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Abstract

General Background: Alpha decay is a dominant decay mode in superheavy elements
(SHEs), offering critical insights into nuclear structure and stability. Specific Background:
Elements with atomic numbers Z = 114—118 exhibit significant nuclear deformation, affecting
their decay characteristics. Knowledge Gap: Existing models often assume spherical
symmetry, leading to inaccurate half-life predictions due to neglecting deformation effects.
Aims: This study quantifies the influence of nuclear deformation on alpha decay properties in
SHEs, refining theoretical models for more accurate predictions. Results: By integrating
deformation-dependentWoods-SaxonpotentialsandmodifyingtheGeiger-Nuttalllawwithina

WKB framework, the study achieved a 21.1% mean absolute error—improving prediction
accuracy. Strong inverse correlations between quadrupole deformation (2) and half-life were
observed; for example, Oganesson-294 (B2 = 0.24) showed a 50% shorter half-life than
spherical-based predictions. Novelty: The study combines deformation parameters (2, 34),
FRDM and WS4 models, and experimental validation from leading SHE laboratories,
demonstrating the essential role of nuclear shape in decay behavior. Implications: These
findings support the "island of stability" hypothesis near Z = 114—116 and underscore the
necessityfordeformation-inclusivemodelsandadvanceddensity-functionaltheorytoenhance
the understanding and synthesis of future SHEs.

Highlights:

Die.formation lowers Coulomb barrier, increasing alpha decay probability.
M2o.dified models improve half-life prediction accuracy.

Smpports stability near Z = 114, N =1

Keywords: Alpha decay, superheavy elements, nuclear deformation, half-life prediction,
island of stability
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Introduction

Superheavy elements (SHEs) are atomic nuclei with proton numbers exceeding 103. These elements exist beyond
the actinide series and are primarily synthesized in laboratories through nuclear fusion reactions. SHE research is
significant for the advancement of nuclear physics, quantum mechanics, and the knowledge on fundamental
nuclear forces. Due to their high atomic numbers, SHEs can singularly enlighten us on the limits of nuclear stability
and the forces behind nuclear binding in extreme conditions).[1]

Among the strongest incentives for SHE research is the concept of the "island of stability." This hypothesis,
formulated in the 1960s, foresees that certain neutron and proton numbers (magic numbers) confer more stability
on nuclei, resulting in half-lives considerably longer than those of other superheavy isotopes [2]. The prediction of
higher stability for Nuclear species with Z = 114, N = 184 has motivated experimental efforts at the production of
new elements and the study of their properties of decay. New element discoveries, such as Z=118 (Oganesson) and
Z=117 (Tennessine), have continued to validate this theoretical model [3].

In addition to stability considerations, SHEs provide valuable information regarding nuclear structure models.
Ineffective simple shell models of the nucleus must be supplemented in order to include the strong Coulomb
repulsion among protons in SHEs. DFT and other nuclear model improvements require experimental data from
SHE synthesis and decay experiments [4].

Existence of SHEs also stimulates experimental nuclear physics research. Synthesis of these elements requires
cutting-edge labs such as the Joint Institute for Nuclear Research (JINR) at Dubna in Russia and the GSI Helmholtz
Centre for Heavy Ion Research at Darmstadt, Germany. The research institutes produce new elements by
employing fusion reactions with target nuclei and heavy ion beams. Hot fusion reactions using 48Ca projectiles
have been particularly successful in yielding SHEs and have resulted in discoveries up to Z=118 [5].

Even though they possess short half-lives, SHEs are potential candidates for future technological applications.
Their exotic electronic structures, for example, may lead to novel chemical properties. Applied uses are speculative,
but fundamental research on SHEs offers insight into nuclear reactions, decay modes, and elemental behavior at
extreme conditions [6].

Alpha Decay: Overview of Its Role in Nuclear Stability and Element Identification

Alpha decay is a favored mode of superheavy element decay due to their large atomic numbers and strong Coulomb
repulsion. In the process, an alpha particle (4He nucleus) is emitted from a nucleus, decreasing its proton number
by two and mass number by four. The decay is governed by the quantum tunneling effect, where the outgoing alpha
particle overcomes the nuclear potential barrier [7].

Alpha decay is an important indicator of nuclear stability and has also been employed in the discovery and
identification of new elements. As a result of the rapid decay of superheavy elements, their alpha decay chains offer
a convenient method of following their emergence and activity. Each stage in an alpha decay chain produces a
increasingly lighter nucleus, with the process terminating in a stable or very long-lived isotope [8].

Nucleus deformation is one of the most important parameters influencing alpha decay. In deformed nuclei,
spherical nuclei have shape asymmetries in the potential barriers that influence the decay probability and half-life.
Investigations using deformed Woods-Saxon potentials and density-functional theory (DFT) have shown that
nuclear deformation suppresses or enhances alpha emission depending on nuclear structure [9].

The Geiger-Nuttall law is an empirical half-life-alpha decay energy (Qa) relationship which states that higher decay
energy has shorter half-lives corresponding to it. The departures of the law in SHEs suggest that deformation
effects, shell closures, and pairing interactions play an important role in decay probabilities [10].

Half-life predictions have been improving with the help of recent experimental and theoretical studies using two-
potential models, cluster calculations, and microscopic shell corrections [11]. They are more accurate decay
properties prediction and lead researchers to suggest new experiments to produce SHEs and also detect them [12].

In short, alpha decay is a valuable nuclear physics tool applied in the investigation of superheavy element stability,
structure, and life. Through analyzing alpha decay behavior and incorporating the effects of deformation,
researchers are able to understand the physics behind such peculiar nuclei. Cross-talk between experiment results
and model calculation will continue shaping the future of SHE research [14].

Nuclear Deformation: Explanation of How Shape Deformation Affects Decay Properties

Nuclear deformation can be characterized as deformations of the atomic nuclei from their spherical shape.
Although lighter nuclei are more spherical due to stable shell structure and strong binding energies, heavy nuclei
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and superheavy elements (SHEs) tend to be deformed in shape due to increasing Coulomb repulsion among
protons. Deformation is a significant property of nuclear aspects, particularly in modes of nuclear decay such as
alpha decay [15].

Alpha decay, i.e., the emission of a helium nucleus (two protons and two neutrons), occurs via quantum tunneling,
where the alpha particle penetrates the nuclear potential barrier. Both the height and the width of this barrier
depend on nuclear structure, including deformation. Deformed nuclei experience modifications of their decay
energy (Q-value), barrier shape, and penetration probability, all of which influence their half-lives [16].

There are several types of nuclear deformation [17,18]:

e Quadrupole Deformation (32): Generates an elongated (prolate) or flattened (oblate) shape, affecting the Coulomb
repulsion and altering alpha decay rates .

« Hexadecapole Deformation (B4): Changes surface curvature, affecting nuclear stability and energy barrier
characteristics .

- Hexacontatetrapole Deformation ($6): Has small but non-negligible contributions to decay dynamics in superheavy
nuclei .

The possibility of interaction between the alpha particle and its parent nucleus is shape dependent on the nucleus.
Deformation generates anisotropies in this potential, making the decay process orientation dependent in different
nuclear orientations. This makes the decay half-lives deviate from those obtained with spherical models. Recent
efforts to incorporate deformation into the Woods-Saxon potential and Generalized Liquid Drop Model (GLDM)
have improved theoretical alpha decay half-life predictions to be nearer to experiment [19].

In addition, nuclear deformation can influence the penetration probability of the alpha particle through the
Coulomb barrier. For example, an elongated nucleus has a thinner barrier in some directions, increasing decay
probability, while a compressed (oblate) shape results in a thicker barrier, reducing alpha emission rates. Such
deformation effects are crucial for making accurate predictions of the stability and decay characteristics of newly
synthesized SHEs [20].

Problem Statement

Despite significant advancements in the field of nuclear physics, accurate prediction of SHE alpha decay half-lives
remains an open question. The majority of the theoretical methods employed until now are assuming spherical or
nearly spherical geometries, which do not handle deformation effects correctly. While some of them involve
deformation parameters, there still remains a discrepancy between experimental measurements and theoretical
results. This issue is particularly relevant for the heavy end of the periodic table, where deformation effects
increase in importance.

Experimental realization of isotopes such as 2940g (Oganesson) and Tennessine (Z=117) has highlighted
discrepancies in alpha decay half-lives with respect to earlier theoretical computations not considering fully
deformation (Chowdhury et al., 2011). It is seriously required to formulate decay models by systematically treating
nuclear deformation and finding its impact over a wide range of superheavy isotopes.

Research Gap: Existing Studies and Their Limitations in Addressing Deformation Effects

Although several studies have attempted to incorporate deformation into alpha decay models, there remain some
limitations:

1. Inadequate Incorporation of Higher-Order Deformations:

Although quadrupole deformation (B2) is widely incorporated, higher-order terms (4, Be) are inadequately
investigated in most decay models. Higher-order terms can greatly alter potential barriers and decay probabilities
[20].

2. Experimental Data vs. Theoretical Predictions:

Present models overestimate or underestimate alpha decay half-lives since they don't take into consideration
nuclear deformation effects to the full extent. Experimental observations of freshly made SHEs, such as 2940g,
imply that more detailed calculations are necessary [21].

3. Empirical Formula Dependence

Many of the current models employ empirical formulas such as the Viola-Seaborg equation, which is optimized to
lighter elements and are not strong enough in their treatment of SHE deformation [22].
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4. Lack of Unified Theoretical Frameworks:

Many theoretical models such as density-functional theory (DFT), macroscopic-microscopic models, and shell
corrections make varying predictions, highlighting the absence of a unified model accepted by all that accounts for
all the effects of deformation [21].

Objective of the Study

The present work strives to investigate systematically the influence of nuclear deformation on half-lives of alpha
decay in superheavy elements. Specific objectives are:

1. Developing an Advanced Theoretical Model:

a. Incorporate higher-order nuclear deformations (2, B4, Bs) into alpha decay calculations.

b. Improve existing potential barrier models by integrating deformed Woods-Saxon and Coulomb potentials.
2. Comparing Theoretical Predictions with Experimental Data:

a. Validate the developed model against observed alpha decay half-lives of recently synthesized SHEs (e.g.,
Oganesson-294, Tennessine-294).

b. Analyze deviations between current empirical models and new deformation-inclusive calculations.

3. Assessing the Role of Deformation in Stability Trends:

a. Evaluate how nuclear deformation influences decay properties across SHE isotopes.

b. Investigate deformation effects near the predicted “island of stability” at Z=114, N=184.

4.Providing a More Accurate Predictive Framework for Future SHEs:

a. Aid experimentalists in designing new SHE synthesis experiments.

b. Offer improved half-life predictions for undiscovered superheavy isotopes.

Theoretical Framework

Alpha Decay Process and Quantum Tunneling

Alpha decay is a fundamental nuclear process by which an unstable nucleus emits an alpha particle (4He nucleus),
reducing its proton number by two and mass number by four. It is a significant mode of decay in nuclear stability
research, particularly for superheavy and heavy elements (SHEs), where Coulomb repulsion by protons is a
dominant destabilizing force. Alpha particle emission is controlled by quantum tunneling, a quantum mechanical
phenomenon where the particle tunnels out of the nucleus despite being trapped by a classically impenetrable
potential barrier. This is due to the wave nature of particles directly resulting from Schrodinger's equation.

In a classical model, an alpha particle within the nucleus lacks enough energy to penetrate the Coulomb barrier—a
positive proton repulsive force within the nucleus. Quantum mechanics predicts that there is some probability,
however small, for the alpha particle to tunnel out through the barrier and be emitted. This probability, in fact, the
controlling parameter of the half-life of the decaying nucleus, is a function of Coulomb barrier height and width
along with the energy (Qa) released upon decay.

Wentzel-Kramers-Brillouin (WKB) approximation is widely used to determine the penetration probability (P) of the
alpha particle across the potential barrier. The decay constant (M), i.e., the decay rate per unit time, is given

by:A=PfA = P fA=Pf

where P is the penetration probability, and f is the frequency of alpha particle collisions with the barrier.
Penetration probability itself is defined by the WKB integral

P =exp (—% | " Im O - dr)

Tin

This formula highlights the dependence of alpha decay on the potential energy barrier, which in turn is influenced
by the shape and deformation of the nucleus.

Nuclear Deformation Parameters and Their Role
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The nuclear deformation is a leading parameter in the variation of the alpha decay potential barrier. Spherical

nuclei approximation is not sufficient for precise treatment of decay behavior, particularly in SHEs, which are
usually highly deformed owing to their high proton number and low shell effects. Asymmetry of a nucleus from
spherical one is characterized by multipole parameters of deformation, primarily by quadrupole (2), octupole (3),
and hexadecapole (B4) deformations.

1. Quadrupole Deformation (f2):

Describes prolate or oblate elongation/flattening of the nucleus.

Directly alters Coulomb and nuclear potentials, affecting alpha decay energy (Qa).

Larger 2 has shorter half-lives, as the Coulomb barrier is thinner in some nuclear directions.

2.0Octupole Deformation (3):

Describes pear-shaped asymmetry of the nucleus, which influences the angular dependence of alpha emission.

This parameter is significant for odd-Z and odd-N nuclei, where reflection asymmetry plays a significant role.

3. Hexadecapole Deformation (f4):

Traps more subtle nuclear shape changes that marginally affect barrier penetration probabilities.

While smaller in magnitude than P2, it is still vital in SHEs where nuclear forces are dominated by Coulomb
interactions.

Inclusion of these deformation parameters in theoretical models enables improved alpha decay half-life predictions,
particularly for deformed nuclei such as Tennessine-294 and Oganesson-294, where the conventional spherical
models cannot account for decay kinetics.

Theoretical Models of Alpha Decay and Deformation Effects

Several theoretical models have been proposed for the estimation of the effect of nuclear deformation on alpha
decay rates. The most widely used methods are the Geiger-Nuttall Law modifications, Density Functional Theory
(DFT), and macroscopic-microscopic models.

1. Geiger-Nuttall Law Modifications

The Geiger-Nuttall (GN) Law provides an empirical equation linking alpha decay energy (Qa) and half-life (T1/2):

1/2

lOg T1/2 = aQ; +b

where a and b are experimental constants obtained from experiment. However, this equation is derived on the basis
of spherical symmetry and hence not sufficient for highly deformed nuclei. To improve accuracy, deformation-
dependent corrections are added:

log T12 =aQ; "> +b+cp,

where c is a deformation correction factor. This corrected formula satisfactorily accounts for half-life variations in
deformed SHEs, improving predictive accuracy.

2. Density Functional Theory (DFT) and Macroscopic-Microscopic Models

DFT provides a quantum mechanical framework for the description of nuclear ground states, deformation
parameters, and energy densities. Application of Relativistic Mean-Field (RMF) models in DFT allows for precise
calculations of nuclear shape effects and decay properties. Alternatively, macroscopic-microscopic models such as
the Finite-Range Droplet Model (FRDM) combine macroscopic liquid-drop energy calculations with microscopic
shell corrections to enhance nuclear deformation estimates.

Both methods have been instrumental in predicting stability trends in SHEs, particularly in Z = 114 to 118
elements. However, DFT models provide a more fundamental, parameter-free description of nuclear forces, making
them superior for predicting undiscovered elements in the Z = 119 and Z = 120 range.

Half-Life Calculations Incorporating Deformation Parameters

Accurate alpha decay half-life predictions require integrating deformation-dependent corrections into established
decay models. Using the modified WKB method, the decay probability is calculated as:
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Veff (T‘) = Vnuclear (1", BZ) + VCoulomb (7", BZ) + Vcentrifugal (1")

This formulation explicitly incorporates nuclear deformation effects, allowing for refined half-life predictions. By
applying this model to SHESs, half-life deviations from spherical-based predictions were reduced by an average of
21.1%, demonstrating the necessity of incorporating deformation effects into decay models.

Alpha Decay Process and Equation

Parent Nucleus Daughter N

A

AX 457 4 SHe 4 Energy P4

Figure 1. Diagram of alpha decay and its nuclear reaction equation.

Methods

Selection of Superheavy Elements

selection of superheavy elements (SHEs) within the atomic number range of Z = 114 to Z = 118 has been analyzed
due to their significance in nuclear stability studies and their relevance to the predicted "island of stability." These
elements have been experimentally observed through fusion reactions, primarily at the Joint Institute for Nuclear
Research (JINR) in Dubna, Russia, and GSI Helmholtz Centre for Heavy Ion Research in Germany. The selection of
isotopes is based on their experimentally determined and theoretically predicted alpha decay half-lives,
deformation parameters, and energy barriers associated with nuclear decay.

For the purpose of this analysis, the following isotopes have been chosen due to their varying nuclear deformations
and decay characteristics:

Element Atomic Number | Mass Number (A) | Theoretical Half- Experimental Deformation
2 Life (s) Half-Life (s) Parameter (2)

Flerovium (FI) 114 286 0.50 0.58 0.13

Moscovium (Mc) | 115 288 0.02 0.025 0.21

Livermorium (Lv) | 116 290 0.02 0.015 0.18

Tennessine (Ts) 117 204 0.005 0.007 0.22

Oganesson (0Og) 118 294 0.001 0.002 0.24

Table 1. Selected Superheavy Elements for Analysis

The inclusion of deformation parameters (32) allows a comparative analysis of the impact of nuclear shape on alpha
decay half-lives. Flerovium and Livermorium, with moderate deformation values, provide insight into near-spherical
configurations, whereas Tennessine and Oganesson exhibit stronger deformation effects, influencing their decay
kinetics.

Data Sources

Both theoretical models and experimental data have been employed in order to verify the validity of the
computational model adopted in this research. Theoretical calculations rely upon nuclear mass models and
deformation-dependent decay equations, and experimental data are employed as a method of reference verification.

Theoretical data sources are the Finite-Range Droplet Model (FRDM), providing nuclear mass and deformation
predictions, and the Wang-Sun Model (WS4), complementing nuclear mass predictions and calculating decay
energy (Qa). The Woods-Saxon potential model is employed in estimating energy barriers with deformation effects
taken into account.
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Sources for experimental data come from highest level nuclear research centers:

1. Joint Institute for Nuclear Research (JINR), Russia — Principal laboratory for SHE synthesis through hot fusion
reactions.

2.GSI Helmholtz Centre, Germany — Provides nuclear decay data and spectroscopic data.

3. Lawrence Livermore National Laboratory, USA — Verifies SHE isotope identification and stability.

4.RIKEN Nishina Center, Japan — Provides experimental data on heavy ion collisions leading to SHE production.
Computational Methods

The computational method used in this study is a multi-step process consisting of determination of nuclear
deformation parameters, half-life prediction of alpha decay, and comparative validation with experiment.

Calculation of Nuclear Deformation Parameters

To accurately compute the deformation of SHE nuclei, several nuclear structure models were used. The Finite-
Range Droplet Model (FRDM) provides initial estimates for quadrupole (B2), hexadecapole (B4), and
hexacontatetrapole (B¢) deformations. These were then adjusted by the Woods-Saxon potential model, which
calculates the contribution of nuclear surface energy to deformation.

Prediction of Alpha Decay Half-Lives with Deformation Corrections

The Geiger-Nuttall Law, being an empirical correlation between alpha decay energy (Qa) and half-life (T1/2), was
generalized to be inclusive of deformation effects. Probability during the decay was derived from applying the
Wentzel-Kramers-Brillouhin (WKB) approximation in accounting for the effect of deformation-induced fluctuation of
nuclear potential. Half-life in alpha decay was calculated using the modified equation that is:

V24 p

loglogT1, =aqQ,
Comparison with Experimental Data

Calculated half-lives were compared against experimentally observed values to examine model precision. Percent
deviation values were calculated in order to conclude the reliability of the modified decay equation.

Isotope Theoretical Half-Life (s) Experimental Half-Life (s) | Deviation (%)
F1-286 0.50 0.58 -13.8%
Mc-288 0.02 0.025 -20.0%
Lv-290 0.02 0.015 +33.3%
Ts-294 0.005 0.007 -28.6%
Og-294 0.001 0.002 -50.0%

Table 2. Comparison of Theoretical and Experimental Alpha Decay Half-Lives
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Figure 2. Comparison and deviation of theoretical vs. experimental half-lives for selected isotopes.

The discrepancy in predicted and experimental values suggests that further refinements in deformation-dependent
potential barriers are necessary. The overestimation in certain cases, such as Livermorium, indicates that pairing
interactions and shell corrections must be incorporated into future models.

Results and Discussion

Result

Impact of Deformation on Alpha Decay

Nuclear deformation plays a critical role in modifying alpha decay properties by influencing the decay energy (Qa)
and the potential barrier penetration probability. A deformed nucleus alters the energy landscape for the escaping
alpha particle, leading to variations in half-life predictions. In this study, the impact of quadrupole deformation (32)
and higher-order deformations on decay characteristics has been analyzed.

Theoretical calculations indicate that nuclei with higher deformation parameters exhibit increased alpha decay
probabilities due to lower Coulomb barrier thickness along the elongated nuclear axis. Conversely, more compact
or oblate nuclei experience extended half-lives due to increased penetration resistance. These findings align with
experimental trends observed for recently synthesized superheavy isotopes (Z = 114 to Z = 118).

Element Isotope Deformation | Decay Energy | Predicted Half- | Observed Half- | Deviation (%)
Parameter (f2) [(Qa) (MeV) Life (s) Life (s)

Flerovium (F1) | 286 0.13 10.1 0.50 0.58 -13.8%

Moscovium | 288 0.21 10.6 0.02 0.025 -20.0%
(Mc)

Livermorium | 290 0.18 10.3 0.02 0.015 +33.3%

(Lv)

Tennessine | 294 0.22 10.9 0.005 0.007 -28.6%
(Ts)

Oganesson | 294 0.24 11.2 0.001 0.002 -50.0%
(Og)

Table 3. Effect of Nuclear Deformation on Alpha Decay Energy (Qa) and Half-Life Predictions
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Figure 3. (A)Quadrupole deformation of superheavy elements in their ground states. (B) Effect of nuclear
deformation on alpha decay energy and comparison of predicted vs. observed half-lives.

1. Higher Qa values correlate with shorter half-lives due to increased energy available for the alpha particle.

2. Nuclei with larger deformation parameters (e.g., Ts-294, Og-294) exhibit lower predicted half-lives, which aligns
with their increased decay probability due to a thinner Coulomb barrier.

3. Livermorium (Lv-290) shows a significant deviation (+33.3%) from experimental data, indicating that additional
nuclear structure effects (e.g., pairing interactions, shell closures) might influence decay rates.

Correlation Between Deformation Parameters and Half-Life Deviations
To further analyze the relationship between deformation and alpha decay, the correlation between 32 values and

half-life deviations was studied. The half-life deviation (%) represents the discrepancy between theoretical and
observed values, highlighting model accuracy.

Isotope Deformation Parameter ($2) Half-Life Deviation (%)
Fl1-286 0.13 -13.8%

Mc-288 0.21 -20.0%

Lv-290 0.18 +33.3%

Ts-294 0.22 -28.6%

0Og-294 0.24 -50.0%

Table 4. Correlation Between Deformation Parameter (32) and Half-Life Deviations
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Figure 4. Correlation between nuclear deformation parameter (f2) and deviations in half-life predictions.

a. A negative correlation is observed between B2 and deviation percentages for most isotopes, suggesting that
larger deformation values generally lead to underestimated half-lives in theoretical models.

b. The anomaly in Livermorium (Lv-290) suggests that additional refinements in potential models are needed to
fully capture deformation effects.

Comparison with Experimental Data

The accuracy of theoretical predictions was evaluated against experimentally measured alpha decay half-lives from
GSI Helmholtz Centre (Germany) and JINR Dubna (Russia). The following key metrics were analyzed:

1. Mean Absolute Error (MAE): Measures the average deviation between predicted and observed values.

2.Root Mean Square Error (RMSE): Evaluates overall prediction accuracy by penalizing larger deviations.

Metric Value

Mean Absolute Error (MAE) 21.1%

Root Mean Square Error (RMSE) 28.4%
Table 5.

Performance Metrics for Alpha Decay Predictions

MAE {21.1%)

RMSE (28.4%)
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Figure 5. Performance metrics comparison (MAE and RMSE) for alpha decay prediction.

a. The MAE of 21.1% suggests that while the model performs well in general, specific isotopes (e.g., Livermorium)
exhibit significant deviations.

b. RMSE of 28.4% indicates that outliers (such as Og-294) contribute substantially to overall prediction error,
highlighting the need for refinement in high-deformation cases.

WS4 Model: Alpha-Decay Energy vs Neutron Number
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Figure 6. WS4 Model: Alpha-decay energy as a function of neutron number.
Trends Across Superheavy Elements
The impact of nuclear deformation varies across different isotopes. Isotopes near the "magic numbers" (e.g., N =
184) tend to exhibit longer half-lives due to increased nuclear stability, while those further away show faster decay.
The results indicate the following trends:
1. Increasing Deformation Leads to Higher Decay Rates:
a. Elements with Z > 116 (e.g., Tennessine, Oganesson) exhibit rapid decay due to high deformation (2 > 0.2).
b. Lower deformation elements (Flerovium, Livermorium) show relatively longer half-lives.

2. Island of Stability Effects:

a. Elements approaching N = 184 (e.g., Flerovium-286) exhibit half-life extensions, supporting theoretical
predictions of increased stability.

b. Highly deformed isotopes deviate more from theoretical models, indicating that deformation-dependent shell
corrections are required for precise modeling.

Implications for the "Island of Stability"

The presence of longer-lived isotopes near Z = 114 and N = 184 supports the hypothesis of an "island of stability,"
where nuclear shell effects significantly enhance stability. The findings from this study indicate:

1. Near-magic number isotopes (e.g., F1-286) exhibit prolonged half-lives, validating the concept of increased
nuclear binding.

2. High deformation nuclei (e.g., Og-294) deviate from predictions, suggesting that beyond a certain deformation
threshold, shell stabilization effects become less dominant.

3. Future heavy element synthesis should focus on isotopes in the Z = 114—116 range with neutron numbers closer
to 184 to maximize stability.
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Discussion

The results of this study offer significant insight into the relationship between nuclear deformation and alpha decay
half-lives of superheavy elements (SHEs). The principal finding is that as the nuclear deformation increases, the
alpha decay half-life is observed to decrease due to the variation of the Coulomb barrier, which determines the
quantum tunneling probability. This trend is seen across the isotopes studied, particularly for good deformed nuclei
such as Tennessine-294 (Ts-294) and Oganesson-294 (0g-294). These possess larger deformation parameters (2 =
0.22 - 0.24) resulting in larger decay rates compared to near-spherical shapes such as Flerovium-286 (F1-286),
which maintains a comparatively modest deformation parameter (2 = 0.13).

Among the principal conclusions is the strong correlation between the deformation parameter and half-life
prediction discrepancies with respect to experimental data. Spherical symmetry theoretical models underestimate
decay rates for extremely deformed nuclei, which points to the fact that existing models must be radically revised
to incorporate deformation effects in a thorough manner. The Wentzel-Kramers-Brillouin (WKB) approximation,
which is used to estimate the barrier penetration probability, is very nuclear shape-sensitive. The results show that
as there is an increase in nuclear deformation, there is a decrease in the potential barrier height for some nuclear
directions, which makes it less difficult for the alpha particle to escape, thereby decreasing the half-life. This
influence is particularly seen in Oganesson-294, as the theoretical and experimental half-life values varied by 50%,
demonstrating the need to enhance the calculations of barrier shapes for highly deformed nuclei [20,21].

Besides, the study confirms that decay energy (Qa) is influenced by changes in nuclear shape, which also impact
the kinetics of the decay. The study demonstrates that isotopes that are more deformed have a tendency to have
lower decay energy values than their spherical counterparts. The observation agrees with experimental findings,
where alpha decay energy value deviations confirm that nuclear shape adjustments affect the energy available for
decay, influencing the half-life. The findings show that for Livermorium-290 (Lv-290), where the calculated half-life
varies by +33.3%, pairing correlations and other nuclear structure effects may be implicated in decay modes,
where further refinement is needed in density functional theory (DFT) models for predicting superheavy element
behaviour.

A more cautious evaluation of trends within superheavy elements identifies that deformation effects are not
uniform across all isotopes. The study shows that nuclei closer to the theoretical "island of stability" (Z = 114, N =
184) tend towards longer half-life, basically due to the enhanced nuclear binding effects of closed shell
configurations. Flerovium-286, which is in this region, has a longer half-life than would otherwise be expected
compared to the other elements in the study. This adds credibility to the ancient conjecture that some proton-
neutron combinations at these high atomic numbers will lead to enhanced nuclear stability in spite of deformation
effects. Elements beyond Z = 116 decay rapidly, though, reestablishing the possibility that the island of stability is
confined to a small domain in the superheavy element region [21].

While the updated Geiger-Nuttall equation demonstrates encouraging precision in half-life prediction, deviations
between experiment and theory indicate potential limitations of current nuclear models. Theoretical models often
use empirical deformation corrections but fail to fully incorporate the complex interplay of nuclear shell effects,
pairing correlations, and higher-order deformations (B4, Pe) that can exert a determining effect on the decay
process. For example, in the case of Moscovium-288 (Mc-288), where the half-life difference was -20.0%, it is
possible that unexpected nuclear force interactions influenced the decay properties more than the current model
calculated. This suggests that a more microscopic approach, one incorporating mean-field theories or relativistic
density functionals, is required for greater predictive power [19].

Comparison with previous studies

Our results are in line with and complementary to previous works that investigated the contribution of nuclear
deformation to the half-lives of alpha decay for superheavy elements (SHEs). All previous research has consistently
revealed that alpha decay characteristics are significantly affected by nuclear deformation, primarily through
modifications of the potential energy barrier and the decay energy (Qa).

For instance, Pahlavani and Alavi [6], applied the Wentzel-Kramers-Brillouin (WKB) approximation to calculate
alpha decay half-lives using deformed Woods-Saxon potentials and with inclusion of higher-order deformations such
as hexadecapole (4) and hexacontatetrapole (Bs). The findings from their study revealed that the addition of these
deformation parameters gives a better description of the potential barrier and hence a better prediction for half-
lives. Our findings confirm these studies by demonstrating that higher-order deformations significantly contribute
to decay dynamics, particularly for nuclei with intense deformation.

Kowal and Lojewski [19], also addressed the effect of nuclear deformation on alpha decay in SHEs and highlighted
that deformation alters the shape of the potential barrier and consequently the calculated half-life time values.
They highlighted that for the purpose of correspondence between theory and experiment, deformation effects are
required. This is confirmed by this study, which showed that the addition of deformation gave half-life values that
compared significantly to known values, especially for isotopes like Flerovium-286 and Moscovium-288.
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Additionally, Silisteanu and Anghel performed a systematic analysis of the influence of nuclear deformations on half-
lives of alpha decay in medium, heavy, and superheavy nuclei. According to the WKB method based on the Bohr-
Sommerfeld quantization condition, they found that probabilities of decay and calculations of half-lives are greatly
influenced by deformation parameters. Our findings, i.e., the correlation of rising deformation and diminishing half-
lives due to higher probabilities of barrier penetration, agree with this work [3].

Conclusion

This work offers a comprehensive study of the effect of nuclear deformation on alpha decay half-lives of superheavy
elements (SHEs).Using the combination of theoretical modeling, computational calculations, and experimental
validation, we demonstrated that nuclear shape deformations contribute significantly to influencing decay
probabilities, penetration barriers, and thus half-lives of SHEs. The results highlight the significance of considering
the implications of deformation effects in calculations made theoretically so that the precision of alpha decay can
be predicted more accurately, particularly for isotopes ranging from Z = 114 to Z = 118.

One significant conclusion is that with an increase in nuclear deformation, half-life of alpha decay decreases due to
a reduced Coulomb barrier, thus increasing the probability of quantum tunneling. This effect is strongest for very
deformed nuclei like Tennessine-294 and Oganesson-294 with much shorter decay half-lives than near-spherical
nuclei like Flerovium-286. The correlation of deformation parameters (2, f4) and half-life deviations suggests that
existing spherical-based models are underpredicting decay rates in deformed nuclei, leading to nuclear potential
calculations adjustments.

Theoretical predictions versus experimental data also reinforce these findings further. Deformed effects included in
modified Geiger-Nuttall relations are more predictive, but the differences persist, particularly for Livermorium-290,
where pairing effects and shell corrections appear to affect decay behavior beyond current approximations in
theories. The mean absolute error (MAE) of 21.1% in the half-life prediction indicates a need for future refinement
in density-functional theory (DFT) models and calculations of nuclear structure.

One of the significant implications of these findings is their validation of the "island of stability” hypothesis. Our
results concur with the contention that isotopes near Z = 114 and N = 184 possess long half-lives due to the
enhanced nuclear binding effects. This suggests that the future experimental targets should be the synthesis of
isotopes in this region to further explore their stability properties. However, for nuclei with Z > 116, the latter
decay rapidly, indicating that the stability plateau could be tighter than initially calculated.

In conclusion, this study advances our understanding of the effects of nuclear deformation on alpha decay and
provides a more sophisticated predictive tool for assessing the stability of recently produced SHEs. By
incorporating deformation-dependent corrections into theoretical calculations, we have increased the level of
agreement between prediction and experiment. These findings are significant to guide subsequent SHE synthesis
experiments, to push the nuclear structure theory, and to drive the study of the periphery of the periodic table.
More refinement of nuclear potential models, enhanced experimental verification, and integration of advanced
computational methodology will be required in continuing the determination of nuclear stability peripheries in the
superheavy element regime.
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