
expression:

Etot = ∆Ew +∆Etot + Eresid (3.8)

where ∆Ew is a calculated correction for the energy loss in the entrance window
of the FPD, ∆Etot is the sum of the measured energy loss in the gas section of the
FPD and Eresid is the residual energy measured by the Si detectors, as previously
mentioned.

The magnetic rigidity Bρ is obtained from the following equation:

Bρ = Bρ0 (1 + δ) (3.9)

where Bρ0 is the magnetic rigidity of the central trajectory and δ is the fractional
deviation of the magnetic rigidity of the particle from that corresponding to the
central trajectory, calculated through the standard procedure of optical recon-
struction as reported in [21].

The first effort for particle identification involved a correlation of the recon-
structed atomic number Z with the reconstructed ionic charge state q of the prod-
ucts in a two dimensional plot (Fig. 3.6).

However, the correlation of ZI with q did not yield a sufficient Z separation.
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Figure 3.6: ReconstructedZI vs charge state q correlation of ejectiles from the reaction 70Zn
(15 MeV/nucleon) + 64Ni corresponding to the reference Si detector.

For this reason, a different approach was implemented, for the reconstruction of
Z as described below.

3.2.2 Second Effort: ZII , q Approach

The second approach is similar to the first one described before, but takes into
account both ∆Ecor and Etot, as well as the velocity of the products. Following
Bethe-Bloch’s formula, and considering that the total kinetic energy of the inci-
dent ions is proportional to the velocity squared, Etot ∝ υ2, we can write:

∆E ∝ Z2

Etot
(3.10)

Z ∝
√

∆EcorEtot (3.11)

Based on Eq. 3.11, Z was then reconstructed using the expression:

ZII = b0(υ) + b1(υ)
√

Etot∆Ecor + b2(υ)
(√

Etot∆Ecor

)2
(3.12)
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Figure 3.7: Example of the Z vs
√
Etot∆cor as in Fig. 3.5.

As in the first approach, the functions b0(υ), b1(υ), and b2(υ) were determined
within the Z and velocity range of interest. This second approach involved a
correlation of ZII and q (as obtained before) for the ejectiles in a two dimensional
plot (Fig. 3.8).
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Figure 3.8: Reconstructed ZII vs charge state q correlation of ejectiles from the reaction
70Zn (15 MeV/nucleon) + 64Ni corresponding to the same silicon detector using the second
approach. Graphical contours are shown on each band corresponding to the atomic num-
bers Z (horizontal bands) and the ionic charge states q (vertical bands) of the ejectiles.
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In a first glance, this approach leads to a rather adequate Z separation in com-
parison to the first one. At this point, we note that the ZI reconstruction, based
on TOF and ∆Etot, shows inadequate resolution mainly due to the limited resolu-
tion of the TOF measurement.

However, the ZII reconstruction based on the measured ∆Ecor and Eresid (em-
ploying the TOF measurement only in the velocity-dependent coefficients) reaches
a rather adequate resolution.

3.2.3 Third Effort: Velocity Reconstruction from ∆Ecor, Etot

Given the limited TOF resolution of ≈ 2.5 %, derived from ∆(TOF ) = 3 ns and a
mean TOF value of 118.6 ns, we observed that the velocity resolution is directly
dependent on the TOF resolution, resulting in an equivalent velocity resolution
of ≈ 2.5 %, since the uncertainty in the length is negligible. To overcome this
limitation, we decided to develop an approach for the velocity determination of
the particles of interest based solely on∆Ecor andEtot. Again, starting from Bethe-
Bloch’s formula, we have:

∆E ∝ Z2

υ2
(3.13)

υ ∝ Z√
∆E

(3.14)

Now, Z can be expressed as:

Z ∝ λA (3.15)

where λ has a typical value of ∼ 0.5 for stable nuclei and of course depends on
the N/Z of the nuclei (e.g. 70

30Zn yields λ = 30
70

= 0.43) and Eq. 3.15 becomes:

υ ∝ λA√
∆E

(3.16)

Now, considering the expression for the total kinetic energy of the particles:
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Etot =
1

2
(mnc

2)A
υ2

c2
(3.17)

where mn is the atomic mass. The mass number A can be written as:

A =
2Etot

mnυ2
(3.18)

Using Eq. 3.16 in the above expression for velocity, we obtain:

υ ∝ λ1/3

(
Etot√
∆E

)1/3

(3.19)

where β = υ
c
. Following this proportionality, the velocity of the particles of inter-

est was reconstructed as:

βrec = c0 + c1X + c2X
2 (3.20)

where X =
(

Etot√
∆Ecor

)1/3
.
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Figure 3.9: Example of the β vs.
(

Etot√
∆Ecor

)1/3
correlation.

The reconstruction of the velocity with the above procedure, gave results
equivalent to the ones obtained using the TOF measurement. However, this ap-
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proach of velocity reconstruction had to be employed for those runs where TOF
was not measured, namely Runs 22-34 for the Zn+Ni system and Run 39 for the
Zn+Al system. In the subsequent analysis, we decided to employ the relativistic
equations for velocity, momentum and energy. The reconstructed energy per
nucleon of the particles is obtained from the reconstructed velocity via the rela-
tivistic expression:

En,rec = mnc
2 · (1− γrec) (3.21)

where
γrec =

1√
1− β2

rec

and
βrec =

υrec

c

It has already become clear that the reconstruction quality of the atomic num-
ber Z is dependent on the resolution of the velocity as we have seen in the pre-
vious two approaches of Z reconstruction. So, in this third effort we employ the
aforementioned approach of Z reconstruction, Eq. 3.12, which depends on Etot

and ∆Etot and where the velocity is now obtained via Eq. 3.20. The obtained
atomic number is now denoted as ZIII .

Furthermore, we reconstruct the ionic charge state q, taking into account the
relativistic expression of the momentum:

pc =
√

Etot (Etot + 2mnc2A) (3.22)

in the Bρ equation:
Bρ =

1

α

pc

q
(3.23)

so we get:
q =

1

α

1

Bρ

√
Etot (Etot + 2mnc2A) (3.24)

Using Etot = A · En,rec we get A = Etot

En,rec
. Then, Eq. 3.23 becomes:

qII =
1

α
· Etot ·

√
1 + 2mnc2

En,rec

Bρ
(3.25)
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Furthermore, the reconstructed parameters of Z and q obtained with the pre-
vious approach were correlated in two independent 2D plots with the residual
energy. These correlations were adopted to take into account possible depen-
dencies of the reconstructed parameters Z and q on energy (that turned out to
be insignificant). In Fig. 3.10 the ZIII versus Eresid correlation of events collected
by the reference silicon detector is shown. Adequate separation of the atomic
numbers of the reaction products is achieved with a resolution (FWHM) of ap-
proximately 0.8 Z units.
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Figure 3.10: Reconstructed ZIII vs residual energyEresid correlation of ejectiles from the re-
action 70Zn (15 MeV/nucleon) + 64Ni corresponding to the reference silicon detector. Graph-
ical contours are shown on each band corresponding to the atomic numbers Z = 26-32 (hor-
izontal bands) of the ejectiles.

The next figure represents the qII versus Eresid correlation of events collected
by the reference silicon detector. Adequate separation of the ionic charge states
of the ejectiles is achieved with a resolution (FWHM) of approximately 0.7 units.

From now on, we will use theZIII and qII and we will refer to these parameters
simply as Z and q. The Z and q gates that were obtained through software gating
from the Z vs Eresid and q vs Eresid correlations respectively, were used for the
next step of the data analysis, that involves the identification of the masses.
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Figure 3.11: Reconstructed qII vs residual energyEresid correlationof ejectiles fromthe reac-
tion 70Zn (15MeV/nucleon) + 64Ni corresponding to the reference silicon detector. Graphical
contours are shown on each band corresponding to the charge states q = 25-29 (horizontal
bands) of the ejectiles.

3.2.4 Mass Determination and Distributions

We continue with the description of the procedure of mass identification after
the reconstruction of the atomic number Z and the charge state q. For the deter-
mination of the masses, software gates were set on Z and q for each Si detector
used in each experimental run. For given Z and q, the identification technique, as
first documented in ref. [53], was adopted. This technique is based in general on
the relationship between the kinetic energy of the ions and the magnetic rigidity
which can be expressed non relativistically as:

Bρ =
1

α

√
A

q

√
2Etot (3.26)

This relationship expresses a proportionality of Bρ on
√
Etot with a slope of

√
A
q

.
Thus, a correlation of Bρ on

√
Etot or, (for simplicity) on Etot should result on a

grouping of the particles in bands of the same
√
A/q. But since in this procedure

the value of q is fixed, the bands should correspond to successive masses.

To make the connection with the work of the MAGNEX group, we note that
the magnetic rigidity is mainly determined by the position at the focal plane of
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the spectrometer. Since only a small fraction of the energy is deposited in the
gas section, the above relationship is approximately preserved between the two
primary measured quantities Xfoc and Eresid, where these two quantities provide
the basis of the mass identification as performed in the works of the MAGNEX
group.

In the following Figure, a Bρ versus Etot plot of the Zn28+ (Z=30, q=28) of events
for the reference Si detector is presented. The gap in the Bρ range is due to a gate
applied to exclude the intense group of elastic events. In this representation,
the selection of the various masses can be performed by setting the respective
graphical cuts, as shown for A = 68–72 in the case of Zn28+ ejectiles.
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Figure 3.12: Magnetic rigidity vs total energy correlation of ejectiles with Z = 30 and Q = 28
from the reaction 70Zn (15 MeV/nucleon) + 64Ni. The graphical contours represent isotopes
of Zn28+ (A = 68-72).

However, a crucial issue concerns the correct identification of the bands. The
course of action involves the implementation of simulations based once again on
the general relationship between the magnetic rigidity and the total kinetic en-
ergy of the particles, taking also into account the relativistic expressions. Com-
bining Eq. 3.22 and 3.23 we get:

Bρ =
1

α

√
A

q

√
Etot

√
2mnc2 + En,rec (3.27)

with the last factor
√

2mnc2 + En,rec being the relativistic correction. The use of
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Eq. 3.27 yields the colored lines on the plot below that provide a strong indication
of the correct identity of the ejectile mass in the present case.

Figure 3.13: Magnetic rigidity vs total energy correlation of ejectiles with Z = 30 and Q = 28
from the reaction 70Zn (15 MeV/nucleon) + 64Ni. The graphical contours represent isotopes
of Zn28+ (A = 68-72). The colored lines are calculations, obtained from Eq. 3.27.

From this analysis, it is evident that the reconstruction of the ionic charge
state is very important. If the PID approach was, for example, based only on
the reconstruction of the atomic number Z, then in the Bρ vs Etot correlation, we
would not be able to identify products that have (nearly) the same ratio of

√
A
q

, but
different charge states and masses. (e.g. 70Zn29+ yields the same ratio as 68Zn28+).

The next step of the analysis refers to the extraction of momentum and angu-
lar distributions, as well as production cross sections. After setting proper graph-
ical cuts in the Bρ versus Etot plot, these cuts are saved for further use. At this
point, each cut represents an ejectile of specific Z, q, and A. We remind that in
this experiment, seven of the silicon detectors of the FPD of the MAGNEX spec-
trometer were used. The methodology presented here, concerning the Z, q, and
A identification of the ejectiles in the reference detector, has been implemented
in all other active Si detectors of the FPD.

After determining the isotopes for each silicon detector in each run, a correla-
tion is obtained between the reaction angle in the lab frame θr versus Bρ. In the
next figure, a typical example of this plot for ejectiles of Z = 30, q = 28+, A = 70
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and Z = 30, q = 28+, A = 71 for the reference Si detector are shown.
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Figure 3.14: Reaction angle in the lab frame (θr) vs magnetic rigidity (Bρ) plot for ejectiles
of Z = 30, q = 28+, A = 70 and Z = 30, Q = 28+, A = 71 for the reference Si detector.

Subsequently, each θr − Bρ distribution was written in a text file with a bin
width of ∆θr = 0.5◦ and ∆(Bρ) = 0.001T · m. These table files were properly com-
bined with the use of a data analysis program written in Fortran (called zap.f)
developed in our laboratory.
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Figure 3.15: A flowchart that outlines the main steps of our procedure from identifying the
particles to the point of employing our code zap.f to extract the physics matrix w.r.t Z, A,
θr, p/A to be used further to obtain physically important distributions (angular, p/A, cross
section distributions).
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Before presenting what the analysis program zap.f does, a brief summary is
given for the identification procedure up to this point. For each silicon detector
used in each experimental run, a Z and q identification was made. The next step
was the correlation of Z vs Eresid and q vs Eresid, because it was found that it leads
to a clear identification and separation by correlating each reconstructed param-
eter with the experimentally measured observable Eresid, effectively taking care
of possible dependence of Z and q on Eresid. Then, for a given Z and q pair, the
masses of the isotopes were identified according to a Bρ versus Etot correlation.
Finally, for each isotope identified in Z, q, and A for each Si detector, a reaction
angle versus magnetic rigidity correlation was obtained. This θr−Bρ distribution
is saved for subsequent analysis.

The program zap.f will be now addressed. It is mainly a data manipulation
program responsible for combining the analysis results so far to produce vari-
ous arrays. These arrays are subsequently used as inputs to another program,
called zap_cut.f, in order to obtain important physics distributions such as an-
gular distributions, momentum distributions, and cross-section distributions. A
flowchart of the program is presented in Fig. 3.15.

The analysis procedure to be performed by zap.f is controlled by a master
file, a part of which is presented in Table 3.1. This file contains information re-
garding the gates set for a given Z, q, and A on each of the Si detectors. Thus,
it provides a complete map of the θr − Bρ distributions that have to be properly
combined to obtain the physics distribution of a given isotope Z, A.

IS is an index representing each active Si detector. If the value is equal to
zero for a Si detector, that means that the specific isotope was not present in
this detector. If the value is equal to its respective number, then this isotope has
been identified by the respective Si detector. After reading the master file, the
code accesses and reads the θr − Bρ table, then converts the magnetic rigidity to
momentum per nucleon p/A using the equation:

pc

A
= αBρ

( q

A

)
(3.28)

withα = 299.79 MeV
T ·m and then creates a three-dimensional array, named SiCOUNTS

(IS, ITH, IP). This array yields the counts over a given silicon detector and each
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Run IZ IQ IA IS: 1 2 3 4 5 6

41 30 28 67 0 0 14 17 20 0

41 30 28 68 0 11 14 17 20 0

41 30 29 68 0 0 0 17 20 0

41 30 28 69 8 11 14 17 20 0

41 30 29 69 0 0 14 17 20 0

41 30 28 70 8 11 14 17 20 0

41 30 29 70 8 11 14 17 20 0

41 30 28 71 8 11 14 0 0 0

41 30 29 71 8 11 14 17 20 0

41 30 28 72 8 11 0 0 0 0

41 30 29 72 8 11 14 17 0 0

Figure 3.15: Part of the master file (in the form of a table) used by the data manipulation
program zap.f. This file contains information regarding the gates have been set for a given
Z, q, A on each of the Si detectors.

value of the reaction angle θr and the momentum per nucleon p/A, respectively.
Another array is the so-called COUNTS (IZ, IQ, IA, IRun, ITH, IP). This is a 6D array
and is a result of the summation over the contributing silicon detectors for each
isotope. It yields the counts for a given value of Z, q, A, experimental run, θr and
p/A. For a given Z and A, the counts of each contributing run in each bin of θr

and p/A are properly summed. This procedure gives the array ACCOUNTS (IZ,
IQ, IA, ITH, IP). This summation takes place after relative normalization, so that
each run corresponds to the same total beam charge on target. Because of this
normalization, the obtained counts are thus “normalized” counts.

The next step is to construct the “physics” array PHYSCOUNTS (IZ, IA, ITH, IP)
that contains the counts of each isotope Z, A in each bin of θr and p/A. For this rea-
son, an appropriate combination is obtained over the contributing charge states
for a given p/A, θr, as well as A and Z. The averaging of the charge states is done
by calculating a parameter called qfactor, depending mainly on the equilibrium
charge state distribution [74] that we will briefly describe below.
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The charge state distribution is due to the stochastic character of the processes
of electron capture and loss by the projectile. These processes take place during
the interaction (through collisions) of the projectile atoms with the ones of the
target. The charge state distribution for a swift highly charged ion beam behind
a target foil is characterized by the mean charge, the width, and the shape of
the distribution. The equilibrium state is reached at a certain thickness, the so-
called equilibrium thickness, due to the equilibration of electron loss and capture
processes. Various semi-empirical formulae predicting the mean charge state of
heavy ions that are produced from reactions at intermediate energies have been
proposed. The semi-empirical equation of Baron [75] that describes the mean
charge state for heavy ions passing through thin foils was used in this work, as
in all previous works of our group (e.g. [45]). This equation describes the mean
charge state as a function of the incoming projectile velocity υp, the projectile
atomic number Zp, and the target atomic number Zt as shown below:

Qmean = Zp

[
1− exp

(
−83.275 βZ0.477

p

)]
f(Zp)g(Zt) (3.29)

where β = υp
c

,

f(Zp) =
[
1− exp

(
−12.905 + 0.2124Zp − 0.00122Z2

p

)]
(3.30)

and

g(Zt) =
[
1− 5.21× 10−3(Zt − 6) + 9.56× 10−5(Zt − 6)2 − 5.9× 10−7(Zt − 6)3

]
(3.31)

where f(Zp) is a correction term that must be considered for systems where
the projectile has an atomic number higher than 54, while g(Zt) is a correction
factor that describes the dependence of the mean charge state on the target atomic
number with reference to a C foil (Zt = 6).

By using this formula, we obtain the equilibrium charge state distribution
after the stripper, with inputs Zt = 6 and At = 12, while Zp and Ap are the atomic
number and mass number of the projectile, as well as the various ejectiles as
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indicated in the master file of our analysis.

Assuming a Gaussian distribution, the width is given by the following equa-
tion:

d = qmean
(
0.07535 + 0.19Y − 0.2654Y 2

)
× 1.1432 (3.32)

where Y = qmean
Zp

.

After the calculation of the equilibrium charge state distribution after the
stripper and its corresponding width, the subroutine calculates the area of a nor-
malized gaussian distribution that corresponds to a specific charge state q of each
event of the array ACCOUNTS (IZ, IQ, IA, ITH, IP). With the total area of the gaus-
sian normalized distribution being equal to 1, the correction factor qfactor is equal
to the ratio of the area corresponding to the given charge state for a given event
over the total area, which is 1. The correction factor qfactor essentially provides
the correction to the yield of a specific isotope Z,A (at a given velocity p/A) and
one charge state q if the others are not taken into account. An average of the
corrected counts for each contributing q is then obtained (if more than one q is
present) leading finally to the array PHYSCOUNTS (IZ, IA, ITH, IP). This matrix is
then written in a text file and will be used for the generation of the angular, p/A
and cross section distributions that will be performed with the code zap_cut.f,
developed also in our lab. The following table is an example of the aforemen-
tioned text file. It consists of six rows that represent the atomic number Z, the
mass number A, the reaction angle (θr), the momentum per nucleon (p/A) and
finally the normalized counts and the standard deviation, respectively.

The angular and p/A distributions can now be obtained and eventually the
production cross sections of the produced ejectiles can be obtained using the
code zap_cut.f developed in our lab. This step is performed with contents of
the physics array PHYSCOUNTS (IZ,IA,ITH,IP). In Table 3.2 an example of the
matrix file is presented; the row under the name “counts” gives the value of
PHYSCOUNTS.

In order to obtain cross sections, the cross section that corresponds to one
(normalized) count needs to be calculated. For this reason, a cross section factor
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Z A θr
p
A

Counts Error

30 70 6.5 160.0 523.12 35.60

30 70 6.5 160.5 863.77 51.15

30 70 6.5 161.0 718.59 41.35

30 70 6.5 161.5 623.30 49.54

30 70 6.5 162.0 811.87 53.20

30 70 6.5 162.5 1573.84 85.87

30 70 6.5 163.0 3496.23 109.42

30 70 6.5 163.5 10523.86 156.24

30 70 6.5 164.0 423.13 22.45

Table 3.2: Table presenting part of the physics matrix as explained in the text. The rows
represent the atomic number Z, the mass number A, the reaction angle θr, the momentum
per nucleon p

A , and finally the normalized counts and the standard deviation, respectively.

“cs_factor” has been implemented. Through the experiment, the current integra-
tor (CI) was set at 10−10 Coulomb/pulse. In other words, during the experiment,
10 pulses were obtained per 1 nC (nano Coulomb). We note that 1nC is equal
to 0.624 · 109 particles. For each experimental run, the total number of pulses
was recorded. So, from the number of pulses of the current integrator for each
experimental run, the beam charge in nC was extracted. By dividing this by the
average charge state of the beam that exits the target (taken as qmean = 28+), the
“particle” beam charge in particle-nC can be obtained. The cs_factor for each ex-
perimental run was calculated based on the known value of the beam’s pnC and
the target thickness.

The set of combined runs 41-61 of the runset ”ZnNi” is designated as the ”ref-
erence run” and the corresponding beam charge was determined, leading ul-
timately to the calculation of the cs_factor (mb/count). The extraction of the
beam charge pnC for run 41-61 will be presented. Specifically, for run 41-61,
the number of pulses was Qlive,41 = 111007, corresponding to a beam charge of
Ilive,41 = 11101 nC. This calculation allowed the pnC to be determined as:

pnC41 =
11101

28
≈ 397 pnC (3.33)
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The calculation of the cs_factor (mb/count), of course, comes from the defini-
tion of the cross section:

P = σnx

N

N0

= σnx

σ =
N

N0

1

nx
(3.34)

wherenx is the particle number density (particles/mb) expressing the target thick-
ness, N0 the number of particles of the beam that hit the target during a specific
run and N are the counts of a specific product. To obtain the cross section that
corresponds to one event, we simply set N = 1 in Eq. 3.34 and we obtain the cross
section factor:

cs_factor = 1

N0

1

nx
(3.35)

For the reference run, we have:

nx =
Xtgt

Atgt · 1000
6.022 · 1023particles/cm2 = 0.28125 · 10−7particles/mb (3.36)

where Atgt = 64 the mass number of 64Ni target and Xtgt = 1.18mg/cm2 the target
thickness. In the last equality we used 1mb = 10−27cm2.

For the number of beam particles N0 we have:

N0,41 = pnC41 · 0.624 · 10−24 (3.37)

where 0.624 · 10−24 is the number of particles per nC of current, as mentioned
earlier. By substituting the results from Eq. 3.36 and 3.37, the cs_factor of run
41-61 for run 41-61 is found to be cs_factor41 = 3.64 · 10−5 mb/count.

For the different runs of the same runset ”ZnNi” (runs 22-34, 64-69) with a
different Bρ setting of that in the run 41-61, an appropriate normalization with
respect to this reference run is needed. These normalization factors were ob-
tained so that the counts of each run times this normalization may correspond
to a beam charge equal to that of the reference run. The normalization factor is
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obtained as:
fi =

Qlive,41

Qlive,i

(3.38)

where the index i corresponds to the various runs used in this work. For run
64-69, the normalization factor is:

f64 =
Qlive,41

Qlive,64

f64 =
111007

80676
= 1.38

And for run 22-34, a correction to this normalization was required to account
also for the difference in the vertical angular range between this run and the
reference run.

f22 =
Qlive,41

Qlive,22

f22 =
111007

186778
= 0.595

For the run 22-34, the vertical angular range was ∆ϕ = ±0.2◦, while for the runs
41-61, was set at ∆ϕ = ±0.8◦. For this reason, the normalization factor was mul-
tiplied by four, to obtain a final factor value of f22 = 2.38 for run 22-34.

Run Bρ (Tm) Qlive (counts) Normalization Factor

22-34 1.2880 186778 2.38

41-61 1.2880 111007 1.00

64-69 1.3594 80676 1.38

Table 3.3: Table summarizing the normalization factors for the various runs of the runset
ZnNi.

In Table 3.3, we provide an overview of the different runs, along with their
respective pulse counts and normalization factors relative to the reference run.

After converting the counts into cross section, the next step was to create the
various distributions. In order to extract the angular distribution, the full array
was summed over the momentum per nucleon and then written in a distribution
of Z, A and θr. An example of this type of distribution is given in Table 3.4.
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Z A θr Counts Error σ (mb) dσ (mb) dσ/dΩ (mb/msr) Error of dσ/dΩ

30 70 4.0 28435.44 392.16 1.7699 0.0244 7.254 0.1000

30 70 4.5 29391.58 257.46 1.8294 0.0160 7.498 0.0657

30 70 5.0 39404.41 321.65 2.4527 0.0200 10.052 0.0821

30 70 5.5 59403.50 421.34 3.6975 0.0262 15.154 0.1075

30 70 6.0 32913.95 307.71 2.0487 0.0192 8.396 0.0785

30 70 6.5 20501.93 241.45 1.2761 0.0150 5.230 0.0616

30 70 7.0 6503.65 139.68 0.4048 0.0087 1.659 0.0356

30 70 7.5 2029.72 75.00 0.1263 0.0047 0.518 0.0191

30 70 8.0 769.71 57.28 0.0479 0.0036 0.196 0.0146

30 70 8.5 282.97 44.90 0.0176 0.0028 0.072 0.0115

30 70 9.0 98.88 34.81 0.0062 0.0022 0.025 0.0089

30 70 9.5 12.58 5.38 0.0008 0.0003 0.003 0.0014

Table 3.4: Excerpt of the angular distribution file extracted from the code zap_cut.f.

The first two rows represent the atomic number and the mass number, re-
spectively. The third row represents the reaction angle and the next two rows
the respective normalized counts and the corresponding error. The sixth row
represents the measured cross section, while the eighth row represents the dif-
ferential angular cross section, dσ/dΩ (mb/msr). This is the result of dividing the
measured cross section by the solid angle bin, the latter being calculated from
the horizontal and vertical acceptance of the experimental setup. The equation
that yields the differential angular cross section is the following:

dσ

dΩ
=

(counts · cs_factor)
∆Ω

(3.39)

where ∆Ω is the solid angle element width and cs_factor is the cross section fac-
tor as presented before. Specifically, the horizontal angle width is ∆θ = 0.5◦ or
8.7mrad, while the vertical angle width is ∆ϕ = 1.6◦ or 27.9mrad. So, ∆Ω is:

∆Ω =
∆θ ·∆φ

1000
= 0.242msr (3.40)

An example of an angular distribution can be seen in panel (a) of Fig. 3.16
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depicting the inelastic channel (70Zn). The data are shown by solid black circles.
The grazing angle of the reaction under study is θgr = 6.5◦. We need to clar-
ify the reason why it is called an ‘inelastic’ channel. This is because before the
implementation of the PID approach, we have effectively excluded by software
gating the elastic events that were presented in Fig. 3.2, 3.3 of this work. The
general feature of the angular distributions is that they peak near the grazing
angle. However, elements further away from the projectile are characterized by
a rather monotonically decreasing angular distribution. The subsequent section
will offer a more comprehensive discussion, featuring specific examples and de-
tailed results that illustrate these trends in angular distributions.

Moving on to the p/Adistributions, the physics array (i.e. Table 3.2) is summed
over the reaction angle and then converted to a distribution w.r.t. Z, A and p/A. A
typical example of the resulting distribution is shown in Table 3.5. In the current
analysis, the extraction of momentum distributions involves summing the angu-
lar distributions across the full range of reaction angles. These distributions are
then expressed as functions of the atomic number Z, the mass number A, and
the momentum per nucleon p/A.

Z A p/A Counts Error σ (mb) dσ (mb)

30 70 158.0 1010.00 75.78 0.0368 0.0028

30 70 158.5 2543.11 90.82 0.0926 0.0033

30 70 159.0 3989.59 107.46 0.1452 0.0039

30 70 159.5 4842.86 123.62 0.1763 0.0045

30 70 160.0 6464.10 138.05 0.2353 0.0050

30 70 160.5 11445.20 194.97 0.4166 0.0071

30 70 161.0 13443.11 207.36 0.4893 0.0075

30 70 161.5 12324.29 187.62 0.4486 0.0068

30 70 162.0 11805.71 159.14 0.4297 0.0058

30 70 162.5 15551.94 163.54 0.5661 0.0060

30 70 163.0 18740.19 189.07 0.6821 0.0069

Table 3.5: Excerpt of the momentum per nucleon distribution file obtained from the code
zap_cut.f.
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Figure 3.16: (a): Angular distribution of ejectiles from the inelastic channel of the reaction
70Zn (15 MeV/nucleon) + 64Ni. The experimental data in the angular range of 4◦–15◦ are rep-
resented by open circles, while those in the 4◦–6◦ window are shown by closed circles. The
vertical dashed (orange) lines indicate the 4◦–6◦ anglewindow. (b): Momentumper nucleon
distribution of ejectiles from the inelastic channel. The experimental data in the angular
range of 4◦–15◦ are represented by open circles, while those in the 4◦–6◦ window are shown
by closed circles. The vertical dashed (green) line represents the p/A of the projectile.

A decision was made regarding the horizontal angle interval for integration.
For the p/A distributions, we have decided to integrate the angular distribution
in the interval θlab = 4◦−6◦, corresponding more closely to the peak of the angular
distributions and not on the full observation window θlab = 4◦−15◦. We have ver-
ified 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 (Fig. 3.16). This is valid
for all reaction channels involved in this work. The choice of θlab = 4◦ − 6◦ is thus
motivated by the goal of focusing on the most significant region of the angular

76



distribution where most of the yield lies.

The cross section that we report for the p/A spectra has a bin width of∆(p/A) =

0.5MeV /c. Using this differential cross section we obtain the value of d2σ
dΩd(p/A)

in
units of mb

msr(MeV /c)
. The observation window is presented by the gray rectangle

in the sketch presented in Fig. 3.17. The solid angle of this observation window,
defined by ∆θ = 2◦ and ∆ϕ = 1.6◦ is:

∆Ω =

(
2

57.3 deg/rad

)
·
(

1.6

57.3 deg/rad

)
∆Ω = 0.975 · 10−3 sr = 0.975 msr

The orange disk represents the entire angular range where integration was per-

Observation Window

∆θ

∆φ

d

θ1

θ2

Figure 3.17: Schematic representation of the angular integration ranges and the full az-
imuthal angle. The orange disk illustrates the full angular range corresponding to θlab =
4◦ − 6◦. The observation window, highlighted within this range, is defined by ∆θ = 2◦ and
∆ϕ = 1.6◦, corresponding to a solid angle of ∆Ω = 0.975msr (see text).

formed for the p/A spectra, specifically for θlab = 4◦−6◦. This is the broader region
in space where particles are being observed or measured. In simpler terms, the
difference between the orange disk and the observation window, is that the lat-
ter represents a ”small slice” of the broader orange disk. The solid angle of the
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orange disk is calculated as follows:

Ω =
S

d2
=

π(θ2d)
2 − π(θ1d)

2

d2
=

d2π(θ22 − θ21)

d2

Ω = π

[(
6

57.3

)2

−
(

4

57.3

)2
]
= 0.0191 sr

Ω = 19.1 msr

where S represents the area of the orange disk.

Dividing the solid angle of the orange disk by the solid angle of the observation
window yields a scaling factor, denoted as ϕfactor in this work, which is:

ϕfactor =
Ω

∆Ω
=

19.1msr

0.975msr
= 19.6

In the theoretical calculations used in the subsequent analysis, to enable re-
alistic comparisons with the measured data, it was necessary not only to filter
the calculations for the angular acceptance window of the experiment and the
magnetic rigidity interval 1.260–1.425 T m covered in the experiment, but also to
divide the calculations by the scaling factor ϕfactor.

We note that, during the initial phase of the analysis, the experimental data
was depicted using a linear scale. This approach provided a visualization of the
overall features of the momentum distributions, revealing the presence of two
primary regions of interest. However, it became evident that the dissipative re-
gion, corresponding to lower values of p/A, characterized by significantly lower
cross sections, could not be effectively studied with this representation. The lin-
ear scale suppressed important details of the behavior in this region, limiting
further insights. For this reason, the next phase of the analysis involved adopt-
ing the presentations of the cross sections in logarithmic scale. This approach
enabled a more comprehensive analysis, uncovering details about the reaction
dynamics as we will discuss in detail in the following chapter.

In regards to the isotope production cross sections (mass distributions), an
integration over the momentum per nucleon and subsequently an integration
over the angular width was done at the full physics array. For each ejectile (Z,A),
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the integrated cross section in the whole reaction angle range of θr = 4 − 15° is
obtained as:

σ =

∫
dσ

dΩ
dΩ = 2π

∫
dσ

dΩ
sin θ dθ = 2π

15◦∑
θi=4◦

dσ

dΩ

(
sin

(
θ · π
180◦

))
∆θ · π
180◦

(3.41)

where θ is in degrees and ∆θ = 0.5◦, is the experimental bin of the polar angle.

The flowchart shown below (Fig. 3.18), schematically presents the procedure
followed by the code zap_cut.f for the extraction of the angular and p/A distri-
butions, as well as the isotope production cross sections.

Figure 3.18: A flowchart that outlines the main distributions obtained from the code
zap_cut.f

Summarizing, in this chapter, the data analysis methodology employed to ex-
tract ejectile distributions from the reaction of 70Zn at 15 MeV/nucleon with 64Ni
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using the MAGNEX spectrometer was outlined. A systematic approach was de-
veloped to reconstruct the atomic number Z and the ionic charge state q of the
ejectiles, utilizing the measured and calibrated quantities of energy loss, residual
energy, and time-of-flight (TOF). This was followed by a correlation of the mag-
netic rigidity with the total kinetic energy to identify the various masses of the
ejectiles. Subsequently, a correlation between magnetic rigidity and the reaction
angle was used for a given set of Z, Q, and A values. These steps, along with the
implementation of two data manipulation programs allowed for the extraction
of important distributions such as production cross sections, angular distribu-
tions, and momentum-per-nucleon distributions.

In the following chapters, the results from various reaction channels will be
thoroughly presented and discussed. These results will be further examined, and
insights will be drawn regarding the reaction mechanisms. Comparisons with
two theoretical models, the phenomenological DIT model and the microscopic
CoMD model, combined with the statistical de-excitation code GEMINI, will help
in interpreting the observed distributions.
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Chapter 4
Theoretical Models

4.1 Introduction

A significant and integral part of basic research in nuclear science has been the
development of theoretical models for describing and interpreting the experi-
mental data. These models, through various approaches and appropriate pa-
rameterizations offer insights into the reaction mechanisms that are dominant
in various nuclear processes. However, continuous and stringent verification of
their reliability and general optimizations in line with the latest developments
observed in the international literature are required. This chapter will present
the models that were used in the present work. The calculations are based on
a standard two-stage Monte Carlo approach. In the first, dynamical stage, the
interaction between the projectile and the target was described by two theoreti-
cal models: the phenomenological DIT model and the microscopic CoMD model,
while the deexcitation of the primary fragments was described by the GEMINI
code. The models utilized in this study will be outlined below.

4.2 Deep Inelastic Transfer Model (DIT)

The DIT (deep-inelastic transfer) model [76] is a phenomenological model de-
signed to describe peripheral collisions in the Fermi energy domain. The nu-
cleon transfer results in the gradual energy dissipation of the dinuclear system
towards internal degrees of freedom and the conversion of the relative kinetic
energy into internal excitation of the produced fragments. The resulting excita-
tion of the system can be of rotational, vibrational, or thermal nature [51, 77]. An
important aspect to be taken into account for the understanding of multinucleon
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transfer reactions is how the excitation energy is distributed between the two in-
teracting nuclei. In general, in a phenomenological treatment of deep-inelastic
reactions [78, 79], the projectile-target system is treated as a unified entity: col-
lective variables are assumed to evolve through their simultaneous interaction
with a thermal reservoir, which is in complete thermal equilibrium. This ba-
sic assumption therefore requires the dinuclear system to be characterized by a
common temperature. However, this requirement presupposes that the distri-
bution of excitation energy among the various products is based on the mass of
each product. On the other hand, in the theory of nucleon exchange, the same
behavior is not followed because excitation originates from nucleon transfers.
Therefore, if the relative flow is approximately symmetric, the same behaviour
will be noticed to the excitation energy of each pair of products. If the nucleon
exchange is the dominant reaction mechanism, the energy dissipation of the sys-
tem will tend to an equal distribution among the reaction products. Thus, in the
case of a highly asymmetric system, the light fragment will have a higher tem-
perature [51].

The direction and the type of transfer is determined by random selection
based on transfer probabilities. The probabilities are calculated through an inte-
gral over phase space taking into account effects such as Pauli blocking. 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 inter-
action. Then, the system is represented as two Fermi gases in contact allowing
the stochastic exchange of nucleons through a “window” that opens between the
touching nuclear surfaces. Specifically, a ”window” opens in the nuclear poten-
tial, and nucleon transfer takes place stochastically. These nucleon transfers are
responsible for the gradual dissipation of the kinetic energy of relative motion
into internal excitation and collective rotation of the primary fragments. The
stochastic nucleon exchange as described in this model, leads ultimately to a
broad distribution of produced fragments in terms of mass, atomic number, spin
and excitation energy. These transfers generate dissipation and fluctuations. In
the model, this aspect is simulated by random drawing followed by a Monte Carlo
[80] method which allows the computation of any observable on an event-by-
event basis. After interaction of the dinuclear system, the primary fragments
are excited and move along Coulomb trajectories. In this work, the DIT code was
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run with its standard parameters 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.

It is emphasized that DIT assumes that the only source of energy dissipation
is the exchange of nucleons. Collisions between nucleons are not taken into ac-
count.

Subsequently, we present a more quantitative discussion of the nucleon ex-
change process performed by DIT.

4.2.1 Description of the model

Before beginning the analysis of the model, we give some clarifications. Initially,
the nucleus donating nucleons will be denoted as 1, and the recipient nucleus as
2. Additionally, the prime symbol ’ will be placed on any quantity related to the
system after the completion of nucleon transfer.

Due to energy conversation for the system under study, the equation for the
variations of different kinds of energy is the following:

∆δ1 +∆δ2 +∆E∗
1 +∆E∗

2 +∆K +∆Uint = 0 (4.1)

The first two terms represent the variations of the mass excesses of the two
nuclei in their ground states, as deduced from mass tables. Specifically:

∆δ1 = δ
′

1 − δ1 = S1 − δα (4.2)

∆δ2 = δ
′

2 − δ2 = −(S
′

2 − δα) (4.3)

∆δ1 +∆δ2 = S1 − S
′

2 (4.4)

where δα is the mass excess of the exchanged nucleon and S1, S
′
2 the neutron

(or proton) separation energy from nuclei 1 and 2 before and after the transfer,
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respectively.

The terms ∆E∗
1 , ∆E∗

2 are related with the excitation energy, which includes
the rotational degress of freedom:

∆E∗
1 = E∗′

1 − E∗
1 = ϵF1 − ϵ1 (4.5)

∆E∗
2 = E∗′

2 − E∗
2 = ϵ2 − ϵF2′ (4.6)

where ϵ1 and ϵ2 are the kinetic energies of the transferred nucleon referred to
nuclei 1 (donor) and 2 (recipient); ϵF1 and ϵF2′ are the Fermi energy levels, the
prime sign labelling the nucleus 2 after it received the transferred nucleon. The
last two terms of Eq. 4.1 represent the variations of relative kinetic and poten-
tial energy of the composite system, this last quantity being significant only for
proton transfers due to the long-range Coulomb interaction.

At this point, considering that the neutron/proton separation energy and the
Fermi energy level are linked as quantities with the depth of the potential well
at infinity through the relation Si+ϵFi =Ui∞:

∆δ1 +∆δ2 = (ϵF1 − ϵF2′) + (U2∞ − U1∞) (4.7)

thus Eq. 4.1 becomes:

∆K = −∆Uint − (ϵ2 − ϵ1) + (U2∞ − U1∞) (4.8)

where ∆K is the relative change in kinetic energy and ∆Uint the relative change
of the dynamic energy of the dinuclear system. Requiring the potential wells of
the two nuclei to be of the same depth, it follows that:

∆K = −∆Uint − (ϵ2 − ϵ1) (4.9)

It is emphasized at this point that ∆Uint in DIT takes a nonzero value only
when the transferred nucleon is a proton, due to the strong Coulomb interaction
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experienced by the system. If a neutron is transferred, it holds: ∆Uint≈ 0. ∆Uint

is given by the following equation:

∆Uint = 1.44
Z1 − Z2 − 1

d
(4.10)

where d represents the distance between the interacting nuclei measured in fm.

We will now move on to the quantities of angular momentum and spin. The
angular momentum is examined only through the components that are perpen-
dicular to the reaction plane (meaning the z-axis projections). This is due to the
fact that in DIT, the y-axis is considered as the beam axis, instead of the z-axis
which is usually considered in describing the kinematics of reactions. Now, if s1
and s1 are the spins of the donor and receiver nuclei respectively, and L is the
orbital angular momentum, it holds that:

∆s1 = −l1 (4.11)

∆s2 = l2

∆L = −(l2 − l1)

where l1, l2 represents the orbital angular momentum of the exhanged nucleon
with respect to the donor and recipient nucleus.

As already mentioned in the beginning of this section, when the projectile
comes within the range of effective nuclear interaction, a window opens at the
surface between the two interacting systems to achieve a stochastic nucleon trans-
fer. According to Randrup [81], the velocity of the nucleon while reaching the
recipient nucleus depends not only on its initial velocity, but also on the relative
velocity of the dinuclear system, meaning:

u′

2 = u1 + Vrel (4.12)

An important quantity examined in DIT is the transfer probabilities. The
probability of transferring a nucleon from nucleus 1 to nucleus 2 is given by the
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equation:

P =

∫
ΦTn1(1− n2)d

5σ (4.13)

where d5σ= rdrdθd3p and rdrdθ represents the area of an infinitesimal sector in
polar coordinates.

Flux (Φ) is defined as the number of nucleons passing through a perpendicular
surface per unit time:

Φ =
dN

dSdt
(4.14)

by multiplying both numerator and denominator with dx, we have the following:

dN

dSdx

dx

dt
= ρF ∗ ux (4.15)

with ρF being the density of the Fermi level. Because DIT refers to phase space,
it is known that a phase cell of two nucleons occupies a volume of h3, therefore:

dN

dV d3p
=

2

h3
(4.16)

ρF =
2

h3
d3p

By combining Eq. 4.14 and 4.16, the number of nucleons passing through an
infinitesimal surface dS is:

ΦdS =
2

h3
d3puxdS =

2

h3
uxrdrdθd

3p (4.17)

thus, 4.13 becoming:

P =

∫
2

h3
ux r T n1 (1− n2) dr dθ d3p (4.18)

with T being the transmission coefficient, which depends on the potential of
the particle in the transfer window, calculated as the sum of the Woods-Saxon
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and Coulomb potentials. For the calculation of T, the Hill-Wheeler equation for
parabolic potential barriers was employed [76]. Finally, n1 and n2 represent the
probabilities of occupation of an energy level of the donor and recipient nucleus,
respectively.

In a nuclear reaction, the quantity of interest is the cross section, which is
calculated for a given value of angular momentum as follows:

σl = πλ̄2(2l + 1)P (4.19)

where λ̄ =h̄
p

is the De-Broglie wavelength and P the transfer probability. The total
cross section is the following:

σtot = πλ̄2

lmax∑
l=0

(2l + 1)P (4.20)

Under the assumption that the transfer is successful, meaning P = 1, it yields:

σtot = πλ̄2lmax (4.21)

where lmax is the maximum value of orbital angular momentum, in which a suc-
cessful nucleon transfer takes place.

In DIT, for each angular momentum value l, a number of events is generated.
The model assumes that these events have to be evenly distributed across the
entire target surface. This uniform distribution is achieved by considering the
target’s cross-section to be circular and perpendicular to the beam axis and also
selecting a number of events that is proportional to the radius of the circle. In
this case, the radius of the circular target coincides with the impact parameter,
upon which both the angular momentum and cross-section depend.

Based on a semiclassical approach, the impact parameter (b), is related to an-
gular momentum as follows:

b = λ̄l (4.22)

In order to achieve a uniform distribution of events, it is assumed that for

87



each l, a number of events proportional to l is chosen that is:

n(l) = fnl (4.23)

where fn is an integer number. Thus, the max number of events will be:

N =
lmax∑
l=0

n(l) ≈ fnl
2
max

2
(4.24)

The cross section for a specific reaction channel where a number of n events
is generated is:

σ = σtot
n

N
(4.25)

By combining the equations 4.21, 4.23 with 4.25 it yields the cross section per
event (mb/event), which is independent of the angular momentum, that is:

σ

n
= πλ̄2 2

fn
(4.26)

From equation 4.26, it is understood that with a proper adjustment of the
value of fn, events with very low cross-sections can be generated.

4.3 CoMD

The CoMD (constrained molecular dynamics) model [82, 83] is a microscopic model
designed 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 molec-
ular dynamics (QMD) [84] 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 wavefunction of the i-th
nucleon is expressed as:
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ϕi =
1

(2πσ2
r)3/4

exp

[
−(r− ⟨ri⟩)2

2σ2
r

+
i

h̄
r · ⟨pi⟩

]
(4.27)

where ⟨ri⟩ and ⟨pi⟩ are the centroids of position and momentum of the i-th nu-
cleon, respectively. The total wavefunction of the N-body system is expressed as
the product of the individual wavefunctions, as follows:

Φ =
∏
i

ϕi(r) (4.28)

As is well known, the formulation of quantum mechanics does not allow for
the simultaneous determination of the position and momentum of a particle.
Through the Fourier transformation it allows the interchange between repre-
sentations in position and momentum space; In the theoretical study of nuclear
structure and nuclear reactions, the existence of a probability distribution for the
positions and momenta of nucleons is necessary. For this reason, CoMD employs
an alternative formulation of quantum mechanics, based on phase space, which
relies on the Wigner transformation. The phase-space distribution function as
obtained by the Wigner transformation of ϕi, and with the Gaussian function
yields the following equation:

fi(r,p) =
1

π3h̄
3 exp

[
−(r− ⟨ri⟩)2

2σ2
r

− 2σ2
r(p− ⟨pi⟩)2

h̄
2

]
(4.29)

so for the N-body phase space distribution function it yields:

f(r,p) =
∑
i

fi(r,p) (4.30)

By taking into consideration the momentum width σp, the phase-space distri-
bution function takes the final form:
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fi(r,p) =
1

(2πσrσp)3
exp

[
−(r− ⟨ri⟩)2

2σ2
r

− (p− ⟨pi⟩)2

2σ2
p

]
(4.31)

The Gaussian description of the wavefunctions in the time dependent Schrödinger’s
equation for N particles leads into Hamilton’s equations of motion for the cen-
troids of the wavepackets. The Hamiltonian H of the system for A particles with
mass m consists of the kinetic energy, the effective nucleon-nucleon interaction
and a constant term resulting from the Gaussian width in momentum space,
which is not taken into consideration in the context of the formalism of the CoMD
code [82].

d

dt
⟨pi⟩ = − ∂H

∂⟨ri⟩
(4.32)

d

dt
⟨ri⟩ =

∂H
∂⟨pi⟩

(4.33)

H =
∑
i

⟨pi⟩2

2m
+ Veff + A

3σ2
p

2m
(4.34)

The second term (Veff ) is the potential part of the Hamiltonian and is based
on Skyrme-like interactions along with a surface term. The potential energy in-
volves the following individual terms:

V = V vol + V surf + V coul + V sym + V (3) (4.35)
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V vol = ⟨V̂ vol⟩ = T0

2ρ0

A∑
i=1,j ̸=i

ρij

V surf = ⟨V̂ surf⟩ = Cs

2ρ0

A∑
i=1,j ̸=i

∇2
⟨r⃗i⟩ρij

V coul = ⟨V̂ coul⟩ = e2

2

A∑
i=1,j ̸=i

1

∥⟨ri⟩ − ⟨rj⟩∥

(
∥⟨ri⟩ − ⟨rj⟩∥

2σr

)

V sym = ⟨V̂ sym⟩ = asym
2ρ0

A∑
i=1,j ̸=i

(
2δτi,τj − 1

)
ρij

V (3) = ⟨V̂ (3)⟩ = T3

ρµ0 (µ+ 1)

A∑
i=1,j ̸=i

ρµij

where ρij =
∫
ρi (ri) ρj

(
rj
)
δ
(
ri − rj

)
d3rid3rj is the superposition integral (or inter-

action density) which describes the interaction between the i-th and j-th nucle-
ons. This integral expresses the density of two nucleons i and j as a function of
their positions ri and rj  , where the delta function δ

(
ri − rj

)
enforces the condition

that the nucleons are at the same position, ensuring that the interaction density
is only non-zero when the nucleons overlap spatially. While ρi =

∫
fi (r,p) d3p

represents the position-dependent density of the i-th nucleon and τi corresponds
to the z-component of the isospin degree of freedom. The parameters of the ef-
fective interaction were as in the recent works of [49, 85] and correspond to a
compressibility of K=254 MeV.

In this model a constraint is imposed in order to effectively restore the Pauli
principle at each time step of the evolution of the system. This constraint re-
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stores, in a stochastic way, the fermionic nature of the nucleon motion in the
evolving nuclear system. The requirement for this constraint, is:

f̄i ≤ 1 (4.36)

f̄i ≡
∑
j

δτi,τjδsi,sj

∫
h3

fj(r,p)d3rd3p (4.37)

where si,τi the z component of the spin and isospin of nucleon i, respectively. The
integration is performed in a hypercube of volume h3 in phase space centered
around the point (⟨ri⟩, ⟨pi⟩), in the r and p space, respectively. For each particle
i and for each time step, the phase space occupation f̄i is checked. If the value is
greater than 1, an ensemble Ki of nearest particles within distances 3σr and 3σp,
is determined. Then, for the particles in the ensemble, the momenta are changed
in a way that the total momentum is conserved. The new configuration will be
accepted only if fi is reduced below 1; otherwise, the iteration of the process
continues until the constraint is achieved.

The short range nucleon-nucleon interactions are described as individual nu-
cleon-nucleon collisions governed by the nucleon-nucleon scattering cross sec-
tion, the available phase-space and the Pauli principle. For each collision, the
occupation probability is checked and the collisions with f̄i < 1 are accepted, in
accordance with the Pauli constraint as discussed above (Pauli blocking). Within
the Gaussian wavepacket representation, it is found necessary to empirically
scale the occupation fraction f̄i by employing a mass-dependent Pauli constraint
parameter (paulm), taking the value paulm = 94 for the mass range of interest in
this work. The occupation constraint fi becomes [49, 85]:

f̄i →
128

paulm
f̄i (4.38)

For the CoMD calculations presented in this work, the impact parameter range
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b = 4-12 fm was covered and the dynamical evolution of the system was stopped
at t = 600 fm/c (2 × 10−21 s), which is adequate time for the completion of the
dynamical stage of nucleon transfer without allowing considerable de-excitation
of the hot primary fragments.

4.4 GEMINI

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 GEM-
INI 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 [86, 87, 38]. Heavier fragments may be emitted with
probabilities following a transition state formalism. The final partition of prod-
ucts is generated by a succession of binary decays.

In general, the de-excitation of an excited nucleus is based on probabilities.
As a result, the de-excitation distribution of a nucleus (Z0, A0) into a final product
(Z1, A1) can be calculated using the Breit-Wigner resonance formula:

P =
2JR + 1

(2J0 + 1)(2J1 + 1)
· Γ2

(E − ER)2 +
Γ2

2

(4.39)

In the above relation, JR and ER express the spin and resonance energy, re-
spectively, while Γ represents the decay width, which is related to the average
lifetime τ of the decaying state by the relation Γτ = h̄. The decay width Γ is ex-
pressed as:

Γ =
2π

h̄
|V ′

fi|2ρ(Ef ) (4.40)

based on Fermi’s golden rule.

For fragments with Z ≤ 2, the energy width of decay Γ is calculated following
the Hauser-Feshbach formalism. The process followed for the de-excitation of
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these nuclei is called evaporation.

Considering an excited system (Z0, A0) with spin J0, which decays by emitting
a particle (Z1, A1) with spin J1 and transitions to a final state (Z2, A2) with spin J2,
the decay amplitude can be given by the relation:

ΓJ2(Z1, A1, Z2, A2) =
2J1 + 1

2πρ0

∑
l

∫ E∗−B−Erot(J2)

0

Tl(ϵ)ρ2(U2, J2)dϵ (4.41)

where the summation spans from lmin = |J0 − J2| to lmax = J0 + J2 and l and
ϵ are the angular momentum and kinetic energy of the emitted particle, ρ0 and
ρ2(U2, J2) are the density of states of the emitted particle and the residual nucleus,
respectively, and U2 is the thermal excitation energy:

U2 = E∗ − B − Erot(J2)− ϵ (4.42)

Here, B denotes the binding energy and Erot is the rotational energy of the
final system. The transmission coefficient Tl(ϵ) is defined as:

Tl(ϵ) =

0 ϵ ≤ Ecoul +
h̄
2
l(l+1)
2µR2

1 ϵ > Ecoul +
h̄
2
l(l+1)
2µR2

(4.43)

where R is the absorptive radius and µ is the reduced mass of the emitted particle
- residual energy system.

For the description of the de-excitation of heavier fragments with A ≥ 12, the
transition state formalism of Moretto is applied, which is based on the formation
of a saddle point. The decay width Γ is calculated as follows:

Γ(Z1, A1, Z2, A2) =
1

2πρ0

∫ E∗−Esad(J0)

0

ρsad(Usad, J0) dϵ (4.44)
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with Tl(ϵ) = 1. Here, ρsad and Usad denote the density of states and the thermal
excitation energy at the saddle point, respectively:

Usad = E∗ − Esad(J0)− ϵ (4.45)

The density of states is given by:

ρ(U, J) = (2J + 1)

(
h̄
2

2I

)3/2( √
a

12U2

)
e2

√
aU (4.46)

where a = 8.5 MeV−1 is the level density parameter and I is the moment of inertia
of the final system. The above expression for the density of states arises from the
Fermi gas theory.

The implementation of GEMINI in our work was performed with its standard
parameters as in the original works of [86, 87].

We close this chapter by noting that, within the context of this work, the two-
stage DIT/GEMINI and CoMD/GEMINI calculations will be referred to as DIT and
CoMD calculations, respectively.
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Chapter 5
Results and Discussion

5.1 Introduction

In this chapter, we present the experimental results of ejectile distributions from
the reaction of 70Zn with 64Ni at 15 MeV/nucleon obtained from the analysis de-
scribed in Chapter 3. Further on, we proceed with a comparison of the exper-
imental data with theoretical calculations employing the models presented in
Chapter 4.

We remind at this point that the analysis of the data resulted in ejectile dis-
tributions (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 ana-
lyzed, two-dimensional distributions of p/A versus θlab are presented in Fig. 5.1.
These plots – that will be referred to as Wilczynski plots in this discussion – are
essentially equivalent to the traditional Wilczynski plots. The latter are plots of
kinetic energy vs scattering angle widely used in the study of deep-inelastic colli-
sions near and above the Coulomb barrier providing information on energy dis-
sipation and the dynamical behavior of the dinuclear complex [38, 88, 89]. In the
plots of Fig. 5.1, 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 [96]. The various channels are marked by the number of neutrons or
protons added or removed from the projectile. For orientation, the channel of
70Zn, corresponding to no net nucleon transfer, called the ”inelastic” channel, is
displayed in the middle panel. In most of the channels, the existence of a peak
(a ”band”) is evident near the velocity of the beam (quasielastic peak) and an ex-
tended region of lower velocities corresponding to more dissipative events, as it
will be discussed in further detail later. In addition, in most of the channels, char-
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Figure 5.1: Wilczynski plots of ejectiles from representative channels of the reaction 70Zn
(15MeV/nucleon) + 64Ni. The horizontal lines represent the p/A of the projectile and the ver-
tical 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” (correspond-
ing to no net nucleon transfer) is also displayed.

acteristic valleys along the θlab coordinate are observed, or correspondingly dips
in the distributions along the p/A coordinate (as can be seen also later). These
dips are the result of the software gates imposed during the data analysis to re-
move the elastically scattered beam. As we may expect, the nucleon pickup prod-
ucts are characterized by overall lower p/A values (velocities) essentially due to
momentum conservation, as these projectile-like fragments have picked up nu-
cleons from the ”stationary” target. It is noted here that a velocity shift for nu-
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cleon pickup products has also been observed at higher (fragmentation) energies
(80–140 MeV/nucleon) [97, 98] and interpreted with a simple momentum conser-
vation model. It is further observed 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, these plots will not be discussed further. Instead, attention will
be given to, first, the integration of these distributions with respect to p/A that
will give angular distributions (to be discussed later), whose further integration
with respect to θlab will provide the production cross sections 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 distri-
butions.

5.2 Production Cross Sections

In Figs. 5.2 and 5.3, the production cross sections for the observed isotopes of
the elements with Z = 28–31 from the reaction 70Zn (15 MeV/nucleon) with 64Ni
are presented. In both figures, the experimental data are shown by the full black
points. The vertical dashed (green) line indicates the beginning of neutron pickup
that develops from this line to the right.

As it is evident from these figures (and also from Fig. 5.1), the present exper-
iment successfully 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 neutrons from the target.

The distinct advantage of employing the MAGNEX spectrometer is the high-
resolution measurement of the reaction angle and the momentum resulting from
the trajectory reconstruction procedure. This detailed angular and momentum
information plays a key role in the elucidation of the reaction mechanisms, as al-
ready noted in relation to Fig. 5.1 and will be further elaborated in the following
sections.

The experimental cross sections are now compared with the DIT and CoMD
calculations presented in Figs. 5.2 and 5.3, respectively. We note that the calcu-
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Figure 5.2: 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.
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.

lations are performed using a Monte Carlo approach leading to calculated dis-
tributions (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. [74] that was also em-
ployed in the analysis of the experimental data in Chapter 3. Thus, the calculated
distributions can be appropriately projected (and/or integrated) so that they can
be compared with the experimental data.

In Fig. 5.2, focus will be initially directed towards the calculated yield distri-
butions of the primary projectile-like fragments (quasiprojectiles) presented by
the dotted (blue) lines. Wide and nearly symmetric distributions are observed,
extending significantly towards 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 fi-
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Figure 5.3: 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 accep-
tance with the solid (red) line (see text). For comparison, primary fragments from DIT are
repeated with dotted (blue) line. The vertical dashed (green) line indicates the initiation of
neutron pickup.

nal 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 multi-
nucleon transfer reactions near the Coulomb barrier [25, 26, 32]. However, at
our energy, the excitation energies of the primary products are expected to be
higher and the evaporation chains longer, thus leading to substantially altered
final yield distributions.

Furthermore, in Fig. 5.2, the cross sections are presented with solid (blue)
lines after filtering the theoretical distributions for the angular acceptance of
MAGNEX ∆θlab = 4◦ – 15◦ and the magnetic rigidity interval Bρ = 1.260− 1.425 T m

covered in the experiment. Interestingly, the filtered DIT calculations lead to
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cross sections that are in overall reasonable 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). On the neutron-
deficient side, both the filtered distributions and the data are considerably 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. The 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. 5.3, the CoMD calculations and their comparison to the data are pre-
sented in a manner similar to that of the DIT results. 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
different physical ingredients of them. As in Fig. 5.2, 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.

A remark concerning the CoMD calculations is that while they provide, to
some extent, an overall description of the shape of the experimental yield distri-
butions, they tend to overpredict the yields of the neutron-rich sides of the dis-
tributions for the isotopes below the projectile. Given the observed similarity in
the calculated primary yields between DIT and CoMD, the observed differences
in the cross sections are tentatively ascribed to possible differences in the exci-
tation energies of the primary products. Despite the overall better agreement of
DIT with the experimental cross section data, the results from both codes will be
presented and evaluated in the following discussion. One of the aims of our re-
search group for future works, is to further understand and improve the CoMD
results by possible proper choice of the parameters of the model and investigate
the excitation energy distributions of the primary products. The results of the
latter will be addressed later in section 5.4 of this work.

It is noticeable that the present results do not extend as far out toward neutron-
rich nuclides as previous measurements with the 15 MeV/nucleon 86Kr beam on
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64Ni and 124Sn with the MARS separator [45, 46], due to severe limitations in the
beam current imposed by the experimental setup in which the elastically scat-
tered projectiles were accepted in the focal plane detector. This limitation will
be circumvented in the future in view of the ongoing upgrade of MAGNEX [71]
toward accepting high rates that will be crucial in order to extend further exper-
imental studies to very neutron-rich nuclides.

5.3 Momentum and Angular Distributions

In this section, we present the momentum per nucleon and the angular distri-
butions for the various reaction channels under investigation. Each channel is
examined individually to elucidate the distinct distribution patterns and mech-
anisms associated with its pathway. For clarity and systematic analysis, the sec-
tion is organized into subsections, with each subsection dedicated to the momen-
tum and angular distribution characteristics of a specific reaction channel. This
structure facilitates a thorough comparison across channels, contributing to a
comprehensive understanding of the reaction dynamics.

5.3.1 Inelastic Channel

In Fig. 5.4, the angular and momentum distributions of 70Zn ejectiles are pre-
sented. This channel will be referred to as the ”inelastic” channel, including pos-
sible complicated processes of nucleon pickup, breakup and evaporation which
end up with no net nucleon transfer from the target to the projectile. This point
will be revisited later. In Fig. 5.4a, the angular distribution of the inelastic chan-
nel is presented. 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 it is the case for
the angular distributions of most of the observed channels. The experimental
distribution is also compared with the results from the DIT and CoMD calcula-
tions shown by open (blue) circles and open (red) squares, respectively. The DIT
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calculations exhibit a rather flat behavior underestimating the data, while ex-
tending to larger angles. The CoMD calculations tend to overestimate the data,
while they describe the peak of the data inside the grazing angle.

We now proceed with a discussion of the momentum per nucleon distribu-
tion of the inelastic channel, 70Zn, displayed in Fig. 5.4b. The experimental data
are shown by the closed points. The vertical dashed line indicates the p/A of the
projectile. 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, the experimen-
tal distributions were integrated in the angular range θlab = 4◦–6◦, corresponding
to the region around the peak of the distributions. The vertical axis gives the
value of d2σ

dΩd(p/A)
in units of mb

msr(MeV /c)
.

We have verified that obtaining 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 excitation energy of the
quasiprojectile - quasitarget system obtained using the indicated p/A values and
employing binary kinematics. The excitation energy is connected to the reac-
tion 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 represents 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 complicated processes pos-
sibly involving the pickup of a neutron from the projectile and the subsequent
evaporation of a neutron to yield the 70Zn nucleus. In a similar fashion, as in the
detailed analysis of Sohlbach et al. [54], one can assume that the bump at E∗

tot=88
MeV corresponds to the pickup of two neutrons from the projectile and a sub-
sequent evaporation. This point will be revisited later by decomposing the DIT
calculations into various processes.

In the same figure, along with the experimental data, the DIT calculation is
shown with open (blue) circles. The theoretical DIT distributions were filtered
taking into account the Bρ range of the experiment and the polar (horizontal) an-
gular window θlab = 4◦– 6◦ that were chosen for the integration of the experimen-
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Figure 5.4: (a): Angular distribution of ejectiles from the inelastic channel of the reaction
70Zn (15 MeV/nucleon) + 64Ni. The experimental 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 experi-
mental data are shownby closed (black) circles. The vertical dashed (green) line represents
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, called QP-0n, QP-1n and QP-2n, are
shown under the assumption that the primary fragment (the quasiprojectile, QP) under-
goes pick up of no neutrons [open (green) squares], one neutron [open (purple) diamonds]
and, two neutrons [open (yellow) triangles] and subsequent evaporation of them.

tal 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 distri-
bution by the ϕfactor as presented in Chapter 3 before comparing it to the experi-
mental p/A distribution. [This factor is the ratio of the solid angles subtended in
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the corresponding two cases of polar angular window θlab = 4◦– 6◦ and azimuthal
angular windows of 360◦, and ∆ϕlab = 1.6◦.]. It is important to note that the bin
width used in the DIT calculation for the p/A spectra is ∆(p/A) = 1.0MeV /c, while
the data has a bin width of ∆(p/A) = 0.5MeV /c. This has been properly taken
into account in both the data and the calculations when evaluating the double
differential cross section d2σ

dΩd(p/A)
.

We observe that the DIT calculation can describe only the part of the distribu-
tion 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 excita-
tion, thus it cannot describe the inelastic part of the experimental p/A spectrum.
It is noted that the only process treated by the DIT model is the sequential transfer
of nucleons from the projectile to the target and vice versa. Thus, the discrepancy
between the data and the DIT model yields an insight into the direct mechanisms
that contributed to the quasielastic 70Zn events.

To elaborate further on the DIT calculation, we performed a decomposition
of the p/A distributions of the ejectiles calculated 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 trian-
gles), respectively, and lost an equal number of neutrons in subsequent evapo-
ration. These calculations, presented in Fig. 5.4b, will be referred to as QP-λn,
where λ=0,1,2, denoting that the observed ejectile comes from a primary frag-
ment (quasiprojectile, QP) which (after appropriate pickup) has evaporated no
neutrons, one neutron, and two neutrons, respectively. 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 to-
tal 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 exclu-
sion of elastically scattered projectiles can also be described by the DIT calcula-
tion, provided that a software gate was imposed to exclude elastically scattered
projectiles with q=29+ in the calculation.

Between the left side of the inelastic peak of E∗
tot=6 MeV and the the right side

of the peak of the DIT distribution corresponding to E∗
tot=42 MeV, there is an area
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Calculation Component Contribution (%)
QP–0n 29%
QP–1n 52%
QP–2n 13%

Table 5.1: Relative Percentage Contribution of Individual QP-λn Calculations to the Total
DIT Calculation for the Inelastic Channel.

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 ex-
citation of the target nucleus to the giant resonance regime possibly involving
double (or higher order) resonances (see, e.g. [90] 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.

Furthermore, in Fig. 5.4b, the CoMD calculation (open squares) is also shown.
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, owing to
its fully microscopic N-body character, the model has the inherent ability to de-
scribe inelastic excitation (in a gross manner – CoMD predicts no discrete states),
as well as giant resonances [85] and the collective response of the projectile and
the target induced by their mutual interaction. This dynamical behavior of CoMD
requires further investigation [91] and is beyond the scope of this work. Along
these lines, from an experimental point of view, we wish to mention that investi-
gation of a collective dipole mode, the so called, dynamical dipole mode has been
recently performed (e.g. [92, 93] 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 expect that the coupling of the MAGNEX
spectrometer with the proposed G-NUMEN array [94, 63, 95] will enable further
studies of pre-equilibrium aspects in combination with fully identified ejectiles
and elucidation of the relevant deexcitation mechanisms.
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5.3.2 Nucleon Removal and Nucleon Pickup Channels

5.3.2.1 Nucleon Removal Channels

The following discussion will proceed with the p/A distributions of some of the
most important transfer channels observed, and later on with the correspond-
ing angular distributions. In Fig. 5.5, the p/A distributions of several nucleon
removal products are shown. Specifically, the products obtained from the re-
moval of one neutron (69Zn), one proton (69Cu), two neutrons (68Zn) and two pro-
tons (68Ni) are presented. As discussed before, the observed dips in the p/A spec-
tra are due to software gates in the data 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, a large difference in the cross sections of the -1n and -1p
channels can be observed, the former being one order of magnitude higher than
the latter. In these distributions, a distinct quasielastic peak is evident just below
the projectile velocity corresponding to lowE∗

tot and a lower bump corresponding
to higher E∗

tot, in analogy to the situation regarding the inelastic channel (Fig.
5.4b).

Focusing now to the -1n channel, the first peak at p/A=164 MeV/c and E∗
tot=11

MeV can be assigned to a direct process of one neutron stripping from the 70Zn
projectile. Furthermore, the part of the distribution below p/A=162 MeV/c may
be assigned 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. 5.4b for the inelastic channel. The DIT calculation is
lower than the data, but the shape of 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 (Table 5.2).
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Calculation Component Contribution (%)
QP–0n 63%
QP–1n 17%
QP–2n 11%

Table 5.2: Relative Percentage Contribution of Individual QP-λn Calculations to the Total
DIT Calculation for the One-Neutron Removal Channel (–1n).

Analogous remarks pertain to the -1p channel. The quasielastic peak repre-
sents a direct proton stripping, and the part at lower velocities comes from a
more complex process involving, apart from proton-removal, neutron pickup
and subsequent evaporation, corroborated by the DIT analysis, as above. It is in-
teresting 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 sim-
plest 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 processes that require proper analysis with direct reaction codes.
Moreover, the discrepancy regarding the lower part of the -1n spectrum may re-
flect 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 distributions, especially the one-proton removal channel.

We now focus our attention on the two-neutron and two-proton removal chan-
nels, Figs. 5.5c, 5.5d. As in the case of one nucleon removal channels, the spectra
are characterized by a quasielastic peak and a lower velocity tail. The two spec-
tra 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 underestimates 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 components. Concerning the -2p chan-
nel, the DIT calculation gives a somewhat better description of the experimental
spectrum, 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 (Table 5.3).
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Calculation Component Contribution (%)
QP–0n 53%
QP–1n 23%
QP–2n 12%

Table 5.3: Relative Percentage Contribution of Individual QP-λn Calculations to the Total
DIT Calculation for the Two-Proton Removal Channel (–2p).

As in the case of reactions at lower energies (e.g. [35] and references therein),
we may assume that a process of direct transfer of a nucleon pair (neutron pair
or proton pair) contributes to the quasielastic part of these channels. The CoMD
calculation appears to describe the -2n spectrum, apart from its QE part. To the
contrary, 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 con-
tributions of collective excitations of the target residual that may be partially
accounted for in the CoMD calculation.

After discussing the momentum distributions, we shift our attention to angu-
lar distributions of the nucleon removal (stripping) channels presented in Fig.
5.6. The horizontal axis of the distributions is the reaction angle in the lab frame
and the vertical axis is the differential cross section dσ

dΩ
[ mb
msr

]. 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. 5.4a), the angular distributions exhibit a bell-shaped pat-
tern 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 some-
what narrower and, specifically for the -1p and -2p channels, are higher than the
data (as seen also for the corresponding p/A distributions).
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Figure 5.5: 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 calculation is
shown by open (blue) circles, and the CoMD one by open (red) squares. The three compo-
nents 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. 5.4b.
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Figure 5.6: 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.
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5.3.2.2 Nucleon Pickup Channels

In Fig. 5.7a-c, the p/A distributions of ejectiles with pickup of one proton, one
neutron and two neutrons from the target are presented, whereas in Fig. 5.7d
the p/A distribution for the single charge exchange channel is shown. As in the
case of nucleon removal channels, the spectra of the pickup products are char-
acterized 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. To the contrary, 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, as discussed before.

Concerning the +2n channel, the QP-0n calculation describes most of the quasi-
elastic part of the spectrum, apart from its right side. The QP-1n component de-
scribes the lower part of the p/A spectrum. Again, this observation may suggest
the possibility of a direct neutron-pair pickup in the experimental data.

In Fig. 5.7d, we present the p/A distribution of the isotope 70Cu (-1p,+1n) in-
volving 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) is able to describe
most of the experimental distribution, apart from the quasielastic peak. We may
consider this as an indicator of a direct charge exchange process involving me-
son exchange (see, e.g., [99] and references therein) in addition to the nucleon
exchange, the latter process being rather adequately described by DIT.

Regarding the CoMD calculation for all the channels of Fig. 5.7 [open (red)
squares with dashed lines], the general behavior is that the calculated p/A distri-
butions exhibit broad peaks at lower velocities than the data, tend to be higher
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than the data in some of the channels and appear to miss the QE part of the spec-
tra.

While in 5.8, the angular distributions of the nucleon pickup products are
shown. The general behavior of the angular distributions exhibit a similar pat-
tern to the ones shown in 5.6 with a bell shaped pattern peaking inside the graz-
ing angle. The DIT and CoMD calculations appear to describe the overall behavior
of the experimental data.
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Figure 5.7: Momentumper nucleon distributions of ejectiles fromnucleon 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 calcu-
lation 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. 5.4b.
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Figure 5.8: Angular 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 shows the grazing angle. The calculations shown are: DIT
by open (blue) circles, and CoMD by open (red) squares.
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5.3.3 ”Cluster” Transfer Products

Concluding the presentation of the momentum and angular distributions of var-
ious reaction channels, we present in Fig. 5.9, 5.10 the p/A distributions of sev-
eral nucleon pickup or removal channels that we call ”cluster” pickup or ”clus-
ter” removal channels. The cluster pickup channels correspond to +1p+1n (+2H),
+1p+2n (+3H), +1p+3n (+4H) and +2p+2n (+4He), whereas the cluster removal chan-
nels correspond to -1p-1n (-2H), -1p-2n (-3H), -1p-3n (-4H) and -2p-2n (-4He).

Regarding the cluster pickup channels, we can observe a progressive displace-
ment of the quasielastic peak to lower velocities with increasing number of nu-
cleons picked up, due to momentum conservation. Both the DIT and the CoMD
calculations cannot describe the experimental distributions for these channels,
grossly underestimating the data. This may suggest that apart from the sequen-
tial pickup of nucleons, the contribution of direct pickup of clusters (d, 3H, 4H,
4He) from the target should be taken into account. Such a process is not de-
scribed by the DIT or the CoMD models and motivates further theoretical inves-
tigation with appropriate models explicitly involving cluster degrees of freedom
[100, 101, 102].

Analogous observations pertain for the cluster removal products. In Fig. 5.10
we see that in the case of −d and −t channels, the DIT calculations align well
with the trend of the data, whereas the CoMD calculations tend to overestimate
the data. In the case of −4H and −α, both models underestimate the data of the
quasielastic region indicating possibly breakup and/or transfer of these clusters
to the target.

The angular distributions of the cluster pickup and cluster removal channels
are presented in Fig. 5.11 and Fig. 5.12. Remarks similar to those of the angular
distributions of the previously discussed channels pertain to these distributions.
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Figure 5.9: Momentum per nucleon distributions of ejectiles from ”cluster” pickup chan-
nels 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
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5.4 Excitation Energy Distributions

In this section, we show results of reconstructed excitation energy distributions
from various reaction channels. This comprises a complementary approach to
that of the momentum distributions to further elucidate the reaction mecha-
nisms.

(b)
30Zn

8075706560

C
ro
ss

S
ec
ti
on

(m
b
)

(a)

70Zn (15MeV/nucleon) + 64Ni

31Ga

8075706560

102

101

100

10−1

10−2

10−3

(f)
30Zn

8075706560

Mass Number A

<
E
∗
/A

>
(M

eV
/n

u
cl
eo
n
)

(e)
31Ga

8075706560

2.5

2

1.5

1

0.5

0

(d)
28Ni

7570656055

C
ro
ss

S
ec
ti
on

(m
b
) (c)

70Zn (15MeV/nucleon) + 64Ni

29Cu

7570656055

102

101

100

10−1

10−2

10−3

(h)
28Ni

7570656055

Mass Number A

<
E
∗
/A

>
(M

eV
/n

u
cl
eo
n
)

(g)
29Cu

7570656055

2.5

2

1.5

1

0.5

0

Figure 5.13: Panels (a)-(d): Production cross sections (mass distributions) of elements with
Z=31-28 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. Thevertical dashed (green) line indicates the initiationof neutron
pickup. Panels (e)-(h): Calculatedmeanexcitation energypernucleonof primaryprojectile
fragments that lead to observed (cold) fragments of given mass number A.

We begin our discussion by presenting again on panels (a)-(d) of Fig. 5.13, the
mass distributions for the observed isotopes of the elements with Z = 28–31 from
the reaction 70Zn (15 MeV/nucleon) with 64Ni. We remind that 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 and the blue lines represent
DIT calculations. Although these production cross section plots were shown in
section 5.2, displaying them again in the top panels here serves as a useful guide
to discuss the plots of the panels (e)-(h) and their respective behavior.

The panels (e)-(h) of Fig. 5.13 illustrate the calculated mean excitation energy
distributions of primary projectile fragments with the use of DIT. This plot rep-
resents a correlation of the mean excitation energies per nucleon of the primary
(hot) fragments with the mass number of the de-excited final fragments. The
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primary fragments undergo subsequent de-excitation, resulting in the various
nuclides shown in each frame of the figure. It is worth noticing that with an in-
crease in the number of neutrons in the secondary products, the corresponding
progenitors from which they originated had progressively lower excitation en-
ergies, reaching almost zero values in the very neutron-rich isotopes. This is a
justified behavior, 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. We conclude that the production of neutron rich products implies low
excitation energies for the progenitors. In other words, surviving very neutron
rich products have their origin in ”cold” progenitors. And the challenge is how
we can obtain experimentally ”cold” progenitors.

In panel (a) of Fig. 5.14, excitation energy distributions of ejectiles from the
inelastic channel of the reaction 70Zn (15 MeV/nucleon) + 64Ni are presented. A
preliminary reconstruction of the total excitation energy of the quasiprojectile
(QP)-quasitarget (QT) binary system was attempted, that resulted in the observed
fragments based on binary kinematics on an event-by-event basis. The proce-
dure of reconstruction follows the approach developed and reported in Ref.[52].
The reconstruction is performed under two different assumptions. The first as-
sumption takes into account only neutron emission from the progenitor that pro-
duces this ejectile (closed black circles with full lines). The second assumption
represents the limit of no evaporation (black crosses with dashed lines). That
is, the observed ejectile comes from a progenitor with very low excitation en-
ergy (below the neutron evaporation threshold); thus the excitation energy is al-
most fully deposited in the target-like partner. The obtained experimental data
are compared with the DIT calculations shown by open (blue) circles. We ex-
tended our efforts to further investigate the reaction mechanisms and the role
of the primary fragments, by proceeding to a decomposition of the E∗ distribu-
tions of the ejectiles predicted by DIT. We assumed that the cold (final) fragments
originate from primary quasiprojectiles that have picked up no neutrons (green
squares), one neutron (purple diamonds), and two neutrons (yellow triangles),
respectively, and lost subsequently via evaporation an equal number of neu-
trons. These calculations are referred to as QP-λn, where λ = 0, 1, 2, meaning
that the observed ejectile comes from a primary fragment (quasiprojectile, QP)
which (after appropriate pickup) has evaporated no neutrons, one neutron, and
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Figure 5.14: Panel (a): Reconstructed excitation energy distributions of ejectiles from the
inelastic channel of the reaction 70Zn (15 MeV/nucleon) + 64Ni. Experimental Data: Neu-
tron evaporation-only [closed (black) circles with full lines], no evaporation limit [(black)
crosses with dashed lines]. Panel (b): Calculated excitation energy of primary quasipro-
jectiles leading to 70Zn as a function of the total excitation energy of the primary quasipro-
jectile - 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 neu-
trons [open (yellow) triangles] and subsequent evaporation of them (see text).

two neutrons, respectively. The (orange) vertical dashed line at 20 MeV indicates
an empirical threshold of quasielastic processes, defining the limit of no neutron
emission from the QP. The vertical axis gives the double differential cross sec-
tion with respect to solid angle and excitation energy d2σ

dΩdE
in units of [ mb

msr(MeV )
].

All the excitation energy distributions discussed in this work (as the p/A distri-
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butions of our previous work [103, 104]) are obtained in the polar angular range
of θlab = 4 - 6◦ (and the azimuthal range ∆ϕ = 1.6◦), thus corresponding to ∆Ω = 1.0
msr. It has been verified 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 sections are slightly increased. The general behavior of the reconstructed
excitation energy distributions indicates a progressive decrease of the cross sec-
tion with respect to the increase of the total excitation energy of the primary
binary system. The experimental distributions are compared with the compo-
nents of the DIT calculation, with the following 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 attempts to de-
scribe the middle area of the distribution, while the QP-2n calculation presents
a tail toward the dissipative region (high total excitation energy). The following
observations are in line: the experimental data obtained under the assumption
of no evaporation extend to larger excitation energies compared to the data ob-
tained assuming neutron evaporation only. Moreover, the experimental data are
higher than the DIT calculations, possibly implying the existence of inelastic ex-
citation mechanisms that cannot be described by the DIT model. This behaviour
is in agreement with the conclusions obtained from our previous study of the p/A
distributions in section 5.3.

In panel (b) of Fig. 5.14, the DIT calculated correlation of the mean excitation
energy of primary quasiprojectiles leading to 70Zn as a function of the total exci-
tation energy of the QP-QT system is presented. The open (blue) circles are from
the full DIT calculation and show that the QP obtains nearly half of the available
total excitation energy, as expected from peripheral collisions involving nucleon
exchange (see [52] and references therein). The open (green) squares indicate the
QP-0n component of the DIT calculation indicating the limit of no neutron emis-
sion from the quasiprojectile. Furthermore, the open (purple) diamonds and the
open (yellow) triangles present the QP-1n and QP-2n component of the DIT cal-
culations. These three 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. 5.14(a), the reconstructed excitation energy distri-
butions of ejectiles from one- and two- neutron pickup channels [panels (a)-(b)]
and the single charge exchange channel [panel (c)] is shown in Fig. 5.15. Inter-
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Figure 5.15: Reconstructed excitation energy distributions of ejectiles fromnucleon 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 neu-
trons [open (yellow) triangles] and subsequent evaporation of them.

estingly, in Fig. 5.15(a) a pronounced experimental peak at low excitation en-
ergy is observed, that corresponds to direct 1n pickup. This corresponds to the
quasielastic peak in the p/A distribution seen in Fig. 5.7(b) and discussed in sec-
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tion 5.3.2.2. We clearly see 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 excitation followed by transfer that can-
not, of course, be described by DIT. The (+2n) and (-1p+1n) channels appear to be
described rather well by the DIT calculations except from the quasielastic part
of the latter that (as discussed in conjuction with Fig.5.7(d)) may involve a direct
charge exchange process mediated by pion exchange.

Finally in Fig. 5.16 we display the excitation energy distributions of nucleon
stripping channels. Conclusions similar to Fig. 5.15 may be drawn. Specifically,
in the (-1n) and (-2n) channels, the data are above the DIT calculations, possibly
pointing at mechanisms beyond nucleon exchange. The QP-0n component of DIT
roughly describes the regions below 20 MeV, whereas above 20 MeV the other two
components QP-1n, QP-2n progressively take part (but as already mentioned, the
calculations are lower than the data).

Looking specifically at the low excitation energy part of the (-2n) and (-2p)
spectra (Fig. 5.15(c),(d)) we clearly observe that the data lie well above the DIT
calculations suggesting the operation of a direct neutron or proton pair strip-
ping in the data. Further explorations of these channels are in line by our group,
motivated by very recent progress in multinucleon transfer studies above the
Coulomb barrier [105].

Summarizing, in this chapter we provided a detailed presentation of the dis-
tributions for various reaction channels of the ZnNi run set. Additionally, we
note that the results of the ZnAl and ZnPb run sets are included in the appendix.
The ZnAl run set served as a valuable reconfirmation of the particle identifica-
tion approach applied in the ZnNi run set. Meanwhile, the ZnPb run set was
utilized exclusively for the analysis of Rutherford scattering and was employed
in the absolute cross section normalization of the experimental data.
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Figure 5.16: Reconstructed excitation energy distributions of ejectiles from stripping chan-
nels of the reaction 70Zn (15MeV/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 compo-
nents 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.
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Chapter 6
Conclusions

The results of this work concern the investigation of peripheral reactions of medi-
um mass nuclei in the Fermi energy regime, specifically the study of the reaction
70Zn + 64Ni at 15 MeV/nucleon, utilizing the MAGNEX magnetic spectrometer. The
experimental measurements of ejectiles have enabled high-resolution analyses
of momentum and reaction angles, providing valuable insights into the under-
lying reaction mechanisms. The ejectiles were fully characterized in terms of
atomic number Z, mass number A, momentum-per-nucleon p/A, and the reac-
tion angle θlab.

Chapter 2 of this thesis provided a comprehensive overview of the experi-
mental setup and measurements employed to investigate the feasibility of iden-
tifying medium-mass ejectiles in heavy-ion reactions at Fermi energies (∼15–
20 MeV/nucleon) using the large-acceptance spectrometer MAGNEX. The experi-
ment focused on peripheral collisions of medium-mass nuclei, aiming to validate
the identification methodology developed in this work and presented in Chapter
3, respectively. In this first experiment with MAGNEX, we achieved the produc-
tion of several neutron-rich nuclides close to the projectile. MAGNEX, as one of
the few large-acceptance magnetic spectrometers worldwide, utilizes advanced
ray reconstruction techniques to overcome optical aberrations, enabling high-
resolution measurements. In the present work, the MAGNEX facility offered the
distinct advantage of the high-resolution measurement of the momentum and
the reaction angle of the medium mass ejectiles in an extended region covering
the quasielastic and deep-inelastic processes.

In this work, comparative analyses with the Deep Inelastic Transfer (DIT) and
Constrained Molecular Dynamics (CoMD) models, along with the statistical de-
excitation code GEMINI, provided insights into the reaction mechanisms. These
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theoretical models, were presented in Chapter 4.

The DIT model is a phenomenological model of multinucleon transfer, treat-
ing the nucleon exchange as a stochastic process where a ‘window’ opens in
the nuclear potential, leading to gradual energy dissipation. This results in a
broad distribution of fragments in mass, charge, spin, and excitation energy. This
model assumes that energy dissipation occurs only through nucleon exchange,
without taking into account for nucleon-nucleon collisions.

The CoMD model is a microscopic approach based on Quantum Molecular
Dynamics (QMD). It treats nucleons as localized Gaussian wave packets inter-
acting via an effective nucleon-nucleon interaction. A key feature of CoMD is
the stochastic restoration of the Pauli principle at each time step, ensuring the
correct fermionic behavior of nucleons throughout the reaction dynamics. This
allows a more fundamental treatment of nucleon correlations compared to DIT.

Following the dynamical evolution of the system, the GEMINI de-excitation
code was used to model the decay of the excited primary fragments through se-
quential binary decays.

While both DIT and CoMD contributed valuable perspectives on reaction mech-
anisms, continued development of these models will hopefully ehnance our un-
derstanding of the reaction mechanisms in this energy regime.

From a reaction mechanism perspective, the results of this work as presented
in Chapter 5, illustrated a range of reaction mechanisms, primarily characterized
by two processes: a quasielastic process at low excitation energy, dominated by
nucleon stripping, and/or a region of lower velocities (i.e. higher excitation ener-
gies) indicating substantial nucleon exchange. The deconvolution of quasielastic
and deep-inelastic contributions was successfully attempted, allowing for a more
detailed understanding of the reaction dynamics involved. The study revealed
also a dominance of direct reaction mechanisms at low excitation energies (be-
low approximately 20 MeV) and identified more complex processes at higher ex-
citation energies. The correlation between the observed ejectiles and the excita-
tion energy of their progenitors, reconstructed through kinematic analysis and
DIT calculations, indicated that the survival of very neutron-rich products origi-
nates from ”cold” progenitors, with quasiprojectiles carrying, on average, about
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half of the total excitation energy. This finding paves the way for future research,
particularly in understanding the excitation energy sharing between the partic-
ipants in binary collisions, and the conditions that allow one of them to remain
relatively ”cold,” thereby minimizing neutron evaporation.

The present work marks our first step toward detailed studies of peripheral
reactions in medium-mass nuclei within the Fermi energy regime with the use of
a high-resolution high-acceptance magnetic spectrometer. This regime is char-
acterized by velocities of the reaction partners comparable to the nucleon Fermi
velocities and, thus, shorter interaction times, compared to the Coulomb barrier
reactions. 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 clusters between the reaction partners. Each of these interesting processes is
a nuclear dynamics topic by itself and shows the exciting possibilities for subse-
quent near-term investigations inspired by the present work along with future
experimental and theoretical studies.

Although this study achieved the production of several neutron-rich nuclides
close to the projectile, limitations in beam current during the experiment re-
stricted the production of even more neutron-rich nuclides. Future enhance-
ments to the MAGNEX focal plane detector will facilitate high-rate measurements
and extend further studies of the group towards this direction. Furthermore, the
planned coupling of the upgraded MAGNEX spectrometer with the G-NUMEN ar-
ray will enable simultaneous studies of γ rays in coincidence with fully identified
ejectiles, further exploring the dynamics of the reactions and the spectroscopy of
the produced nuclides.

In conclusion, this work lays the groundwork for further studies of periph-
eral reactions of medium-mass nuclei in the Fermi energy regime. The insights
gained will help bridge the understanding of multinucleon transfer reactions
near the Coulomb barrier with high-energy fragmentation reactions, shedding
light on the evolution of various facets of nuclear dynamics. Moving forward,
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we envision that ensuing studies in this energy and mass regime will play a piv-
otal role in linking these different reaction mechanisms while providing essential
guidance for the efficient production of exotic neutron-rich nuclei. These efforts
will be particularly relevant to explore the r-process path and the neutron drip
line, further advancing our understanding of nuclear structure and astrophysi-
cal nucleosynthesis.
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Appendix A
Analysis of the Ejectile Distributions of the 70Zn (15

MeV/nucleon) + 27Al Reaction

A.1 Introduction

In this appendix, we present the results of the data analysis for the ZnAl run
set, corresponding to the reaction of 70Zn with 27Al at 15 MeV/nucleon. Unlike
the primary ZnNi run set discussed in the main results chapter, the ZnAl run set
consisted of a single experimental run (i.e., run 39) conducted with a magnetic
rigidity setting of 1.2880 Tm, similar to runs 22-34, 41–61 of the ZnNi run set. The
target used in this run set was aluminum (27Al) with a thickness of 810 µg/cm2.

Although limited in scope of the data collected, the ZnAl data provide valu-
able supplementary insights. In particular, the results offer an interesting per-
spective and serve as an effective verification indicator for the particle identifi-
cation (PID) approach introduced and predominantly applied to the ZnNi run set.
The detailed distributions of various reaction channels derived from this run are
summarized and analyzed in the following sections.

Before proceeding to the analysis of the ejectile distributions from the 70Zn
(15 MeV/nucleon) + 27Al reaction, we first present Wilczynski plots of represen-
tative reaction channels, following the same line of presentation as in Chapter 5.
We remind that in the plots of Fig. A.1, the horizontal lines represent the projec-
tile p/A=164.4 MeV/c and the vertical lines indicate the grazing angle θgr ≃3.5◦ of
the ejectiles of the reaction. The various channels are marked by the number of
neutrons or protons added or removed from the projectile. For orientation, the
channel of 70Zn, corresponding to no net nucleon transfer, called the ”inelastic”
channel, is displayed in the middle panel.
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As observed and discussed in detail in Chapter 5, the general features of the
Wilczynski plots for the 70Zn + 27Al reaction channels follow the same behaviour.
Specifically, a quasielastic peak is evident near the beam velocity, followed by a
more dissipative region at lower velocities. The characteristic valleys along the
θlab coordinate, resulting from software gates applied to remove elastic scattering,
are also present. Furthermore, nucleon pickup products exhibit lower p/A values
due to momentum conservation. Finally, for several channels (e.g. -1n, -2n, +1p-
2n) a third region of lower p/A is present, as we will explain in the following
section A.2.2.4, that possibly corresponds to a incomplete fusion mechanism.
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Figure A.1: Wilczynski plots of ejectiles from representative channels of the reaction 70Zn
(15MeV/nucleon) + 27Al. The horizontal lines represent the p/A of the projectile and the ver-
tical 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” (correspond-
ing to no net nucleon transfer) is also displayed.
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A.2 Results

A.2.1 Production Cross Sections

Following the same line of presentation as the run set ZnNi, we present in Fig.
A.2 the production cross sections for the observed isotopes of the elements with
Z = 28–31 from the reaction 70Zn (15 MeV/nucleon) with 27Al. The experimental
data are shown by the full black points. Despite the limited extent of this work,
we achieved the identification of several neutron-rich nuclides corresponding
to the pickup of 1–2 neutrons from the target, as can be seen in the case of the
experimental data for Zn and Ga. The vertical dashed (green) line indicates the
starting point of neutron pickup, that is, to the right of this line lie nuclei with a
net neutron pickup from the target.

The experimental cross sections are also compared with DIT calculations, in
the same fashion as presented in Fig. 5.2 of Chapter 5 of this work. Wide and
nearly symmetric distributions can be observed in terms of the calculated yield
distributions of the primary projectile-like fragments (quasiprojectiles) presented
by the dotted (blue) lines, extending significantly towards 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 exhibit significant changes compared to those of the pri-
mary nuclides, particularly on their neutron-rich side, and show some alignment
with the experimental data. Furthermore, in Fig. A.2, the cross sections are pre-
sented with solid (blue) lines after filtering the theoretical distributions for the
angular acceptance of MAGNEX (∆θlab = 4◦ – 15◦) and the magnetic rigidity inter-
val 1.260–1.425 T m covered in the experiment, as already mentioned in Chapter
5. Interestingly, the filtered DIT calculations lead to cross sections that generally
align well with the experimental data. The neutron-rich sides of the distributions
are accurately represented, particularly for Ga (Z=31) and Zn (Z=30), though the
agreement is less satisfactory for Cu and Ni. An interesting observation can be
made on the neutron-deficient side of the distributions. Specifically, we noticed
the presence of ”bumps” in all the distributions, such as in the cases of 68Ga, 66Zn,
63Cu and 61Ni. After careful consideration, we believe that these anomalies sug-
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Figure A.2: Mass distributions (cross sections) of elements with Z = 28–31 from the reaction
70Zn(15 MeV/nucleon) + 27Al. The experimental 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. Finally, the red arrows indicate isotopes in the peaks of the left side of the
yield distributions (analyzed in Figs. A.10 and A.11).

gest the involvement of an incomplete fusion reaction mechanism, likely due to
the use of a light target like 27Al, which may have contributed to the production
of these nuclides. Based on this observation, we will proceed to present the an-
gular and p/A distributions of these ejectiles, along with other reaction channels
such as nucleon pickup and removal channels and the inelastic channel.

A.2.2 Angular and Momentum Distributions

A.2.2.1 Inelastic Channel

In Fig. A.3, the angular and momentum distributions of 70Zn ejectiles are pre-
sented. This channel is once again referred to as the ”inelastic” channel, includ-
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ing possible complicated processes of nucleon pickup, breakup and evaporation
which end up with no net nucleon transfer from the target to the projectile.
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Figure A.3: (a): Angular distribution of ejectiles from the inelastic channel of the reaction
70Zn (15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black) circles.
The vertical dashed (green) line indicates the grazing angle. TheDIT calculations are shown
by open (blue) circles.
(b) Momentum per nucleon distribution of ejectiles from the inelastic channel. The experi-
mental data are shownby closed (black) circles. The vertical dashed (green) line represents
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. Three components of the DIT distribution,
called 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 neu-
tron [open (purple) diamonds] and, two neutrons [open (yellow) triangles] and subsequent
evaporation of them.

In Fig. A.3a, the angular distribution of the inelastic channel is presented.
The experimental data are shown by the closed points. The vertical dashed line
indicates the grazing angle θgr = 3.5◦ of this system. The elastically scattered pro-
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jectiles have been removed by software gates, as in the case of run set ZnNi, and
thus do not contribute. The experimental distribution is also compared with the
results from the DIT calculations shown by open (blue) circles.

In Fig. A.3b, the p/A distribution for the same reaction channel is depicted.
The experimental data are represented by closed points, while the vertical dashed
line marks the p/A value of the projectile (164.4 MeV/c). The horizontal axis is
scaled in increments of 0.5 MeV/c. Additionally, the standard DIT calculation is
shown with open (blue) circles. Alongside the standard calculation, the QP-λn
analysis of the DIT results is also included, as presented in Chapter 5. The QP-λn
decomposition of the DIT calculation will be employed also for the rest of the re-
action channels presented for this run set. We remind that, the numbers above
some of the peaks give the total excitation energy of the binary quasiprojectile-
quasitarget system obtained using the indicated p/A values and employing bi-
nary kinematics. 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 chan-
nel, reported on the right side of each p/A figure.

A.2.2.2 Nucleon Removal and Nucleon Pickup Channels

In this section, the p/A distributions of some of the most important transfer chan-
nels are shown, and later on the corresponding angular distributions are pre-
sented.

In Fig. A.4, the p/A distributions of several nucleon removal products are
shown. Specifically, the products obtained from the removal of one neutron
(69Zn), one proton (69Cu), two neutrons (68Zn) are presented. In general, the QP–0n
component of the calculation effectively reproduces the shape of the quasielastic
peaks observed in the –1n and –1p channels. The QP–1n and QP–2n components
provide a reasonable description of the lower parts of the distributions. Notably,
the QP–1n calculation predicts a tail in the dissipative region of the distribution,
corresponding to high E∗

tot. However, within the extent of this work, it was not
possible to collect sufficient data to observe this feature experimentally.

In Fig. A.6, the p/A distributions of ejectiles with pickup of one proton (71Ga)
and one neutron (71Zn) from the target are presented. As in the case of nucleon
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Figure A.4: Momentumper nucleon distributions of ejectiles from stripping channels of the
reaction 70Zn (15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black)
circles. The vertical dashed (green) line is the p/A of the projectile. The DIT calculation is
shown by open (blue) circles. 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. A.3b.

removal channels, the spectra of the pickup products are characterized by a
quasielastic peak and an extended part at lower velocities. For completeness
of the current presentation, the corresponding angular distributions of these re-
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action channels are presented in Figs. A.5, A.7, respectively.
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Figure A.5: Angular distributions of ejectiles from stripping channels of the reaction 70Zn
(15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black) circles. The
vertical dashed (green) line shows the grazing angle. The DIT calculations are shown by
open (blue) circles.
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FigureA.6: Momentumpernucleondistributions of ejectiles fromnucleonpickup channels
of the reaction 70Zn (15 MeV/nucleon) + 27Al. The experimental data are shown by closed
(black) circles. The vertical dashed (green) line is the p/A of the projectile. The DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Fig. A.3b.
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Figure A.7: Angular distributions of ejectiles fromnucleon pickup channels of the reaction
70Zn (15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black) circles.
The vertical dashed (green) line shows the grazing angle. The DIT calculations are shown
by open (blue) circles.

A.2.2.3 Cluster Transfer Channels

In this section, we present in Fig. A.8 and Fig. A.9, the p/A distributions and
the respective angular distributions for representative cluster transfer (pickup)
reaction channels, specifically the +1p,+1n (72Ga) and +1p,+2n (73Ga) channels.

A notable observation in the p/A distributions is that the experimental data
exhibit a significant shift toward lower values of p/A relative to the beam velocity,
as indicated by the vertical dashed green line. This shift could be an indication
that non-direct, more dissipative processes contribute to the production of these
reaction products. Furthermore, along with the standard DIT calculation, only
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the QP-0n and QP-1n contributions attempt to describe the data.

Regarding the angular distributions, the standard DIT calculations appear to
provide a reasonable description of the overall shape of the distribution. How-
ever, the calculated cross sections systematically overestimate the experimental
data, indicating that additional refinements in the theoretical modeling of these
cluster transfer channels may be necessary.
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Figure A.8: Momentum per nucleon distributions of ejectiles from cluster channels of the
reaction 70Zn (15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black)
circles. The vertical dashed (green) line is the p/A of the projectile. The DIT calculation is
shown by open (blue) circles. 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. A.3b.
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Figure A.9: Angular distributions of ejectiles from cluster transfer channels of the reaction
70Zn (15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black) circles.
The vertical dashed (green) line shows the grazing angle. The DIT calculations are shown
by open (blue) circles.

A.2.2.4 Incomplete Fusion Ejectiles

In the final set of figures, Fig. A.10 and Fig. A.11, we present the momentum
distribution and the respective angular distribution of products that are expected
to arise from incomplete fusion.

Overall, it is evident that these channels exhibit a similar pattern in their p/A
spectra, characterized by a quasielastic peak and also a distinct secondary peak
at lower p/A values. Notably, the DIT calculations fail to adequately reproduce
the experimental data, as the DIT model lacks an inherent mechanism to account
for the incomplete fusion process.
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Standing on the angular distributions, it can be observed that the experimen-
tal data, represented by closed black circles, were derived from the integration
of the entire p/A distribution.

Additionally, for the case of 68Ga, 66Zn, 63Cu, distinct integrations of the quasi-
elastic (QE) and deep-inelastic (DI) peaks were also performed to generate their
respective angular distributions, providing insights into their contributions to
the total cross section. The experimental data for the DI-only integration are rep-
resented by closed black triangles, while those for the QE-only integration are de-
picted using closed black squares. Notably, the DI contribution closely overlaps
with the total distribution in all cases. A table is presented that includes the per-
centage contribution of each peak, along with the corresponding cross-section
values for each integration for 68Ga, as representative of the isotopes discussed
in this section.

Integration Type Diff. Cross Section (mb/msr) Contribution (%)
Total 0.0451 -
QE 0.0126 28%
DI 0.0325 72%

Table A.1: Contributions of different integration types to the differential cross section for
the 68Ga isotope.
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Figure A.10: Momentum per nucleon distributions of ejectiles corresponding to the ”left”
peaks of the yield distrubutions of Fig. A.2 (indicated by red arrows) of the reaction 70Zn
(15 MeV/nucleon) + 27Al. The experimental data are shown by closed (black) circles. The
vertical dashed (green) line is the p/A of the projectile. The DIT calculation is shown by
open (blue) circles. 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. A.3b.
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Figure A.11: Angular distributions of ejectiles corresponding to the ”left” peaks of the yield
distrubutions of Fig. A.2 (indicated by red arrows) of the reaction 70Zn (15 MeV/nucleon) +
27Al. The total experimental data are shown by closed (black) circles, with the DI-only and
QE-only integrations represented by closed black triangles and squares, respectively. The
vertical dashed (green) line indicates the grazing angle. The DIT calculations are shown by
open (blue) circles. The relative contributions of QE and DI to the total cross-section are
shown in Table A.1.
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A.3 Conclusions

The results from this run provide a valuable reaffirmation of the particle identi-
fication approach and analysis employed in this work. This outcome gives con-
fidence that the analysis represents an advancement in the study of peripheral
reactions involving medium-mass nuclei in the Fermi energy regime. Looking
ahead, conducting more extensive experimental runs with a light target, similar
to the one used in this run, could offer deeper insights into the reaction mecha-
nisms at play in this energy regime. Such studies may further clarify the role of
incomplete fusion in the reaction mechanism and in the production of neutron-
deficient ejectiles.

Furthermore, the present data provide motivation for the use of the CoMD
code to describe the incomplete/complete fusion component of the reaction mech-
anism at this energy regime and its possible dependence on the compressibility
and the symmetry energy parameters of the effective interaction implemented
in the CoMD code. These studies lie outside the scope of the present work but
constitute an interesting project to be undertaken for the near future.
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Appendix B
Supplementary Material for the Ejectile

Distributions of the 70Zn (15 MeV/nucleon) + 64Ni
Reaction

B.1 Introduction

In this appendix, we present supplementary material for the ZnNi run set, corre-
sponding to the reaction of 70Zn with 64Ni at 15 MeV/nucleon. This extra material
provides additional context and a broader overview of the main results discussed
in the thesis. First, in Fig. B.1, we show the mass distributions of elements with Z
= 26–32. This figure represents the totality of the identified isotopes in this work
for the specific run set. Compared to the mass distributions that were shown in
Chapter 5 of this work, this figure also includes the isotopes of the elements Co
(Z = 27) and Fe (Z = 26), presenting only the experimental data. In the case of Co
and Fe in this experimental run, we observe a lack of collection of neutron-rich
isotopes. Additionally, the Co data deviates from the typical bell-shaped pattern
seen in most elements’ distributions. This anomaly may be attributed to potential
issues with the software gating of these isotopes during the data analysis process.
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Figure B.1: Mass distributions (cross sections) of elements with Z = 26-32 from the reaction
70Zn (15 MeV/nucleon) + 64Ni. The experimental data are shown by closed (black) circles.
The vertical dashed (green) line indicates the initiation of neutron pickup. The DIT calcu-
lations are shown as follows: primary fragments with dotted (blue) line, final (cold) frag-
ments with dashed (blue) line, and final fragments filtered for acceptance with the solid
(blue) line (as presented in Chapter 5 of this thesis).
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B.2 Momentum and Angular Distribution Overview by Element

In this section of the appendix, we have proceeded to present the momentum
distributions of the identified isotopes of this work for all observed elements,
along with their respective angular distributions for completeness. While some
of these reaction channels have already been discussed in the results chapter of
the thesis, this comprehensive presentation serves as a ’repository’ to showcase
the ejectile distributions for all observed reaction channels. It is worth noting
that, only a selected subset of channels is included, as the results—particularly
for Co (see Fig. B.1)—did not warrant further detailed analysis.

The ejectile distributions for the isotopes of elements with Z ranging from
32 to 26 are presented in the following figures of this appendix, from Fig. B.2
to Fig. B.15, in the respective order. The method of presentation, is similar to
that already seen in as presented in Chapter 5, as well as in Appendix A. For the
p/A distributions, the experimental data are represented by closed points, while
the vertical dashed line marks the p/A value of the projectile (164.4 MeV/c). The
horizontal axis is scaled in increments of 0.5 MeV/c. We need to remind here
that, the numbers above some of the peaks yield the total excitation energy of
the binary quasiprojectile-quasitarget system obtained using the indicated p/A
values and employing binary kinematics. 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 each p/A figure.

In the angular distributions, the experimental data are represented by closed
points, while the vertical dashed line indicates the grazing angle θgr = 6.5◦.

Along with the experimental data, theoretical calculations are also presented.
The standard DIT calculation is shown with open (blue) circles, while the CoMD
calculation is represented by open (red) squares. In addition to the standard DIT
calculation, the QP-λ n analysis of the DIT results is also included.
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Figure B.2:Momentumper nucleon distributions of various identified isotopes of Ge (Z=32).
The experimental data are shown by closed (black) circles. The vertical dashed (green)
line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation is
shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.3: Angular distributions of various identified isotopes of Ge (Z=32). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Figure B.4:Momentumper nucleon distributions of various identified isotopes of Ga (Z=31).
The experimental data are shown by closed (black) circles. The vertical dashed (green)
line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation is
shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.5: Angular distributions of various identified isotopes of Ga (Z=31). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Figure B.6:Momentumper nucleon distributions of various identified isotopes of Zn (Z=30).
The experimental data are shown by closed (black) circles. The vertical dashed (green)
line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation is
shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.7: Angular distributions of various identified isotopes of Zn (Z=30). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Figure B.8:Momentumper nucleon distributions of various identified isotopes of Cu (Z=29).
The experimental data are shown by closed (black) circles. The vertical dashed (green)
line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation is
shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.9: Angular distributions of various identified isotopes of Cu (Z=29). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Figure B.10: Momentum per nucleon distributions of various identified isotopes of Ni
(Z=28). The experimental data are shown by closed (black) circles. The vertical dashed
(green) line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation
is shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.11: Angular distributions of various identified isotopes of Ni (Z=28). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Figure B.12: Momentum per nucleon distributions of various identified isotopes of Co
(Z=27). The experimental data are shown by closed (black) circles. The vertical dashed
(green) line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation
is shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.13: Angular distributions of various identified isotopes of Co (Z=27). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Figure B.14: Momentum per nucleon distributions of various identified isotopes of Fe
(Z=26). The experimental data are shown by closed (black) circles. The vertical dashed
(green) line represents 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 CoMD calculation is shown by open (red) squares, while the DIT calculation
is shown by open (blue) circles. 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 Chapter 5 of this thesis.
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Figure B.15: Angular distributions of various identified isotopes of Fe (Z=26). The experi-
mental data are shown by closed (black) circles. The vertical dashed (green) line shows the
grazing angle. The CoMD calculation is shown by open (red) squares, while the DIT calcula-
tion is shown by open (blue) circles. The three components of the DIT distribution, namely
QP-0n, QP-1n andQP-2n, are also shownwith open (green) squares, open (purple) diamonds
and, open (yellow) triangles, respectively, as in Chapter 5 of this thesis.
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Appendix C
Analysis of Individual Run Contributions to the

Experimental Distributions of the 70Zn (15
MeV/nucleon) + 64Ni Reaction

C.1 Introduction

In this appendix, we analyze the decomposition of the ZnNi run set into its indi-
vidual runs to evaluate their respective contributions to the total distributions.
As described in Chapter 2, this run set comprises three distinct runs, each con-
ducted under the same general experimental conditions. However, variations
in magnetic rigidity (Bρ) settings among these runs introduce differences in the
obtained distributions.

Based on Table 2.1, the difference between these runs is the Bρ setting of the
spectrometer. Specifically, runs 64–69 were conducted at Bρ = 1.3594 Tm to en-
hance the detection of neutron-rich nuclides, while runs 22–34 and 41–61 had a
lower setting of Bρ = 1.2880 Tm. This difference influences the range of momenta
accepted by the spectrometer, thus affecting the recorded distributions.

The purpose of this analysis is to examine how the individual runs contribute
to the momentum and angular distributions of the specific reaction channels
most relevant to the scope of this work. By comparing the total distribution
(which is the sum of all runs) with the distributions obtained from each run sep-
arately, we aim to verify the consistency of the data and evaluate any possible
run-dependent effects.

In the following section, we present the momentum and angular distributions
for each individual run along with a comparison with the total distribution.
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C.1.1 Angular and Momentum Distributions

C.1.1.1 Inelastic Channel

In Fig. C.1, the angular and momentum distributions of 70Zn ejectiles are pre-
sented. In Fig. C.1a, the angular distribution of the inelastic channel is presented.
The experimental data are shown by the closed points. The vertical dashed line
indicates the grazing angle θgr = 6.5◦ of this system. The elastically scattered pro-
jectiles have been removed by software gates.

In Fig. C.1b, the p/A distribution for the same reaction channel is depicted.
The experimental data are represented by closed points, while the vertical dashed
line marks the p/A value of the projectile (164.4 MeV/c). The horizontal axis is
scaled in increments of 0.5 MeV/c. We remind that, the numbers above some of
the peaks give the total excitation energy of the binary quasiprojectile-quasitarget
system obtained using the indicated p/A values and employing binary kinemat-
ics. 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 each p/A figure.

This channel is once again referred to 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 projectile.

The experimental data, representing the combined contribution of all runs
in the run set, are shown as full black points. The data corresponding to runs
22-34 are highlighted in full orange points, while runs 41-61 are depicted with
full green points. Additionally, the ”neutron-rich” runs 64-69 are distinguished
by full red points. This approach of data representation will be applied to all
reaction channels examined in this section of the appendix.

In the inelastic channel, the most dissipative region of the total p/A distri-
bution, below 155 MeV/c, is primarily described by Runs 22-34 and 41-61, while
Runs 64-69 do not provide significant contributions in this region. Additionally,
a distinct peak in the angular distribution near the grazing angle for Runs 64-69
can be attributed to the pronounced QE peak observed in the p/A spectrum.
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Figure C.1: (a): Angular distribution of ejectiles from the inelastic channel of the reaction
70Zn (15 MeV/nucleon) + 64Ni. The vertical dashed (green) line indicates the grazing angle.
(b) Momentum per nucleon distribution of ejectiles from the inelastic channel. The verti-
cal dashed (green) line represents the p/A of the projectile. The numbers above some peaks
give the total excitation energy (in MeV) obtained from binary kinematics using the corre-
sponding p/A values. In both panels, the total experimental data set is shown by full black
points, while runs 22-34, 41-61, and 64-69 are represented by full orange, green, and red
points, respectively.
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C.1.1.2 Proton Removal and Neutron Pickup Channels

In this section, the p/A and angular distributions of important neutron-rich re-
action channels are shown. In Fig. C.2, the p/A distributions of proton removal
products are presented. Specifically, the products obtained from the removal of
one proton (69Cu) and two protons (68Ni) are presented.
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Figure C.2: Momentum per nucleon distributions of ejectiles from proton stripping chan-
nels of the reaction 70Zn (15 MeV/nucleon) + Ni64. The total experimental data set is shown
by full black points, while runs 22-34, 41-61, and 64-69 are represented by full orange, green,
and red points, respectively. The vertical dashed (green) line is the p/A of the projectile.
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In these proton removal reaction channels, the total distribution is well rep-
resented by the combined contributions of all respective runs. Similarly, the cor-
responding angular distributions for these channels are presented in Fig. C.3.
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Figure C.3: Angular distributions of ejectiles from proton stripping channels of the reac-
tion 70Zn (15 MeV/nucleon) + 64Ni. The total experimental data set is shown by full black
points, while runs 22-34, 41-61, and 64-69 are represented by full orange, green, and red
points, respectively. The vertical dashed (green) line shows the grazing angle.
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In Fig. C.4, the p/A distributions of ejectiles resulting from the pickup of one
(71Zn) and two (72Zn) neutrons from the target are presented. Notably, in the +2n
channel, a distinct peak appears in the quasielastic region of the p/A spectrum
from Runs 64-69. This suggests that these runs capture the direct reaction mech-
anism part of the distribution that contributes to the production of this neutron-
rich isotope. This characteristic trend is further reflected in the angular distribu-
tion, as can be seen in Fig. C.5b, particularly in the forward-angle region below
the grazing angle.
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FigureC.4: Momentumpernucleondistributions of ejectiles fromneutronpickup channels
of the reaction 70Zn (15 MeV/nucleon) + 64Ni. The total experimental data set is shown by
full black points, while runs 22-34, 41-61, and 64-69 are represented by full orange, green,
and red points, respectively. The vertical dashed (green) line is the p/A of the projectile.
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Figure C.5: Angular distributions of ejectiles from nucleon pickup channels of the reaction
70Zn (15 MeV/nucleon) + 64Ni. The total experimental data set is shown by full black points,
while runs 22-34, 41-61, and 64-69 are represented by full orange, green, and red points,
respectively. The vertical dashed (green) line shows the grazing angle.
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C.1.1.3 Charge Exchange Channels

In Fig. C.6, the p/Adistributions of charge exchange channels, specifically -1p,+1n
(70Cu) and +1p,-1n (70Ga), are presented. Some key observations can be made
in both cases. In panel (a), representing 70Cu, Runs 22-34 and 41-61 exclusively
account for the dissipative region, while the QE peak is described only by Runs
64-69. On the other hand, in panel (b), corresponding to 70Ga, Runs 22-34 and
41-61 contribute to the totality of the distribution, whereas Runs 64-69 are again
confined to the QE peak. The angular distributions in Fig. C.7 follow the same
general trend observed in the previous cases.
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Figure C.6: Momentum per nucleon distributions of ejectiles from charge exchange chan-
nels of the reaction 70Zn (15 MeV/nucleon) + 64Ni. The total experimental data set is shown
by full black points, while runs 22-34, 41-61, and 64-69 are represented by full orange, green,
and red points, respectively. The vertical dashed (green) line is the p/A of the projectile.
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Figure C.7: Angular distributions of ejectiles from charge exchange channels of the reac-
tion 70Zn (15 MeV/nucleon) + 64Ni. The total experimental data set is shown by full black
points, while runs 22-34, 41-61, and 64-69 are represented by full orange, green, and red
points, respectively. The vertical dashed (green) line shows the grazing angle.

C.2 Summary

In this appendix, we studied the contribution of individual runs in the p/A and
angular distributions of several representative channels. We noted that runs 64-
69 in the run set played a crucial role in enhancing the quasielastic (QE) peak
of the p/A distributions. This contribution is particularly significant, as it can
provide valuable information for the direct reaction mechanisms as discussed
in Chapter 5 of this thesis.
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