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POSSIBLE DECAY MODES IN THE HEAVY TO SUPERHEAVY ISLAND OF 

RANGE 98 ::; Z ::; 120 WITHIN THE RELATIVISTIC MEAN-FIELD APPROACH 

ABSTRACT 

This thesis aims to explore alpha radioactivity in superheavy nuclei using semi-empirical 

and microscopic approaches. The primary objectives include: firstly, examining the 

influence of nuclear rotation on the decay half-lives of superheavy nuclei within the range 

98 ::; Z ::; 120 using the axially deformed relativistic Hartree-Bogoliubov theory in the 

continuum (DRHBc), which incorporates recent semi-empirical formulae to provide a 

systematic understanding of alpha-radioactivity. The findings suggest that the predictions 

made by all semi-empirical formulae align more closely with the available experimental 

data when considering the rotation effect. However, it has been demonstrated that the 

impact of nuclear rotation gradually diminishes as the atomic nucleus becomes heavier. 

Secondly, the in-medium effects are incorporated into the R3Y NN potential through 

density-dependent nucleon-meson coupling within the relativistic Hartree-Bogoliubov 

(RHB) framework. This relativistic medium-dependent R3Y, called DD-R3Y NN poten­

tials, are for the first time used to obtain the nucleus-nucleus potential as input into the 

Preformed cluster-decay model (PCM). The penetration probability is calculated using the 

WKB approximation, and the preformation probability (Pa) is estimated using a recently 

derived formula, which is based on parameters well known to influence the radioactivity 

of the a -particles. A close correlation is observed between the a-preformation factor 

and the crucial role of the pairing correlation in the a-decay process. Furthermore, the 

Pa values for the even-even nuclei are generally found to be of higher magnitude than 

those for the odd-A nuclei. The results further affirm the odd-even staggering effect 

on the Qa values and its accompanying effects on other observables such as the charge 
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radii and the decay half-lives, which can be largely attributed to the pairing correlation 

and Pauli blocking of the unpaired valence nucleons. Thus, correlations are established 

between bulk properties and decay properties in the ground state of207•208Th isotopic chains. 

Keywords: Heavy and Superheavy Nuclei, Alpha Radioactivity, Relativistic Mean­

Field Approach, Nuclear Shape, Rotational Energy Correction, Semi-Empirical Formulas, 

Decay Energy and Half-Lives, Relativistic Hartree-Bogoliubov, Cluster Preformation, 

Alpha Particle, Cluster Decay Mode, Odd-Even Staggering. 
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MOD PEREPUTAN YANG BERKEMUNGKINAN DI PULAU SANGAT-BERAT 

DALAM JULAT 98 ::; Z ::; 120 DALAM PENDEKATAN MEDAN 

MIN RELATIVISTIK 

ABSTRAK 

Tesis ini bertujuan untuk meneroka radioaktiviti Alfa dalam nukleus sangat-berat dengan 

menggunakan pendekatan separa empirik dan mikroskopik. Objektif utama termasuk: 

pertama, mengkaji pengaruh putaran nuklear pada separuh hayat pereputan untuk nukleus 

sangat-berat dalamjulat 98 ::; Z ::; 120 dengan menggunakan teori Hartree-Bogoliubov 

relativistik terubah berbentuk secara paksi dalam kontinum (DRHBc), yang menggabungk­

an formula separa empirikal terkini untuk memberikan pemahaman sistematik tentang 

radioaktiviti Alfa. Penemuan ini menunjukkan bahawa ramalan yang dibuat oleh kesemua 

formula separa empirikal lebih rapat dengan data eksperimen yang tersedia ada dengan 

mempertimbangkan kesan putaran. Walau bagaimanapun, ia telah menunjukkan bahawa 

kesan putaran nuklear secara beransur-ansur berkurangan apabila nukleus atom menjadi 

lebih berat. Kedua, kesan dalam sederhana dimasukkan ke dalam potensi R3Y NN 

melalui gandingan nukleon-meson yang bergantung kepada ketumpatan dalam rangka 

kerja Hartree-Bogoliubov (RHB) relativistik. R3Y yang bergantung pada sederhana 

relativistik ini, yang dipanggil potensi DD-R3Y NN, buat pertama kalinya digunakan untuk 

mendapatkan potensi nukleus-nukleus sebagai kemasukan ke dalam model pereputan 

kelompok (PCM) terdahulu. Kebarangkalian penembusan dikira menggunakan anggaran 

WKB, dan kebarangkalian prabentuk (Pa) dianggarkan dengan menggunakan formula 

terbitan baru-baru ini, yang berdasarkan parameter yang terkenal untuk mempengaruhi 

radioaktiviti zarah a-. Kolerasi rapat diperhatikan antara faktor a-prabentuk dan peranan 

penting korelasi berpasangan dalam proses pereputan a. Tambahan pula, nilai Pa untuk 
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mtldeus genap umumnya didapati mempunyai magnitud yang lebih tinggi daripada nukleus 

ganjil-A. Keputusan selanjutnya mengesahkan bahawa kesan ganjil genap pada nilai Qa 

dan kesan yang disertakan pada benda boleh diperhatikan lain sepertijejari cas dan separuh 

hayat pereputan, yang sebahagian besarnya boleh dikaitkan dengan korelasi berpasangan 

dan penyekatan Pauli bagi nukleon valens yang tidak berpasangan. Oleh itu, korelasi antara 

sifat pukal dan sifat pereputan dalam keadaan dasar rantai isotop 207,208To diwujudkan. 

Kata kunci: Nukleus Heavy dan Superheavy, Pereputan Alpha, Pendekatan Medan 

Min Relativistik, Bentuk Nuklear, Tenaga Pembetulan Putaran, Formula Separuh Empiri­

kal, Tenaga Pereputan dan Separuh Nyawa, Relativistik Hartree-Bogoliubov, Praformasi, 

Zarah Alpha, Mod Pereputan Kelompok , Ganjil-Genap Mengejutkan. 
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CHAPTER 1: INTRODUCTION 

1.1 Research Background 

The evolution of nuclear physics has been a journey marked by groundbreaking 

discoveries and theoretical advancements that span more than a century. Beginning with 

the pioneering work of J.J. Thomson in 1897, the discovery of the electron shattered 

the notion of the atom as indivisible and set the stage for further exploration into the 

subatomic realm (Thomson, 1897). Ernest Rutherford's gold foil experiment in 1909 

unveiled the atomic nucleus, revolutionizing our understanding of atomic structure and 

proposing the planetary model of the atom, which depicted electrons orbiting a central 

nucleus (Rutherford & Geiger, 1908). This experiment not only confirmed the existence of 

the nucleus but also revealed its concentrated mass, housing most of the mass of atoms 

within a tiny, positively charged core. 

Subsequent developments in nuclear physics led to the identification of various types 

of radiation such as alpha, beta, and gamma-through experiments involving radioactive 

decay. These discoveries, coupled with Albert Einstein's famous equation E = mc2 in 

1905 (Einstein, 1905), which demonstrated the equivalence of mass and energy, laid the 

groundwork for understanding nuclear processes and the immense energy released in 

nuclear reactions. The experiment carried out by James Chadwick in 1932 led to the 

identification of the neutron emitted by Beryllium nuclei when bombarded with a particles 

from a radioactive source (Chadwick, 1932). Following this discovery, neutron-proton 

theory gained prominence. This theory posits that the nucleus consists of neutrons and 

protons, collectively known as nucleons, with electrons occupying the extranuclear space, 

thereby rendering the nuclei electrically neutral. The neutron-proton theory has been 

instrumental in elucidating various aspects of nuclei, including the explanation of different 
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nuclear isotopes, which include their spin, nuclear magnetic moments, f3 decay and a decay 

processes, as well as nuclear stability. Hideki Yukawa proposed the first successful theory 

of nucleon-nucleon interaction through meson exchange. He suggested that neutrons 

and protons are surrounded by meson composite clouds, and the exchange of mesons is 

responsible for binding the nucleons. This theory gained support from free neutron and 

proton magnetic moments. The Yukawa theory generalized the relation between particles 

and forces, implying the existence of a new particle, later identified as the 1r meson. The 

modem theory of interactions through particle exchanges is based on quantum field theory, 

where interactions are assumed to be instantaneous at low energies, allowing the derivation 

of interaction potentials (Yukawa, 1935). During that period, the precise characteristics of 

nuclear forces was unknown. This led to the development of theoretical models aimed at 

studying the nuclear properties of nuclei. 

The macroscopic description of nuclei emerged as a critical aspect of nuclear physics, 

with various models such as the Yukawa potential, optical model, liquid-drop model, 

and shell model shaping our understanding of nuclear behavior. The liquid-drop model, 

proposed by George Gamow and others, treated the nucleus as a drop of incompressible 

fluid, elucidating nuclear stability and reaction properties. Concurrently, the shell model, 

developed by Maria Goeppert Mayer and J. Hans D. Jensen, provided a framework for 

understanding the arrangement of protons and neutrons within atomic nuclei in terms of 

energy levels or shells (Mayer & Jensen, 1961). These theoretical frameworks were pivotal 

in advancing our comprehension of nuclear phenomena and guiding experimental research 

The current nuclear physics research revolves around investigating nuclei under extreme 

conditions, such as high excitation energies and spin. Additionally, researchers are actively 

engaged in synthesizing superheavy elements to expand the boundaries of the periodic 

table. This concerted effort aims to push the limits of our understanding of nuclear structure 
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and behavior, opening new frontiers in scientific exploration (Smits et al., 2024, 2023). 

The a-decay is one of the most dominant decay modes of unstable (radioactive) nuclei 

in the transactinides and/or superheavy region (Z ~ 104) and plays a crucial role in nuclear 

physics and astrophysics (especially in stellar nucleosynthesis) (Clark & Rudolph, 2023; 

Velasquez et al., 2023). The study of superheavy nuclei (SHN) represents an active area of 

research in nuclear physics that has attracted the attention of theorists and experiments 

(Giuliani et al., 2019; Ismail et al., 2022; Jain et al., 2022; Koyuncu & Soylu, 2020; 

J.-H. Liu et al., 2017; Lopez-Martens et al., 2022; Y. T. Oganessian et al., 2022; Sridhar 

et al., 2019). In terrestrial laboratories, SHNs are produced by the fusion of light nuclei, 

using particle accelerators (S. Hofmann & Miinzenberg, 2000a; Miinzenberg & Morita, 

2015; Y. T. Oganessian et al., 2006, 2004, 1999; Ts et al., 2000). This effort has hitherto 

yielded remarkable success in the synthesis of nuclei with Z :::; 118 while those with 

Z > 118 await experimental synthesis. The decay characteristics of SHN reveal a clear 

possibility of enhanced stability (shell closure property) at Z = 114, 120, or 126, N = 184. 

Thus, a number of theoretical studies have been directed towards the prediction of a-decay 

half-lives of SHN with Z > 118 (H.-M. Liu et al., 2019; Manjunatha, 2016; Seyyedi, 2021). 

Although most of these studies aim to explore the limit of the existence of SHN s as well as 

their structural properties, the precision of the conventional theoretical models used has 

been greatly challenged due to the variability of the nuclear proximity potential and the 

introduction of various other physical effects that may possibly explain the uncertainties in 

the superheavy region (Ghodsi & Amiri, 2021). Besides, the shape of SHN is an important 

factor in understanding their properties and behaviour (Cwiok et al., 2005; Heenen et al., 

2015). 
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1.2 Statement of Problem 

With the exception of double-magic nuclei, most nuclei on the nuclear chart deviate 

from the spherical shape. Furthermore, there is considerable evidence that suggests that 

SHNs can exist in both ground and intrinsic excited states as well as different deformed 

( or superdeformed and hyperdeformed) isomeric states (Bhuyan, Patra, & Gupta, 2011; 

Marinov et al., 2007, 2009; Patra et al., 2009, 2007). Thus, it is assumed that the 

participating nuclei are deformed. The deformed relativistic Hartree-Bogoliubov theory 

with continuum (DRHBc) (Li et al., 2012; Zhou et al., 2010) is well known to give a 

suitable description of deformed exotic nuclei. In this study, the binding energies are 

calculated using the DRHBc formalism, which is adept at incorporating the deformation 

and continuum effects simultaneously. The inclusion of the continuum effect is highly 

crucial for the drip-line region which comprises about 9035 nuclei within the range 

98 ~ Z ~ 120 which is predicted to be bound and thus, extends the existing nuclear 

territory. Within the mean-field approximation, it is plausible to consider the many-body 

correlations with symmetry breaking such as loss of translational invariance and rotational 

invariance (Ring & Schuck, 1980). In order to restore broken symmetry, it is essential to 

include the rotational correction energy (P.-W. Zhao et al., 2010). 

On the other hand, recent experiments and theoretical explorations have demonstrated 

that a-decay studies provide a viable means to investigate the nuclear structure of nuclei 

with shell closure by proton number Z > 82 (Andreyev et al., 2000, 1819; Uusitalo et al., 

2005). More interestingly, this region is enriched with the existence of a multiphoton­

multihole intruder state and the possibility of shape-coexistence. A new thorium isotope 

207Th has been recently discovered (Yang et al., 2022). The authors reported that the 

a-decay energies (Qa) of the nuclei that have Z > 82 and N < 126 follow a step-wise 

pattern as the number of neutrons decreases along the isotopic chain. This conjecture is 
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contrary to the common notion where a smooth upward trend is expected (Z. Zhang et al., 

2021). To resolve this discrepancy and gain further insight, it is crucial to theoretically 

probe the structural and decay properties of the nuclei in this region. In addition, several 

quantities that are used in exploring the nuclear properties (such as the binding energy 

(Heisenberg, 1932), single nucleon separation energy (Fu et al., 2016; Jiang et al., 2012) 

and the charge radius (Angeli et al., 2009; De Groote et al., 2020; Marsh et al., 2018)) 

manifest odd-even staggering as the proton or neutron number changes. There is an ample 

evidence that odd-even staggering (OES) has a considerable effect on alpha preformation 

probabilities and their decay half-lives (T1; 2) as a result of the pairing effect and blocking 

of certain orbitals by unpaired nucleons (Deng & Zhang, 2021; Seif, 2015; Xu & Ren, 

2005). Since the penetration process gives no distinction between the odd and even nuclei, 

the OES effect in T1; 2 is traceable to the alpha preformation probabilities (Sun et al., 2017). 

On the contrary, the conventional Bethe-Weizsacker semi-empirical mass formula (Bethe & 

Bacher, 1936; Weizsacker, 1935) gives the impression that the OES is somewhat negligible 

in Qa since both the parent nucleus and its daughter are odd-A (odevity) and, therefore, 

the pairing terms in their binding energies cancel out (J. Dong et al., 2011; T. Dong & Ren, 

2010; Jia et al., 2021). This strengthens the motivation to undertake a detailed investigation 

in this region using the preformed cluster-decay model (PCM). 

1.3 Objective of the Study 

The present study is aimed at investigating the instability of exotic nuclei using both 

semi-empirical formulae (which assist in circumventing computational complexities and 

allow for straightforward extrapolation) and the microscopic approaches (which incorporate 

relativistic and continuum effects arising from the emission of alpha particles from unbound 

states, which are not adequately described by traditional models). Specifically, the aim of 

this doctoral thesis includes a few emerging problems in a-radioactivity are: 
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i. To investigate the influence of nuclear rotation on the decay half-lives of superheavy 

nuclei within the range 98 ~ Z ~ 120 is investigated using the axially deformed 

relativistic Hartree-Bogoliubov theory in the continuum (DRHBc). The various 

recent empirical formulae will be included in the analysis, which provides systematic 

anatomy of the a-radioactivity. 

ii. To incorporate the medium effects in the R3Y NN potential through the density­

dependent nucleon-meson coupling within the relativistic Hartree-Bogoliubov (RHB) 

approach. The relativistic medium-dependent R3Y, the so-called DD-R3Y NN 

potentials are used to obtain the nuclear potential as input into the Preformed 

cluster-decay model (PCM). The improved model is applied in the investigation of 

the structure and decay properties of the recently discovered a-emitting 207Th isotope 

and the known 208To decay chains. For the first time, the newly derived preformation 

probability formula which incorporates the influential factors of a-decay is adopted. 

iii. To establish the correlations between the bulk properties and decay properties in the 

ground state of 207•208Th isotopic chains. 

1.4 Limitation of the study 

This study only considers alpha decay processes involving ground state-to-ground state 

transitions. This limitation excludes the exploration of other decay modes or excited 

state transitions in the decay mechanisms of heavy and superheavy nuclei which have 

been studied in previous works. Furthermore, all nuclei in the study are assumed to 

be spherical. This assumption does not incorporate the potential influence of nuclear 

deformation on alpha decay properties since studies on the degree of shape freedom have 

been previously investigated, and undue repetition is avoided here. It is noteworthy that 

the study incorporates nuclear rotational correction as a new degree of freedom. The 

study relies on semi-empirical formulas and microscopic models to predict alpha decay 
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properties. These frameworks provide valuable insights and offer a good compromise 

between accuracy and computational cost. 

1.5 Significance of Study 

Exploring a-radioactivity in superheavy nuclei using semi-empirical and microscopic 

approaches addresses some key challenges in nuclear physics, ranging from understanding 

the structure and stability of exotic nuclei to refining theoretical models for predicting nuclear 

decay properties. The significance of this study lies in its comprehensive investigation of 

exotic nuclei, particularly focusing on the decay properties of superheavy nuclei and the 

recently discovered a-emitting isotopes. Specifically, the significance is as follows: 

i. Understanding Exotic Nuclei: Exotic nuclei, especially those in the superheavy 

region, present intriguing challenges due to their extreme conditions. Investigating 

their decay properties provides valuable insights into nuclear structure and stability, 

which are fundamental in understanding the behavior of matter at the nuclear level. 

ii. Role of Nuclear Rotation: The study aims to explore how nuclear rotation affects 

the decay half-lives of superheavy nuclei. This investigation contributes to our under­

standing of the dynamics of nuclear processes under rotational influences, providing 

essential information for theoretical models and experimental interpretations. 

iii. Incorporating Medium Effects: By incorporating medium effects through density­

dependent nucleon-meson coupling within the relativistic Hartree-Bogoliubov 

approach, the study enhances the accuracy of models used to describe nuclear 

interactions. This incorporation of medium effects is crucial for more realistic 

predictions of nuclear properties, especially in exotic systems. 

iv. Correlation Studies: Establishing correlations between bulk properties and decay 

properties in specific isotopic chains, such as 207•208Th, enhances our understanding 
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of the interplay between various nuclear properties. These correlations provide 

valuable constraints for theoretical models and offer insights into the underlying 

physics governing nuclear phenomena. 

1.6 Outline of study 

Chapter 1 of this thesis serves as the gateway into the present research endeavor, 

encompassing several critical elements essential for establishing context and laying the 

groundwork for subsequent chapters. It commences with a concise historical narrative 

delving into a-radioactivity and superheavy nuclei, tracing their evolutionary trajectory 

from early discoveries to contemporary theoretical frameworks. The problem statement 

reflecting the gaps and challenges existing within the current understanding of these 

phenomena is also explained in detail. Following this, the chapter elucidates the precise 

objectives and the limitations of the present study. 

Chapter 2 is devoted to different approaches employed in investigating a-radioactivity 

within the superheavy region. Specifically, this chapter delves into two primary approaches: 

the semi-empirical formulae and microscopic methods such as the relativistic Hartree­

Bogoliubov (RHB) formalism. Furthermore, the concept of preformation probability of 

a-Decay is thoroughly examined within this context. By scrutinizing existing literature, 

this chapter identifies pertinent gaps that underscore the significance and necessity of the 

present study. 

Chapter 3 is dedicated to a comprehensive examination of the methodologies employed 

within this study. Firstly, it outlines in detail the six semi-empirical formulae used, 

elucidating their individual components. Following this, the chapter delves into the 

microscopic approach known as the relativistic Hartree-Bogoliubov (RHB) formalism. 

Additionally, it explores the integration of medium effects into the R3Y NN potential 

through density-dependent nucleon-meson couplings, providing insights into the theoretical 
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underpinnings of this incorporation. Moreover, the chapter elucidates the double folding 

technique with the densities of both daughter nuclei and alpha particles. Finally, a succinct 

overview of the preformed cluster model (PCM) is presented. 

Chapter 4 constitutes an in-depth analysis of the findings stemming from the current 

investigation. It offers a meticulous examination of the impact of nuclear rotation 

corrections on the a-decay half-lives of superheavy nuclei (SHN) and the manifestation of 

a-particle clustering within the newly discovered 207,208Th decay chains using the RHB 

approach. Furthermore, the study endeavors to establish correlations between the bulk 

properties and decay properties of the ground state within the mentioned isotopic chain. 

In Chapter 5, a comprehensive summary and conclusive insights derived from the 

present study on SHN are provided. Additionally, this chapter outlines avenues for future 

research and suggests potential directions for further studies. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter offers a concise review of previous research, underlying assumptions, 

and key factors that underpin the present study. It delves into the advances in both 

experimental investigations and theoretical endeavors within the superheavy region, while 

also acknowledging their respective constraints. Additionally, it provides justification for 

the novel inclusion of nuclear rotation corrections. Furthermore, it articulates the necessity 

of pursuing this theoretical investigation through two distinct approaches: semi-empirical 

and microscopic. The rationale behind the advance of theory and its application to the 

preformed cluster decay model for a clustering systems is also explored. 

2.2 Nuclear Drip-line 

The investigation into the limits of nuclear stability is a fascinating topic in contemporary 

nuclear physics. This entails studying the emission of nucleons from the ground state 

of both spherical and deformed nuclei, which allows for an evaluation of the proton and 

neutron drip lines. Drip line nuclei behave differently than stable nuclei because of the 

isospin dependency of the nuclear force. When moving away from the valley of stability, a 

critical juncture is reached at which the valence nucleons are no longer sufficiently confined 

by the nuclear force, resulting in their emission. These extremes define the boundaries of 

the nuclear landscape, with the proton drip line extending to prototactinium (Z = 91) on one 

side and the neutron drip line extending up to oxygen (Z = 8) on the other. Furthermore, 

the occurrence of high neutron-to-proton (N/Z) ratios in these nuclei results in a variety of 

abnormal phenomena, including halo nuclei, shape coexistence, neutron skins, and shell 

quenching. These phenomena can be largely attributed to the coupling of bound states to 

the particle continuum, the loosely bound nature of the outermost nucleon, and significant 
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alterations in the shell structure. 

2.3 Superheavy Nuclei 

Superheavy nuclei are atomic nuclei containing a very large number of protons and 

neutrons, typically significantly beyond the range of naturally occurring isotopes. These 

nuclei lie at the extreme end of the periodic table, with atomic numbers (the number of 

protons) well beyond those found in stable elements. The search for superheavy nuclei is 

driven by scientific curiosity about the limits of nuclear stability and the desire to explore 

the properties of matter under extreme conditions (Smits et al., 2023). 

The quest for superheavy elements, commenced with Transactinide Z=104 in 1961 in 

Dubna, has been a focal point. This effort has been greatly aided by the advancements 

in accelerator technology and computational capabilities over the years. The seminal 

advancement in theoretical investigation came with the prediction of Z=126 nuclei, with 

particular attention to the prospect of an 'island of stability' around Z=l 14 and N=184 

(Malov et al., 2021; Okunev, 2018). It was previously speculated that this island was 

surrounded by a 'sea of instability,' suggesting the potential existence of symmetric 

spherical close-shell nuclei as shown in Fig. 2.1. However, this perception was altered 

by the discovery of Z= 108 nuclei, in which the spherical symmetric close shell nuclei to 

deformed shell stabilized nuclei and predicts a neutron shell closure at N = 162 (Smolanczuk, 

1997; Stone et al., 2019). Thus, this conjecture improves the stability against fission and 

predicts the existence of double magic nuclei in the instability sea, notably around i6~Hs 

(S. Hofmann, 2015; Y. T. Oganessian et al., 2017). A number of theoretical studies have 

predicted the discovery of Z=120, 126, and nuclei with even greater shell stability than 

Z=l 14 (Armbruster, 2000; Rydin, 2011; Yadav et al., 2023). There have been no consistent 

definition for the SHN. Some explain that the SHN commences from Z=104, while others 

align it with the emergence of transactinide elements. Basically, the stability of these 
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nuclei is dependent on the shell effect, and their decay half-life should not fall below 1014 

seconds. 

For the past two decades, one of the notable goals in nuclear physics is in the study, 

identification, and synthesis of superheavy nuclei (SHN) as well as the measurement of 

their decay lifetime. The interest in SHN has been recently rejuvenated on the successful 

grounds of hot and cold fusion reactions (Eichler et al., 2007; S. Hofmann & Mi.inzenberg, 

2000b; Y. Oganessian, 2007; Y. T. Oganessian et al., 2012, 2011, 2004; Ts et al., 2000). As 

a result of fission, the production rate of SHN reduces drastically with the atomic number 

Z of the fused system, and thus, the analysis of their spectroscopy is usually tedious. 

Besides, the Coulomb repulsion between the proton becomes enhanced when approaching 

the proton dripline. Until now, with the advent of sophisticated radioactive ion beam 

facilities, SHN within the range Z = 110 - 118 has been successfully synthesized in the 

laboratory (Eichler et al., 2007; S. Hofmann & Mi.inzenberg, 2000b; Y. Oganessian, 2007; 

Y. T. Oganessian et al., 2012, 2011, 2004; Ts, 2001). This necessitates a detailed study 

of possible decay modes and stability of synthesis nuclei. Moreover, the identification 

of nuclei in the experimentally unknown territory of the SHN is of central interest to 

contemporary physicists around the world. The experimental signature for observing the 

decay properties of superheavy elements is mainly by a-emissions and accompanied by 

spontaneous fission, which is currently a domain of intense research. Thus, the discovery of 

superheavy elements have become a potential testing tool for various theoretical formalisms. 

The literature is replete with various theoretical studies used for the prediction of a decay 

half-lives (Akrawy et al., 2018; Cai et al., 2020; Hassanzad & Ghodsi, 2021; Manjunatha 

et al., 2021). The theoretical framework based on the nuclear mean-field approach is 

categorized into two: the first is the microscopic-macroscopic (mic-mac) model (Adamian 

et al., 2018; Bhagwat et al., 2012; Jachimowicz et al., 2018; Mirea et al., 2011) which 
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combines the macroscopic bulk properties of the liquid drop model with the microscopic 

quantum mechanical Strutinsky shell correction. The second includes the microscopic 

Hartree/ Hartree-Fock calculations in which the Skyrme and relativistic mean-field (RMF) 

models are solved in a self-consistent manner for both ground and intrinsic excited states 

(Ahmad et al., 2012; Jain et al., 2022; Joshua et al., 2022; Pei et al., 2007; Typel & Brown, 

2003; Ward et al., 2013, 2015; Yahya & Falaye, 2021). In particular, Using various 

parameter sets, the Skyrme-Hartree-Fock and RMF models have been employed in the 

exploration of nuclei with Z = 120 in which N = 182 and/or 184 are predicted as the most 

probable spherical shell closure in the superheavy region (Bender et al., 2001; Bhuyan & 

Patra, 2012; Kruppa et al., 2000; Reinhard et al., 2000; W. Zhang et al., 2005). 

2.3.1 Synthesis of Superheavy Nuclei 

To understand the island of stability, theoretical predictions have spurred efforts 

to synthesize the heaviest or superheavy nuclei. The synthesis of nuclei within the 

island of stability can be very complex because the available nuclei used as targets and 

projectiles do not possess the required number of neutrons. Additionally, the experimental 

challenge begins with increasing atomic number, as the production cross-section decreases 

exponentially with increasing atomic number. In the literature, it is known that the heaviest 

nuclei have been synthesized in heavy-ion fusion reactions. In this process, a compound 

nucleus is formed with some excitation energy. Based on the excitation energy of the 

compound nucleus and its survival probability in the neutron emission process, this reaction 

has been classified into two categories: 

(i) Cold fusion reaction: In this category of reaction, when the heavy target nuclei 

208Pb or 209Bi fuse with massive projectile nuclei (A = 50 - 70), a compound nucleus is 

formed with an excitation energy of 20-11 MeV, and evaporation products are obtained with 

Z = 104 - 112 (S. Hofmann & Miinzenberg, 2000b; Morita et al., 2004; Y. T. Oganessian, 
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Figure 2.1: Three-dimensional representation of the theoretical island of stability in 
nuclear physics. Adopted from (W. Greiner, 2012) 

1988). The main advantage of this reaction is that the transition of this nucleus to the 

ground state occurs through the emission of only one neutron and gamma rays. As the 

mass of the projectile ion increases, the cross-section for the formation of the evaporation 

product decreases sharply due to limitations on fusion that emerge in the entrance channel 

of the reaction. Using the cold fusion reaction for the first time, elements with atomic 

numbers Z = 107 - 112 were synthesized and their radioactive decay was investigated. 

(ii) Hot Fusion Reaction with 48Ca Ions: In contrast, hot fusion reactions involve heavy 

actinides as targets and 48Ca as projectiles. These reactions yield compound nuclei with 

excitation energies ranging from 30-40 MeV, commonly referred to as hot fusion reactions. 

However, the formation of the compound nucleus competes with strongly asymmetric 

fission in this scenario. The transition to the ground state involves the emission of three or 

four neutrons and gamma rays. This reaction exhibits a low survival probability due to 

fission events, which interrupt the cooling process through sequential neutron emission. In 

particular, the choice of neutron-rich isotopes, such as 48Ca as the projectile and 244Pu, and 

248Cm as targets, aims to produce compound nuclei near closed-shell values of Z = 114 

14 

Univ
ers

iti 
Mala

ya



and N = 184. This reaction has been used for the synthesis of heavy nuclei with Z ~ 112, 

where the cold fusion reaction is at the limit of the experimental possibilities. 

2.4 Alpha Decay of SHN 

Due to the unstable nature of SHN, it is often influenced by external factors such as the 

injection of energy through interactions with nucleons or through spontaneous radioactive 

decay. This process can involve the emission of various particles or radiation, including 

alpha ( a) and beta (/3) particles, gamma (y) radiation, as well as light particles or nuclei 

such as two-proton emissions. In this study, the primary focus is specifically on alpha 

decay. Alpha decay is a form of radioactive decay in which an unstable nucleus releases 

excess energy by spontaneously ejecting an alpha particle 4He. This decay process can be 

represented as: 

AX A-4 y z N ~Z-2 N-2 + a, (2.1) 

where the parent nucleus X yields a daughter Y by emitting an a-particle. This decay 

process occurs as a result of the increasing Coulomb repulsion force, which is proportional 

to the square of the atomic number (Z2) compared to the nuclear binding force which is 

proportional to the mass number (A). Due to the stability and high binding energy (28.3 

MeV) of the alpha particle, it becomes the preferred decay product for numerous nuclei to 

release the maximum possible kinetic energy. 

The formation of a helium nucleus is feasible within nuclei containing a neutron-rich 

and proton-rich composition, typically characterized by A ~ 150. In such heavy nuclei, 

nucleons are situated far away from the nuclear shell closure and held together by certain 

collective degrees of freedom. As earlier mentioned, a-particle formation is energetically 

favoured over the formation of two protons. In principle, the quantum mechanical tunneling 

of the pre-formed alpha particle across the barrier requires a positive energy state (Q-value) 
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(Majekodunmi, Bhuyan, et al., 2022). This phenomenon known as the preformed cluster 

decay model (PCM) stems from the well-established Quantum Mechanical Fragmentation 

Theory (QMFf), where the Gamow theory of alpha decay was used (Fink et al., 1974; 

Maruhn & Greiner, 1974). The phenomenon of alpha decay, observed since 1920, is 

explained through two distinct approaches: cluster-like and fission-like. In the cluster-like 

perspective, alpha decay occurs naturally, while the fission-like approach emphasizes an 

asymmetric mass distribution in the parent nuclei. The identification of highly asymmetric 

mass fragmentation, initially observed in heavy nuclei such as 238U, underscores the role 

of the effects of the quantum shell in the penetration of the barrier. Contemporary research 

endeavors, both theoretical and experimental, strive to forecast the half-life of alpha decay, 

driven by the pursuit of discovering the heaviest elements. Studies on alpha decay in heavy 

nuclei indicate it as the most probable decay mode in nuclei having neutron numbers N = 

159-165 (Budaca & Silisteanu, 2011; Sridhara et al., 2021). 

2.5 Preformation Probability of a-Decay 

In PCM models (or alpha-decay-like models), holds the assumption that an a-particle 

is already formed within the parent nucleus prior to penetrating through the potential 

barrier with a specified Q-value. The decay fragments (daughter nucleus and emitted 

a -particle) are formed in the ground state with a specific preformation probability Pa. 

Hence, Pa encapsulates the structural characteristics of the decaying parent nucleus. In 

the microscopic context, determining the precise value of Pa can be challenging due to the 

intricacies inherent in the nuclear many-body problem. Pa in alpha radioactivity may be 

significantly below unity, as evidenced by previous studies (Ahmed et al., 2015; Prathapan 

et al., 2023; Yahya et al., 2024). Consequently, to estimate the preformation probability 

Pa a phenomenological scaling factor proposed by Blendowske and Walliser (Blendowske 

& Walliser, 1988). To overcome this limitation of the mass-dependent formula, in this 
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study a recently proposed universal a cluster preformation formula established based on 

concepts that consider the influence of the mass and charge asymmetry (T/A and T/z), the 

a-particle mass Aa and the Q value is used. The new expression Pa, as well as its effect 

and advantages, will be discussed in subsequent chapters of this thesis. 

2.6 Hindrance Factor 

In the context of alpha decay, the hindrance factor refers to a measure of suppression or 

reduction (a phenomenon in which the decays of odd-A nuclei are hindered) in the decay 

rate of a particular nuclear transition, leading to a slower decay rate compared to what is 

predicted by simple one-body theories. Factors that impact the rate of decay include: 

1. the presence of unpaired nucleons which influences a-particle preformation. 

2. a non-zero angular momentum (i.e. l * 0) which results in higher barrier 

3. change in spin which impedes alpha decay. 

In other words, it provides a quantification of the deviation (resulting in a slower decay rate) 

observed in a specific alpha decay compared to what would be expected from systematic 

patterns based on ground state (g.s.) to ground state (g.s.) transition rates of neighboring 

even-even nuclei (Gallagher Jr & Rasmussen, 1957). Hindrances to alpha decay can also 

occur in even-even nuclei if a transition leads to an excited state in the daughter nucleus. 

In the present study, it is salient to note that only the g.s. --+ g.s. transition (l = 0) is 

considered. 

2. 7 Nuclear Rotation 

The decay properties of SHN are closely linked with the nuclear shell stability, isospin 

dependence of the nuclear structure, deformation, rotation and vibrational properties, 

single-particle energy level as well as fusion-fission dynamics (Bhuyan, 2015; Bhuyan, 

Patra, & Gupta, 2011; Fiset & Nix, 1972; Nilsson et al., 1969; Patra et al., 2009; Staszczak 
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et al., 2013). An a-cluster chain can gain extra stability via the rotation of the nuclear 

system (Ren et al., 2022; K. Zhang et al., 2022). Within the mean-field approximation, it is 

pertinent to consider many-body correlations with symmetry breaking, such as the loss of 

translational and rotational invariance (Ring & Schuck, 1980). As a result, the deformed 

state gives a poor estimate of the angular-momentum quantum number, taking a semblance 

of an intrinsic ground state. To restore the broken symmetry, corrections to the binding 

energies are taken into account. In principle, the centrifugal force favours a linear chain 

configuration having a large moment of inertia although, a very high angular momentum 

leads to the fission of the linear chain. Thus far, only a little attention has been given to 

the rotational effect on the stability of proton-rich nuclei, especially in the highly debated 

superheavy region and thus, this will be one of the main focuses of the present study. 
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CHAPTER 3: THEORETICAL FORMALISM 

3.1 Introduction 

In this chapter, an exploration is conducted into the theoretical formalism underlying the 

estimation of a-decay half-lives, with a focus on six distinct semi-empirical formulae. These 

formulae, including the VSS formula, mB 1 formula, SemFIS2 formula, R Formula, Wang 

Formula, and MYQZR formula, offer essential insights into the various factors influencing 

the a-decay process, such as the number of proton and neutrons, the number of mass, the 

isospin asymmetry and the obstacles. Furthermore, microscopic approaches are discussed, 

particularly the Self-Consistent Mean Field (SCMF) framework, providing comprehensive 

insights into nuclear properties across different nuclei. Specifically, attention is directed 

towards the Deformed Relativistic Hartree-Bogoliubov theory in the continuum (DRHBc), 

which employs the meson-exchange density functional to elucidate nucleon interactions 

within many-body systems. Additionally, the Relativistic Hartree-Bogoliubov (RHB) 

formalism is examined, emphasizing the medium-dependent relativistic NN potential and 

the density-dependent meson-nucleon exchange coupling. The calculation of the nuclear 

interaction potential involves the utilization of the double folding technique, integrating 

RHB densities over the density-dependent R3Y NN potential. This total interaction 

potential, in combination with the Coulomb potential, forms the basis for estimating the 

WKB penetration probability of the emitted a-particle, a crucial step in predicting a-decay 

half-lives using the preformed cluster-decay model. 

3.2 Semi-Empirical Formulae 

Here, six different semi-empirical formulae are used to estimate the a-decay half-lives. 

This helps to evaluate relative constituents/ingredients such as the proton, neutron, mass 

number, isospin asymmetry, and hindrance factor that pose a significant influence on the 
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a-decay process. 

(a) VSS formula: The phenomenological formula of Viola and Seaborg (Viola Jr & 

Seaborg, 1966) is based on the well-known Gamow model. It incorporates the hindrance 

factor h1o8 for nuclei with unpaired nucleons and is linearly dependent on the number of 

protons in the parent nucleus. It is given by 

(3.1) 

The constants are a= 1.66175, b = -8.5166, c = -0.20228, d = -33.9069 and h1og = 0 

for the even-even systems considered. 

(b) mBl formula: The modified Brown (mBl) formula (Sobiczewskietal., 1989) provides 

a similar formulation that includes an additional hindrance term hmbl which depends on 

parity: 

log TmbI - a(Z - 2)bQ-½ + c + hmbl 
10 1/2 - ' (3.2) 

where constants a= 13.0705, b = 0.5182, c = -47.8867 and hmbl = 0. 

(c) SemFIS2 formula: The semi-empirical formula based on fission theory (SemF/S2) 

was introduced by Poenaru (Akrawy et al., 2022; D. Poenaru & Ivascu, 1984; D. Poenaru 

et al., 1980; D. N. Poenaru et al., 2006) for a-decay takes the expression 

loglO TfftF/S2 = 0.43429x(x, y)K - 20.446 + Hf, (3.3) 

where 

(3.4) 
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and r = 0.423Q(l.5874 + A13)/Zd. The numerical coefficient X, close to unity, is a 

2nd _order polynomial: 

x(x,y) = Bl +x(B2+xB4) +y(B3 +yB6) +xyB5, (3.5) 

where the parameter values deduced for trans-uranium nuclei are Bl = 0.985415, B2 = 

0.102199, B3 = -0.024863, B4 = -0.832081, B5 = 1.50572 and B6 = -0.681221. The 

hindrance factor Hf= 0 for even-even nuclei. The reduced variables x and y are given as 

(3.6) 

(3.7) 

with the distance from the nearest magic-plus-one neutron and proton numbers Ni = 

... , 51, 83, 127,185,229, ... , Zi = ... , 29, 51, 83, 127, ... ; Thus, for nuclei in the superheavy 

region 

y = (N - 127)/(185 - 127),x = (Z - 83)/(127 - 83). (3.8) 

(d) R Formula: Royer derived an analytical formula (Royer, 2000) for alpha decay half-life 

within the liquid-drop model including proximity effects where the a-decay half-life 

depends on Qa, A and Z of the parent nucleus as 

R aZ !_r;:; 
log10 T112 = A 171 + bA6 vZ + c, 

vQa 
(3.9) 

where a= 1.5864, b = -1.1629 and c = -25.31 are adjustable parameters and depend on 

the parity of the parent nucleus combination Z, N. 
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(e) Wang Formula: The Wang formula is given as (Y. Wang et al., 2015) uniquely captures 

the shell effect Sand hindrance term due to parity changes d 1-<-1)1
• However, l = 0 since 

all nuclei under study are considered to be in the ground state. 

1 wang 
oglO Tl/2 

1 cZ dl-(-liz(l+l) 
= a+bAr,vz+--+----;:::=======+S. 

-vQa ✓(A -4)(Z - 2)A-213 
(3.10) 

where a= -25.432, b = -1.146, c = 1.577, d = 0 (even-even nuclei) and S = 0.5 are the 

constant parameters. 

(f) MYQZR formula: The YQZR formula (Akrawy et al., 2018) has been modified 

by adding the two asymmetry dependent / and / 2 terms that are linearly related to the 

logarithm of a-decay half-lives; the MYQZR is, 

MYQZR 
loglO Tl/2 

(3.11) 

where a = 0.41107,b = -1.44914,c = O,d = 14.87085,e = 13.38618 and f = 

-61.47107 are the fitting parameters. Using the above-mentioned six formulae, the 

decay half-lives are predicted for the Decay energy (Qa) for both rotational and non-

rotational cases within DRHBc for the PC-PKl parameter set whose values are given in 

Table 3.1. 

3.3 Microscopic Approaches 

The Self-Consistent Mean Field (SCMF) framework provides a comprehensive under­

standing of nuclear and collective properties across the spectrum of light, medium, heavy, 

and superheavy nuclei, extending from the valley to the drip line. Within the SCMF theory, 

each nucleon is characterized by one-body density matrices for either a single particle or a 
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quasi-particle state, effectively transforming many-body problems into one-body problems. 

Through an iterative process, the nucleon-nucleon interaction is derived, incorporating 

masses, charge radii, and pseudo data for nuclear matter properties. This approach, remi­

niscent of the Kohn-Sham density functional theory, successfully captures the intricacies of 

nuclear dynamics. The success of Dirac phenomenology has facilitated the development of 

relativistic descriptions of nuclear properties, notably through the Quantum Hadrodynamic 

(QHD) Walecka and Serot model. In this framework, nucleons interact with meson fields, 

with constraints of causality and relativistic propagator naturally incorporated. The Rela­

tivistic Mean-Field (RMF) model approximates the self-consistent Hartree approximation 

of the QHD model, focusing on Lagrangian densities and classical meson fields. Notably, 

in the RMF approach, the er meson represents the mid and long-range attractive part, while 

the w and p mesons account for isospin dependence of nucleon interaction. The Coulomb 

interaction is handled by the photon field Aµ. By introducing non-linear self-coupling 

terms in various meson fields, the RMF theory effectively explains nuclear properties 

and nucleon interactions in both finite nuclei and infinite nuclear matter, thus providing a 

comprehensive framework for understanding nuclear dynamics. 

3.3.1 Deformed Relativistic-Hartree- Bogoliubov theory in continuum (DRHBc) 

The DRHBc theory stems from the meson-exchange density functional that delineates 

the interactions within the many-body system of nucleons and mesons which are expressed 

via the point-coupling Lagrangian density (Meng, 2016; Niksic et al., 2008; K. Zhang et 
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Table 3.1: The point coupling constant and the pairing strengths of PC-PKl 
parameter set. 

Coupling constants Values 
as -3.96291 X 10-4 Mev-L 

/3s 8.6653 X 10-11MeV-5 

rs -3.80724 X 10-17MeV-8 

8s -1.09108 X 10-10MeV-4 

av -2.6904 X 10-4MeV-2 

rv -3.64219 X 10-18MeV-8 

8v -4.32619 X 10-10MeV-4 

arv 2.95018 X 10-5MeV-2 

8rv -4.11112 X 10-10MeV-4 

Vn -349.5MeVJm3 

Vp -330.0MeVfm3 

al., 2020), 

- 1 - - 1 - -
L = ift(irµoµ - M)l/t - 2as(l/tl/f)(l/fl/f) - 2 av(l/trµl/t)(l/trµl/t) 

1 - - 1 - - 1 -3 l -4 
- 2arv(l/trrµl/f)(iftrrµl/t) - 2ars(l/trl/t)(l/trl/t) - 3f3s(l/tl/t) - 4rs(l/tl/t) 

- irv[(if/rµl/f)(iftrµl/1)] 2 - ~8sov(l/tl/t)ov(if/l/t) - ~8rvov(iflrrµl/t)IY(l/trrµl/t) 

1 - - 1 - -
- 28sov(l/trµl/f)ov(l/trµl/t) - 28rvov(iftrift)ov(l/trl/t) 

(3.12) 

Here Mand e are the nucleon mass and the proton charge, respectively. S, V and T denote 

the scalar, vector and isovector terms. The coupling constants are as, av, ars and arv 

whose higher order terms accounts for the medium effects include f3s, rs and rv and the 

gradient terms include 8s, 8v, 8rs and 8rv. Aµ and Fµv are the four-vector potentials and 

field strength tensor of the photon field, respectively. The equations of motion are deduced 

under the mean-field approximation. 

To calculate the Qa values, the binding energies are calculated from the DRHBc 

theory for the PC-PKl parameter set, which is consistent with those of the recent mass 

table (K. Zhang et al., 2022). The pairing correlations and mean field are treated in a 
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self-consistent manner and the RHB equation takes the form, 

(3.13) 

The quantities Ek, An and hv stand for the quasiparticle energy, Fermi energy/ chemical 

potential and the Dirac Hamiltonian, 

hv(r) = a.p + V(r) + f3[M + S(r)], (3.14) 

respectively. Here, S(r) and V(r) denote the scalar and vector potentials, respectively. 

The pairing potential is of the form 

(3.15) 

where 

(3.16) 

with the pairing strength Vo = -325 MeV fm3, saturation density Psat = 0.152 fm3 and k 

is the pairing tensor. As discussed in the preceding section, it is necessary to consider 

corrections to the binding energies calculated in DRHBc due to the restoration of rotational 

symmetry for deformed nuclei, under the mean-field approximation (K. Zhang et al., 2020; 

P.-W. Zhao et al., 2010). The cranking approximation (Girod & Grammaticos, 1979) is 

employed here to obtain the rotational energy as 

(3.17) 
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where/ denotes the moment of inertia estimated by the Inglis-Belyaev formula (Ring & 

Schuck, 1980) and J = ,Ef Ji is the total angular momentum where A is the mass number. 

A full description of the connection between the RHB Lagrangian density, rotational 

correction energies, and centre-of-mass can be found in Ref. (P.-W. Zhao et al., 2010). 

Using this formalism, the calculated binding energies are used to estimate the Q-value 

which is a crucial input for calculating the decay half-lives. 

3.3.2 Relativistic-Hartree-Bogoliubov (RHB) Formalism 

The relativistic mean-field approach has been very successful and widely applied to 

describe the structural properties of finite and infinite nuclear matter. As an advantage, 

its meson-nucleon interaction automatically accounts for the spin-orbit strength and the 

corresponding nuclear shell structure (S. K. Singh et al., 2014). In the RMF formalism 

(whose theoretical foundation is clearly given in the Appendix A.l), the local nucleonic 

interactions in Eq. (3.12) are replaced with the meson-exchange terms. The theory 

considers the nucleons as Dirac spinors 1/J interacting via the exchange of mesons through 

the Lagrangian (Boguta & Bodmer, 1977; Joshua et al., 2022; Majekodunmi, Bhuyan, et 

al., 2022; Majekodunmi, Rana, et al., 2022; Ring, 1996; Serot & Walecka, 1986), 

- 1 1221 3 l 4 
L = 1/J{iyµoµ - M}l/1 + 2oµcroµcr - 2mcrcr - 3g2cr - 4g3cr 

- 1 1 2 - 1 ➔ ➔ 
- gcrl/JI/Jcr - 4gµvgµv + 2mwWµWµ - gwifJYµ1/fWµ - 4Bµv.Bµv 

+ ~m~pµ •Pµ - gp1/f')'µT1/f · Pµ - iFµv Fµv - elfryµ {l ~ r 3) I/IAµ. (3.18) 

The parameters gcr, gw and gp denotes the respective coupling constants of the participating 

mesons namely; isoscalar scalar er, isoscalar vector w and isovector vector p mesons 

whose corresponding masses are mcr,mw and mp. M is the mass of the nucleons. The 

third component of the isospin is r3i. 
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Table 3.2: Density Dependent meson-nucleon exchange coupling DD-ME2 parameter 
set. All masses are given in MeV 

(T w 
mer= 550.1238 mw = 783.0000 

8er(Psat) = 10.5396 8w(Psat) = 13.0189 
aer = 1.3881 aw= 1.3892 
her= 1.0943 bw = 0.9240 
Cer = 1.7057 Cw= 1.4620 
der = 0.4421 dw = 0.4775 

The field tensors for wµ, Pµ and Aµ fields are given as 

'1µv = 8µWv -8vWµ, 

jjµv = 8µPv - 8vPµ, 

Fµv = 8µAv -8vAµ. 

p 
mp = 763.0000 

gp(Psat) = 3.6836 
ap = 0.5647 

(3.19) 

(3.20) 

(3.21) 

By talcing these field tensors as classical fields, the Dirac equation is obtained for the 

nucleons. Similarly, the Klein-Gordon equations provide the field equation for the 

participating mesons under the mean-field approximation as (Lalazissis et al., 2005) 

(3.22) 

3.3.2.1 Medium-dependent Relativistic NN potential 

It is worth mentioning that the relativistic R3Y NN potential obtained for linear and non­

linear RMF parameter sets is well known for its successful exploration of several nuclear 

phenomena (Bhuyan & Kumar, 2018; Bhuyan et al., 2020; Joshua et al., 2022; Kumar et 

al., 2022; Majekodunmi, Bhuyan, et al., 2022; Majekodunmi, Rana, et al., 2022; Rana et 

al., 2022; B. Singh et al., 2012). In the aforementioned studies, the comparison between 
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Reid M3Y and R3Y NN potentials using different sets of non-linear RMF parameters 

reveals that the R3Y NN potential is more consistent with the experimentally measured 

data. However, the introduction of explicit density dependence in the M3Y NN potential 

(which accounts for the in-medium effects) was found to give a more comprehensive 

description of the properties of infinite nuclear matter (Anantaraman et al., 1983; Bertsch 

et al., 1977). This is the motivation to introduce the medium dependence in the relativistic 

R3Y NN potential. Unlike the M3Ypotential in which the medium effect is introduced 

by multiplying with a weighted density function, the non-linear meson self-interaction 

terms in the R3Y NN potential obtained for non-linear RMF parameter sets effectively 

include the medium effects (Boguta & Bodmer, 1977). An alternative method to consider 

the medium effects in the relativistic NN potential (R3Y) is to introduce density-dependent 

parameterization in the relativistic-Hartree-Bogoliubov (RHB) approach (Fuchs et al., 

1995; F. Hofmann et al., 2001; Lalazissis et al., 2005; Nik:sic et al., 2002; Typel & Wolter, 

1999), 

(3.23) 

where 

"·( ) _ _ 1 + bj(X + di)2 
JI X - al 

1 + Cj(X + di)2 
(3.24) 

and 

(3.25) 
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Here the nucleon-meson couplings are medium dependent withx = pf Psat, and Psat is the 

baryon density of symmetric nuclear matter at saturation. The properties of nuclear matter 

at saturation calculated with DD-ME2 include density Psat = 0.152 fm-3, binding energy 

per particle E /A= -16.14 MeV, and incompressibility K = 250.97 MeV (Lalazissis et al., 

2005). The five constraints ..fi(l) = 1, f('(0) = 0, and J:;.(1) = JC::(1) reduce the number 

of independent parameters in Eq. (3.24) from eight to three (Lalazissis et al., 2005). The 

independent parameters (the meson mass and coupling parameters) of the RHB formalism 

are obtained to fit the ground state properties of finite nuclei as well as the properties of 

symmetric and asymmetric nuclear matter. This study adopts a widely known DD-ME2 

parameter set (Lalazissis et al., 2005) whose values are given in Table 3.2, to study the 

clustering of a particles of neutron-deficient 207•208Th isotopes. The density-dependent 

R3Y (DD-R3Y) NN potential (V:JJ (r, Pa, pa)) is presented in terms of density-dependent 

meson-nucleon coupling constants such as (Bhuyan et al., 2022), 

v:JJ (r, Pa, Pa) = 

(3.26) 

Here, mer, mw and mp represent the masses of the corresponding er, wand p mesons, which 

intermediate the interaction between the nucleons. gcr, gw and gp are the nucleon-meson 

coupling constants and J00 (E)c5(r) is the long-range one-pion exchange potential (OPEP). 

The expression for DD-R3Y in Eq. (3.26) is identical in form to that of the R3Y NN 

potential used in previous studies of Refs. (Bhuyan & Kumar, 2018; Bhuyan et al., 2020; 

Joshua et al., 2022; Kumar et al., 2022; Majekodunmi, Bhuyan, et al., 2022; Majekodunmi, 

Rana, et al., 2022; Rana et al., 2022; Sahu et al., 2014; B. Singh et al., 2012). In DD-R3Y, 

the nucleon-meson coupling constants are density-dependent, while they are constant in the 
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case of the R3Y NN potential. In other words, in the DD-R3Y NN potential, the coupling 

constants in the bare R3Y NN potential are replaced with their density-dependent terms. 

By implication, Eq. (3.26) now depends on the densities of the emitted a-particle and the 

daughter nucleus. This is because the DD-R3Y NN potential is obtained microscopically 

within the relativistic (RHB) approach and the terms [lgi(Pa)8i(Pd)li=cr,w,p] account for 

the meson exchange between the nucleons of the a-particle and the daughter nuclei. Thus, 

the relativistic DD-R3Y NN potential is obtained for DD-ME2 within the relativistic­

Hartree-Bogoliubov approach. Elaborate details on the relativistic parameterizations 

employed in the present analysis can be found in Refs. (Lalazissis et al., 2009, 2005; Niksic 

et al., 2002). 

3.4 The Double Folding Technique 

The RHB (DD-ME2) density are integrated over Eq.(3.26) using the double folding 

technique (Satchler & Love, 1979) to calculate the nuclear interaction potential Vn(R) that 

takes the expression 

(3.27) 

Here,pa and Pd are the nuclear densities of the a-particle and daughter nuclei respectively. 

An alternative method in the literature that introduces the density-dependence for a 

composite system includes the Migdal approach (Migdal, n.d.) in which effective NN 

force incorporates the internal and external components. However, it has been lately 

shown that this phenomenological density-dependent nucleus-nucleus potential tends to 

underestimate the height of the Coulomb barrier (Antonenko et al., 2022). The relaxed 

density approximation (RDA) (Denisov, 2013, 2015) is another convenient approach by 

which the density dependence can be incorporated into the decay of the cluster (and a-), 
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which is a deep sub-barrier process. Thus, the RDA assumes the clustering of a -particles 

to be a very slow process, leading to the relaxation of the proton and neutron densities. 

Nonetheless, in an application to fusion studies, two of us and collaborators (Bhuyan et al., 

2022) have recently demonstrated that the RDA adapts well with Eq. (3.26) but dwindles 

at small nuclear separation distance (r). Hence, Eq. (3.26) is used in the present study. The 

short-range nuclear interaction Vn(R) given in Eq. (3.27) is combined with the Coulomb 

potential Vc(R) = Za/d e2 to produce the total interaction potential. 

(3.28) 

which is used to estimate the WKB penetration probability of the emitted a -particle and 

hence the a -decay half-lives using the preformed cluster-decay model (PCM) (Kumar, 

2012). 

3.5 The WKB Penetration Probability 

The penetration probability of the a -particle through the tunneling barrier is given as 

(3.29) 

which involves a thr~step process (Majekodunmi, Bhuyan, et al., 2022). Here, Pa and Pb 

are the integrals in the WKB approximation given as 

Pa = exp(-! 1:; {2µ[V(R) - V(Ri)]} 112dR), 

and 

Pb = exp(- !1;Rb{2µ[V(Ri) -Q]}112dR). 

(3.30) 

(3.31) 
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The mechanism around Eq. (3.29-3.31) will be comprehensively analyzed in Section 

(4.3.2). 

3.6 The Preformed Cluster-Decay Model 

In the Preformed Cluster Model (PCM), the Decay half-life (T1; 2) is given as 

ln2 
T1;2 = T' (3.32) 

where the radioactive decay constant (J.) is usually expressed in terms of Penetration 

probability (P) and Preformation Probability (Pa) as 

(3.33) 

The impact Assault frequency (vo) has a nearly constant value of 1021 s-1 and can be 

estimated as 

velocity ✓2Ec/ µ 
Vo=---=---

Ro Ro 
(3.34) 

Here, Ro symbolizes the radius of the parent nucleus and Ee is the kinetic energy of the 

emitted a-particle. The Q-values are calculated from the experimental binding energies 

data (Uusitalo et al., 2005; Yang et al., 2022) using the expression 

Qa = BE(A, Z) - BE(A - 4, Z - 2) - BE(4, 2), (3.35) 

where BE(A, Z), BE(A - 4, Z - 2) and BE(4, 2) are the binding energies of the parent, 

daughter nuclei and the emitted a-particle respectively. 
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3.6.1 A New Preformation Probability 

Instead of the well-known one-parameter-based scaling factor of Blendowske and Wal­

liser (Blendowske & Walliser, 1988), close attention is given to studying the relationships 

among various theoretically established properties/factors that influence Preformation 

Probability (Pa)- Here, to obtain the a-preformation probability, the newly derived formula 

(Majek et al., 2023) is employed, based on theoretically established characteristics govern­

ing the a particle and/or cluster formation that includes the mass Ac (B. Singh et al., 2011), 

mass and charge asymmetries (TJA and TJz) defined such as T/A = (Ad - Ac)/(Ad + Ac) 

and T/z = (Zd - Zc) / (Zd + Zc) (since emission of the same cluster from different parent 

nuclei and different clusters from the same parent nucleus is an experimentally observed 

fact (Bonetti & Guglielmetti, 1999, 2007; Gupta & Greiner, 1994)) and (rB) is the relative 

separation between the centers of fragments rB = 1.2(A~13 + A~13) (Delion, 2009; Qian & 

Ren, 2011). Therefore, a new Pa formula is proposed (Majek et al., 2023) 

aAcTJA 
log Pa= --- - ZcTJz. 

rB 

To evaluate the accuracy of the formula, the expression for x2 is, 

[ ]
2 Expt. cal 

2 _ n log10 T1;2 - log10 T1;2 

X - L 1 calT 
i=l oglO 1/2 

(3.36) 

for 5 even-even nuclei and5 Odd-A nuclei, the constants ae-e = -0.19 andae-o = 0.031. 

The newly derived Pa formula in Eq. (3.36) has been successfully applied to the emission 

of clusters from various spherical heavy nuclei within the mass range 114 < A < 252 

(Majek et al., 2023; Majekodunmi et al., 2023). Here, the experimentally measured systems 

(following the discovery of 207To and the remeasured 208Th isotopes (Yang et al., 2022)) 
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within the a-decay chains are exclusively considered. 

3. 7 Pairing Correlation 

Pairing energy serves as a potent tool for quantitatively analyzing nuclear properties. 

The pairing interaction is fundamental in elucidating nuclear structure phenomena in 

both open-shell and deformed nuclei. Various methods, including the BCS approach, 

the Bogoliubov transformation, and the particle number conservation approach, have 

been employed to tackle pairing correlations (Bhuyan & Kumar, 2018; Hao et al., 2012; 

Z.-H. Zhang et al., 2011). Among these, the Bogoliubov transformation emerges as 

the predominant method for incorporating pairing correlations, especially concerning 

nuclei near the drip-line region (Lalazissis, Vretenar, & Ring, 1999; Lalazissis, Vretenar, 

Ring, Stoitsov, & Robledo, 1999). However, for nuclei situated relatively close to the 

,8-stability line, employing the constant gap BCS pairing approach provides a reasonably 

accurate estimation of pairing effects (Das et al., 2022, 2023; Dobaczewski et al., 1984). 

Consequently, this analysis adopts the constant gap BCS approach, with the pairing gaps 

for protons and neutrons obtained from the investigations conducted by Madland and Nix 

(Madland & Nix, 1988). The number of oscillator bases used is NF = NB = 20 for both 

fermions and bosons fields. 

In the BCS method, the pairing energy is given by Epair = G[L;>ou;v;]2, where 

G represents the pairing force constant, and the occupation probabilities are u; and 

v; respectively. The densities included in the occupation number are n; = v; = ½ [1-

~ ] . In this study, a constant gap for both protons and neutrons is adopted, 
+~2 

as specified in Ref. (Madland & Nix, 1988), to account for pairing effects: l:ip = 

RB e-SI-t!2/Z113 and /:i - RB e-SI-t!2/A113 Here the relative neutron excess is I - N-Z s n - s · , - N+Z 

and the other values are R = 5.72, s = 0.118, t = 8.12, Bs = 1, ands= 0.118 respectively. 

In solving the RMF equations, the pairing force constant G is not explicitly determined; 
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instead, the occupation probability is directly determined using the aforementioned gap 

parameter. The number of protons and neutrons in an atom determines the chemical 

potentials An and Ap. The final formula for the pairing energy is Epair = -~~i>IUiVi. The 

pairing energy Epair diverges when extended to an infinite configuration space given a 

constant pairing parameter and the force constant G. Indeed, for high momenta near the 

Fermi surface, ~ decreases with the state (spherical or deformed) in all realistic calculations 

with finite-range forces (Bhuyan, Patra, Arumugam, & Gupta, 2011). 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction 

This chapter delves into the results and ensuing discussions stemming from the 

examination of nuclear rotation corrections on a-decay half-lives of superheavy nuclei 

(SHN). Within this investigation, the chapter initially explores the bulk properties of 

SHN within the range of 98 ::::; Z ::::; 120, followed by an analysis of the half-lives of the 

alpha decay of these nuclei utilizing various semi-empirical formulae. Furthermore, it 

scrutinizes the a-particle clustering observed in the recently discovered 207,208 Th decay 

chains within the Relativistic-Hartree-Bogoliubov (RHB) approach. This section examines 

both the structural and decay properties of the 207•208To isotopic chains, contributing to a 

comprehensive understanding of these intriguing phenomena. 

4.2 Nuclear Rotation Corrections on a-decay Half-lives of SHN 

By employing the various semi-empirical formulae discussed in the preceding chapter, 

the a-decay half-lives of superheavy nuclei whose atomic number ranges from Z = 98-120 

is estimated and analyzed. It is reiterated that, until now, only SHN with Z ::::; 118 has 

been successfully synthesized by a cold or hot fusion reaction in terrestrial laboratories 

(S. Hofmann & Miinzenberg, 2000a; Miinzenberg & Morita, 2015; Y. T. Oganessian et al., 

2006, 2004, 1999; Ts et al., 2000). Thus, the present study is aimed at obtaining a correct 

estimate of the experimentally synthesized nuclei as a reliable basis upon which one can 

make a meaningful extension to an unknown nuclear regime. Preferential consideration 

has been given to the effect of nuclear rotation in the Qa-value calculated from the binding 

energies of the participating nuclei using the deformed relativistic Hartree-Bogoliubov 

theory in the continuum (DRHBc) with the PC-PKl parameter set. 
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4.2.1 Bulk Properties of SHN within 98 s; Z $ 120 
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Figure 4.1: The profile of the DRHBc (PC-PKl) estimated (a) binding energies 
without (open shape) and with rotation correction (half-open shape) for an illustrative 
case of Z = 98 - 112 isotopic chains. The results are compared with the available 
experimental data (solid shape) (Kondev et al., 2021). (b) Quadrupole deformation 
/Ji of Z = 98 - 104. A similar profile is observed for all the considered systems (with 
slightly different magnitudes), but only a few are shown here for the sake of clarity. 

Fig. 4.la displays the profile of the binding energies (B.E) with and without the inclusion 
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Figure 4.2: The calculated Qa for SHN with Z = 98 -120 as a function of the 
neutron number of the daughter nuclei (Nd) for DRHBc (solid line with blue circle) 
and DRHBc+0 (solid line with magenta star) using the PC-PKl parameter set in 
comparison with those calculated from the WS4 (N. Wang et al., 2014) (solid line with 
red rectangles) and the experimental data (Kondev et al., 2021) (solid black sphere), 
wherever available. 
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Figure 4.3: Variation of the decay energy (Qa) as a function of neutron number 
of the daughter nuclei (Nd) using DRHBc (PC-PKl) and the relativistic mean-field 
based (NL3 and DD-ME2) parameters sets for a representative case of Z = 108. The 
results are compared with the Qa values estimated from the WS4 and the available 
experimental data (Kondev et al., 2021). 
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of the rotational effect ( 0) as a function of the mass number of the participating nuclei 

using the DRHBc formalism. In case a similar pattern is noticed with slightly different 

magnitudes. However, for the sake of clarity, only the B.E of 98 - 112 isotopic chain is 

graphically shown. From the figure, it is apparent that the binding energies increase with 

their mass number A. However, a careful inspection of Table A.1 (in the appendix) reveals 

that the quantitative estimate of (B .E + 0) agrees more closely with the experimental 

binding energies (Kondev et al., 2021) as also shown in the figure. Thus, the effect 

of nuclear rotation cannot be undermined. Additionally, the dark-red rectangle marked 

portion, highlighted with an upward arrow around A= 270- 282 in Fig. 4.la indicates 

an interesting phenomenon in each of the isotopic chains which can be easily unravelled 

from the profile of their respective quadrupole deformation (/32) in Fig. 4.1 b. Here, only 

the variation in /32 for Z = 98 - 104 is shown to keep clarity. The figure clearly shows 

that most of the examined isotopes are prolate (/32 > 0). Nonetheless, all nuclei in the 

valley (below the black dash lines) marked with the dark-red square around A= 270- 282 

in Fig. 4.1 b are found to be oblate (/32) in shape. The abrupt change in shape in this 

valley is informed by the interplay between deformation and shell effects (Nesterenko 

et al., 2023). The presence of magic numbers, which correspond to filled energy levels, 

can be affected by quadrupole deformation (Sheline, 1976). In some cases, the magic 

numbers can be preserved even in deformed nuclei, while in others, they can be modified 

or disappear (Sheline, 1976). The behavior of magic numbers in deformed nuclei is an 

active area of research and can have significant implications for the stability and properties 

of these nuclei. Conventionally, an abrupt drop or increase in the nuclear binding energy is 

usually associated with the appearance of a shell and/or sub-shell closure ( especially at the 

traditional magic numbers 2, 8, 20, 28, 50, 82, and 126). Various theoretical studies in 

the superheavy region have also predicted Z = 120 (Afanasjev et al., 2003; Bender et al., 
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Figure 4.4: The estimated half-lives (in logarithmic scale) of SHN for Z = 98 -120 
using DRHBc (solid line and shape) and DRHBc+0 (dashed line and open shape) 
for PC-PKl parameter set as a function of neutron number of the daughter nuclei 
(Nd) for six semi-empirical formulae. The results are compared with experimental 
results(Kondev et al., 2021) (solid black sphere) and the WS4 (N. Wang et al., 2014) 
(dotted line and half-open shape). 

1999; Lalazissis et al., 1996; Prassa et al., 2012) and N = 172,184 (Dzuba et al., 2017; 

Gupta et al., 1997; Pattnaik et al. , 2021; Sil et al., 2004; Taninah et al., 2020) as possible 

shell closures. These binding energies are used as inputs to calculate the Qa-values which 

can provide valuable information on the stability of the decay fragments. 

Fig. 4.2 illustrates the variation of the theoretically calculated Qa-values from the 

DRHBc binding energies (with rotation (solid line with blue circle) and without rotation 

(soUd line with magenta star)) in comparison with those of the macroscopic-microscopic 

(mac-mic) WS4 (solid line with red rectangles) (N. Wang et al., 2014) and the available 

experimental data (in black spheres) (Kondev et al., 2021). In other words, the DRHBc 

binding energies and those from the mentioned mass tables for the parent B.E(N, Z) and 

daughter nuclei B.E(N - 2, Z - 2) as well as a -particle B.Ea are calculated using the 

expression Qa = B.E(N, Z) - B.E(N - 2, Z - 2) - B.Ea. The quantitative estimates of 

40 

Univ
ers

iti 
Mala

ya



:~~ -~ 

5 ~ • . 
0 • 

-5 140 145 150 155 

172 174 

1: z~ 
0 • • . . 

-5 145 150 155 160 

150 155 160 165 

3 , I 
z~-112 ... ·· o- . ·• 

-3 • " · _,,,, ' 
-6 

162 164 166 168 170 168 170 172 

--vss - R 
- mb l --Wang 
- SemFIS2 - MYQZR 

• Expt. 

Figure 4.5: The estimated half-lives (in logarithmic scale) of SHN for Z = 98 -116 
for DRHBc (solid line and shape) and DRHBc+0 (dashed line and open shape) using 
the PC-PKl parameter set for the nuclei with experimental data (Kondev et al., 
2021) (solid black sphere) along with the WS4 (N. Wang et al., 2014) (dotted line and 
half-open shape) for six different empirical formula 

the theoretical and experimentaJ Qa•values are further shown in columns 3 and 4 of Table 

A. l for the considered isotopic chains. The deviation (on-evenness) or abrupt surge at 

Nd = 184 supports the allusion to previous theoretical findings that Nd = 184 could be a 

probable shell closure (Dzuba et al. , 2017; Gupta et al., 1997; Sil et al., 2004; Taninah et al., 

2020). It is salient to note that the shell closure properties manifest in a strong enhancement 

of the binding energy and the binding energy per particle. The estimated binding energies 

of the considered isotopes can further reveal a rich collective phenomenology to obtain 

the two-neutron separation energies S2n(N, Z) = B.E(N, Z) - B.E(N - 2, Z). The S2n is 

usually used to explore structural properties such as the shell and subshell closures. In 

other words, S2n gradually decreases with increasing neutron number, and noticeable kinks 

are usually clear indicators of nuclear magicity. The kink obtained within the isotopic 

chains (not shown here to avoid unnecessary repetition) further asserts Nd = 184 as a 
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possible magic number. Besides, based on calculations of pairing gap, S2n, and shell 

correction energy, the next proton magic number beyond Z = 82 has been suggested to be 

Z = 120 and N = 172, 182/184, 208 and 258 as the next neutron magic numbers (Bhuyan 

& Patra, 2012). 

4.2.2 Alpha Decay Half-lives of Superheavy Nuclei within 98 ~ Z ~ 120 using 
different Semi-Empirical Formulae 

To estimate the effect of the rotational energy correction in the estimation of a-decay 

half-lives, the Qa values calculated from the DRHBc binding energies are compared with 

those obtained from the relativistic mean-field (RMF) based on the NL3 and DD-ME2 

parameter sets (with and without the effect of the rotational energy correction) and the 

macroscopic-microscopic based WS4 in Fig. 4.3 as a function of Neutron number of the 

daughter nucleus (Nd)- All the adopted functional and parameter sets are found to be 

in good agreement with the available experimental data (N. Wang et al., 2014). In each 

case, a similar profile is maintained with slightly different magnitudes. However, a careful 

inspection of the figure reveals that the DRHBc + 0, NL3 + 0 chapter and DD-ME2 + 0 

are relatively more in line with WS4 and those obtained from the experimental mass table. 

It is important to note that the closeness of the WS4 mass model can be attributed to the 

fact that it was originally phenomenologically fitted to 2353 measured masses (Joshua et 

al., 2022; B. Zhao & Zhang, 2019). The dark-red circle and the upward arrow beneath it 

reveal the presence of uniform notable peaks in the predictions of all the employed models, 

asserting the consideration of Nd= 184 as a neutron shell closure in the superheavy region. 

The difference in magnitude and other noticeable fluctuations arise because the Q-value is 

a model-dependent parameter. 

To perform a close examination of the DRHBc estimates with and without rotation for 

PC-PKl parameter sets for the nuclei (only for the nuclei having experimental values) 
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Table 4.1: The calculated standard deviation (a-) of the logarithmic half-lives (with 
and without nuclear rotation effect) of 98 ~ Z ~ 118 using VSS, mBl, SemFIS2, R, 
Wang and MYQZR formulae. 

z SEF (T z SEF (T 

T1;2 T1;2+0 T1;2 T1;2+0 
98 vss 3.973 3.575 110 vss 1.985 2.222 

mBl 3.725 3.375 mBl 1.682 1.907 
SemFIS2 3.807 3.390 SemF1S2 1.868 2.113 

R 3.956 3.552 R 2.081 2.335 
Wang 3.951 3.590 Wang 1.806 2.029 

MYQZR 3.931 3.522 MYQZR 2.073 2.332 
100 vss 3.590 3.600 112 vss 1.559 1.860 

mBl 3.330 3.343 mBl 1.170 1.409 
SemFIS2 3.330 3.343 SemF1S2 1.417 1.736 

R 3.549 3.556 R 1.539 1.800 
Wang 3.756 3.773 Wang 1.507 1.855 

MYQZR 3.522 3.527 MYQZR 1.525 1.797 
102 vss 6.925 6.727 114 vss 0.864 1.400 

mBl 6.506 6.325 mBl 0.552 1.000 
SemFIS2 6.851 6.651 SemF1S2 0.929 1.484 

R 6.837 6.636 R 0.648 1.180 
Wang 7.212 7.016 Wang 1.123 1.665 

MYQZR 6.833 6.630 MYQZR 0.698 1.241 
104 vss 4.010 3.825 116 vss 2.355 2.829 

mBl 3.768 3.600 mBl 2.135 2.521 
SemFIS2 4.095 3.899 SemF1S2 2.287 2.751 

R 3.954 3.762 R 2.577 3.043 
Wang 4.351 4.178 Wang 2.123 2.605 

MYQZR 4.007 3.813 MYQZR 2.566 3.039 
106 vss 1.841 2.008 118 vss 1.426 6.129 

mBl 1.694 1.850 mBl 1.199 5.048 
SemFIS2 1.946 2.123 SemF1S2 1.203 5.716 

R 1.880 1.994 R 1.640 6.335 
Wang 1.879 2.178 Wang 1.103 5.770 

MYQZR 1.914 2.037 MYQZR 1.586 6.337 
108 vss 2.117 1.854 

mBl 1.920 1.693 
SemFIS2 2.051 1.801 

R 2.212 1.965 
Wang 1.945 1.663 

MYQZR 2.209 1.961 
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Z = 98 - 116 are shown in Fig. 4.5 along with the experimental values and the WS4 

predictions (N. Wang et al., 2014) (dotted line and half-open shape) for six different 

empirical formula. Although the graphs in Fig. 4.2 give the impression that both values 

are nearly overlapping, the estimated values in both cases in Fig. 4.5 and Table A.1 reveal 

that the consideration of the correction of the nuclear rotation (0) brings the results closer 

to the available experimental data, especially for 98 ::; Z ::; 104. The standard deviation 

(er) for predicted logarithmic half-lives of each of the semi-empirical formulae shown in 

Table 4.1 is mathematically expressed as 

CT= 
1 n 2 
~ [1 TExpt. I TTheo.] - L.J og10 112 - og10 112 • 

n i=l 

(4.1) 

From Table 4.1, it is quite apparent that incorporation of the rotational correction yields a 

larger deviation, especially for Z = 106 and 110 < Z < 118. In other words, the table gives 

the impression that considerable deviations could occur at large values of Na, although 

this region lacks sufficient experimental data to draw an accurate inference or conclusion. 

The decay half-lives are calculated using different semi-empirical formulae (namely, the 

Viola-Seaborg formula, modified Brown formula, semi-empirical formula based on fission 

theory, Royer Formula, Wang Formula, and Modified Yibin et al.), with and without 

the nuclear rotation effect. As shown in the previous section, each of these formulae is 

composed of certain influential ingredients on a-radioactivity that distinguishes them 

from one another. All the employed formulae produce similar half-life predictions at 

lower values of Nd. However, as Nd increases across the isotopic chain, large deviations 

are noticed for SemFIS2. Such deviations are traceable to their respective formulations, 

which involve several ad-hoc parameters whose physical meaning/implications are not 

known in the a-decay process. On the other hand, the predicted half-lives from VSS, mBl, 

44 

Univ
ers

iti 
Mala

ya



R, and Wang appear to be more consistent with the available experimentally measured 

half-lives. Fig. 4.4 shows the variation of the logarithmic half-lives (log10 T1;2) for SHN 

with Z = 98 - 120 as a function of the neutron number of their respective daughter nuclei 

using the aforementioned semi-empirical formulae with different Q-values (WS4, DRHBc 

(with and without nuclear rotation correction)) as input. It is quite obvious that log10 T1; 2 

produces a similar behaviour for each of the examined isotopic chains. It is worth noting 

that the most dominant decay mode of SHN is a-emission, or in rare circumstances, 

spontaneous fission (Nagaraja et al., 2021). 

A downward kink at Nd= 184 in the half-life is observed in each of the isotopic chains 

considered, confirming its shell closure property and thus its likelihood to be the next 

magic number after the canonical magic numbers (2, 8, 20, 28, 50, 82, and 126). Thus, the 

stability of the a-emitters is traceable to the shell closure effect. As seen in the figure (and 

in Table A.1 ), the effect of nuclear rotation correction (DRHBc +0) brings the results closer 

to those of the WS4 and the available experimental results. While the a-decay half-lives 

most of the isotopes await experimental measurement, it is apparent that the effect of 

nuclear rotation should be appraised and that the probability undergoing spontaneous 

fission for nuclei with Nd > 184 is not feasible from the theoretical point of view. This is 

because the SemFIS2 model (green colour) deviates from the systematic trend beyond this 

point (and descends lower than the predicted shell closure- which is unphysical). Further, 

the decay properties of these nuclei over the isotopic chain Nd = 184 confirms the shell 

and/or sub-shell closure of the previous theoretical findings (Dzuba et al., 2017; Gupta et 

al., 1997; Sil et al., 2004; Taninah et al., 2020). The implication of this predicted shell 

closure on the single-particle energy levels and its variation with different parameter sets 

have been elaborately discussed in Ref.(Bhuyan & Patra, 2012). 
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4.2.3 Systematic Study of Rotational effect on even-even 254·256Rf isotopes 

Here, close attention is given to calculating the a-decay half-lives of the even-even 

254•256Rf isotopic chains using the deformed relativistic Hartree-Bogoliubov theory in 

the continuum (DRHBc) formalism with the PC-PKl parameter set (P.-W. Zhao et al., 

2010) along with and without rotational effect for deformed ground state nuclei. The Qa is 

calculated using the binding energies (BE) of the parent BE(N, Z) and daughter nuclei 

BE(N - 2, Z - 2), and 4He nuclei by using the relation, Qa = BE (N, Z)-BE (N-2, Z-2)­

BE (4He). As mentioned in the preceding section, the binding energies for the parents and 

daughters are obtained from the DRHBc approach for the PC-PKl parameter set. Elaborate 

details about this approach can be found in Refs. (Dutra & Loureno, 2014; K. Zhang et al., 

2022) and references therein. The a-decay energy Qa is the key ingredient for obtaining 

the half-lives T1;2 and exploring the related phenomena. The ground state Qa-values for 

two decay chains (a) 254Rf---+ 250No---+ 246Fm---+ 242Cf---+ 238cm and (b) 256Rf---+ 252No 

---+ 248Fm ---+ 244Cf---+ 240cm are shown in Fig. 4.7. The Qa-values is calculated for 

each subsequent decay by using the binding energies obtained with (DRHBc) and without 

(DRHBc + rot) rotational effect as shown in Fig. 4.7 and also listed in Table 4.2. The 

corresponding experimental data (Kondev et al., 2021) are also given for comparison, 

wherever available. In Fig. 4.7 and Table 4.2, one can notice the variation of the decay 

energy with each parent nuclei along the 254•256Rf decay chains for DRHBc formalism 

with the PC-PKl parameter set. In both chains, the nuclear rotations seem to impose a 

lowering effect on the decay energy except in a few cases. Furthermore, the rotational 

effect is found to bring the Qa-values closer to the experimental data (Kondev et al., 2021). 

Hence, it can be concluded that the inclusion of nuclear rotation compensates for the 

weakness of the bare DRHBc approach. Besides, a detailed inspection of the values in the 

Table shows that the DRHBc (with or without rotation) gives a more precise Qa value at 
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Table 4.2: Comparison of the logarithm of half-lives of the even-even chains (a) 254Rf 
---+ 250No ---+ 246Fm ---+ 242Cf---+ 238cm and (b) 256Rf---+ 252No ---+ 248Fm ---+ 244Cf---+ 

240Cm using six different semi-empirical formulae. The predictive accuracy of each 
of these formulae is evaluated by comparing them to the experimental data (Kondev 
et al., 2021). The a-decay energies (Qa) for the above decay chains are calculated 
from the DRHBc formalism. See details in the text. 

Parent Daughter Parameter Qa (MeV) log10 T1;2(s) 
Nuclei Nuclei Theo. Expt. vss mBl SemFIS2 R Wang MYQZR Expt. 

Chain (a) 

fo!Rf f~No DRHBc 8.656 9.260 0.902 0.921 0.959 0.923 1.402 1.024 -4.635 
DRHBc+rot 8.706 0.742 0.781 0.799 0.762 1.242 0.861 

f~No irigFm DRHBc 8.186 8.917 1.726 1.790 1.783 1.768 2.239 1.861 -5.301 
DRHBc+rot 8.456 0.820 0.991 0.875 0.857 1.334 0.943 

irigFm ~ 2Cf DRHBc 8.336 8.378 0.471 0.829 0.526 0.526 1.002 0.594 0.188 
DRHBc+rot 8.266 0.702 1.035 0.756 0.759 1.233 0.828 

~ 2Cf ~~8Cm DRHBc 8.266 7.518 -0.050 0.515 0.009 0.026 0.501 0.074 2.321 
DRHBc+rot 7.976 0.917 1.387 0.974 1.000 1.470 1.055 

~~8Cm :4Pu DRHBc 6.296 6.670 6.858 6.971 6.982 7.020 7.451 7.095 3.899 
DRHBc+rot 6.416 6.292 6.455 6.406 6.450 6.884 6.521 

Chain (b) 

~Rf i5~No DRHBc 8.556 8.928 1.228 1.205 1.348 1.211 1.689 1.295 -2.176 
DRHBc+rot 8.436 1.626 1.554 1.749 1.610 2.086 1.698 

i~No irigFm DRHBc 8.296 8.548 1.352 1.460 1.462 1.352 1.826 1.420 0.389 
DRHBc+rot 8.286 1.385 1.490 1.496 1.386 1.860 1.454 

irigFm ~Cf DRHBc 7.626 7.996 2.956 3.046 3.073 2.988 3.449 3.049 1.538 
DRHBc+rot 7.856 2.114 2.295 2.222 2.141 2.607 2.196 

~Cf ~ 0cm DRHBc 7.806 7.329 1.509 1.920 1.606 1.557 2.024 1.587 3.066 
DRHBc+rot 7.596 2.268 2.604 2.370 2.321 2.783 2.357 

~Cm ~!6Pu DRHBc 6.386 6.398 6.432 6.583 6.594 6.552 6.985 6.592 6.368 
DRHBc+rot 5.296 12.294 11.926 12.622 12.463 12.862 12.542 

lower masses (246,248Fm ---+ 242•244Cf ---+ 238,240cm) beyond which a little deviation may set 

in. Such deviations in the relativistic mean-field (RMF) approach have been elaborately 

discussed in Ref. (Joshua et al., 2022). These Qa values are used as inputs into each of the 

considered semi-empirical formulae to compute the decay half-lives. 

The a-decay half-lives for the chosen decay chains are estimated for six empirical 

formulae, namely, the VSS formula, mB 1 formula, SemFIS2 formula, R formula, Wang 

formula, and MYQZR. The calculated results for a-decay half-lives using the two different 

(with and without rotation) Qa-values for DRHBc (PC-PKl) parameter set are given in 

Table 4.2 and also shown in Fig. 4.7 along with the experimental data (Kondev et al., 2021). 

Fig. 4. 7 ( a) and (b) reveals that most of the formulae are consistent with the experimental 

data. A more careful inspection of the figure shows that the difference in the predictions 

of the formulae can be largely attributed to their respective ingredients and formulations. 

However, the inclusion of rotation appears to be more compatible with the experimental 
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Figure 4.6: The calculated decay energy (Qa•values) for the decay chains (a) 254Rf -. 
2s0No _. 246Fm _. 242Cf-. 238Cm and (b) 2s6Rf-. 2s2No _. 248Fm _. 244Cf-. 240Cm 

for DRHBc and DRHBc+rot using the PC-PKl parameter set in comparison with the 
experimental data (Kondev et al., 2021). 

data. As a consequence of the aforementioned deviation in the DRHBc binding energies 

(and Q-values) for certain nuclei with large mass like 254•256Rf and 250No, the half-life 

predictions from most of the semi-empirical formulae are relatively large as compared 

to the experimental data. It is sa]font to reiterate that the observed deviating points in 

Fig. 4 .7 are directly traceable to the DRHBc estimate of the Q-values in the previous 

figures. This suggests the need for certain improvements in the DRHBc prediction and 

description of trans-fermium elements. This is because the trans-fermium region may 
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Figure 4.7: The predicted logarithm of half-lives against mass number by the six 
models compared with experimental results (Kondev et al., 2021) for(a) 254Rf --+ 
2s0No--+ 246Fm--+ 242Cf--+ 238Cm and (b) 2s6Rf--+ 2s2No--+ 248Fm--+ 244Cf --+ 240Cm 
for DRHBc and DRHBc+rot. using the PC-PKl parameter set in comparison with 
the experimental data (Kondev et al., 2021). The legends are split into both figures 
for the sake of visibility. 
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require special treatment due to their peculiar nuclear stability where the fission barriers 

tend to decrease to zero (Flerov et al., 1970). From all the figures (Fig. 4.7(a) - Fig. 

4.7(b)), a recurring interesting phenomenon is observed in 246•248Fm isotopes i.e. both 

points appear as a middle ground after which an upward trend is reversed (to a lower trend). 

This phenomenon is characteristic of nuclei with stabilized shells and thus, congruent with 

the recent findings of Das et al. (Das et al., 2022). The repeated discrepancy for Curium 

(Cm) isotopes could be due to the other dominant factors such as sub-shell/shell correction, 

occupancies,and a higher degree of deformation etc (Swain et al., 2019). which will be 

incorporated in future works. 

4.3 a-particle clustering of the newly discovered 207•208Th decay chains within 
RHB Approach 

The theoretical formalism that is chronicled in the previous section is now used to 

investigate the decay and structural properties of the decay chains of a-emitting 207,208To 

decay chains. It is reiterated that the densities of the decay chains pt (2°7To~203Ra 

are obtained from the RHB (DD-ME2) parameter set, while the density of the a-particle 

( 4He) is deduced from experimental data (De Vries et al., 1987). 

4.3.1 Structural Properties of 207•208Th Isotopic Chains 

Fig. 4.8 depicts the profile of the radial distribution of the total density <Pr) (which is 

expressed as the sum of the proton densities pp and the neutron densities p N) for each 

of the participating nuclei. From the graph, it is apparent that the density profile of the 

a-particle (green dash-dotted lines) is separate from those of the Thorium isotopes due 

to the difference in their respective mass compositions. On the contrary, the 207,208To 

isotopes are characterized by lower density values. A similar trend is noticed for both 

isotopes and their strongly overlapping densities can be largely attributed to their nearly 
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Figure 4.8: The radial distribution of the total density (pr = pp + p N) obtained from 
the RHB (DD-ME2) parameter set for 207Th (solid red line) and 208Th (blue dashes) 
decay chains. The density of the a-particle (4He) in green dash-dotted lines is deduced 
from experimental data (De Vries et al., 1987). 

equal masses and constituents. In both cases, the profiles are governed by a low-density 

value in the central region, an increase in magnitude towards the nuclear surface, and 

a sharp decline in the tail region, which is a hallmark of heavy nuclei (Bhuyan et al., 

2010). The contribution of the surface region to the nucleus-nucleus interaction is highly 

significant in nuclear clustering (Antonenko et al., 2022). While the nuclear density is 

saturated in the internal region, the nuclear surface region encapsulates the information 

about the nuclear structure (Horiuchi & Inakura, 2020, 2021). Here, the results are found 

to be consistent with the recent findings in refs. (Horiuchi & Itagaki, 2022; Ishizuka et al., 

2022) where the authors outlined the mechanism that governs the emergence of a -cluster 

around the nuclear surface for medium-mass nuclei. 
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Figure 4.9: A profile of the pairing energies ( upper panels a and b) and the quadrupole 
deformation parameter /3i (lower panel c and d) along the 207•208Th decay chains. 

Table 4.3: The predicted DD-ME2 values for pairing energy (Epair), center of mass 
energy Ecm), binding energy (B.E), binding energy per nucleon (B.E/A), charge radii 
(re), proton radii (rp) and neutron radii (rn), root-mean-square radii (rrms) and the 
quadrupole deformation (/Ji). The energies are expressed in MeV and radii in fm. 

Nuclei Epair Ecm B.E B.E/A re rn rp rrms !Ji 
19Ipb 11.32 -5.34 1499.85 7.85 5.52 5.60 5.47 5.54 0.28 
t92pb 12.05 -5.33 1508.07 7.86 5.53 5.61 5.47 5.55 0.27 
t95p0 15.97 -5.30 1522.19 7.81 5.51 5.59 5.45 5.53 0.17 
196p0 17.24 -5.29 1531.24 7.81 5.50 5.59 5.44 5.53 0.14 
199Rn 14.70 -5.27 1545.17 7.77 5.54 5.61 5.48 5.55 0.14 
200Rn 14.66 -5.26 1554.40 7.77 5.54 5.62 5.48 5.56 0.13 
203Ra 11.09 -5.23 1567.44 7.72 5.58 5.64 5.52 5.59 0.13 
204Ra 10.75 -5.22 1576.88 7.73 5.58 5.65 5.52 5.60 0.12 
201Tb 7.77 -5.20 1588.82 7.68 5.61 5.68 5.56 5.62 0.11 
2osTh 7.12 -5.19 1598.50 7.69 5.62 5.69 5.56 5.63 0.10 
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Figure 4.10: The estimated DD-ME2 binding energy per nucleon for each partici­
pating nuclei within the 207•208Th decay chains. The open black- and closed black­
squares denotes the 207Th and 208Th decay chain respectively. For comparison, the 
experimental binding energies (blue circles) are taken from ref. (M. Wang et al., 
2021). 

The mean-field equations are solved in a self-consistent manner using different values 

of the initial deformation f3o- To achieve convergence of the ground state solution in the 

mass region under study, the present calculations are carried out on an axially deformed 

harmonic oscillator basis where the number of major shells for fermions and bosons is 

NF = NB = 18. The number of the mesh points for Gauss-Hermite and Gauss-Laguree 

integration are 20 and 24 respectively. To examine the ground state properties of the 

considered isotopic chains, bulk properties such as the pairing energy (E pair), center 

of mass energy (Ecm), binding energy (B.E), the binding energy per nucleon (B.E/A), 

charge radii (re), proton radii (rp) and neutron radii (rn), root-mean-square radii (rrms) and 

quadrupole deformation (/32) calculated from the DD-ME2 parameter set are given in Table 

A. 1. The second column of the table represents the pairing energies (measured in MeV) 
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Figure 4.11: A schematic representation of the total interaction potential of 207Tb 
--+203Ra + a as a function of the mass-center distance between the decaying fragments 
(R). Prior to the decay process, a -particle (purple circle) is assumed to pre-exist 
within the 207Th-parent nuclei (red circle). The orange circle represents the daughter 
nucleus (2°3Ra). 

for the participating nuclei within the mentioned decay chains. It is worth mentioning 

that these pairing correlations are evaluated using the Bardeen-Cooper-Schrieffer (BCS) 

approach. The profile of the pairing energies for each of the decay chains is shown in Fig. 

4.9. It is evident that in both cases, the 195,196 Po isotopes assume the highest magnitude. 

This behavior can be ascribed to the proximity of Polonium (Z = 84) to the closure of 

the magic proton shell (Z = 82). Thus, the pairing energy can be said to be maximum at 

conventional magic numbers or their nearest neighbours. Interestingly, E pair is marginally 

related to the quadrupole deformation parameter /3z (Ahmad et al., 2012; Joshua et al. , 

2022). In other words, the variation of /3z yields a small change in Epair· However, a 

careful examination of columns 2 and l O of Table A. l, as well as Fig. 4.9 c-d, reveals that 
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Figure 4.12: The estimated a-preformation probabilities (Pa) versus the parent nuclei 
for the 207•208Th decay chains. 

having a fixed value of /32 for two different nuclei yields different pairing energies. Thus, 

it is presumed that the pairing energy could be influenced by several other factors within 

the inherent features of a nucleus. 

The last column of Table A.1 succinctly expresses the shape of all the considered nuclei 

as prolate. Although the result does not give the possibility of a change in shape, it is 

obvious that /32 decreases in magnitude with increasing nuclear mass and, most probably, 

/32 will be approximately zero at neutron shell closures due to their stability. However, a 

close inspection of the 2nd and 10th columns reveals that even though the value of [32 can 

be the same for two different nuclei, each of them have a unique pairing energy. The recent 

findings of Geldhof et al. (Geldhof et al., 2022) reveal that the influence of strong pairing 

correlation on the nuclear mean field is more apparent at the surface and also enhances the 

charge radius. The authors also reported that such couplings are also found to increase 
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4.4. 

the odd-even staggering of the charge radius, particularly in isotopes with odd neutron 

numbers, where the blocking of the odd particle induces a reduction in the strength of the 

pairing correlations and eventuates a smaller radius. Evaluation of the root-mean-square 

radii (rrms) and charge radii (r c) further gives insight into the nuclear structure. In both 

quantities, it is quite apparent that there is a departure from the systematic trend at the 

end of the decay chain, leading to an abrupt increase in their respective magnitude as one 

crosses from Polonium Po to lead Pb. The binding energy (B.E) and binding energy per 

particle (B .E/ A) decrease in magnitude as the number of neutrons increases and provide 

a good benchmark for evaluating the stability of nuclei. Besides, Fig 4.10 depicts the 

variation of B.E/A along the 207,2osTh isotopic chain using the set of parameters DD-ME2. 

In each case, the results are compared with the deduced experimental binding energy per 

particle taken from Ref. (M. Wang et al., 2021). Relatively, it is obvious that the DD-ME2 

values are in closer agreement with the experimental measurements (open and closed blue 

circles) for nuclei with lower masses. The shaded portion (in cyan colour) highlights the 
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Table 4.4: The calculated a-preformation probabilities (Pa) and the half-lives of 
207,208Th decay chains. The experimental half-lives are deduced from the latest 
evaluated nuclear properties table (Kondev et al., 2021) and the recent experimental 
measurements (Yang et al., 2022). The experimental decay energies (Q~xp) in MeV 
are taken from refs. (Uusitalo et al., 2005; Yang et al., 2022). 

a-transition Q~xp Pa 1 Tap og10 1L2 1 Teat og10 1L2 
Chain 1 

201Th➔203Ra 8.167 0.0119 -2.01 -2.25 
203Ra➔199Rn 7.589 0.0120 -1.44 -1.07 
199Rn➔195p0 6.989 0.0120 -0.23 -0.08 
195p0➔191 Pb 6.617 0.0121 0.67 0.67 

Chain 2 
2osTh➔204Ra 8.053 0.0148 -2.36 -2.10 
204Ra➔200Rn 7.486 0.0149 -1.22 -0.92 
200Rn➔196p0 6.903 0.0150 0.04 0.04 
196p0➔192Pb 6.533 0.0151 0.75 0.81 

difference of about (O.O1-O.O3)MeV between the DD-ME2 predictions and the experimental 

data for each of the considered isotopic chains. Furthermore, the relatively lower B .E/ A 

values in the 207To decay chain are traceable to the unfilled valence neutron, leading to an 

odd or even staggering effect. This phenomenon will be discussed later. Both quantities 

(B.E and B.E/A) are highly dependent on the model and the parameterization, and there 

is the possibility of large variations with experimental measurements. Thus, to ensure 

accuracy, the half-lives are calculated using the experimentally measured decay energies 

(Q~xp) (Uusitalo et al., 2005; Yang et al., 2022). Details of the transitions from the ground 

state to the ground state of the decay chain of the a-emitting 207,208To isotopes are given 

in Table 4.4. To avoid undue repetition, readers are referred to (Fig. 2 of Ref. (Yang et al., 

2022) and its corresponding text) for the step-wise pattern of the Qa value. 

4.3.2 Decay Properties of 207,208Th Isotopic Chains 

Fig. 4.11 shows the schematic sketch of the three-step process in which the a particle 

penetrates the interaction barrier. The figure gives an illustrative case of the total interaction 

potential of 207Th ➔203Ra + a as a function of the centre-of-mass distance between the 
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decaying fragments (R). It shows a picture of the a -particle (purple sphere) conceived 

within a decaying nucleus 207Th (red sphere) before the penetration process, which begins 

at the point Ra corresponding to a potential V(Ra) (otherwise called the effective Q-value, 

Qef f which is usually higher than Qa), The de-excitation commences at point Ri with a 

probability Wi computed to be unity (i.e. Wi = l) according to the Greiner and Scheid 

de-excitation ansatz (M. Greiner & Scheid, 1986). The penetration process continues until 

it terminates at the point Rb with a potential V(Rb) = Qa that corresponds to the scission 

point, that is, where the decay fragments (the daughter nuclei (orange sphere) and the 

a-particle) dissociate. 

In the PCM framework, one of the most important inputs in obtaining decay half-lives is 

the a-preformation probability (Pa), From the 3rd column of Table 4.4 and Fig. 4.12, Pa 

increases with decreasing mass of the parent nuclei. When comparing the isotopes of each 

parent nucleus in Fig. 4.12, it is clear that larger magnitudes of (Pa) are needed as the 

neutron number increases and the magnitudes of the odd-A nuclei are generally lower than 

those of the even-even nuclei. This behaviour can be largely attributed to the Pauli blocking 

effect, as also observed in ref. (Wan & Fan, 2021). This suggests that pairing plays a 

significant role in a-clustering. Moreover, the Pa values are generally found to decrease 

with increasing neutron numbers. This is due to the fact that the valence neutron increases 

as one moves far away from the neutron magic shell closure N = 82 which will result 

in a stronger Pauli blocking effect on the a-clustering and a smaller preformation factor. 

One notable inference here is that there is a close correlation between the a-preformation 

probability and structural properties of nuclei such as the nuclear pairing gaps. Since all 

the considered systems are in the open-shell region, the Pa values tend to vary smoothly 

with the increasing mass of the parent nuclei which is consistent with earlier experimental 

findings (Hodgson & Betak, 2003). Similarly, Fig. 4.13 displays the variation of the 
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calculated logarithmic half-lives log10 T1;2 for the a-transitions along the 207•208Th decay 

chains. Peaks at 195,196 Po ~ a+191.l92 Pb indicate the presence of a proton shell closure 

Z = 82 in their respective daughter nuclei. Additionally, a similar trend is observed in 

both cases where log10 T1;2 increases as the mass of the parent nuclei decreases and the 

DD-R3Y predictions are found to agree closely with the experimental measurement. This 

supports the allusion that the microscopic DD-R3Y NN potential produces reliable results 

in this region of study. 
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CHAPTER 5: SUMMARY AND CONCLUSION 

This thesis seeks to investigate or explore certain phenomena that presumably constitute 

the complexity of the superheavy region using the simple semi-empirical formulae and 

the well-established microscopic approaches. It is salient to note that in the superheavy 

region, nuclei have extremely high atomic numbers, which is beyond the reach of current 

experimental capabilities. Thus, there are limited experimental data available for these 

nuclei. Semi-empirical formulas provide a way to extrapolate and predict alpha decay 

properties for these superheavy nuclei based on known trends and principles derived from 

experimental data in lighter nuclei. Moreover, they are often derived from theoretical 

frameworks that combine fundamental principles of nuclear physics with empirical 

parameters fitted to experimental data. While fully theoretical models may be too 

computationally expensive or complex to apply in the superheavy region, semi-empirical 

formulas offer a balance between accuracy and computational feasibility. 

On the other hand, the consideration of relativistic effects is highly important in this 

region. The RHB formalism accounts for relativistic effects which play a significant role 

in determining the structure and stability of superheavy nuclei. This ensures a more 

accurate description of the nuclear dynamics involved in alpha decay. Similarly, the 

interplay between the nuclear forces and shell effects can be adequately captured using 

the axially deformed DRHBc theory. This theory also incorporates the continuum effects 

( arising from the emission of alpha particles from unbound states) that are not adequately 

described by traditional bound-state models. Thus, The RHB and DRHBc theories 

incorporate nucleon-nucleon correlations within a self-consistent framework, accounting 

for the rearrangement of nucleons in the nuclear medium. These correlations are crucial 

for accurately describing the ground-state properties and dynamics of superheavy nuclei, 

60 

Univ
ers

iti 
Mala

ya



including their alpha decay characteristics. By treating correlations consistently, these 

theories provide a more reliable prediction of alpha decay properties in the superheavy 

region. 

The novel contribution of this study to the body of knowledge is the incorporation 

of the nuclear rotation effects on the decay half-lives of superheavy nuclei within the 

range 98 ~ Z ~ 120 which is investigated using the axially deformed relativistic Hartree­

Bogoliubov theory in the continuum (DRHBc) with the PC-PKl parameter set. The 

deduced DRHBc decay energies (with and without the rotation effect) are compared with 

those calculated from the macroscopic-microscopic WS4 and the available experimental 

binding energies. Six semi-empirical formulae, such as the Viola-Seaborg formula (VSS), 

the modified Brown formula (mBl), the semi-empirical relationship based on fission 

theory (SemFIS2), the Royer formula (R), the Wang formula (Wang) and the modified 

YQZR formula (MYQZR) are employed to estimate the half-lives of a decay. Among these 

formulae, the half-live predictions of SemFIS2 are found to gradually deviate from the 

systematic trend beyond Nd = 184, showing that the probability of undergoing spontaneous 

fission is less feasible beyond this point. A minimum is observed at Nd = 184, reflecting 

its neutron shell closure for the mass region considered on the nuclear chart. The results 

further indicate that, for 98 ~ Z ~ 104, the predictions of all semi-empirical formulae 

are more closely matched to the available experimental data when the rotation effect is 

taken into account. However, it has been demonstrated that the effect of nuclear rotation 

gradually reduces as the atomic nucleus becomes heavier. 

This study also examined the structural and decay properties of the ground state of 

recently discovered neutron-deficient 207Th and remeasured 208Th isotopes by Yang et. al. 

(Yang et al., 2022) using the Relativistic-Hartree-Bogoliubov (RHB) formalism using the 

DD-ME2 parameter set within the preformed cluster-decay model (PCM). The relativistic 
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medium-dependant R3Y so-called DD-R3Y NN potentials are for the first time used to 

obtain the nucleus-nucleus potential as input into the PCM. The penetration probability 

is calculated using the WKB approximation, and the preformation probability (Pa) is 

estimated using the newly derived formula, which is based on parameters well known 

to influence the a -particle radioactivity. A close correlation is observed between the 

a-preformation factor and the crucial role of the pairing correlation in the a-decay process. 

Furthermore, the Pa values for the even-even nuclei are generally found to be of higher 

magnitude than those for the odd-A nuclei. The results further affirm that the odd-even 

staggering effect on the Qa values and its accompanying effects on other observables 

such as the charge radii and the decay half-lives can be largely attributed to the pairing 

correlation and Pauli blocking of the unpaired valence nucleons. 

Overall, this research contributes valuable insights into the complex dynamics of 

superheavy nuclei, enhancing our theoretical understanding, and could serve as a guide 

for future experimental investigations. However, it is important to note that there may 

be other features such as nuclear shape degrees of freedom and the role of quasiparticle 

structure in alpha decay of superheavy nuclei that were not considered in the present study, 

being the first attempt. Incorporating such effects in future works could further deepen our 

understanding of the superheavy region and refine predictive models for nuclear decay 

processes. 
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