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ABSTRACT
In this research, alpha decay study of super-heavy nuclei has been carried out by employing the Woods-Saxon model potential. The spherical and deformed Woods-Saxon model have been employed to investigate the effect of deformation on the super-heavy nuclei via alpha decay.  When compared with experimental data, the two models are found to perform very well in describing the experimental half-life data. Moreover, results obtained by considering deformation is found to give better agreement with the experimental data than the results using spherical configuration. This is mainly because the super-heavy nuclei have non-zero deformation parameters. The study concludes that deformation should be considered when studying super-heavy nuclei, and that the deformed Woods-Saxon model is more complete in describing the interaction between the alpha decay and the daughter nuclei.
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CHAPTER ONE
INTRODUCTION
[bookmark: _Toc199792238]1.1	Background of the Study
The study of nuclear decay is an irreplaceable approach to understanding the structure of nuclei. Alpha-decay and proton emission of nuclei were ﬁrst discovered by Rutherford and Jackson in 1899 and 1970, respectively. Since the discovery of these two nuclear decay modes with the same physical processes, studying them theoretically and experimentally has always been a popular topic in nuclear physics. α-decay is an essential tool for studying super-heavy nuclei and can provide valuable information about the nuclear structure and stability of super-heavy nuclei (Qionget al., 2022).
Alpha decay plays an important role in nuclear physics. The ﬁrst empirical expression for α-decay half-lives was proposed in 1911 by Geiger and Nuttall as a relation between the decay constant and the range of α particles in air (Denisov, 2024). In its modern form, the Geiger-Nuttall law is
,									(1)
here is the half-life in seconds,  is the number of protons in the parent nucleus, Q is the α-decay Q value in MeV, and a and b are coefﬁcients, which are found by ﬁtting the experimental data. Alpha decay is also important for the experimental identification of new nuclides in heavy and super-heavy regions. α-decay remains an important process in nuclear physics, providing rich information on nuclear structure and dynamics, and improving the predictability of contemporary nuclear models used in nuclear astrophysics calculations (Nurmukhamedov, 2018)
Becquerel, 1896, radioactivity may be defined as a process in which nuclei of certain elements spontaneously disintegrate (transformation into another element by the ejection of α , β – particle, gamma ray and cosmic ray) at a rate characteristic for each particular active isotope. Adloff, 1999, during disintegration, atoms of new elements having different physical and chemical properties are formed, called daughter elements. Radiation is emitted when radioactive nuclei (uranium, polonium, radium etc.) spontaneously disintegrates; these substances are known to be radioactive. All the heavy elements from bismuth (atomic number 83) through uranium and also a few of the lighter elements possess radioactive properties. Radioactive changes are spontaneous. That is, they are not controlled by temperature, pressure or nature of chemical combination. The energy emitted by an unstable nucleus comes packaged in very specific forms. In the years that followed the discovery of radioactivity, it was of great interest to determine the kind of radiation emitted from the different radioactive compounds. Radioactive nuclei can be characterized based on their decay duration, mode, and energy, regardless of their physical or chemical state, as they are not sensitive to extra nuclear factors. It was found that the radiations in general consisted of three types called: alpha (α), beta (β) and gamma (γ) radiations after the first three letters in the Greek alphabet. The radiation emitted transforms the element into a new element. The process is called a decay or a disintegration (Olawale, 2024). 
[bookmark: _Toc199792239]1.2	Alpha Decay
Rutherford showed that the alpha particle was the doubly charged nucleus of helium and therefore contained two protons and two neutrons. For example 
23492 U 23090Th + 42He.							(1.1)
One of the crucial decay modes that can give information about the structure of nuclei is the α-decay mode. This decay mode has successfully been described using quantum theory (Yahya & Falaye, 2021). 
It is the most common form because of the combined extremely high nuclear binding energy and a relatively small mass of α-particle. Like other cluster decays, α-decay is fundamentally a quantum tunneling process. By 1928, George Gamow had solved the theory of alpha-decay via tunneling. The alpha particle is trapped inside the nucleus by an attractive nuclear potential well and a repulsive electromagnetic potential barrier. Classically, it is forbidden to escape, but according to the (then) newly discovered principles of quantum mechanics, it has a tiny (but non-zero) probability of ”tunneling” through the barrier and appearing on the other side to escape the nucleus. Gamow solved a model potential for the nucleus and derived a relationship between the half-life of the decay, and the energy of the emission, which had been previously discovered empirically, and was known as the Geiger–Nuttall law. The energy needed to bring an alpha particle from infinity to a point near the nucleus just outside the range of the nuclear force’s influence is generally in the range of about 25 MeV. Alpha particle can be thought of as being inside a potential barrier whose walls are 25 MeV above the potential at infinity. However, decay α particles only have energies of around 4 to 9 MeV above the potential at infinity, far less than the energy needed to escape. Quantum mechanics, however, allows α particle to escape via quantum tunneling. The quantum tunneling theory of α decay, independently developed by George Gamow (Gamow, 1928). Essentially, α particle escapes from the nucleus not by acquiring enough energy to pass over the wall/barrier confining it, but by tunneling through the wall. Much has been written of the explosive violence with which the α-particle is hurled from its place in the nucleus. But from the process pictured above, one would rather say that the α-particle almost slips away unnoticed (Gurney & Condon, 1928).
[bookmark: _Toc199792240]1.3	Beta Decay
A beta particles are singly negatively charged (negatrons) or singly positively charged (positrons) electrons. They typically have energies from a few KeV to a few MeV with a mass which is 1/1836 the mass of a proton. It is emitted from an atomic nucleus in a process known as β-decay. This decay transforms the original nuclide into an isobar of that nuclide. There are two types of β-decay: β− and β+. 
In β− (β−) decay, a neutron decays into a proton, emitting an electron (called a beta-minus particle) and an electron antineutrino. It is important to note that the emission of an electron from the nucleus can be puzzling if one thinks of electrons as being present within the nucleus. However, in reality, there are no electrons present in the nucleus. During β-decay, a neutron is transformed into a proton, releasing an electron and a fourth particle known as an antineutrino (Young et al., 2006).
.								(1.2)
Nuclear transmutation is a process that occurs in certain types of decay, resulting in the original element transforming into a new chemical element. Specifically, in β-decay (both beta-minus and β+), the original nuclide undergoes nuclear transmutation. In beta-minus decay, a neutron in the nucleus is transformed into a proton, and an electron (β-particle) is emitted along with an antineutrino. As a result, the atomic number (Z) of the new element increases by one, reflecting the change from a neutron to a proton. However, the mass number (A) remains unchanged. In β+ decay, a proton in the nucleus is transformed into a neutron, emitting a positron (β-particle) and a neutrino. Again, this leads to a change in atomic number (Z) by one, reflecting the conversion from a proton to a neutron while keeping the mass number (A) constant. Overall, nuclear transmutation is a fundamental process that occurs in β-decay, altering the composition and identity of the nucleus by changing the number of protons and neutrons, and consequently, the chemical element (Maroufi, Dehghani, & Alavi, 2019).
[bookmark: _Toc199792241]1.31	Positron Emission (β+ decay)
In β-plus (β+) decay, a proton inside a radioactive nucleus undergoes a transformation into a neutron. During this process, a positron (a positively charged electron) and an electron neutrino (e) are emitted. This type of radioactive decay is a subtype of β-decay, a process where particles (nucleon) inside the nucleus transform into other particles, resulting in a change in the composition of the nucleus and the emission of particles like positrons or electrons. The weak force governs the β-decay processes, including β+ decay, as it mediates interactions involving particles undergoing β-decay (Young et al., 2006).
.							(1.3)
Absolutely, the neutrino is a neutral particle with an extremely small mass that is emitted from the nucleus during the decay process, often accompanying a positron in β+ decay (β+ decay). The neutrino is denoted by the symbol . Neutrinos are known for their very weak interactions with matter, which make them exceedingly challenging to detect, contributing to their elusiveness for a significant period. In the context of β+ decay, as a proton in the nucleus transforms into a neutron, a positron and a neutrino () are emitted. This process results in a change in the composition of the nucleus, leading to nuclear transmutation. The new element that is formed has a lower atomic number by one due to the conversion of a proton into a neutron (Poenaru, Plonski, & Greiner, 2006). 
[bookmark: _Toc199792242]1.4	Gamma Rays
These are very short wave-length electromagnetic radiation with typical energies from 0.1 to 3 MeV in radioactive decay. Because they have no charge they have long ranges.-decay Paul Villard’s research in 1900 led to the discovery of radiation during his study of radium’s emitted radiation. Later, Ernest Rutherford named these radiations “gamma rays” due to their potent ability to penetrate matter. -rays have a wide-range of energy, from a few kilo electron volts (keV) to approximately 8 million electron volts (MeV) (Olawale, 2024). In some extreme astrophysical sources like micro-quasars, high-energy  -rays with energies ranging between 100 and 1000 tera electron volts (TeV) have been detected. The high penetrability of  -rays and their ability to easily pass through the human body pose significant radiation protection challenges. To mitigate these risks, shielding made of dense materials such as lead or concrete is employed (Filhoet al., 2008).  -rays are generated by numerous processes in particle physics and are emitted by highly energetic celestial objects in the universe, including neutron stars and pulsars. When a nucleus transitions from a higher energy level to a lower energy level during a process called -decay, it emits photons, resulting in the production of
 -rays. These -rays play a crucial role in understanding the energetic processes occurring in the universe (Filhoet al., 2008).
.									(1.4)
If a nucleus possesses the requisite number of protons and neutrons such that the nuclear force, which binds nucleons, overcomes the coulomb repulsive force trying to push protons apart, the nucleus is considered stable. On the contrary, an unstable nucleus lacks sufficient binding energy, causing the attractive nuclear force to be insufficient to maintain its cohesion (Yahyaet al., 2018). The nuclear landscape graphic aids in comprehending the distinction between stable and unstable nuclei. The nuclear landscape, as depicted in Figure 1.1 below, provides a plot of the neutron number against the proton number. On the neutron number axis, we observe nuclei that are neutron-rich or proton-deficient, while on the proton number axis, the opposite is represented. Stable nuclei observed in experiments are denoted by the black line, whereas the unstable nuclei seen in experiments are represented by the green line. The red line signifies the drip line, beyond which no nuclei have been experimentally observed.

[image: C:\Users\USER\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Screenshot (1).png]
Figure 1.1: Chart of nuclides (Erleret al., 2012).
In general, lighter nuclei tend to be more stable compared to heavier nuclei. When the number of protons in an atomic nucleus exceeds the number of neutrons, the nucleus is considered neutron-deficient. Among unstable heavy nuclei, a majority are either neutron-deficient or have an even number of protons and neutrons. The spacing between nucleons increases in larger nuclei. At distances greater than 3fm, the nuclear attractive force weakens, allowing the Coulomb force to become more dominant. When there’s an inadequate number of neutrons, protons repel each other, leading to instability in the nucleus. To attain stability, additional neutrons must be supplied to the nucleus. This highlights that stable heavy nuclei possess a higher neutron-to-proton ratio (Erleret al., 2012).
A stable nucleus achieves a delicate balance, where the attractive nuclear force between nucleons overcomes the Coulomb repulsive force that attempts to push protons apart. This balance is achieved by having the right proportion of neutrons and protons. Stable nuclei are situated along the line of stability in a plot of neutron number versus proton number. On the other hand, unstable nuclei do not have this balance, and the attractive nuclear force is insufficient to hold the nucleus together due to a lack of necessary binding energy. Unstable nuclei, which lie above and below the line of stability in a neutron-proton plot, can be categorized as proton-rich (below the line) or neutron-rich (above the line) (Yahya, 2018). This insight helps in understanding the nuclear landscape and the factors influencing nuclear stability.
[bookmark: _Toc199792243]1.5	Aim and Objectives
 The aim of this research is to study the effect of deformation on α-decay half-lives of super-heavy nucleus. The objectives of this research are:
(i) to calculate the alpha decay half-lives of super-heavy nucleus using spherical Woods-Saxon potential model;
(ii) to study the effect of deformation on the α-decay half-lives of super-heavy nucleus;
(iii) to predict α-decay half-lives of yet to be synthesized nuclei.
[bookmark: _Toc199792244]1.6	Significance of the Study
The outcome of this research will be useful for researchers in experimental nuclear physics in carrying out experiments to study alpha decay half-lives of yet to be measured nuclei.
The research is organized as follows: the theoretical formalism used in this research viz. alpha decay formulas, shall be presented in Chapter 2. The methods used for the calculations shall be discussed in Chapter 3. The results of the calculations shall be presented and discussed in Chapter 4 and the conclusion of this research and recommendation for further studies shall be given in Chapter 5.

CHAPTER TWO
[bookmark: _Toc199792245]THEORETICAL FORMALISM
[bookmark: _Toc199792246]2.1 Nuclear Structure
Although there are numerous elementary particles, the only relevant particles in our earthly life and in nuclear reactors, which we are going to discuss are photons and the particles that constitute material, that is, protons, neutrons, and electrons. The proton is positively charged with a half integer spin, neutron has no charge with half integer spin. The rest masses of electrons, neutrons and protons are: 9.191 x 10-31 kg, 1.675 x 10-27kg and 1.673 x 10-27 kg, respectively.  The atomic number (Z) is the count of protons in the nucleus and defines an element. The sum of the atomic number (Z) and the number of neutrons (N) gives the mass number (A) of an isotope (Morinovet al., 2010). Isotopes are nuclides with the same number atomic number (Z) but different mass numbers (A). For instance, 16O, 17O, and 18O are isotopes of oxygen. Isotones share the same number of neutrons (N) but have different atomic numbers (Z), resulting in different mass numbers (A). Examples include 3717Cl, 3818Ar and 3919K. Isobars have the same mass number (A) but differ in atomic numbers (Z). For instance, 4018Ar, 4019K and 4020Ca are isobars (Santhosh, Sukumaran, & Priyanka, 2015) .
 The proton and neutron are called nucleons and they constitute a nucleus. Rutherford made the discovery of the nucleus in 1911 using the Geiger-Marsden gold foil experiment. An atom is constituted of a nucleus and electrons (the lightest particle of an atom) that circle the nucleus due to Coulomb attraction. The alpha (α) scattering experiment led to the discovery of a nucleus of an atom. The mass of the atom seems to be concentrated at the nucleus and it is surrounded by cloud of electrons which makes the entire atom electrically neutral(Mittal et al., 2013).
[bookmark: _Toc199792247]2.2	LAWS OF DISINTEGRATION
The laws of radioactive disintegration are:
1. There is an equal probability for all nuclei of a radioactive element to decay.
2.  The rate of spontaneous disintegration of a radioactive element is proportional to the number of nuclei present at that time.
When a nucleus disintegrates by emitting particle alpha (α), beta (β) and gamma (γ), or capture an electron from an atomic shell (k-capture), this process is called Radioactive decay. All nuclear decay follows a single law called a Decay law. 
The probability that a radioactive nucleus will not decay at time t is given as; (Kamal, 2014)
,									(2.2)
Where λ is the decay constant. If N0 is the number of atoms at t = 0 and N the number of atoms at t, then 
,										(2.3)
									(2.4)
The decay law for a radioactive substance is thus stated as:
.							(2.5)
[bookmark: _Toc199792248]2.3	Half-life
Half-life is the time it takes a radioactive nucleus to reduce by half (Kamal, 2014)
.           							(2.6)
The number of nuclei of a given radioactive sample disintegrating per second is called the Activity of the sample. That is;
 ,										(2.7)
The activity () at any instant of time is proportional to the number N of the parents type present at that time.  
N,										(2.8)
A =,									(2.9)
wherethe decay constant or disintegration constant which only depends on the nature or characteristics of the radioactive sample and not on the amount of substance. Also   gives the probability of decay per unit interval of time.
[bookmark: _Toc199792249]2.4	Nuclear Equations
Nuclear reactions can be represented by balanced equations of nuclei in as shown below

The top number A represents the nucleon number or the mass number. Nucleon number (A) = total number of protons and neutrons in the nucleus
The lower number Z represents the proton or atomic number. Proton number (Z) = total number of protons in the nucleus.  Neutron number (N)
.										(2.10)
[bookmark: _Toc199792250]2.5	Mass Defect and Binding Energy
Logically the more tightly bound a system is, the stronger the forces that hold it together and the greater the energy required to pull it apart. We can learn more about nuclear forces by investigating how closely bound the nucleus is (Wong, 2004). Therefore, we define the binding energy (B.E) of a nucleus as the difference between the mass of a nucleus and the sum of the individual masses of its protons and neutrons. Binding energy can be calculated using the formula below;
,								(2.11)	
where; 
 = 931.494095 MeV/u 
 = 1.007276470 u or 938.27231 MeV/ or 1.6726231 x 10−27 kg 
 = 1.008664898 u or 939.56563 MeV/ or 1.6749286 x 10−27 kg 
The mass defect, defined as
.							(2.12)
is related to the binding energy by 
 = .										(2.13)
Since a negative  depicts a stable nucleus, therefore the absolute value of  is the energy required to split up the nucleus into its components. The greater the value of binding energy, the more stable the nucleus is. Another important quantity is the binding energy per nucleon. This is the average energy needed to release a nucleon from its nucleus.
.								(2.14)
[image: ]
Figure 2.1: A plot of the binding energy per nucleon against nucleon number A (Pearson, 2005).
The curve rises steeply at first and then more gradually until it reaches a maximum of 8.79 MeV at A = 56, corresponding to the Iron nucleus 5626Fe showed in dotted lines. The curve then drops slowly to about 7.9 MeV moving towards 7.2 MeV at the highest mass numbers
[bookmark: _Toc199792251]2.6	Theory of α-decay
Rutherford suggested that to study the atomic nucleus, non-Coulomb attractive force plays an important role in the study of the stability of the nucleus. But Gamow believed that the existence of these attractive forces implies that the Coulomb potential begins to break down at some position R that the total potential reaches a maximum  at some smaller position  ≈ 10−14m, and at the R>. To explain how α-particle of energy E< could traverse a region between  = 3.2×10−14 m and  = 6.3×10−14 m, which naturally would be impossible according to classical approach, Gamow went through, step by step, one tunneling problem after another. He first considered a single rectangular barrier of height  and width ℓ with an alpha particle and generate a total wave function (Azeez, 2021).
.									 (2.15)
The solutions of the time-independent Schrodinger equation is given as:
.									(2.16)
Bohr’s probabilistic interpretation of Schrodinger’s wave function was adopted by (Gamow, 1928). They illustrated its use by proving that a simple harmonic oscillator in its ground state has more than a 15% chance of being outside its classically permitted amplitude. They then turned to the single-barrier problem for which the incident, reflected, and transmitted waves obey conservation property that is:
.								(2.17)
(Gamow, 1928)proved that for high and broad barriers the probability of transmission is:
.						(2.18)
They assumed that the factor in the exponent can be approximated by an integral expression, to give
.									(2.19)
Condon and Gurney considered the case of a particle in a potential valley and presented two simple arguments for estimating the factor in front of the exponential. Since  is the energy, its velocity is represented by:
.											(2.20)
hence, the time it must spend in a region of length  before standing a chance of escaping is:
 ,											(2.21)
which is directly proportional to the decay constant λ. The decay period is (Roger, 1986.)
.						(2.22)
[bookmark: _Toc199792252]2.7	Phenomenological Model
[bookmark: _Toc199792253]2.7.1	Gamow-like model (GLM)
A variation of the Gamow model was proposed by (Zdeb, Warda, & Pomorski, 2013) where they applied a Gamow like model to study α decay half-lives of nuclei. In this model, the α-decay half-lives of the decaying nucleus is calculated using (Zdeb, Warda, & Pomorski, 2013):
,									(2.23)
where  is the number of collective assaults per time unit of the emitted object on the barrier with a value of 1020 s−1 and is the preformation probability of the α or cluster at the surface, a value of  = 1 was found to give the best descriptions of the alpha decay.
The penetration probability of the α particle through a potential barrier is obtained within the Wentzel-Kramers-Brillouin (WKB) approximation (Jun-Hao, et al., 2019)
								(2.24)
where is the hindrance factor and is the reduced mass of the emitted α-particle which can be calculated as:
.									(2.25)
Here  is mass number of parent nucleus and  is mass number of daughter nucleus,  = 931.5MeV/c2 is the nuclear mass unit. The spherical square well radius R is calculated from
,									(2.26)
while the turning point , is obtained using:
.											(2.27)
The radius constant  is 1.2 fm,  and are the atomic number of the emitted cluster and daughter nucleus, respectively. In this model, the interaction potential is given in the form
									(2.28)
where the depth of the potential well  = 25.
[bookmark: _Toc199792254]2.7.2	Modified Gamow-Like Model (MGLM)
In the modified Gamow-Like model, the interaction potential between the alpha decay particle and daughter nucleus is given as (Jun-Hao, et al., 2019)(Yahya, 2020)
,								(2.29)
where the Hulthen type of screened electrostatic Coulomb potential
,										 (2.30)
and the centrifugal potential is given as:
.								(2.31)
is the depth of the square well, and  are the atomic numbers of the α particle and daughter nucleus, respectively, ℓ is the orbital angular momentum that the α - particle takes away, and a is the screening parameter. The radius of the spherical square well is calculated by summing the radii of both the daughter nucleus () and the α particle () using:
,							(2.32)
whereis a constant of an adjustable parameter. The α-decay half-life can be calculated using (Yahya, 2020)
,								 (2.33)
where is the decay hindrance factor. The value is zero for even-even nuclei. The values of the three parameters (,, and ) in the model were determined in (Jun-Haoet al., 2019)
 = 7.8×10−4, = 1.14fm, = 0.3455
For odd-odd nuclei,  = 2. The decay constant λ is calculated using:
,										(2.34)
where the penetration probability is is given as:

						(2.35)
The kinetic energy of the emitted particle is denoted by: 
. 										(2.36)
The classical turning point b is obtained through the condition =.
In MGLM, the assault frequency on the potential barrier and the radius of the parent nucleus are calculated using (Yahya, 2020)
,									  (2.37)
And
,						(2.38)
respectively. The main quantum number  is calculated using:
,								(2.39)
whereN is the neutron number (Yahya, 2020)
2.8	Alpha-Decay Empirical Formula
Empirical formulas should be considered as an effective method of calculating the α-decay half-lives of radioactive nuclei because they are based on different microscopic, phenomenological models or different adaptation of the Gamow’s theory.
[bookmark: _Toc199792255]2.8.1	Geiger-Nuttall Rules
After Rutherford and his co-workers in 1907 discovered that the α-particle emitted from short-lived isotopes have high penetrating power as a result of high energy, his co-workers in 1912 (Geiger and Nuttall,) established the relation between the particle range Rα and the emitter half-lives given as:
							(2.40)
where c is a constant. By adding the mean decay rate λ of an isotope, the Geiger–Nuttall formula becomes:
	,							(2.41)
where the ≈ 41. In 1921, Geiger and Nuttall observed the trend of alpha decay half-lives and its Q-value and proposed the first empirical relation which state:
=.							(2.42)
The dependence of the parameters α and b of the isotopic chain came out to be a disadvantage to this formula (Santhosh, Sukumaran, & Priyanka, 2015)
[bookmark: _Toc199792256]2.8.2	Viola-Seaborg Semi-Emperical Formula (VSS)
Viola and Seaborg predicted a formula which was based on Gamow model in 1966. This formula produces logarithmic half-lives of alpha decay by including the intercept parameter of linear dependence on the charge number of daughter nucleus to produce a formula given as:
						(2.43)
where is the proton number, Qα is the alpha decay energy of parent nucleus, while the quantities,, and  are the adjustable parameters; = p,n, p-n are the average hindrance factors for odd-even, even-odd and odd-odd nuclei, respectively. For even-even nuclei, =0 (Viola & Seaborg, 1966.).
[bookmark: _Toc199792257]2.8.3	Universal Decay Law (UDL)
In the year 2009, based on the α-like R-matrix theory and the microscopic mechanism of charged particle emission, (Qi et al., 2009) proposed a universal decay law to describe both α-decay and cluster decay modes. This law connects the half-lives of monopole radioactive decays to parameters such as masses, charge, and Qα values. The equation for the universal decay law is as follows:
								(2.44)
where
,										(2.45)
	.							(2.46)
The parameters  = 0.4314, = −0.4087 and= −25.7725 are determined by fitting to experimental α and cluster decay half-lives.
[bookmark: _Toc199792258]2.8.4	Universal Curve (UNIV)
(Dorinet al., 2006) proposed the universal curve by extending a fission theory to the large mass asymmetry. The Universal curve for α-decay and cluster radio-activities can be derived by plotting the sum of the decimal logarithms half-lives and the cluster preformation probability versus the decimal logarithms of the probability of external barrier. This formula is known as the UNIV formula for α decay half-lives which is given as:
,				(2.47)
						(2.48)
,						(2.49)

,   and														(2.50)
are the classic turning points (Poenaru, Gherghescu, & Greiner, 2011.).

























CHAPTER THREE
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[bookmark: _Toc199792260]3.1 Computational details
In this Section, we present the results of effect of deformation on alpha decay half-lives using the Woods-Saxon potential model. The codes used to do all calculations were written in PYTHON programming language. The description of the computation is presented. The programming language used in all computations is Python 3.8. Jupyterlab, a web-based IDE was utilized. Jupyterlab is an extensive environment for interaction and reproducible computing based on the architecture. Python is a high-level programming language that is utilized because of its English-like syntax and also, a lesser line of code is needed to perform the same tasks compared to other programming languages such as Java, MatLab, C, C++, and so on. In python, debugging is easy because it displays an error at a time. Assignment of data, declaration of a variable is normally done automatically. It has a standard library and also a vast network of external libraries (python modules) which includes; NumPy, SciPy, Matplotlib, pandas, SymPy. All of these aided quick and efficient results.
[bookmark: _Toc199792261]3.2 Collection and Preparation of Data
The data used in this study viz. the mass number (A), atomic number (Z), experimental Qα values, orbital angular momentum (𝓁) carried by the emitted α particle are all extracted from the NUBASE2022 database (Mölleraet al., 2012). NUBASE2022 is an evaluated nuclear data that contains the recommended values of nuclear physics properties such as excitation energies, masses, decay modes, and their intensities for all nuclei with experimental values in ground, excited, and isomeric () states. The NUBASE2022 database also contains information of unobserved nuclei whose properties were derived by following the systematic trends in neighboring nuclei (Mölleraet al., 2012). The unobserved nuclei were not considered in this study. Only experimental values were extracted. The data retrieved include atomic number (Z), mass number (A), spin and parity, half-lives, Qαvalue, decay modes, and their intensities.
The data for 52 alpha emitters were derived from the database. The data include the mass number, atomic number, spin and parity, mass excess, and half-lives. But it was observed that some nuclide do not have spin and parity values, and some do not have defined decay modes; this leaves the space blank (or inclusion of NaN). So a simple line of code was written to remove the “Not a Number” (NaN). This is necessary because some machine learning models do not work with missing features. After data cleaning, a total of 45 nuclei were obtained. The decay energy Qα was computed using (Mölleraet al., 2012).
,                         							(3.1)	
where and denote the mass excesses of the parent nucleus, the alpha particle and the daughter nucleus respectively.	
Alpha-particle emission obeys the spin-parity selection rule. When the spin and parity values are different, the alpha-emitter carries a non-zero angular momentum  (Wang et al., 2015). The minimum value of angular momentum  at the α-transition between states with , ,  and  is given as (Yahya, 2020.):	
,							(3.2)
where and ,  are the spin and parity values of the daughter and parent nuclei, respectively. The extracted spin and parity values obtained from the NUBASE 2022 database were utilized to compute the angular momentum (Yahya, 2021).
[bookmark: _Toc199792262]3.3 Deformed Woods-Saxon Potential (WSD)
Here, the effective interaction potential between the alpha particle and the deformed daughter nucleus is given by the sum of the deformed repulsive Coulomb potential [, the deformed attractive nuclear potential  and the centrifugal term [] (Pahlavani and Shamami, 2020).
,
whereis a quantization factor, 𝓁is the angular momentum carried by the α-particle and θ is its angle of orientation with respect to the symmetry axis of the daughter nucleus. The deformed Woods-Saxon potential is defined as:
,						     (3.3)							
wherethe potential depth is obtained via
.				(3.4)
Here, the diffuseness parameter is obtained using the formula (Yahya, 2021)
,							(3.5)
where is the relative neutron excess of the daughter nucleus, given as:
.											(3.6)
The daughter nucleus effective radius ) is given by:
,						(3.7)
where  and  are the quadrupole and hexadecapole deformation parameters of the daughter nucleus respectively. is the spherical harmonics and
,									(3.8)
is the is the radius of the daughter nucleus. It is known that the inclusion of the quadrupole deformation parameter causes a decrease in the half-life calculated value by 2-7 orders of magnitude (Arunet al., 2009; Sawhneyet al., 2011). Due to reflection symmetry, the calculations have been carried out by considering the relative orientations with respect to the symmetry axis of the deformed nucleus. The deformed Coulomb potential and the centrifugal term have been computed using:
,				(3.9)
,										(3.10)
respectively. 
where; , 							(3.11)					
here μ is the reduced mass of the alpha particle and the deformed daughter nucleus. The WKB barrier penetration probability  is calculated via
										(3.12)
where the transmission coefficient is calculated using: 
,							(3.13)
where the turning points  and  are determined using the condition . The alpha-decay half-life is then computed via:
,							(3.14)
here, the assault frequency  is determined using						
.								(3.15)

[bookmark: _Toc199792263]3.4 Spherical Woods-Saxon Potential (The Effective Potential)
In the domain of nuclear physics, the concept of an effective potential is crucial for comprehending the intricate dynamics of nuclear interactions. This potential is composed of three primary constituents, each playing a distinct role in shaping the behavior of particles within the nucleus: the attractive nuclear potential denoted as , the repulsive Coulomb potential represented by , and an additional repulsive centrifugal potential specified as . The attractive nuclear potential () arises from the strong nuclear force however, it manifests as an attractive force between nucleons (protons and neutrons), and contributes to the stability of the nucleus. 
On the other hand, the repulsive Coulomb potential () stems from the electrostatic force between protons. Given that protons possess positive electric charge, they exert a repulsive force on each other, which is effectively described by this component of the potential. The Coulomb potential acts as a barrier, hindering the close approach of protons and thus influencing the stability and structure of the nucleus. 
	Additionally, the centrifugal potential () contributes to the effective potential and is repulsive in nature. This potential arises due to the motion of particles, particularly alpha particles or other emitted clusters, within the nucleus. It increases with the angular momentum of the particle, acting as a centrifugal force that opposes further motion. The centrifugal potential becomes very relevant in cases where the emitted particle carries a non-zero angular momentum (𝓁), affecting its trajectory and energy distribution. The interplay and balance of these three potentials, namely the attractive nuclear potential (), the repulsive Coulomb potential (), and the repulsive centrifugal potential (), dictate the overall effective potential experienced by particles within a nuclear system. Understanding this effective potential is vital for unraveling the complexities of nuclear interactions and processes. The equation for the effective potential is given as:
,							(3.16)
whereis a quantization factor.
For Coulomb potential ();
.							(3.17)
For centrifugal potential ();
.						         (3.18)
where; , 						     (3.19)
A is the mass number.
For attractive nuclear potential (Yahya, 2021)
,						            (3.20)														
 .						      (3.21)
are given in the equations (3.4), (3.5), (3.6), (3.14), and (3.15) respectively. However, the penetration probability is given as:
.						       (3.22)

[bookmark: _Toc199792264]3.5 Performance Measure
The performance measure utilized in this research is the root mean square error (RMSE), also referred to as the standard deviation. The calculation of the standard deviation is determined by the formula(Yahya & Falaye, 2021).
,				         (3.23)
where is the theoretical α-decay half-lives calculated using the theoretical model and  is the experimental half-lives from the NUBASE2022 database (Yahya & Oyewumi, 2021). From these values, one observes that the WSD model gives the lowest standard deviation when compared to the WSS model. This shows the importance of using a deformed nuclear potential over the spherical one for these super-heavy nuclei. This model has been proved to give excellent descriptions of α-decay half-lives (Yahya, 2021).
The standard deviation values for the WSD and WSS are 0.5012 and 0.6260 respectively. From these values, one observes that the WSD model gives the lowest standard deviation when compared to the WSS model. This shows the importance of using a deformed nuclear potential over the spherical one for these super-heavy nuclei.
Table 3.1. Calculated standard deviation (σ) using the different models.
	Model
	𝜎

	WSD
	0.5012

	WSS
	0.6260











CHAPTER FOUR
[bookmark: _Toc199792265]4.1	Results and Discussion
This chapter gives the results of the calculations described in the last chapter, and utilizing the theoretical frameworks described in Chapter 2. The potential which were measured in mega electron volts (MeV) are plotted against radial distance r in femtometer (fm) are shown below. The repulsive Coulomb potential [VC(MeV)], the attractive Nuclear potential [VN(MeV)], the Centrifugal potential [V𝓁(MeV)],  and Total (effective) [VT(MeV)]  potential respectively. When the mass number of the nucleus is 255, the nucleus is named Fermium (255Fm) having atomic number of 100 and neutron number to be 155.
[image: ]
Figure 4.1: Showsthe calculated Coulomb potential [VC(MeV)] between alpha particle and the daughter nucleus of Fermium-255 (255Fm)  against radial distance r(fm).
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Figure 4.2: Showsthe calculated Nuclear potential [VN(MeV)] between the alpha particle and daughter nucleus of Fermium-255 (255Fm) against radial distance r(fm).

[image: ]
Figure 4.3:Shows the calculated Centrifugal potential [V(MeV)] between alpha particle and daughter nucleus of Fermium-255 (255Fm)  against radial distance r(fm).

[image: ]
Figure 4.4:Shows the calculated Total (effective) potential [VT(MeV)] between alpha particle and daughter nucleus of Fermium-255 (255Fm)  against radial distance r(fm).
From figures 4.1 and 4.3, one observe that for the repulsive Coulomb [VC(MeV)] and centrifugal potentials [V𝓁(MeV)]  against r(f), the graphs decreases exponentially as the number of neutron increases. Figure 4.2 is attractive nuclear potential [VN(MeV)] against r(fm). It can be observed that there is significant increase as the number of neutron increases. And, from the figure 4.4, the total effective potential [VT(MeV)] against r(f), one observe that there is a drastic decrease to a point just below zero and rises to remain constant at a point slightly above zero.
The input parameters such as the atomic number, mass number, orbital angular momentum, and Qα values have been derived from the NUBASE2022 database(Kondev et al., 2016). The calculated alpha-decay half-lives using the Woods-Saxon potential models are shown in table 4.1 below. The columns are arranged sequentially, the atomic number (Z) of the nucleus, its mass number (A), neutron number (N), the angular momentum carried by he alpha particle (𝓁), the experimental Qαvalues, the experimental alpha-decay half-lives (Expt.), the daughter atomic number (Zd), the daughter mass number(Ad), the quadrupole () deformation parameters, the hexadecapole () deformation parameters, the Spherical Woods-Saxon potential (WSS) and the Deformed Woods-Saxon potential (WSD) respectively.

Table 4.1: Calculated α-decay half-lives of super-heavy nuclei (Z=100) using the Spherical Woods-Saxon, Deformed Woods-Saxon Models and Experiment. 
	Z
	A
	N
	
	Qα
	Expt
	Zd
	Ad
	
	
	WSS
	WSD

	100
	243
	143
	1
	8.689
	-0.595
	98
	239
	0.237
	0.085
	-0.4236
	-0.33694

	100
	246
	146
	0
	8.379
	0.218
	98
	242
	0.237
	0.073
	0.394327
	0.515744

	100
	247
	147
	4
	8.258
	1.685
	98
	243
	0.237
	0.073
	1.529912
	1.595985

	100
	248
	148
	0
	7.995
	1.538
	98
	244
	0.249
	0.063
	1.650364
	1.743271

	100
	249
	149
	4
	7.709
	2.464
	98
	245
	0.249
	0.063
	3.440644
	3.464003

	100
	250
	150
	0
	7.557
	3.27
	98
	246
	0.249
	0.051
	3.220886
	3.329462

	100
	252
	152
	0
	7.154
	4.961
	98
	248
	0.25
	0.039
	4.79693
	4.91727

	100
	253
	153
	5
	7.198
	6.334
	98
	249
	0.25
	0.039
	5.731352
	5.804319

	100
	254
	154
	0
	7.307
	4.067
	98
	250
	0.25
	0.027
	4.08242
	4.260562

	100
	255
	155
	4
	7.241
	4.859
	98
	251
	0.25
	0.027
	5.091663
	5.234902

	100
	256
	156
	0
	7.025
	5.066
	98
	252
	0.251
	0.014
	5.211799
	5.406612

	100
	257
	157
	2
	6.864
	6.94
	98
	253
	0.24
	0.012
	6.128801
	6.347683

	102
	251
	149
	0
	8.752
	-0.016
	100
	247
	0.249
	0.051
	-0.11378
	0.082395

	102
	252
	150
	0
	8.549
	0.562
	100
	248
	0.25
	0.039
	0.508163
	0.73388

	102
	253
	151
	1
	8.415
	2.234
	100
	249
	0.25
	0.039
	0.99562
	1.206962

	102
	254
	152
	1
	8.226
	1.755
	100
	250
	0.25
	0.027
	1.610986
	1.852901

	102
	255
	153
	5
	8.428
	2.848
	100
	251
	0.25
	0.027
	1.927247
	2.142602

	102
	256
	154
	0
	8.582
	0.466
	100
	252
	0.251
	0.014
	0.255466
	0.562081

	102
	257
	155
	2
	8.477
	1.46
	100
	253
	0.24
	0.012
	0.792841
	1.125659

	102
	259
	157
	2
	7.854
	3.667
	100
	255
	0.24
	-0.001
	2.936222
	3.260715

	103
	254
	151
	3
	8.822
	1.224
	101
	250
	0.25
	0.027
	0.441077
	0.708842

	103
	255
	152
	4
	8.556
	1.494
	101
	251
	0.25
	0.027
	1.570743
	1.807667

	103
	256
	153
	1
	8.855
	1.516
	101
	252
	0.251
	0.014
	-0.10907
	0.211894

	104
	255
	151
	1
	9.055
	0.49
	102
	251
	0.25
	0.027
	-0.26364
	0.031195

	104
	256
	152
	0
	8.926
	0.328
	102
	252
	0.251
	0.014
	0.027841
	0.354474

	104
	257
	153
	5
	9.083
	0.748
	102
	253
	0.24
	0.012
	0.607174
	0.953568

	104
	258
	154
	0
	9.196
	-0.593
	102
	254
	0.24
	0.012
	-0.87541
	-0.49419

	105
	256
	151
	2
	9.336
	0.385
	103
	252
	0.251
	0.014
	-0.5761
	-0.23188

	105
	259
	154
	5
	9.619
	-0.292
	103
	255
	0.24
	-0.001
	-0.63807
	-0.2251

	106
	259
	153
	2
	9.765
	-0.396
	104
	255
	0.24
	-0.001
	-1.50627
	-1.06772

	106
	260
	154
	0
	9.901
	-1.768
	104
	256
	0.24
	-0.001
	-2.13587
	-1.68634

	106
	261
	155
	2
	9.714
	-0.729
	104
	257
	0.229
	-0.016
	-1.43547
	-0.94327

	107
	261
	154
	3
	10.5
	-1.893
	105
	257
	0.229
	-0.016
	-2.91565
	-2.38757

	108
	263
	155
	5
	10.733
	-3.046
	106
	259
	0.23
	-0.028
	-2.54947
	-2.00489

	108
	265
	157
	0
	10.47
	-2.708
	106
	261
	0.219
	-0.043
	-3.01816
	-2.44871

	108
	266
	158
	0
	10.346
	-2.404
	106
	262
	0.219
	-0.043
	-2.73415
	-2.17039

	108
	270
	162
	0
	9.07
	0.954
	106
	266
	0.173
	-0.013
	0.804074
	1.406413

	110
	267
	157
	0
	11.777
	-5
	108
	263
	0.196
	-0.034
	-5.40027
	-4.73151

	110
	270
	160
	0
	11.117
	-3.688
	108
	266
	0.173
	-0.013
	-4.01516
	-3.32955

	114
	286
	172
	0
	10.355
	-0.657
	112
	282
	0
	0
	-1.07737
	-0.18603

	114
	288
	174
	0
	10.076
	-0.185
	112
	284
	0.023
	0.002
	-0.36084
	0.51983

	114
	290
	176
	0
	9.856
	1.903
	112
	286
	0.047
	0.016
	0.214783
	1.067769

	116
	290
	174
	0
	10.997
	-2.046
	114
	286
	0.047
	0.016
	-2.13489
	-1.24603

	116
	292
	176
	0
	10.791
	-1.796
	114
	288
	0.249
	0.061
	-1.66926
	-1.47399

	118
	294
	176
	0
	11.867
	-3.155
	116
	290
	0.249
	0.061
	-3.63105
	-3.37401



Table 4.2: Calculated α-decay half-lives of super-heavy nuclei (Z=100) using  against neutron number.
	N
	WSS2
	WSD2

	143
	0.171398
	0.258057

	146
	0.176327
	0.297744

	147
	-0.15509
	-0.08902

	148
	0.112364
	0.205271

	149
	0.976644
	1.000003

	150
	-0.04911
	0.059462

	152
	-0.16407
	-0.04373

	153
	-0.60265
	-0.52968

	154
	0.01542
	0.193562

	155
	0.232663
	0.375902

	156
	0.145799
	0.340612

	157
	-0.8112
	-0.59232

	149
	-0.09778
	0.098395

	150
	-0.05384
	0.17188

	151
	-1.23838
	-1.02704

	152
	-0.14401
	0.097901

	153
	-0.92075
	-0.7054

	154
	-0.21053
	0.096081

	155
	-0.66716
	-0.33434

	157
	-0.73078
	-0.40629

	151
	-0.78292
	-0.51516

	152
	0.076743
	0.313667

	153
	-1.62507
	-1.30411

	151
	-0.75364
	-0.45881

	152
	-0.30016
	0.026474

	153
	-0.14083
	0.205568

	154
	-0.28241
	0.098814

	151
	-0.9611
	-0.61688

	154
	-0.34607
	0.066898

	153
	-1.11027
	-0.67172

	154
	-0.36787
	0.081658

	155
	-0.70647
	-0.21427

	154
	-1.02265
	-0.49457

	155
	0.496531
	1.041106

	157
	-0.31016
	0.259285

	158
	-0.33015
	0.233606

	162
	-0.14993
	0.452413

	157
	-0.40027
	0.26849

	160
	-0.32716
	0.358449

	172
	-0.42037
	0.470971

	174
	-0.17584
	0.70483

	176
	-1.68822
	-0.83523

	174
	-0.08889
	0.799975

	176
	0.126737
	0.32201

	176
	-0.47605
	-0.21901





[image: ]
Figure 4.5: Shows plots of the calculated α-decay half-lives using the Woods-Saxon Models and Experiment against neutron number.	

Figure 4.5 above shows the plots of the computed α-decay half-lives, , using the twotheoretical models against the neutron number (N). The experimental values are shown in red squares, the Woods-Saxon Spherical are shown in blue diamond while Woods-Saxon Deformed are shown in green circle. The half-life can be seen to increase with increase in neutron number for this nucleus considered in the study. It can be observed from the graph that the half-lives are well concentrated within +5 to -4 region. One observes from the figure that all the models give very good descriptions of the alpha-decay half-lives, since only a slight difference between the calculated results and experimental can be seen. The difference between experimental and theoretical α-decay half-lives have been obtained using the following equation:
			(4.1)

[image: ]
Figure 4.6: Plots of the  against Neutron number (N) for the super-heavy nuclei using the different models.
has been plotted against neutron number in Figure 4.6 above for the two models used in the study. It can be observed that, barring few exceptions, most of the points are near zero and within +0.5 to -1.5. Moreover, it can be observed that the WSD model gives lower  values than the WSS model. This shows the advantage and importance of using deformed model for the study of this super-heavy nucleus over spherical model.








CHAPTER FIVE
[bookmark: _Toc199792266]Conclusion
The repulsive Coulomb potential [VC(MeV)], the attractive Nuclear potential [VN(MeV)], the Centrifugal potential [V𝓁(MeV)],  and Total (effective) [VT(MeV)]  potential was plotted against radial distance r(fm) respectively. The nucleus named Fermium was worked on (255Fm). Also, the theoretical description of α-decay half-lives of super-heavy nucleus has been carried out via a deformed Woods-Saxon (WSD) potential model. Calculations using spherical Woods-Saxon (WSS) potential model were included to see the effect of using deformed nuclear potential on the α-decay half-lives of super-heavy nucleus. Both the models give very good descriptions of the α-decay half-lives when compared with experimental data.The difference between theoretically calculated and experimental α-decay half-lives is also found to be within the range of +0.5 to -1.5 for the super-heavy nucleus. The results showed the importance of using deformed nuclear potentials over spherical ones for super-heavy nuclei. The computed standard deviation indicates that the calculated half-lives using WSDmodel gives lower standard deviation value when compare with the WSS model. This shows the importance of using a deformed nuclear potential over the spherical one for thissuper-heavy nucleus.Therefore, when studying super-heavy nuclei, deformation effect should be included in order to obtain a more accurate results.

Recommendation
This research entails the study of alpha decay half-lives of super-heavy nucleus with the aid of two deformation parameters which are quadru polede formation parameter and hexadecapole deformation parameter. However, future studies can be on the effect of hexacontate trapolede formation parameter on alpha-decay half-lives of super-heavy nuclei.
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Figure 1.1: Chart of nuclides [34].
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