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ABSTRACT 

 

We present a detailed analysis of the mass and the momentum per nucleon distributions 
of ejectiles from the reaction of a 40Ar beam at 15 MeV/nucleon with a 64Ni target. The 
experimental data were obtained in a previous work with the MARS separator at the 
Cyclotron Institute of Texas A&M University. The experimental distributions are compared 
with two dynamical models, the Deep-Inelastic Transfer (DIT) model and the Constrained 
Molecular Dynamics (CoMD) model, followed by the de-excitation code GEMINI. Both 
models describe the experimental data to some extent and further optimization is 
underway in efforts to deepen our understanding of the mechanisms taking place in the 
production of exotic neutron-rich nuclides in the Fermi energy regime. 
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ΠΕΡΙΛΗΨΗ 

 

Παρουσιάζουμε μια λεπτομερή ανάλυση κατανομών της μάζας και της ορμής ανά 
νουκλεόνιο των θραυσμάτων που προκύπτουν από την αντίδραση δέσμης 40Ar σε 
ενέργεια 15 MeV/νουκλεόνιο με στόχο 64Ni. Τα πειραματικά δεδομένα συλλέχθηκαν σε 
προηγούμενη εργασία της ομάδας μας, χρησιμοποιώντας τον φασματογράφο MARS του 
Cyclotron Institute του Πανεπιστημίου Texas A&M. Οι πειραματικές κατανομές 
συγκρίνονται με δύο θεωρικά μοντέλα, το μοντέλο βαθιάς ανελαστικής μεταφοράς (Deep 
Inelastic Transfer - DIT) και το μοντέλο περιορισμένης μοριακής δυναμικής (Constrained 
Molecular Dynamics - CoMD), ακολουθούμενο από τον κώδικα αποδιέγερσης GEMINI. 
Και τα δύο μοντέλα περιγράφουν σε κάποιο βαθμό τα πειραματικά δεδομένα. 
Παρουσιάζονται συγκρίσεις μεταξύ των μοντέλων και περιγράφεται η διαδικασία 
βελτιστοποίησης τους σε μια προσπάθεια εμβάθυνσης της κατανόησης των μηχανισμών 
που λαμβάνουν χώρα κατά την παραγωγή εξωτικών νουκλιδίων πλούσιων σε νετρόνια 
στην περιοχή ενεργειών Fermi. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ΘΕΜΑΤΙΚΗ ΠΕΡΙΟΧΗ: Πυρηνικές Αντιδράσεις Βαρέων Ιόντων 

ΛΕΞΕΙΣ-ΚΛΕΙΔΙΑ: Κατανομές Μαζών, Κατανομές ορμών, Περιφερειακές συγκρούσεις, 

Ενέργεια Fermi 
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CHAPTER 1 
INTRODUCTION 

 

The scientific importance of nuclear physics, was originally established in the late 19 th 
century with the discovery of radioactivity by Henry Becquerel. This breakthrough, along 
with other significant milestones in the 20th century – such as J.J. Thomson's 
identification of the electron in 1897, the development of quantum theory in the 1920s, 
James Chadwick's discovery of the neutron in 1932, and the Bethe-Weizsäcker semi-
empirical formula in 1935 – lead to the rapid expansion of the field. Today, nuclear physics 
is regarded as a foundation of modern research, addressing key questions related to 
nuclear structure, cosmology, astrophysics, and the synthesis of chemical elements in the 
cosmos. 

An impressive accomplishment in nuclear physics is the synthesis, isolation, and analysis 
of the properties of approximately half of the ~ 7,000 theoretically predicted nuclei. A key 
focus is the study of nuclei far from the valley of nuclear stability, near the boundaries of 
the nuclide chart, also known as nuclear drip lines. Nuclei within the region of nuclear 
stability are mostly stable and naturally abundant. However, as we move toward the drip 
lines, nuclei become unstable, exhibiting unique properties that depend on their position 
in the nuclide chart. The two theoretical drip lines are the proton drip line and the neutron 
drip line [1]. These drip lines represent regions where the addition of another nucleon 
(proton or neutron, respectively) cannot lead to a bound system. These boundaries occur 
through theoretical calculations. The drip lines can be clearly seen in the chart of nuclides 
in Figure 1. 

 

 

Figure 1: Chart of nuclides [2]. 
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In Figure 1, one can observe the fact that most neutron-deficient nuclei, near the proton 
drip line, have been extensively synthesized and studied. However, the same level of 
research has not been achieved for neutron-rich nuclei. Investigating nuclei near the 
neutron drip line is a key focus of nuclear physics research, as it can provide valuable 
insight into changes in nuclear structure and properties as the N/Z ratio (where N is the 
number of neutrons and Z is the number of protons) increases. Furthermore, neutron-rich 
nuclei are of great importance due to their involvement in nucleosynthetic processes in 
the stars, such as the r-process [3,4]. 

The r-process, or rapid neutron capture process, is responsible for synthesizing most 
nuclei heavier than iron, particularly the very neutron-rich isotopes of heavy elements. 
According to the Canonical r-process model (CAR) [5], events with extremely high 
neutron density (Nn ≥ 10²⁰ neutrons/cm³), high temperatures (T ≥ 10⁹ K), and very short 
neutron irradiation times (on the order of a few seconds) can explain the abundance of r-

nuclides observed in the solar system. 

These conditions however require the presence of nuclei far on the neutron-rich side of 
the valley of nuclear stability, where typical neutron separation energies are around 2 – 3 
MeV. Such conditions are met in astrophysical events like supernovae and neutron star 
mergers [6]. In these environments, the high temperatures produce high-energy gamma-
ray photons, which cause a process known as photodisintegration. During this process, 
nuclei lose particles, such as neutrons, due to irradiation by these photons. 

In the r-process, the sequence begins with a relatively light nucleus, such as one in the 
iron region, undergoing rapid neutron capture to form neutron-rich nuclei. This process 
continues until the newly formed nucleus becomes so unstable that it undergoes beta 
decay, before capturing additional neutrons. This marks the final stage of the process, 

referred to as freeze-out. 

Reactions involving n-rich nuclei provide valuable insights into the role of isospin (the N/Z 
ratio) in the equation of state for asymmetric nuclear matter [7 – 9]. This is crucial for 
studying objects like neutron stars, which are primarily composed of neutrons. For 
example, statistical mechanics models have been used to investigate the distribution of 

nuclear energy levels [10]. 

A significant advancement in nuclear science is the use of exotic nuclei as beams, a field 
that has seen rapid development in recent years. This approach enables the study of 
radioactive projectiles with energies exceeding the Coulomb barrier, despite challenges 
such as extremely low production cross-sections, the need to separate numerous by-

products, and the short half-lives of these nuclei, which make handling them difficult. 

Nevertheless, the scientific community has successfully established two major methods 
for producing radioactive ion beams (RIBs): the Isotope Separation On-Line (ISOL) 
method and the in-flight method. These techniques allow for the rapid and selective 

transport of the desired nuclide from its production site to the experimental setup [11]. 

This work focuses on studying the yields, momentum distributions, angular distributions 
and excitation energy distributions of projectile-like fragments produced from the reaction 
of a 40Ar beam with a 64Ni target at 15 MeV/nucleon. The experimental data discussed 
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were obtained in a previous study using the MARS separator at the Cyclotron Institute of 
Texas A&M University. 

The thesis is structured into six chapters. The next chapter introduces fundamental 
concepts related to nuclear structure and reactions. Chapter 3 provides a brief overview 
of the experimental setup and procedures used for data collection. Chapter 4 presents 
the theoretical models applied in the analysis. In Chapter 5, the results and comparisons 
of experimental data and theoretical calculations are discussed. Finally, the thesis 

concludes with a summary and the conclusions derived from the study. 
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CHAPTER 2 
THEORETICAL CONCENPTS 

 

2.1: Nuclear Properties 

In this chapter we will discuss the general properties of nuclei. A very large number of 
nuclei have been studied over the years and the general size, shape, mass and relative 
stability of these nuclei follow patterns that can be understood by two complementary 
models of nuclear structure. The average size and stability of a nucleus can be described 
by the average binding of nucleons together in a macroscopic model, while the detailed 
energy levels and decay properties can be understood with a quantum mechanical or 
microscopic model. In this chapter, a brief review of some quantities is given to help 

understand and interpret the experimental data. 

 

2.1.1: Binding energy and semi-empirical mass equation 

Various classical and quantum mechanical models have been proposed to describe the 
structure of a nucleus. These include the Fermi gas model, the shell model and the liquid 
drop model. The latter is a classical model, in which the nucleus is described as a set of 
particles interacting with each other through short-range forces and behaving like 
molecules in a liquid drop. The key quantity in this model is the binding energy (BE), which 
is defined as the energy required to separate the nucleus into its individual nucleons and 
is given by the formula: 

BE(A, Z) = [Zmp + Zme + Nmn − M(A, Z)]c2 (2.1) 

where mp, mn, me are the masses of the proton, neutron and electron, respectively, and 
M (A, Z) is the mass of a nucleus with atomic number Z and mass number A. The binding 
energy can be calculated using the Bethe-Weizsäcker semi-empirical mass equation as 
follows: 

BE(A, Z) = aνA − αsA
2
3 − ac

Z2

A
1
3

− aα

(Α − 2Z)2

A
± δ(Α) (2.2) 

For nuclei with even N, Z, δ(Α) takes the value +
αp

Α1 2⁄ , for nuclei with odd N, Z it takes the 

value −
αp

Α1 2⁄ , while for nuclei with odd A it equals zero. 

A recent set of coefficient values are αν = 15.753 MeV, αs = 17.804 MeV, αc = 0.72 MeV, 
αα = 23.69 MeV and αp = 11.0 MeV. These constants have been derived experimentally 

using an extensive database of nuclear masses. 

Each term has a different origin, resulting from the interactions that determine the shape 

and properties of the nucleus. The physical meaning of the terms is as follows: 
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i. Volume term 

Each of the nucleons in the nucleus interacts with its surrounding nucleons through 
the strong nuclear interaction. This term contributes positively to the binding energy. 

ii. Surface term 

Nucleons on the surface of the nucleus do not interact with the same number of 
nucleons as the inner nucleons and therefore contribute less to the binding energy. 

The surface area of a nucleus is equal to S = 4πR2, with R = r0A
1 3⁄ , so the term to be 

subtracted is proportional to A2 3⁄ . 

iii. Coulomb term 

This term expresses the destabilizing contribution of the Coulomb repulsive force 
between positively charged protons. For a homogeneous sphere, the Coulomb energy 

is equal to Ec =
3

5

e2

4πε0

Ζ2

R
. Substituting R = r0A

1 3⁄ , it follows that Ec =
Ζ2

A1 3⁄ ac. 

iv. Asymmetry term 

This term has quantum mechanical origin and reflects the reduced binding energy of 
nuclei where N ≠ Z ≠ A/2 compared to symmetric nuclei (N = Z). Protons and neutrons 
are fermions and therefore follow Pauli's exclusion principle, according to which two 
fermions with the same quantum numbers cannot coexist in the same orbital. 
Considering that nucleons are distributed in specific energy states in pairs with 
opposite spin, obeying Pauli's exclusion principle, we observe that in the case where 
N ≠ Z, the maximum energy state in which one kind of nucleon will be in will be higher 
than the other. This occurs since the extra nucleons will occupy higher energy states 
destabilizing the nucleus, relative to the one with N = Z. 

 

 

Figure 2: Distribution of nucleons in energy levels for N = Z and N > Z. 
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v. Pairing term 

The latter term also has quantum mechanical origins and represents the stability of a 
nucleus and its dependence on the coupling of nucleons. Nucleons in an energy state 
tend to couple in pairs of zero spin. The pairing contribution is positive when the proton 
and neutron numbers are even, and hence all nucleons are coupled together, negative 
when both N, Z are odd, and zero when only one of the two is even. Of the stable 
nuclei, the largest proportion are even-even followed by even-odd, while only four odd-

odd nuclei are stable. 

An important quantity for the nucleus is the binding energy per nucleon: 

BE(A,Z)

A
 (2.3) 

The higher the binding energy per nucleon for a nucleus, the more stable the nucleus is.  
The most stable nuclei are in the region with Z ~ 28 and A ~ 60. The lighter nuclei can 
approach this stable region by fusion processes while the heavier nuclei can approach 
this stable region by radioactive decay or fission processes. Figure 3 represents various 
values of binding energy per nucleon with respect to mass number. The shape of the 
diagram is due to the short range of the strong nuclear interaction and the increase in the 

Coulomb energy contribution as the number of protons in heavier nuclei increases. 

 

 

Figure 3: Binding energy per nucleon versus mass number [12]. 
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2.1.2: Q-value 

We consider the nuclear reaction p + T → R + x, where the projectile nucleus, p, collides 
with the stationary target nucleus, T, and after the collision a projectile-like fragment x 
(quasi-projectile) is created which is emitted at an angle θ, as shown in Figure 4. The 
remaining target-like fragment (quasi-target) R is emitted at an angle φ. 

 

 

Figure 4: Schematic diagram of the kinematics in a two-body nuclear reaction [13]. 

 

where mi and vi are the mass and velocity of the ith species. 

Because of the principle of conservation of energy, we get 

(mpc
2 + Tp) + (mTc

2 + TT) = (mRc
2 + TR) + (mxc

2 + Tx) (2.4) 

where Ti are the kinetic energies of the particles and mi are their masses. We define the 

Qvalue of the reaction as the difference between the total mass of reactants and products.  

Q = (minitial − mfinal)c
2 (2.5) 

Incorporating the relation of the energy conservation principle into the definition of Qvalue 
yields:  

Q = ΔT = Tfinal − Tinitial  (2.6) 

Since Q is equal to the difference between the kinetic energy of products and reactants, 
it follows that for exothermic reactions Q > 0, while for endothermic reactions Q < 0. From 
the conservation of momentum, we have: 

𝐩𝐩 = 𝐩𝐱 + 𝐩𝐑 

On the x-axis: mpvp = mxvx cosθ + mRvR cos φ 

On the y-axis: 0 = mxvx sin θ + mRvR sinφ  
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Combining the above relations with the definition of Qvalue, we obtain the Q equation: 

Q = Tx (1 +
mx

mR
) − Tp (1 +

mp

mR
) − 2√

mp

mR

mx

mR
TpTx cos θ (2.7) 

From the calculation of the Qvalue, the excitation energy of the system during the reaction 

can be calculated. 

Ε∗ = Qgg − Q (2.8) 

The ground state to ground state Qvalue (Qgg) represents the value that Q would have if it 
was calculated with the masses of the ground states of the products. The final products 
of the reaction share the total excitation energy by following one of the following two 
options. The first is to share E* equally among the products.  

Ex = ER = E∗

2⁄   (2.9) 

The other option for sharing the excitation energy depends on the mass of the product in 
each case and is called thermal sharing [14].  

Ex = E∗
Ax

Ax + AR
 (2.10) 

 

2.1.3: Cross Section 

One of the most important quantities in the study of nuclear reactions is the cross section. 
The cross section is defined as the probability of a reaction taking place and is calculated 

according to the following relation:  

P =  nσx (2.11) 

where P is the probability of the reaction, n is the number of nuclei per unit volume, σ is 
the cross section and x is the thickness of the target. The cross section has units of 
surface area and is measured in barn (1 barn = 100 fm2). 

The fragments resulting from the projectile-target reaction are emitted at specific angles. 
For this reason, we refer to the differential cross section dσ/dΩ, where dΩ is the solid 
angle in which the products are detected. 

dσ

dΩ
=

dP

dΩ

1

nx
 (2.12) 

The double differential cross section in terms of angle and energy is defined as follows: 

d2σ

dΩdE
=

d2P

dΩdE

1

nx
 (2.13) 

We can also calculate the geometric cross section, from which we can derive the 
probability of the reaction taking place in cases where the energy of the beam is large 
enough so that we may ignore the Coulomb repulsion. 
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σ = πR2 (2.14) 

where R is the sum of the radii of the two nuclei. 

 

2.1.4: Grazing angle 

The purpose of this study is to examine peripheral reactions. Therefore, the products of 
interest are those emitted at angles close to the grazing angle. The impact parameter of 
the reaction is defined as b, which is the vertical distance between the two nuclei. 

Schematic diagram of a grazing collision (high energy case, no Coulomb deflection). 

 

 

Figure 5: Schematic diagram of a grazing collision (high energy case, no Coulomb deflection). 

 

The minimum distance between the two nuclei during the collision is denoted as rmin. For 
Coulomb scattering, considering the principle of conservation of energy and angular 

momentum, the following expression for rmin is obtained: 

rmin =
e2Z1Z2

4πε0

1

2T
[1 +

1

sin (
θ
2
)
] (2.15) 

where T is the initial kinetic energy of the projectile, and θ is the scattering angle, which 

will be equal to the contact angle if rmin equals the sum of the radii. 
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Figure 6: Schematic diagram of a grazing collision in which Coulomb scattering occurs. 

 

2.2: Nuclear Reaction Mechanisms 

Nuclear reactions can be divided by their energy into low (< 20 MeV/nucleon), medium 
(20 – 200 MeV/nucleon) and high energy reactions (> 200 MeV/nucleon). At low energies, 
the main interaction between nuclei is the average potential between neighboring 
nucleons. At high energies, on the other hand, the interaction between nucleons plays a 
more important role. The present work deals with low energy reactions well above the 
Coulomb barrier energy. These reactions are further categorized by means of the 
interaction distance between the two nuclei, i.e. the impact parameter b. Figure 7 shows 
the different mechanisms that can take place depending on this parameter. Some of them 
are briefly discussed below θ = 4°. 

 

 

Figure 7: Nuclear reactions for different values of the impact parameter b. 
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2.2.1: Elastic scattering 

In peripheral collisions with large values for the impact parameter, elastic scattering takes 
place. During elastic scattering, only Coulomb interactions are acting on the system, 
resulting in the conservation of the kinetic energy of the nuclei, as well as their atomic 
and mass numbers. In this case, the projectile can be observed to deflect at some angle, 

which depends on the Coulomb repulsion between the nuclei. 

 

 

Figure 8: Schematic depiction of some representative projectile trajectories for the 16O interaction 
with 208Pb at 30 MeV. 

 

2.2.2: Direct reactions  

A different type of nuclear reactions, for smaller values of the impact parameter b, are 
direct reactions. These reactions occur when the nuclei interact through their surfaces 
and the time required for this interaction is equal to the time it would take the projectile to 
pass the target. In the case of heavy ions, the reactions are considered quasi-elastic. The 
products of such reactions occur at low excitation energies. These reactions are of 
particular importance because they provide important information about the structure of 

the nucleus. 

Direct reactions can be divided into inelastic reactions and nucleon transfer reactions. In 
inelastic reactions, no nucleon transfer occurs during the reaction, but the kinetic energy 
of the projectile is not kept constant, and the resulting products are excited. Nucleon 
transfer reactions occur at lower values of the impact parameter, where the nuclei are 
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overlapping. In this case, either pick-up or removal, take place. In Figure 9, a neutron 
pick-up reaction is illustrated. 

 

 

Figure 9: Neutron transfer reaction from the projectile to the target. 

 

2.2.3: Deep inelastic transfer 

Full inelastic collisions or multinucleon transfer reactions take place when the collision 
parameter takes intermediate values (semi-peripheral and peripheral collisions), and the 
overlap of nuclei is relatively large to the point of competing with Coulomb repulsion. By 

balancing the two forces, it is possible to create a di-nuclear target-projectile system.  

The lifetime of these di-nuclear systems is sufficient to rotate through some angle and 
transfer nucleons, energy and momentum. During the rotation of the nuclear system, the 
ions rotate as a single entity. The angular momentum is large enough to prevent fusion, 
so they separate with kinetic energy that depends on their angular momentum, gaining 
additional kinetic energy due to Coulomb repulsion. Much of the kinetic energy is 
converted into excitation energy through nucleon collisions and mass transfer, so that the 
fragments appear with a significant energy reduction. The smaller the impact parameter, 
the longer the rotation time, thus enhancing nucleon transfer. This transfer is achieved 
through a "window" that opens between nuclei when they are at nuclear interaction 
distances, as shown in Figure 10. After the transfer, a wide variety of fragments with 
masses similar to those of the projectile and target are produced, the so-called quasi-
projectile and quasi-target fragments, respectively. This phenomenon provides the 

possibility to produce and study a plethora of exotic isotopes far from the valley of stability. 
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Figure 10: Schematic illustration of rotation of the di-nuclear system in a deep inelastic collision. 

 

2.2.4: Projectile Fragmentation 

Projectile fragmentation is a type of reaction that takes place in high-energy peripheral 
collisions. This process can be broken down into two stages. In the first stage, a projectile 
and target collision occurs within a time range of 10-23 s. During this stage, primary 
fragments are produced which exhibit high excitation energies. The second stage 
involves the de-excitation of the excited primary fragments through the emission of 
nucleons, light nuclei or gamma rays. The de-excitation stage may last from 10-18 s to   

10-20 s.  

 

 

Figure 11: Illustration of projectile fragmentation reaction. 
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CHAPTER 3 
EXPERIMENTAL SETUP  

 

Reactions that occur through nucleon exchange mechanisms take place at low energies, 
ranging between the Coulomb barrier [15] and the Fermi energy (10 – 40 MeV/nucleon) 
[16,17]. The energy range in which the reactions studied in this paper take place is the 
15 – 25 MeV/nucleon region. In this energy range, close to the Fermi energy, the N/Z ratio 
of the fragments produced is enhanced, as they also have sufficiently high velocities to 

achieve effective separation in magnetic spectrometers. 

The experimental setup in which the experiment took place is the MARS spectrometer 
[18], located at the Cyclotron Institute at Texas A&M University. Through this experimental 
setup, the products of the 40Ar + 64Ni reaction at the energy of 15 MeV/A were collected 
and identified [14,19,20]. 

 

3.1: Description of the MARS Spectrometer 

In the first stage, the acceleration of the beam takes place. The ion beam was produced 
by an ECR (Electron Cyclotron Resonance) ion source and accelerated by the 
superconducting K500 cyclotron until it reached the appropriate energy (15 
MeV/nucleon). The 40Ar beam was then directed to a 2 mg/cm2 thick 64Ni target and then 

to the spectrometer. 

The MARS spectrometer is equipped with magnetic quadrupoles, Q i, for focusing the 
beam and magnetic dipoles, Di, for separating the fragments. After the beam interacts 
with the target, the fragments produced pass through two magnetic quadrupoles to be 

focused and a magnetic dipole, where horizontal dispersion is obtained. 
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Figure 12: Schematic representation of the MARS spectrometer [21]. 

 

The K500 cyclotron is a circular accelerator, where particles move in circular orbits with 
the help of a constant magnetic field and pass in an iterative manner through the same 
acceleration space, maintaining a constant frequency. In cyclotrons there are only two 
electrodes to achieve high potentials as opposed to linear accelerators which required a 
significantly larger number. These electrodes are semi-circular in shape reminiscent of 
the English letter D; hence they are called 'dees'. The dees are closely spaced, with the 
space in between being under high vacuum conditions. The electrodes are activated by 
means of an alternating voltage source of frequency, vcyc, in resonance with the frequency 
of the ions. Entering the electrodes, the ions move in circular orbits under the influence 
of the constant magnetic field, B. Subsequently, they enter the accelerating space, 
accelerate, and acquire more energy, and subsequently follow an orbit of greater radius. 
This is done in an iterative manner, up to the limiting value R, determined by the size of 
the electrodes [22]. At this point, the beam has reached its maximum energy value and is 
transferred to the experimental set-up. The notation K500 on the cyclotrons is 
characteristic of the apparatus and refers to K = 500 with K being the following quantity: 

K =
(Bρ)2

2mn
 (3.1) 
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where mn = 931.5 MeV/c and the quantity Bρ is called magnetic rigidity, as will be discussed 

below. K is an important quantity as the value of the beam energy depends directly on this 

parameter: 

(
E

A
)
max

= K(
q

A
)
2

 (3.2) 

where q is the charge of the ions and A is their mass number. We mention here that the 
spectrometer arm is used so that the beam strikes the target at the desired angle, in our 
case at 4° relative to the optical axis of the spectrometer. 

The products produced by the beam-target reaction pass through two quadrupoles Q1 
and Q2 to be focused and then through the magnetic dipole D1 where they are separated. 
The magnetic dipoles Di bend the trajectory of the fragments passing through them, as 
the magnetic field inside them is perpendicular to the axis of motion. In addition, the 
spectrometer is equipped with a Wien filter, which rejects any fragments that have a 
velocity outside the specified range. The maximum angular acceptance of the 
spectrograph is 9 msr and the momentum acceptance is 4%. Also, an aluminum foil with 
a surface density of 1 mg/cm2 is placed at the entrance of the Q1 quadrupole. Its role is 
to re-equilibrate the charge of the ionic states of the reaction products. In front of the 
quadrupole Q1, and at 31.5 m from the target, there is a 2×2 cm window defining a 
horizontal angular acceptance of Δθ = 3.6° (±1.8°) and a corresponding vertical Δφ = 3.6°. 
This establishes a permissible solid angle ΔΩ = 4 msr. For the reaction studied in this 
work, the beam of 40Ar ions collided with the target at an angle of 4°, as we mentioned, 
with respect to the optical axis, thus the products were collected over a polar angle range 
of 2.2° – 5.8°. This follows from the definition of a solid angle, according to which: 

ΔΩ =
ΔS

R2
 (3.3) 

ΔΩ =
2 × 2 cm2

31.5 cm2
 (3.4) 

ΔΩ = 4.03 × 10−3 srad ≈ 4 msr (3.5) 

The beam ions that did not interact with the target ended up in a Faraday cup that 
provided the measurement of the beam current. 
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Figure 13: Collision between projectile and target. Detection of products at an angle of θ = 4°, 
detection window ΔΩ = 4 msr. 

 

In the following section, we briefly review the principle of magnetic spectrometry. 
Fragments passing through a magnetic dipole are subjected to a Lorentz force, which has 

a magnitude of:  

F = qvB (3.6) 

where q is the charge, v is the velocity of the fragment and B is the intensity of the 
magnetic field. Since the motion of the fragments of mass m is circular with radius ρ, there 

is also a centripetal force Fc equal to: 

Fc =
mv2

ρ
 (3.7) 

Since the magnetic force will also be centripetal, equating relations (3.5) and (3.6), yields 
the fundamental relation of magnetic spectrometry, in which the term Bρ is called the 

magnetic rigidity (with unit 1 Tesla·m):  

qvΒ =
mv2

ρ
 (3.7) 

Consequently: 

Bρ =
mv

q
=

P

q
 (3.8) 

and equivalently: 

Bρ = (
P

A
) (

A

q
) (3.9) 

The radius of curvature of the trajectory that each fragment will traverse is proportional to 
the ratio A/q, so if the fragment velocity and the trajectory radius are known, then for a 
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given magnetic field strength, separation of the fragments can be achieved, according to 
A/q. 

 

 

Figure 14: Schematic representation of the magnetic quadrupole. The magnetic quadrupole 
consists of two opposite north and two opposite south magnetic poles. The formed magnetic field 

focuses the beam at its center in one direction and defocuses the beam in the other direction. 

 

The detectors are located in the dispersive image plane and the achromatic image plane 
at the end of the setup. More specifically, the first of the two parallel plate avalanche 
counters (PPAC) is located in the dispersive image [23]. Such detectors provide 
information on the position of the fragments on the x, y (z is the beam axis) axes, i.e., the 
radius of their trajectory, and through this the magnetic rigidity. Furthermore, the speed of 
the fragments can also be measured by measuring the time of flight (TOF) between two 
such detectors, where the first PPAC gives the start signal and the second, located in the 
final achromatic image, gives the stop signal. Thus, knowing the time (usually a few 
hundred ns) and the distance between them (13 m), the speed of the fragment of interest 
can be calculated. 

 

 

Figure 15: Schematic TOF time measurement device. 
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After passing through the two PPAC detectors, the products pass through the final Focal 
plane detector detection system, which has dimensions of 5×5 cm. This system consists 
of two silicon detectors, a thin one, denoted as ΔΕ (~ 50 μm) and a thick one, denoted as 
E (1 mm). When the fragments pass through the ΔΕ detector, their kinetic energy is 
reduced. The rate of kinetic energy loss depends on the atomic number and the velocity, 
according to the Bethe-Bloch relation [24 – 26].  

dE

dx
∝

Z2

v2
 (3.10) 

The fragments then arrive at the detector E, where they stop due to its large thickness 
and deposit their residual kinetic energy, Er. Therefore, the total energy of each fragment 
will be the sum of ΔE and Er: 

E = ΔΕ + Εr (3.11) 

Moreover, the total energy (that is the kinetic energy) of the fragment is given by: 

E =
1

2
mv2 (3.12) 

Combining the above two relations, we obtain: 

1

2
Amnv

2 = ΔΕ + Εr (3.13) 

A =
2(ΔΕ + Εr)

mn
 (3.14) 

Thus, by finding the energy loss (ΔE) and the residual energy of the fragment (Εr), mass 
number of the fragment in question can be determined. 

Simultaneously, based on relation (3.10), we obtain: 

Z2 ∝ v2dE ⇒  Z ∝ v√dE (3.15) 

From relation (3.15), the atomic number of the fragments is determined [24]. Based on 
the above relation, the atomic number for an event with a given velocity (v) and energy 
loss (ΔE) is calculated from the following empirical relation: 

Z = a0(v) + a1(v)v√dE + a2(v)(v√dE)2 (3.16) 

where a0(v), a1(v), a2(v) are coefficients which depend on the velocity of the fragments 
and are determined via a procedure described in [17,24]. 

The mass number of fragments can be obtained in a different way by using the parameter 
q, i.e. the fragment charge. The charge can be found from the following relation: 

q =
P

Bρ
=

mv

Bρ
 (3.17) 

As the charge must be an integer, finding the integer value q int of each event is done by 
gating the experimental data. More specifically, a gate of range Δq = 0.4 units is set in the 



43 

distribution of the found charge values for each selected magnetic rigidity value in the 
experiment. Thus, based on relation (3.9) it can be assumed that: 

A

q
=

Bρ

(P A⁄ )
 (3.18) 

and the mass number is obtained as: 

A = (
A

q
) qint  . (3.19) 

It is worth pointing out that this way of calculating the mass number is more accurate as 
it is characterised by a resolution of about 0.5% [24]. 

In order to measure the properties of the nuclei produced, an electron and/or gamma-ray 
detector may be additionally placed behind the silicon ΔΕ–Ε detector, but this apparatus 

was not used in the measurements above.  

The calibration of the spectrometer was performed using low intensity 40Ar and 86Kr 
beams with an energy of 15 MeV/A at an angle of 0°. 

 

3.3: Cross section  

In this chapter, we will present the analytical way of calculating the total cross section in 
the full angular range where the experiment was conducted (2.2° – 5.8°): 

σ = ∫ (
dσ

dΩ
)dΩ

5.8°

2.2°

 

σ = ∫ (
dσ

dΩ
) (2π sin θ dθ)

5.8°

2.2°

 

σ = ∫ (
dσ

dΩ
) (2πsin(4.0°)dθ)

5.8°

2.2°

 

however, Δθ = 3.6° therefore: 

σ = (
dσ

dΩ
)
4.0°

[2πsin (
4.0°

180°
) (

3.6°π

180°
)] 

σ = 0.0275(
dσ

dΩ
)
4.0°

 (3.20) 

where (
dσ

dΩ
)
4.0°

, is the differential cross section measured in the experiment at 4°, in units 

of mb/sr. The derivative 0.0275(
dσ

dΩ
)
4.0°

 expresses in turn the cross section which takes 

into account the azimuthal symmetry of the experiment and refers to the entire circular 
disk defined by the two angles and units mb. This quantity will be defined as the Measured 
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Cross Section in our experimental yield data. According to the relation (3.20) converted 
in units of mb/msr, the total cross section is given by: 

σ = 27.5 (
dσ

dΩ
)
4.0°

 (3.21) 

We can interpret the factor 27.5 as ~ 4 msr × 7, where factor 7 corresponds to the 

integration over the azimuthal angle of the circular disk of the spectrometer. 

Figure 16 illustrates a schematic representation of the angular acceptance windows of 
the MARS spectrometer. The red square refers to the angle window at 4°, while the 
circular disk to which the red square belongs refers to the measured cross-section of 4°. 

 

 

Figure 16: Schematic representation of the angular acceptance windows of the spectrometer, 
where the 4° window is shown. 
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CHAPTER 4 
DESCRIPTION OF THEORETICAL MODELS 

 

Experimental data and their understanding are essential for advancing our understanding 
of nuclear processes. Equally important is the development of theoretical models aimed 
at understanding the mechanisms behind these processes. It is obvious that a continuous 
effort is being made to optimize these models, to verify their accuracy thoroughly and, 
consequently, to be able to make predictions for future experiments. The next section 
provides an overview of the models used in this study. In particular, two models, namely 
the deep inelastic transfer (DIT) model [27] and the constrained molecular dynamics 
(CoMD) model [28], were used to describe the dynamical stage of the reaction. After the 
dynamical phase of the reaction, the deexcitation of the primary fragments was described 

using the GEMINI statistical deexcitation code [29]. 

 

4.1: Complete Inelastic Transfer Model, DIT 

4.1.1: General description of the model 

One of the models used for the calculations is the Deep Inelastic Transfer model (DIT), 
by Tassan-Got [27]. DIT is a phenomenological model that describes the stochastic 
exchange of nucleons in peripheral and semi-peripheral reactions by Monte Carlo method 
[30]. The target and the projectile are considered as spheres moving in Coulomb orbits 
until they are in the range of nuclear interaction, where the system can then be described 

as two Fermi gases in contact. 

During this interaction between projectile and target, a 'window' opens in the inter-nuclear 
potential, within which stochastic nucleon exchange is allowed. In the resulting binuclear 
system, the relative kinetic energy, due to its gradual energy degradation, is converted 
into excitation energy of the resulting fragments. The fragments can be excited 
vibrationally, rotationally, or thermally [31]. 

The total excitation energy of the fragments can be distributed to the fragments based on 
the Linear Response Theory. According to this theory, the system is considered as a unit 
and its variables evolve in interaction with a tank in thermal equilibrium. Consequently, 
the binuclear system is characterized by a common temperature. Because of this, the 
excitation energy of the system is distributed among the fragments as a function of their 
mass. In the DIT model, however, it is assumed that the only possible excitation of the 
system arises from the exchange of nucleons. It follows that for symmetric flow, the 
excitation energy of each pair of products will also be symmetric and, consequently, the 
excitation energy is equally distributed between the products. As mentioned above, the 
DIT model assumes that the system is energetically degraded only through the process 
of nucleon exchange, while collisions between nucleons are not considered. 

  



46 

4.1.2: Important quantities 

In this chapter, an analysis of the quantities incorporated in this model will be carried out; 
nucleon donor is considered as nucleon 1 and nucleon acceptor as nucleon 2. In addition, 
the prime symbol ' will be placed on any quantity that is associated with the system after 
the nucleon transfer is completed. 

Due to the principle of conservation of energy for the system under consideration, the 

following relationship applies to the respective changes in the different types of energy: 

Δδ1 + Δδ2 + ΔΕ1
∗ + ΔΕ2

∗ + ΔΚ + ΔUint = 0 (4.1) 

where Δδ1, Δδ2 are the changes in the excess mass of the nuclei, ΔΕ1
∗, ΔΕ2

∗ are the 

changes in the excitation energies. ΔK is the relative change in kinetic and 𝛥𝑈𝑖𝑛𝑡 is the 
relative change in the dynamical energy of the binuclear system. 

 For the excess mass changes, we consider: 

Δδ1 = δ1
′ − δ1 = S1 − δa (4.2) 

Δδ2 = δ2
′ − δ2 = −(S2

′ − δa) (4.3) 

Δδ1 + Δδ2 = S1 − S2
′  (4.4) 

where δα denotes the excess mass of a transferred nucleon, and S1 and S2
′  are the proton 

or neutron separation energies for the two nuclei, before and after the nucleon transfer, 
respectively. The excitation energies of the nuclei can be expressed as follows: 

ΔΕ1
∗ = Ε1

∗′
+ Ε1

∗ = εF1 − ε1 (4.5) 

ΔΕ2
∗ = Ε2

∗′
+ Ε2

∗ = ε2 − εF2
′  (4.6) 

where ε1 and ε2 are the kinetic energies of the transferred nucleon in each nucleus and 
εF1 and εF2 are the Fermi energies of the nuclei. The sum of the Fermi energy with the 

binding energy equals the potential well depth at infinity, from the relation 𝑆𝑖 + 𝜀𝐹𝑖 = 𝑈i∞ 
therefore holds: 

Δδ1 + Δδ2 = S1 − S2
′ = (εF1 − εF2

′ ) + (U2∞ − U1∞) (4.7) 

Using this relation in (4.1) it follows: 

ΔΚ = −ΔUint − (ε2 − ε1) + (U2∞ − U1∞) (4.8) 

where ΔK is the relative change in kinetic energy and ΔUint is the relative change in 
dynamic energy of the binuclear system.  

By requiring the wells of the two nuclei to be isobaric it follows that: 

ΔΚ = −ΔUint − (ε2 − ε1) (4.9) 

In the DIT model, the potential energy change ΔUint takes a zero value when the nucleon 
being transferred is a neutron and a non-zero value when it is a proton. This occurs since, 
in the case of proton transfer, the Coulomb interaction is considered. For the case where 
neutron transfer takes place, ΔUint ≈ 0. 
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This leads to the formula: 

ε2 = ε02 − ΔUint  (4.10) 

where ε02 represents the kinetic energy of the nucleon, if ΔUint ≈ 0. 

The change in dynamic energy is given by: 

ΔUint = 1.44
Z1 − Z2 − 1

d
 (4.11) 

where d is the distance between nuclei in fm. 

 

 

Figure 17: Schematic representation of the potentials for nuclei 1 and 2 [9]. 

 

The y-axis is the axis of the beam. Therefore, the only component of angular momentum 
and spin that varies is the z component.  

ΔS1 = −l1 

ΔS2 = l2 

ΔL = −(l2 − l1) (4.12) 

where S1 and S2 are the spins of the two nuclei, L is the orbital angular momentum, and 
l1 and l2 are the orbital angular momentum of the transferred nucleon in the donor and 
acceptor nuclei, respectively. 

When the projectile is in the range of the nuclear interaction, a "window" opens between 
the two systems to achieve stochastic nucleon transfer. According to Randrup [32], the 
velocity of the nucleon when it passes into nucleus 2 will be affected not only by its initial 
velocity in 1, but also by the relative velocity of the binuclear system. More specifically: 

v2⃗⃗  ⃗ = v1⃗⃗  ⃗ + vrel (4.13) 
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Figure 18: Geometric representation of the binuclear system. The relative velocity of the donor 
nucleus 1 with respect to the acceptor nucleus 2 is on the xy plane. ρ,θ define the window in 

which the nucleon transfer takes place. 

 

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

P = ∫ΦTn1(1 − n2)d
5σ (4.14) 

where d5σ = ρdρdθd3p, with (ρdρdθ) the elementary surface in polar coordinates. 

Φ is defined as the flux, the number of passing nucleons on a vertical surface per unit of 

time: 

Φ =
dΝ

dSdt
 (4.15) 

Multiplying the numerator and denominator by dx gives the following formula, which 
relates the flow to the Fermi gas density, ρF: 

Φ =
dΝ

dSdx

dx

dt
= ρFvx (4.16) 

As the model considers the phase space, two nucleons will be in an elementary cell of 

volume h3. 

dΝ

dVd3p
=

2

h3
 (4.17) 

ρF =
2

h3
d3p (4.18) 

Consequently: 

Φ = ρFvx =
2

h3
vxd

3p (4.19) 

The number of nucleons passing through vertical surface, dS, will be: 
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ΦdS =
2

h3
vxd

3pdS =
2

h3
vxd

3pρdρdθ (4.20) 

Substituting the flux in relation (4.14) for the nucleon transfer probability, we obtain: 

P = ∫
2

h3
vxρTn1(1 − n2) dρdθd3p (4.21) 

T represents the barrier transmittance which depends on the potential of the nucleon 
within the window. This potential will be the sum of the Coulomb and Wood-Saxon 
potentials. The n1, n2 express the probability of occupying an energy level for nuclei 1 and 

2 respectively and can be calculated as: 

ni =
1

1 + exp [Ei
∗ − εFi −

Sili
ℑ

)/Ti]
 (4.22)

 

where ℑ is the moment of inertia. The contribution of rotation during excitation of the 

system is expressed by the term Sili/ℑ. 

The cross-section in the model is calculated, for a given angular momentum l, from the 
following formula: 

σl = πƛ2(2l + 1)P, ƛ =
ħ

p
 (4.23) 

For the total cross section: 

σtot = πƛ2 ∑ (2l + 1)P
lmax

l=0
 (4.24) 

when the transfer is successful (P=1): 

σtot = πƛ2lmax (4.25) 

where lmax is the maximum angular momentum value where nucleon transfer can take 
place.  

For each angular momentum value, several events are calculated. These events are 
distributed equidistantly over the surface of the target, assuming that the target has a 
circular cross-section perpendicular to the beam axis and by selecting a number of events 
proportional to the radius of the circle. The radius of the circle will be equal to the impact 
factor b. The impact parameter will be equal to the sum of the radii of the two nuclei and 
from this the angular momentum will be obtained according to the relation: 

b = lƛ (4.26) 

Assuming an equal distribution, the number of events will be proportional to the angular 

momentum, n(l)= 𝑓𝑛𝑙, where fn is a real number; the total number of events will be 
calculated as: 

Ν = ∑ n(l)
lmax

l=0
≈

lmax
2 fn
2

 (4.27) 
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For a given reaction channel, the cross-section is calculated as: 

σ = σtot

n

N
 (4.28) 

Finally, inserting relations (4.25) and (4.27) into (4.28) yields the average cross section 
per event (mb/event), which as it turns out does not depend on angular momentum.  

σ

n
= πƛ2

2

fn
 (4.29) 

The b (barn) is the unit of cross section, has surface dimensions and is defined as: 

1 barn = 1fm2 = 10−30m2 

1 mb = 10−33m2 = 10−27cm2 

From relation (4.29), it can be understood that with proper adjustment of fn can 
successfully simulate events with very low cross sections. 

 

 

Figure 19: Schematic representation of angular momentum rings of the target nucleus. 
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4.2: Constrained Molecular Dynamics Model, CoMD 

4.2.1: General description of the model 

The second model used to describe the dynamic stage of the reactions is the microscopic 
Constrained Molecular Dynamics (CoMD) model [28,31,33,34]. This model developed by 
Bonasera and Papa was designed to study the dynamics of reactions at low energies 
(from Fermi energy, 35 MeV/nucleon, and lower), to describe and study heavy ion 
collisions [28]. Based on QMD (Quantum Molecular Dynamics) methods [35], it assumes 
that nucleons are described by Gaussian wave packets that satisfy the uncertainty 
principle and have σr ranges. It is an improved version of molecular dynamics 
calculations, since, unlike traditional QMD methods, this one considers the fermionic 
nature of the system through Pauli's exclusion principle, achieved by a restriction in phase 
space. In the CoMD model, although the antisymmetrization of the wavefunction of the 
N-particle system is not explicitly applied, this important constraint related to the way the 
nucleons occupy space in phase space is imposed. In this way, Pauli's principle is 
effectively restored at each time step of the classical evolution of the system. Short-range 
and repulsive nucleon-nucleon interactions are described as independent collisions 
between nucleons which are determined by the active nucleon-nucleon scattering cross 
section, the available space in phase space and the Pauli principle. 

 

4.2.2: Important quantities 

The nucleons in this model behave as Gaussian wave packets. More specifically, for the 
ith nucleon: 

φi(𝐫 ) = Aexp [−
(r − 〈ri⃗⃗ 〉)

2

4σr
2

+
i

ħ
r 〈pi⃗⃗  ⃗〉]  (4.30) 

where Α =
1

(2πσr
2)

3 4⁄  constant, 〈ri⃗⃗ 〉, 〈pi⃗⃗  ⃗〉 the mean values of the position and momentum of 

the ith nucleon and are respectively the position-momentum centers of the wave packet 
and σr is the position uncertainty of the wave packet. The total wave function of the N-

particle system is expressed as the product of the individual wave functions, as follows: 

Φ(r ) = ∏Φi

i

(r ) (4.31) 

In the theoretical study of nuclear structure and nuclear reactions it is necessary to have 
a probability distribution for the positions and momenta of nucleons at the same time. 
However, it is not possible to determine the position and momentum of a microscopic 
system at the same time. It is, instead, possible to interchange between the 
representations in position and momentum space, which is performed by Fourier 
transformation. For this reason, CoMD uses an alternative formulation of quantum 
mechanics, that of phase space which is based on the Wigner transformation. This 
distribution for a particle is expressed as: 
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fi(r , p⃗ ) =
1

π3ħ3
exp [−

(r − 〈ri⃗⃗ 〉)
2

2σr
2

—
2σr

2(p⃗ − 〈pi⃗⃗  ⃗〉)2

ħ2
] (4.32) 

Considering the dispersion of the momentum, the distribution function takes the form: 

fi(r , p⃗ ) =
1

π3ħ3
exp [−

(r − 〈ri⃗⃗ 〉)
2

2σr
2

—
2σr

2(p⃗ − 〈pi⃗⃗  ⃗〉)2

2σp
2

] (4.33) 

The total distribution of N particles will be expressed as the sum of the individual functions 

fi: 

 f(r , p⃗ ) = ∑fi(r , p⃗ )

i

 (4.34) 

With the Gaussian description, the time-dependent Schrödinger equation leads to the 
classical Hamiltonian equations of motion for the centroids of nucleon wave packets: 

d

dt
〈pi⃗⃗  ⃗〉 = −

∂H

∂〈ri⃗⃗ 〉
 (4.35) 

d

dt
〈ri⃗⃗ 〉 = −

∂H

∂〈pi⃗⃗  ⃗〉
 (4.36) 

For a system of A particles with mass m, the total energy H will consist of the sum of the 
kinetic energies, the effective potential for the nucleon-nucleon interaction and an 

additional term, which expresses the Gaussian range in momentum space: 

H = ∑
〈pi⃗⃗  ⃗〉2

2m
+ A

3σp

2m
+ Veff

i

 (4.37) 

The constant term A
3σp

2m
  results from the diffusion of momentum in phase space due to 

the corresponding uncertainty of momentum. This diffusion is ultimately represented in 
the kinetic energy of the system. Because it has a constant value, it is not considered in 
the CoMD calculations [34]. 

The dynamic part of the Hamiltonian will be discussed in detail in the following section. 

 

4.2.3: Effective Veff potential 

In the CoMD model, the potential of the nuclear system is described as a Skyrme-type 
interaction [36], with the addition of a surface term. Based on the Liquid Drop Model, the 
operator is divided into the following subterms: 

Veff = Vvol + Vsurf + Vcoul + Vsym + V(3) (4.38) 

Each individual subterm is broken down as follows: 
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Vvol = 〈Vvol〉 =
T0

2ρ0
∑ ρij

A

i=1,j≠i

 

Vsurf = 〈Vsurf〉 =
Cs

2ρ0
∑ ∇〈ri〉

2 ρij

A

i=1,j≠i

 

Vcoul = 〈Vcoul〉 = ∑
1

‖〈ri⃗⃗ 〉 − 〈rj⃗⃗ 〉‖
erf (

‖〈ri⃗⃗ 〉 − 〈rj⃗⃗ 〉‖

2σr
)

A

i=1,j≠i

 (4.39) 

Vsym = 〈Vsym〉 =
αsym

2ρ0
∑ (2δτi,τj

− 1) ρij

A

i=1,j≠i

 

V(3) = 〈V(3)〉 =
T3

ρ0
μ
(μ + 1)

∑ ρij
μ

A

i=1,j≠i

 

The first term, Vvol, corresponds to the volume term of the liquid drop model. The second 
term, Vsurf, expresses the destabilization of surface nucleons relative to internal ones, as 
they do not have a constitutive force of zero due to having fewer neighboring nucleons 
exerting attractive forces upon them. The Coulomb term, Vcoul, represents the electrostatic 
interactions between protons. The fourth one, Vsym, incorporates the asymmetry term 
between nucleons with the same isospin value. Finally, the term V(3), simulates the 
simultaneous interactions of three nucleons. 

In the above relations, erf(x) is the error function, δij is the Kronecker delta, τi, τj are the 
isospin projections of the nucleons on the z-axis and T0, T3, μ are the parameters of the 
equation of state of the symmetric nuclear matter. 

τi =
1

2
, for neutrons 

τi = −
1

2
 , for protons. 

The parameter αsym represents the density dependence of the symmetry energy and ρ0 
is the density of nuclear matter with a value ρ0 = 0.165 fm-3. To express the ith nucleon 

probability as a function of its position, the density integral takes the following form: 

ρi(r ) = ∫ fi(r , p⃗ )d
3p (4.40) 

In addition, ρij is defined as the superposition integral, or interaction density: 

ρij = ∫ρi(ri⃗⃗ )ρj(rj⃗⃗ )δ(ri⃗⃗ − rj⃗⃗ )d
3ri d

3rj (4.41) 

which shows the probability of two nucleons occupying the same nuclear space. 
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The value of the free parameter Cs in the surface term determines its contribution. The 
surface term, as well as T0, T3 and μ, determine the compressibility of nuclear matter, 
denoted by K. The compressibility is defined as the change in energy for a change in 
density and is calculated from the following relation: 

K = 9ρ0
2

∂2

∂ρ2
(
E

A
) (4.42) 

According to the authors of the CoMD model, the appropriate value for compressibility is 

K = 200 MeV. 

 

4.2.4: Method of imposing the Pauli principle 

As mentioned earlier, the CoMD model includes a constraint on the position occupied by 
a nucleon in phase space [37]. Through this constraint, Pauli's exclusion principle is 
restored, checking the antisymmetry of the wave functions describing the nucleons. As a 
result, the fermionic nature of the nucleons in the system is stochastically restored. This 

constraint requires that the occupation probability, fi̅, given by the following relation, is 

less than unity for each nucleon: 

fi̅ ≤ 1 

fi̅ ≡ ∑δτi ,τj

j

δsi,sj
∫ fj(𝐫 , �⃗⃗� )d

3rd3p
 

h3
 (4.43) 

where si is the z component of the spin and τi is the z component of the isospin, of a 

nucleon i. The integration is performed on a volume h3 in the phase space around the 

point (〈ri⃗⃗ 〉, 〈pi⃗⃗  ⃗〉). For each particle i, at each step of the calculation the constraining factor 

fi̅ is checked. In the case where its value is greater than 1, a set Ki is determined that 
includes particles at distances 3σr and 3σp in position and momentum space, respectively. 
The momentum of these particles is changed so that the total momentum is kept constant. 

Then, the factor fi̅ is checked again and the set Ki is accepted only if the value of fi̅ has 

been reduced to a value less than 1. 

Figure 20 illustrates an example of enforcing the Pauli constraint. The dotted circles 
represent the elementary cell in phase space. The volume of each cell is considered as 
a superposition of the cells in momentum space and position space; therefore, it is 

calculated as follows: 

Vφ = 8L3 (
ħπ

L
)
3

= h3 (4.44) 

The arrows show the direction of the projection of the spin on the z-axis. At the top of the 

figure, cell (1) has fi̅ > 1, so the constraint needs to be applied. After the necessary 
nucleon scattering, the configuration depicted at the bottom is obtained, where for each 

cell h3 the constraint applies. The second configuration, which is considered acceptable, 
is equivalent to the first since there was no change in total momentum and kinetic energy. 
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Figure 20: Schematic representation of 8 nucleons in the momentum space before (top) and after 
(bottom) applying the constraint. 

 

A second method of imposing the fermionic nature of the system involves considering the 
small-range repulsions between nucleons as individual collisions, which depend on the 
scattering cross section, the free phase space and the Pauli principle. For each collision, 

the constraint factor fi̅ is checked and for values less than 1 the collision is considered 

acceptable. Due to the Gaussian approximation of the system, the constraint fi̅  is 
expressed by the empirical relation (4.45). In the calculations presented in this study, this 
constraint is further enhanced by reducing the value of a parameter within the code 
named: “paulm”. 

fi̅ =
128

paulm
fi̅  (4.45) 

The value suggested by the authors of the model for the paulm parameter is 96. 
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4.3: GEMINI De-excitation Model 

Charity's GEMINI model [29,33,38] was used for the decay of the projectile-like 
fragments. GEMINI is a statistical decay code developed to study sequential binary decay 
of complex nuclei. The code is based on the Monte Carlo method to observe the decay 
chain of each nucleus undergoing sequential decays until the final products do not decay 

further. 

 

 

Figure 21: Fragment de-excitation mechanisms considered by the GEMINI code. 

 

The decay and de-excitation of an excited nucleus is based on probabilities. The 
distribution of de-excitation of a nucleus (Z0, A0) into a final product (Z1, A1) can be 

calculated by means of the Breit-Wigner resonance function: 

P =
2JR + 1

(2J0 + 1)(2J1 + 1)
∙

Γ2

(E − ER) + Γ2

2⁄
 (4.46) 

where JR and ER are the spin and the resonance energy, while Γ represents the decay 

range, which is related to the average lifetime τ of the decayed state by 𝛤𝜏 = ℏ. Γ is 
expressed as: 

Γ =
2π

ħ
|V′

fi|
2ρ(Ef) (4.47) 

based on Fermi's golden rule. 
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For fragments with Z ≤ 2, the energy range of the decay Γ is calculated following the 
Hauser-Feshbach formalism [39,40]. The process followed to de-excite these nuclei is 
called evaporation. Considering an excited system (Z0, A0) with spin J0, which decays by 
emitting a particle (Z1, A1) with J1 and transitions to a final state (Z2, A2) with spin J2, the 

decay width can be given by the relation: 

ΓJ2(Z1, A1, Z2, A2) =
2J1 + 1

2πρ0
∑ ∫ Tl(ε)ρ2(U2, J2)dε

E∗−B−Erot(J2)

0

J0+J2

I=|J0−J2|
 (4.48) 

where l and ε are angular momentum and kinetic energy of the emitted particle, ρ0 and 
ρ2(U2, J2) are the energy state densities of the emitted particle and the residual nucleus 

respectively, and U2 is the thermal energy of excitation. 

U2 = E∗ − B − Erot(J2) − ε (4.49) 

B denotes the binding energy and Εrot the rotational energy of the final system. The barrier 
transmission Tl(ε) is defined as: 

Tl(ε) = 0, when 

ε ≤ Ecoul +
h2l(l+1)

2μR2  (4.50)  

Tl(ε) = 1 , when 

ε > Ecoul +
h2l(l+1)

2μR2  (4.51) 

where R is the absorptive radius and μ is the reduced mass of the di-nuclear system. 

To describe the decay of heavier fragments, with A ≥ 12, the Moretto formalism is applied, 
which is based on the saddle point formulation. The range of decay Γ is approximated as 

follows: 

Γ(Z1, A1, Z2, A2) =
1

2πρ0

∫ ρsad(Usad , J0)dε
E∗−Esad(J0)

0

 (4.52) 

where 𝛵𝑙(ε) = 1. ρsad and Usad denote the density of energy states and the thermal 
excitation energy of the saddle point, respectively: 

Usad = E∗ − Esad(J0) − ε (4.53) 

ρ(U, J) = (2J + 1) (
ħ2

2I
)

3 2⁄
√α

12U2
e2√αU (4.54) 

where α = 8.5 MeV-1 is the level density parameter, and I is the moment of inertia of the 
final system. The above expression of the energy density is derived from Fermi gas 
theory. 
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CHAPTER 5 
EXPERIMENTAL DATA AND COMPARISONS TO CALCULATIONS 

 

In this section, we present comparisons of the DIT and CoMD calculations with 
experimental data obtained using the MARS spectrometer. Additionally, we analyze the 
influence of specific parameters within the CoMD model on the calculations. This study 
aims to systematically describe the experimental data using the CoMD model, leveraging 
its many-body approach, which avoids assumptions about the dynamics and thus offers 
a microscopic description of the process. For simplicity, we will refer to the combined 
DIT/GEMINI calculations as DIT calculations and the CoMD/GEMINI calculations as 

CoMD calculations. 

The calculations focus on reactions involving a 40Ar beam and a 64Ni target. For these 
reactions, we present the cross sections of the projectile-like fragments and the 
momentum distributions for various channels, including neutron pickup, proton removal, 
neutron removal, charge exchange, and peak isotopes. 

It is important to highlight that the experimental data were obtained within the 
spectrometer's angular window of 4 msr, positioned at a reaction angle of 4°. 

Following our group standard calculations different parameters were varied, so as to 

explore a better depiction of the experimental data with the CoMD model. 

As stated before, according to the authors of the CoMD model, the appropriate value for 
compressibility is K = 200 MeV. Due to literature data [41], the value chosen for our 
standard calculations is K = 254 MeV. In this dissertation, a comparison of this value with 
the nuclear compressibility values K = 200 MeV and K = 308 MeV is performed. The 
higher the value of the compressibility parameter of nuclear matter is, the more 
incompressible the matter becomes, meaning, it takes a greater amount of energy to 

compress nuclear matter. 

The second parameter we altered was the “ISIG” parameter of the CoMD model. Our 
group standard for this parameter is the value 0. At this value the nucleon-nucleon 
differential cross sections, dσ/dΩ, in the code follow an isotropic distribution with respect 
to all angles. By setting the parameter to ISIG=20, an anisotropic distribution of the 
differential active cross sections dσ/dΩ is determined, where enhanced nucleon-nucleon 

backward scattering is considered [42]. 
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Figure 22: Distributions of proton-neutron differential cross sections versus angle. Each line 
represents the differential cross section dσ/dΩ, for various values of energy in the laboratory 

reference frame. The yellow line shows the dσ/dΩ for Elab = 20 MeV, the blue for Elab = 50 MeV, the 
green for Elab = 100 MeV and the red for Elab = 300 MeV. 

 

In Figure 22, we show the differential cross sections versus angle in the center-of-mass 
reference frame (cm frame) for different energy values in the laboratory reference frame 
(laboratory frame). The dσ/dΩ for Elab=20 MeV is shown in yellow line, blue for Elab=50 
MeV, green for Elab=100 MeV and red for Elab=300 MeV. The use of the anisotropic 
distribution seems to enhance the events at angles close to 0° and 180° degrees. The 
asymmetry at 180° corresponds to charge transfer processes and can cause 
enhancement of the cross sections in the channels where single charge exchange (SCE) 
and double charge exchange (DCE) take place. 

Pairing is also a parameter that is examined. Our default value is pair = 0 and calculations 

have been obtained for pair = 4 [43]. 

Another parameter that was tested was the “paulm” parameter that enforces the Pauli 
Exclusion Principle. The value suggested by the authors of the model for the paulm 
parameter is 96. In previous studies of the group, calculations have been carried out with 
a reduction to the value of 87. In the present study, to examine the stricter enforcement 
of the Pauli constraint, calculations in which the parameter value has been further 

reduced to paulm = 80 have been included. 

A different approach has also been implemented by separating the CoMD events of 
specific calculations to breakup and transfer events only. This allows for a comparison of 
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the CoMD transfer calculations with the DIT calculations which can only consider transfer 
events, unlike CoMD. 

Finally as for the symmetry potential, which varies as a function of density, calculations 
are presented that were performed with three different versions: The standard CoMD 
calculations with the standard potential and the parameter isyn = 2 which depends on the 
density, ρ. Then the stiff potential, isyn = 1, which depends on the 2nd power of density, 
ρ2 and the soft potential, isyn = 3, which depends on the square root of density, √ρ. 

 

5.1 Mass Distributions 

In this section, we present the observed mass distributions of selected projectile 
fragments with atomic numbers Z = 13 – 20, produced in the reaction of 40Ar (15 
MeV/nucleon) with 64Ni. These experimental results are compared with theoretical 
calculations performed using the DIT and CoMD models. The diagrams display the mass 
number (A) on the x-axis and the total cross-section (σ, in millibarns) on the y-axis. The 
measured distributions within the solid angle window of ∆Ω = 4 msr were integrated over 
the azimuthal angle, effectively scaling the data by a factor of 7. This allowed us to 
calculate the production cross-sections for each isotope in the polar angular range ∆θ = 

2.2° – 5.8°. 
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Figure 23: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. DIT calculations: Dotted 

(blue) lines: primary fragments, Dashed (blue) lines: final (cold) fragments, Full (blue) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations: Dotted (red) 

lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. The vertical dashed (green) lines 

indicate the initiation of neutron pickup. On the left of the vertical black lines the data are obtained 
with incomplete magnetic rigidity coverage. 
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Figure 23 illustrates the mass distributions for the final, de-excited fragments resulting 
from the reaction, based on experimental data [19] (depicted as black points), for atomic 
numbers Z = 13 – 20. The vertical green dashed line marks the onset of neutron pickup. 
The mass distributions are compared with calculations based on the DIT and the CoMD 

model. 

The beam energy in the DIT model is adjusted to 14.68 MeV/nucleon to account for the 
energy loss as the beam passes through the target. The DIT calculations were performed 
with a large dataset (15 million events) to minimize statistical uncertainties. As noted in 
the literature [27], the DIT model does not account for particle emission prior to the 
thermal equilibration of the primary hot fragment (pre-equilibrium emission). 
Consequently, the primary fragments are highly excited. To address this, an empirical 
correction was applied to the DIT calculations by reducing the excitation energy of the 
primary fragments to E*

corrected = 0.75E*. 

The DIT calculations are represented by solid blue lines for the final, de-excited fragments 
filtered for angular acceptance and magnetic rigidity, by dashed blue lines for total cold 
fragments and by dotted blue lines for the primary, hot fragments that have not undergone 

de-excitation. 

The results demonstrate that the DIT model provides a satisfactory representation of the 
experimental mass distributions across all studied channels. The final, de-excited 
fragment distributions closely match the experimental data. Additionally, the primary 
fragment distributions exhibit higher cross-section values than the final fragments. This 
difference is attributed to the de-excitation process, during which primary fragments lose 

nucleons and/or other particles to form the final fragments. 

For CoMD calculations, optimized configurations and ground-state parameters from [33] 
were employed, referred to as "standard" calculations. These simulations were based on 
3 × 106 events with a beam energy of 14.68 MeV/nucleon, a Pauli constraint 
enhancement parameter of paulm = 87, nuclear matter compressibility K = 254 MeV, and 
an impact parameter range of b = 0 – 14 fm. The reaction system was evolved over t = 
600 fm/c (2 zs), sufficient to capture the dynamic phase without significant fragment de-

excitation. 

The CoMD calculations are represented by solid red lines for the final, de-excited 
fragments filtered for angular acceptance and magnetic rigidity, by dashed red lines for 
total cold fragments and by dotted red lines for the primary, hot fragments that have not 
undergone de-excitation. 

The CoMD model successfully describes the experimental mass distributions. Primary 
fragments exhibit higher cross-sections compared to de-excited fragments due to nucleon 
or particle emission during de-excitation. The dataset for standard CoMD is approximately 
2 million events. 
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Figure 24: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. CoMD calculations: Dotted 

(red) lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations K = 200: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations K = 

308: Dotted (purple) lines: primary fragments, Dashed (purple) lines: final (cold) fragments, Full 
(purple) lines: final fragments filtered for angular acceptance and magnetic rigidity. The vertical 

dashed (green) lines indicate the initiation of neutron pickup. On the left of the vertical black lines 
the data are obtained with incomplete magnetic rigidity coverage. 
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In Figure 24, the effect of nuclear compressibility (K) is explored. Standard calculations 
with K = 254 MeV (red lines) are compared with calculations for K = 200 MeV (soft 
compressibility, green lines) and K = 308 MeV (hard compressibility, purple lines). While 
all compressibility values yield similar results, soft compressibility (K = 200 MeV) slightly 
overestimates the neutron-rich side, whereas hard compressibility (K = 308 MeV) better 
matches this region but underestimates other parts. The dataset for CoMD with K = 200 

MeV is approximately 0.65 million events and for K = 308 MeV 1 million events. 

In Figure 25 we examine the parameters pair = 4 and ISIG = 20. Nucleon-nucleon 
collisions are taken into account by the ISIG parameter. Standard calculations with pair = 
0 and ISIG = 0 represented with red lines are compared with calculations for pair = 4 
represented with green lines and ISIG = 20 represented with purple lines. All calculations 
seem to be more or less in agreement with the experimental data. The dataset for CoMD 
with ISIG = 20 is approximately 3 million events and for the pair = 4 1.8 million events. 

In Figure 26 we test the parameters isyn = 1 and isyn = 3 that represent the symmetry 
potential from Bethe-Weiszaeker equation. Stiff density dependence is described by the 
parameter isyn = 1 and soft density dependence by the parameter isyn = 3. Calculations 
with stiff density dependence are represented by green lines and purple lines represent 
the calculations for soft density dependence. All calculations seem to be more or less in 
agreement with the experimental data and especially the isyn = 1 which improves the 
description of the data. The dataset for isyn = 1 is 3.6 million events and for isyn = 3 is 

3.3 million events. 

In Figure 27 standard CoMD calculations have been divided into breakup and transfer 
events. Purple lines represent the breakup mechanism and green lines the transfer 
mechanism. These calculations are compared with the DIT calculations and we observe 
that the transfer mechanism lays closer to the DIT, as the DIT model does not account for 
breakup mechanism. 

In Figure 28 standard CoMD calculations are compared with CoMD calculations with 
enhanced Pauli constraint represented by green lines in accordance with the red lines for 
“standard” CoMD. The standard value of paulm = 87 was reduced to paulm = 80, 
enhancing the enforcement of the Pauli principle at each time step. The enhanced CoMD 
calculations slightly improve the mass distribution description, but occasionally 
overestimates experimental data, particularly on the neutron-rich side. The dataset for 
CoMD, paulm = 80 is 0.75 million events. 

In Figure 29 CoMD calculations with enhanced Pauli constraint (paulm = 80) have been 
once again divided into breakup and transfer events. Again we observe that the transfer 
calculations are closer to the DIT calculations for the aforementioned reasons. 
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Figure 25: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. CoMD calculations: Dotted 

(red) lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations pair = 4: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations 

ISIG = 20: Dotted (purple) lines: primary fragments, Dashed (purple) lines: final (cold) fragments, 
Full (purple) lines: final fragments filtered for angular acceptance and magnetic rigidity. The 

vertical dashed (green) lines indicate the initiation of neutron pickup. On the left of the vertical 
black lines the data are obtained with incomplete magnetic rigidity coverage. 
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Figure 26: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. CoMD calculations: Dotted 

(red) lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations isyn = 1: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations 
isyn = 3: Dotted (purple) lines: primary fragments, Dashed (purple) lines: final (cold) fragments, 

Full (purple) lines: final fragments filtered for angular acceptance and magnetic rigidity. The 
vertical dashed (green) lines indicate the initiation of neutron pickup. On the left of the vertical 

black lines the data are obtained with incomplete magnetic rigidity coverage. 
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Figure 27: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. DIT calculations: Dotted 

(blue) lines: primary fragments, Dashed (blue) lines: final (cold) fragments, Full (blue) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations transfer: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations 

breakup: Dotted (purple) lines: primary fragments, Dashed (purple) lines: final (cold) fragments, 
Full (purple) lines: final fragments filtered for angular acceptance and magnetic rigidity. The 

vertical dashed (green) lines indicate the initiation of neutron pickup. On the left of the vertical 
black lines the data are obtained with incomplete magnetic rigidity coverage. 
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Figure 28: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. CoMD calculations: Dotted 

(red) lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations paulm = 80: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. The vertical dashed 

(green) lines indicate the initiation of neutron pickup. On the left of the vertical black lines the data 
are obtained with incomplete magnetic rigidity coverage. 
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Figure 29: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 64Ni. Black points: experimental data. DIT calculations: Dotted 

(blue) lines: primary fragments, Dashed (blue) lines: final (cold) fragments, Full (blue) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations paulm = 80, 

transfer: Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full 
(green) lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD 

calculations paulm = 80, breakup: Dotted (purple) lines: primary fragments, Dashed (purple) lines: 
final (cold) fragments, Full (purple) lines: final fragments filtered for angular acceptance and 

magnetic rigidity. The vertical dashed (green) lines indicate the initiation of neutron pickup. On the 
left of the vertical black lines the data are obtained with incomplete magnetic rigidity coverage. 
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5.2 Momentum Distributions 

In our subsequent analysis, we present the measured differential cross-sections versus 
the linear momentum per nucleon (p/A) of the fragments. The momentum per nucleon 
serves as an indicator of the velocity of the ejectiles, facilitating direct comparisons with 
the beam velocity. Similar to kinetic energy, p/A provides valuable insight into energy 
dissipation and the underlying reaction mechanisms. In the plots, the x-axis represents 
the momentum per nucleon (p/A), while the y-axis represents the differential cross-section 
with respect to solid angle and p/A, (d2σ)/(dΩ d(p/A)), expressed in units of 
mb/(msr(MeV/c)). These are measured cross-sections, and the data, along with 
calculations, are presented for the angular range Δθ = 2.2° – 5.8° (measured at 
approximately 4°). We refer to these distributions as "momentum distributions" throughout 

the discussion. 

Each plot illustrates the momentum distribution for a specific projectile-like fragment. 
Experimental data are displayed as black points, while theoretical calculations are shown 
in various colors and shapes. Notably, the experimental data exhibit pronounced "dips," 
which are artifacts introduced by software gates applied during data analysis to exclude 
elastically scattered beam components. The parameter Qgg, displayed at the top of each 
plot, represents the ground-state-to-ground-state Q-value, which is calculated using the 
masses of the products in their ground states, as previously discussed. Additionally, the 
total excitation energy (in MeV), determined from binary kinematics, using the 

corresponding p/A values, is indicated above or below certain peaks. 

In the figures presented, a vertical green dashed line marks the projectile velocity at 
166 MeV/c. The momentum distributions can be qualitatively divided into two regions. On 
the right side of most distributions, there is a noticeable peak or "band" near the beam 
velocity, corresponding to the quasi-elastic region. On the left side, an extended region 
indicates higher excitation energies of the di-nuclear system, representing more 

dissipative events. 

The channels of the reaction that are of interest for the current work are the neutron pickup 
channels, from +1 to +4 neutrons, the proton removal channels, from -1 to -4 protons, the 
neutron removal channels from -1 to -4 neutrons, the single and double charge exchange 
channels and the peak isotope channels for Z= 20 to Z = 13. 
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Figure 30: Momentum per nucleon distributions of projectile-like fragments for neutron pick-up 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation, with K = 254 MeV. The vertical dashed (green) lines indicate the velocity of the beam. 
Green triangles: CoMD calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, 

with K = 308 MeV. 
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Figure 31: Momentum per nucleon distributions of projectile-like fragments for proton removal 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation, with K = 254 MeV. The vertical dashed (green) lines indicate the velocity of the beam. 
Green triangles: CoMD calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, 

with K = 308 MeV. 
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Figure 32: Momentum per nucleon distributions of projectile-like fragments for neutron removal 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation, with K = 254 MeV. The vertical dashed (green) lines indicate the velocity of the beam. 
Green triangles: CoMD calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, 

with K = 308 MeV. 
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Figure 33: Momentum per nucleon distributions of projectile-like fragments for charge exchange 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation, with K = 254 MeV. The vertical dashed (green) lines indicate the velocity of the beam. 
Green triangles: CoMD calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, 

with K = 308 MeV. 
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Figure 34: Momentum per nucleon distributions of projectile-like fragments for peak isotope 
channels (20 – 17). Black points: experimental data. Blue circles: DIT calculation. Red squares: 

CoMD calculation, with K = 254 MeV. The vertical dashed (green) lines indicate the velocity of the 
beam. Green triangles: CoMD calculations, with K = 200 MeV. Purple inverse triangles: CoMD 

calculation, with K = 308 MeV. 
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Figure 35: Momentum per nucleon distributions of projectile-like fragments for peak isotope 
channels (16 – 13). Black points: experimental data. Blue circles: DIT calculation. Red squares: 

CoMD calculation, with K = 254 MeV. The vertical dashed (green) lines indicate the velocity of the 
beam. Green triangles: CoMD calculations, with K = 200 MeV. Purple inverse triangles: CoMD 

calculation, with K = 308 MeV. 
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In Figures 30 – 35 we can observe for all the channels of interest the experimental data, 
the DIT and standard CoMD calculations and their comparison with CoMD calculations 
with softer (K = 200) and harder (K =308) nuclear matter compressibility. The 
experimental data are represented by black dots, the DIT calculation by blue circles, the 
CoMD calculation by red squares, the softer compressibility by green triangles and the 
harder compressibility by purple inverted triangles. 
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Figure 36: Momentum per nucleon distributions of projectile-like fragments for neutron pick-up 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with pair = 4. Purple inverse triangles: CoMD calculation, isig = 20. 
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Figure 37: Momentum per nucleon distributions of projectile-like fragments for proton removal 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with pair = 4. Purple inverse triangles: CoMD calculation, isig = 20. 
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Figure 38: Momentum per nucleon distributions of projectile-like fragments for neutron removal 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with pair = 4. Purple inverse triangles: CoMD calculation, isig = 20. 
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Figure 39: Momentum per nucleon distributions of projectile-like fragments for charge exchange 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with pair = 4. Purple inverse triangles: CoMD calculation, isig = 20. 
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Figure 40: Momentum per nucleon distributions of projectile-like fragments for peak isotope 
channels (20 – 17). Black points: experimental data. Blue circles: DIT calculation. Red squares: 

CoMD calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green 
triangles: CoMD calculations, with pair = 4. Purple inverse triangles: CoMD calculation, isig = 20. 
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Figure 41: Momentum per nucleon distributions of projectile-like fragments for peak isotope 
channels (16 – 13). Black points: experimental data. Blue circles: DIT calculation. Red squares: 

CoMD calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green 
triangles: CoMD calculations, with pair = 4. Purple inverse triangles: CoMD calculation, isig = 20. 



85 

In Figures 36 – 41 we can observe for all the channels of interest the experimental data, 
the DIT and standard CoMD calculations and their comparison with CoMD calculations 
with different parameters, pair = 4 and ISIG = 20. The experimental data are represented 
by black dots, the DIT calculation by blue circles, the CoMD calculation by red squares, 
the CoMD with pair = 4 calculations by green triangles and the CoMD with isig = 20 
calculation by purple inverted triangles. 
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Figure 42: Momentum per nucleon distributions of projectile-like fragments for neutron pick-up 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, isyn = 3. 
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Figure 43: Momentum per nucleon distributions of projectile-like fragments for proton removal 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, isyn = 3. 
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Figure 44: Momentum per nucleon distributions of projectile-like fragments for neutron removal 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, isyn = 3. 
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Figure 45: Momentum per nucleon distributions of projectile-like fragments for charge exchange 
channels. Black points: experimental data. Blue circles: DIT calculation. Red squares: CoMD 

calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green triangles: 
CoMD calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, isyn = 3. 
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Figure 46: Momentum per nucleon distributions of projectile-like fragments for peak isotope 
channels (20 – 17). Black points: experimental data. Blue circles: DIT calculation. Red squares: 

CoMD calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green 
triangles: CoMD calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, isyn = 3. 
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Figure 47: Momentum per nucleon distributions of projectile-like fragments for peak isotope 
channels (16 – 13). Black points: experimental data. Blue circles: DIT calculation. Red squares: 

CoMD calculation. The vertical dashed (green) lines indicate the velocity of the beam. Green 
triangles: CoMD calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, isyn = 3. 
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In Figures 42 – 47 we can observe for all the channels of interest the experimental data, 
the DIT and standard CoMD calculations and their comparison with CoMD calculations 
with different parameters, isyn = 1 and isyn = 3. The experimental data are represented 
by black dots, the DIT calculation by blue circles, the CoMD calculation by red squares, 
the CoMD with isyn = 1 calculations by green triangles and the CoMD with isyn = 3 
calculation by purple inverted triangles. 

This subsection compares the momentum distributions of the experimental data 
(represented by black points) with the DIT model calculations for the de-excited, final 
fragments (depicted as blue solid lines) for each channel studied. Across all channels, the 
DIT calculations exhibit a general tendency to underestimate the experimental data, 
particularly in the quasi-elastic region of the distribution. This region, corresponding to 
lower excitation energies of the projectile-target system, is the primary focus of our study. 
This discrepancy arises because the DIT model, being phenomenological in nature, 
provides a more accurate description of the deep inelastic part of the distributions rather 
than the quasi-elastic part. 

We also compare the momentum distributions of the experimental data with CoMD model 
calculations for the de-excited, final fragments across the same channels. The primary 
objective of this comparison is to evaluate the CoMD model. 

In most cases, the standard CoMD calculations provide a reasonable description of the 
experimental data; however, they tend to underestimate the distributions overall. Notably, 
discrepancies are evident in the right-hand region of the momentum distributions, 
particularly in the quasi-elastic part, where the experimental data and calculations 
diverge. These discrepancies highlight areas where the CoMD model can be further 
refined to better align with experimental observations. 
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5.3 Angular Distributions 

In the following part of this project we present angular distributions for all the channels of 
interest, the neutron pickup channels, from +1 to +4 neutrons, the proton removal 
channels, from -1 to -4 protons, the neutron removal channels from -1 to -4 neutrons, the 
single and double charge exchange channels and the peak isotope channels for Z= 20 to 
Z = 13. In these figures the x-axis represent the angle of the quasi projectile moving away 
from the target and in the y-axis the differential cross section with respect to solid angle, 

dΩ in units, mb/msr. The MARS experimental apparatus measures in only one angle, 
4°±1.8°, so we have only one experimental point at each channel, represented by the 
black point. In each channel we also present the Rutherford scattering shown by black 
circles. The blue circles represent the DIT calculations, the red squares the standard 
CoMD calculations. 

In Figures 48 – 53 the green triangles represent the CoMD calculations with K = 200 MeV 
and the inverted purple triangles the CoMD calculations with K = 308 MeV. 

In Figures 54 – 59 the green triangles represent the CoMD calculations with isyn = 1 and 
the inverted purple triangles represent the CoMD calculations with isyn = 3. 

In most cases, the DIT calculations seen to be slightly more efficient in describing the 
experimental data and in some channels the CoMD calculations with K = 200 MeV 
perform adequately. It is also worthy to mention that CoMD calculations with isyn = 1 
perform well in some channels. 
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Figure 48: Angular distributions of projectile-like fragments for neutron pick-up channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 
squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD calculations, with K = 200 

MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 49: Angular distributions of projectile-like fragments for proton removal channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 
squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD calculations, with K = 200 

MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 50: Angular distributions of projectile-like fragments for neutron removal channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 
squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD calculations, with K = 200 

MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 51: Angular distributions of projectile-like fragments for charge exchange channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 
squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD calculations, with K = 200 

MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 52: Angular distributions of projectile-like fragments for peak isotope channels (20 – 17). 
Black circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT 
calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 

calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 53: Angular distributions of projectile-like fragments for peak isotope channels (16 – 13). 
Black circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT 
calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 

calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 54: Angular distributions of projectile-like fragments for neutron pick-up channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 

squares: CoMD calculation, with isyn = 2. Green triangles: CoMD calculations, with isyn = 1. 
Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 55: Angular distributions of projectile-like fragments for proton removal channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 

squares: CoMD calculation, with isyn = 2. Green triangles: CoMD calculations, with isyn = 1. 
Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 56: Angular distributions of projectile-like fragments for neutron removal channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 

squares: CoMD calculation, with isyn = 2. Green triangles: CoMD calculations, with isyn = 1. 
Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 57: Angular distributions of projectile-like fragments for charge exchange channels. Black 
circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT calculation. Red 

squares: CoMD calculation, with isyn = 2. Green triangles: CoMD calculations, with isyn = 1. 
Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 58: Angular distributions of projectile-like fragments for peak isotope channels (20 – 17). 
Black circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT 

calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD calculations, 
with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 59: Angular distributions of projectile-like fragments for peak isotope channels (16 – 13). 
Black circles: Rutherford scattering. Black points: Experimental data. Blue circles: DIT 

calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD calculations, 
with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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5.4 Total Excitation Energy Distributions 

Furthering our analysis on the channels of interest we explore the behavior of total 
excitation energy distributions. In these figures the x-axis represent the total excitation 
energy of the quasi-projectile and quasi-target system and in the y-axis the differential 
cross section with respect to solid angle, dΩ and energy, dE in units, mb/msr·MeV. The 
reconstructed data of the total excitation energy for neutron evaporation are represented 
by black points and for no evaporation by black crosses. The blue circles represent the 
DIT calculations, the red squares the standard CoMD calculations 

In Figures 60 – 65 the green triangles represent the CoMD calculations with K = 200 MeV 
and the inverted purple triangles the CoMD calculations with K = 308 MeV. 

In Figures 66 – 71 the green triangles represent the CoMD calculations with isyn = 1 and 

the inverted purple triangles represent the CoMD calculations with isyn = 3. 

The comparison of the models with the experimental data shows that further research 
and improvement of the models is needed in order to describe the data more sufficiently. 
From the models used the DIT has performed better than the CoMD of any 
compressibility. This might be due to some difficulty of the CoMD model to account for 
excitation energies. Another reason for that could be the much bigger dataset of the DIT 
calculations, and the increase of the CoMD statistics might provide some improvement. 
Some convergence with the CoMD calculation with isyn = 1, stiff asymmetry potential, 

seem promising, but further research should be conducted as the results are preliminary. 
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Figure 60: Total excitation energy distributions of projectile-like fragments for neutron pick-up 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 
calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 61: Total excitation energy distributions of projectile-like fragments for proton removal 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 
calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 62: Total excitation energy distributions of projectile-like fragments for neutron removal 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 
calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 63: Total excitation energy distributions of projectile-like fragments for charge exchange 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 
calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 64: Total excitation energy distributions of projectile-like fragments for peak isotope 
channels (20 – 17). Black points: Neutron evaporation points. Black crosses: No evaporation. Blue 
circles: DIT calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 

calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 65: Total excitation energy distributions of projectile-like fragments for peak isotope 
channels (16 – 13). Black points: Neutron evaporation points. Black crosses: No evaporation. Blue 
circles: DIT calculation. Red squares: CoMD calculation, with K = 254 MeV. Green triangles: CoMD 

calculations, with K = 200 MeV. Purple inverse triangles: CoMD calculation, with K = 308 MeV. 
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Figure 66: Total excitation energy distributions of projectile-like fragments for neutron pick-up 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD 
calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 67: Total excitation energy distributions of projectile-like fragments for proton removal 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD 
calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 68: Total excitation energy distributions of projectile-like fragments for neutron removal 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD 
calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 69: Total excitation energy distributions of projectile-like fragments for charge exchange 
channels. Black points: Neutron evaporation points. Black crosses: No evaporation. Blue circles: 

DIT calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD 
calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 70: Total excitation energy distributions of projectile-like fragments for peak isotope 
channels (20 – 17). Black points: Neutron evaporation points. Black crosses: No evaporation. Blue 

circles: DIT calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD 
calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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Figure 71: Total excitation energy distributions of projectile-like fragments for peak isotope 
channels (16 – 13). Black points: Neutron evaporation points. Black crosses: No evaporation. Blue 

circles: DIT calculation. Red squares: CoMD calculation, with isyn = 2. Green triangles: CoMD 
calculations, with isyn = 1. Purple inverse triangles: CoMD calculation, with isyn = 3. 
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5.5 Other Distributions 

In Figure 72 we can observe the isotopic yield, the isobaric yield and the distribution of 
velocity versus the mass number of the quasi-projectile. The black points and the solid 
lines represent the experimental data for the reaction of 40Ar with the 64Ni target, while the 
black circles and dashed lines represent the experimental data for the reaction with the 
58Ni target. Blue lines represent the DIT calculations and red lines the CoMD. In the first 
two panels there are two sets of calculations, the ones in higher cross sections for the 
total calculations and the ones closer to the experimental data that are filtered for angular 
acceptance and magnetic rigidity. We observe that the DIT calculations have a slight 
advantage in describing the data in the first two panels, while the CoMD calculations 
describe better the velocity distribution. 
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Figure 72: Isotopic yield, Isobaric yield, Velocity. 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

 

This study focuses on investigating projectile-like fragments produced in the reaction of 
a 40Ar projectile (15 MeV/nucleon) with a 64Ni target in the Fermi energy regime. The 
experimental data analyzed in this work were originally collected by our group using the 
MARS spectrometer at the Cyclotron Institute of Texas A&M University, with multiple 
reaction channels examined. 

For the dynamical stage of the 40Ar (15 MeV/nucleon) + 64Ni reaction, the DIT and CoMD 
models were employed, both followed by the GEMINI binary-decay model to simulate the 
de-excitation of the nuclei produced. These combined approaches were used to study the 

yields and momentum distributions of the projectile-like fragments. 

The primary objective of this work was to modify the parameters of the CoMD model to 
evaluate their influence on the calculations and to enhance its ability to replicate the 
experimental momentum distributions. Specifically, we investigated the effects of nuclear 
matter compressibility, along with other parameters related to nucleon-nucleon collisions 
and density dependence, on the CoMD model's predictive capabilities. 

Despite these efforts, further refinement of the CoMD model and a systematic 
examination of additional reactions within the Fermi energy range are necessary to 
achieve a more accurate description of the experimental data. 
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ACRONYMS 

 

Table 1: Acronyms 

BE Binding Energy 

CoMD Constrained Molecular Dynamics 

DIT Deep Inelastic Transfer 

DCE Double Charge Exchange 

ISOL Isotope Separation On-Line 

PPAC Parallel Plate Avalanche Counter 

RIB Radioactive Ion Beam 

SCE Single Charge Exchange 

TOF Time Of Flight 
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APPENDIX I 
MASS DISTRIBUTIONS FOR 58Ni TARGET 

 

In the apendix, we present the observed mass distributions of selected projectile 
fragments with atomic numbers Z = 13 – 20, produced in the reaction of 40Ar (15 
MeV/nucleon) with 58Ni. These experimental results are compared with theoretical 
calculations performed using the DIT and CoMD models. The diagrams display the mass 
number (A) on the x-axis and the total cross-section (σ, in millibarns) on the y-axis. The 
measured distributions within the solid angle window of ∆Ω = 4 msr were integrated over 
the azimuthal angle, effectively scaling the data by a factor of 7. This allowed us to 
calculate the production cross-sections for each isotope in the polar angular range ∆θ = 
2.2° – 5.8°. 

We can observe that the results do not diverge from the results from the reaction with the 
64Ni target. The datasets for following calculations are approximately 15 million for 
standard DIT, 1 million for standard CoMD, 0.75 million for CoMD with paulm = 80, 1 

million for CoMD with isyn = 1 and 2.4 million for CoMD with isyn = 3. 
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Figure 73: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 58Ni. Black circles: experimental data. DIT calculations: Dotted 

(blue) lines: primary fragments, Dashed (blue) lines: final (cold) fragments, Full (blue) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations: Dotted (red) 

lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. The vertical dashed (green) lines 

indicate the initiation of neutron pickup. On the left of the vertical black lines the data are obtained 
with incomplete magnetic rigidity coverage. 
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Figure 74: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 58Ni. Black circles: experimental data. CoMD calculations: Dotted 

(red) lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations isyn = 1: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations 
isyn = 3: Dotted (purple) lines: primary fragments, Dashed (purple) lines: final (cold) fragments, 

Full (purple) lines: final fragments filtered for angular acceptance and magnetic rigidity. The 
vertical dashed (green) lines indicate the initiation of neutron pickup. On the left of the vertical 

black lines the data are obtained with incomplete magnetic rigidity coverage. 
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Figure 75: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 58Ni. Black circles: experimental data. DIT calculations: Dotted 

(blue) lines: primary fragments, Dashed (blue) lines: final (cold) fragments, Full (blue) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations transfer: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations 

breakup: Dotted (purple) lines: primary fragments, Dashed (purple) lines: final (cold) fragments, 
Full (purple) lines: final fragments filtered for angular acceptance and magnetic rigidity. The 

vertical dashed (green) lines indicate the initiation of neutron pickup. On the left of the vertical 
black lines the data are obtained with incomplete magnetic rigidity coverage. 
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Figure 76: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 58Ni. Black circles: experimental data. CoMD calculations: Dotted 

(red) lines: primary fragments, Dashed (red) lines: final (cold) fragments, Full (red) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations paulm = 80: 

Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full (green) 
lines: final fragments filtered for angular acceptance and magnetic rigidity. The vertical dashed 

(green) lines indicate the initiation of neutron pickup. On the left of the vertical black lines the data 
are obtained with incomplete magnetic rigidity coverage. 
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Figure 77: Production cross sections (mass distributions) of elements with Z = 13 - 20 from the 
reaction 40Ar (15 MeV/nucleon) + 58Ni. Black circles: experimental data. DIT calculations: Dotted 

(blue) lines: primary fragments, Dashed (blue) lines: final (cold) fragments, Full (blue) lines: final 
fragments filtered for angular acceptance and magnetic rigidity. CoMD calculations paulm = 80, 

transfer: Dotted (green) lines: primary fragments, Dashed (green) lines: final (cold) fragments, Full 
(green) lines: final fragments filtered for angular acceptance and magnetic rigidity. CoMD 

calculations paulm = 80, breakup: Dotted (purple) lines: primary fragments, Dashed (purple) lines: 
final (cold) fragments, Full (purple) lines: final fragments filtered for angular acceptance and 

magnetic rigidity. The vertical dashed (green) lines indicate the initiation of neutron pickup. On the 
left of the vertical black lines the data are obtained with incomplete magnetic rigidity coverage. 
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