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ABSTRACT

A detailed investigation is carried out on the cluster and heavy particle radioactivity of super-
heavy nuclei. A semi-empirical formula is formulated for decay energies, alpha decay, and cluster
decay half-live in the superheavy region 104 < Z < 126 for the emission of clusters (*He,’Be,
10,11g 120 14N, 160, 19F, 20-22Ne, 23Na, 24-20Mg, 27 Al, 28308, 31p, 32-34g 35(C], 36:3840 oy, 3941K
and 4042-4446Cq), with simple inputs of the mass number of daughter nuclei (Z;), atomic num-
ber of cluster emission (Z.), and neutron number of parent nuclei (N,). To check the predictive
power of constructed formula, the values produced by the formula are compared with that of the
experiments. The process of cluster and heavy particle radioactivity of superheavy nuclei is stud-
ied using the Coulomb and Proximity potential Model (CPPM) and modified generalized liquid
drop model (MGLDM). The role of the Coulomb effect, asymmetry effect, pairing effect, entrance
channel parameters, and shell effect on cluster radioactivity are studied. Six different proximity
functions and various mass excess values were used in the evaluation of cluster decay half-lives.

A detailed investigation of different decay modes such as alpha-decay, beta-decay, and cluster-
decay including the heavy particle emission (Z. >28) and spontaneous fission leads to identifying
the new cluster and beta-plus emitters in the superheavy region 104 < Z < 126. For the first time
around 21 beta-plus and seven heavy particle emitters are identified in the superheavy nuclei. The
reported regions of beta-plus and heavy particle radioactivity for the superheavy nuclei are stronger
than alpha-decay. The studied macroscopic models such as the modified generalized liquid drop
model (MGLDM), Coulomb and proximity potential model (CPPM), and generalized liquid drop
model (GLDM) were compared with the microscopic models. The detailed investigations show
that among macroscopic models, MGLDM predicts cluster decay half-lives close to experiments.
Whereas, among the microscopic models, the Relativistic Mean Field model (RMFM) predicts
cluster decay half-lives close to the experiments. Similarly, among available semi-empirical for-
mulae, AZF(A Zoospermia Factor) produces less deviation.

During the study of cluster radioactivity of superheavy nuclei, surprisingly it is observed that
the shortest half-lives of cluster decay in all superheavy elements are observed for daughter neu-
tron number 184 and nearly equal to that. This is clear evidence of the existence of the neutron
magic number N=184. This study is useful in the understanding of superheavy element nuclei

structure.



CHAPTER 1

Introduction

1.1 Superheavy elements

Superheavy elements (SHE) are chemical elements with an atomic number larger than 103, in
the periodic table. They are beyond the actinides, and can be synthesised in a laboratory. They are
named for physicists and chemists, as well as the locations where the elements are synthesised.
In 1940, Flerov et al., [1] observed that, the SF of 233U heavy nuclei might break into two halves.
Bohr and Wheeler [2], presented liquid-drop model, depicted that a nucleus is a drop of charged
liquid. A potential barrier prevents the drop from splitting when the surface tension is greater than
coulomb repulsive force on protons. However, The supply of energy to the nucleus can overcome
this. The liquid-drop model predicted that Plutonium, Curium, and Californianium would have
similar lifetimes. Many isotopes of transuranium elements were identified by researchers [3] at
the JINR in Dubna.

One of the most unresolved question till date is the synthesis of superheavy nuclei Z>118.
More than thirty superheavy nuclei have been synthesized by cold and hot fusion reactions [4-8].
In addition to above experimental evidence, Many attempts have been repeatedly conducted in
order to synthesize the superheavy element Z>118 using the projectiles such as Sc, Ti, V, Cr, Mn,
Fe and Co [9, 10]. Using relativistic mean field theory and self-consistent calculations [11-13]

the proton magicities have been predicted for Z=114, 120, 124 and 126. Consequently, many the-



oretical studies proposes suitable projectile target combinations to extend the periodic table up to
7Z=126 [14-21]. Among which, the atomic number Z=120, 124 and 126 are paid more attention
in order to disclose the existence of magic nuclei.

The identification of the new synthesized superheavy nuclei is carried out when excited com-
pound nuclei attains ground state through the decay modes. The transition from excited state to
ground state occurs mainly by an alpha decay [22, 23]. In addition spontaneous fission [24, 25]
is also observed in the superheavy region. Hence, main decay modes are identified as alpha and
spontaneous fission in the superheavy region. In addition, cluster and heavy particle radioactivity
[26-29] 1s also observed in the heavy and superheavy nuclei.

On the experimental side, the emission of heavier clusters (14C, 2°0, **Ne, 2 Mg and 3257)
leading to doubly magic nuclei 2°® Pb [27, 30, 31]. The experimental confirmation of 2* Ne cluster
from the heavy nuclei 22U was attained during the year 1985 [32]. Neon cluster emissions were
also successfully observed from the isotopes of uranium i.e 232234235/ [33]. Cluster emission of
[ and 2*Ne from the 2! Pa was experimentally observed [34]. Bonetti et al., [35] experimen-
tally studied the 222 Ne cluster emission from 2°U . The cluster radioactivity 2230 M g, 3234 Si was
experimentally observed in the heavy nuclei 2*® Pu and ?*2C'm [36].

Gong et al., [37] found that Mc, Rg, Mt, Ds, Lv, Og and Ts, were classified as metals, whereas
FI and Nh are classified as metalloids. In the last few decades, spectacular advances in relativistic
quantum theory and computational algorithms [38] enabled precise computations of properties of
SHESs and their compounds. The majority of the works, especially those relating to experimental
studies, and the importance of relativistic effects for the strongest elements is explained, in the
range 108 < Z < 120 and 166 < Z < 182. Biirvenich et al., [39] explore the systematics of
fission barriers(SFB) in SHE. The life times of recently created isotopes of SHE with Z=112, 114,

116, and 118, as well as certain decay products, are theoretically computed [40] using microscopic



nuclear interaction potentials within the WKB approximation.

The inability of complete fusion reactions to synthesis of SHE is understood [41] in terms of
the superheavy precursors generated in these reactions having poor survival probabilities or the
failure to achieve complete fusion. In light of these findings, more attempts to synthesis these
elements utilising full fusion, deep inelastic transfer processes. The brief overviews of theoretical
[42] and experimental measurements of fundamental features such as SF 7' /,, fission barriers(FB)
and total kinetic energy released during fission were given special attention.

For SHE evaporation residue cross sections have been investigated [43] and found to be max-
imum at a given initial temperature. Using Multiconfiguration Dirac-Fock (MDF) approach, In-
delicato et al,. [44] examined the effects of incorporating Breit interaction into the self-consistent
field process on all orders are demonstrated. Brodzinski and Skalski [45] use the macroscopic-
microscopic, Woods-Saxon and Skyrme SLy6 Hartree-Fock plus and BCS models to investigate
energy landscapes for chosen SH even-even system with Z=128 to 148. The current state of re-
search on the synthesis and characteristics of SHE were [46] examined. Theoretical examination
of relativistic impacts on the characteristics of these components receives special emphasis. The
excitation energy, ionisation potentials and polarizabilities of the SHE rutherfordium, lawrencium
and nobelium are calculated [47] using all order single double and coupled cluster technique.
The production cross sections [48] in hot fusion reactions of SHN are thoroughly examined. The
SHE Z=110, Z=111, and Z= 112 their EDT (electric dipole transition) rates and isotopic shifts
are determined. All the three elements and their subsequent ionisation potentials are computed
and compared to lighter comparable elements. The currently studied elements are reviewed [49]
through many theoretical investigations.

To comprehend the static and dynamic features of the atomic nucleus, various models and

hypotheses have been developed. The nucleus is thought to have energy that comes from sur-



face tension and coulomb repulsion of the protons. Cluster radioactivity shown by superheavy
nuclei leads to the production of a doubly magic 2°*Pb daughter nucleus. CR is an intermediate
between a-decay and SEF. Hence, it becomes an important to establish a relation for decay energies
in heavy and superheavy region. Prediction of T}/, and its decay energies will identify the exis-
tence of SHN. Detail investigations also enables us to examine the possible isotopes and its shell
structure in the superheavy region 104 < Z < 126. There are many theoretical microscopic and

macroscopic models whose predictive power to predict cluster radioactivity 7' /; is also important.

1.2 Decay of superheavy elements

The most common types of radiation are alpha, beta, and gamma radiations, but there are
several other modes in which a radioactive nucleus can decay. Other modes of decay that a nu-
cleus may undergo proton emission, neutron emission, cluster decay, spontaneous fission, positron
emission, electron capture, double beta decay, isomeric transitions, internal conversion, and so on.
The most common decay modes of heavy and SHN, « decay, cluster decay, and SF, have been

discussed in detail in the sections below.

1.2.1 Alpha decay

Rutherford’s discovery of alpha decay in the 1920s [50], was addressed by quantum mechanics.
Becquerel [51] observed o decay for the first time in 1896 as an unknown radiation from the
radioactive uranium nucleus. « decay is thought to be an asymmetric fission process with varying
charge densities. A simple empirical relation for predicting the alpha half lives [52] has been
successfully derived. The formula for describing [53] T, values for heavy and SHN is proposed.

a-decay of even nuclei is reviewed and evaluated [54] across the periodic table. In even-even



nucleids, a empirical relation for predicting the half-life of the favoured transition [52] has been
successfully obtained. Poenaru et al., [55] proposed semi empirical formula for o decay.

Akrawy, et al,. [56] calculated the a decay 77/ in the SH region 106 < Z < 118 using UDL,
MGDL and CPPM. Santhosh and Priyanka [57] calculated half-lives for deformed nuclei using the
recently proposed CPPMDN model. Based on several observed transitions [58], a level scheme

for 21°At is proposed.

1.2.2 Spontaneous fission

A semi-empirical WKB framework, the SF process for even nuclei of Z > 92 is investigated.
The role of quadrupole and hexadecapole distortion parameters were included to evaluate alpha
decay half-lives [59] for SHN of Z close to 114 and N towards 184. Estimation of SF 77/, shows
a relative stability near closed-shell nucleon numbers. Xu and Ren [60] proposed SF half-lives for
heavy elements with Z > 90.

The super fluid model of nuclei is used [61] to analyse spontaneous fission 7' ,. The effect
of pair correlation on parameters determining potential barrier penetrability for fission is investi-
gated. The difference in the spontaneous fission period for even and odd-mass nuclei is explained.
The empirical Swiatecki formula is supported for even nuclei, Previous correlations of sponta-
neous fission 77 5 vs yA /A predict that even-even isotopes T} /2 Increase with A. A deviation from
the above correlation is discussed, and it is demonstrated [62] that the spontaneous fission 77 5 of
even-even isotopes reach a maximum as A increases.

The shorter spontaneous fission 7', beyond the maximum may be due to the greater defor-
mations of the larger-A nuclides. Some observations are made about fission thresholds, because
of the dramatic changes in properties observed in the region of the heavy fermium isotopes and

for still heavier elements, the spontaneous fission (SF) of the heaviest actinides and transactinides



is of particular interest. Existing experimental data on SF properties, such as half-life systemat-
ics, fragment kinetic energy and mass yield distributions, prompt neutron emission, and gamma
emission, will be reviewed. The potential for extending studies of SF properties to other regions
is discussed, the potential for obtaining additional information about low-energy fission proper-
ties. Swiatecki’s work on the correlation of spontaneous fission 7'/, has been modified [63] and
expanded to include elements with Z greater than 100. On these bases, the values of spontaneous
fission 7' s, predicted are unexpectedly high. The partial half-life of Z=106, A=271 is predicted to

be around 13 years.

1.2.3 Cluster radioactivity

cluster radioactivity(CD) is an asymmetric fission process which is an intermediate between
spontaneous fission and a-decay. Before 1980’s the radioactive disintegration was experimen-
tally observed either by a-decay or spontaneous fission. Later the concept of cluster radioactivity
phenomenon in the heavy and superheavy nuclei was first suggested by Sandulescu et al., [64].
Rose and Jones [30] experimentally observed cluster radioactivity in 1984 and later Aleksandrov
et al.,[65] found *C cluster emission from *?Ra. Later on, cluster emission such as 2°0O, ?*F,
22.2426Ne, 2839Mg and 3234Si were experimentally observed [66, 67]. The cluster *Si emission
was experimentally observed [68, 69] in heavy nuclei 2*2Cm and 23%U.

Several theoretical models such as preformed cluster model (PCM) by Gupta et al., [70], su-
perasymmetric fission model by Poenaru et al., [71] explains the cluster radioactivity. There are
also several theoretical models [72—-76] were successfully predicts the cluster radioactivity in the

heavy and superheavy nuclei. Microscopic measurements for the formation of cluster probability

and barrier penetrability [75, 76]have been made by using R matrix description of the process.



Within the microscopic model Warda et al., [77] investigated cluster radioactivity in the super-
heavy element Z=116. In all these different models a collection of various proximity potentials is
a benchmark to evaluate the half-lives.

Zhang et al., [78] studied large cluster radioactivity in even-even nuclei by using fourteen
proximity potential functions. The results indicate that with experimental data, the effects of
proximity potential such as Bass 77 and Denisov potentials are more appropriate. Raj Kumar
[79] investigated cluster radioactivity by using different proximity potential functions. Santhosh
et al., [80] analysed cluster radioactivity half-lives in the superheavy nuclei ?8°~314116 by studying
Coulomb and proximity potentials. By using the folding density dependent M3Y effective inter-
action method, Routray et al., [81] investigated cluster radioactivity in heavy nuclei. Within the
density-dependent cluster model, Ismail et al., [82, 83] studied cluster radioactivity half-lives in
the superheavy element Z=121 and 122. The shorter half-lives were theoritically observed during
cluster emissions of “C, 2°0, ?°Ne, and ?*Ne cluster emissions from heavy and superheavy nu-
clei. The role of deformation parameter and the orientation of different nuclei during the cluster
radioactivity leading to doubly magic nuclei 2°Pb were studied by Arun and Gupta [84]. Kuklin
etal., [85] examined cluster radioactivity by using dinuclear system concept in the actinide region.
Iriondo et al., [86] studied cluster radioactivity by using Gamow potential model for formation and
then penetration probability of the particle through the Coulomb barrier. The earlier researcher’s
[87, 87-94, 94-98] were extensively studied cluster radioactivity in heavy and superheavy region.

Using super asymmetric fission model Poenaru et al., [99] predicted the cluster emission (**C,
160, 30.32G4 48300, and %8 Ni) half-lives of T> 10%s.The two-step process such as cluster for-
mation and quantum-mechanical fragmentation was successfully explained in the heavy region
[100]. Many theoretical models such as Yukawa plus exponential model (CYEM) [101], pre-

formed cluster model (PCM) [102], mean-field HartreeFock-Bogoliubov theory [103], Coulomb



and proximity potential model (CPPM) [104, 105], double-folded model with the renormalized
M3Y interaction (RM3Y) [106], microscopic density dependent cluster model (DDCM) [107],
Generalised liquid drop model [108] and effective liquid drop model [109]. All the above models
predict the cluster decay half-lives, microscopic understanding of cluster decay and nuclear struc-
ture information. Among the different decay models the generalized liquid drop model which
describes the process of fusion barrier [110], fission [111], cluster decay [112], investigation of
charge asymmetry, deformation and proximity effects and nuclear structure parameters such as
nuclear radius and mass [113, 114].

Earlier, researchers have effectively used different models such as CPPM, MGLDM, ELDM
and semi-empirical relations to evaluate decay modes in the heavy and superheavy nuclei [87, 88,
92,94,94,96, 115-117, 117-119]. The goal of this contribution is to study the range of isotopes
in the superheavy nuclei Z=126 using different proximity potentials within the modified gener-
alised liquid drop model (MGLDM). These different versions of the proximity potentials involves
different parameters and the proximity function ¢(Sy). Hence, the systematic behaviors of dif-
ferent proximity potentials in the heavy particle radioactivity were important in order to explore
the nuclear structure. By using the method of extrapolation towards the superheavy nuclei Z=126
and comparison of proximity potential function with that of available experiments increases the
predictive power of the model during heavy particle radioactivity half-lives.

The existence of greater stability in the realm of unknown SHE is anticipated by [120] nuclear
theory. The values of the pre-formation factors were obtained [121] from experimental cluster de-
cay T using the preformed cluster model technique, assuming that the heavy ion emission decay
constant is the function of the assault frequency, pre-formation factor and penetrability. In some
SHN, cluster radioactivity, which is well known in light actinides, could become the dominating

decay route. Warda et al., [77] observed a distinct fission fragment mass distribution, with the



heaviest fragment around 2°®Pb. The unified description formula (UD), universal curve (UNIV),
Horoi formula, and universal decay law(UDL) were used [122] to investigate the cluster radioac-
tivity of 294118, 296120, and 2°®122. The competition between a-decay and CR for Z=104-124 is
investigated. Poenaru et al., [74] altered the idea of CR to emitted particles with Ze > 28 from
Z > 110 parent nuclei. To calculate Q values, a table of measured masses and theoretical val-
ues are used. In the superheavy region, [123] the probability of decay and heavy-cluster decay are
studied. A new formula is used to calculate the pre-formation probability for the cluster emissions,
which are based on the decay of Q values. CR and a-decay of several SHN in the atomic number
range Z = 119 - 126, they may be synthesised in future, were also examined [124]. The half lives
against CR are calculated by two models such as ASAFM (Analytical Super Asymmetric Fis-
sion model) and UNIV. The decay T, are calculated using four different models such as ASAF,
UNIYV, semi-empirical formula based on Fission Theory (semFIS), and AKRA. The Q-values are
determined by the WS4 atomic masses. Xiao Jun Bao et al., [125] Starting with the alpha-like
R-matrix theory, a recently proposed UDL for a-decay and CR T}/, was introduced. The mass
and charge numbers of the charged particle, as well as the Q value.

The stability of the nucleus is well defined by its magicity of protons or neutrons. Shell closure
effects were studied using cluster decay in 2'¥U[126]. Gupta et al., [127] have shown stability of
atom is either due to magicity of neutrons or protons.

From the literature it is observed that all these investigations gives incomplete information of clus-
ter radioactivity in the superheavy nuclei region Z=104-126. Hence in the present work we have
analysed cluster radioactivity in the superheavy region of wide range from Z=104-126 using mod-
ified generalised liquid drop model (MGLDM). The half-lives of different cluster emissions such
as ‘He, °Li, *Be, 2°Ne, 2Na, 2*Mg, 27Al, 28Si, 3P, 328, 3°Cl, %0Ar, 3°K and *°Ca were evaluated

in the superheavy region Z=104-126 using Ng80 [128] which produces the less deviation when



compared to other proximity functions as mentioned in the earlier work [87].

1.2.4 Heavy paricle radioactivity

The process of emitted particles with Z, > 28 from parents with Z >110 and daughter around
208Pb is termed as heavy-particle radioactivity (HPR). This phenomenon was experimentally con-
firmed [30, 68] in heavy parent nuclei with Z = 87 — 96 by measuring half-lives during the
emission of “C, 200, 23F, 2224 26Ne, 283'Mg, 3%34S. The concept of HPR was changed [129] by
studying the cluster emission of atomic number Z, >28. The Heavy particle radioactivity with
cluster emission of atomic number Z*** = Z — 28 allowing to get daughter of doubly magic
nuclei 2°Pb from parent nuclei with Z >110.

It is also predicted [130] that superheavy element Z=122 with A=292 might belong to a new
class of long-lived high spin super- and hyperdeformed isomeric states. The relativistic mean-
field (RMF) and nonrelativistic Skyrme Hartree-Fock (SHF) formalisms [131] predicts that the
superheavy element Z = 122 with A = 290 is highly oblate to a large prolate shape, which may
be considered as the superdeformed and hyperdeformed structure. The Coulomb and proximity
potential model (CPPM) [132] predicts that SHN with Z = 122 with A = 295 — 307 having
measurable alpha decay half-lives. In addition to this many theories predicts the possible isotopes
for Z = 122 [82, 91, 92, 133-135]. Previous researchers predicted the projectile-target combina-
tions using various models such as statistical model [91, 136, 137], dynamical cluster-decay model
(DCM) [138, 138-140]. dinuclear system model (DNS) [141-143, 143]. Some phenomenological
models such as density-dependent cluster model [60, 82], coulomb and proximity potential model
[144] modified generalized liquid drop model (MGLDM) [145] analytical superasymmetric fis-

sion model [146] are used in the study of cluster radioactivity of superheavy nuclei.
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The original Generalized Liquid Drop Model (GLDM) was proposed by Royer et al., [108,
147]. Later, it is modified by including the different proximity potentials, pre-formation fac-
tor with iso-spin parameter, size of cluster and daughter nucleus and the modified pre-formation
factor which is termed as modified liquid drop model (MGLDM) [97, 145, 148]. The theory
which is based on the super asymmetric fission model used to study the a-decay, proton emis-
sion, cluster radioactivity and cold fission is referred as the effective liquid drop model (ELDM)
and it was proposed by Goncalves and Duarte[149]. This model is also experimentally validated
by many experiments [149-155]. The effective liquid drop model (ELDM) was proposed by
Goncalves and Duarte[149] which is super asymmetric fission model to study a-decay, proton
emission, cluster radioactivity and cold fission in a unified framework. This model is validated by
many experiments[149—-155]. In the Coulomb and proximity potential model (CPPM), for sepa-
rated fragments, from touching configuration on-wards total potential is taken as the sum of the
coulomb potential and canonical proximity potential [104, 156, 157]. Studies on the decay prop-
erties from previous researchers [90, 117, 145, 158-166]. Using preformed cluster model (PCM)
[29, 167, 168] researchers have theoretically studied heavy particle radioactivity, spontaneous fis-
sion, binary and ternary fission in heavy and superheavy nuclei. Several theoretical investigations
[169, 170] anticipated the island of stability around the atomic numbers Z=114, 120, 122 and 126
with neutron number of N=184. Since, in near future the experimental synthesis and decay of
compound nuclei of superheavy elements from Z=119 to 126 is expected. The analysis of ra-
dioactivity in the transactinide elements with Z > 104 allows for a better provides an opportunity
in understanding of a matter’s structure and properties. The cold fusion reactions with lead and
bismuth as a target and hot fusion reactions with a “*Ca projectile on an actinide target are used to
synthesize the superheavy element. [9, 171-180]. By the cold and hot fusion reactions, the formed

compound nuclei achieve a stable state by many decay methods such as a-decay, cluster-decay,
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p-decay and spontaneous fission. However, in the superheavy region the formed nuclei decay
mainly through an a-decay followed by the spontaneous fission and in few cases mainly by the
spontaneous fission. The possibility of the heavy particle radioactivity (HPR) was also predicted
in the superheavy nuclei [129, 181].

Many theoretical models such as cluster model [182], multi-channel cluster model[183], the
density dependent M3Y (DDM3Y) effective interaction[184, 185],generalized liquid drop model
(GLDM) [186], coulomb and proximity potential model (CPPM) [187], generalized density de-
pended cluster model[188], unified model for a-decay and a-capture (UMADAC) [189] were
involved in order to evaluate the o decay half-lives. The method of QRPA (quasiparticle random
phase approximation) were used to evaluate the 3-decay half-lives [190]. The beta decay half-lives
are evaluated using the widely accepted models [191-193]

The spontaneous fission half-lives were first predicted by Bohr and Wheeler [194] and later
on experimentally confirmed by the Flerov and Petrzak [1]. During the year 1955 Swiatecki [195]
evaluated the spontaneous fission half-lives using the fissility parameter Z?/A in a liquid drop
model. Previous researchers [196—198] studied spontaneous fission half-lives using shell correc-
tion in a modified liquid drop model. Furthermore, cluster-decay is an intermediate between an
alpha decay and spontaneous fission [64] and experimentally confirmed during the year 1984 [30].
Cluster-decay such as 4C, 16:180, 22.2426Ne, 23F, 28:30Mg, 34Si and so on were experimentally ob-
served from the parent nuclei ??'Fr to 2*2Cm [199]. The cluster decay half-lives are evaluated
using the various models such as Super-asymmetric fission model (SAFM) [71, 200] unified fis-
sion model [201, 202] preformation cluster model (PCM) [70, 203]. The cluster decay half-lives
are also evaluated using semi-microscopic methods [204-206]. Earlier researchers were studied
different decay modes using the different models and semi-empirical relations to evaluate the half-

lives [87-98, 145, 207].

12



The different models such as CPPM, MGLDM, ELDM, and different proximity potentials and
semi-empirical relations are used to evaluate different decay modes in the heavy and superheavy
nuclei [87, 88, 92, 94, 94, 96, 115-117, 117-119] of various Z. In literature there is no systematic
study with respect to the atomic number range from 104 < Z < 126 for cluster and heavy particle
emission in the SH region. The present work is an attempt to test the possibility of cluster emission

and heavy particle emission in the SHN region 104 < Z < 126.

1.3 Objectives

By studying detail literature survey, to study the CR and HPR, the following objectives are

framed

¢ To Construct semi-empirical formula for decay energies and 77/, in case of heavy and super

heavy nuclei.

* Application of well-established theoretical models such as CPPM and MGLDM to study the

cluster radioactivity in the heavy and super heavy nuclei.

* Study of heavy particle radioactivity using theoretical models such as CPPM and MGLDM

in the heavy and super heavy nuclei.

* To study competition between different decay modes such as spontaneous fission, cluster

radioactivity, c-decay, and heavy particle radioactivity.

 Study of shell structure (Search for magic number) using cluster radioactivity.

* Study of the predictive power of microscopic and macroscopic models in cluster radioactiv-

ity.
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CHAPTER 2

Semi empirical formula for decay energy and half-lives of cluster

radioactivity

2.1 Introduction

There are many models for the study of o decay and CR, such as nuclear interaction poten-
tials and semi empirical models(SEM), and these are considered effective methods for studying
a decay and cluster decay(CD) half-lives. The cluster and o decay [30, 208] were discovered at
the end of the twentieth century. Poenaru et al., [74, 129] investigated the competition between
cluster and « decay. Geiger and Nuttal [209] proposed an empirical relationship and systemati-
cally observed variation in « decay half-lives. Gamow [210] used the quantum tunnelling effect
to explain o decay half-lives. Viola and Seaborg [211] developed a semi empirical relationship
for a decay half-lives. Royer [212] developed an empirical formula for o decay half-lives based
on a liquid drop model that takes proximity into account. Brown [213] developed an empirical
formula based on the experimental variation of logarithmic half-lives. Horoi et al., [214] proposed
a scaling law for the decay time of an « particle, which is generalised for CD. Poenaru et al., [215]
proposed the SemFIS formula for SHN « decay half-lives, taking into account magic numbers of
nucleons, the analytical super asymmetric fission model, and universal curves. Sobiczewski
and Parkhomenko [198] proposed a formula for heavy and SHN for o decay half lives. Poenaru
et al., [216] presented a single universal curve for o decay as well as CR. Wang et al., [154] used
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recent NUBASE2012 data to evaluate v decay half-lives while taking ground state spin and parity
of parent and daughter into account, using the WKB barrier penetration probability Ni et al., [217]
developed a semi-empirical formula for o decay half-lives and CD half-lives. Previous studies
[154, 218]looked into the o decay energies and half-lives of SHE. Mirea et al., [219] investigated
the half-lives of various decay modes in 2?2Ra. Brown [213] proposed an empirical relationship
for o decay half-lives in SHN. Sobiczewski et al., [220] investigated o decay and SF. Akrawy et
al., [221] studied « decay half-lives in the SH region using various relationships. Previous workers
[154, 215, 222-225] presented an empirical formula for a decay half lives in heavy nuclei.

Sobiczewski and Pomorski [198] investigated the properties of SHN. Dong et al., [226] inves-
tigated the v decay half lives of heavy nuclei. Previous studies [227] used a multichannel cluster
model to calculate the o decay half-lives of deformed nuclei. Gurvitz and Kalbermann [228] inves-
tigated decay width and energy shift in a metastable state. Sun et al., [229] investigated the o decay
half-lives in heavy and SHN. Greiner et al., [200] investigated CD in ?23Ra. Poenaru et al., [230]
investigated shell effects and « decay half-lives in SHN. Previous researchers [88, 91, 92, 116]
investigated and compared the half lives of SF, ternary fission, and CD of this predicted nuclei
for Z=122, 124, and 126. By studying the fusion barrier characteristics of 14054 projectile target
combinations. An empirical formula developed for fusion barrier heights, positions, and curvature
of the inverted parabola of SHN with atomic numbers 104 <Z<136. Experiments [231] are used
to compare the values produced by the current formula with the simple inputs of mass number (A)
and atomic number (Z). Previous researchers [224] developed a semi-empirical formula for the o
decay half lives of heavy and SHN and parameterized the fusion-fission cross section [232] for
heavy and SHN.

The nuclear masses are the very important quantities in the nuclear physics. A large number

of precise experimental data on the mass excess values have been collected by means of mass
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spectroscopy and the reaction Q-values. The knowledge about the Q-values have been further
extended by the complete information on the binding energies. There were many remarkable suc-
cessful formula such as Weizsacker-Bethe [233, 234] mass formula. These mass formulas are not
only useful for practical purpose but also give link between empirical and pure theories. Previ-
ous workers [191, 235] studied the ground state properties within the Finite Liquid Droplet Model
(FRDM). Audi et al., [236] and Goriely et al., [237] were studied the ground state properties of the
nuclei within the Hartree Fock Bogoliubov (HFB) method. The experimental mass excess values
were also included along with the FRDM and HFB-14. Audi et al., [238] presented the nuclear
decay properties in the ground and isomeric states from the NUBASE evaluation. Manjunatha et
al., [158, 239] proposed semi-empirical formula for mass excess of nuclei in the atomic number
range 57 <Z< 126. The studied mass excess values using the semi-empirical formula were com-
pared with the theoretical models such as FRDM and HFB. The proposed semi empirical formula
successfully reproduces the mass excess values in agreement with the available values.

Previous researchers [239] also proposed a semi empirical formula for an o and CR, which
exactly reproduce the experimental values. The experimental o decay half-lives of heavy nuclei
were compared with the generalized liquid drop model(GLDM) and Viola-Seaborg-Sobiczewski
formula by Royer and Zhang [240, 241] using the amount of energy released during o decay. Ne-
gra et al., [242] studied the 3 decay characteristics in case of neutron deficient isotopes such as Sr,
Y and Zr and also deduced the mass excess values using ()z measurements. Borrel et al., [243]
studied the 3 decayed two proton and mass excess values in the nuclei 3'Ar and 27S. Mayer et
al., [244] investigated the mass excess values and the excited states of neutron-rich nuclei 33~35Si,
35-36p and 37-28S from the study of **C and '*O induced reactions on 3S. David [217] studied
the mass excess values near the neutron rich isotopes of iron. Scheerer et al., [245] measured Q

value of the reaction of '*Sm (°*He, d)'*°Eu and also evaluated the mass excess of '“°Eu. Pre-
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vious researchers [246, 247] experimentally measured the Q-values for the “**2°1Ca and hence
determined the mass excess values. Earlier researchers [88, 90-92, 94, 137, 248, 249] were ex-
tensively used the mass excess values and studied the Q-values of the reaction in heavy and SHN
region. Manjunatha et al., [231, 232, 250] parameterized the fusion and fission cross sections,
fusion barrier and barrier positions in case of heavy and SHN. From the detail study it has been
observed that there are many semi-empirical formulas for o and CD half-lives, o decay energy,
mass excess values fusion and fission cross sections and fusion barriers. But there is no simple
empirical formula to obtain the Q-values in case of cluster and an « decay. Hence, in the present
work is an attempt to parameterize decay energies during an « and CD in the atomic number range

103 <Z< 126.

2.2  Theory

2.2.1 Semi-empirical formula for decay energies of cluster radioactivity

To derive the empirical formula for decay energy (Q) during the cluster emissions (‘He, °Li,
9Be,2022Ne, 23Na, 24-2Mg, 27Al, 28-308], 32313, 35C], 363840 A 3941K and 4042-4446Cq) it s
assumed that decay energy is directly proportional to the mass number of daughter nuclei(A; )and
inversely proportional to atomic number of cluster (Z.). The figure 2.1 shows the variation of
Q-values with the mass number of daughter nuclei (A,) and atomic number of cluster nuclei(Z.,.).
The Geiger and Nuttall law (GNL) [209] and universal decay law (UDL) [76] relates the Q-values
during cluster emission depends on the daughter nucleus and emitted cluster nucleus. The micro-
scopic and macroscopic approach [191, 196, 251-253] were extensively used in the calculation
of decay energy of « particle in the heavy and SH region. Furthermore, some of the formulae
[226, 254-257] are based on the ideology of liquid drop model and shell-models assumed that

decay energy is a function of atomic mass and neutron number.
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Fig. 2.1 The variation of Q-values with the mass number of daughter nuclei and atomic number of
cluster nuclei.

Qa:f(A7N7Z) (21)

For an instance, Perlmann and Rasmussen [254] proposed the Q-value formula in the SH region

for the a decay in terms of standard recoil energy and electron shielding corrections and it is as

follows;

A

Q== 2.2)

E, [6.53(Z —2)"/° —8.0(Z — 2)*°] x 107° MeV

Where A and Z are the mass number and atomic number of the parent nucleus. Babu and Kumar

[255] removed the discrepancy between the (), and the experimental (), by including the In 2
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function in the equation 2.2 and it is as follows;

A
Qa::;r—zﬁh[653@?—2yﬁ——81KZ——2fﬁ}x]ﬂ_5—ln2]WBV (2.3)

The above defined relations are applicable in the SH region with atomic number range. 110 <Z<
128. Later on, Dong et al., [226] proposed an « decay energy in the heavy and SH region (Z > 98

and N > 140) and it is given as follows;

Qo =Ba + [as(A — 4)* — a,A] + [a,AY? — @2PAY] 4 [—au(Z — 22 (A — 4) 73 + 0, 272471

(2.4)

N — Z\? N—Z
+ —aa( 5 )(A—4)_1+aa( 5 )A‘l

[ |A = 256] L4-—252q { IN — 254 |fV——252W
- + lar e g

+ [a,0(A—4)712 —q,6 A7V

Ay % N-2 TN
[ IN—Zos0 N - Z 50

ag———————— —ag——————————

T A—4 s A

Here as,a.,a,,a,,a6,a7 and ag are the fitting parameters [256]. Eventually, Dong et al., [226]

simplified and proposed five-parameter Q-value formula by considering liquid drop model.

N —A\? |N — 252 |N — 254
Th _ —4/3 _ R e ——.
QM MeV), =aZA™43(3A Zy+5< y ) +7[ vt | @)
s [1Z-10 |z-112
Z Z —2

Further simplified formula was also given by Dong et al., [257] for the SHEs Z > 110 using liquid

drop model by neglecting the effect of shell energy.

2
@AMdQ:oZA4B®A—Z)+b(N;Z> +e (2.6)
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Where a, b and e are fitting parameters [257]. The first two terms include the Coulomb energy and
symmetry energy respectively. The above set of equations (2.2-2.6) were defined by the previous
researchers to predict the decay energies of an o by using atomic number (Z), mass number (A)
and neutron number (N) of parent nucleus, atomic number of daughter nuclei (Z; = Z — 2. The
survey reveals that there is no empirical formula available for the prediction of the decay energies
during the cluster emission. Hence, in the present work constructed empirical formula for decay
energies of cluster emission by assuming the fact that decay energy is a function of mass number
of the daughter nucleus, atomic number of the cluster nucleus and neutron number of the parent

nucleus.

Qa = f(Ad> Nw Zp) 2.7

In the above function, the parent nuclei information is obtained from the neutron number (1V,,), the
cluster emission information is availed from the (Z.) and daughter nuclei information is considered

from (Ap).

Qa = f(Ad/Zc> (28)

The function f(Ay/Z.) is evaluated by studying the variation of Q-values with A,/Z,., and is
presented in figure 2.2. This figure shows the variation of Q-values as a function of A;/Z,. during
different cluster emissions from *He to *6Ca for the parent neutron number Z = 148 and 150. This
type of variation is observed for all types of studied clusters. From the figure it is observed that

there is systematic variation of Q-values with the A;/Z.. Based on this variation, constructed the
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Fig. 2.2 The variation of Q-values as a function of during different cluster emissions such as *He
to “6Ca for the neutron number = 148 and 150.

function for Q-values in terms of A,;/Z, and it is given as follows;

Q= Z a;(N)(Aa/Z.)’ (2.9)

Here ag(N) to ayg(Z) were the fitting constants and these constants were evaluated by studying
the variation of a;(/N) with neutron number (N). In the present formulae the sixth power of the
polynomial function such that it has small co-efficient of determination and residual sum of powers
nearly equal to unity, which produces the Q-values more accurately. In the above equation a;(N) is
considered as function of neutron number. By this the complete information for the decay process
is considered while proposing the semi-empirical formulae for the Q-values. The detail studies of

fitting parameters a;(/N') with neutron number enable us to construct the following function;

2
a; = Z Cliij (210)
7=0
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Final expression for decay energy (Q) is obtaining by substituting the equation (2.10) in equation

(2.8);

6 2 7
<9={§:§:%ﬂw(§f)} 2.11)

The above equation produces the decay energies of SHN during the emission of different clusters
such as “He, OLi, “Be,2022Ne, 22Na, 24-20Mg, 27Al, 28-308j, 32345 35C], 363840 Ar 3941K and
4042-4446Ca, The values of fitting parameters for even parent neutron number are given in the
table 2.1. Although the proposed semi-empirical formulae is in the sixth order, but the simple
input of Ay, Z¢ and neutron number of parent nuclei produces the Q-values more accurately and

precisely without the knowledge of mass excess values.

2.2.2 Semi-empirical formula for cluster decay half lives

The cluster decay half lives are evaluated using formalism explained below.
The potential V' (R) is considered as the sum of the Coulomb, the nuclear and the centrifugal

potentials
V(R) = Vo(R) + Vn(R) + Vs (R) (2.12)
Coulomb potential is written as

, = for (R> R.)
Vi(R) = Z1 Zoe (2.13)

211% [3 — <RE>} for (R<R.)

In above equation, Z; and Z, are the atomic numbers of the daughter and emitted alpha/ cluster

respectively. The radial distance is obtained using the equation R. = 1.24(R. + Ry,).
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Table 2.1 Fitting parameters for present formula defined in equation 2.4 for even parent neutron

number.
N, a2 a1 g0 a5y a5 as0
148-152 | 5.847718707E-09 | -1.766676560E-06 | 1.334346597E-04 | -1.812370062E-06 | 5.475851439E-04 | -4.136238721E-02
154-158 | 5.912525308E-11 | -1.878646742E-08 | 1.495389196E-06 | -2.401845174E-08 | 7.635230728E-06 | -6.082073466E-04
160-164 | 9.418879041E-11 | -3.064941013E-08 | 2.495873156E-06 | -4.177148343E-08 | 1.359261030E-05 | -1.106944522E-03
166-170 | -1.112380457E-10 | 3.766826569E-08 | -3.184435911E-06 | 4.900664364E-08 | -1.662274279E-05 | 1.407444919E-03
172-176 | 7.653701093E-12 | -3.047609801E-09 | 3.013214213E-07 | -2.433934491E-09 | 1.030792088E-06 | -1.070339171E-04
178-182 | -3.623620934E-12 | 1.388448821E-09 | -1.311978445E-07 | 2.666310035E-09 | -1.003426922E-06 | 9.354381984E-05
184-188 | -4.341816698E-11 1.610594947E-08 | -1.492032491E-06 | 2.230833397E-08 | -8.277984019E-06 | 7.670884789E-04
190-194 | 8.310606371E-11 | -3.206394882E-08 | 3.093538238E-06 | -5.302429919E-08 | 2.042396389E-05 | -1.967180004E-03
196-200 | 4.019136011E-05 | -1.593646000E-02 | 1.579554871E+00 | -5.351532684E-03 | 2.121960843E+00 | -2.103198462E+02
202-206 | 4.814175881E-06 | -1.985825316E-03 | 2.046392943E-01 | -6.603989113E-04 | 2.723525779E-01 | -2.806010781E+01
208-212 | 3.428784319E-05 | -1.437743115E-02 | 1.507158973E+00 | -4.510174598E-03 | 1.891006832E+00 | -1.982122279E+02
N, g2 an d40 dsz2 a31 a3p
148-152 | 2.038492841E-04 | -6.159855413E-02 | 4.653669178E+00 | -1.034146920E-02 | 3.125672492E+00 | -2.362090773E+02
154-158 | 3.756420434E-06 | -1.194719035E-03 | 9.524964220E-02 | -2.830616883E-04 | 9.007926952E-02 | -7.189479330E+00
160-164 | 7.141266164E-06 | -2.323746809E-03 | 1.892501379E-01 -5.893256505E-04 | 1.917557365E-01 | -1.561816483E+01
166-170 | -8.258304740E-06 | 2.806295788E-03 | -2.380047961E-01 | 6.659664818E-04 | -2.267593094E-01 | 1.926586349E+01
172-176 | 2.423035785E-07 | -1.179932007E-04 | 1.345861991E-02 | -2.085247871E-06 | 3.657718757E-03 | -5.984906945E-01
178-182 | -6.696151123E-07 | 2.496198150E-04 | -2.309539200E-02 | 7.657912641E-05 | -2.836344125E-02 | 2.609651811E+00
184-188 | -4.421236379E-06 | 1.641032553E-03 | -1.521007462E-01 | 4.230461589E-04 | -1.570473753E-01 | 1.455703254E+01
190-194 | 1.252045729E-05 | -4.817291665E-03 | 4.634633781E-01 | -1.380111984E-03 | 5.305928820E-01 | -5.100772486E+01
196-200 | 2.924207238E-01 | -1.159492676E+02 | 1.149242204E+04 | -8.384395965E+00 | 3.324551256E+03 | -3.295171040E+05
202-206 | 3.733995244E-02 | -1.539496117E+01 | 1.585701627E+03 | -1.112244703E+00 | 4.584192739E+02 | -4.720305333E+04
208-212 | 2.421927344E-01 | -1.015341678E+02 | 1.064148258E+04 | -6.787841379E+00 | 2.845281259E+03 | -2.981666740E+05
N, ago A a apo a; aj
148-152 | 2.410849840E-01 | -7.289909917E+01 | 5.512240687E+03 | -2.486481140E+00 | 7.524616662E+02 | -5.696272086E+04
154-158 | 1.045598746E-02 | -3.330628158E+00 | 2.663182017E+02 | -1.676149576E-01 | 5.352502151E+01 | -4.299818364E+03
160-164 | 2.400977868E-02 | -7.811971547E+00 | 6.363932302E+02 | -4.413342062E-01 | 1.436098838E+02 | -1.170698612E+04
166-170 | -2.625096649E-02 | 8.958157859E+00 | -7.625148228E+02 | 4.624089838E-01 | -1.582117071E+02 | 1.349279688E+04
172-176 | -1.353345735E-03 | 3.498704829E-01 | -1.865174037E+01 | 1.116563197E-01 | -3.688772375E+01 | 3.005812904E+03
178-182 | -4.264610445E-03 | 1.570896961E+00 | -1.437670947E+02 | 1.104809197E-01 | -4.048972825E+01 | 3.683388730E+03
184-188 | -1.993375660E-02 | 7.399772958E+00 | -6.857375675E+02 | 4.178312608E-01 | -1.550569426E+02 | 1.435654616E+04
190-194 | 7.280682920E-02 | -2.797578725E+01 | 2.688004656E+03 | -1.660868203E+00 | 6.379396561E+02 | -6.127831798E+04
196-200 | 1.329121601E+02 | -5.270212142E+04 | 5.223663017E+06 | -1.103624062E+03 | 4.376100930E+05 | -4.337478030E+07
202-206 | 1.837625467E+01 | -7.571137037E+03 | 7.793234113E+05 | -1.593728046E+02 | 6.563730153E+04 | -6.753811161E+06
208-212 | 1.046304833E+02 | -4.385138981E+04 | 4.594633672E+06 | -8.408028043E+02 | 3.523208143E+05 | -3.690859840E+07
N, o2 01 oo
148-152 | 9.299020413E+00 | -2.817320729E+03 | 2.137703873E+05
154-158 | 7.014099006E-01 | -2.268605096E+02 | 1.865986458E+04
160-164 | 3.150336986E+00 | -1.025881256E+03 | 8.382030958E+04
166-170 | -3.252437223E+00 | 1.116598599E+03 | -9.540410103E+04
172-176 | -3.032970202E+00 | 1.049934540E+03 | -9.045768767E+04
178-182 | -1.103723007E+00 | 4.038214548E+02 | -3.654291406E+04
184-188 | -3.170460158E+00 | 1.176944722E+03 | -1.088101887E+05
190-194 | 1.270224229E+01 | -4.877486620E+03 | 4.685758406E+05
196-200 | 3.748536102E+03 | -1.486384417E+06 | 1.473279656E+08
202-206 | 5.658595515E+02 | -2.329574253E+05 | 2.396181655E+07
208-212 | 2.752281816E+03 | -1.153033566E+06 | 1.207647837E+08
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where R.and R, are respectively the radii of the emitted alpha/cluster and daughter nuclei. The

nuclear potential V' y(R) is calculated from the proximity potential.

CiCy
Ci + Cy

Val2) = tmo ( ) DE)MeV @.14)

Using the droplet model [258], the radius C; was calculated as

N;
Ci=R;+ At (2.15)
Ri(ow) = Roi |14 ) _(BYY () (2.16)
A

In this case, «; is the angle formed by the radius vector and the i nuclei symmetry axis. Ry;
denotes the half-density radii of the charge distribution and and ¢; is the neutron skin of the nucleus.

The nuclear charge, is given by the relation

Rooi = 1.24414;/3 [1 + % — 0.191141#221} fm (for i=1,2) (2.17)
The half-density radius c;
Roi = Rooi [1—;%—%% ....... 1 (1=1,2) (2.18)
Using the droplet model, neutron skin ¢; reads as (i=1,2)
t; = gro i %CIZ"?}?B (2.19)
Q+7J4;
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Here, o = 1.14 fm, the nuclear symmetric energy coefficient J = 32.65 MeV, [; = %, and ¢; =
3e?/5ry = 0.757895 MeV. The neutron skin stiffness coefficient Q was set at 35.4 MeV. In terms

of neutron skin, the nuclear surface energy coefficient was given as

i+ 13
2r2

v = ﬁ [18.63(MeV) e (2.20)

g

where ¢; and ¢, were calculated using above equation. The universal function for this is given by

5
c

=-0.1 (25 -6 for0 < €< 2. 2.21
(&) = -0 353+n§:‘;n+1( 5— &))"t for0 <€ <25 (2.21)

2.75 =&
= — — |, f > 2. 2.22
o(6) exp[ e ] fore > 25 2.22)
where ( = R—C1—C5, The values of different constants ¢, were ¢y =-0.1886, ¢c; = —0.2628, c9

=-0.15216, c3 =-0.04562, c, =0.069136, and c; = -0.011454. The Langer modified centrifugal

barrier is adopted [259] in the present calculation.

hll + 3]
=—2 2.2
4T drpR? (223

According to WKB approximation (Wentzel-Kramers-Brillouin) the penetration probability P

through the potential barrier studied by the following equation;

Ry
P = exp {—% V2ul[Vir(r) — Qldr (2.24)

Ra
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where p is the reduced mass « decay or CD system, R,/ R. and R, are the inner and outer turning

points and these turning points are calculated by

Vr(R./R.) = Q = Vr(Ry) (2.25)

The decay half-life of parent nuclei with the emission of « particle or cluster particle is studied

by

In2 In2
Typ=—-=—- (2.26)
vp

Where A is the decay constant and v is the assault frequency and is expressed as

(2.27)

where E£'v is the empirical vibrational energy. The evaluated cluster and « decay half lives are used
in the construction of formula. The relationship between logarithmic half-lives and the product of
atomic number of daughter and square root of reciprocal of energy released (Z;Q~'/?) is found to
be linear. Figure 2.3 depicts the variation of logarithmic half-lives with Z;Q~'/2, such as parent
nuclei Z=110. The linear equation is sufficient to fit logarithmic half-lives in terms of Z;Q~'/2.

The following is the fitted equation for logarithmic half-lives in terms of Z;Q /%

logTyjs = A(Z,Q7Y*) + B (2.28)

A= A(Z.A,) and B = B(Z,A,) (2.29)
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Fig. 2.3 The variation of logarithmic half-lives as a function of product of atomic number of
daughter and inverse square root of energy released during the decay process for parent nuclei
with Z=110

Where A and B in the above equation are the fitting parameters, depends on the type of cluster
emitted and the parent nuclei. The variation of A and B which is used to evaluate the fitting
parameters A and B. Where Z. is the cluster atomic number and A. is the cluster mass number.
Figure 2.4 depicts the variation of fitting constants A and B with the product of atomic number and
cluster mass Z.A. 1 3, for example, Z = 110, all SHN in the atomic number range 104 < Z < 130

show similar variation.

A= Ay(Z AV 4 AY(Z, A7) + Ay (2.30)

B = By(Z.AY?)? + Bi(Z.A;'?) + By (2.31)
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Fig. 2.4 Variation of fitting constants A and B with product of atomic number and mass of cluster
for Z=110

The fitting parameters As, Ay, Ay, and By, B, By are determined by the atomic number of the
parent nuclei. As a result, the above fitting parameters can be expressed as A, = Ay(Z), Ay =
A(Z), Ay = Ag(Z), By = By(Z), By = B1(Z), and By = By (Z). The variation of Ay, Ay, Ay, Bo,
B, and Bj with the atomic number of parent nuclei is used to evaluate these fitting parameters.
Figure 2.5 depicts the relationship between A,, Ay, Ay, By, By and By and the atomic number of
parent nuclei. According to this graph, there is a systematic variation in fitting parameters with the
atomic number of parent nuclei, in terms of atomic number, a second order polynomial to these

fitting parameters.

2 2 2
A= ApZ' A=) AuZ' A=) AnZ' (2.32)
i=0 i=0 i=0
2 2 2
By = Z 0.53 X By, 2", By = Z 0.53 x ByuZ" By = Z B 2" (2.33)
=0 =0 =0
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Table 2.2 Co-efficient sets of A’ and B’.

i | Ay Ay Ao By; By; Bo;

2 | -6.19E-04 | 493E-03 | -6.17E-03 | 8.41E-03 | -6.28E-02 | 7.73E-02
1] 0.135994 | -1.11765 | 1.414481 | -1.94459 | 14.48453 | -18.0448
0| -5.8946 61.40271 | -79.2567 | 110.7946 | -862.417 | 1037.946

Table 2.3 The range of isotopes and total number of isotopes considered for each atomic number
(Z) in the present empirical formula.

7 Range of Total 7 Range of Total 7 Range of Total
isotopes isotopes isotopes isotopes isotopes isotopes
104 | 253 > A > 270 17 112 | 277 > A > 286 9 120 | 295 > A > 310 15
105 | 258 > A > 272 14 113 | 278 > A > 290 12 121 | 295 > A > 310 15
106 | 258 > A > 271 13 114 | 284 > A > 290 6 122 | 299 > A > 310 11
107 | 260 > A > 278 18 115 | 287 > A > 290 3 123 | 297 > A > 339 42
108 | 263 > A > 277 14 116 | 288 > A > 294 6 124 | 309 > A > 320 11
109 | 266 > A > 282 16 117 | 290 > A > 310 20 125 | 303 > A > 339 36
110 | 267 > A > 281 14 118 | 290 > A > 300 10 126 | 306 > A > 339 36

The fitting parameters in the above equations are As;, Ay;, Ao;, Bai,B1i, and By;, as shown in table
2.2. The final expression for logarithmic half-lives of o decay and CD is obtained by substituting

equations (2.30) and (2.31) in equation (2.28).

Z,Q 2

2 2 2
logTiys = [(ZAZTP)2Y " Z1 Ay + (Z AT Z0Au+) 7' Ay, (2.34)
=0 =0 =0

+

2 2 2
(Z AN " Z0Boi + (Z.A71%) " 0.53Z2'By + Y Z' By
=0 =0 =0

This formula yields logarithmic half-lives for & and CD from parent SHN in the atomic number

range 104 < Z < 130.

2.3  Results

The constructed empirical formula for decay energies of SHN during the emission of different
clusters produces the decay energies (Q-value) of SHN of atomic number range 104 < 7, < 126
(corresponding mass numbers of isotopes are listed in the table 2.3) during the cluster emission of

atomic number range 2 < Z. < 20 with mass number range 4 < Ac < 46. To evaluate the fitting
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Fig. 2.6 A comparison of present formula with that of other theoretical method such as HFB
[236, 237]

parameters the mass excess values available in the literature are used [260]. This formula also
predicts the different Q-values correspond to different cluster emissions of same A;/Z. ratio. The
figure 2.2 shows the variation of Q-values with the function of ratio of mass number of daughter
nuclei to the atomic number of emitted cluster. The present work is compared with that of the
other theoretical models. Figure 2.6 shows the comparison of present formula with that of other
theoretical method such as HFB [236, 237] for SHE Z=104. From the figure it is clearly observed
that there is close agreement of the present formula with that of HFB. Similarly, present formula
produces Q-values close to the other theoretical models. In order to check the predictive power
of present constructed formula, the values produced by the present formula is compared with that
of the available experiments [261, 262]. Figure 2.7 shows the comparison of present formula
with that of the experiments for different values. From the figure it is clearly observed that the

values produced by the present formula is close to the experiments. Hence the constructed semi
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Fig. 2.7 Percentage of deviation of present formula with that of the experiments [261, 262]

empirical formula can produce the Q-values by simple inputs of mass number of daughter nuclei,

atomic number of cluster emission and neutron number of parent nuclei. To evaluate predictive

power of the present formula, the percentage of deviation and root mean square error (RMSE) of

present formula is calculated using following equations;

Deviation(%) = (

RMSE =

Qemp

Qemp - QPF) % 100

\/Zi\il (Qcal - Qexp)2

N

(2.35)

(2.36)

The evaluated percentage of deviation of present formula is shown in the figure 2.8. From this

Table 2.4 Root mean square error in the present formula, FRDM95 [252] and HFB14 [252].

Method

Present formula

FRDM95

HFB14

Root mean square error

0.919477465

1.137312

1.137324
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Fig. 2.8 Percentage of deviation of present formula with that of the experiment [76, 263]

figure it is observed that percentage of deviation is less than the &= 5 percent. The evaluated RMSE
for present formula and also other theoretical methods given in the table 2.4. Even though the ratio
between A/Z correspond to the same values, but due to different cluster emission, formation of
daughter nuclei, isotope of the parent nuclei and the Q-value released during the decay process
changes, hence different Q-values for the same A/Z ratio. The experimental results having same
A/Z ratio during an « decay and corresponding Q-values are given in table 2.5. The available for-
mulae [226, 254-257] in the literature uses up to eight terms to predict decay energies correspond
to only « emission. Eventually, seven terms with sixth order to produce decay energies of (“‘He,
SLi, 9Be,202Ne, 23Na, 24-20Mg, 27 Al, 28-308j, 32-313 35C], 36:3840 Ay, 3941 gpd 40:42-4446Cy) 27
clusters including « in the SH region. All the proposed semi empirical formulae produces the en-
ergy during an a-decay only. The formula proposed to produce decay energies of cluster emission
is first of its kind. Hence, the constructed new formula will produce the decay energies of SHN

without the knowledge of the mass excess.
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The amount of energy released Q(MeV) during CD [*He, °Be, '%!!'B, 12C, “N, 160, '°F,

Table 2.5 A comparison of experimental Q-values with the FRDM95, HFB14 and present formula
having same A/Z during an « decay in the SH region 106 > Z > 118.

Q-values

Parent | Daughter | A/Z e SN 65 THFB14 | EXP PF
WSe | 2ORf | 41.77 | 8.8 8.8 7461006 | 8.64
71ge | 26TRf | 41.461 | 8.7 8.7 8.65+0.4325 | 8.64
MHs | 271Sg | 42415 [ 9.199 | 9.199 | 9.44+0472 | 8.93
2TDs | 23Hs | 43.682 | 103 103 | 10.31+0.453 | 10.46
79Ds | 25Hs | 43.369 | 9.6 9.6 | 98440492 | 885
BIDs | 277Hs | 43.06 | 8958 | 8.958 | 8.83+0.5415 | 9.51
MOy | 279Ds | 44.325 | 9.62 9.62 | 9.67+0.4835 | 9.17

BiCn | BODs 44.169 | 9.301 9.301 9.13 £0.4565 | 9.55
25Cn | #1Ds 44.014 | 8.793 8793 | 8.67+£0.4335 | 9.86

283Nh | 279Rg 45.12 | 10.6 10.6 | 10.52+0.526 | 9.86
284Nh | 280Rg 44.961 | 10.25 1025 | 9.874+0.4935 | 10.75
286F] | 282Cp 45.441 | 10.7 107 | 10.35 4 0.5175 | 8.63
287F] | 283Cp 45.282 | 10.436 | 10.436 | 10.29 & 0.5145 | 9.56
288F] | 284Cp 45.125 | 9.969 9.969 | 9.8 +0.49 9.85
289F] | 285Cp 44.969 | 9.847 9.847 | 9.71+£0.4855 | 9.45
BTMc | 235Nh | 46.08 | 11.3 113 |10.26+0.513 | 10.13
28Mc | 29Nh | 45.92 | 10.999 | 10.999 | 10.15 + 0.5075 | 8.46
2001y | 286F] 464 | 113 113 | 11+0.55 11.35
201y | 287F] 46.241 | 11 11 10.89 = 0.5445 | 10.17
202y | 288F] 46.082 | 10.707 | 10.707 | 10.56 4 0.528 | 9.64
208 Ly | 289F] 45.925 | 8.886 8.886 | 10.67 +0.5335 | 10.33
WITg | BTV | 47.041 | 11.9 11.9 | 10.7440.537 | 9.53
202Tg | 28Mc | 46.88 | 11.6 11.6 | 10.61 +0.5305 | 11.23
2040g | 290y 47361 | 8.47 847 | 11.81+£0.06 | 9.98

20—221\1e 23Na 24—26Mg 27A1 28—3OSi 31P 32—34S 35Cl 36’38’40AI‘ 39’41K and 40’42_44’46C3.] in-
cluding o decay from parent SHN in the atomic number range 104 < Z < 126 is calculated from

the following equation;

Q = M, — (AM; + M) + k(Z5 — Z5) (2.37)

where Mp, M;, and M; denote the mass excess of parent and fission fragments, respectively. The
atomic electron effect is represented by the last term in the above equation. The total binding
energy of Z electrons in the atom, where k = 8.7 eV for Z > 60. The experimental mass excess
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values [264] were used in the current study, where experimental mass excess values are unavail-
able, theoretical mass excess values are considered [238, 239, 265, 266]. CD half-lives (*He,
9Be, 1011, 12C, 1N, 160, 19F, 20-22Ne, 2Na, 24-20Mg, 27Al, 25-30Sj, 31p, 32-34G_35(], 36,3840 Ay
3941K and 4042-4446Ca) including « decay are calculated for SHN in the atomic number range
104 < Z < 130. The constructed universal semi empirical formula for o decay and CD for SHN
with atomic number range 104 < Z < 130, using simple inputs such as cluster mass number (A,),
daughter nuclei mass number (A,), energy released during decay (Q), and parent nuclei atomic
number (Z). To validate the current work, the logarithmic half lives produced by the present for-
mula are compared to those produced by experiments and other formulae such as Universal Decay
Law (UDL) [76] and Horoi et al., [214], Univ [216], Royer [212], and VSS [211]. Table 2.6 shows
a comparison of calculated « half-lives with UDL, Horoi et al., Univ, Royer, and VSS values, as
well as experimental values.

According to the detailed literature review, there are no experiments on the CD of SHN, but
experimental values for o decay in the SHN region are available. As a result, in this study, the val-
ues produced by the current formula for o decay half lives are compared with those obtained from
experiments. Figure 2.9 depicts a comparison of experimental half lives [178, 252, 268-271] for
« decay with the values produced by the current formula. Table 2.7 comparison of present work
with calculated half-lives from the literature [272-276] and experimental half-lives of Z=114,116,
and 118 with that of the current work. Due to the lack of experimental CD half-lives in the SH
region, CD logarithmic half-lives predicted in the present work are compared with theoretical
models such as Univ, NRDX [217], UDL [224], and Horoi et al., [214] which are tabulated in
table 2.8. Because the predicted half-lives of SHN are close to the experimental values in the SH
region Z=118-126, which is shown in figure 2.10. To assess the predictive power of the current

formula, the percentage of deviation between calculated and experimental v decay half-lives were
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Table 2.6 Comparison of half-lives (s) of this work with UDL [224], Horoi et al., [214] Univ

[227], Royer [212] and VSS [228] and experimental values.
Isotopes Exgirilézz;ltal Qa Present Work | UDL | Horoietal., | Univ Royer VSS

half-lives (s) (MeV) (s) (s) (s) (s) (s) (s)

215106 144713225] 8.65+0.08 57.6 57.6 18.42 28.86 | 114 21.6
211106 1147228215] 8.54+0.08 90.6 90.6 45 62.4 30.6 59.4
21107 531330[223] 8.9340.08 9.51 6.88 8.51 3.56 6.86 12.58
2108 | 0.1975:22[215] 9.3+0.06 1.28 1.44 1.51 0.59 1.13 2.01
75108 | 0.157076[225] | 9.4440.07 0.76 0.6 0.62 0.23 0.43 0.77
25109 | 0.0971%[267] 10.48+ 0.012 0.0036 0.029 0.0086 | 0.0013 | 0.0023
278109 7.715%[223] 9.69+0.19 0.19 0.27 0.26 0.09 0.17 0.31
29110 | 0.187003[225] | 9.84-+0.06 0.078 0.25 0.21 0.07 0.14 0.25
29111 0.1775:°[267] 10.52+ 0.0057 0.012 0.0085 | 0.0026 | 0.00045 | 0.0079
282111 0.51725,[223] 9.13+0.1 0.998 43.07 36.43 17.62 | 39.15 | 73.54
2112 3.4157[225] 9.2940.06 0.492 31.79 25.17 1145 | 2586 50.8
23112 415:3[225] 9.67+0.06 0.11 3.06 2.24 0.91 1.96 3.54
23112 | 0.0387)3,[215] | 9.54-+0.06 0.18 6.86 5.03 2.18 4.79 8.66
2112 34747[224] 9.16+0.06 0.84 74.89 59.5 29.08 | 668 | 131.18
285113 551 ¢[223] 9.88+0.08 0.051 1.93 1.21 0.47 1.02 1.84
286113 0.02754[223] 9.7640.1 0.029 0.191 0.131 0.046 | 0.095 0.15
23113 0.1132°1267] 10.26+ 0.169 5.893 3.176 1275 | 29141 | 5473
25114 | 0.018725218] | 9.83+0.05 0.082 1.596 1.014 0.386 | 0.859 | 1.545
7114 | 0.00048%52,215] | 10.0240.06 | 0.035142 1.6 1.01 0.385 | 0.858 1.54
29114 | 0.0537};'[224] | 9.8240.06 0.176 5.49 3.38 1.31 2.99 5.86
28114 | 0.637071[224] | 9.95+0.08 0.11 2.35 1.541 0.583 | 1.31 2.451
26114 | 0.297091[224] | 10.03+0.31 0.079 1.51 0.954 0376 | 0.84 1.45
28114 | 0.637037[224] | 9.95+0.08 0.11 2.58 1.54 0.58 1.31 245
26114 | 0.297551224] | 10.03+0.31 |  0.079273 1.46 0.96 0.38 0.84 1.45
289114 2.7153[225] 9.96+0.06 0.12 2.283 1.454 0.526 | 1.171 2.29
28114 0.810%2[225] | 10.09+£0.07 0.064 1.092 0.67 0238 | 0.52 0.98
BT114 | 0.517015[225] | 10.16+0.06 0.049 0.75 0.45 0.16 0.35 0.63
26114 | 0.167597225] | 10.35+0.06 0.025 0.23 0.151 0.05 0.11 0.19
29114 2.7157[225] 9.96+0.06 0.1 2.28 1.45 0.53 1.17 2.29
25114 0.87942[225] | 10.09+0.07 0.06 1.09 0.67 0.24 0.52 0.98
29115 0.22725°1223] | 10.45+0.09 0.022 0.315 0.164 0.053 | 0.12 0.21
B7115 | 0.032715°[267] 10.74+ 0.0081 0.057 0.033 0.01 | 0.021 | 0.035
20115 | 0.0167°[223] | 10.09+0.4 0.083 2.36 1.29 0.48 1.1 2.1
20116 | 0. 015+% [221] 11+0.08 0.00428 0.031 0.015 0.004 | 0.0089 | 0.015
2116 | 0. 063+§10 [221] | 10.8940.07 0.0069 0.059 0.028 0.0078 | 0.016 | 0.028
22116 | 0.018%1°[222] | 10.8+0.07 0.0096 0.087 0.045 0.012 | 0.026 | 0.049
23116 | 0.053%$%[221] | 10.67+0.06 0.014 0.177 0.091 0.026 | 0.055 0.18
#6116 | 0.137005215] | 10.19+0.06 0.086 2.63 1.35 0.64 1.55 222
24117 | 0.17873°[223] | 10.96+0.1 0.0091 0.074 0.036 0.0097 | 0.02 0.038
23117 | 0.0147}'[223] | 11.1840.08 0.0045 0.022 0.011 0.0029 | 0.0061 | 0.01
24118 | 0.00067557[215] | 11.65+0.06 0.0018 0.0056 2.054 0.0047 | 0.00912 | 0.00105

determined, using the expression.

o log (1Y) — log (543 ,)
Deviation = (2.38)
lO (Tea:pt>
&\Ly/o,
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Table 2.7 Comparison of half-lives (s) of this work with Refers.[272-276]

ISOtOpeS Q Tf‘/gev.Work Tfi?g Tf/rzesentwork
(MeV) (s) (s) (s)
280R] 10.35 | 8.48x1073[272, 273] 2x1071 1.05x1072
286p] 10.07 | 4.7x107%[272, 273] | 6.6x107! | 2.91x1072
28R 9.94 6.14x1072[275] 3.5x1071 | 4.76x1072
WLy 11 7.36x1074272, 273] | 8.3x1073 | 2.06x1073
22y 10.78 | 2.51x1073[272, 273] | 1.3x1072 | 4.36x1073
0Ly | 10.88 5.52x1073[275] 8x1073 | 3.09x1073
22y | 1092 | 1.93x1072[275] | 24x1072 | 2.7x107®
2930g | 12.241 0.354x1073[274] - 1.24x1074
2930g 11.92 2.96x1071[276] 1x1073 3.21x1074
2910g 11.82 | 3.27x1075[272, 273] | 6.9x10~* | 4.35x1074
2940g 11.97 2.24x1074[275] 1.15x1073 | 2.76x10~*
250g | 119 | 1.336x1073[274] - 3.4%10~
2950g 11.7 5.49x1074[276] 1x1072 6.29x1074
260g | 11.65 | 7.3x1079[272, 273] | 8.25x10~* | 7.24x10~*
2960g 11.75 0.869x1073[274] - 5.37x1074
2970g 12.1 0.361x1073[274] - 1.85x1074
270g 12 1.04x1074[276] - 2.52x107*

o

Averege deviation
[y
o

o

1-Present work, 2-UDL, 3-Horoi, 4-Univ, 5-Royer, 6-VSS

Formulae

,““‘
g

XX <
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Fig. 2.11 The comparison of average deviation of « decay half-lives with atomic number for
different semi empirical relations
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Table 2.8 A comparison of logarithmic half-lives(s) of present work with logarithmic half-lives(s)

UNIV [227], NRDX [217], UDL [224], and Horoi [214]

log T' 2

Isotopes Mg 38

Present | {;iv | NRDX | UDL | Horoi | T'S*™ | Uniy | NRDX | UDL | Horoi

Work Work
263Rf 36.189 | 44.406 | 45.8 50.01 | 46.58 | 36.165 | 41.94 45.5 44.84 | 46.48
210D 38.49 | 49.77 | 50.02 | 56.034 | 52.02 | 37.546 | 45.592 | 48.12 | 49.356 | 50.69
298¢ 28.01 32.57 334 36.82 | 35.14 | 28.84 | 32.05 | 33.58 32.8 36.59
267Bh 30.182 | 37.05 | 42.04 | 42.086 | 40.034 | 31.35 | 36.48 39.9 38.49 | 41.82
265Hg 30.18 | 37.054 | 41.34 | 42.085 | 40.034 | 31.31 | 36.479 | 39.82 | 38.49 | 41.82
28 Mt 327 | 43.033 | 4522 | 49.056 | 46.42 | 32.21 39.06 | 43.252 | 41.94 | 45.52
2TDs 27.85 | 34.94 394 3098 | 38.84 | 28.65 | 33.49 | 38.32 | 35.084 | 40.12
B2Rg 3942 | 5745 | 61.52 | 64983 | 59.52 | 37.13 | 49.45 | 55.05 | 54.59 | 55.65
281Cn 26.12 | 32.78 | 38.215 | 37.67 | 37.15 | 26.87 | 31.16 | 39.37 | 32.29 | 38.37
283Nh 2543 | 31.84 354 36.62 | 36.44 | 26.16 | 30.154 | 38.65 | 31.072 | 37.552
289F] 28.56 | 37.56 | 43.72 | 4337 | 4222 | 29.75 | 36.37 | 4535 | 39.11 | 44.35
289Mc 25.87 | 32.82 | 3635 | 3799 | 37.85 | 2698 | 31.55 | 38.77 | 33.06 | 39.77
2921y 28.73 | 38.01 | 41.36 | 44.05 | 42.86 | 28.93 | 34.89 | 42.36 | 37.41 | 43.36
294Tg 27.99 | 36.43 | 40.086 | 42.34 | 41.59 | 49.02 | 74.17 | 77.25 83.4 78.25
250g 26.7 33.8 37.75 | 39.37 | 39.25 | 27.31 31.52 | 39.55 | 33.27 | 40.55
3084 40Ca
Isotopes Present Present
Univ | NRDX | UDL | Horoi Univ | NRDX | UDL | Horoi
Work Work

203Rf 30.22 | 37.06 41.5 | 40.171 | 4095 | 59.84 | 64.762 | 68.672 | 70.34 | 68.67
210D 31.016 | 39.51 | 43.67 | 43.21 | 43.977 | 63.85 | 73.569 | 75.086 | 80.639 | 77.09
298¢ 2445 | 2941 | 31.153 | 31.03 | 33.13 | 45.28 43.8 4473 | 45.41 | 49473
267Bh 2545 | 31.69 33.2 3397 | 36.19 | 51.89 | 54.55 59.9 58.76 | 60.29
265Hg 25.75 | 32.194 | 35.67 | 3459 | 36.69 | 51.89 | 54.55 | 59.29 | 58.76 | 60.29
218 Mt 26.17 | 34.05 | 38.261 | 37.09 39.6 55.63 | 61998 | 67.2 67.97 68.2
2TDs 23.04 | 29.12 | 33.75 [ 31.089 | 34.72 | 4993 | 53.01 | 59.15 | 57.35 | 60.25
BIRg 31.64 | 4583 | 50.813 | 51.19 | 51.128 | 60.85 72.6 | 78.171 | 80.53 | 77.71
281Cnp 21.51 | 27.22 34.3 28.86 33.2 47.05 | 4891 | 58.19 52.6 57.19
283Nh 20.99 | 26.55 | 33.88 | 28.097 | 32.88 | 46.001 | 47.37 57.1 50.81 | 56.098
289F] 24.07 | 32.09 | 3842 | 35.14 | 38.93 | 51.14 | 5592 | 63.92 | 61.46 | 64.42
289Mc 21.79 | 28.06 | 34.54 | 30.17 | 35.036 | 46.69 | 48.41 | 55.36 | 52.36 | 57.86
221y 23.66 | 31.37 | 38.11 | 34.41 | 38.61 48.9 51.96 | 60.92 | 56.88 | 61.42
294Tg 23.07 | 30.08 | 37.07 | 32.88 | 37.57 | 48.42 | 50.87 | 60.24 | 55.65 | 60.74
250g 22.17 | 28.18 | 3537 | 30.56 | 35.87 | 4629 | 4691 | 56.92 | 50.83 | 57.42
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Figure 2.11 depicts the average deviation factor of o decay half-lives for different atomic numbers
in the SH region 104 < Z < 130. In comparison to UDL [224], Horoi et al., [214] Univ [227],
Royer [212], and VSS [228], the average deviation factor of the current formula is small. As a
result, our universal semi empirical formula produces « decay half-lives with less variation than
other formulae such as UDL, Horoi et al., Univ, Royer, and VSS. The developed formula for

logarithmic half lives of o decay and CD is limited to SHN with atomic numbers 104 < Z < 130.
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CHAPTER 3

Cluster radioactivity

3.1 Introduction

Cluster radioactivity (CR) in the region of SHN has become an interesting topic in the recent
era. CR is a type of highly asymmetric decay which exists between process of an a-decay and
spontaneous fission. During CR, atom emits cluster of protons and neutrons whose number lies
between an «a-particle and binary fission fragment. CR is similar to that of an a-decay which can
occur only if the cluster passes through the potential barrier. Sandulescu et al., [277] discovered
the first theoretically based prediction of CR. Experimental based CR phenomenon was first found
by Rose et al.,[30] during decay of ?>*Ra. Furthermore, systematics of CR and related decay con-
stants calculation using microscopic approach is performed by Blendowske et al., [73].

Lovas et al., [278] investigated CR using different microscopic approach. Poenaru and Griener
[279] evaluated CR using macroscopic and microscopic approach. Furthermore, Santhosh et al.,
[280] proposed semi empirical formula for radioactive nuclei’s exhibiting CR. In addition to the
above empirical relations many microscopic models such as DDCM with usage of M3Y nucleon-
nucleon interaction [281, 282], DFT [283], Optical potential calculations based on RMF theory
[284], exotic cluster decay in heavy nuclei using Folding Density Dependent M3Y (FDDM3Y)
[81], super fluid phenomena and resonance effects using Continuum Hoping Model (CHM) [285],

GDDCM [286], Realistic « pre-formation factors of odd-A and odd-odd nuclei within the DFT
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[287], PCM [69], ASAF [288] and Skyrme-SLy4 effective nucleon—nucleon interaction (SLy4)
[289] were extensively used to study CR.

Furthermore CD explained by macroscopic models viz., half lives of CR as a asymmetric
spontaneous fission is studied by generalized liquid drop model(GLDM) [112]. CR of neutron-
deficient nuclei in trans-tin region was studied using ELDM [290], CD half-lives and preformation
probabilities by CPPM [291]. Earlier researchers [87, 292-296] have studied CR in the SH region.
Super asymmetric fission theory is extended from CD to nanophysics by LDM [288].

Zhang et al., [121] deduced preformation factors using experimental CD half-lives within
preformed cluster model approach. CR is investigated using RMF theory [297]. Experimental
investigation of the CR of atomic nuclei by Tretyakova and Mikheev [298]. Ahmed et al., [299]
studied the o and cluster preformation factors in the formation of even even SHN in the atomic
numbers range 82 < Z < 114. Ghodsi et al., studied a- decay properties of even even SHN
by including preformation factor with in the cluster formation model [300]. Various studies on
CR using different proximity potentials within CPP [88, 90, 92, 96, 115, 117] are available in
literature. With the detail analysis of literature, a comprehensive investigation is carried out using
MGLDM and CPPM theoretical models to find effect of CR in the formation even-even SHN with
in the atomic range 104 < Z < 126.

The discovery of natural radioactivity at the beginning of 20" century opens a new era in
Nuclear Physics. If the atomic nuclei emits a cluster of neutrons or protons, then the nuclear
decay is called CD. Sandulescu et al., first predicted CR on the basis of QMFT. Experimentally,
Rose and Jones [30] first observed CD in the radioactive decay of Radium-223 by the emission of
carbon particle. From literature survey [68, 301], heavy CR such as Oxygen, Neon, Magnesium
and Silicon were observed. Poenaru et al., [129] explored the heavy-particle radioactivity of SH

nuclei. Some theoretical models such as superasymmetric fission model [71], the unified fission
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model (UFM) [219] and the PCDM [302] have been used to explain CR. The experiments were
conducted to measure the CD of 23°U and 225 Ac and the most probable clusters are 2?Ne and '“C
respectively [68].

The microscopic point of view enters particularly into the evaluation of the preformation prob-
ability by use of many-body wave functions. It seems to be difficult to extend the procedure to
clusters heavier than Oxygen due to the large number of nucleons involved in these calculations
[73]. By considering the quantum tunnelling of a preformed cluster at the nuclear surface, the
decay modes such as microscopic theories of a-decay and CR can be explained [303]. The double
magic structure of the heavy fragment clearly shows the strong influence of shell effects on CR.
Assuming the preformed cluster tunnels through a potential barrier the cluster radioactivity is ex-
plained in terms of the Gamow model of « decay [77]. GNL gave a semi-empirical relationship
of the a-decay half-life with the range of a-particles and it is explained by Gamow using the tun-
nelling [304].

Half-lives of CR are studied within the WKB barrier-penetration probability by constructing
the potential barrier using a GLDM [112]. Half-lives of clusters emitted from radioactive nuclei
whose mass numbers vary from 221 to 242, emitting C, O, F, Ne, Mg and Si clusters are cal-
culated using modified generalized liquid drop model. For the existing generalized liquid drop
model with proximity 77 potential, a new pre-formation factor is added in the modified general-
ized liquid drop model [305]. Nagaraja et al., [87, 292-296] have studied CR in the SH region.
The two-proton radioactivity half-lives of the ground state of nuclei are studied using generalized
liquid drop model (GLDM). Previous researchers used many theoretical approaches which include
the direct decay model, the simultaneous versus sequential decay model and the diproton model to
estimate the half-lives of 2p radioactivity [306]. Zhang et al., [122] investigated CR of SH nuclei

294118, 296120 and %122 were studied using different models. Poenaru et al., [307] observed that
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CR is one of the important decay modes for SH nuclei with branching ratio larger than that of «
decay for Z > 121 nuclei by the analytical superasymmetric fission (ASAF) model.

Several experimental techniques are developed to investigate the extremely rare decay mode of
heavy nuclei. CR is an intermediate position between alpha-particle radioactivity and spontaneous
fission. An experiment was conducted to measure the CD of #2Cm and the most probable clusters
are 3*Si and 2°®Pb respectively.

Using R matrix description of the process, microscopic estimation of cluster formation proba-
bility and barrier penetrability were investigated [75, 308]. Various studies on CR using different
proximity potentials [88, 90, 92, 96, 115, 117] were available in heavy and SH nuclei. The use of
different universal functions are the fundamental advantage of the proximity potential model. In
the present analysis, different versions of the proximity functions such as MP-77, Prox-77, MP-81,
Prox-13, Ng-80, Dp-00 are used in Coulomb and Proximity potential model (CPPM) and modified
generalised liquid drop model (MGLDM). Using these different proximity potentials, the CR of

odd SH nuclei within the atomic number range 105 < Z < 125, were studied.

3.2 Theory

3.2.1 Modified generalized liquid drop modelMGLDM)

In MGLDM [108, 147], total energy during CR is the sum of volume Ey, surface E5, Coulomb

E¢, proximity Ep and centrifugal F; energies and it is expressed as;

E=FEy+E,+E.+Ep+E 3.1)
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When the nuclei are far apart, then

By = —15.494(1 — 1.81*)A MeV (3.2)

E, = 17.9439(1 — 2.612),42/3i MeV (3.3)
4T R3

E.=0.6e*(Z%/Ry) x 0.5 (3.4)

/ (V(0)/Vo)(R(0)/Ro)*sin(0)d0 MeV

where S and I are the surface area of the deformed nucleus and relative neutron excess respec-
tively. V and V(0) are the surface potential of the sphere and electrostatic potential at the surface
respectively. For post-scission region the equation 3.1 to 3.4 are rewritten as explained in the
literature [148]. The term E; is expressed as;

R* 00+ 1)

2

El<7’) =

T (3.5)

where o is the reduced mass, r is the distance between the mass centers and ¢ is the angular

momentum. The nuclear proximity potential [78] is given by;

Vi (R) = 47y R®(s) (3.6)
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C1C>

here R is the mean curvature radius and it is given by R = and C; is the Sussmann central

C1+C2
radii and is evaluated as follows;
b2
C,=R,— | — 3.7
(Rz') G-
Sharp radii R; is expressed as;
R; = 1.2841% —0.76 + 0.8A4; (3.8)
In the equation (3.6), v is defined as;
N—2Z\? )

where v,=1.460734 MeV/fm? and I,= 4.0 and various universal proximity function in equation

3.6.

3.2.2 Modified Proximity Potential 1977 (MP-77)

The proximity potential function of the Blocki and Swiatecki [156] improved by Dutt [309] is

expressed as;

4
—1.7817 + 0.927S + 0.143S% — 0.09053 S <0
(S) = 4 —1.7817 + 0.9275 + 0.0169652 — 0.0514853 0 < S < 1.9475 (3.10)
—4.41exp(—S/0.7176) S > 1.9475
\

here S = (r — C, — C3)/b and the surface width, b = (7/+/3)a with a = 0.55 fm.
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3.2.3 Proximity 1977 (Prox-77)

Based on generalized theorem the universal function [310] is as follows;

(—3) (So — 2.54)? — 0.0852(Sy — 2.54)*  forSy < 1.2511
¢(S) = 3.11)

—3.437exp (—2%)° forSy > 1.2511
3.2.4 Modified proximity potential 1981 (MP-81)

Based on gently curved surfaces, Blocki et al., [310] proposed proximity potential. Later,

during 1981 Blocki and Swiatecki [156] improved the proximity potential and it is given by;

—1.7817 + 0.9275 + 0.016965% — 0.051485% 0 < § < 1.9475
o(S) = (3.12)

—4 4lexp(—S/0.7176) S > 1.9475

3.2.5 Proximity 2013 (Prox-13)

Using double-folding model (DFM) with the density-dependent nucleon-nucleon interaction Zhang

et al., [311] studied the universal function and it is expressed as;

Py
14 exp (—SOAPQ)

P(So) = (3.13)

with Sy = @ and P;, P, and P; are the constants whose values are -7.65, 1.02 and 0.89

respectively [311].
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3.2.6 Prox Ngo 1980 (Ng-80)

In 1980 Ngo [128] proposed a proximity potential between two gently curved surfaces and it is as

follows;

O(S) = (3.14)

—33exp[—1/5](S — Sp)? S > Sy
where Sy = —1.6fm [128].

3.2.7 Denisov 2002 (DP-00)

Using semi-microscopic potential approach Denisov [312] proposed proximity potential ¢(S =

r — Ry — Ry — 2.65) and is given by;

(

1 —5/0.7881663 + 1.2292185? — (0.22342775% — 0.1038769.5*

— pall-(0.18449355” 4 0.075701015%) for—5.65<5<0

©(S) = +(I; + 1,)(0.0447064552 + 0.033468753)

1- 52 [0.05410106ﬂ

S
il cop (~ grstrss) | — 0.5395420(1 + D)

exp (—5mms) X €2P (—57ssiees) forS >0

\

The penetration probability using WKB integral is given by;

Rout
P =exp {—% V/2B(r)E(r) — E(sphere) (3.15)

Rin

here R;, and R, are the classical turning points with the conditions V(r = R;,) = V(r =

Rout) = Q. p is the reduced mass of the cluster and daughter nuclei. The half-lives of cluster
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emission from the odd SH nuclei in the atomic number range 105 < Z < 125 were evaluated

using the following equation;

In2 n2
Ty = (T) = (POI/P) (3.16)

here decay constant \ is a function of assault frequency v = (&) = (22¢). Here E, is the

empirical zero point vibrational energy and it is expressed as;

4— A,
Ey =@ 0.056 + 0.03%xp ( 5F )} MeV (3.17)

Here A, is the mass number of the emitted cluster particle. The term P in equation (3.16) is the

penetration probability of the CD.

3.3 Coulomb and Proximity potential (CPPM)

The total potential is the sum of Coulomb (V,(R)) and proximity (Vy(R)) potentials and it is

evaluated as;
V(R) = Vn(R) + V(R) (3.18)
The Coulomb potential is evaluated as follows;

, £ for (R> R.)

2}% [3 — <R%>} for (R< R.)

where Z; and Z, are the atomic numbers of daughter and cluster nuclei respectively. The radial

distance is given by R. = 1.24(R. + R,;). The different proximity functions such as MP-77,
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Fig. 3.1 A plot of Q(MeV') of even nuclei within the atomic number range 104 < Z < 126 as a
function of Z2/A.

Prox-77, MP-81, Prox-13, Ng-80 and Dp-00 which were used in the evaluation of MGLDM are
used to evaluate total potential. The penetration probability and half-lives are evaluated using the

theory given in detail in Section 3.2.1.

3.4 Results

The sensitivity of Q-values in the evaluation of CD half-lives using different mass excess val-
ues such as Finite-Range Liquid-Drop Model (FRLDM) [313], Kourra-Tachibaba-Uno-Yamada
(KTUY) [265, 314], Weizsacker-Skyrme (WS4) model [315], WS3+RBF [316], WS3 [317], WS
[318] and Weizsacker-Skyrme (WS)+radial basis function (RBF) i.e WS4+RBF [315] were stud-

ied for the available experimental Q-values of cluster-radioactivity. The figure 3.1 shows plot of
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Fig. 3.2 A plot of experimental logT7 () as a function of Z/+/Q.

Q-values using different mass excess values as a function of Z2/A. The Q-values increases with
increase in the function. The overall behaviour of Q-values are in good agreement with that of

experimental Q-values. In order to identify the closure reproduction of experimental Q-values, the

standard deviation is evaluated as follows;

=

here n is the number of nuclei considered during CR. The deviation obtained using each mass

excess values is tabulated in table 3.1. From the table it is inferred that the deviation obtained

n 1/2
Qcal Qea:p )

=1
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Table 3.1 The standard deviation obtained using different mass excess values with that of experi-
mental Q-values.

WS3-RBF | WS4 | WS4-RBF | WS3 | KTUY | FRLDM | WS
7.08 8.13 8.55 833 | 7.15 6.98 7.18
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Fig. 3.3 A plot of Q value of even nuclei in the atomic number range 104 < Z < 126 as a function
of Sussmann central radii C;.

using FRLDM is found to be smaller when compared to other models studied. Hence, in further
investigation of CD half-lives, FRLDM mass excess values are used.

Furthermore, the suitable proximity potential is selected by plotting experimental log7’ /5(s)
using different proximity functions as a function of Z/+/Q and it is shown in figure 3.2. The
standard deviation obtained for Prox-2013 is about 0 = 1.62 with that of available experiments.
Hence, in further analysis, Prox-2013 proximity function is considered for the evaluation of
cluster-decay half-lives. Evaluation of cluster emitters with in the range He to Ca viz; *He, °Li,
9Be, 20-22Ne, 25Na, 2+ Mg, 27Al, 28 308j, 31p, 32-34G_35C], 363840 Ay, 39K and 4042 4446Ca s eval-
uated for the even SH nuclei within the atomic number range 104 < Z < 126.

In the figure 3.3, variation of Q-value with the Sussmann central radii C; is represented for
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Fig. 3.4 A plot of penetration probability of even nuclei in the atomic number range 104 < Z <
126 evaluated using MGLDM model with mass number of parent nuclei.

even nuclei’s with in the atomic number range 104 < Z < 126. From the graph it is clear that Q-
value is varying inversely proportional to the Sussmann central radii. The penetration probability
evaluated within the atomic number range 104 < Z < 126 and it is represented in figure 3.4. As
the mass number of parent nuclei increases the penetration probability gradually decreases. There
is a sudden decrease in the penetration probability when A=238 and A=253 within the atomic
number range 104 < Z < 126. The penetration probability is inversely proportional to half-lives.
hence the smaller penetration probability leads to larger the half-lives when mass of the parent
nuclei is equal to 238 and 253.

Once, the penetration probability is evaluated using the WKB integral with the boundary

conditions, half-lives of even nuclei within the atomic number range 104 < Z < 126 is studied.
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Fig. 3.5 A plot of logT}/»(s) of even nuclei in the atomic number range 104 < Z < 126 as a
function of atomic number of daughter nuclei.

The figure 3.5 shows plot of logT /2(s) as a function of Z,. In all the even SH nuclei, the larger
logT s is observed when Z; is with in atomic range 85 to 89, i.e when atomic number is near the
magic number.

In addition to plot of logT, /, as a function of Z; and also plotted logT, /» as function of N¢.
The figure 3.6 shows an increase in logarithmic half-lives with increase in cluster neutron number.
It reaches maximum when N is equal to 20 and again it gradually decreases. The figure 3.6(a)
and (b) shows larger stability when N¢ is equal to 20 and 23 when compared to their neighbouring
nuclei. Similarly, the figure 3.6(c) shows peaks when N¢ is equal to 16, 20 and 23. Furthermore,
the logarithmic half-lives are larger in case of even SH nuclei with Z=122 and 124 at No=11, 16,

20 and 23. Hence, the even SH nuclei with 104 < Z < 126 shows stability against these cluster
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Fig. 3.7 A plot of logT} »(s) of even nuclei within the atomic number range 104 < Z < 126 as a
function of (N — Z)? /A for different cluster emissions such as '?C, ?8Si, 36 Ar and *°Ca in case of
(a) Z=104, (b) Z=114, (c) Z=120 and (d) Z=126.
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emissions with neutron number is between 11 to 23.

The number of neutrons and protons significantly contributes the logarithmic half-lives. A plot

of logarithmic half-lives as a function of (N — Z)?/A is shown in figure 3.7. The logT /» values

increases with increase in (N — Z)? /A value. The disparity between emitted protons and neutrons

causes a sudden increase in logT; /o values when (N — Z)?/A is nearly equal to 12 and above

in case of Z=104 during '*C emission. Similarly, in case of Z=114, the logT}, value decreases

when (N — Z)?/A is greater than 12. In case of Z=120 and 126 the (N — Z)?/A is 18 and 14

respectively at which the logT, /» value shows an unexpected increase.

The function Z2/A'/3 is involved in the Coulomb effect in the evaluation of binding en-
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= —_ W12
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80 — 3,
60 > 4004
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- 70
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Coulomb effect oc 2%/ A

Fig. 3.8 A plot of logT} /2(3) of even nuclei within the atomic number range 104 < 7 < 126 as a
function of Z2/A'/3 for different cluster emissions such as 2C, 28Si, *Ar and “°Ca in case of (a)
7Z=104, (b) Z=114, (c) Z=120 and (d) Z=126.

ergy. The repulsive force between two nuclei reduces the binding energy. It is also evident that as
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72/ A3 increases the logarithmic half-lives gradually decreases i.e when there is an increase in
Coulomb repulsive force then the life-time of the compound nuclei gradually decreases. A plot of
logT; 5 as a function of Z? /A3 is shown in figure 3.8(a-d) for atomic number Z=104, 114, 120

and 126.

Another important term is pairing effect, it is an attractive interaction between two nucleons.

100
Z=114 - ¢
100 Bg;
80 %
80 — P AT
\ —“0ca
40 40| >
20 -
20 ~ N
@ 0 (b) ~ -
= 0.060 0.062 0.064 0.0570 0.0585 0.0600
2 70
60
50
40
30
20
10 i
oL@ - - -
0.0555 0.0570 0.0585 0.055 0.056 0.057

Pairing effect oc1//A
Fig. 3.9 A plot of logT} /2(8) of even nuclei within the atomic number range 104 < Z < 126 as a
function of pairing effect (1/v/A).
Earlier studies [319, 320] were pointed out that the pairing energy of protons are greater than that
of neutrons with N=50 and N=82. The figure 3.9(a-d) shows a plot of logT; ), as function of pair-
ing effect i.e 1/v/A. As the effect of pairing effect increases between two nuclei the corresponding
half-lives decreases. The attractive interaction between two nucleons decreases when the two nu-

clei are far apart. Hence, the half-lives of parent nuclei also decreases. From the figure 3.9(c) the

57



Z=114

|—odd Z=104
1004~ — -€ven

80
|

logT (s)

| 20 |

-8 -6 -4 -2 0 2 2 0
Shell correction

Fig. 3.10 A plot of logarithmic half-lives as function of shell corrections for (a) Z=104 and (b)
114.

stability of half-lives when pairing effect value is above 0.560, that is when the neutron number is
from 195 to 198 which is near the second generation magic number N=196. Hence, due to shell
effects the unexpected increase in the logT, /; values were observed from the parent nuclei Z=120.
Similarly, in case of Z=126 unexpected increase in the logT /; values were observed when N=193
and N=200 and is as shown in figure 3.9(d) for the parent nuclei Z=126.

Seeger[321] effectively introduced the shell correction term which is a function of neutron
and proton number. The shell correction term allows for the explanation of magical nuclei by
anticipating different factors such as proton separation energies, neutron separation energies, and
so on. It also play an important role in shell structure. The figure 3.10 illustrate the role of shell

effects on the logarithmic half-lives in case of Z=104 and 114. Both odd and even mass of daugh-
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Fig. 3.11 A variation of total potential using different proximity potential functions such as MP-
77, Prox-77, MP-81, Prox-13, Ng-80 and DP-00 with the separation distance between the two

nuclei in case of 262Db parent nuclei during the cluster emission of *C.

ter nuclei is considered during an evaluation of half-lives. In both the cases, the continuous line

specifies the data corresponding to odd mass number of daughter nuclei and dotted lines for the
even nuclei. However, no systematic variation of logarithmic half-lives is observed with respect to
shell corrections. From the detail analysis of logarithmic half-lives as function of Coulomb term,

asymmetry term, paring term and shell corrections on CR half-lives in the even SH nuclei within

the atomic number range 104 < Z < 126 will guide for further investigations. Both MGLDM

and CPPM is used to evaluate cluster emitters such as *He, Li, *Be, 2° 22Ne, ?*Na, 2+ 26Mg, 2"Al,

~USE, R, S, L PSR A, A using various versi ximity func-
28-30Gj, 31p, 32345 35C], 363840 Ar, 39K and 10+12-4446Ca using various versions of proximity func

tions such as MP-77, Prox-77, MP-81, Prox-13, Ng-80 and Dp-00 for the odd SH nuclei within
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Table 3.2 The standard deviation obtained using different mass excess values with that of experi-
mental Q-values.

WS3-RBF | WS4 | WS4-RBF | WS3 | KTUY | FRLDM | WS
7.08 8.13 8.55 833 | 7.15 6.98 7.18

the atomic number range 105 < Z < 125.

The figure 3.11 presents the variation of total scattering potential as a function of separation
distance between two nuclei. The SHN 252Db as an example, the comparable potential distribu-
tions have been also observed in the case of other studied nuclei. It is also well known fact that the
area under the curve gives penetration probability. Again penetration probability is inversely pro-
portional to half-lives. Smaller penetration probability results in longer half-lives and vice-versa.
The figure clearly shows larger area for proximity function Prox-13 when compared to other prox-
imity functions studied. It is also evident that the values obtained from the proximity functions
such as MP-77, Prox-77, MP-81, Ng-80 and Dp-00 produces total potential almost of same nature.
The penetration probability is evaluated using the boundary conditions as shown in figure 3.11.

The sensitivity of Q-values in the evaluation of CD half-lives using different mass excess val-
ues such as Finite-Range Liquid-Drop Model (FRLDM) [313], Kourra-Tachibaba-Uno-Yamada
(KTUY) [265, 314], Weizsacker-Skyrme (WS4) model [315], WS3+RBF [316], WS3 [317], WS
[318] and Weizsacker-Skyrme (WS)+radial basis function (RBF) i.e WS4+RBF [315] were stud-
ied.

The percentage of deviation obtained using various mass excess values with that of experi-
ments is shown in figure 3.12. The experimental Q-values are extracted from the literature [280].
From the figure it is noticed that the values obtained from FRLDM is found to be in good agree-

ment with that of experimental Q-values. The standard deviation produced by each mass excess
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Fig. 3.12 Percentage of deviation of decay energies using mass excess models such as WS3+RBF,
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function of Z2/A.

values are evaluated as follows;

n 1/2
( EIQM Q") ) (3.21)

=1

here n is the number of nuclei considered during CR. The deviation obtained using each mass
excess values is tabulated in table 3.2. From the table it is inferred that the deviation obtained
using FRLDM is found to be smaller when compared to other models studied. Hence, in further
investigation of CD half-lives FRLDM mass excess values are used.

Further, confirmation of Q-values with close reproduction of experimental values, the variation
of Q-values as a function of Sussmann central radii C; in the atomic number range 105 < Z < 125
is studied. A plot of Q-values as a function of C; is plotted in figure 3.13. The Q-values decreases
with increase in Sussman central radii.

The different proximity functions such as MP-77, Prox-77, MP-81, Prox-13, Ng-80 and
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Fig. 3.13 A plot of Q values of odd nuclei in the atomic number range 105 < Z < 125 as a
function of Sussmann central radii C;.
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Fig. 3.14 Comparison of logT /»(s) values obtained using different proximity functions both in
case of CPPM and MGLDM as a function of Z/+/Q) with that of available experimental CD half-
lives.
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Fig. 3.15 A plot of penetration probability of odd nuclei in the atomic number range 105 < Z <
125 evaluated using MGLDM model with mass number of parent nuclei.

DP-00 were used to evaluate half-lives using CPPM and MGLDM. The values obtained using
different proximity potentials were compared with that of available experimental data [280]. The
figure 3.14 shows the plot of logarithmic half-lives of CR with that of Z/1/Q. The closure look of
the figure shows the logarithmic half-lives obtained using Prox-13 proximity potential produces
less deviation when compared to other studied proximity functions both in case of CPPM and
MGLDM.

The penetration probability evaluated using MGLDM model using Proximity function Prox-
13 within the atomic number range 105 < Z < 125 and it is represented in figure 3.15. As the
mass number of parent nuclei increases the penetration probability gradually decreases. Similar

trend is also observed in the CPPM. There is a sudden decrease in the penetration probability
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Fig. 3.16 A plot of logT /2(5) of odd nuclei in the atomic number range 105 < Z < 125 as a
function of atomic number of daughter nuclei.

when A=238 and A=253 within the atomic number range 105 < Z < 125, since the penetration
probability is inversely proportional to half-lives. Hence, the smaller penetration probability leads
to larger half-lives when mass of the parent nuclei is equal to 238 and 253. Once, the penetration
probability is evaluated using the WKB integral with the boundary conditions, half-lives of odd
nuclei within the atomic number range 105 < Z < 125 is studied. The standard deviation pro-
duced by CPPM is found to be o = 1.73 and in case of MGLDM the deviation is about o = 1.62.
Hence, in our further analysis CD half-lives produced by MGLDM with less deviation with re-
spect to experimental data is considered. The figure 3.16 shows plot of logT7 /2(s) as a function of
Zg. In all the odd SH nuclei, the larger logT} , is observed when Z; is equal to 86 and 89. The
larger value of logT; /, is observed when atomic number is near the magic number.

The atomic number of different cluster emissions from Helium to Calcium were considered.
The corresponding logarithmic half-lives were plotted as a function of Z- and it is as shown in

figure 3.17. From the figure 3.17(a), larger half-lives are observed when Z is nearly equal to 16

64



— 105 (@ — 11 Odd nuclei ®)
|——107 19] |—113 19 |
401 109 40— 15
11 11
20 {1 201
w o 0|
5, 4 8 12 16 20 4 8 12 16 20
s} : : : : : : : : : :
- Eg 16 (c) —123 (d)
B | |—125
40 —_1 40 15
15
11
11
20 {1 201
10
0 0-
4 8 12 16 20 4 8 12 16 20
A

Fig. 3.17 A plot of logT7 /»(s) of odd nuclei as a function of atomic number of cluster nuclei

and 19 in case of Z=105, 107 and 109. Similarly, larger half-lives were also observed in case of
odd SH nuclei from Z=111 to 125 as shown in figure 3.17(b-c) when Z is nearly equal to 16 and
19. In case of figure 3.17(d), the larger half-lives are observed when Z¢ is equal to 15 and 19.
The larger half-lives are due to magic number of cluster atomic number i.e these odd SH nuclei
are more stable when Z is from Sulphur to Potassium.

In addition to plot of logT,/, as a function of Z; and Z,, logT;/, as function of N¢ is also
plotted. The figure 3.18 shows an increase in logarithmic half-lives with increase in cluster neu-
tron number. It reaches maximum when N¢ is equal to 20 and again it gradually decreases. The
figure 3.18(a) and (b) shows larger stability when N is equal to 11 and 20. Similarly, the figure
3.18(c) shows peaks when N is equal to 12, 16 and 20. Furthermore, the logarithmic half-lives
are larger in case of odd SH nuclei with Z=123 and 125 at No=11, 16 and 20. Hence, the odd SH
nuclei with 105 < Z < 125 shows stability against these cluster emissions with neutron number
between 11 to 20.

In addition to evaluation of half-lives, the role of entrance channel parameters such as Z> JA
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Fig. 3.19 A plot of logT’ /5(s) of odd nuclei within the atomic number range 105 < Z < 125 as a
function of Z?%/A.
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Fig. 3.20 A plot of logT} /2(3) of odd nuclei within the atomic number range 105 < Z < 125 as a
function of (N — Z)/(N + Z).

and (N — Z)/(N + Z) are also studied. A plot of logT} > as a function of Z?/A is shown in
figure 3.19. The linear dependence of logarithmic half-lives were observed as a function of Z2/A.
From the figure 3.19(a) larger logT7 » is observed when Z?/A nearly equal to 42.7 and 45.4 for
the atomic number Z=105, 107 and 109. Similar variation is also observed in case of odd SH
nuclei in the atomic number range 111 < Z < 125. Hence, these nuclei also shows extra stabil-
ity when Z2/A is at 42.7 and 45.4. Similarly, the variation of logT} /2 as a function of entrance
channel parameter (N — Z)/(N + Z) is studied. Figure 3.20 shows plot of logT’ /, as function
of (N —Z)/(N + Z). As the value of (N — Z)/(N + Z) increases the logT’ /» value gradually
decreases. The larger value of logT7 , is observed when the value of (N — Z)/(N + Z) is equal
to 0.126 and 0.177. Hence, the overall stability of odd SH nuclei within the atomic number range
105 < Z < 125 were observed to be more stable against different cluster emissions when atomic
and neutron number is nearly equal to magic number. The CR half-lives of experimentally

available cluster emitters were evaluated using MGLDM as explained in the theory section 3.2.
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Here, the experimental Q-values for the evaluation of cluster-decay half-lives for the experimen-

tally available cluster emitters are used. The table 3.3 shows evaluated cluster-decay half-lives

Table 3.3 Comparison of cluster-decay half-lives evaluated using present work (PW) with the
available experiments.

Decay (g[i %p) logTy77 logT} Y
2Ipr 5 11C4207T] 31.317 | 14.51[322] 15.59
2IRa—1C+"Pb | 32.396 | 13.37[322] 14.56
22Ra—1C+2%%Pb 33.05 | 11.05[323] 13.70
223Ra—14C+2"Pb 31.829 | 15.05[323] 14.94
24Ra—1C+?1%Pb 30.54 | 15.9[324] 16.52
226Ra—14C+212Pb 28.2 21.29[325] 22.74
25 Ac—MC+21Bi 30.477 | 17.16[326] 17.86
28Th—200+2%Pb | 44.72 | 20.73[327] 21.94
BOU—-22Ne+2"Pb | 61.4 19.56[328] 19.21
230Th—24Ne+2"°Hg | 57.571 | 24.61[280] 23.87
B1pa 24 Ne+20"T1 | 60.417 | 22.89[280] 22.07
B2U—24Ne+%"%Pb | 62.31 | 20.39[329] 21.25
B3U—24Ne+"Pb | 60.486 | 24.84[280] 23.75
BAU2Ne+2"Pb | 59.466 | 25.93[330, 331] | 24.46
BAU28Mg+2Hg | 74.11 | 25.74[332] 26.04
236py—28Mg+2%Pb | 79.67 | 21.65[280] 22.67
238py—2Mg+21°Pb | 75.912 | 25.66[333] 26.93
238py—30Mg+2%Pb | 77 25.66[333] 25.26
B8py—328i+2°Hg | 91.19 | 25.3[334] 27.85
22Cm—318i+2%Pb | 96.509 | 23.11[335] 23.24

using MGLDM with the available experiments. The average deviation and standard deviation is

evaluated using the following expressions;

1 n
§=— logTEW — logt™ 3.22
n ;| 09112 0912 (3:22)
and
1 n
V2= |- logTEW — 10?2 3.23
0 Z[ ogTyjy = logy )] (3.23)

=1

The average deviation (§) and standard deviation (\/ﬁ) are evaluated for 20 experimental val-
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ues available in the literature. The value of § and v/2 are found to be 1.01 and 1.202, respectively.

The amount of energy released during the CR is evaluated using the mass excess values avail-
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Fig. 3.21 Plot of evaluated logT’ » values vs mass number of parent nuclei for the emission of
cluster (* He to *C'a) and spontaneous fission from SH region 104 < Z < 115.

able in the literature [336]. In figure 3.21 and 3.22, the half-lives of possible cluster emissions from

“He to “°Ca and spontaneous fission in the SH region 104 < Z < 115 and 116 < Z < 126 respec-

tively are studied. The spontaneous fission half-lives of SH nuclei in the region 104 < Z < 126

are evaluated using semi-empirical formula proposed by Xu et al., [337] is as follows;

Tijo = exp[2m (Co + C1A+ CoA* + C3Z2* + C4(N — Z)?) —

(0.133232%/AV/3 —

11.64)]

(3.24)

where, Cy, Cy, Cy, C3andCy are -195.09227, 3.10156, -0.04386, 1.40301 x 10~ and -0.03199
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Fig. 3.22 Plot of evaluated logT’ » values vs mass number of parent nuclei for the emission of
cluster (* He to *C'a) and spontaneous fission from SH region 116 < Z < 126.

respectively. From these plots it is clear that the “He emission and spontaneous fission half-lives
shows smaller logarithmic half-life values when compared to other cluster emissions studied. Fig-
ure 3.21(a) shows smaller half-lives in the isotopes of SH nuclei ?"~22 R f when compared to
other cluster emissions studied. The neutron number corresponding to isotopes of SH nuclei
21261 R f varies between N=153-157 which are near the magic numbers of 184. Similarly, the
figure 3.21(b-1) depicts shorter a-decay half-lives when compared to other different decay modes

in the isotopes of SH nuclei 259_262Db, 261_262Sg, 263_265Bh, 265_268HS, 271_273Mt, 267_275DS,

2717278Rg’ 2767281Cn’ 2717283Nh’ 27272871::1, 2737290MC, 2757292LV’ 2787293,2957298’1‘8’ 2817301Og,

284—304 119 287-308 120 290—-305,308—311 121 294—314 122 297-317 123 300—-305,308—-317 124 303—-323 125

and 396325126,
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Table 3.4 Isotopes of heavy and SH nuclei having longer life time in the atomic number region
104 < 7 < 118.

Element | N logT | Element | N logT
JOTRE 163 | 3.67 | #¥5Cn 174 | 2.82
2°Db 163 | 5.00 | 2%Nh 173 | 0.98
2095¢g 163 | 2.27 | 2)%FI 176 | 1.28
21Bh 171 | 3.06 | 292Mc 175 | -0.19
218Hs 170 | 3.06 | 2%3Lv 177 | -1.28
2IMt 173 | 1.82 | 291Ts 177 | -1.29
282Ds 172 | 1.82 | 2940g 176 | -3.24
2ORg 175 | 2.82

In order to explore new isotopes of SH nuclei with magic nuclei, first shell closures of the
atoms are analysed in heavy and SH nuclei in the region 104 < Z < 118. The table 3.4 presents
the tabulation of nuclei having specific neutron number and larger half-lives. It has been observed
that these tabulated nuclei with atomic number (Z) or neutron number (N) are much more stable
than their neighbouring nuclei. The tabulated atomic nuclei is having comparatively higher bind-
ing energy per nucleon. Thus, these nuclei posses longer half-lives and hence more stable against
different nuclear decay. From the table it is inferred that the neutron number with N=163-177
shows complete shell closures within the atomic nuclei. So the neutron numbers with shell clo-
sures are having larger half-lives which are near magic nuclei or magic nuclei. Hence, with this
background work, is extended to predict magic or semi-magic neutron numbers in atomic number
region 104 < Z < 126.

Table 3.5 and 3.6 shows tabulated logarithmic half-lives of different decay modes such as
«, B, spontaneous fission half-lives and shortest logarithmic half-life corresponding to CD. The
dominant decay mode among different decay modes studied is also shown in the 6™, 12¢" and 18*"
column of the table 3.5 and 3.6. From these tables it is observed that the SH nuclei 2?Rf is having
neutron number N=158 with logarithmic half-life of 1.13s which undergoes spontaneous fission.
The nuclei 26?Rf is more stable when compared to their neighbouring nuclei. Similarly, the SH

nuclei °?Db with N=157 and a-decay logarithmic half-life of -0.44s, *°2Sg(N=156) and logT />
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Table 3.5 Logarithmic half- lives for different decay modes and their dominent decay mode

Parent log Ty s Decay | Parent log Ty Decay | Parent log Ty Decay
Nuclei | o | 7| Sf | Cluster |mode| Nuclei | o | 67 | Sf | Cluster | mode| Nuclei | o | 7 | Sf Cluster | mode
BTRf gy | 2111 023 [019] 3093°P) | @ | Nhyyr | 605377673 | 1354C°P) | Sf | ®Lvyy [ 32112190 453 | 20320P) | «
BRE 15y | -1.86 | 046 | 043 | 3243(7Al) | o | P'Nhyss | -557 | 355|505 | 1441CP) | o | PLvyy | 298 |-197 | 380 | 2275°P) | @
50Rf g5 | <122 | 507 | 088 | 3LTILE) | o | PNhysy | 523|333 (375 | 1S43CFP) | o | PLvygs | 278 |-176| 290 | 2425(*P) | «
W0R o | -029 | 142 | 114 | 341(YAL) | o | PNhyg | <500 | 301{ 253 | 1608C°'P) | o | PLvyg | 260 | -154| 182 | 2676(7Al) | o
IRE g | 039 | 182 | 123 | 3277(°Li) | o | PNhygy | 484 | 289|149 | 16947P) | o | PTsyq | 726 | 5410024 | 1027(*P) |
BIRE g | 117 | 206 | 113 | 357U(Li) | Sf | %Nhg | -474 | 267 063| 1808C°P) | a | PTsyg |-708[-5.09 | 137 | 149*P) | «
59Db 15y | 269 | 049 |-112 | 27.04(%P) | o | 7ONh g | 469 | -245 | 006 | 1903C°P) | o | PTsyg | 705|498 | 280 | 1196(*P) | a
20Db s | -1.89 | 0.73 [ 049 | 283(7AL) | o | ™Nhyge | 349|179 | 104 | 1998CP) | o | Py | 704|476 | 404 | 132P) | a
Db 1o | -126 | 096 | -0.04 | 2885(YAL) | o | ®Nhyrg | -155 (090 | 005 2220P) | o | P55 |-676| 455|501 | 1407C°°P) | a
M2Db o | 044|120 [ 023 | 982(°Li) | o | P'lyg | 671 440 [ 732 | 128(381) | Sf | PTsyg | 6411|4341 600 | 1459P) | a
g oo | 269 | 011 | -186 | 2273(38i) | o | My | 641 [ 418|555 | 1BIABSH) | o | BTsye | 604 | 402] 672 | 1571(MP) |
22 oo | <188 | 034 | 122 | 8THBS) | | Py | 599|396 | 397 | 1444(BST) | o | BTsy | 547|391 725 | 1628(*P) |
23BN 15 | 2741028 [ 239 | 433(P) | o | MFlyg | 568 | 374256 | 1552BSi) | o | BTsyg | 500|369 | 760 | 1732°'P) | «a
0B g | <192 | 005 | -175 | 25.07(P) | o | TFlyg |-549| 352|134 1635(3Si) | o | FTsy | 478|348 | 178 | 1843(°P) | «
2B g | <139 | 0.19 | -1.28 | 2583(P) | a | TRl |-5.38]-330 | -0.29 1741(2831) a | BTsy | 4513271 178 | 19750°P) | a
2608 150 | -0.98 | 042 | -100 | 2689 7AL) | Sf | TFlygy | 533|308 | 058 | 1817(3Si) | o | ®Tsyp | 429]-3.05] 759 | 2062(°'P) | «a
W0 6 | -332 090 | 353 | 3T4(BSi) | S | TRl | 530 | 286 | 1.27 1892(2851) o | Mgy | 4102841 724 | 2(P) | a
W 1o | 283 | 067|270 | A317P) | o | MRl | 484|264 | 179 | 1998CP) | a | ¥'Tsy |-379]263 | 670 | 1822(7P) | «a
20 g 105 | 217 | 044 | 205 2541(3 )| | POl | 443|242 ] 212 | 2095(5Si) | o | PTsyp | 352|241 598 | 202(°P) |
Hs 159 | -169 | 021 | -158 | 2611("P) | o | Bl |-386|-220| 228 | 2186(°P) | o | ®Tsy [-330]220] 500 | 2507°P) | «
W8Kg 16 | -1.36 | 0.02 | -1.29 276(27Al) a | BFyy [ -180 |-L11| 037 | 479C°P) | o | Py |292]-177] 276 | 2721(7P) | a
S g | 088 | 071 | -148 | 20.73(¥ALY | Sf | ®TFlypy | -146 | 089 | 054 | 2638(°'P) | a | Tsyy |-274|-156 | 133 | 2757(°Li) | «
TS oy | 082 | 0.94 |-190 | 30.77(FAL) | Sf | e s | <722 | -5.02 | 181 | 104(PP) | Sf | P'Ts g | -255|-134] 028 | 29.040°P) | @
MMt g | -191 | 015 | -123 | 2073(7AL) | o | PMcysg | -6.90 | 480 | 586 | ILITC'P) | o | ®Tsyg |-235|-113 | 206 | 27.1(°Li) | «
P00ty | <180 | 008 | -120| 30.77(7AL) | o | P*Moyg | 665 | 438|409 12(P) | o | ®Tsy |-215] 091 | 403 | 2869(°Li) | Sf
Mty | -173 | 031 |-152| 3089(°Li) | o | ®Mcyg | 647 | 437|249 | 1274(P) | a | POgyg | 763|561 | 378 | 10.74(*Mg) |
0D 155 | 516 | 214 | -5.69 | 19.85(5Si) | Sf | Mg | 635 | 415|108 | 1352°P) | o | P0gye | 763|540 | 521 | 1247(%Si) |
61Dg 15 | 473 | <191 | 449 | 1887(BSi) | o | ¥Mcyg | 628|393 | 005 | 141(P) | o | ®0gye |-720| 519 | 647 | 1324(3Si) |
DS 15s | 421|168 | 347 | 1983(BSi) | | Moy | 624 [ 371|121 | 1S14CP) | o | POgog | 682 | 497 | 754 | 1401(BSi) | o
WD 5o | 374|146 | 263 | 2049(3S1) | o | Moy | 623|350 200 | 1621°P) | o | ®0gy | 649 | 476 | 844 | 149(BSi) | a
20Dg 1 | 343 | <123 |-1.96 | 2209"P) | o | ®Mcyg | 552|328 | 278 | 1707C°P) | o | ®0g | 619|435 | 916 | 1593(*P) | «a
IDg g | 323 | <100 | -148 | 2287C'P) | o | B'Mcyge | 506|306 | 330 | 1777(P) | o | PT0gyg |-573 | 434 | 970 | 1685(*P) | «a
Mg 1 | 300 | 078 | -L1T| 243(°P) | o | BMoyg | 465|284 | 364 | 1881(°P) | o | P0gyy | 534|413 | 1006 | 1786(*P) | «
"Ds 15 | 301 | -0.55 | -104 | 2403(TAL) | o | BMe g [ 430|263 | 381 | 1957CPP) | a | ®0gyn | -5.05| -390 | 1024 | 1907%'P) | «
DS 1oy | 297 [ 033 <110 | 2531(FAL) | o | ™Moy | 377 | -241] 379 | 2075°P) | o | ®0g i, | 481137011025 200°P) | a
DS 155 | 239|010 -132 [ 2533(7A) | | Moy | 334219 359 | 223C°P) | o | ¥0gyrg | 460 | 349 | 1007 | 2106(*P) |
D 145 | -1.65 | 013 | -173 | 2642(FAL) | Sf | BMepy | -3.00 | -197 | 322 | 2369(°'P) | o | 20gyy | 443|328 | 972 | 241(P) | «
DS g7 | -110°| 035 | 232 [ 2707(FAL) | Sf | ®Mepy | 273 | -176 | 267 | 2005C°'P) | a | ®0g; | 428 -3.07] 919 | 1423(°Be) | «
8D 15 | 0.62 | 058 | -3.08 | 292(7AI) | Sf | ®Meypy | 249 | -154 | 194 | 22.14(P) | o | ™Ogyp | 414|285 | 848 | 433(P) | «
Mg g9 | 0.12 | 081 | 403 | 3068(7AL) | Sf | ®Meypy | 229 | -132| 103 | 872°P) | a | ®0gy;r | 400|264 | 759 | 492°P) | «
MIRg 1o | -382 | -186 [ 222 | 20.14(°P) | o | ®Mcygs | 203 | -110 | -0.06 | 25.92(7Al) | o | ®00g | 369|243 | 652 | 2634(°'P) | «a
T0Rg g | 359 | <163 | <155 | 19.02P) | o | Ly | 702|520 | 409 | 1092(5Si) | o | ®TOgyy | 345|222 508 | 2759(P) | «a
TRg 1o | 345 | 141|106 | 199(*P) | o | OLvyg | 693|499 (232 1187(ZSi) | o | 0g | 322|200 386 | 2749(*P) | o
MURg 15 | -337 | <118 [ 075 [ 2033(7AL) | o | TLvyg | 680 | 478|072 | 1294(5Si) | o | ®0g |-300|-179| 226 | 2457(°Be) | «a
5Rg g0 | 333 | 096 | 061 | 2099(FAL) | o | Ly | 673|436 | 070 | 1376(3Si) | o | ™0g |-278|-158 | 048 | 27.78(%Be) | a
0Rg g | 281 | 073|066 | 2L21(FAL) | o | Ly | 670 | 435 | 194 | 1444(5S) | o | MOgyg | 256 | -137 | -148 | 22.12(°Be) | «a
MRg g5 | 220 | 051 | 088 | 2184 AL | o | L yg | 669 | 413 | 3.00 | 1585(2Si) | o | 0gg |-233]-116 | 362 | 2498(%Be) | Sf
M8Rg o7 | <1541 029 [ <128 | 23.03(7AL) | o | ®'Lvyg [ 633|391 389 | 1678(5Si) | a | ®0gy | -210|-0.94 | -5.93 | 1826(°Be) | Sf
9Rg g5 | -1.03 | 006 | -1.86 | 2416(FAL) | Sf | By s | 574|370 | 459 | 1759(5Si) | o | B9y | 769|582 | 796 | 1061(YAL) | a
600 14 | -390 | -159 1006 | 235(°P) | a | ®Lvyg |-526| 348 | 502 | 1851CP) | o | P19y | 726|561 | 923 | 1121(7P) | «a
M0 165 | -330 | <137 008 | 2071(P) | o | ®Lv g | 487 | 327 | 547 | 1955(*P) | o | 201194 | 690 | -5.40 | 1031 | 1219(°'P) | «
80 g5 | 281 | <115 | 0.04 | 2L69(TAL) | o | Ly | 453|305 | 564 | 20450°P) | o | B9y | 659|509 | 1121 ] 1287CP) | «a
9004 | 237|093 | 018 | 2245(°'P) | o | PLvyp | 425|284 | 563 | 295(°P) | a | 119y | 631|498 | 1194 ] 1382P) | «
B0Ch 165 | -1.64 | 070 [ 057 | 2365(°P) | o | ®¥Lvyp | 386|262 54| B3CP) | o | 21194 | -6.08|-477| 1249 | 1433C°P) | «
By g | -116 | 048 | -114 | 2498 'P) | o | vy |-348 | 240 | 507 | 426(°P) | o | 0119 | 568 | 436 | 1285 | 1569°'P) | a

72




Table 3.6 Logarithmic half- lives of different decay modes and their dominent decay mode

Parent log Ty Decay | Parent log Ty Decay | Parent logTy 5 Decay
Nuclei | o | f7 | Sf | Cluster |mode| Nuclei | o | 47 | Sf | Cluster |mode| Nuclei | o | §* | Sf | Cluster | mode
P9 17y | 537 {435 [ 1304 1659C°P) | o | 1201 | 455|337 1348 | 1654("Be) | o |14y | 654|578 | 3154] 1706(%Na) | «
P19 g | S04 | 414 | 1305 | 1749CP) | o | 120 g | 4353071190 757(gBe) o | 12455610518 2900 | 13.05(°Be) | a
11917y | -495(-393 | 1289 186(*'P) | a | 120y | -366|-255] 609 | 1115(°Be) | o |12 55 |-594 | 497 | 2780 9(°Be) a
P19 175 | 478372 1254 1978CP) | o | %120 15 | 326|234 | 379 1336("Be) a | 30124 i | 578 | 4772641 | 1069(*Ne) | a
55119 175 | 463 | -351 [ 1202 2049°P) | o | 120y | 295|213 | 132 | 1086(°Be) | o | P14y | 540 | 457 | 2485] 876(°Be) | «
56119 177 | 449 | -330 | 1131 2104C°P) | o | P20 ygg | 267|193 | -133 | 1483(°Be) | o | P2y | S0 437 | 2301 1061(*Ne) | «
119 1 | 435|309 1043 [ 2081CP) | o | *2120yg 239|172 | 416 | 1265("Be) | Sf | 51241 | 485 | 4172119 956(9Be) a
B8119 179 | 421|288 | 937 | B62APP) | | P12y | -687]-629|2239 | 1223(BSi) | o | P14y | 461|397 [ 1900 ] ILI2(*Ne) | «
2119159 | 406 | -267 | 813 | 4M4(P) | o | P12 | 670|609 2296 | 1289(5Si) | o | F5124 g | 437|377 | 1682 115 ("Ne) | «
0119 150 [ 391 {246 | 672 | A414C°'P) | o | 012215, | 656 | -5.88 | 2334 | 13.69(*P) | o | %6124 | 414|356 | 1437 244(20Ne) a
M9 g | -351[-225] 502 | A64°P) | o | ¥T122 5 | 644|568 2355 | 404C%P) | o | P14 15| -392 | 336 | 1174] 2012(PNa) | @
0119155 | 323|204 | 335 | 2022("Be) | | ®*122 175 | 633 | 548 | 2359 1471(31P) a |15 5 | 742|704 | 3747 10‘84(2‘A) a
W19 15| -297{-183 | 140 | 2062(°Be) | | ®12p; | 622|527 | 844 | 15020%P) | o |25y | 727|684 | 3752 1284(P) | «
119 165 | 271 | -162 | 073 | 1624("Be) | | *™122 75 | -6.11 | -5.07 | 23.11 1671(“P) o | 105 g | 13| -6.64 | 3740 | 1357(PNa) |«
U119 155 | -246 | -141 | -3.04 | 1872(°Be) | Sf | 122179 | 6.00 | 486 | 2261 | 1783(*'P) | o |*™125 5 | -698 | 644 |37.09| 10.12(*Na) | «
119 16| -221{-120 | -5.53 | 141(°Be) | Sf | 122150 | -588 | 4662193 | 1865(*'P) | o |*7125 5 | 683 | 624 | 3661 | 951(®Na) | «
119 155 | -1.96 | -0.98 | -8.19 | 16.53("Be) | Sf |*®122 15 | -5.58 | 4452106 | 168(°Be) | o |*™®1255 | 667 | 604 |35.94] 10.16(°Be) | «
BU120 167 | 734|604 | 1233 ] 1L41CP) | 0 | ™12 | 5334252002 | 1928(°Be) | o |*™125 5 | 651 |-5.85 (3510 10.77(°Be) | «
B120 165 | -7.00 | -583 | 1342 | 12220°P) | o |12 | S.A1|-404| 1881 | 1464(°Be) | o |P125 g5 | 634 | 565 | 3408 774(°Be) | «
B120 359 | 671 (562 | 1433 ] 1329C°P) | o | 12215 | 489|384 | 1741 | 1637("Be) | o |*M125 5 | 617|545 3289 | 931("Be) | «
0120 179 | 646 | -542 [ 1506 | 1425°'P) | o | 122 | 467|363 | 1584 | 114(°Be) | o P25 | 600|525 |3151] 807("Be) | a
P20 17, | -626 | -521 | 1562 1496(°P) | | 12215 | 446|343 | 1408 | 139(°Be) | o |*P125 5 |-5.83 | 5052996 | 797(®Na) | «
2017y | -6.08{-500 | 1599 | 15T1C°P) | o | 1224 | 424|322 1215 | 1013(%Be) | o |PM125 5 | 556 | 485 | 2822] 82(PNa) | «
120173 | 593 4791619 | 17.07CP) | o | *122 155 | 403 | -3.02| 10.04 | 1289(°Be) | o |*P125 0 |-5.20 | 465 | 2631 | 8.11(ENa) | «
2120 17y | -5.56 | 458 [ 1620 | 1817(°P) | o |12y | -382|-281| 775 | 1022(°Be) | o |PO125 g | 492 | 445 | 2402] 84(PNa) | «
55120 175 | -5.36 | 437 | 1604 | 1892(°'P) | o | 122y | 341|261 | 529 | 1545(°Be) | o |P7125 .y | 467 | 425 | 2195 | 8.76(%Na) | «
26120 175 | 508 [ 416 [ 1570 | 1977 P) | o | 1229 | 306|240 | 265 | 122(°Be) | o |*B125 5 | 443 | 405 | 1951 ] 1688(*Na) | «
D120 177 | -5.02{-396 | 15.09 | 2LI8C*P) | o |12 | 276|220 | 008 | 17.22(Ne) | o |P125 g, | 420 | 385 | 16.89 | 1946(*Na) | «
B8120 17g | 487|375 | 1449 | 2238(°P) | o | P12 | 247|199 | 318 | 1591(°Be) | Sf |*P125 15 | 397 | 365 | 14.08] 2073(*Na) | «
120179 | -472{ 354 1362 | 36TAI) | o | P23y | 698 | 654|209 | 106(°P) | o |25y | 350|325 | 794 | 2326(TAl) |«
0120 159 | 456 | -333 [ 1256 | 44(7AL) | o | ®*123 175 | 685|633 2758 | 1096(*'P) | o | 1255|306 | 305 | 461 | 459FAl) |«
120 15, | 440|302 | 1133 | 2476(7A1) | o | ®123 15| 673|613 2780 | 1L4(*'P) | o 1264 | 772|731 | 4298 | 1278(*Mg)| o
1201 | -422(-291] 992 | 2284(°Be) | | 123y | 662|593 | 2784 | 1214(%'P) | o |*T126y5 |-749 | 701 | 4286 1339(*Mg)| o
120155 | 405270 | 833 | 1756(°Be) | |23y | 651|572 2170 | 1329C'P) | o |*®12645 | 731|691 |4256| 8.14(*Ne) | «
120 15, | -386 [ -250 | 6.57 | 1984(°Be) | | 1231 | 6395522738 | 1476(*'P) | o |*™12645 |-712| 671 |4208| 8.13(°Be) | «
W120 165 | 343229 | 462 | 1432Be) | | 123y | -627]-532|2688 | 16.16(*'P) | o |*126.5 | 694|652 4143 10(°Be) | «
120 166 | -3.13 | -208 | 250 | 17.29(°Be) | a | *M123 55 | 614 | -5.01]2620 | 1512(°Be) | o |*M126455 | 676 | 6324059 | 669(°Be) | «
120 167 | -284 | -187] 020 | 1221("Be) | o | *®123 1 | 601 | -491|2535 | 1586(°*'P) | o |*™1265 | 658 | 61213958 | 10.24(°Be) | «
8120 155 | -257 | -166 | 228 | 1497(°Be) | | 1231 | 586 | 4711|2432 | 1331("Be) | o |*P126.5 | 640 | 59213839 | 763(*Ne) | «
120 159 | 231|145 | 494 | 1141(°Be) | Sf | 12315y | 555|451 | 2301 | 1427(°Be) | o |*M1261 | 622|572 | 37.02] 756(*Ne) | a
0120 199 | 205 | -125 | 777 | 16.04(°Be) | Sf | 123155 | 526|430 2172 | 996(°Be) | o |*P126 | 604 | 553 |3547] T75(Ne) | a
0120 g | 714|627 | 1689 | 1045°P) | o | 12315 | -S01| 4102005 | 1195(°Be) | o | *0126, | -5.86 | 5333375 | 821(*Ne) | «
P20y | 687|606 | 1780 | 1097C°'P) | o | *P123 3 | 477]-390| 1840 | 948(°Be) | o |*71264y | 569|503 | 3184 | 824(3Na) | «
P20 gy | 665 | -585 | 1854 | 1192(°P) | o |23y | 454|369 | 1648 | 1L77("Be) | o |*®1264p |-530 | 493 | 29.76 | 8.83(PNa) | «
120 g | 646 | -5.65 | 1900 | 1259C'P) | o |23y | 431|349 | 1438 | 10(°Be) | a |*Y126,45 | 500 | -474(2750| 1TU8(¥AD) | @
P20 gy | 631 | -544 1948 | 1349C°P) | o | *P123 g | 409|329 1209 | 127(*Mg) | o |126y | 4T3 | 454 |2506] 1793(TAI) | a
120 gy | 617 {5231 1969 | 1406(°P) | o | *M123 g | 387|308 | 964 | 122(°Be) | o | 2655 | 449 | 434 | 2244 | 2048(TAI) | «
B6120 175 | -6.05 | -5.03 | 1971 | 1484°P) | o |*B123 1 | 361|288 | 700 | 1328(*Mg) | o |26 | 425 | 414 | 1965 | 2214(TAl) |«
D120 g | -5.94 | 482 1936 | 1561(°'P) | | 123165 | 307|268 | 418 | 1361(*Mg) | o | 126y | 402 | -394 | 1667 | 23.05(7Al) |«
120 g7 | 570 (4611922 1647C°P) | o | PT123pg | 285|247 | 119 | 1423(MMg) | o |26 | 381|375 | 1352 | 24.66(FA) |«
120 g | 548 | 441 | 1871 17.220P) | o | 124 15 | 118 | -679 | 3221 | 1085(*Mg) | o | 12619 |-359 | 355 | 10.19] 2622(°P) | «
W12 17y | 529|420 | 18.02 | 1867C'P) | o | 12417 | 705 | 658 | 3244 | 1L64(P) | o | 1264 | 318|335 | 6.68 | 27.89(°P) | B*
M2 g | -S.A1{-399 | 17.06 | 1945°'P) | o | 124 17 | 6.93 | 638 | 3248 | 1357(™Ne) | o | ™7126q | 284|315 | 3.00 | 1742("Be) | f*
W20 05y | 493|379 | 1601 19.04("Be) | o | *®124 1 | 681 | 618 | 3235 | 143(*Ne) | o | 1264 |-254]-296 | -086 | 21.39(°Be) | 4*
100 1 | 474|358 | 1489 | 2052P) | o | M1 | 668 | 598|343 | 1S03(*Ne) | o | 126y | 226|276 | 491 | 18.13("Be) | Sf




of -1.88ms in case of a-decay, 2°Bh [N=159, -1.0s(sf)], 2?Hs[N=164, -1.9s(sf)], 2> Mt[164.-
1.73s(v)], 2°Ds[166,-1.73s(sf)], 27°Rg[168,-1.86s(sf)], 2 Cn[169,-1.16s(a)], 2*3Nh[170,-1.55s(c)],
BTRI[173,-1.46()], 29Mc [175,-2.03s(0)], 2?Lv[176,-2.61s(c)], 22°Ts[182,-4.03s(sf)], 3°20g[184,-
3.62s(sM)], 3°°119[186,-3.04s(sD)], 3°9120[189,-4.94s(sf)], 312121[191,-4.16s(sD)], 31°122[193,-3.18s()],
317123[194,-2.85s(v)], 317124[193,-3.92s(c)], 323125[198,-3.06s(c)] and 32°126[203,-4.91s(sf)]
shows comparably larger life times than their neighbouring nuclei. This signifies that there may be

semi magic nuclei exist between neutron numbers N=157-203. More detail experimental/theoretical
study is necessary to draw the definite conclusion in this aspect.

Even-though, an cvand spontaneous fission are dominant in the studied table, but in further
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Fig. 3.23 Map of nuclei reflecting the logarithmic half-lives corresponding to shortest cluster-
decay half-lives for the mass number and atomic number of parent nuclei in the SHE in the region
104 < 7 < 126.

analysis CR of shorter half-lives are considered . A map of nuclei reflects the shortest logarithmic

half-lives of cluster emissions studied in the SH region 104 < Z < 126 is shown in figure 3.23.

This figure enable to predict shortest half-lives among the studied cluster emissions and it is shown
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on right side of the figure with the vertical bar. The shorter half-lives are shown with the colour
indigo which ranges from 6.6s to 10.97s in the SH region 121 < Z < 126 which includes the
cluster emissions such as ?Be, 2°Ne, 2*Na, Mg, 2"Al and 3'P. These shorter half-lives are due
to magic number of neutrons in the SH region which ranges between 170 to 192. Among these
half-lives the SH nuclei **125 and *!°126 has neutron number of 184 with logT;»=10.77s and
10s respectively, for the cluster emission of “Be. Similarly, the logT; /2 corresponding to 311126

shows shortest value of 6.6 in which Z=126 is a magic nuclei. ~ Further, dark blue colour to light
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Fig. 3.24 Map of nuclei reflecting Q-values corresponding to shortest cluster-decay half-lives for
the mass and atomic number of parent nuclei in SHE in the region 104 < Z < 126.

blue shows the logT, /, values of 11.12s to 18.98s within the SH region of 119 < Z < 126 with
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the cluster emissions such as ?Be, 2°Ne, »*Na, 2*Mg, 2" Al and ®'P. Among these, the nuclei 3?2126
is having magic neutron number with N=196, nuclei, 34120 3°°121, 306122 and 3°®124 which carry
magic neutron number with N=184. Logarithmic half-lives from cyan to red colour varies from
18s to 35.80s in the SH region 104 < Z < 122 and 124 < Z < 126.

The Q-values play a major role in the evaluation of cluter decay half-lives. The figure 3.24
shows Q-values corresponding to shortest CD half-lives for the mass and atomic number of SHE
region 104 < Z < 126. The Q-value of CD varies from 0.5MeV to 27.90MeV from indigo to
blue colour for which logarithmic half-lives are smaller. Further, the Q-values above 27.90MeV to
137.5MeV corresponding to light blue to red colour for which logarithmic half-lives were found
to be larger.

Similarly, the figure 3.25 shows the shortest cluster-decay half-lives for the neutron number

Table 3.7 Tabulation of parent (Ap), daughter (Ap) and cluster nuclei (A-) along with the Q-
values and logT, /; values corresponding to magic number of neutrons of parent/daughter nuclei.

Ap Ap Ac Q(MeV) | LogTy o
309120189 300L’U184 9365 24.84 11.41
3109121189 | 39T 5184 | °Bes 25.35 10.86
311122189 302Og184 9B€5 25.93 10.22
312123189 303]-]-9184 9B€5 26.31 10
313124189 304120184 9B65 26.81 9.56
323125198 296071184 2714114 105.15 24.59
324126108 | 2" Nhygy | 2" Alyy | 106.15 24.66
326126900 | 2 Rgisa | 3Py | 121.61 27.89
302118184 293Fl179 9B€5 19.35 24.98
303119184 294M6179 9B€5 20.66 21.62
304120184 295[11)179 9365 21.52 19.84
305121184 | 2®T's179 | °Bes 22.62 17.57
306122184 | #"Og179 | °Bes 23.33 16.37
307123184 298119179 9B€5 24.46 14.27
308124184 299]_20179 9365 25.27 13.05
309125184 300121179 9365 26.59 10.77
310126184 301122179 9B€5 27.25 10
311126, | 302122,50 | 9Bes | 28.95 6.69
322126106 | *°Nhygo | 2TAlyy | 108.47 22.14

and atomic number of parent nuclei in the SHE in the region 104 < Z < 126. Indigo to blue
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Fig. 3.25 Map of nuclei reflecting the logarithmic half-lives corresponding to shortest cluster-
decay half-lives for the neutron number and atomic number of parent nuclei in the SHE in the
region 104 < Z < 126.

colour shows neutron number for which logT; /; values presents shorter half-lives and cyan to red
colour are related to larger half-lives.

The table 3.7 shows the tabulation of parent (Ap), daughter(Ap) and cluster nuclei (A¢)
along with the Q-values and logT,/, values corresponding to magic number of neutrons of par-
ent/daughter nuclei. In case of parent nuclei **?120;59 logT} /> value of 11.41 is observed with
the Q-value of 24.84MeV during the cluster emission of ° Bes, resulting in the daughter nuclei
300 Lu14 in which neutron number of daughter nuclei is N=184. Similarly, the identified neutron

number with magic number either in case of parent nuclei or daughter nuclei. From the detail study
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logT,,, (s)

Fig. 3.26 (a) Variation of logarithmic half-lives (logT}/,) of 9Be cluster-decay as a function of
neutron number of the daughter nuclei in the region 104-109, similarly,(b) 110-115, (c)116-121
and (d) 122-126.

of different decay modes and identification of shell closures in the SH region 104 < Z < 126,
there may exist daughter nuclei with magic number N=184 or near magic number if the nuclei
undergoes CR. After detail investigation on CR in SHESs reveals that the shortest half-lives
are observed for decay of SHEs through ?Be. The shortest half-lives corresponds to CD is ref-
fered as 7.. The figure 3.26 exhibits the connection between the log7,. and neutron number of
daughter nuclei (Ng). Surprisingly it is observed that the shortest half-lives of CD in all SHEs is
observed for neutron number N; = 184 and near to that. However, many theoretical predictions
also [11, 338, 339] have shown stability of nuclei when neutron number is equal or nearly equal
to 184. The shorter CD half-lives are observed when N; = 184 exhibits stronger shell effects due
to their magicity when compared to their neighbouring ones. This is the clear evidence for the
existence of the magic number corresponds to neutron number N=184.

Further, there is no experimental evidence on CR studies in the SH region. But, experimental
CR in the actinide region is reported in table 3.3. The model used in the present work is validated

by producing CR half-lives of experiments. The cluster-decay half-lives tabulated in table 3.7
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evaluated using present model shows that the half-lives corresponds to the daughter neutron num-
ber ~ 184 are having smaller value. Eventually, there is a tendency to form daughter nucleus with
neutron number N=184. Hence, this may be the clue for the existence of neutron magic nuclei

with N=184.
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CHAPTER 4

Heavy particle radioactivity of superheavy elements

Synthesis of heavy elements is achieved by both cold fusion [340] and hot fusion [8] with
different projectile target combinations up to atomic numbers Z=118, and heavy elements Z=120
synthesis is under attempt. A new kind of radioactivity with element *>*Ra named as heavy nuclei
radioactivity was first identified by Rose et al., [30]. In 1980 Poenaru et al., [181] described cal-
culations indicating a new type of decay known as heavy element decay which is in between a-
decay and SF.

Furthermore, complex cluster radioactivity is studied in the region of heavy nuclei using den-
sity dependent cluster model (DCCM) with the use of M3Y nucleon-nucleon interaction [301].
The concept of HPR in the super heavy element with atomic number 126 using modified general-
ized liquid drop model (MGLDM) [292] is studied. Also studied ground state to ground state «
decay in heavy nuclei region by Buck et al., [341] using Square- well potential model (SWPM).
The potential energy surface for binary decay modes of 225Th versus the distance between the frag-
ment centers and the mass asymmetry is calculated by using Numerical super asymmetric fission
(NuSAF) model and the analytical super asymmetric fission (ASAF) model [129, 181]. The bind-
ing energies, a-decay energies, and a-decay half-lives for heavy and SHN region is studied using
the generalized density-dependent cluster model (GDDCM) [188]. Charity made a systematic de-

scription of evaporation spectra for light and heavy compound nuclei using macroscopic models
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of the nucleus such as the rotating liquid-drop model (RLDM) [342]. Further more a theoretical
investigation of the feasibility of « decay and cluster radioactivity from proton rich heavy isotope
viz., Osmium (Os) isotopes with mass number ranging from 162-190 is studeid by Nithu Ashok
et al., [343] using Effective Liquid Drop Model (ELDM) and the a-decay half-lives of nuclei in
the ground states and isomeric states have been calculated within the WKB approximation and
Royer’s formulae by a generalized liquid drop model (GLDM) [226].

Apart from the above theoretical approach many have studied the significance of certain terms
viz; surface term, volume term, Coulomb term, shell term and asymmetric term in HPR. In the
phenomenon of HPR, to establish a link between microscopic and macroscopic models by the
method of self consistent semi classical description was studied by Brack et al.,[344]. The study
of isobaric yield ratios and symmetry energy in heavy-ion reactions near the Fermi energy based
on the Coulomb term was studied by Huang et al., [345]. Analysis of various competing binary
and ternary decay processes of the 2>3Es nucleus was studied by Sharma et al., [346] and conclude
that closed shell effects play a significant role in the symmetric and asymmetric fission of binary
and ternary fission. Further calculation of fission barriers for heavy and super heavy nuclei where
formulations with the treatment of the surface-asymmetry term studied by Nix [347].

Earlier researchers have studied different decay modes such as binary fission, ternary fission,
a-decay, S-decay, SF, cluster radioactivity and HPR [87, 88, 90-92, 94, 96, 117, 118, 160, 248,
348] in heavy and SHN.

The concept of HPR was introduced by previous researcher [129] by studying the cluster emission
of atomic number Z. >28. The HPR with cluster emission of atomic number Z"** = Z — 82
allowing to get daughter of doubly magic nuclei *°*Pb from parent nuclei with Z >110. The
study of HPE in the SH region is important for nuclear structure analysis. Hence in the present

work, systematically studied HPE in the SH region using CPPM and MGLDM models. It is also
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identified the heavy particle emitters and its decay chain.

4.1 Theory

Among the various models, the MGLDM and CPPM are the successful models which describe

the fusion, fission, a-decay, light particle emission, cluster emission, HPR and nuclear structure

parameters such as nuclear radius and mass, investigation of charge asymmetry, deformation and

proximity effects, for deformed nuclei. These theoretical models used in the chapter-3 of section

3.2, are extended for the study of HPR in SHN.

4.2 Results

Table 4.1 Tabulation of Q-values obtained using different mass excess values such as WS3+RBF,
WS4, WS4+RBF, WS3, KTUY, FRLDM, WS with experimental Q-values

Parent Daughter Expt WS3+RBF WS4 WS44+RBF WS3 KTUY RIPL WS

230Th  2%Hg 57.57 56.74 57.49 57.95 5739 56.772 57.76 56.74
231py  208pp 60.42 50.78 51.54 52.03 5141 5055 51.84 50.78
281pg - 207T] 60.42 58.92 59.83 60.39 59.74 58.89 60.41 58.92
20y 2%8pp 61.4 60.02 60.39 61.33 60.50 59.83 61.39 60.02
232y 2%8pp 62.31 61.00 61.81 62.31 61.78 61.26 6231 61.00
23y 299pp 60.49 59.34 60.39 60.64 60.39 59.60 60.49 59.34
24y 2%Hg 74.11 72.80 73.88 74.06 73.59 73.15 74.11 72.80
24y 2opp 58.83 57.77 58.85 58.90 58.85 58.09 58.83 57.77
24y 2%pp 59.47 58.25 59.80 59.66 59.31 58.60 59.47 58.25
236py  208pp 79.67 78.47 79.34 79.45 79.14 78772 79.67 T8.47
238py  206Hg 91.19 90.08 90.57 90.97 90.25 90.32 91.19 90.08
238py  210pp 75.91 75.59 76.38 75.86 76.25 75.07 7591 75.59
238py  208pp 77.00 76.06 77.02 76.76 76.66 76.40 76.82 76.06
2Cm  2%pp 96.51 96.00 96.31 96.39 95.98 96.67 96.51 96.00

The Q-values obtained using different mass excess values were tabulated in table 4.1. The

standard deviation obtained from each Q-values using different mass excess values are evaluated
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Table 4.2 The standard deviation obtained using different mass excess values with that of experi-
mental Q-values.

WS3+RBF | WS4 | WS4+RBF | WS3 | KTUY | FRLDM | WS
2.90 2.50 2.33 255 | 291 2.38 2.90

as follows;

n 1/2
( - Q) ) 4.1
=1

The evaluated standard deviation of Q-values produced by various mass excess values are tabu-
lated in table 6.1. From the table it is clear that the values obtained using WS4+RBF with respect
to available experimental Q-values produces less deviation when compared to other studied mod-
els. Whereas, KTUY mass excess values produces larger deviation with respect to experimental
Q-values. Hence, in our further analysis, WS4+RBF mass excess values are used to evaluate HPR.
The experimental logarithmic half-lives of cluster radioactivity from ??!Fr to 23¥Pu are evaluated
using both CPPM and MGLDM. Both models are successively reproducing experimental clus-
ter decay half-lives. Since both models were good enough to reproduce experimental values, the
standard deviation obtained by these CPPM and MGLDM is found to be 0=2.902 and 0=1.342
respectively. From the standard deviation it is found that the MGLDM model produces less devi-
ation when compared to CPPM. Hence, in our further analysis MGLDM is used to investige HPR
half-lives in the atomic number range 104 < Z < 126.

Figure 4.1(a)-(d) shows the variation of amount of energy released during *Kr HPR from the
even SH element Z=104, 112, 120 and 126. Similarly, 4.1(e)-(h) shows variation of Q-values as
function of Sussmann central radii for odd SH element Z=107, 113, 117 and 123. As the Sussmann
central radius increases, the Q-value gradually decreases. From the figure 4.1(a) it is noticed that
the Q-value will be large for the nuclei with even number of neutrons compared to their immediate
neighbours which is due to pairing of electrons. In the neighbourhood of the Sussmann central
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Fig. 4.1 A plot of Q value (MeV) as a function of Sussmann central radii (C};) in the atomic number

range 104



Table 4.3 A comparison of cluster decay half-lives [305] obtained using CPPM and MGLDM with
that of available experiments.

Parent Daughter CPPM MGLDM Expt. Parent Daughter CPPM MGLDM Expt.

2l 20T 12.99 14.43 1451 %%Pu 2%Pb 23.68 25.26 25.66
221Ra 27Pb 11.93 13.86 13.37 %pu  29Hg 22.87 27.85 25.3
22Ra  2%8Pp 9.14 13.13 11.05 2%2Cm 2%Pb 21.66 23.24  23.11
22Ra  2%Pb 13.33 14.03 15.05 'pa 29771 25.98 22.07 23.23
22iRa  10Pp 13.84 15.08 159 23Th *"Hg 24.46 28 29.2
226Ra  2!2Pb 19.52 18.76 2129 ?2*Th 2!2po 12.8 12.18 15.3
25Ac 2HUBi 13.03 16.11 19.28 22°Th  2%pp 12.47 13.83 15.3
228Th ~ 208pp 24.62 2194 2073 23U  208pp 17.57 19.21 18.2
23lpg  208pp 24.75 26.39 26.02 #0U  29pp 17.68 19.12 18.2
20y 208pp 17.57 18.63 19.56 32U  2%pp 23.75 21.25 21.08
230Th  206Hg 27.71 23.87 24.61 22U 2%Hg 20.87 22.78 22.6
2Blpg 207 25.98 22.07 22.89 23y 29pp 27.45 23.75 24.83
22y 208pp 18.14 21.25 20.39 33U 2%Hg 28.24 259 27.59
33y 2%9pp 22.45 23.75 24.84 4y 20pp 19.46 25.9 25.92
24y 20pp 23.46 25.9 2593 U  208pp 22.97 27.32 25.92
24y 208pp 22.97 27.32 2593 2%y 20Hg 18.4 26.04 27.54
iy 20Hg 214 26.04 2574 23U  208Hg 22.43 30.39  27.58
5y 27Hg 25.71 28.54  27.44 2%y  206Hg 19.87 27.43 27.58
236py  208pp 20.13 22.67 21.65 2%¥pu  210Pp 19.07 26.93 25.7
238py  210pp 22.07 26.93 25.66 23¥Pu  2%Ppp 17.68 25.26 25.7

radii 7.61 and 7.63, Q-value is almost minimum. Similarly, the minimum Q-value due to pairing
effect is also observed for both odd and even SHN.

In HPR, different emissions such as °*Ni, 5°Cu, %°Zn, %1Ga, %2Ge, %3As, %!Se, %Br, %K,
67Rb, 93Sr, 69Y, 0Zr, TINb, "2Mo, 3Tc, ™*Ru, °Rh, Pd, 7" Ag, "*Cd, ™In, 3°Sn, 8'Sb, $2Te, 51,
84Xe, 8Cs, 8Ba, 8"La, %Ce, %Pr, “°Nd, *'Pm and *?Sm were studied using the conditions such
that Z™" = 28 and maximum HPR is Z™% = Z — 82 [26]. Further, a plot of logarithmic half
life as a function of (a) neutron number of cluster (/V.), (b) neutron number of parent nuclei (/N,),
(c) atomic number of cluster nuclei (Z.) and (d) atomic number of daughter nuclei (Z;) is shown
in figure 4.2 for the SH region 120 < Z < 126. This figure depicts that logarithmic half life
increases with the neutron number of both cluster and parent nuclei. It is clearly observed from
the figure 4.2(a) that the logarithmic half-lives have larger values for which neutron number of

cluster emission No= 37, 45, 56 and 68. That is the parent nuclei is more stable for these neutron

85



146
39 N A

AN

Iong (s)

125

100

28 35 42
Z

C

Fig. 4.2 A plot of logT (s) as a function of (a) neutron number of cluster (/V,.), (b)neutron number
of parent nuclei (/V,), (c) atomic number of cluster nuclei (Z.) and (d)atomic number of daughter
nuclei (7).

cluster emissions. The parent nuclei is more stable when neutron number is equal to Np=139-180
in which larger half-lives are observed when most of the neutron number is even due to pairing
effects. Similarly, the log7}/, values increases with increase in Z¢ and parent nuclei becomes
more stable when Z. are found to be even numbers and vice versa in case of Z;. Hence, the
HPE from the parent nuclei and its half-lives fairly depends on the neutron and atomic number of
cluster, daughter and parent nuclei.

Further, the relative neutron excess also plays an important role in the stability of nuclei.
Hence, half-lives of parent nuclei is studied as a function of relative neutron excess and it is pre-
sented in figure 4.3. The logT' /» values increases with increase in relative neutron excess value.
The half-lives of parent nuclei shows more stability when the relative neutron excess values are
between 0.133 to 0.267 in the atomic number range 120 < Z < 126. The quantity of neutrons
and protons has a substantial impact on logarithmic half-lives. A plot of log7}, as function of

asymmetry effect (N — Z)?/A) for different HPR of %Kr, 'Y, ®Zr and “*Mo in case of Z=120,
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Fig. 4.3 A plot of logT’ /»(s) as a function of relative neutron excess (N — Z)/(N + Z) of parent
nuclei.
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Fig. 4.4 A plot of logT} 5(s) as a function of asymmetry effect (N — Z)?/A) for different HPR
such as ®Kr, 21Y, %Zr and Mo in case of (a) Z=120, (b) Z=122, (c) Z=124 and (d) Z=126.
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122, 124 and 126 is presented in figure 4.4. As the value of asymmetry effect (N — Z)?/A)
increases the corresponding half-lives gradually increases. However, larger stability is observed
when (N — Z)?/A=195 to 198 in case of Z=120 and 122. Similarly, higher stability is observed

when asymmetry effect is equal to 193 to 200 in case of Z=124 and 126. Another key phrase

- 86Kr T
- 91Y

7=120 60 7=122
40-

20+

(b)
0055 0056 0057 0.058  0.059 0055 0056 0057  0.058

logT,, (s)

Z=124 Z=126
30+

20+

10

10 (d)
0.055 0.056 0.057 0.055 0.056 0.057
Pairing effect o ]/\/ A

Fig. 4.5 A plot of logT} /»(s) as a function of pairing effect (1/+/A) for different HPR such as *°Kr,
Iy, 947r and *Mo in case of (a) Z=120, (b) Z=122, (c) Z=124 and (d) Z=126.

is pairing effect, which refers to the attractive interaction of two nucleons. Previous researches
[319, 320] has shown that the pairing energy of protons is larger than that of neutrons for N=50
and N=82. The figure 4.5(a-d) represents the plot of logT7 ), as function of pairing effect for differ-
ent HPR such as 6Kr, 1Y, %*Zr and “*Mo in case of (a) Z=120, (b)Z=122, (c)Z=124 and (d)Z=126.
The gradual increase in the effect of paring effect results in the decrease of logT7 /, values. When

two nuclei are far away, the attractive interaction between them reduces and hence life-time of
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parent nuclei also decreases. From the figure 4.5(a-d) shows stability of half-lives when pairing
effect nearly equal to 0.0555 to 0.056 for which broad valley of neutron number with N=192 to
200 is observed. These results are on far with the prediction of band of neutron numbers which

lies between N=172-184 [349].

The Coulomb effect of is also involved in the HPR. The Coulomb term Z2/A'/? i.e repulsive

601 7=122 _ _ 86'Kr-
- 91Y
N 94
401508 199 Zr 1
SN ; 96
- RN — Mo
204 T o
—~ 04
2 (b) ~T ==
2077 2108 2139 2170 2146 2175 2204 2233
(@)
S — : : :
= 5. 7=124 Z=126
301
201 °
109 °
0
)
2208 2232 2256 2280 2275 2300 2325 2350

Coulomb effect oc 22/ AY®

Fig. 4.6 A plot of 1ogT} »(s) as a function of Coulomb effect (Z%/A'/?) for different HPR such as
86Kr, 21Y, 94Zr and Mo in case of (a) Z=120, (b) Z=122, (c) Z=124 and (d) Z=126.

force between the two nuclei is studied. A plot of log77/(s) as a function of Coulomb effect
(Z?%/ A'/3) for different HPE such as %Kr, 2'Y, %Zr and **Mo in case of Z=120, Z=122, Z=124
and Z=126 are presented in figure 4.6. As the Coulomb effect increases, the logarithmic half-lives
decreases. That is when the Coulomb effect becomes dominant, the force of attraction between the

two nuclei decreases and hence there is a decrease in the half-lives. As similar to asymmetry effect
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and pairing effect, a band of neutron number from 193-200 is observed for which the logarithmic

half-lives is found to be larger when compared to their neighbouring nuclei.

4.2.1 Comparision of HPR with alpha decay and SF

After detail analysis of HPR on asymmetry effect, relative neutron excess, pairing effect and
Coulomb effect an effort was made to investigate dominant decay modes such as SF and a-decay.
The SF half-lives [350] are evaluated as follows;

ZZ
T1/2 = exp (27’(’ |:C0 + C1A + C222 + C3Z4 + C4(N — Z)Z — (013323m — 1164>:|) (42)

here A is the mass number of parent nuclei, N and Z are the neutron and atomic number of parent
nuclei, respectively.

Semi-empirical formula including angular momentum by Dong, et al., [226] is as follows;

0(0+1)
V(A —4)(Z —2)A-2/3

logTy{)3" = aZQ * + bAV 7'/ 4 c +

4.3)

Where a, b and c are fitting parameters.

From the earlier studies [351] it is noticed that ®Kr is dominant in SH element Z=118 when
compared to all other studied HPR. Similarly, for SH element Z=122 the dominant HPR is found
to be 97Zr, for Z=123 it is °''Y and for Z=124 and Z=126 the HPR is found to be “Mo. Hence,
in the present comparison, HPR half-lives of *°Kr, %4Zr, *1Y and **Mo were compared with that
of SF and a-decay. The figure shows the plot of logT; /; as a function of mass number of parent
nuclei. The figure 4.7(a) shows the comparison of different decay modes of 3Kr HPR, SF and
a-decay half-lives of SH element Z=118 as a function of mass number of parent nuclei. Here, o

decay is dominant in the mass number 2*'=2°1Qg, in case of 2°2729°Qg HPR is dominant, again
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a-decay is dominant in the SHN 2%6=392Qg, The SF is dominant in 3°3-3%4Qg and beyond 3*°Og,
a-decay is dominant. Similarly, examined the possible dominant decay mode in the SH element
Z=122 to 124 and 126, it is also presented in figure 4.7(b-¢).

Later, also studied decay chains for the identified HPR. The identified HPR and its decay

Z=122

30-

300 312 324 336

Z=126

—— HPR

- - - adecay
SF

Fig. 4.7 Comparison of logT7/,(s) of HPR (HPR), o decay and SF (SF) as a function of mass
number of the parent nuclei (Ap) for different SH elements.

chains in the SH region 118 < Z < 126 are tabulated in table 4.4. In addition to a-decay and SF
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Table 4.4 Decay chain of predicted heavy particle emitters in the SHN region 118 < 7 < 126.
Tabulation of Q-values, half-lives of HPR (HPR), o, 3*-decay and SF along with dominant decay

mode.
Nuclei Q (MeV) HPR a Bt B~ SF Decay mode
292 Og 300.79 1.90E-05 7.22E-05 3.23E-04 8.52E+08 5.26E+09 HPR(*°Kr)
206 pp Stable
293 Og 300.45 2.19E-05 9.60E-05 1.95E-04 5.18E+08 1.55E+09 HPR(*°Kr)
207pp Stable
2940g 300.03 2.86E-05 3.67E+05 8.59E-04 3.15E+08 3.02E+08 HPR(*°Kr)
208pp Stable
295 Og 297.96 3.86E-04 5.17E+03 5.19E-04 1.92E+08 3.90E+07 HPR(*°Kr)
209pp  0.644 1.10E+49 1.46E+36 3.57E+06 1.16E+04 7.66E+47 Beta-
20984 3.138 3.94E+42 6.34E+26 &.13E+26 7.20+26 9.87E+41 o
205 Stable
300122 336.31 2.03E-07 9.80E-07 5.27E-06 8.27E+09 1.29E+23 HPR(**Zr)
206 pp Stable
301122 335.73 2.90E-07 1.37E-06 3.13E-06 5.04E+09 4.05E+22 HPR(**Zr)
207pp Stable
302122 335.28 3.56E-07 7.88E-07 1.35E-05 3.08E+09 8.41E+21 HPR(**Zr)
208pp Stable
297123 338.25 427E-08 5.06E-08 6.59E-08 1.73E+11 1.54E+27 HPR("'Y)
206py  (0.824 2.65E+43 4.32E+06 7.60E+05 9.18E+05 3.75E+28 Beta+
206B 2.735 6.10E+50 147E+19 5.39E+05 8.51E+05 2.01E+36 Beta+
206 pp Stable
299123 338.29 2.07E-08 2.98E-08 1.68E-07 6.44E+10 6.30E+27 HPR('Y)
208pg  5.215 5.34E+49 9.15E+07 1.07E+08 4.13E+08 1.90E+33 o
204pp 1.969 7.89E+58 4.42E+21 3.99E+24 1.53E+23 2.15E+39 o
200Hg Stable
301123 336.67 7.48E-08 5.94E-07 4.28E-07 2.40E+10 4.98E+27 HPR(“'Y)
20pg 5407 2.11E+55 1.20E+07 3.76E+07 1.45E+07 1.84E+37 o
206pp Stable
301124 355.63 3.02E-08 3.21E-08 5.90E-08 1.14E+11 2.73E+32 HPR(*°*Mo)
205pp 3.85E+78 5.21E+56 5.37E+14 9.02E+13 2.52E+11 SF
302126 354.06 1.46E-07 4.04E-06 2.53E-07 6.97E+10 3.02E+32 HPR(°°*Mo)
206pp Stable

of evaluated 3+ and 3~ -decay as explained in literature [160]. For SHN 2°20g, HPR, a--decay, SF
and 3*-decay half-lives are evaluated as seen in table 4.4. From the comparison of all these differ-
ent decay modes, it is clearly seen that the HPR half-life is smaller when compared to other studied
decay modes. Hence, HPR of 8Kr is dominant in the SHN 2*2Og and parent nuclei becomes 2°°Pb

and then it becomes stable. Similarly, 2**Og and ?**Og both undergoes *°Kr radioactivity and then
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the parent nuclei becomes stable by lead (Pb) residual nuclei. However, the nuclei 2> Og follows
86Kr radioactivity then 3-decay followed by an a-decay, then the nuclei 2°°TI becomes stable. In
case of 3097302122 shows smaller half-lives for HPR of **Zr and in all these cases the Pb is the sta-
ble nuclei. Further, the nuclei 297299:391123 undergoes **'Y HPR it reaches stable nuclei. Similarly,
the SHN 3°1124 experiences ““Mo HPR and stable nuclei is reached with the lead (Pb) nuclei.
Similar case is also observed for the SHN 392126.

After detail investigation on decay chain of predicted heavy particle emitters, 11 heavy particle
emitters are identified in the SH region such as 2°20g, 2*30g, 29¢Og, 2*°0Og, 390122, 391122, 302122,
297123 29123, 391124,302124 and 3Y2126. Almost all these heavy particle emitters end their decay
chain by forming stable lead. It is found that SH elements may be formed in supernova explosion
through nuclear process such as r process [352] and multi-nucleon transfer reactions [353]. The
formed SH nucleus is having very short lifetimes and it undergoes decay to form stable nucleus
such as lead. It is also observed that the abundance of elements in supernova and galaxy spec-
trum shows larger quantities of Pb [354, 355]. Hence, present work may find useful in nuclear

astrophysics aspect.
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CHAPTER 5

Investigations on decay modes of superheavy nuclei

5.1 Introduction

The unanswered questions in the field of Nuclear Physics are; what is the heaviest SHN that
can exist? Do very long-lived SHN exist in the nature?. Over the past ten years have been marked
by remarkable progress in the science of SH elements and nuclei. The existence of the SHN above
7Z=103 can be studied by its limitations such as whether it is naturally occurring or synthesised in
the laboratory. There is no conclusive remarks on the existence of SHN naturally. Instead, these
SHN is synthesised using the cold and hot fusion reactions with half-lives ranging between days
to us. The cold fusion reactions include either lead or bismuth as targets [9] and hot fusion reac-
tions includes **Ca beams on various actinide targets [178]. Many theoretical predictions such as
microscopic-macroscopic [356] (single-particle potential) and self-consistent approaches includes
nucleus-nucleus potential [357, 358], relativistic field model [359, 360] and Multinucleon transfer
reactions [361] provides an information such as structure of the nuclei, location of shell closure
and decay modes in the heavy and SHN.

The discovery of SH elements [175, 340] are assumed to be near the island of stability. Boilley
et al., [362] predicted evaporation residue cross sections in the SH elements and also influence of
shell effects [363]. The entrance channel dynamics using “®Ca projectile and 2°*Pb as target [364].

During the year 1966, two groups of researchers- Mayers and Swiatecki, Viola and Seaborg [365]
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separately predicted the presence of heavy nuclei which is near the island of stability. Later on,
Sobiczewski et al., [366] predicted that the nucleus Z=114 will be the center of island of stability
and neutron number N=184. In the year 1955 Nilsson [367] proposed shell model which includes
deformation property of the nuclei. Bender et al., [368] uses skyrme energy density functional
model and studied the deformation properties of closed proton and neutron shells. The nuclear
mass, radius and spectroscopy far away from the valley of stability and were experimentally anal-
ysed by earlier researchers [369]. Investigation of the isomers for SHN 2*4No is the stepping stone
towards the island of stability [370]. Previous researchers [371] have analysed the nuclear shell
structure and have found that there is an extra stability near the magic nuclei. The present scenario
is almost near to the center of presumed island of stability, but the final landing is yet to be com-
pleted and intriguing question is how these SHN is still accessible.

On the other hand, the identification of SHN is based on the observations of decay chains.
The SHN, Z=114-118 were observed by its consistent decay chains which end in the isotopes of
Rutherfordium(Rf) and Dubnium(Db). The SF and a-decay are the main dominant decay modes
in the SHN and also limits the stability of SHN. Furthermore, the newly synthesised SH elements
are mainly identified by its decay chains from unknown nuclei to the known daughter nuclei with
the help of the parent and daughter correlation.

Previous researchers [87, 87-93, 95-98, 207] were extensively studied the competition be-
tween different decay modes such as ternary fission, SF, CD, proton decay, 3-decay and a-decay
in the heavy and SH region using various theoretical models such as CPPM, MGLDM, ELDM
and temperature dependent proximity potential model(TDPPM). The possible decay modes in the
SHN Z-119 and 120 were predicted [372]. From the literature [373] it is clearly observed that the
isotopes of SHN Z=104-112 is having a—decay and SF as dominant decay modes. Whereas, only

a-decay 1s dominat in the isotopes of SHN Z=113, 115-118. While the isotopes of SHN, Z=114
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is having SF as dominant in the nuclei 2**Fl and a-decay is dominant in the nuclei 2*¢~2%°F1 and
(7 is dominant in the nuclei ?°°Fl. On the other hand, the concept of heavy particle radioactivity
[129] in the SH region also finds an important application during the synthesis of SHN. In-spite
of significant development in the experimental and theoretical progressions, but there exists many
unanswered questions related to decay modes of the SHN. Until now only a-decay and SF were
successfully observed in the experiments.

Experimental results suggesting a considerable increase in the lifetime of nuclei as they ap-
proach the closed proton and neutron shells [374]. The lifetimes of most known SHN are gov-
erned by the competition between a-decay and SF. The existence of island of stability has been
confirmed experimentally during previous decade [8]. Some theoretical studies reveals that the
SH element with 114 and 164 protons are stable against the fission, alpha and beta decays [375].
Various phenomenological and microscopic models such as fission model(FM) [71], cluster model
(CM) [376], GLDM [241], UMADAC [187] are available in the literature to study the different
decay modes of SHN. In addition to the above study many literature’s are available in relation to
an a- decay and SF of SHN[377-379]. Simple empirical formulae is also available in determin-
ing decay half-lives [216]. The possible isotopes for new SH elements are identified by studying
the competition between different probable decay modes such as «, 3, cluster-decay and SF. This
work focus on the different decay modes of SHNin the atomic number range 104 < Z < 126.
After detail investigation on the competition between different decay modes, the possible isotopes
and their decay modes with branching ratios are identified in the SHN region. Hence, the current
work is significant in predicting the most possible decay mode in SHN and identifying possible

emitters in this SH region. The theoretical formalism is explained in section 5.2.
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5.2 Theory

5.2.1 Alpha and cluster decay

In an effective liquid-drop model (ELDM), the a decay half-life is computed using the relation

In2
VOPPa

Tl/Q(S) = (51)

Where 1 is the assault frequency on the barrier and vy = 1.8 x 10?2571 [380]. P, is the pre-
formation factor is closely related with the shell structure [381]. The empirical formula for £, is

expressed as;
logPo = p1+ pa(Z — Z1)(Za — Z) + p3(N — N1)(N2 — N) + psA (5.2)

where N, Z and A are the neutron, charge and mass number of the parent nucleus respectively,
Z, and Z, are the proton magic numbers around Z (7, < Z < Z,) and N; and N, the neutron
magic numbers around N (NV; < N < Ns). py, po and ps corresponds to parameters in the region
even(Z)-even(N), even(Z)-odd(N), odd(Z)-even(N) and odd(Z)-odd(N) are tabulated in table I of

reference [382]. P is Gamow penetrability factor given by the expression

Ce
P = exp [—% [ V- alic (53)

where 1 is the inertial coefficient resulted due to the approximation of Werner- Wheeler[383]. The
limits of integration (, and (. are the inner and outer turning points, expressed as (p=R,-R, and
(=22 R, is the radius of the parent nucleus and R, is the final radius of the emitted cluster.

Q

In the effective liquid drop model, the studies have shown the total potential as sum of Coulomb,
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proximity and centrifugal potential [384, 385]. Hence, one may use effective one-dimensional

total potential energy as follows;

V=V.+V,+V, (5.4)

In order to evaluate the Coulomb contribution in terms of deformation parameter, V. is used as

defined in reference [386]

AV RMay, T 4
Vo(R) =——"2 + 321 Z¢* ) XMYA@ () | Bni + =026, (5.5)
=, (2 A+ 1) 7
with
RZ(OZZ) = Roi 1+ Z BAZY)\(O) (Oéz)] (56)
A

1/3

i

where (3, is the deformation parameter and Y)\(O) is the spherical harmonics and R,; = 1.28A4

0.76 + 0.84, /3 The effective surface potential can be calculated by

Vi = 0o (S1 + S2) (5.7)

where S and S, are the surface areas of the spherical fragments. o.s; is the effective surface

tension which is defined as

1 3 L[z 722 72
= Q- 242 5.8
Tl T AR R - RS 0me,. | R Ri Ry >8)
1 2
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Fig. 5.1 Schematic presentation of molecular phase of the di-nuclear system. The daughter nucleus
and the emitted (smaller) fragments. The distance between their geometrical centers and distance
between the center of the heavier fragment and the circular sharp neck of radius a are denoted by
¢ and &, respectively.

where R is the final radius of the daughter fragment. The centrifugal potential energy is deter-
mined by

_ RM(C+1)

Vi= (59)

where ¢ is the angular momentum of emitted alpha/cluster and it is calculated using the selection

rules. In case of an alpha/CD [148, 387], the selection rules follows the condition that;

Jp = Jal < b < |Jy+ gl and 22 = (~1)'= (5.10)
Td
where Jp, mp and J;, ™, spin and parity of the parent and daughter nuclei, respectively. u=%

is the reduced mass of the fragments. M, and M; represent their atomic masses. In ELDM, system
having two intersecting spherical nuclei with different radii is considered [384]. The schematic di-
agram for the representation of four independant coordinates such as Ry, Ry, ¢ and £ are shown in

figure 5.1. Three constraints are used to reduce 4-dimensional spherical problem to an equivalent
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I-dimensional problem. A geometric constraint given below is introduced such that the spherical

segments remain in contact.
Ry’ —((—¢)?=R'—¢ (5.11)

The variable ¢ and ¢ are the distance between the geometrical centers and distance between the
center of the heavier fragment and the circular sharp neck of radius [149, 385]. Assuming nuclear

matter as in-compressible, constraints for the conservation of systems total volume is
2(Ry® + Ro?) + 3[Ra*(C = §) + Ro*¢] = [(C = §)* + &) = 4R’ (5.12)

Where R = 7yA'/? is the radius of the parent nucleus, 7o=1.34 fm - is the adjustable parameter
and A is the mass number of the parent. Radius of the « particle R, is assumed to be constant in

varying mass asymmetry shape (VMAS) description
Ri—Ri =0 (5.13)

Where R, = (%))USR i=1,2 R, gives the final radius of the « particle. Where 7, Z5, Z are the

atomic numbers of the « particle, daughter nucleus and parent nucleus respectively.

5.2.2 Beta decay

For all types of /3 processes, the expression for the half life 73 is given by [388]

1 1 1 1

1 _ 5.14
T; Ty T, | EC ©-14)
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Here EC is the electron capture. For a particular type [ decay, the expression for the half life is

given by

92me5c4

23R

-1
fo"Ty, = In2 { ’Mif’2:| (5.15)

Here, fé’ is the fermi function, b=3% or EC, m, is mass of the electron and M, ¢ 1s the transition
matrix element between initial and final states. The R.H.S of above may be approximated by
a constant for each kind of S-decay [389]. For allowed and forbidden case of beta decay, this
constant is different. For allowed -decays, previous work has given this constant value as 5.741.1

[390]. The equation (5.15) reduces to;

log,o[feTy(sec)] = 5.7+ 1.1 (5.16)

logo[fETy) = 4.7 (5.17)

5.22.1 [* decays

Fermi function for # decay is given by the expression,
Ey
fégi = / F(E,Z)P(E)(Ey — E)*dE (5.18)
1

Here, P(F) is the momentum of the particle, F(E,Z) can be computed at the nuclear surface using
the magnitude of radial electron/positron wave function. The first approximation of F(E,Z) is

27+ 1)2pR)*0Veap | %] D(5 +5) 2

Fo(E,2) = I2(2y + 1)

(5.19)
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Here, v = V1 — o272, { = + a ZE (+ for 5~ decay and - for 7 decay), a=1/137 is the fine
structure constant, R is the radius of the nucleus and I" is the gamma function.
At the surface of the nucleus (for 31 decay) orbital electrons screening effect has a big impact on

the /3 electron/positron wave function. Thus F(E,Z) becomes,

p(E+ Vo) (E £ Vo)

F(E,2) = Fo(B 4 Vo, )™ (E + Vo, 2)=——

(5.20)

Here, Vj, = 1.81a2Z%/3, @ is the finite wavelength of 3 particle, p(£) = v/E? — 1 is the mo-
mentum of the /3 particle, Ey = 1 + Qg+/m.c* is the total limit energy of the 3 decay and
E =1+ ¢/m.c?; ¢ is the kinetic energy of the 3 particle

The expression for the energy released in 51 decay is

Qs+ = M(A, Z) — M(A, Z — 1) — 2m.c? (5.21)

Similarly for 5~ decay,

Qs- = M(A, Z) - M(A, Z - 1) (5.22)

5.2.2.2 Electron Capture

The value of Q for the electron capture is given by the relation,

Qpo=M(A,Z) — M(A,Z —1) — B, = Qg+ + 2m.c* — B, (5.23)

Here, B, is the electron binding energy. Hence, even for the forbidden 87 decay, electron capture

is allowed. The capture of electrons of K-shell in lower Z and L-shell in higher Z is the major
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contributors to the electron capture. Contributions of electrons of higher shells is negligible. Thus,

Fermi function becomes,
0 =LA o+ I (5.24)
In general, for any shell,
fi¥ = S1B(Qs0) + Exlgk(Zx) + £(Zx)1X = K. Lt, L (5.25)
Ex is the total energy of the electron, given by

1+
B =, B = (—1) (5.26)

Where Zy is the effective charge, which considers the screening of Coulomb field of the nucleus

by other electrons[391]
g =27—035 and Zp, =7 —4.15 (5.27)

The non zero components of radial parts (gxandfx) of wave function of relativistic electron of

orbit X are

4(1+7v)(2aZR)*0"V(aZ)3
['(2y+1)

95(Z) = (5.28)

[(27 +2)Y2 4 2](2y + 1)(2aZR)?0~V(aZ)?
L2y + D[(2y + 2)1/2 + 1](2y + 2)7

91,(Z) = (5.29)
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3
91,,(Z) = —(aZ)?g} (Z) (5.30)

5.2.3 Spontaneous fission

The SF decay is studied by employing the effect of quantum tunneling through the potential barrier.

The decay constant of SF is expressed as;

A= =vSP; (5.31)

where v, S and P, are the model dependent quantities such as assault frequency, preformation
probability and barrier penetrability respectively. In the above equation P = SP; and the SF

half-lives are calculated as;

(5.32)

where h is the Planck constant and F, = hr/2 is the zero point vibration energy. The penetration

probability is evaluated using the action integral, K;

P = exp(—K) (5.33)

and hence the decimal logarithm of T(s) is given by

logioT = 0.43429K — 20.8436 — logioE,, (5.34)
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if £/,=0.5MeV then the above equation becomes log1yT = —log;o P —20.5426. The action integral

K is evaluated as follows;
2/2m [T
K =20 [ BolEm) - Q)R (5.35)

The term E(R) is the macroscopic energy in terms of surface, volume, coulomb, proximity
energy(CPE), shell correction and pairing energy term [392] and m is the rest mass of neutron.
Few of the superheavies are spherical, the rest are deformed, mainly prolate or oblate. To include
this effect, deformations are also involved in the calculation of E(r) which is adopted from the
previous work [392]. In the above equation R is the separation distance between center of the
fission fragments, R, and R, are the turning points, is evaluated using the boundary conditions
E(R,) and E(R,;)=Q. However, the term B(r) is the inertia with respect to r and it is evaluated

using the semi-empirical model for the inertia [393].
128
B(r) = p(1 + kexpl——+(r = Ropn/ Bo)]) (5.36)

where ;1 and k are the reduced mass of the fission fragments semi-empirical constant (k=14.8)
respectively. [2,, is the distance between the center of masses between the fission fragments,
where as R,/ Ro=0.75 in the symmetric case. The decay constant (\) and total fission decay

constant is evaluated as described in the reference [392]

5.3 Results

The mass excess values play a major role in the prediction of decay mode and its corresponding
half-lives. The predicted half-lives are sensitive to the Q-values and small change in the Q-values

results in the notable change in the half-lives with the magnitude of order 10! to 10? [129]. Mass
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excess tables such as WS4 [315], EBW [394], HFB28 and HFB29 [395], DZ10 [396], KTUY
[265],finite range droplet model (FRDM) [264] and AMEI16 [397] are available in the literature.
In the present work, the updated AME16 [397] mass excess values up to Z=118 and above Z>118
the mass excess values are taken from the finite range droplet model (FRDM) [264]. The dominant
decay mode is identified by studying the competition between different decay modes such as a-

decay, -decay, CD and SF in the SHN region 104 < Z < 126.

Table 5.1 Tabulation of cluster-decay half-lives evaluated using present work (PW) and available
experiments.

Decay QEspMeV) | logT};7 [280] logTﬁg"
2Ipr 5 14C+207T] 31.317 14.51 14.91
22IRa—M"C+29"Pb 32.396 13.37 13.56
22Ra—14C+2%8Pp 33.05 11.05 12.70
223Ra—14C+2%Pp 31.829 15.05 13.94
224Ra—14C+%19Pb 30.54 15.9 15.52
226Ra—"C+212Pb 28.2 21.29 22.74
225 Ac—14C+2MBj 30.477 17.16 17.06
228Th—200+4-208pp 44.72 20.73 22.04
20U —22Ne+2%Pb 614 19.56 20.21
230Th—>24Ne+206Hg 57.571 24.61 25.07
231pa 3 24Ne+20"T1 | 60.417 22.89 23.07
22U 24 Ne+2%Pp 62.31 20.39 22.25
233U 24 Ne+2"Pb 60.486 24.84 25.05
24 —26Ne+2"8Pb 59.466 25.93 25.62
24U 28Mg+2Hg | 74.11 25.74 26.04
236Pu—)QSMg+2OSPb 79.67 21.65 22.07
B8py—2Mg+21°Pb | 75.912 25.66 25.98
238Pu—>301\/Ig+20813b 77 25.66 26.25
238Pu%325i—0—206Hg 91.19 25.3 26.05
22Cm—34Si+2%Pb | 96.509 23.11 24.24

In the detail study of literature survey, there is no experimental evidence for cluster ra-
dioactivity in the SH region. Furthermore, experimental studies on CD in the actinide region are
available. To validate the present work, the CD half-lives produced by the present work in the
actinide region are compared with the experiments. The values produced by present work agrees
well with the experiments. With this confidence, the CD is studied in the SH region and it is
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Table 5.2 Comparison of logarithm half-lives (years) of SF in the SH region 104 < Z < 114 from
present work with the available experiments.

Eﬁﬁg log TE%tyr [337] | log TSk yr
BIRE | -12.1 -10.91
256Rf | -9.71 8.48
255Rf | -9.35 -7.06
200Rf | 9.2 6.35
202Rf | -7.18 6.36
25880 | -10 11.33
2608g | -9.65 -10.17
2628 | 9.32 8.722
26045 | 8.93 7.98
206g | 7.86 7.96
26415 | -10.2 11.02
20Ds | 8.6 -9.46
2820 | -10.6 -9.39
240y | -8.5 -7.98
286F] | -8.08 7.58

tabulated in table 5.1. Similarly, table 5.2 shows studied logarithmic half-lives (in years) of SF
from present work with the available experiments. The CD and SF half-lives produced by the
present work are close to the experiments. As a part of this investigation, c-decay properties of
SHN are studied using the formalism explained in the theory section. The predicted alpha decay
half-lives are validated by comparing with the available experiments in the SH region. The com-
parison of predicted c-decay half-lives with that of the experiments are given in the table 5.3.

From the comparison it is observed that the predicted half-lives are in good agreement with that of
experiments. With this confidence, the alpha decay half lives of SHN are predicted in the region
104 < Z < 126. Figure 5.2 shows wide range of a-decay half-lives. For a given SHN, alpha de-
cay half-lives increases with increase in the neutron number of its isotopes. For instance, a-decay
half-lives are in the order of nanosecond at N/Z = 1.307692 for Rutherfordium, whereas for the
same SH element a-decay half-lives are in the order of 10%s at N/Z = 1.504762. Similarly, all
the neutron rich SHN are having comparably longer a-decay half-lives and this is in concurrence

with the report available in the literature [398]. The evaluated a-decay half-lives of all possible
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Table 5.3 Comparison of present work(PW) with the available experimental(Exp)values

parent G\%V) log Ty a(exp) | log Tya(PW) | LMt @%w log T j2(exp) | log T /2(PW)
261Bh | 8.649 1.515 1.86 284Cp | 9.301 1.013 1.78
260Dp | 9.379 -0.295 0.11 277Cn | 11.622 -2.551 -2.65
2695g 8.8 2.27 2.12 286Nh 9.68 0.978 1.22
265Sg 9.078 0.869 1.15 285Nh | 10.02 0.623 0.76
2635g 9.391 -0.932 0.12 284Nh 10.25 -0.013 0.08
261Sg 9.803 -1.469 -1.21 283Nh 10.6 -1.125 -0.98
272Bh 9.3 1.025 0.78 289F] 9.847 0.279 0.96
2711Bh 9.5 0.176 0.18 288 9.969 -0.18 -0.16
270Bh 9.3 1.785 1.02 287F1 | 10.436 -0.319 -0.28
27TTHg 8.4 -2.523 -1.02 286 ] 10.7 -0.921 -0.87
273Hs 9.9 -0.119 -0.32 285F] 11 -0.824 -1.89
269Hg 9.629 0.851 0.65 290M¢ 10.3 -0.187 0.18
271MHg 9.5 0.079 0.21 289Mc 10.6 -0.481 -0.35
278 Mt 9.1 0.653 1.65 29y | 8.886 -1.244 0.12
276 Mt 9.8 -0.284 0.05 2921 v | 10.707 -1.886 -0.96
274Mt 10.5 -0.357 -0.98 211 v 11 -1.721 -1.45
281Dg 8.958 1.104 1.45 289y 11.7 -2.848 -2.97
282Rg 9.38 2 1.85 2947 8.963 -1.292 0.06
280Rg 9.98 0.623 0.55 2940g 8.47 -3.161 -2.45
279Rg 10.45 -1.046 -1.04 295()g 9.056 -1.745 0.58
285Cn | 8.793 1.447 2.85 298190 | 13.355 -3.051 -4.68
283Cp 9.62 0.623 0.89 2991920 | 13.105 -3.15 -1.58
281Cp 10.28 -0.886 -0.68

SHN are represented in the heat map 5.2. The right vertical bar of the figure shows the magnitude
of logT /, values. The variation of colours from navy blue to wine colour shows the values in the
range 1071%s to 10%s. The contrast of the blue region lies between 10~s to 10~7s, green region
lies within 107%s to 10~*s, 10~*s to 10~3s information is presented in yellow region. Finally the
red to wine region shows the higher half-lives of the order of 1072s to 10%s. The inset of the
figure 5.2 on the left top side gives an information on the magnified portion a-decay half-lives in
the SH region Z=104-114. whereas, the bottom right inset gives an information on the magnified
portion of the SH region Z=115-126. After the detail investigation on the - decay, a search
was made to identify the cluster emitters in the SH region.The cluster radioactivity is energetically

favour if the Q-values are positive. The possibility of CD with 3 < Z. < 45 in the SH region
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Fig. 5.2 Map of nuclei reflecting the logarithmic a-decay half-lives for the isotopes of elements
from Z=104 to 126. The Q-values estimated using AME16 and FRDM?95. The vertical line on the
right side of the figure shows increase in log7}» values from navy blue region to brown region.

104 < Z < 126 is studied. For a given parent nuclei, the half-lives corresponds to various cluster
emission are evaluated and identified the cluster corresponds to shorter half-lives. Furthermore,
the cluster emitters corresponds to shorter half-lives for different isotopes of given SH element are
also identified. Eventually, cluster emissions corresponds to the shortest half-lives 7. are identi-
fied and this is referred as CD half-lives (7). The predicted CD half-lives in the atomic number
region 104 < Z < 126 corresponds to all the studied cluster emissions are shown in figure 5.3.
This figure enable us to identify the cluster emission corresponds to the shorter half-lives of given
SH element. The half-lives of SHN with Z=115-120 against cluster radioactivities are shorter for
86Kr than that of the other studied clusters. The SHN with Z=104, 106, 108, 110, 112, 114, 124
and 126 have the shorter half-lives against “*Mo cluster emission than that of the other studied

clusters. The decay half-lives are shorter for *'Y emission from the SHN with Z=109, 111, 113,
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Fig. 5.3 Predicted CD logarithmic half-lives in the atomic number range Z=104-126 using AME16
and FRDM95 mass excess values. The hallow bin with different colour in each panel shows the
cluster emission for which half-lives are minimum.

121 and 123.Similarly, The half-lives of SHN with Z=105 and 107 against cluster radioactivities
are shorter for °“Tc and '°'Rh than that of the other studied clusters.

The cluster radioactivities in the SHN region are having shorter half-lives for cluster neutron
numbers such as 44-48 from the parent nuclei with neutron numbers 130-200 and the same is
depicted in the figure 5.4. The range of CD half-lives for the SH elements with 104 < Z < 126
are shown in the figure 5.5. The shorter half-lives are observed for the N/Z > 1.37068 and larger
values of half-lives are observed for the N/Z < 1.37068. From the figure, it is clear that up to
SHN 104 < Z < 115 the larger CD half-lives were observed, whereas, shorter CD half-lives in

the SH region 116 < Z < 126. The inset of the figure 5.5 on the top left side gives the magnified
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Fig. 5.4 Map of nuclei reflecting the logarithmic cluster-decay half-lives for the neutron number
of parent and cluster isotopes of elements from Z=104 to 126.

portion of logarithmic half-lives (7}) in the SH region 104 < Z < 114. Whereas, the inset placed
in right bottom gives magnified portion of shorter logarithmic half-lives (7.) in the SH region
115 < Z < 126. This figure also depicts that some of the SHN having the life times in terms of
ns to us and decays through the CD modes also.

The other prominent decay mode studied is the SF and it is also energetically feasible in the
heavy and SHN. It may occur in the heavy and SHN due to an increase in the Coulomb inter-
actions. From the available literature’s [8, 175, 177, 179, 268, 269, 340] the consistent a-decay
chains were observed from the SHN followed by the SF. The SF half-lives are studied using the
theory explained in the section 5.2.3. A figure of nuclides includes over a wide range of studied
SF half-lives in the SH region Z=104-126 is presented in figure 5.6. The logTsr values varies
between -50(dark blue region) to 50(dark red region). For an instance, the atomic number with
Z=104 shows the logT}2(SF) of isotopes from 245 to 275, whose corresponding logT} /2(SF)
ranges from -50 to 5 and the half-lives with smaller values were depicted by the range of blue

colour from navy blue to blue colour. The half-lives ranging from nanoseconds (ns) to 10°s were
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Fig. 5.5 Heat map showing the variations of lowest logarithmic half lives of clusters of 104 < Z <
126

shown from the colour yellow to light orange. Similarly, in the atomic number range Z=119 and
above the larger values of SF logarithmic half-lives were shown by the range of red colours. Thus,
on either side of the figure 5.6 the isotopes of the atomic number range Z=104-126, have found
to be smaller half-lives and in the middle region of the figure larger values of the logT, /; is ob-
served up to Z=116. Whereas, the smaller half-lives were observed on top of the higher isotopes
of Z>116 and larger logT} » for the lower isotopes of Z>116. The similar trend is also observed
by the previous researchers [399] in which they have compared half-lives of nuclei Z=92-104 with
that of the experimentally available values.

A detail investigation on Q-values corresponds to the S-decay in the SH region reveals that
[T -decay is energetically possible with Z=105, 107, 113,114, 115, 117, 119,121, 123, 125 and
126 whereas, the 5~ -decay is energetically not possible. Furthermore, $-decay half-lives are stud-
ied using the formalism explained in the section 5.2.2.1.

The competition between different possible decay modes such as a-decay, cluster-decay, -
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Fig. 5.6 Heat map showing the variations of logarithmic half lives of SF of 104 < Z < 126

decay and SF enable us to identify the dominant decay mode for the SH elements in the atomic
number region 104 < Z < 126 of all possible isotopes. Figure 5.7 depicts the decay modes of
the SHN. In the studied SH region around 21 S*emitters are identified and these S emitters are
tabulated in the table 5.6. Furthermore, 07 cluster emitters are identified in the SH region and

the same were tabulated in the table 5.4. Among the studied possible decay modes in the SHN,

Table 5.4 Identified cluster emitters in the SHN

Parent Q
nuclei (MeV)
2209  304.08 -5.08 86Ky
230g  303.63 -4.63 86Kr
298122 338.25 -6.02 M7y
3001992 337.45 -6.21 97y
299123 338.66 -7.18 Ny
300124 356.06 -7.35 %Mo
306196 364.27 -8.78 %Mo

log(7T'/2) cluster

the majority of the nuclei undergoes a-decay and SF. The o emitting SHN are tabulated in the

table 5.5. [94] The identified alpha emitters having half-lives around ps to 100s in the SH region
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Fig. 5.7 Chart of SF(purple), alpha-decay(brown), 5*-decay(cyan) and cluster emitters(yellow)
with atomic numbers Z = 104-126. The Q values are calculated using the FRDM95 mass tables
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Table 5.5 Identified alpha emitters in the SHN region

Parent

Q

Parent Q

Parent Q

Nuclei Mev) 25702 Nuctei Mev) 28712 Nuclei (Mev)  1°8(T12)
BORf  10.15 092 ¥™Ds 1034 251 BLv 1359 -6.78
BTRf  10.05 0.78  *'Rg 11.61 372 Ly 1335 -6.98
BERE 9.94 -0.16 2?PRg 1144 356 *2Lv  13.13 -5.14
BIRf  9.67 035 ?™Rg 11.37 342 Ly 1291 -5.78
260Rf 94 -1.12 ?Rg 1088 221 Ly 12.7 -3.89
W6IRf  9.14 1.56  ?™Rg 1044  -123 Lv 1251 -3.99
262Rf  8.92 052  *'Rg  10.24 0.62 Ly 1234  -4.25
%8Db 1045 055 *Rg  9.89 215 Ly 1219 -3.98
%9Db 1036 -035  *'Cn 121 489 Ly 12.06 -3.56
260pp - 10.08 026 ?™Cn 1196 -465 Lv  11.83 -1.75
261pp - 9.81 065 ¥Cn 11.87 433 MLy 1173 -2.36
263pp - 9.34 152 ?™Cn 118 416 Ly 11.64  -1.88
20Dp  8.45 325  ?™Cn 1176 -398  2%6Ly  11.55 -1.23
2980 10.84  -0.15 ?Cn  11.74 298 ?*™Ts  14.06 -7.36
2080 1074  -2.16  ?"Cn 1149  -3.15  BlTs  14.02 -8.25
6150 10.47 -0.48  ?Cn  11.25 247 Ts  13.56 -5.36
26289 10.2 -1.86  ?™Cn  11.03 2236 Ts 1314 -5.12
%38g 995 025  °Cn  10.81 -1.78  %'Ts 1278 -4.88
298g  9.16 256  BCn 1062 -0.99  289Tg 12.5 -4.65
260Bh  11.21 -142  ?%Cn 10 1.56  2ITs  12.28 -2.98
263Bh 10.59 -1.76  ?™Nh 124 -5.65 29Ty 12 -1.45
%5Bh  10.12 0.12  2™Nh 1224 479  2log 1444 -7.65
26Bh  9.94 022  ¥SNh 122 478  220g 1443 -7.63
20Bh  9.56 1.80  ?"Nh  12.18 452 280g 1419 -7.45
21Bh 9.53 0.18 ?™Nh 117 -2.89  240g 1397 -6.25
72Bh 9.27 1.12 %®INh 1126 -2.12  2%0g 13.76 -6.41
4Bh 878 123  22Nh  11.07 -1.69  2%60g  13.56 -6.24
W3Hs  11.27 2256 ?'Nh  10.73 -0.16  0g  13.37 -5.25
265Hs  10.77 456  ?Nh  10.59 0.78  %80g 13.21 -5.98
266Hs  10.55 -1.85  ?6Nh  10.47 0.88  *0g 12.53 -3.88
26THs  10.37 -142  %'Nh  10.35 076  *®0g 1244  -1.25
268Hs  10.23 0.69  ?°Fl 12.78 469 2119 14.37 -5.69
269Hs  10.13 1.42  ?76f] 1272 -5.12 7119  13.96 -4.25
0Hs  10.05 1.78 "Rl 12.68 -536 289119 13.62 -5.97
21Hs 10 045 78Rl 1266  -546 2119 13.23 -5.28
73Hs  9.71 -0.56  2™Fl 1242 412 7119 1278 -3.97
YHs  9.23 -0.15  28F] 12.19  -436 7120 14.56 -6.58
W60t 11.27 -1.93  281F] 1196  -3.78 %8120 1437 -6.25
26TMt 11.06  -2.52  2R] 11.76  -3.15 2120 14.03 -6.46
269Mt 1074 -232 R 1156  -299 2120 13.76 -5.85
Mt 10.57 -1.85  28F] 10.86  -025 %120 132 -3.87
23Mt - 10.49 -1.23  289F] 10.75 0.62 29120 13.11 -4.12
2AMt 1023 -0.12  ?Mc 13.19  -6.85 399120 13.02 -4.36
25Mt - 9.99 -1.25  ?™Mc  13.16 648 29121 14.59 -6.28
YoMt 9.75 -036  ?™Mc 13.14  -596 %6121 13.87 -5.48
28Mt - 9.33 136 3°Mc 129 -5.12 390121 13.53 -5.22
268ps  11.62  -3.56 BMc 1267 -5.36 39122 13.77 -4.98
269Ds 1145 2324 ?Mc 1224 425 3122 13.67 -4.99
20ps 11.31 -3.68  2Mc  11.88 2312 391123 14.18 -5.12
2ps  11.21 -0.58  ?Mc  11.47 -0.89 396124 14.49 -5.66
22Ds  11.14  -3.09  B9Mc 1136 -0.52 398124 14.28 -5.98
213Ds 11.1 296 Mc  11.26 -0.25 319124 14.05 -5.87
2Mps  11.07 245 8Ly 1364 -6.75

’Ds  10.81 212 Ly 13.61 -6.12
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Fig. 5.8 Heat map showing the variations of atomic number, mass number of parent and logarith-
mic half lives of different decay modes (lifetimes) of 104 < Z < 126

104 < Z < 126. The table 5.4 shows the identified cluster emissions with the corresponding half-
lives. The amount of energy released during cluster emission, cluster emitted and log77 /; values
are tabulated in the table. The minimum CD half-lives corresponds to 8Kr, *4Zr, 'Y and %Mo
for the nuclei 292-293Qg, 298:300199 299123 300124 and 3°6126 respectively. From the available lit-
erature it is also evident that the heavy particle radioactivity of 8°Kr is observed in the SHN Z=118
[129, 400]. In addition the cluster emission such as Rb, Sr, Y, Zr, Nb, and Mo [401] were observed
for the SH region Z= 119-124 respectively. In concurrence to the previous work, present work also
shows shorter half-lives in the SH region Z=118, 122-124 and 126 with the cluster emissions such
as 8Kr, 94Zr, 1Y and °Mo respectively. Similarly, around 20 possible 3 emitters were identified

in the SH region 105 < Z < 125 and the same were tabulated in the table 5.6.

116



Table 5.6 Identified 5 emitters in the SHN region

Parent Q

nuclei (MeV) log(Tl/ 2)
264Db 2.24 -0.04
268Bh 2.93 -0.83
290F] 0.79 1.28
BMc  4.53 -3.68
2927 4.96 -4.12
20119 7.20 -6.27
296119 575 -5.01
292121 8.29 -7.56
24121 8.06 -7.15
298121 6.83 -6.32
3021921 5.12 -5.49
298123 8.42 -8.04
300193 8.27 -7.64
302123 6.72 -7.23
3061923 5.73 -6.42
304195 7.81 -8.55
306195  7.61 -8.15
308195  6.99 -7.75
310195 6.47 -7.35
312195 5.79 -6.96

The table 5.7 gives an information of half-lives and branching ratios, which has ambiguity
in deciding the single decay mode. The branching ratios relative to minimum half-lives among
the studied decay modes is evaluated and second column of the table shows the logT’ , values
corresponding to SF, «, 51 and CD half-lives. For instance, the SHN ***Rf shows shorter logT’ /
values for SF and 7 -decay when compared to other decay modes. The branching ratio among
the SF and 3" -decay is evaluated and it is found that the branching ratio corresponding to SF and
S is found to be 55% and 45% respectively. Similarly, the branching ratios for the SH region
104 < Z < 126 were identified and tabulated in the table 5.7. Finally, investigated life times
of the SH elements after studying the competition between different decay modes are pictorially
represented in the figure 5.8. This figure shows that the life-times of the SH element varies from
ns to minutes. It has been observed that life-times of the SH element decreases with increase in

atomic number. For instance, the average life-time of SH element with Z=104 is around 10min
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Table 5.7 SHN with double decay mode and its branching ratios

Parent log(T3/2) Decay Parent log(T7/2) Decay

nuclei S a st CD mode nuclei  Sf a st CD mode

WRE 125 198 1.65 366 Sf=51% pT=43% | %120 19.58 -4.87 -438 -545 CD=53% o=47%
®Dh 231 -048 -051 3476 B =52% a=48% |20 2545 -621 -585 469 a=51% BT =49%
%1Bh 071 -1.65 -1.75 2058 BT =51% a=49% |¥7120 1536 -425 -46 -3.62 p[F=52% a=48%
®Bh 325 325 222 1773 Sf=50% Sf=50% | %120 2136 -631 -627 -43 a=50% +=50%
%6Bh  1.62 -1.89 -129 236 a=59% BT =41% | 2120 2532 -5.18 -543 506 Bt=51% o=49%
WiHs 298 -3.15 -L11 1537 a=51% Sf=49% |*121 2932 -6.98 -629 -647 a=52% CD=48%
TOMt 211 245 208 1943 a=54% BT =46% | 2121 1856 -475 -505 -543 CD=52% pt=48%
Mt 135 -1.65 -1.63 22,66 a=50% BT =50% | 121 -436 -3.52 422 235 Sf=51% pBt=49%
WML 099 278 254 1653 a=52% Bt =48% | 121 2587 -594 -67 -6.65 BT=50% CD=50%
Tps 172 -1.65 -0.09 2361 Sf=51% a=49% |2121 3036 -578 -5.88 -6.34 CD=052% pt=48%
MRg 222 315 334 1255 BT =51% a=49% |¥1121 269 -477 -546 -633 CD=5% p*=46%
MRg 242 216 244 1844 BT =53% a=47% |30M121 825 -536 -464 -147 a=54% Bt =46%
WRg 398 386 295 9.04 Sf=51% a=49% |2122 30.65 -598 -6.51 -6.89 CD=51% pt=49%
0Rg  -1.56 -387 -379 1012 a=51% pT=49% | #5122 3425 599 -6.73 -678 CD=50% BT =50%
TRg 132 -1.54 -199 2154 B =56% a=44% |20122 3689 -624 -6.1 683 CD=52% o=48%
MRg 356 -3.22 289 154 a=53% pT=47% | ¥T122 3422 696 -632 -6.77 a=51% CD=49%
%Nh  -155 -1.89 -1.55 1855 «a=55% Sf=45% | 122 -058 -498 -4.68 -0.68 «a=52% pF=48%
Nh 065 401 -46 688 BT =53% a=47% |%%122 1821 -527 -487 -631 CD=54% o=46%
2ONh 498 -278 -327 143 Bt =54% a=46% |*122 2356 -596 -55 -646 CD=52% o=48%
8Nh 588 -3.87 -372 1151 a=51% Bt =49% | 122 30.89 -6.14 -591 -67 CD=52% o=48%
TR 502 489 395 362 Sf=51% a=49% |38122 13.77 511 -509 433 a=50% B =50%
®E -045 201 -1.97 1671 o=52% Bt =48% |3%3123 2789 -636 -596 -3.66 a=52% Bt =48%
BIMc 11.02 -3.78 -4.55 052 t=55% a=45% |¥7123 3848 -6.17 -7.18 -751 CD=51% pB*=49%
B'Me 132 298 24 05 a=55% Bt=45% | 31123 3502 -6.18 -637 -6.86 CD=752% [+ =48%
BIMc 898 -358 412 037 BT=54% a=46% |*0"123 2.18 -498 -515 281 BT=51% a=49%
TMc 312 -5.89 -5.86 145 a=50% BT =50% |3%123 1558 -548 -556 -0.65 Bt =50% a=50%
MLy 685 -578 -542 018 Sf=54% a=46% |3%®123 -4.89 -526 -6.01 3.61 p*=53% a=47%
WLy 315 305 -2.83 -132 a=5% BT=48% |33124 4025 -6.25 -6.83 -6.77 Bt =50% CD=50%
MTg 298 -3.58 284 288 a=55% Sf=45% |°%®124 3321 -5.12 -642 -429 BT =56% o=44%
BITs 1325 525 -583 25 pBY=53% a=47% | %124 4025 -596 -6.6 -1.13 CD=52% p*=48%
BT 1455 -5.16 -54 26 t=51% a=49% |°%4124 3585 -6.01 -6.19 -645 CD=51% pB*=49%
M0Ts 918 436 455 -3.09 pBT=51% a=49% |*7124 22.14 -597 -6.02 -0.09 BT =50% o=50%
BTs 1378 -4.87 -498 291 Y =51% «a=49% |24 4414 -6.04 723 153 CD=51% BT =49%
B0Ts  0.68 -625 -6.69 201 pr=52% a=48% |°°124 687 -5.11 -562 317 BF=52% oa=48%
®ITg 858 -5.85 -626 219 pfr=52% a=48% |*125 2625 -651 -649 026 a=50% BT =50%
M0g 1698 -3.78 -391 472 OD=55% p+=45% | %7125 3821 -621 -6.89 -3.75 BT =53% o=47%
Plog 1489 -378 413 49 OD=54% p*=46% |®125 11.58 -575 -6.09 243 BT =51% o=49%
®0g 1874 525 -456 -446 a=54% pr=46% |*®125 4535 -6.87 -729 -1.5 CD=51% BT =49%
B419 595 -6.68 -753 317 BH=53% a=47% |*%125 4525 -696 -7.69 -8.07 CD=51% BT =49%
23119 1829 -3.98 457 -515 CD=53% p*=47% |3%126 -1.58 -575 -6.17 282 BT =52% o=48%
%6119 1498 725 711 379 a=50% At =50% | #3126 1525 -624 -6.57 085 pBT=51% a=49%
24119 1598 -3.89 -543 515 B =51% OD=49% |°%126 4821 -6.87 -7.12 -537 BT =51% o=49%
28119 1935 -5.85 -6.69 -415 BT =53% a=47% |*126 3221 -5.12 -6.96 -097 BT =58% o=42%
28119 -4.85 -322 459 023 Sf=51% pB*=49% |%°126 3921 -632 -6.73 -1.99 BT =52% o=48%
P19 2125 -458 499 -474 BT =51% OD=49% |*°126 44.58 -6.58 -7.36 -3.69 BT =53% «o=47%
2119 1135 423 415 503 CD=54% «a=46% |*%126 26.12 -574 -633 001 BT=52% o=48%
25120 2215 478 -5.02 -546 COD=52% p*=48% |*7126 5132 -7.11 -7.75 -6.99 BT =52% o=48%
24120 2358 422 479 536 OD=53% pY=47% |%*126 756 -621 -594 1.7 a=51% BT =49%
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whereas, average life-time of hypothetical SH element with Z=126 is of the order ms.
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CHAPTER 6

Summary and conclusion

6.1 Comparision of present work with microscopic theory

Even though, many microscopic, macroscopic and semi-empirical relations are available in lit-
erature, a consolidated outcome of all these models are essential in order to predict CD half-lives
for heavy and SHN. A detail investigation is carried out to identify the model which produces
the experimental half-lives with less deviation, and also to test the predictive power of theoreti-
cal models used in the study of cluster and HPR. In the present work, the macroscopic models
such as modified generalised liquid drop model (MGLDM) and Coulomb and proximity poten-
tial model (CPPM) were used. To test the predictive powers these macroscopic models they are
compared with microscopic models such as Hartree-Fock-Bogoliubov (HFB) [72], M3Y effective
interaction [81], Relativistic Mean Field model (RMFM) [402], quantum-mechanical fragmenta-
tion process and WKB penetrability (QMPP-WKB) [70]. In the modified generalized liquid drop

model (MGLDM) [108, 147].

6.1.1 Selection of decay energy and suitable mass excess for the study of CR and HPR

The role of Q-values plays major role in the evaluation of alpha-decay half-lives as well as CD
half-lives [403]. The evaluation of half-lives are directly sensitive to Q-values and these Q-values

depends on exact selection of mass excess values. A slight change in Q-values of 0.1MeV causes
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Fig. 6.1 A comparison of ()., — Q¢ values obtained using different mass excess values such as
WS3+RBF, WS4, WS4+RBF, WS3, KTUY, FRLDM and WS with that of Z?/A.

a significant variance in half-lives of the order of 10715 to 1072s. As a result, the importance of
Q-values in predicting accurate half-lives improves. The role of mass excess values in predicting
exact experimental Q-value i.e )y, — Q41 is plotted as seen in figure 6.1. The various mass excess
values such as WS3+RBF [316], Weizsacker-Skyrme (WS4) model [315], WS4+RBF [315], WS3
[317], Kourra-Tachibaba-Uno-Yamada (KTUY) [265], finite-range liquid-drop model (FRLDM)
[313] and WS [404] is used to notice the deviation obtained from theoretical and experimental
Q-values from each mass excess value. The comprehensive of the figure shows all these different
mass excess values in evaluation of Q-values are fairly reproduces the experimental Q-values.
However, the deviation produced by KTUY is larger when compared to other Q-values evaluated

using different mass excess values. Hence, the standard deviation is calculated for each Q-value
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obtained using different mass excess values. The evaluated standard deviation is as follows;

n 1/2
( — Q) ) (6.1)

The standard deviation is evaluated for n=23 clusters which are available in literature [280, 322,

324, 405, 406]. The o obtained for each Q-values using different mass excess values are tabulated
in table 6.1. From the table it is clearly seen that the value of o is less in case of FRLDM i.e the
mass excess values used in the evaluation of Q-values produces less deviation when compared to

other mass models.

Table 6.1 The standard deviation obtained using different mass excess values with that of experi-
mental Q-values.

WS3+RBF | WS4 | WS4+RBF | WS3 | KTUY | FRLDM | WS
0.73 0.83 0.41 044 | 2.15 0.31 0.75

6.1.2 Suitable microscopic and macroscopic model to study of CR and HPR

Further, the half-lives are evaluated using different microscopic and macroscopic models.
The cluster-decay half-lives using macroscopic models such as MGLDM, CPPM [407] from the
present work and data available from GLDM1 and GLDM?2 [112] were studied in the mass and
atomic number range 221 < A < 242, 87 < Z < 96 respectively. Similarly, the CR half-lives us-
ing microscopic models such as Hartree-Fock-Bogoliubov (HFB) [72], M3Y effective interaction
[81], Relativistic Mean Field model (RMFM) [402], quantum-mechanical fragmentation process
and WKB penetrability (QMPP-WKB) [70]. The experimental logT, /» values are extracted from
the literature [280]. The figure 6.2(a) shows plot of logT,,,/logT;;, as a function of Z,Q~2 in
which logTy;, specifies the values corresponding to microscopic cluster-decay half-lives. Simi-
larly, the ratio of experimental to macroscopic CD half-lives are presented in figure 6.2(b). In
case of microscopic CD half-lives, the value of logT,,,/logT;, ranges between -0.8 to +1.3. Like-
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Fig. 6.2 Variation of logT;/5(s) as a function of Z;/ v/Q for (a) microscopic HFB [72], M3Y
[81], RMFM [402], QMPP-WKB [70] and (b) macroscopic models MGLDM, CPPM, GLDM1,
GLDM?2 [407, 408].

wise, in case of macroscopic models the ratio of logT.,, to logT,, values ranges between -0.8 to
+1.2. Since definite conclusions could not be able to draw from the figure, standard deviation is
evaluated. The figure 6.3 shows comparison of CD half-lives evaluated using microscopic and
macroscopic models with respect to experiments. From this comparison it is observed that the
model such as Relativistic Mean Field model (RMFM) produces less deviation when compared
to other studied models. Equivalently, the Hartree-Fock-Bogoliubov (HFB) produces more devi-
ation when compared to all other models studied. In addition, the MGLDM model produces less
deviation in case of macroscopic models.

Thereafter, the investigated semi-empirical relations such as One single line of universal

(Univ) [409], NRDX [217], Universal decay law (UDL) [76], KPS [410], AZF [411], Horoi [214]
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Fig. 6.3 Comparison of standard deviation obtained using microscopic and macroscopic models.

Table 6.2 The standard deviation obtained using different semi empirical relations with that of
experimental logT; »-values.

Models o

UNIV [409] 2.67
NRDX [217] 2.94
UDL [76] 2.84
KPS [410] 3.03
AZF [411] 1.03
Horoi [214] 1.11
Poenaru [71, 71] 1.18

and Poenaru et al., [71, 71] which are available for CR. A plot of logT.,,/10gT.; is plotted as
a function of Z;Q~'/? for experimental cluster-decay half-lives to different CD half-lives using
semi-empirical relations is shown in figure 6.4. From the figure, it is noticed that the ratio of
logT.;p/10gT e i varies between 0.8 to 1.4. The close examination of figure shows that majority

of AZF [411], Horoi [214] and Poenaru et al., [71, 71] lies close to unity i.e the value produced
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Fig. 6.4 Variation of logT.,,/logT.; as a function of Zdel/ 2 using different semi-empirical

relations such as UNIV [409], NRDX [217], UDL [76], KPS [410], AZF [411], Horoi [214] and
Poenaru et al., [71, 71].

by these semi-empirical relations is almost equal to experimental CD half-lives. Since, no clear
conclusions can be taken from the figure, the evaluated standard deviation produced by each semi-
empirical relation. The table 6.2 shows standard deviation obtained using each semi-empirical
relation with that of experiments. The standard deviation accompanied by AZF [411], Horoi
[214] and Poenaru et al., [71] are nearly equal to unity. However, among these semi-empirical
relations AZF produces the deviation which is equal to 1.02. Hence, the capability of reproducing
experimental CD in macroscopic, microscopic and semi-empirical formulae gives an insight into
prediction in the heavy and SH region for unknown nuclei. The cluster-decay half-lives are
evaluated using macroscopic models such as MGLDM and CPPM. In addition to this the cluster-

decay half-lives using GLDM were studied. Further, the cluster-decay half-lives obtained using
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microscopic models such as HFB, M3Y, RMFM and QMPP-WKB were analysed. The half-lives
obtained using macroscopic and microscopic models were compared with that of available ex-
periments. The standard deviation is less in case of MGLDM macroscopic model. Furthermore,
RMFM microscopic models produces less deviation when compared to other microscopic mod-
els. Similarly, the less deviation is observed in AZF semi-empirical formulae. Hence, these results
gives an insight into prediction of CD half-lives in heavy and SH region for unknown nuclei. The

accurate prediction of CD process enables us to study the shell structure of the heavy nucleus.

6.2 Semiemperical formula for decay energies and half lives of CR

A semi empirical formula for alpha decay half-lives and cluster decay half-lives is formulated
for superheavy nuclei of atomic number range 104<Z<130. The logarithmic half lives produced
by the present formula with that of experiments and other formulae such as Universal Decay Law
(UDL) [224] and Horoi et al., [214], Univ [227], Royer [212] and VSS [228]. The constructed
formula produces logarithmic half lives for alpha and cluster decay (“‘He, °Li, *Be,?**?Ne, ?3Na,
24-26)\[g, 2TAl, 28-308, 32-34g 35(C], 363840 A 341K gpd 4042-4446Cy) in superheavy nuclei of
atomic number range 104 < Z < 130. The proposed a new empirical formula for alpha decay
and cluster decay half-lives agree with the experiments and other formulae available in literature.
Further an attempt is made to parameterize decay energies (Q) during the same cluster emissions
from the SHN region 103 < Z < 126. To check the predictive power of constructed formula
and compared the decay energies produced by the present formula with that the experiments.
The constructed empirical formula can reproduce the Q-values during the cluster emissions using
simple input of mass number of daughter nuclei, atomic number of cluster emission, and neutron
number of parent nuclei. The constructed the semiempirical formula successfully produces Q-

values for superheavy elements during the cluster decay.
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6.3 Cluster radioactivity in the SHN

6.3.1 Even nuclei

The radioactive decay with different cluster emissions in the isotopes of Helium to Calcium
nuclei is studied. The nuclear proximity potential is studied using Prox-13 proximity function.
The CR half-lives have been evaluated within WKB integral method. The estimated CD half-lives
from the present work is precisely reproduce the experimental data. Predictions are made in the
even SHN in the atomic number range 104 < Z < 126. The role of Coulomb effect (Z2/A?/3),
asymmetry effect (N — Z)?/A), pairing effect (v/A) and shell effect on half-lives gives an insight

in to future experiments on CR.

6.3.2 Odd nuclei

The radioactive decay with the different mass excess values were considered during an eval-
uation of CD half-lives. The mass excess values produced by FRLDM are in good agreement
between available experimental data. The different proximity functions such as MP-77, Prox-
77, MP-81, Prox-13, Ng-80 and DP-00 were used in both CPPM and MGLDM models. The
CR half-lives have been evaluated within WKB integral method using different proximity poten-
tial functions. The estimated CD half-lives using Prox-13 proximity function precisely repro-
duce the experimental data. Predictions are made in the odd SHN in the atomic number range
105 < Z < 125. The role of entrance channel parameters such as Z?/A and (N — Z)/(N + Z)

on logarithmic half-lives gives an insight in to future experiments on CR.

6.3.3 Theoretical evidence for neutron magic number 184 from cluster radioactivity studies

The neutron number corresponding to studied SHN with N= 179-184 are having shorter CD

half-lives. The shortest CD half-lives corresponds to SHN 31112655 with “Be cluster emission.
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The existence of neutron magic number 184 is also demonstrated through the CD studies. In
addition to this, shorter half-lives are also observed for the magic or near magic neutron number
of daughter nuclei. Hence, we have predicted possibility of magic neutron number or near magic

neutron number in the SH element 104 < Z < 126.

6.4 Heavy particle radioactivity

The HPR in the SH region 104 < Z < 126 is studied using CPPM and MGLDM. The
standard deviation of Q-values using different mass excess values are evaluated and among all
the different mass excess values the WS4+RBF produces less deviation. Similarly, we have also
evaluated CD half-lives and compared withthat of available experimental values. The standard
deviation produced by MGLDM is less when compared to CPPM. Furthermore, the HPR of *®Ni
to 92Sm were studied. The role of asymmetry effect, relative neutron excess, pairing effect and
Coulomb effect on half-lives were studied. The HPR of %6Kr, **Zr, °1Y and Mo is observed in
the SH element Z=118, 122-124 and 126. The HPR of %Kr, %‘Zr, *1Y and “*Mo is compared
with the spontaneous fission, a-decay and 3*-decay. The decay chains of these SHelement is also
predicted. These SHelements with shorter half-lives undergoes decay and stable lead nuclei is
formed. The larger quantities of Pb is observed in supernova and galaxy spectrum. As a result, the

current research might be valuable in the field of nuclear astrophysics.

6.5 Investigations on decay modes of SHN

systematically investigated all possible decay modes such as «, (3, cluster-decay and sponta-
neous fission in the SH region 104 < Z < 126. The present work is validated by comparing
with experiments. It has been found around 20 5" and seven heavy particle-emitters in the SH

region. Furthermore, the nuclei which shows almost same half-lives for two decay modes are
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also reported with the corresponding branching ratios. However, through experimental study is

necessary to draw the definite conclusions in this aspect.
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6.6 Scope of the Research work

The accurate prediction of the CD process enables us to study the shell structure of the heavy
nucleus and it gives an insight into a prediction of CD half- lives in the heavy and super heavy
regions. This work will be the reference for identifying possible decay modes in the super heavy
region. The existence of neutron magic number 184 is predicted through CD studies, in the super
heavy nuclei region 104 < Z < 126. The dominant decay mode is identified by studying the com-
petition between different decay modes such as a-decay, 3 -decay, cluster-decay, and spontaneous
fission in the super heavy nuclei region 104 < Z < 126, for unknown nuclei. The study of cluster
and HPR enable to predict the new magic number and shell structure of the heavy nucleus.During
the study of cluster radioactivity of superheavy nuclei, surprisingly it is observed that the shortest
half-lives of cluster decay in all superheavy elements are observed for daughter neutron number
184 and nearly equal to that. This is a clear evidence for the existence of the neutron magic number

N=184. This study is useful in the understanding of superheavy element nuclei structure
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Abstract The present work used eight different proximity functions in the modified liquid
drop model [MGLDM] to study the cluster and alpha decay half-lives in the superheavy
nuclei Z = 120. The values produced by the present work are compared with experiments.
We have explored the proximity function is suitable in MGLDM for the cluster and alpha
radioactivity of superheavy nuclei. The present work is useful in the study of decay modes
of superheavy nuclei Z = 120.

1 Introduction

Cluster radioactivity is an intermediate process between spontaneous fission and alpha decay.
During 1980, Sandulescu et al. [1] predicted that the cluster radioactivity is an intermediate
process and later Rose and Jones [2] experimentally confirmed the same. Over a last four
decades, cluster radioactivity of C, O, N, Mg and Si was observed from the parent nuclei
21Fr242Cm leading to doubly magic nuclei 2%®Pb or its nearby nuclei. The concept of
heavy particle radioactivity was further explored by Poenaru et al. [3, 4]. Various theoretical
models were developed to describe cluster radioactivity. The super-asymmetric fission model
(SAFM) [5, 6] has made a major contribution to the knowledge of nuclear hadronic decays.
The unified fission model [5, 7-13] in which the cluster formation probability is studied
using the internal barrier penetration and preformation cluster model (PCM) [14-17] is
evaluated by solving the Schrodinger equation in case of dynamic flow of charges and masses.
Cluster radioactivity is a process of quantum tunneling in which the cluster must penetrate the
potential barrier to emerge from the parent nucleus. In case of UFM (unified fission model)
and PCM, the cluster can penetrate the potential barrier with the existing Q-values, which
plays vital role in the measurement of the emitted cluster half-lives [18].

The concept of proximity potential was extensively used in the nuclear physics. Shi and
Swaiateki [19] were the first to empirically explore the proximity potential, and later Gupta
etal. [15, 20] were extensively used the same method in preformation cluster model. Various
proximity potentials have recently been used to analyze the cross sections above and below the
Coulomb barrier for nuclear decay and nuclear fusion reaction. In addition, several changes
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have been made to the proximity potential. Dutta and Puri [21, 22] have used various versions
of proximity potentials to test the fusion cross sections of different target—projectile combi-
nations. Earlier researchers [23, 24] were studied the role of deformations and orientations
of the radioactive nuclei, mainly for the doubly magic nuclei 2°®Pb. The earlier researchers
[25-42] studied the different decay modes using the different proximity functions.

The proximity potential function essentially consists of two parts. One depends on the
shape and geometry of daughter nuclei and cluster nuclei, and the other is the universal
function related to separation distance between the two nuclei. At present, there were different
forms of proximity potentials. The differences in the proximity functions are based on the
¢(S) and the different parameters which were used in the evaluation of ¢(S). Until now the
systematic study of alpha decay, fission and cluster half-lives was evaluated using the different
theoretical models such as unified fission model, generalized liquid drop model, Coulomb and
proximity models and so on in case of Z = 120. All these models were efficiently predicted
the alpha decay half-lives and corresponding decay chains of the same. Hence, in the present
work we have used eight different proximity functions in the modified liquid drop model
[MGLDM] to evaluate cluster and alpha decay half-lives in the superheavy nuclei Z = 120.
Then in accordance with the available experimental results, we explored which proximity
function is suitable for the cluster and alpha radioactivity and also explained the reason for
same. This paper is structured as follows: The theoretical study of cluster and alpha decay is
presented in Sect. 2. The evaluation of half-lives is given in Sect. 3. The results and discussions
are displayed in Sect. 4. The conclusions are given in Sect. 5.

2 Theoretical framework

The macroscopic modified generalized liquid drop energy between the two nuclei is taken as
a sum of volume, surface, Coulomb, proximity and centrifugal energies and is expressed as:

E:Ev+E5+Ec+EPr0X+E1 (1)

The expressions for the volume, surface and Coulomb energies are given by:

Ey = —15.494(1 — 1.81*) A MeV )
Eg = 17.9439(1 — 2.61*) A*/3(S/4m R) MeV (3)
Ec = 0.6¢*(Z*/Ro) x 0.5 / (V(6)/Vo)(R(O)/Ro)> sin6 d6 MeV 4)

where [ is the relative neutron excess, S is the surface area of the deformed nucleus, V(0)
is the electrostatic potential at the surface and V) is the surface potential of the sphere,
respectively. When the nuclei are far apart, then the equations are written as:

Ey = —15.494[(1 — 1.8I)A; + (1 — 1.813)A3] MeV 5)
Es = 17.9439[(1 — 2.61) A7 + (1 — 2.613)A5°] MeV (6)
Ec =0.6¢*Z2 /Ry +0.66*Z2 /Ry + ¢*Z1 Zy ) r @)
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Here, A; is the mass number, Z; is the atomic number, R; is the radii of the two nuclei,
and /; is the relative neutron excess of the two nuclei. The relative neutron excess I, = 0 to
ensure negative Ey and positive Es. The radius R; of the daughter nuclei is given by:

Ri = (1284} —0.76 +0.84; ') fm, i=1,2 (8)
The centrifugal energy E; of the emitted cluster is given by:
) R +1) ©
r)y=—
! 2u  r?

where , [ and r are the reduced mass, the angular momentum and the distance between the
mass centers, respectively. The proximity function Epy,, is defined as:

- (2
Epon(2) = 47y RO () (10)
where @ is the universal proximity potential function and z is distance between the near

surfaces of the fragments, respectively. b~0.99 is the nuclear surface thickness. In Eq. (10),
R is the mean curvature radius and C; is the Sussmann central radii, expressed as:

7 C1Cy
= (11)
Ci +C22
b
Ci=R; — (E) (12)

R; is evaluated using Eq. (8). y in Eq. (10) is expressed as:
N—-27\? 5
Y =% 1 — Kg 7A MeV/m (13)

where yo = 1.460734 MeV/fm? and Ks = 4.0.
We have evaluated the half-lives of cluster and alpha radioactivity by using eight different
universal proximity potentials and were expressed as follows:

2.1 Modified Prox 1977 (MP 77)

The modified form due to Blocki and Swiatecki [43] is expressed as [44]:

—1.7817 +0.927S +0.1435% — 0.0953 §$<0
&(S) =1 —1.7817+0.9275 + 0.0169652 — 0.051485°% 0 < S < 1.9475 (14)
—4.41 exp(—S/0.7176) S > 1.9475

where S = (r — C; — C2)/b and b is the surface width, b = (n/\/g)a with a = 0.55 fm and
it is nearly equal to unity.

2.2 Prox 1977 (Prox 77)

Blocki et al. [43] suggested a generalized proximity theorem according to which the force
between the two gently curved objects is proportional to the potential per unit area between
two flat surfaces made of the same material and the proportionality constant is a function
of the mean curvature of the two objects. The whole theorem leads to the formula for the
interaction potential between the two nuclei leading a function of simple geometrical factor
and universal separation function. The universal function is expressed as:

—0.5(S — 2.54) — 0.0852(S — 2.54)> § < 1.2511

¢5) = { —3.437 exp(—S5/0.75) S > 12511 (15
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with S =( — C1 — Cz)/band b =~ 1.
2.3 Modified proximity potential 1981 (MP 81)

Blocki et al. [43] first proposed the Proximity 1977 which is valid for gently curved surfaces;
again Blocki and Swiatecki [45] improved the proximity potential function and included the
surfaces which have large curvature which are still characterized by small angles between the
significant portions of the interacting surfaces. They proposed general proof for the proximity
force for the gap configuration which goes over into a crevice after contact and the improved
formula for the proximity potential function were expressed as:

—1.7817 +0.927S +0.01695% — 0.0514S> 0 < S < 1.9475
#(S) = (16)
—4.41 exp(—S5/0.7176) S > 1.9475

2.4 Bass 1977 (Bass 77)

The actual potential in the external region consists of an influence of Coulomb, centrifugal
and nuclear potential. On the basis of the liquid drop model, the later can be interpreted as the
change in surface energy of the two fragments due to their mutual interaction. Assuming that
the specific surface energy is exponentially depended on local fragment separation, simple
geometrical arguments resulted in terms of explicit expression for masses of the fragment
nuclei. The effective potential is expressed as:

d - R
EPTOX = —*LIXA%/3A;/3 exp(_r 12) 17)
Ri» d

where Rjp = rg <Ai/3 + Aéﬂ), d = 1.35 fmand a; = 17.0 MeV. The nuclear part of total
interaction potential is expressed as follows:

d - R
pProx _ —aSA}/SAé/SR—exp<—r 12) (18)

12 d

By using liquid drop model and geometric interpretations, Bass [46] presented the nuclear
aspect of the interaction potential from the knowledge based on the experimental evidence
of the fusion cross sections.

RiR>

= — d(r — Ry — R 19
R+ R (r 1 2) (19)

EProx

Universal function @ (r — Ry — R») has the following form
S S\
¢(S) =[0.033exp( — ) +0.007 exp| — (20)
di dy
2.5 Prox 2013 (Prox 13)
Zhang et al. [47] studied the universal function using double-folding model (DFM) with the
density-dependent nucleon—nucleon interaction. When the overlap between the two nuclei

increases, the proximity potential model becomes complex due to nuclear potential which
overlaps in the smaller distances of the nuclear surfaces. Hence, the DFM with the density-

@ Springer



Eur. Phys. J. Plus (2020) 135:814 Page Sof 16 814

dependent nucleon—nucleon interaction was used to calculate nuclear potential and then
proposed universal function, and it is expressed as:

() = % Q1)
s0+p2
1+ CXP<?>
. R—R — Ry
With s9 = — (22)

Here, py, p2 and p3 are — 7.65, 1.02 and 0.89, respectively [44].

2.6 Prox Ngo 1980 (Ng80)

In 1980, Ngo [48] proposed a proximity function between two gently curved surfaces that is
a function of the separation degree of freedom. The evaluated nuclear potential is expressed
as:

—33+54(S—S,)% forS < Sy

—33exp[—1](S — So)* for § > So @)

#(S) = {

where S, = —1.6 fm.

2.7 Denisov 2002 (DP00)

In 2002, Denisov [49] proposed the proximity potential function by using semi-microscopic
potential between heavy ions evaluated for different colliding ions in the approach of frozen
densities in the extended framework of Thomas—Fermi approximation with %% correction
term and the universal function @(S = r — Ry — Ry — 2.65) is given by:

1 —5/0.7881663 + 1.2292185% — 0.22342775% — 0.10387695*

—RB (0.18449355 +0.075701018%) + (1) + 1)(0.0447064552 +0.03346875%)  for —5.65<S <0

o) = 2 RiR s
11— 52[0.05410106 £15 exp(— 75530 |

—0.5395420(1; + ) exp(— 533705 ) % €XP(— 57587663 ) for § >0
24)

2.8 Prox 2000 (Prox 00)

In the year 2000, Myers and Swiatecki proposed the proximity function [50] especially for
the superheavy region and it is expressed as:

5
—0.1353+ 3 [Cy/(n — D]2.5 = 5™ (0 < § <2.5)
®(S) = n=0 (25)

—0.0955 exp( %3 (§>25

The different values of constant C,, were Cy = — 0.1886, C; = 0.2628, C, = — 0.15216,
C3 = — 0.04562, C4 = 0.069136, and C5 = — 0.011454.
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3 Evaluation of half-live

According to WKB (Wentzel-Kramers—Brillouin) approximation, the penetration probability
P through the potential barrier was studied for the cluster and alpha decay by the following
equation:
Ry,
2
P =exp —%/ 2u(E — Q)dr (26)
R4

where the total energy is evaluated using Eq. (1) by using different proximity functions
and in case of Bass 77 we have used Eq. (19). p is the reduced mass alpha decay or cluster
decay system, Ra and Rb are the inner and outer turning points, and these turning points were
evaluated using the following conditions:

Vr(Ra) = Q = Vr(Ryp) 27
The cluster and alpha decay half-life of parent nuclei is studied by:
Tipp = 2 _In2 (28)
A vP
where X\ is the decay constant and v is the assault frequency and is expressed as
w 2E,
v=—= (29
2 h
The E,, the empirical vibration energy, is given as:

4—- A

E, = Q{0.056 +0.039 exp[ } } for Ay > 4 (30)

4 Results and discussion

We have studied different cluster emissions such as “He, °Li, ?Be, 20-22Ne, 23Na, 24’26Mg,
27 A1, 28-30g4, 31p 32348 35y, 36-38. 40 Ar, 39K and 40424446Ca by using the different prox-
imity functions such as Mp 77, Prox 77, MP 81, Bass 77, Prox 13, Ng80, DPOO and Prox
00. We know that the cluster and alpha decay half-lives were depended on the penetration
probability which is associated with the total energy and the amount of energy released dur-
ing cluster and alpha decay. In the above calculations, the value of the Coulomb potential
remains the same but the value of proximity potentials differs in each case. Figure 1 shows the
variation of total potential/energy with the increase in separation distance between the two
nuclei. Here, we have selected the superheavy nuclei 392120 as an example, and we have also
observed similar distributions of potential in case of other nuclei. In different potential wells,
we have observed that the value of the V changes up to 4 fm and then above 4 fm and more
than the Q; there are no much differences between the total potential. However, the Bass
77 produces the lower barrier height when compared to other potentials. The distribution of
potential in case of Prox 00 was observed to be slightly higher when compared to Bass 77.
From the figure, it is also clearly observed that the distribution of the V(MeV) values was
almost similar in case of MP 77, Prox 77, MP 81, Prox 13 and Ng80. It is also observed that
the DPOO was in between the distribution of all other proximity potential function values.
The studied different proximity potential energies for the superheavy region 220310120 are
presented in Fig. 2. Figure 2 depicts the variation of total potential/energy using different
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Fig. 1 A variation of total potential/energy using different proximity potential functions with the separation
distance between the two nuclei
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Fig. 2 A variation of total potential/energy using different proximity potential functions with the mass number
of parent nuclei during an alpha decay at a separation distance of R; = R; + Ry

proximity potential functions with the mass number of parent nuclei during an alpha decay
at a separation distance of R, = R + R, in the superheavy region 290-31017(). Since we have
observed different potential wells in case of Fig. 1, here also we have observed the different
V(MeV) by using different proximity functions.

The amount of energy released during different cluster and alpha emissions was stud-
ied using the mass excess values available in the literature [51-55]. The Q-values were
taken as a difference between the mass excess of parent and fragment nuclei. The amount
of energy released during different cluster emissions with mass number of parent nuclei
for the 220310120 is presented in Fig. 3. From the figure, it has been observed that as the
mass number of cluster increases corresponding Q-values were also increased. Once the
total potential/energy and amount of energy released during different cluster emissions were
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Fig. 3 Amount of energy released during different cluster emissions with mass number of parent nuclei
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Fig. 4 The variation of driving potential using different proximity potential functions with the mass number
of parent nuclei

studied, then the driving potentials for all the cluster and alpha emissions were studied using
different proximity functions. Figure 4 represents the variation of driving potential using
different proximity potential functions with the mass number of parent nuclei at a separation
distance of R, = R; + R in the superheavy region 220-310120. From Fig. 4 it is observed that
the driving potential of Prox 00 is lesser when compared to all other proximity functions.
Although the scale of driving potentials is quite different for MP 77, Prox 77, MP 81, Bass 77,
Prox 13, Ng80, DP00 and Prox 00, their potential energy surface area is similar and exhibits
the similar alpha potential well with slight different values.

The difference between the V and Q plays an important role in the estimation of half-
lives. The half-lives were inversely proportional to the barrier penetration probability and it is
evaluated using the WKB integral. From Fig. 5 it is evident that the alpha decay logarithmic
half-life of superheavy nuclei 229310120 was decreased with an increase in neutron number.
However, we have observed minimum logarithmic half-life values when compared to neigh-
boring nuclei near the magic nuclei N = 176 and 185. The tabulated values of logarithmic
half-lives using MP 77, Prox 77, MP 81, Bass 77, Prox 13, Ng80, DP0OO and Prox 00 for

@ Springer



Eur. Phys. J. Plus (2020) 135:814 Page9of 16 814

-o-MP 77
-O0-Prox 77
N=176 -A-MP 81
—~7-Bass 77
—~>-Prox 13
N=185 —~<+Ng 80
—>-DP 00
-O-Prox 00
>

>

-4+

v
i

I_Og-ITI/Z

-8 -

170 175 180 185 190

Fig. 5 A variation of logarithmic half-lives with the neutron number for the superheavy region 290-310120 by
using different proximity functions

cluster emissions such as “He,®Li, °Be, 20-22Ne, 23Na, 2420Mg, 27Al, 28-30gj, 31p, 32348
and #°Ca for superheavy nuclei 3°2120 are shown in Table 1. In order to study the effects of
the proximity functions, MP 77, Prox 77, MP 81, Bass 77, Prox 13, Ng80, DP0O and Prox 00
used in the present study were also compared with the available experimental values [56] in
the superheavy region Z = 104—118. The table gives the comparison between the logarithmic
half-lives of different proximity functions with the available experimental values. From the
comparison, it is clear that the magnitude of half-lives of different cluster emissions such as
4He, SLi, °Be, 20-22Ne, 23Na, 2426Mg, 27 Al, 28-30j, 31p, 32-345 and 4°Ca in case of MP 77,
Prox 77, MP 81, Prox 13 and Ng80 was found to be similar, but the value of half-lives was
found to be little different in in the Bass 77, DP0OO and Prox 00. Depending on Fig. 1, we
can inference that the variation of the half-lives in Table 1 was due to the distribution of total
potential.

To be more accurate with the results obtained from the different proximity potentials, we
have compared the logarithmic half-lives using the proximity functions such as MP 77, Prox
77, MP 81, Bass 77, Prox 13, Ng80, DP0O and Prox 00 with that of available experimental
values [52] in the superheavy region 104 <Z<118 which are tabulated in Table 2. From the
tabulated values, it is observed that there are similar magnitude values for the MP 77, Prox
77, MP 81, Prox 13 and Ng80 and slight variation in case of Bass 77, DP0OO and Prox 00.
The ratio of experimental and calculated half-lives using different proximity functions was
studied, and it is expressed as:

10gexp (71/2)
logeq (i 2)

Figure 6 shows a deviation between the logarithmic half-lives using different proxim-
ity functions such as MP 77, Prox 77, MP 81, Bass 77, Prox 13, Ng80, DPOO and Prox
00 and experimental logarithm half-lives during an alpha decay for the superheavy nuclei

104 <Z<118. From the figure, it is observed that the many of the points lies in between + 1
and —1 in case of MP 77, Prox 77, MP 81, Prox 13 and Ng80 and little deviations in case of

log(r) = (31)
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Fig. 6 A deviation between the logarithmic half-lives using different proximity functions such as Mp 77, Prox
77, MP 81, Bass 77, Prox 13, Ng80, DP0OO and Prox 00 and experimental logarithm half-lives during an alpha
decay for the superheavy nuclei 104<Z<118
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Table 3 Standard deviation values between the experimental and different proximity functions such as Mp
77, Prox 77, MP 81, Bass 77, Prox 13, Ng80, DP0O and Prox 00

OMP 77 OProx 77 OMP 81 OBass 77 OProx 13 ONg 80 ODP 00 OProx 00

0.552 0.556 0.735 0.832 0.538 0.932 0.264 0.749

30 4
251
20 4
15 4
10 |

logT, |(s)

30

254

20

15

—
G NN

10

>
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200 295 300 305 310 200 205 300 305 310
Mass number of parent nuclei

Fig. 7 A variation of logarithmic half-lives of superheavy nuclei 290-31012¢ during the cluster emission of as
4He, 6Li, 9Be, 20'22Ne, 23Na, 24_26Mg, 27A1, 28_3OSi, 31 P, 32—345’ 35C1, 36,38, 40A1‘, 39K and 40,42—44,46Ca
by using proximity function Ng 80

Bass 77, DP00 and Prox 00. The Q-values were evaluated by using the mass excess values.
We have used experimental mass excess values [51]. For those nuclei, where experimental
mass excess was unavailable, we have used theoretical mass excess values [52-55].

The standard deviation of half-lives by using different proximity functions was evaluated
with that of experimental values, and it is expressed as:

| n 172

2
— cal exp
o = m ; <10g T1/2 — IOg T]/2> (32)

The evaluated standard deviation is shown in Table 3. From the comparison, it is obtained
that the standard deviation of half-lives for MP 77, Prox 77, Prox 13 was observed to be
of the same order and the deviation produced by the MP 81 and Prox 00 is of the same
order. The DP0OO produces the large deviation, whereas Ng 80 values were nearly equal to
unity. Henceforth, Fig. 7 shows the variation of logarithmic half-lives of superheavy nuclei
290-310120 during the different cluster emissions by using proximity function Ng 80 and the
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Table 4 tabulation of logarithmic half-lives of superheavy nuclei 290-310120 during the cluster emission of as
4He, 6Li, 9Be, 20'22Ne, 23Na, 24'26Mg, 27Al, 28'3OSi, 31P, 32'345, 35CL 36,38, 40Ar, 39K and 40’42'44’46(:&

by using proximity function Ng 80

Parent Logarithmic half-lives
nuclei

4He OLi  %Be 20Ne 2INe 22Ne 23Na Mg 20Mg 28si 29si 30gi
290 —690 2695 2632 1726 1720 1587 1795 1666 1125 1425 1282 974
291 —7.18 2457 2148 17.61 1556 1621 1840 1573 1153 1496 12.36 10.52
292 —7.14 2689 2552 1826 17.58 1620 19.15 17.88 1176 1571 14.54 11.12
293 —6.80 2515 21.68 2020 1620 1658 19.75 17.06 1242 17.07 13.98 11.88
294 —6.06 27.75 2638 2145 18.77 17.16 20.86 19.51 1278 18.17 15.89 12.59
295 —6.21 2592 2235 2292 1811 18.67 22.14 18.72 13.16 1892 1513 13.24
296 —6.86 27.52 2537 2343 20.64 1876 2298 2143 1294 1977 1679 1372
297 —6.58 2566 2179 24.68 20.13 20.03 24.12 21.15 13.63 21.19 1577 1440
298 —628 2806 26.16 2522 2344 2070 2498 2409 1435 2238 1828 15.10
299 —581 2641 2240 2608 2288 21.59 2597 2320 1574 23.80 18.06 16.14
300 — 639 2829 2597 2607 2517 2145 2637 2535 1645 2449 2065 16.87
301 —6.92 2567 2052 2580 2349 2136 2628 24.04 1734 2501 20.17 17.57
302 —7.03 2691 23.08 2446 2521 20.83 2626 2537 1803 2512 2239 17.82
303 —729 2471 1782 2439 23.06 2000 2529 2402 1830 2588 21.90 17.91
304 —727 2651 20.10 2423 2463 1837 2528 2541 1879 2641 23.88 17.71
305 — 847 2326 1461 2321 2154 1697 2400 22.66 17.61 2657 21.87 17.22
306 —8.11 2565 17.57 23.61 23.19 16.66 24.08 2443 1734 2681 2437 17.56
307 —7.93 2235 1252 22.84 2050 1551 22.80 21.79 1636 26.09 21.89 17.37
308 —821 2576 1527 2247 2245 1535 23.13 2325 1611 26.16 2348 17.16
309 —7.18 2332 1174 2201 19.83 1502 2274 2145 1556 2597 21.54 16.68
310 —7.04 2709 1635 2223 2125 1437 2298 2333 1557 2646 23.16 1653
Parentnuclei 3'P 32si 33g 35 B 30ar I A 2ca Bca Hca Ca
290 1355 15.64 1490 1030 14.99 16.87 1584 10.69 12.60 1249 9.1 6.35
291 14.16 1643 1440 1101 16.04 18.05 1630 1124 1329 11.56 944 638
292 1526 1773 1642 1171 17.14 19.17 1720 11.66 1390 13.68 992 652
293 1621 18.86 1625 1255 18.10 2032 1835 12.84 1460 13.19 1046 6.88
294 17.17 2001 1878 1333 19.42 2208 20.15 1396 1542 1494 1095 7.16
295 17.66 2137 1852 1434 2054 2324 2127 1521 17.00 1454 1131 742
296 1791 22.16 2021 1486 2123 24.04 2232 1595 17.75 1649 1148 731
297 1872 23.05 20.01 15.65 22.09 2563 23.63 1678 19.00 16.09 12.46 7.49
298 1946 23.88 2241 1646 2345 2670 2491 1747 20.14 1887 1357 8.09
299 2040 2571 21.81 17.08 2431 27.85 2583 18.85 21.73 18.93 1449 9.18
300 2133 2674 24.09 17.53 2505 2879 2665 1926 2248 20.85 1507 9.52
301 2253 2650 23.76 18.61 2587 2936 27.60 19.79 2320 20.15 15.62 10.09
302 2350 2745 2475 1921 2572 3038 2830 20.00 23.68 22.19 1596 10.46
303 2426 2885 23.90 1855 2676 31.58 2897 20.55 24.15 2128 1649 10.69
304 2538 29.80 2656 19.08 27.83 32.62 29.93 21.10 24.44 2297 16.86 10.73
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corresponding half-lives are tabulated in Table 4. From the figure and table, we have observed
that the alpha decay half-lives were smaller when compared to different cluster emissions.

5 Conclusions

The present work used eight different proximity functions in the modified liquid drop model
[MGLDM] to study the cluster and alpha decay half-lives in the superheavy nuclei Z =
120. We have explored the proximity function suitable in MGLDM for the cluster and alpha
radioactivity of superheavy nuclei. The present work is useful in the study of decay modes
of superheavy nuclei Z = 120.
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Abstract

The concept of heavy particle radioactivity is studied using modified generalised liquid drop model
(MGLDM) in the superheavy element Z = 126. The eight different proximity functions and different mass
excess values were used to evaluate cluster/HPR. The logarithmic half-lives using different proximity func-
tions and mass excess values are compared with that of experiments. The HPR of 60Ni to 192Ru have been
studied in the superheavy region 306126 10 326126. The HPR half-lives has been compared with the differ-
ent decay modes such as a-decay, B-decay and spontaneous fission. 9 HPR emitters, 4 « emitters, 1 f7
emitter and 7 spontaneous fission nuclei were identified in the superheavy nuclei 306314126, 315-318 176
319126 and 320-3261 26 respectively.
© 2021 Elsevier B.V. All rights reserved.

Keywords: Superheavy nuclei; Alpha-decay; Cluster-decay; Q-values

1. Introduction

One of the most unresolved question till date is the synthesis of superheavy nuclei Z > 118.
More than thirty superheavy nuclei have been synthesized by cold and hot fusion reactions [1-5].
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In addition to above experimental evidence, many attempts have been repeatedly conducted in
order to synthesize the superheavy element Z > 118 using the projectiles such as Sc, Ti, V, Cr,
Mn, Fe and Co [6,7]. Using relativistic mean field theory and self-consistent calculations [8—10]
the proton magicities have been predicted for Z = 114, 120, 124 and 126. Consequently, many
theoretical studies propose suitable projectile target combinations to extend the periodic table up
to Z = 126 [11-18]. Among which, the atomic number Z = 120, 124 and 126 are paid more
attention in order to disclose the existence of magic nuclei.

The identification of the new synthesized superheavy nuclei is carried out when excited com-
pound nuclei attains ground state through the decay modes. The transition from excited state to
ground state occurs mainly by an alpha decay [19,20]. In addition spontaneous fission [21,22]
is also observed in the superheavy region. Hence, main decay modes are identified as alpha and
spontaneous fission in the superheavy region. In addition, cluster and heavy particle radioactivity
[23-26] is also observed in the heavy and superheavy nuclei.

On the experimental side, the emission of heavier clusters (14C , 200, uN e, M g and 32 )
leading to doubly magic nuclei 28 Pb [24,27,28]. The experimental confirmation of 2* Ne cluster
from the heavy nuclei 32U was attained during the year 1985 [29]. Neon cluster emissions were
also successfully observed from the isotopes of uranium i.e. 232234235 [30]. Cluster emission
of BF and **Ne from the 23! Pa was experimentally observed [31]. Bonetti et al., [32] exper-
imentally studied the 2>2*Ne cluster emission from 23°U. The cluster radioactivity 2839Myg,
32,34 §i was experimentally observed in the heavy nuclei 238 Py and >*>Cm [33].

Using super asymmetric fission model Poenaru et al., [34] predicted the cluster emission
(12C, 160 3032¢g; 48.50C; and 68Ni) half-lives of T > 10% s. The two-step process such
as cluster formation and quantum-mechanical fragmentation was successfully explained in the
heavy region [35]. Many theoretical models such as Yukawa plus exponential model (CYEM)
[36], preformed cluster model (PCM) [37], mean-field HartreeFock-Bogoliubov theory [38],
Coulomb and proximity potential model (CPPM) [39,40], double-folded model with the renor-
malized M3Y interaction (RM3Y) [41], microscopic density dependent cluster model (DDCM)
[42], generalised liquid drop model [43] and effective liquid drop model [44]. All the above
models predict the cluster decay half-lives, microscopic understanding of cluster decay and nu-
clear structure information. Among the different decay models the generalized liquid drop model
which describes the process of fusion barrier [45], fission [46], cluster decay [47], investigation
of charge asymmetry, deformation and proximity effects and nuclear structure parameters such
as nuclear radius and mass [48,49].

Earlier, researchers have effectively used different models such as CPPM, MGLDM, ELDM
and semi-empirical relations to evaluate decay modes in the heavy and superheavy nuclei [50—
59]. The goal of this contribution is to study the range of isotopes in the superheavy nuclei Z
= 126 using different proximity potentials within the modified generalised liquid drop model
(MGLDM). These different versions of the proximity potentials involve different parameters and
the proximity function ¢ (Sp). Hence, the systematic behaviours of different proximity potentials
in the heavy particle radioactivity were important in order to explore the nuclear structure. By
using the method of extrapolation towards the superheavy nuclei Z = 126 and comparison of
proximity potential function with that of available experiments increases the predictive power of
the model during heavy particle radioactivity half-lives. The theory used to evaluate the half-lives
using different proximity potential functions is briefly described in section 2. The results using
the present work are discussed in section 3. The conclusions out of the present work are given in
section 4.
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2. Theory

Among the various models, the MGLDM is one of the successful models which describes the
fusion, fission, o and light particle emissions and nuclear structure parameters such as nuclear
radius and mass, investigation of charge asymmetry, deformation and proximity effects. For a
deformed nucleus, total energy is the sum of the volume (E,), surface (E,), coulomb (E,) and
proximity (Ep,oy) energies and the same were expressed as;

E:Ev+Es+Ec+EProx+El (1)

For the deformed nuclei the volume (Ey ), surface (E;) and coulomb energies (E.) are given by;

E, =—15.494(1 — 1.81*)A MeV )
S
Es =17.9439(1 — 2.61*)A** ——— MeV
‘ 9439( 61%) o e 3)
E.=0.6¢*(Z%/Ro) x 0.5 /(V(Q)/ Vo) (R(6)/Ro)>sin(0)d6 MeV 4)

where 1 is the relative neutron excess, S is the surface area of the deformed nucleus, V(6) is the
electrostatic potential at the surface and V is the surface potential of the sphere. When the nuclei
are far apart then the equations are written as;

E,=—15.494(1 — 1.81)A; + (1 — 1.81}) Ay MeV 5)
E, =17.9439(1 — 2.61))A> 4+ (1 — 2.613) A5 MeV (©6)
E.=0.6¢>(Z3/R1) 4 0.6¢*(Z3/Ry) + ¢*Z1Z/r MeV @)

Here A;, Z;, R; and I; are with the usual notations such as mass number, atomic number, radii of
the two nuclei and relative neutron excess of the two nuclei respectively. The I, = 0 such that Ey
and Eg possesses negative and positive values. The radii R; of the daughter nuclei are defined
as;

173 1/3

Ri =(1.26A;” —0.76 +0.84, ") fm i=1,2... (8)
The centrifugal energy E; of the emitted proton is expressed as;
h2 0(L+1)
Ei() =53 ©
nw r

where p, £ and r are usual notations with reduced mass, angular momentum and the distance
between the mass centers respectively. The proximity function is taken from the reference [60]
and it is expressed as;

V,(Z)=4ny®R (%) 10)

here ¢ is the universal proximity potential and z is the distance between the near surfaces of the
fragments. b ~ 0.99 is the nuclear surface thickness. In the above equation (10), is the mean
curvature radius and it is calculated using the following relation;

GG
Ci+C

R:

D
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The Sussmann central radii C; is given by;
b2
Ci=R; - <E> (12)
sharp radii R; is expressed as;
Ri=1284)"7 -0.76 +0.84; " (13)

In the equation (10), y is given defined as;
N-2Z\?
Y =% [1 — I (T) ] MeV /fm? (14)

where yy = 1.460734 MeV/fm? and I; = 4.0 and the various universal proximity function in
equation (10) is as follows.

2.1. Modified proximity potential 1977 (MP77)

Ishwar Dutt has modified the original proximity potential [60] using different data available
for universal function and surface energy co-efficient. The radius formula has improved using
the data available on charge distribution. The proposed proximity potential reproduced the po-
tential barrier heights less than 5% on average and hence can be used to evaluate the fusion cross
sections; The proposed proximity potential [61] function is expressed as;

—1.7817 +0.927S +0.14352

—0.0953 $<0

®(S) =1 —1.7817 +0.9275+ (15)
0.016965% — 0.0514853 0 < S < 1.9475
—4.41exp(—S/0.7176) S > 1.9475

With S = (r — C; — C2)/b and b = (1t /+/3)a with a = 0.55 fm [61].
2.2. Proximity 1977 (Prox77)

The generalized theorem is based on the force between two gently curved objects in close
proximity is directly proportional to the interaction potential per unit area between two flat sur-
faces and the constant of proportionality is measure of the mean curvature of the two objects.
The formula resulting in product of geometrical factor and a universal function is as follows;

(—3) (So —2.54)°
$(S) = | —0.0852(Sp — 2.54)3  for Sg < 1.2511 (16)

3
—~343Texp (—i%) " for Sp = 1.2511

2.3. Modified proximity potential 1981 (Mp81)
The conventional proximity force theorem states that the proximity force between gently
curved surfaces is directly proportional to interaction energy per unit area between two flat sur-

faces. The geometrical configurations will include the cases in which the shape is in the form of

4
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single object or two or more fission fragments. The gap between two gently curved surfaces are
separated or overlapped by distance S. The improved proximity potential function of the Blocki
and Swiatecki [62] includes the surfaces which have large curvature which are still character-
ized by small angles between the significant portions of the interacting surfaces. The proposed
proximity potential function is expressed as;

—1.7817 +0.927S + 0.14352—
D(S) = {0.090583 0<S < 1.9475 (17)
—4.41exp(—S/0.7176) S > 1.9475

2.4. Bass 1977 (Bass77)

Bass [63] investigated the interaction of two heavy nuclei using a simple, classical model
that allows for quantitative predictions of interaction and fusion reactions, as well as angular
momenta limits in surface and fusion reactions. Bass suggested an exponential factor for the
proximity potential based on a model of liquid drop that consists of mutual separation of two
fission fragments by change in surface energy and in multiplying geometrical argument that
leads internally to nuclear part of its potential to interact. The effective potential is expressed as;

d r—R
EP’O)‘:——aSA}ﬂAéﬂexp - ! (18)
Ri» d

where Rjp = ro(A}/3 + Aéﬁ), r is the separation distance, d = 1.35 fm and a; = 17.0 MeV [60].
By using liquid drop model and geometric interpretations, the nuclear interaction is taken from
proximity method and it is given by:

RiR»

EProx = d(r— Ry — R 19
(R, (r—Ri— Ro) (19)
Universal function ¢ (r — Ry — R») has the following form;
S S\
¢S)=|Aexp| — |+ Bexp| — (20)
di dy

with A = 0.030 fm/MeV, B = 0.0061 fm/MeV, d| = 3.30 fm and d, = 0.65 fm [64].
2.5. Proximity 2013 (Prox 13)

When the overlap of two nuclei increases, the proximity potential model becomes less accu-
rate due to complication of nuclear potential at the small distance in the overlap region of nuclear
surfaces. While, double-folding model (DFM) gives the average results of the effective nucleon-
nucleon interaction at all nuclear densities. Surface effects from the nuclear surface region are
immediately taken into consideration. Since the DFM has a great validity at the tail of the po-
tential, Zhang et al., [65] studied the universal function using double-folding model (DFM) with
the density-dependent nucleon-nucleon interaction. Then the proposed universal function and it
is expressed as;

P

— (21)
1+4+exp (—SO;%PZ)

@ (So) =
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with So = w and P;, P, and Ps are the constants whose values are —7.65, 1.02 and 0.89
respectively [65].

2.6. Prox Ngo 1980 (Ng80)

In 1980 Ngo [66] proposed a proximity potential between two gently curved surfaces that is a
function of the separation degree of freedom and it is proportional to the interaction potential per
unit area and the proximity factor is 2¢ times the reciprocal of the square root of the Gaussian
curvature of the gap width function at the point of closest approach. The force between two gently
curved surfaces depends on the interaction potential between two nuclei. Ngo calculated the
interaction between two heavy ions using the energy density formalism and Fermi distributions.
Thus Ng80 proximity potential was constructed based on the energy density formalism and Fermi
distributions. This proximity potential was constructed by considering the experimental fusion
barriers.

—33 4 5.4(5 — Sp)? S <So
—33exp[—1/51(S — Sp)> S=>So

where Sp = —1.6 fm [66].

D(S) = : (22)

2.7. Denisov 2002 (DP00)

In 2002 Denisov [67] suggested the possible proximity relation through the use of semi-
microscopic potential between heavy ions for the specific colliding ions in the framework of
Thomas—Fermi approximation with correction term. The proton and neutron densities of each
ion are obtained in the Hartree—Fock—Bogoliubov approximation with SkM* parameter set of
the Skyrme force. An expression for the ion—ion potential well fits the semi-microscopic po-
tentials in the wide range of both colliding ions and distances between them and the universal
function ¢ (S =r — Ry — Ry — 2.65) is given by;

1 —5/0.7881663 4 1.2292185>
—0.22342775% — 0.10387695*

— B2 (0.18449355% 4 0.075701015°
+(h + 1)

d(S) = | (0.044706455%+

0.03346875%) for —5.65<5<0
1= 52[0.05410106 252 exp (~ sogiiess ) |
—0.5395420(11 + )

exp (= 2.4251408) xexp (_m) for § >0

2.8. Prox 2000 (Prox 00)

Myers and Swiatecki [68] considered the nuclear properties including the surface energy
coefficient and nuclear radii using nuclear parameters. The proximity 1977 treatment of nucleus-
nucleus interaction is confronted with 113 measured fusion barriers specially in the superheavy
region and it is expressed as;
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5 Ca
01353+ X5 o [ S5 ]
P(S)=1@25-5+D 0<85<25 (23)
~0.0955exp (3573 §>2.5
The values of constant C,, are Co = —0.1886, C>» = 0.2628, C» = —0.15216, C3 = —0.04562,
C4 =0.069136 and Cs = —0.011454 [68]. The proximity and coulomb function are enough to

achieve the a-decay and cluster radioactivity and the probability of penetration is studied using
the WKB integration;

R()Ul
P =exp —% / V2B(r)E(r) — E(sphere) (24)

Rin

here R;, and R,,; are the inside and outside classical turning points and which can be evaluated
from the condition that the V(r = R;;,) = V(r = R,,;) = Q and u is the reduced mass of the
cluster and daughter nuclei. The half-lives of cluster emission from the superheavy nuclei Z =
104-126 were evaluated using the following equation;

T In2 . In2 25
== ()= (7r) @)

where A is the decay constant and it is a function of assault frequency v = (ﬂ) = (ZE”). Here

E, is the empirical zero point vibrational energy and it is expressed as;

4— A,
E,=0Q [0.056 +0.03%exp ( 53 - )] MeV (26)

Here A, is the mass number of the emitted alpha and cluster particle. The term P and Py in equa-
tion (25) are the penetration probability and preformation probability for cluster decay. The Py
play a major role in heavy and superheavy nuclei [69,70]. The Py for heavy particle radioactivity
is evaluated as follows [71];

Py = 109Q+bQ%+¢ (27)

where Q is decay energy released during heavy particle radioactivity. Here, a, b and c are the
fitting parameters with —0.25736, 6.37291 x 10~ and 3.35106, respectively.

3. Results and discussions

The present study is carried with the two step process. Firstly, logarithmic half-lives obtained
from the eight proximity potentials are compared with the available experiments. The standard
deviation of logarithmic half-lives produced by using different proximity potentials are evalu-
ated. The proximity potential which produces logarithmic half-lives with least standard deviation
is identified. In the second part, the role of Q-values in the prediction of logarithmic half-lives
were studied using different mass excess values such as Kourra-Tachibaba-Uno-Yamada (KTUY)
[72], finite-range liquid-drop model (FRLDM) [73], Weizsacker-Skyrme (WS4) model [74],
Weizsacker-Skyrme (WS)+radial basis function (RBF) i.e. WS4+RBF [74], WS3+RBF [75],
WS3 [76], WS* [77]. Finally predicted the HPR half-lives by using suitable proximity function
and mass excess values in the superheavy element Z = 126.

7



Table 1

Comparison of logarithmic half-lives obtained using eight proximity potentials such as MP77, Prox77 MP81, Bass77, Prox13, Ng80, DP00 and Prox00 with that of experiments.

Decay OQExp LogTy (s)
(MeV) Expt. MP77 Prox77 M P81 BassT7 Prox13 Ng80 D P00 Prox00

2lp, 1442071 31317 14.51 [78] 14.28 14.25 13.60 18.99 13.96 15.59 13.79 13.83
221 Rg 14 ¢ 4207 pyp 32.396 13.37 [78] 13.14 13.11 12.44 19.46 12.88 14.56 12.74 12.89
222Rq 14 C 4208 pp 33.05 11.05 [79] 11.22 12.42 11.74 16.86 12.25 13.70 12.13 11.97
28 Rq 14 ¢ 4209 pp 31.829 15.05 [79] 15.29 15.27 15.28 14.66 14.54 14.94 13.16 12.83
224Rq 14 4210 pp 30.54 15.9 [80] 15.12 15.09 14.47 12.75 14.71 16.52 14.51 14.02
226 Rg 14 C 4212 pp 28.2 21.29 [81] 20.91 20.89 20.34 20.98 20.14 22.74 19.79 19.04
22540 14 ¢ 4211 Bj 30477 17.16 [82] 18.29 18.27 18.16 18.79 18.75 17.86 19.10 15.02
2287 520 9 4208 py 4472 20.73 [83] 20.37 20.34 20.76 19.97 21.32 21.94 19.93 21.09
230 522 yp 4208 py, 61.4 19.56 [84] 18.84 18.83 18.23 21.33 19.85 19.21 19.60 19.62
807 524 Ne 4206 fg 57.571 24.61 [85] 24.01 23.99 25.04 27.62 24.96 23.87 22.39 20.75
Blpg 524 Ne 4207 T4 60.417 22.89 [85] 2221 22.20 23.18 26.56 23.26 22.07 20.78 18.99
23217 24 N 4208 pp 62.31 20.39 [86] 2132 21.30 2227 25.62 20.11 21.25 21.32 21.32
2By 524 Ne +29 pp 60.486 24.84 [85] 23.70 23.69 24.76 24.26 24.64 23.75 23.70 23.70
23417 26 N 4208 pp 59.466 25.93 [30,87] 24.55 27.39 25.88 23.75 26.21 24.46 24.55 27.41
B4y 28 prg 4206 g 74.11 25.74 [88] 25.36 25.35 26.86 25.24 26.39 26.04 25.36 25.36
236 py 28 ppgo 4208 pp 79.67 21.65 [85] 21.94 21.93 20.46 21.68 20.39 22.67 21.94 21.94
28py, 28 ppg 4210 pp 75.912 25.66 [89] 26.06 26.06 24.65 23.29 27.02 26.93 26.06 26.06
28 py 530 prg 4208 pp 77 25.66 [89] 24.70 24.68 23.12 23.28 26.21 25.26 24.70 24.70
B8 py 325 4206 gg 91.19 25.3 [90] 26.49 26.48 25.03 23.44 24.28 27.85 26.49 26.49
20y 34 5 4208 pp 96.509 23.11 [91] 22.20 22.18 23.82 2226 24.05 23.24 22.20 22.20

v 32 DCWMoS "N ‘vygpunluvpy ) H ‘vIoavSoN W'Y

90€Z21 (1202) SI01 V $218&yd 4vajonN
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Table 2
Standard deviation values between the experimental and different proximity functions such as o p77, o prox77, oM P81>
OBass77> OProx13> ONg80> 9D P00 and 0 pyox00-

OM P77 OProx71 oM P81 OBass77 OProx13 ONg80 9D P00 O Prox00
1.2586 0.544 0.546 1.298 0.624 0.406 1.587 1.54

In order to identify correct proximity function for cluster/HPR, we tried to reproduce available
experimental cluster radioactivity half-lives using different proximity functions such as MP77,
Prox77, MP81, Bass77, Prox13, Ng80, DP0OO and Prox00. The Table 1 shows the tabulated values
of logarithmic half-lives using different proximity potentials for the available experiments. In
order to evaluate the logT, values, we have considered experimental Q-values and it is tabulated
in second column of the Table 1. From this table it is found that the proximity function Ng80
produces cluster-decay half-lives to closer to experiments than that of the other studied proximity
potentials.

The standard deviation produced by each proximity potential is evaluated using following
equations;

12
1 n 2
o= ((n 1 Z (logl/zTcal — logl/zTexP) ) (28)

i=1

The evaluated standard deviation produced by different proximity potentials are tabulated in
Table 2. From this table, it is clear that the deviation produced by proximity function Ng80 is
about 0.406, which is smaller than that of other proximity potentials.

Later, we have used proximity Ng80 for the evaluation of logarithmic half-lives of heavy
particle radioactivity in the superheavy nuclei Z = 126. In order to select the correct mass
excess values for the study of HPR, Q-values corresponds to HPR were evaluated using the
different mass excess values such as Kourra-Tachibaba-Uno-Yamada (KTUY) [72], finite-range
liquid-drop model (FRLDM) [73], Weizsacker-Skyrme (WS4) model [74], Weizsacker-Skyrme
(WS)+radial basis function (RBF) i.e. WS4+RBF [74], WS3+RBF [75], WS3 [76] and WS*
[77]. The Q-values produced by the different mass excess were used to predict experimental
HPR half-lives using Ng80 proximity potential. The Table 3 shows the logarithmic half-lives
evaluated using different mass excess values along with the experimental cluster/HPR half-lives.
The standard deviation is found using equation (28). The evaluated standard deviation of loga-
rithmic half-lives obtained using different mass excess values [73—77] is shown in Table 4. From
the table, it is clearly observed that the cluster/HPR half-lives obtained using mass excess values
of FRLDM shows smaller deviation of about 0.33 when compared to other mass excess val-
ues available in the literature. However, the standard deviation produced WS4+RBF (0.84) and
WS4(0.80) mass excess values are larger when compared to that of FRLDM.

In a systematic search for the suitable proximity potential and mass excess values, we are
successfully identified proximity function Ng80 and mass excess values from FRLDM which
produces cluster/HPR half-lives close to experiment. With this confidence, we have extended
evaluation of HPR in the superheavy element Z = 126. The HPR is considered such that ZZ”"’ =
28 and maximum heavy particle emission is Z'** = Z — 82 [23]. Hence, we considered HPR
of ®*Ni to '92Ru from the superheavy nuclei 3%°126 to 320126. The Fig. 1 shows the variation of
logarithmic half-lives as a function of neutron number of parent nuclei during HPR of ®Ni to
102Ru in the superheavy region 30126 to 320126. A small value of logT; /2 is observed in case
of N = 184 which is near magic nuclei. Again gradual increase has been observed when the

9
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Table 3
Comparison of logarithmic half-lives evaluated using different mass excess values [73—77] and Ng80 proximity potential with that of available experimental cluster/HPR half-
lives.
Decay OExp LogTy2(s)

(MeV) Expt. KTUY FRLDM WS4 WS4+ RBF ws3 WS3+ RBF W S
R2lp, 1442071 31317 14.51 [90] 15.50 15.16 14.47 14.36 14.20 15.91 14.29
221Rg 14 ¢ 4207 pp 32.396 13.37 [90] 13.76 14.01 12.30 12.67 13.03 13.71 12.66
22Rq 14 ¢ 4208 pp 33.05 11.05 [90] 11.18 12.38 11.09 11.13 11.65 11.72 10.50
283Ra 14 C 4299 pp 31.829 15.05 [90] 14.65 15.09 15.44 15.26 15.07 14.09 14.47
224Rq 14 ¢ 4210 pp 30.54 15.9 [90] 15.91 15.73 16.70 16.33 16.30 16.73 16.72
226Rq 14 ¢ 4212 pp 28.2 21.29 [90] 21.42 21.52 2272 22.85 2252 22.86 22.79
225 pc 14 ¢ 4211 B 30.477 19.28 [90] 19.30 19.37 19.46 18.07 19.05 18.50 18.12
28Tp 20 9 4208 pp 4472 20.73 [90] 19.87 21.64 20.83 19.19 20.79 21.17 20.99
20y 522 N 208 pp 61.4 19.56 [90] 20.17 19.76 21.52 18.23 19.43 18.19 19.85
Blp, 24 Np 4207 74 60.417 26.02 [90] 26.89 27.54 2821 26.80 25.14 27.64 26.46
2By 24 Ne +209 pp 60.486 24.84 [90] 25.50 23.86 23.94 23.33 24.11 24.17 25.99
B4y 524 Ne +210 pp 58.826 25.93 [90] 25.28 26.73 26.61 23.49 26.78 24.07 25.88
B4y 26 Ne 4208 pp 59.466 25.93 [90] 24.55 25.73 26.70 25.52 24.09 25.86 25.16
B4y 528 prg 4206 fgo 74.11 25.74 [90] 24.40 26.21 27.52 26.89 24.80 24.03 25.08
236 py 28 prg 4208 pp 79.67 21.65 [90] 2272 21.17 22.79 22.13 23.05 21.38 23.13
28py 28 ppgo 4210 pp 75.912 25.66 [90] 24.67 26.80 27.10 24.14 23.90 26.02 23.95
B8 py 325 4206 fg 91.19 25.3 [90] 27.46 26.23 27.59 27.58 24.18 23.57 24.04
220y 34 5 4208 pp 96.509 23.11 [90] 21.79 21.99 22.11 21.81 22.24 21.67 22.89

v 32 DCWMoS "N ‘vygpunluvpy ) H ‘vIoavSoN W'Y

90€Z21 (1202) SI01 V $218&yd 4vajonN
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Fig. 1. The variation of heavy particle radioactivity half lives from 60Ni to 102Ru with the neutron number of parent in
the superheavy nuclei 306126 to 326126. (For interpretation of the colours in the figure(s), the reader is referred to the
web version of this article.)

Table 4

Standard deviation of logarithmic half-lives obtained using different mass excess values [73—77] with that of experiments.
KTUY FRDM WS4 WS4+RBF WS3 WS3+RBF WS1
0.48 0.33 0.80 0.84 0.46 0.71 0.44

neutron number moves away from the magic nuclei. On either side of the neutron number N =
184, smaller values of logT7 > values were observed due to shell closures.

An effort was made to observe variation of logarithmic half-lives of HPR in the superheavy
region 310126 to 320126 with the mass number of HPR. From the Fig. 2 it is observed that
as the mass number of heavy particle emission increases log77,, values decreases. It is also
observed that logarithmic half-lives of heavy particle emission of '>Ru shows smaller value
when compared to other heavy particle emissions.

The competing decay mode is identified by studying different decay modes such as «-decay
[53], B-decay [92], spontaneous fission [93] and shortest half-lives among different HPR i.e.
Ty pr ='92Ru were considered. The Fig. 3 shows the variation of logarithmic half-lives as func-
tion of mass number of parent nuclei. From this comparison it is clear that the superheavy nuclei
306,307,310126 having shorter half-lives when compared to other decay modes studied and alpha-
decay half-lives are shorter in case of 30%:311=318126_ g+ emitter is observed for the superheavy
nuclei 312126 and spontaneous fission dominates in case of superheavy nuclei Z < 319.

The Table 5 shows tabulation of logarithmic half-lives of HPR of '92Ru, a-decay, B-decay
and spontaneous fission along with the dominant decay mode in the superheavy nuclei 3°°126
to 320126. The table gives better insight into dominant decay mode for the superheavy element
Z = 126. Around 3 heavy particle emitters were observed from the superheavy nuclei 3°°126 to
314126. Ten « emitters, one BT emitter and seven spontaneous fission emitters were identified
from the superheavy nuclei 3157318126, 319126 and 3207326126 respectively.

11
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Fig. 3. Comparison of different logarithmic half-lives such as alpha decay, S-decay, heavy particle radioactivity (T pr)
and spontaneous fission with that of mass number of parent nuclei in the superheavy nuclei 306126 to 326126.

4. Summary

In this work, we have evaluated HPR half-lives of superheavy nuclei 3°6126 to 326126 using
two step process. Firstly, we have evaluated half-lives using eight proximity potentials. In the
next step, using different mass excess values logarithmic half-lives were evaluated. The standard
deviation obtained by both were evaluated by comparing with that of experiments. The heavy
particle radioactivity of ®*Ni to '2Ru were studied in the superheavy nuclei 3°°126 to 326126.

12
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Table 5
Tabulation of logT} /> values of HPR, a-decay, B-decay, spontaneous fission and dominant decay mode in the superheavy
nuclei 300126 to 326126.

Parent nuclei LogTy Decay mode
HPR o B+ SF
306126 —4.98 —4.44 -7.52 —3.68 HPR
307126 —4.68 —4.34 -17.75 -3.85 HPR
308126 —10.43 —12.80 —7.12 —4.01 o
309126 —10.99 —13.47 —7.36 —4.16 o
310126 —10.92 -9.92 —6.73 —4.29 HPR
3126 —9.14 —10.03 —6.96 —4.42 o
312126 —7.01 -9.26 —6.33 —4.53 o
313126 —4.99 —8.45 —6.57 —4.62 o
314126 —3.05 —8.03 —5.94 —4.71 o
315126 —0.85 —7.47 —6.17 —4.78 o
316126 1.09 —7.00 —5.54 —4.85 o
317126 3.41 —6.54 —5.78 —4.90 o
318126 6.04 —6.04 -5.15 —4.94 o
319126 16.81 19.42 —5.38 —4.97 B+
320126 18.51 18.31 —4.75 —4.99 SF
321126 23.31 236 —4.98 —4.99 SF
322126 25.66 —0.90 —4.36 —4.99 SF
323126 29.23 —0.53 —4.59 —4.98 SF
324126 31.18 —0.54 —3.96 —4.95 SF
325126 33.32 —0.29 —4.19 —4.92 SF
326126 35.11 —0.08 —3.56 —4.88 SF

The half-lives of superheavy nuclei 3°0126 to 326126 were evaluated using Ng80 proximity
potential and FRDM mass excess values. The heavy particle radioactivity half-lives has been
compared with the different decay modes such as «-decay, B-decay and spontaneous fission.
Later, we have identified nine heavy particle emitters, four « emitters, one 8 * emitter and seven
spontaneous fission from the superheavy nuclei 300314126, 315-318126, 319126 and 320-326126
respectively.
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We have formulated a semi-empirical formula for alpha decay half-lives and cluster de-
cay half-lives for superheavy nuclei of atomic number range 104 < Z < 130. We have
compared the logarithmic half-lives produced by the present formula with that of ex-
periments and other formulae, such as universal decay law (UDL) [H. C. Manjunatha
and K. N. Sridhar, Eur. Phys. J. A 53, 156 (2017)] and Horoi et al. [Horoi et al.,
J. Phys. G: Nucl. Part. Phys. 30, 945 (2004)], Univ [D. Ni and Z. Ren, Phys. Rev. C 74,
014304 (2006)], Royer [G. Royer, J. Phys. G: Nucl. Part. Phys. 26, 1149 (2000)] and VSS
[S. A. Gurvitz and G. Kalbermann, Phys. Rev. Lett. 59, 262 (1987)]. The constructed for-
mula produces logarithmic half-lives for alpha and cluster decay (*He,”Be, 10-11B, 12C,
N, 160, 19F, 20-22Ng, 23Na, 24-26)\g, 27Al, 28—30g; 31p, 32-34g 35(] 36,38,40 Ay
39,41K and 40-42-44:46 Ca) in superheavy nuclei of atomic number range 104 < Z < 130.

Keywords: Superheavy element; cluster radioactivity; alpha decay.

PACS Nos.: 21.10.Dr, 21.60.Gx, 23.60.4-e, 25.85.Ca

1. Introduction

There are many models such as nuclear interaction potentials and semi-empirical
models for the study of alpha decay and cluster radioactivity, and these are consid-
ered as effective method to study alpha decay half-lives and cluster decay half-lives.
The cluster and alpha decay* were observed at the end of 20th century. Poenaru
et al.>% studied competition between cluster and alpha decay. Geiger and Nuttal”

§Corresponding author.
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proposed empirical relation and systematically observed variation of alpha decay
half-lives. Gamow® explained alpha decay half-lives by quantum tunneling effect.
Viola and Seaborg? constructed semi-empirical relation for alpha decay half-lives.
Royer!'® formulated an empirical formula for alpha decay half-lives based on lig-
uid drop model which includes proximity effects. Brown!'! constructed an empirical
formula based on experimental variation of logarithmic half-lives. Horoi et al.!?
suggested a scaling law for the decay time of alpha particle and it is generalized
1.13 proposed SemFIS formula for alpha decay half-

lives of superheavy nuclei taking into account of magic numbers of nucleons, the

for cluster decay. Poenaru et a

analytical super asymmetric fission model, and the universal curves. Sobiczewski
and Parkhomenko!'* recommended formula for alpha decay half-lives of heavy and
superheavy nuclei. Poenaru et al.!® presented single universal curve both for alpha
decay and cluster radioactivity. Using recent data in NUBASE2012, Wang et al.'6
evaluated alpha decay half-lives in which ground state spin and parity of parent and
daughter were considered. Using WKB barrier penetration probability, Ni et al.}”
derived semi-empirical formula for alpha decay half-lives and cluster decay half-
18,19 investigated the alpha decay energies and half-lives of
superheavy elements. Mirea et al2® studied half-lives of different decay modes in
222Ra. Brown?! proposed empirical relation for alpha decay half-lives. Sobiczewski
et al.?? studied alpha decay and spontaneous fission in superheavy nuclei. Using
different relations, Akrawy et al.23 systematically studied alpha decay half-lives
in the superheavy region. Earlier works24 3! presented empirical formula for al-
pha decay half-lives in the heavy nuclei. Sobiczewski and Pomorski®? studied the
properties of superheavy nuclei. Dong et al.3® studied the alpha decay half-lives
of heavy nuclei. Using multichannel cluster model, previous works3435
alpha decay half-lives of deformed nuclei. Gurvitz and Kalbermann3® studied decay

width and energy shift in a metastable state. Sun et al.373% studied alpha decay
l.39

lives. Previous works

evaluated

half-lives in heavy and superheavy nuclei. Greiner et al.”” studied cluster decay in
223Ra. Poenaru et al.? studied shell effects and alpha decay half-lives in superheavy
nuclei.

Previous works#! 44
and cluster decay of this predicted nuclei for Z = 122, 124 and 126, and compared
with that of alpha decay. We have constructed the empirical formula for fusion
barrier heights (Vg), positions (Rg), curvature of the inverted parabola (hw) of
superheavy nuclei with atomic number range 104 < Z < 136, by studying the
fusion barrier characteristics of 14,054 projectile target combinations. The values

produced by the present formula with the simple inputs of mass number (A) and

studied the half-lives of spontaneous fission, ternary fission

atomic number (Z) are compared with experiments.*> Previous works*® formulated
semi-empirical formula for alpha decay half-lives of heavy and superheavy nuclei.
Previous works?” also parametrized the fusion—fission cross-section in case of heavy
and superheavy nuclei. An alpha decay is the most dominant decay mode in su-
perheavy nuclei and cluster radioactivity is usually observed in superheavy nuclei.
There is a need to construct the simple empirical formula for alpha and cluster decay
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half-lives. Hence in this work, we have formulated a general single semi-empirical
formula for alpha decay half-lives and cluster decay half-lives.

2. Theoretical Framework for Alpha Decay and Cluster Decay
2.1. Theory

To study logarithmic the half-lives of superheavy nuclei, we have investigated the
alpha decay and cluster decay process using the following theoretical framework.
The potential V(R) is considered as the sum of the Coulomb, the nuclear and the
centrifugal potentials

V(R) = Vo(R) + Ww(R) + Vet (R). (1)
Coulomb potential Vi (R) is written as

1
E, (R> Rc),

Vo(R) = Z1Z5€? ) (2)

— R< R
2 Re , (R < Rg),

R\?2
()
where Rc = 1.24 x (R + R2), Ry and R, are, respectively, the radii of the emitted
alpha/cluster and daughter nuclei. Here, Z; and Z5 are the atomic numbers of the
daughter and emitted cluster the nuclear potential Vx(R) is calculated from the
proximity potential and it is given as

C.C
Vi(2) = 4y {—Cl - 202} 2(8). (3)
Using the droplet model,*® matter radius C; was calculated as
N;
i = Ri + —t, 4
Ci=Ri+ (4)

with

R;(a;) = Ro;

1+ > by, " (ai)] . (5)
l

Here, «; is the angle between the radius vector and symmetry axis of the ¢th nuclei.
For this potential, Ry; denotes the half-density radii of the charge distribution and
t; is the neutron skin of the nucleus. The nuclear charge, is given by the relation
1.646 A; — QZi) )
— ) fm, (

~0.191+
a, M

Roo; = 1.244}7° (1 +

The half-density radius ¢; was obtained from the relation
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Using the droplet model, neutron skin ¢; reads as

3 JI; — LclziA;l/g )
ti = 57‘0 129 —1/3 y (Z = 1,2)7 (8)
Q+ 3JA4A,;

where rg is 1.14 fm, the value of the nuclear symmetric energy coefficient J =
32.65 MeV, I, = (N; — A;)/Z; and ¢; = 3e?/5r¢ = 0.757895 MeV. The neutron

skin stiffness coefficient () was taken to be 35.4 MeV. The nuclear surface energy
coefficient v in terms of neutron skin was given as

12+ 13
27‘(2)

, 9)

1

where t; and to were calculated using the above equation. The universal function
for this is given by

5
Cn n
B(¢) = —0.1353 + ; CEEY (2.5 — )" for 0 < €< 2.5, (10)
_ 2.75— ¢

where £ = R — C; — (5. The values of different constants c,,, where ¢yo = —0.1886,
c1 = —0.2628, c; = —0.15216, c¢3 = —0.04562, ¢4 = 0.069136, and ¢5 = —0.011454.
The Langer modified centrifugal barrier is adopted? in the present calculation

h(l+ £)?

T dr < pR?

(12)

According to the Wentzel-Kramers—Brillouin (WKB) approximation, the penetra-
tion probability P through the potential barrier is studied by the following equation:

Ry
P =exp {—% ; V2u(Vp(r) — Q)dr}, (13)

where p is the reduced mass alpha decay or cluster decay system, R,/R. and R}
are the inner and outer turning points and these turning points are calculated by

VT(Ra/Rc) = Q = VT(Rb) (14)

The decay half-life of parent nuclei with the emission of alpha particle or cluster
particle is studied by

In2 In2
Tijg=—=—, 15
1/2 A vP (15)
where A is the decay constant and v is the assault frequency and is expressed as
w 2F,
=—=— 16
Y 27 h (16)

where E,, is the empirical vibrational energy.®°
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Fig. 1. The variation of logarithmic half-lives as a function of product of atomic number of
daughter and inverse square root of energy released during the decay process for parent nuclei
with Z = 110.

2.2. Derivation of universal semi-empirical formula for alpha
decay and cluster decay

After evaluating the half-lives of alpha decay and cluster decay in the superheavy
region 104 < Z < 130, we have constructed universal semi-empirical formula for
alpha decay and cluster decay. Derivation of semi-empirical formula is based on
the following procedure. The variation of logarithmic half-lives with the product
of atomic number of daughter and square root of reciprocal of energy released
(Z4Q~1/?) is found to be linear. Figure 1 shows that variation of logarithmic half-
lives with Z4Q /2 for instance parent nuclei Z = 110. From this figure, it is
found that the linear equation is enough to fit for logarithmic half-lives in terms of
Z4Q~ /2. The fitted equation for logarithmic half-lives in terms of ZzQ~'/? is as
follows:

log1o T1 /o = A(ZaQ™Y/?) + B. (17)

In the above equation, A and B are the fitting parameters which depend on type
of the cluster emitted and the parent nuclei. We can express the fitting parameters
A and B as follows:

A= A(Z.A) and B = B(Z.A.). (18)

The fitting parameters A and B are evaluated by studying the variation of A
and B with ZCAc_l/S, where Z,. is the atomic number of cluster and A¢ is the mass
number of clusters. Figure 2 shows the variation of fitting constants (A and B) with
product of atomic number and mass of cluster (Z.A. 1 3) for instance Z = 110.
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Fig. 2. Variation of fitting constants (A and B) with product of atomic number and mass of
cluster ( cAC_I/J) for Z = 110.

Similar variation is observed for all the superheavy nuclei with atomic number
range 104 < Z < 130. Probability of emission of cluster depends on the size of
the cluster and charge of the cluster. Hence, we attempt to parametrize them in
terms of Z A, 173, Encouragingly, it can be seen that this function is also best suit
function. By studying this variation we have fitted an equation for A’s and B’s in
terms of ZcAc_l/g.

A= As(Z AP + AL(ZATM?) + Ao, (19)
B = By(Z.A7'3)? + B)(Z.A7Y?) + By. (20)

Here, As, A1, Ay and Bs, By, By are the fitting parameters which depend on
the atomic number of the parent nuclei. So that we can express the above fitting
parameters as Ay = As(Z), A1 = A1(Z), Ao = Ao(Z), Ba = Bo(Z), By = B1(Z2),
and By = By(Z). These fitting parameters are evaluated by studying the variation
of Ay, Ay, Ay, B2, By and By with the atomic number of parent nuclei. Figure 3
shows the variation of As, A1, Ag, B2, By and By with atomic number of parent
nuclei. From this figure it is observed that there is systematic variation of fitting
parameters with the atomic number of parent nuclei. We have fitted second-order
polynomial for these fitting parameters in terms of atomic number of parent nuclei.

2 2 2
A2 = ZA%Zi, Al = Z AllZl and AO = ZA()iZi, (21)
=0 =0

=0

2 2 2
By =Y 053x ByZ', Bi=)» 053xB;Z" and By=Y ByZ'. (22)
=0 =0 =0
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Fig. 3. Variation of Az, A1, Ag, B2, B1 and By with atomic number of parent nuclei.
Table 1. Co-efficient sets of A’ and B’.
i Az; Az Aoi Ba; By Bo;
2 —6.19E-04 4.93E-03 —6.17E-03 8.41E-03 —6.28E-02 7.73E-02
1 0.135994 —1.11765 1.414481 —1.94459 14.48453 —18.0448
0 —5.8946 61.40271 —79.2567 110.7946 —862.417 1037.946

In the above equations, As;, A1;, Aoi, B2i, B1; and By; are the fitting parameters
and it is given in Table 1. Final expression for logarithmic half-lives for alpha decay
and cluster decay is constructed by substituting Egs. (19)—(22) into Eq. (17), that is

2 2 2
log T1/2 = (ZcA51/3)2 Z ZiAgi + (ZcAE«l/B) Z ZiAli + Z ZlA()l

X
2

2
+(ZcA) > 053 % 2By, +

ZdQ71/2

=0

=0

=0 =0

2
+{(Ze A2 0.53 x 27 By

=0

2

Z Z"By;

=0
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This formula produces logarithmic half-lives for alpha and cluster decay from
parent superheavy nuclei in the atomic number range 104 < Z < 130.

3. Results and Discussions

In case of construction of formula for alpha decay half-lives, we have used the
experimental half-lives available in the literature. It is observed from the literature,
there is no experimental study on the cluster decay of superheavy nuclei but studies
on the alpha decay of superheavy nuclei is available up to Z = 118. Goal of this work
is to construct the semi-empirical formula for half-lives of cluster decay including
alpha decay. For this, a reference data is required to evaluate the fitting parameters
for cluster decay. Hence, we have first evaluated the half-lives for cluster decays using
the formalism explained in Sec. 2.1, and these values are used to evaluate the fitting
parameters. The values produced by the present formula is also compared with that
of other models available in the literature. The amount of energy released @ (MeV)
during cluster decay (‘He, Be, 1911B, 12C, 14N, 160, 19F, 20-22Ne, 23Na, 24 26 Mg,
27A1, 2873OSi, 31P, 132{’)487 35C17 36’38’40AI‘, 39’41K and 40,42744,46(]&) including alpha
decay from parent superheavy nuclei in the atomic number range 104 < Z < 130
is calculated from the following equation:

Q = 6Mp — (6M; + 0M;) + k(Z5 — Z5), (24)

where 6Mp,6M;, and 6M; are the mass excess of parent and fission fragments. The
last term in above equation represents the effect of atomic electrons. kZ¢ is the
total binding energy of Z electrons in the atom, where k = 8.7 eV and € = 2.517
for Z > 60. In this work, we used the experimental mass excess values.’? We

have considered the theoretical mass excess values®3 6

wherever experimental mass
excess values are not available. The half-lives of cluster decay (‘He, 9Be, 1%11B, 12C,
4N, 160, 19F, 20-22Ne, 23Na, 24-20Mg, 27Al, 28-30Gj, 31p, 32-34g 35() 36,3840 A
3941K and 404274446 Ca) including alpha decay are evaluated for superheavy nuclei
in the atomic number range 104 < Z < 130 using the procedure explained in
Sec. 2.1. We have constructed universal semi-empirical formula for alpha decay and
cluster decay for superheavy nuclei of atomic number range 104 < Z < 130 using
the procedure explained in Sec. 2.2. The constructed universal formula for alpha
decay and cluster decay is presented in Eq. (23). This formula produces logarithmic
half-lives for alpha decay and cluster decay with simple inputs of mass number of
cluster (A.), mass number of daughter nuclei (4,), amount of energy released during
decay (Q) and atomic number of parent nuclei (Z). To validate this work, we have
compared the logarithmic half-lives produced by the present formula with that of
experiments and other formulae such as universal decay law (UDL)%! and Horoi
et al.,*2 Univ,'> Royer!® and VSS.?

The comparison of calculated alpha half-lives with UDL,>" Horoi et al.,'2 Univ,'®
Royer!? and VSS,? and experimental values are tabulated in Table 2. From the
detail literature survey, it is found that there are no experiments on the cluster
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1-Present work, 2-UDL, 3-Horoi, 4-Univ, 5-Royer, 6-VSS
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Fig. 4. The comparison of average deviation of alpha decay half-lives with atomic number for
different semi-empirical relations.

decay of the superheavy nuclei, but experimental values for alpha decay in the
superheavy nuclei region is available. Hence in this work, we have compared only
the values produced by the present formula for alpha decay half-lives with that of the
experiments. Comparison of experimental half-lives®” 52 for alpha decay with the
values produced by the present formula is as shown in Fig. 4.

We have also compared our work with calculated half-lives using different
models'™6367 and experimental half-lives of Z = 114, 116 and 118 with that of
this work is tabulated in Table 3. From Table 3, it is observed that the half-lives of
our work is in close agreement with the calculated and experimental half-lives in the
superheavy region. Due to non-availability of experimental cluster decay half-lives
in the superheavy region, we have compared cluster decay logarithmic half-lives of
this work with the theoretical models such as Univ, NRDX, UDL and Horoi et al.,
and it is tabulated in Table 4.

Since the predicted half-lives of superheavy nuclei is in close agreement with the
experimental values, we have also predicted alpha decay half-lives in the superheavy
region Z = 118-126 and it is presented in Fig. 5. To validate the logarithmic
half-lives for cluster decay, we have compared this work with the other formulae
available in the literature. In order to evaluate predictive power of present formula,
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Table 3. Comparison of half-lives (s) of this work with Refs. 63-67.

Isotopes Q (MeV) Tlp/rz\'ious work (s) Tf7§ (s) Tlp/rgsem work (s)
286 ) 10.35 8.48 x 107 [Refs. 63 and 64] 2x 107! 1.05 x 1072
288 10.07 4.70 x 10™2 [Refs. 63 and 64] 6.6 x 1071 2.91 x 1072
286 ) 9.94 6.14 x 1072 [Ref. 66] 3.50 x 107! 4.76 x 1072
290,y 11 7.36 x 10~* [Refs. 63 and 64] 8.3 x 1073 2.06 x 1073
2921y 10.78 2.51 x 1072 [Refs. 63 and 64] 1.3 x 1072 4.36 x 1073
2901,y 10.88 5.52 x 1072 [Ref. 66] 8.00 x 1073 3.09 x 1073
2921y 10.92 1.93 x 10~ 2 [Ref. 66] 2.40 x 1072 2.70 x 1073
2930g 12.241 0.354 x 1072 [Ref. 65] — 1.24 x 1074
2930g 11.92 2.96 x 107* [Ref. 67] 1.00 x 1073 3.21 x 107*
2940g 11.82 3.27 x 1077 [Refs. 63 and 64] 6.9 x 1074 4.35 x 107%
2940g 11.97 2.24 x 107* [Ref. 66] 1.15 x 1073 2.76 x 107*
2950g 11.901 1.336 x 1073 [Ref. 65] — 3.40 x 107*
2950g 11.7 5.49 x 10~ [Ref. 67] 1.00 x 1072 6.29 x 107*
2960g 11.655 =+ 0.095 7.30 X 107° [Refs. 63 and 64] 8.25 x 1074 7.24 x 1074
2960g 11.751 0.869 x 1072 [Ref. 65] — 5.37 x 1074
2970g 12.103 0.361 x 10~2 [Ref. 65] — 1.85 x 1074
2970g 12 1.04 x 10~* [Ref. 67] — 2.52 x 107%

Table 4. A comparison of logarithmic half-lives (s) of this work with logarithmic

half-lives (s) of UNTV, NRDX,!7 UDL, and Horoi et al.

Isotopes 24Mg 34g 30gj 40Ca
This work 36.189 36.165 30.22 59.84
Log TURY (s) 44.406 41.94 37.06 64.762
263Rf Log TNEDX (g) 45.8 45.5 41.5 68.672
Log TUPL (s) 50.01 44.84 40.171 70.34
Log Tlf}groi (s) 46.58 46.48 40.95 68.67
This work 48.49 47.546 41.016 63.85
Log TURIV (s) 49.77 45.592 39.51 73.569
263Rf Log TNEDPX (g) 50.02 48.12 43.67 75.086
Log TUPY (s) 56.034 49.356 43.21 80.639
Log Tlf}groi (s) 52.02 50.69 43.977 77.09
This work 28.01 28.84 24.45 45.28
Log TR (s) 32.57 32.05 29.41 43.8
2599¢ Log TNEDX (g) 33.4 33.58 31.153 44.73
Log TUPL (s) 36.82 32.80 31.03 45.41
Log T{15' (s) 35.14 36.59 33.13 49.473
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Table 4. (Continued)

Semi-empirical formula for alpha and cluster decay half-lives of superheavy nuclei

Isotopes 24Mg 34g 30gi 40Ca
This work 40.182 41.35 30.45 55.89
Longljgiv (s) 37.05 36.48 31.69 54.55
267Bh Log ng‘DX (s) 42.04 39.9 33.2 59.9
Log TR (s) 42.086 38.49 33.97 58.76
Log Tlf}gmi (s) 40.034 41.82 36.19 60.29
This work 38.18 38.31 35.75 51.89
Log TlU/giV (s) 37.054 36.479 32.194 54.55
265]s Longljf;DX (s) 41.34 39.82 35.67 59.29
Log TBQL (s) 42.085 38.49 34.59 58.76
Log TlH/groi (s) 40.034 41.82 36.69 60.29
This work 42.7 42.21 46.17 55.63
Log T}}giv (s) 43.033 39.06 34.05 61.998
278 Mt Longl\}giDX (s) 45.22 43.252 38.261 67.2
Log Tl%DL (s) 49.056 41.94 37.09 67.97
Log TlH/;rOi (s) 46.42 45.52 39.6 68.2
This work 37.85 38.65 33.04 49.93
LongU/giV (s) 34.94 33.49 29.12 53.01
27 Ds Log ng‘DX (s) 39.4 38.32 33.75 59.15
Log TR (s) 39.98 35.084 31.089 57.35
Log Tlf}gmi (s) 38.84 40.12 34.72 60.25
This work 49.42 47.13 41.64 60.85
Log TlU/giV (s) 57.45 49.45 45.83 72.6
282Rg Longljf;DX (s) 61.52 55.05 50.813 78.171
Log Tl%DL (s) 64.983 54.59 51.19 80.53
Log T{15" (s) 59.52 55.65 51.128 77.71
This work 26.12 26.87 21.51 47.05
Log T}}giv (s) 32.78 31.16 27.22 48.91
281Cn Log TlN/F;DX (s) 38.215 39.37 34.3 58.19
Log TI%DL (s) 37.67 32.29 28.86 52.60
Log TlH/;rOi (s) 37.15 38.37 33.2 57.19
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Table 4. (Continued)
Isotopes 24Mg 34g 30gi 40Ca
This work 25.43 26.16 20.99 46.001
LongU/giV (s) 31.84 30.154 26.55 47.37
283Nh Log TlN/F;DX (s) 35.4 38.65 33.88 57.1
Log TI%DL (s) 36.62 31.072 28.097 50.81
Log Tlf}gmi (s) 36.44 37.552 32.88 56.098
This work 38.56 39.75 34.07 51.14
Log Ty (s) 37.56 36.37 32.09 55.92
289F] Log ng‘DX (s) 43.72 45.35 38.42 63.92
Log TBEL (s) 43.37 39.11 35.14 61.46
Log TlH/%“’i (s) 42.22 44.35 38.93 64.42
This work 35.87 36.98 31.79 46.69
Log T}}giv (s) 32.82 31.55 28.06 48.41
289Mc Log 1P (s) 36.35 38.77 34.54 55.36
Log TH’SL (s) 37.99 33.06 30.17 52.36
Log T{15' (s) 37.85 39.77 35.036 57.86
This work 38.73 38.93 33.66 48.90
Longljgiv (s) 38.01 34.89 31.37 51.96
2921y Log TlN/F;DX (s) 41.36 42.36 38.11 60.92
Log TI%DL (s) 44.05 37.41 34.41 56.88
Log Tlf}gmi (s) 42.86 43.36 38.61 61.42
This work 37.99 69.02 33.07 48.42
LongU/giV (s) 36.43 74.17 30.08 50.87
294y Longl\}giDX (s) 40.086 77.25 37.07 60.24
Log TBQL (s) 42.34 83.40 32.88 55.65
Log TlH/%“’i (s) 41.59 78.25 37.57 60.74
This work 26.7 27.31 32.17 46.29
Log T}}giv (s) 33.8 31.52 28.18 46.91
2950g LongN/F;DX (s) 37.75 39.55 35.37 56.92
Log TH’SL (s) 39.37 33.27 30.56 50.83
Log T{15' (s) 39.25 40.55 35.87 57.42
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Fig. 5. A comparison of variation of available experimental values with this work.

we calculated percentage of deviation between calculated alpha decay half-lives and
experimental alpha decay half-lives. The percentage of deviation are calculated from
the following expression:

t
loglo(Tf;(;i) - IOglo(Tf%ﬂ

loglo(Tf;(;ti)

Deviation = (25)

The average deviation factor of alpha decay half-lives for different atomic number in
the superheavy region 104 < Z < 130 is as shown in Fig. 6. The average deviation
factor of present formula is small compared to UDL, Horoi et al., Univ, Royer and
VSS. Hence our universal semi-empirical formula produces alpha decay half-lives
with less deviation than that of the other formulae such as UDL, Horoi et al., Univ,
Royer and VSS. The constructed formula for logarithmic half-lives of alpha decay
and cluster decay is applicable only to superheavy nuclei of atomic number range
104 < Z < 130.
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4. Conclusion

In this work, we have proposed a new empirical formula for alpha decay and cluster
decay half-lives of superheavy region of atomic number range 104 < Z < 130.
Present formula agrees with the experiments and other formulae available in
literature.
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Abstract: We have made an attempt to parameterize decay energies (Q) during the cluster emissions such as “He, °Li,
‘Be,”"**Ne, »Na, 2*72¢ Mg, Z’Al, 28730si, 327345, 35y, 3638407, 3941 K and 4°***44%Ca from the superheavy nuclei
103 < Z < 126. We have formulated an empirical formula for decay energies of superheavy nuclei during the emission of
different clusters of nuclei. To check the predictive power of constructed formula, we have compared the decay energies
produced by the present formula with that of the experiments. The constructed empirical formula can reproduce the
Q-values during the cluster emissions using simple inputs of mass number of daughter nuclei, atomic number of cluster

emission and neutron number of parent nuclei.

Keywords: Decay energies; Alpha decay; Cluster decay

1. Introduction

The nuclear masses are the very important quantities in the
nuclear physics. A large number of precise experimental
data on the mass excess values have been collected by
means of mass spectroscopy and the reaction Q-values. The
knowledge about the Q-values has been further extended
by the complete information on the binding energies. There
were many remarkable successful formulae such as
Weizsacker-Bethe [1, 2] mass formula. These mass for-
mulae are not only useful for practical purpose but also
gives relation between empirical and pure theories. Previ-
ous workers [3-5] studied the ground state properties
within the Finite Liquid Droplet Model (FRDM). Audi
et al., [5] and Goriely et al., [6] were studied the ground
state properties of the nuclei within the Hartree-Fock_Bo-
goliubov (HFB) method. The experimental mass excess
values were also included along with the FRDMand HFB-
14 [7]. Audi et al., [8] presented the nuclear decay prop-
erties in the ground and isomeric states from the NUBASE
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evaluation. Manjunatha et al., [9, 10] proposed semi-em-
pirical formula for mass excess of nuclei in the atomic
number range 57 <Z < 126. The studied mass excess
values using the semi-empirical formula were compared
with the theoretical models such as Finite Liquid Droplet
Model (FRDM) and Hartree-Fock_Bogoliubov (HFB). The
proposed semi-empirical formula successfully reproduces
the mass excess values, which are in agreement with the
available values. Previous researchers [10] also proposed a
semi-empirical formula for an alpha and cluster radioac-
tivity, which exactly reproduces the experimental values.
The experimental alpha decay half-lives of heavy nuclei
were compared with the generalized liquid drop model and
Viola-Seaborg-Sobiczewski formula by Royer and Zhang
[11, 12] using the amount of energy released during an
alpha decay. Negra et al., [13] studied the beta decay
characteristics in case of neutron deficient isotopes such as
Sr, Y and Zr and also deduced the mass excess values using
Qp measurements. Borrel et al., [14] studied the beta
delayed two proton and mass excess values in the nuclei
31Ar and ?'S. Mayer et al., [15] investigated the mass
excess values and the excited states of neutron-rich nuclei
3373584, 3573P and *77*S from the study of '*C and '*0

induced reactions on >°S.

© 2021 TACS
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Fig. 1 The variation of Q-values with the mass number of daughter
nuclei and atomic number of cluster nuclei

David [16] studied the mass excess values near the
neutron-rich isotopes of iron. Scheerer et al., [17] measured
Q-value of the reaction of 1449 m (3He, d)145Eu and also
evaluated the mass excess of ‘¥ Eu, and it was found to be
—77989KeV. Previous researchers [18, 19] experimentally
measured the Q-values for the “***3!Ca and hence deter-
mined the mass excess values. Earlier researchers [20-28]
were extensively used the mass excess values and studied
the Q-values of the reaction in heavy and superheavy
nuclei region. Manjunatha et al., [29-31] were parameter-
ized the fusion and fission cross sections, fusion barrier and
barrier positions in case of heavy and superheavy heavy
nuclei. From the detail study, it has been observed that
there were many semi-empirical formulas for alpha and
cluster decay half-lives, alpha decay energy, mass excess
values, fusion and fission cross sections and fusion barriers.
But there is no simple empirical formula to obtain the
Q-values in case of cluster and an alpha decay. Hence, in

the present work, we made an attempt to parameterize
decay energies during an alpha and cluster decay in the
atomic number range 103 < Z < 126. This paper is orga-
nized in the following order; Section 2 describes derivation
of semi-empirical formula for Q-values, results and dis-
cussions were explained in Section 3 and conclusions in the
Section 4.

2. Derivation of semi-empirical formula for Q-values

To derive the empirical formula for decay energy (Q)
during the cluster emissions (4He, 5Li, °Be,>***Ne, *’Na,
24-26 \g 277, 28-30g; 32-34g 35| 3638404, 3941 K ang
40:42-44.46Cy) it is assumed that decay energy is directly
proportional to the mass number of daughter nuclei (A;)
and inversely proportional to atomic number of cluster
(Z¢). The Fig. 1 shows the variation of Q-values with the
mass number of daughter nuclei (A,) and atomic number of
cluster nuclei(Z,.). The Geiger and Nuttall law (GNL) [32]
and universal decay law (UDL) [33] relate the Q-values
during cluster emission and depends on the daughter
nucleus and emitted cluster nucleus.

The microscopic and macroscopic approaches
[3, 34-37] were extensively used in the calculation of
decay energy of alpha particle in the heavy and superheavy
region. Furthermore, some of the formulae [38-42] were
based on the ideology of liquid drop model, and shell-
models assumed that decay energy is a function of atomic,
mass and neutron number.

0, =f(A,Z,N) (1

For an instance, Perlmann and Rasmussen [38] proposed
the Q-value formula in the superheavy region for the alpha
decay in terms of standard recoil energy and electron
shielding corrections, and it is as follows;

Fig. 2 The variation of Q-
values as a function of A;/Z¢ 150
during different cluster N=148
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Table 1 continued

aso

as]

asn

60

d61

62

Np

2.137703873E + 05

— 2.817320729E + 03
— 2.268605096E + 02
— 1.025881256E + 03

1.116598599E + 03
1.049934540E + 03

9.299020413E + 00

148-152

1.865986458E + 04

7.014099006E — 01

154-158

8.382030958E + 04

3.150336986E + 00

160-164
166-170

— 9.540410103E + 04
— 9.045768767E + 04
— 3.654291406E + 04
— 1.088101887E + 05

4.685758406E + 05

— 3.252437223E + 00
— 3.032970202E + 00
— 1.103723007E + 00
— 3.170460158E + 00

1.270224229E + 01

172-176

4.038214548E + 02

178-182
184-188

1.176944722E + 03

— 4.877486620E + 03
— 1.486384417E + 06
— 2.329574253E + 05
— 1.153033566E + 06

190-194

1.473279656E + 08

3.748536102E + 03

196-200
202-206

208-212

2.396181655E + 07

5.658595515E + 02

1.207647837E + 08

2.752281816E + 03

A
0. =k + [6.53(2 —2)P8.0(z —2)*°
x 10 MeV (2)

where A and Z are the mass number and atomic number of
the parent nucleus. Babu and Kumar [39] removed the
discrepancy between the O, and the experimental Q,(exp)
by including the In2 function in the Eq. (2), and it is as
follows;

A
0, = ——E, + [6.53(Z — 280z —2)*°] x 1075

TA-4
—In2MeV

(3)

The above defined relations are applicable in the
superheavy region with atomic number range
110<Z < 128.

Later on, Dong et al., [40] proposed an alpha decay
energy in the heavy and superheavy region (Z>92 and
N >140) the Q, value, and it is given as follows;

0, =B(a) + [a,(A — 4) — a,A] + [a_vAz/3 —as(A — 4)2/3]

+ [—ac(z _ 2)2(A _ 4)—1/3_*_&522[4_1/3}

[ /N—2z\? B N-2\% _
N RN
+ [apé(A —4)_1/2—ap(5A’1/2] (4)
[ la-2s6)  ja—2s0]

Ta—4 T A
[ N s, V152

“TN—2 TN
Vo zoso -z 50

A4 By

Here a,,as,ac,aq4,a,,0a6,a7 and ag are the fitting
parameters [41]. Eventually, Dong et al., [40] simplified
and proposed five-parameter Q-value formula by
considering liquid drop model, and it is as follows;

2
OM(MeV) = aZA*3(3A — Z) + ﬁ<u>

A
IN - 152] |N — 154]

1 — 5
+/{ e (5)
L s[lz-nol jz—n2g

Z zZ -2

Further simplified formula was also given by Dong
et al.,, [42] for the superheavy elements Z > 110 using
liquid drop model by neglecting the effect of shell energy is
as follows;

OMeV) = aZA™*P(BA-Z) +b (%) 2+e (6)
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Table 2 continued

aso

as]

asn

60

d61

62

Np

2.137703873E + 05

— 2.817320729E + 03
— 2.268605096E + 02
— 1.025881256E + 03

1.116598599E + 03
1.049934540E + 03

9.299020413E + 00

148-152

1.865986458E + 04

7.014099006E — 01

154-158

8.382030958E + 04

3.150336986E + 00

160-164
166-170

— 9.540410103E + 04
— 9.045768767E + 04
— 3.654291406E + 04
— 1.088101887E + 05

4.685758406E + 05

— 3.252437223E + 00
— 3.032970202E + 00
— 1.103723007E + 00
— 3.170460158E + 00

1.270224229E + 01

172-176

4.038214548E + 02

178-182
184-188

1.176944722E + 03

— 4.877486620E + 03
— 1.486384417E + 06
— 2.329574253E + 05
— 1.153033566E + 06

190-194

1.473279656E + 08

3.748536102E + 03

196-200
202-206

208-212

2.396181655E + 07

5.658595515E + 02

1.207647837E + 08

2.752281816E + 03

where a,b and e are fitting parameters [42]. The first two
terms include the Coulomb energy and symmetry energy
term, respectively. The above set of Egs. (2-6) were
defined by the previous researchers to predict the decay
energies of an alpha by using atomic number (Z), mass
number (A) and neutron number (N) of parent nucleus,
atomic number of daughter nuclei (Z4 = Z-2), mass num-
ber of daughter nucleus (A4 = A-4) and neutron number of
daughter nucleus (Ng = N-2). All the above formulae are
used to predict the decay energies of the alpha only. A
detail literature survey reveals that there is no empirical
formula available for the prediction of the decay energies
during the cluster emission.

Hence, in the present work, we have constructed
empirical formula for decay energies of cluster emission by
assuming the fact that decay energy is a function of mass
number of the daughter nucleus, atomic number of the
cluster nucleus and neutron number of the parent nucleus

0 =f(A4s, Zc,N,) (7)

In the above function, the parent nuclei information is
obtained from the neutron number (Np), the cluster
emission information is availed from the (Z.), and
daughter nuclei information is considered from (Ay), in
the first step of the construction of this formula, we have
evaluated the function;

0 =f(Aa/Zc) (8)

The function f(A;/Zc) is evaluated by studying the
variation of Q-values with A;/Zc. The variation of Q-
values with that of A;/Zc is presented in Fig. 2. This
figure shows the variation of Q-values as a function of
Ag/Zc during different cluster emissions such as “He to
46Ca for the parent neutron number = 148 and 150. This
type of variation is observed for all types of studied
clusters. From the figure, it is observed that there is
systematic variation of Q-values with the A;/Z¢. Based on
this variation, we have constructed the function for Q-
values in terms of A;/Zc, and it is given as follows;

6
Q=7 aN)(As/Z) ©)
i=0

Here a¢(N) to ao(Z) were the fitting constants, and these
constants were evaluated by studying the variation of a;(N)
with neutron number (N). In the present formulae, we have
considered the sixth power of the polynomial function such
that it has small co-efficient of determination and residual
sum of powers nearly equal to unity, which produces the Q-
values more accurately. In the above equation, we have
considered a; as function of neutron number by this the
complete information for the decay process is considered
while proposing the semi-empirical formulae for the Q-
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Table 3 The range of isotopes and total number of isotopes considered for each atomic number (Z) in the present empirical formula

VA Range of isotopes Total isotopes VA Range of isotopes Total isotopes
103 251 > A > 266 15 115 287 > A = 290 03
104 253 > A > 270 17 116 288 > A > 294 06
105 258 > A > 272 14 117 290 > A > 310 20
106 258 > A > 271 13 118 290 > A > 300 10
107 260 > A > 278 18 119 290 > A > 300 10
108 263 > A > 277 14 120 295 > A > 310 15
109 266 > A > 282 16 121 295 > A > 310 15
110 267 > A > 281 14 122 299 > A > 310 11
111 272 > A > 286 14 123 297 > A > 339 42
112 277 = A > 286 09 124 309 > A > 320 11
113 278 > A > 290 12 125 303 > A > 339 36
114 284 > A > 290 06 126 306 > A > 339 36
Fig. 3 A comparison of present 154 °
formula with that of other % Be Lr
. 12 (@) O
theoretical method such as HFB o 50 O g O 70|
[33] o] 00 2
6 M Mg
Li 60-
6.
23
3] 46 < Na
8 o) )
He °© 3 % 20Ne
07 O T T T
—~ 249 252 255 258 261 264 267 250 255 260 265 270
> 140
°
=
a’ 130
120
110
100
60 90
252 255 258 261 264 267 249 252 255 258 261 264 267
160-|
150+ 46 O Q(Mmev)
140 Ca ——aMev)_,
130
120
1104 40Ca
100
249 252 255 258 261 264 267
Mass number of parent nuclei
values. The detail studies of fitting parameters a;(N) with 2 A
neutron number enable us to construct the following — @& = Z a;N’ (10)
function; J=0

Final expression for decay energy (Q) is obtaining by
substituting the Eq. (10) in Eq. (8);
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Fig. 4 A comparison of present formula with that of the experiments
[33, 34]
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Fig. 5 Percentage of deviation of present formula with that of the
experiments [33, 34]

Table 4 Root mean square error in the present formula, FRDM95
[35] and HFB14 [35]

Method Present formula FRDM95 HFB14
Root mean square error  0.919477465 1.137312  1.137324
6 2 ) Ad i
= a;N’ | — 11
0= {23 (5) ay

The above equation produces the decay energies of
superheavy nuclei during the emission of different clusters

4 . 20,22 23 24—2 27
such as “He, °Li, °Be,’***Ne, *’Na, ® Mg, Z’Al
28—30¢q: 32—-34 35 36,38,40 39,41 40,42-44.,46

Si, S, °Cl, ™7™ Ar, 7" K and ™ “PCa

clusters. The values of fitting parameters for even parent
neutron number and odd parent neutron number are given
in the Tables 1, 2, respectively. Although the proposed
semi-empirical formulae are in the sixth order, but the
simple input of A4, Z, and neutron number of parent nuclei
produces the Q-values more accurately and precisely
without the knowledge of mass excess values.

3. Results and discussion

We have formulated an empirical formula for decay
energies of superheavy nuclei during the emission of dif-
ferent clusters of nuclei. This formula produces the decay
energies (Q-value) of superheavy nuclei of atomic number
range 104 <Z, < 126 (corresponding mass numbers of
isotopes are listed in Table 3) during the cluster emission of
atomic number range 2 < Z. < 20 with mass number range
4 < A. < 46. In the present work, to evaluate the fitting
parameters defined in Eqgs. (11) to (13), we have used the
mass excess values available in the literature [43]. This
formula also predicts the different Q-values correspond to
different cluster emissions of same A/Z ratio. The Fig. 2
shows the variation of Q-values with the function of ratio
of mass number of daughter nuclei to the atomic number of
emitted cluster.

We have compared the present work with that of the
other theoretical methods. Figure 3 shows the comparison
of present formula with that of other theoretical method
such as HFB [6, 44] for superheavy element Z = 104. From
the figure, it is clearly observed that there is close agree-
ment of the present formula with that of HFB [6, 44].
Similarly, present formula produces Q-values close to the
other theoretical methods. In order to check the predictive
power of present constructed formula, we have compared
the values produced by the present formula with that of the
available experiments [45, 46].

The Fig. 4 shows the comparison of present formula
with that of the experiments for different Z; /A values.

From the figure, it is clearly observed that the values
produced by the present formula are close to the experi-
ments. Hence, the constructed semi-empirical formula can
produce the Q-values by simple inputs of mass number of
daughter nuclei, atomic number of cluster emission and
neutron number of parent nuclei.

To evaluate predictive power of the present formula, we
have calculated the percentage of deviation and root mean
square error (RMSE) of present formula using following
equations;
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Table 5 A comparison of experimental Q-values with the FRDM95, HFB14 and present formula having same A/Z during an alpha decay in the

superheavy region 106 > Z > 118

Parent Daughter nuclei A/Z Q-values [32-36]
FRDMO95 HFB14 EXP Present formula

298¢ 265Rf 41.77 8.8 8.8 7.46 + 0.06 8.64
2Tgg 267RE 41.461 8.7 8.7 8.65 + 0.4325 8.64
*SHs Z71sg 42.415 9.199 9.199 9.44 4 0.472 8.93
2Ds 23Hs 43.682 10.3 10.3 10.31 £ 0.453 10.46
2°Ds 25Hs 43.369 9.6 9.6 9.84 + 0.492 8.85
Blpg 2THs 43.06 8.958 8.958 8.83 + 0.5415 9.51
83Cp 2°Ds 44.325 9.62 9.62 9.67 + 0.4835 9.17
84Cn 280pg 44.169 9.301 9.301 9.13 + 0.4565 9.55
B5Cp Blipg 44.014 8.793 8.793 8.67 + 0.4335 9.86
Z83Nh *Rg 45.12 10.6 10.6 10.52 + 0.526 9.86
Z84Nh 20Rg 44.961 10.25 10.25 9.87 + 0.4935 10.75
286p) 220 45.441 10.7 10.7 10.35 4+ 0.5175 8.63
287R] 23Cn 45282 10.436 10.436 10.29 4+ 0.5145 9.56
28] 24cp 45.125 9.969 9.969 9.8 4+ 0.49 9.85
289R] 35Cp 44.969 9.847 9.847 9.71 + 0.4855 9.45
BTMc 283Nh 46.08 11.3 11.3 10.26 & 0.513 10.13
Z8Me 284Nh 45.92 10.999 10.999 10.15 £ 0.5075 8.46
201y 285R] 46.4 11.3 11.3 11 +0.55 11.35
Py 7R 46.241 11 11 10.89 + 0.5445 10.17
P2y 288 46.082 10.707 10.707 10.56 &+ 0.528 9.64
293 Ly 289R) 45.925 8.886 8.886 10.67 & 0.5335 10.33
2l1g BMc 47.041 11.9 11.9 10.74 + 0.537 9.53
22 T Z8Me 46.88 11.6 11.6 10.61 £ 0.5305 11.23
240g 20y 47.361 8.47 8.47 11.81 + 0.06 9.98

Deviation (%) = (Q“P - %P‘ f"““““) % 100 (12)
exp

N 2
RMSE = \/Zi1(ch Qexp) W

The evaluated percentage of deviation of present
formula is shown in the Fig. 5. From this figure, it is
observed that percentage of deviation is less than £ 5%.
The evaluated root mean square error (RMSE) for present
formula and also other theoretical methods given in the
Table 4. Even though the ratio between A/Z corresponds to
the same values, but due to different cluster emission,
formation of daughter nuclei and isotope of the parent
nuclei the Q-value released during the decay process
changes. Hence, we have observed different Q-values for
the same A/Z ratio. We have given the experimental results
having same A/Z ratio during an alpha decay and
corresponding Q-values in Table 5.

The available formulae [38—42] in the literature use up
to eight terms to predict decay energies correspond to only

alpha emission. Eventually, we have used seven terms with
sixth order to produce decay energies of (‘He, °Li,
9Be,2022Ne, BNa, 24720 Mg, FAl, 28-30gj, 32345 3¢y,
36’38’40Ar, 3941 ¥ and 40’4244’46Ca) 27 clusters including
alpha in the superheavy region. All the proposed semi-
empirical formula produces the energy during an alpha
decay only. The formula proposed to produce decay
energies of cluster emission is first of its kind. Hence, the
constructed new formula will be first of its kind to produce
the decay energies of superheavy nuclei without the
knowledge of the mass excess.

4. Conclusions

We have constructed the semi-empirical formula for
Q-values of superheavy elements during the emission of
“He, SLi, °Be,0Ne, ®Na, 24720 Mg, Y'Al, 28-30sj,
32-34g 350 363840p, 3941 K anq 404244460y Clusters.
Present formula successfully produces Q-values of super-
heavy elements during the cluster decay.
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Abstract

- H. C. Manjunatha’ -

The half-lives of cluster radioactivity are investigated using a modified generalized liquid-drop model (MGLDM). The
radioactive decay with different cluster emissions in the isotopes of He, Li, Be, Ne, Na, Mg, Al, Si, P Ar, K and Ca nuclei are
studied. The cluster radioactivity half-lives have been evaluated within WKB integral method. The estimated cluster decay
half-lives from the present work precisely reproduce the experimental data. Predictions are made in the even superheavy
nuclei in the atomic number range 104 < Z < 126. The role of Coulomb effect (Z2/A%/3), asymmetry effect (N — Z)*/A),
pairing effect (\/Z ) and shell effect on cluster radioactivity are studied.

Keywords Cluster radioactivity - Superheavy nuclei - Half-lives - Penetration probability

1 Introduction

Cluster radioactivity in the region of superheavy nuclei has
become an interesting topic in the recent era. Cluster radio-
activity is a type of highly asymmetric decay which exists
between process of an alpha decay and spontaneous fission.
During cluster radioactivity atom emits cluster of protons
and neutrons whose number lies between an alpha particle
and binary fission fragment. Cluster radioactivity is similar
to that of an alpha decay which can occur only if the cluster
passes through the potential barrier. Sandulescu et al. [1]
discovered the first theoretically based prediction of clus-
ter radioactivity. Experimental-based cluster radioactivity
phenomenon was first found by Rose et al. [2] during decay
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of ?’Ra. Furthermore, systematics of cluster radioactivity
and related decay constants calculation using microscopic
approach is performed by Blendowske et al. [3].

Lovas et al. [4] investigated cluster radioactivity using
different microscopic approaches. Poenaru and Griener [5]
evaluated cluster radioactivity using macroscopic and micro-
scopic approach. Furthermore, Santhosh et al. [6] proposed
a semi-empirical formula for radioactive nuclei’s exhibiting
cluster radioactivity. In addition to the above empirical rela-
tions many microscopic models such as density dependent
cluster model (DDCM) with usage of M3Y nucleon—nucleon
interaction [7, 8], Density Functional Theory (DFT) [9],
Optical potential calculations based on relativistic mean
field (RMF) theory [10], exotic cluster decay in heavy
nuclei using Folding Density Dependent M3Y (FDDM3Y)
[11], super-fluid phenomena and resonance effects using
Continuum Hoping Model (CHM) [12], generalized density-
dependent cluster model (GDDCM) [13], Realistic a
pre-formation factors of odd-A and odd-odd nuclei within
the cluster-formation model (CFM) [14], preformed clus-
ter model (PCM) [15], Analytical Super-Asymmetric
Fission Model(ASAF) [16] and Skyrme-SLy4 effective
nucleon—nucleon interaction(SLy4) [17] were extensively
used to study cluster radioactivity.

Furthermore, cluster decay explained by macroscopic
models viz., Half-lives of cluster radioactivity as an
asymmetric spontaneous fission is studied by generalized

@ Springer
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liquid-drop model (GLDM) [18]. Cluster radioactivity of
neutron-deficient nuclei in trans-tin region using Effective
liquid-drop model (ELDM) [19], Cluster decay half-lives
and preformation probabilities by Coulomb and proximity
potential model (CPPM) were studied [20]. Earlier research-
ers [21-26] have studied cluster radioactivity in the superheavy
region. Super-asymmetric fission theory is extended from cluster
decay to nanophysics by Liquid-drop model (LDM) [16]. The
half-lives of a and cluster radioactivity within a Gamow-like
model (Gamow-like) for Z > 84 and N > 104 were studied [27].

Zhang et al. [28] deduced preformation factors using
experimental cluster decay half-lives within preformed
cluster model approach. Cluster radioactivity is investigated
using Relativistic mean field (RMF) theory [29]. Experimen-
tal investigation of the cluster radioactivity of atomic nuclei
is done by Tretyakova and Mikheev [30]. Ahmed et al. [31]
studied the alpha and cluster preformation factors in the for-
mation of even—even superheavy nuclei in the atomic num-
bers range 82 < Z < 114. Ghodsi et al. studied alpha decay
properties of even—even SHN by including the preformation
factor within the Cluster formation model [32]. Various stud-
ies on cluster radioactivity using different proximity poten-
tials within Coulomb and proximity potentials [33-38] are
available in the literature. With the detailed analysis of the
literature, we have carried out a comprehensive investiga-
tion using MGLDM and CPPM theoretical models to find
effect of cluster radioactivity in the formation of even—even
superheavy nuclei within the atomic range 104 < Z < 126.

This paper is organized as follows. The theoretical frame-
work is discussed in Sect. 2. Results and the corresponding
discussion are given in Sect. 3, and the conclusions of this
work are under Sect. 4.

2 Theory

2.1 Modified Generalized Liquid-drop Model
(MGLDM)

In the Modified generalized liquid-drop model (MGLDM)
[39, 40], total energy during cluster radioactivity is the sum
of volume E,, surface Ey, Coulomb E, proximity E, and
centrifugal energy E, and it is expressed as;

E=E +E +E +E,+E, (1)

The total potential is evaluated as explained in the litera-
ture [41]. The term E, is expressed as;

nAE+1)

En=5-—— )

where p is the reduced mass, r is the distance between the
mass centers and £ is the angular momentum. The nuclear
proximity potential [42] is given by;

@ Springer

Vy(R) = 4y RD(s) ?3)

here R is the mean curvature radius and it is given by

= c,C e .

R= # and the Sussman central radii C; is evaluated as
1 2

follows;
b2
C,=R,—-| —
(%)
Sharp radii R; is expressed as;

1/3

R;=1284° —0.76 + 0.8, 5)
In Eq. (3), y is defined as;
N-2Z\?
r=" [1 -1,(~5%) ]MeV/ﬁn2 ©

where y,=1.460734 MeV /fm? and I,= 4.0 and the various
universal proximity functions in Eq. 3 is evaluated using
double-folding model (DFM) with the density-dependent
nucleon—nucleon interaction. Zhang et al. [43] studied the
universal function and it is expressed as;

$(So) .
o= T N
So+P, @)
I+ exp(—P3 )
. R=R,~R,
with §; = ——=and P,, P, and P; are the constants whose

values are -7.65, 1.02 and 0.89, respectively [43]. The pen-
etration probability using WKB integration;

R

out

P=exp [—% \/ZB(r)E(r) — E(sphere) )

R

in

here R;, and R ,, are the classical turning points with the
conditions V(r = R;,) = V(r =R,,,) = Q. u is the reduced
mass of the cluster and daughter nuclei. The half-lives of
cluster emission from the odd superheavy nuclei in the
atomic number range 105 < Z < 125 were evaluated using
the following equation;

In2 In2
= (2)-(2)
172 7 VP )
here decay constant 4 is a function of assault frequency
o\ _ (2E
v=(5)=(5
vibrational energy and it is expressed as;

). Here, E, is the empirical zero point

4-A
E, = Q[0.056 + 0.039exp<2—59>] MeV (10)

Here, A, is the mass number of the emitted cluster parti-
cle. The term P in Eq. (9) is the penetration probability of
cluster decay.
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3 Results and Discussions

The sensitivity of Q-values in the evaluation of cluster decay
half-lives using different mass excess values such as Finite-
Range Liquid-Drop Model (FRLDM) [44], Kourra-Tachibaba-
Uno-Yamada (KTUY) [45, 46], Weizsacker-Skyrme (WS4)
model [47], WS3+RBF [48], WS3 [49], WS [50] and
Weizsacker-Skyrme (WS)+radial basis function (RBF) i.e.,
WS4+RBF [47] were studied for the available experimen-
tal Q-values of cluster-radioactivity. Figure 1 shows plot of
Q-values using different mass excess values as a function of
Z?/A. The Q-values increase with increase in the function
Z%/A. The overall behavior of Q-values is in good agreement
with that of experimental Q-values. In order to identify the
closure reproduction of experimental Q-values, the standard
deviation is evaluated as follows;

{ n 1/2
7= ((n -1 2 (0~ Qexp)2>

i=1

an

here n is the number of nuclei considered during cluster
radioactivity. The deviation obtained using each mass excess
values is tabulated in Table 1. From the table it is inferred
that the deviation obtained using FRLDM is found to be

T T T T
36.0 36.5 37.5 38.0

Z%/4

T
35.5 37.0

smaller when compared to other models studied. Hence, in
further investigation of cluster decay half-lives we have used
FRLDM mass excess values.

Furthermore, the suitable proximity potential is selected
by plotting experimental logT' /,(s) using different proxim-
ity functions as a function of Z/\/@ and it is shown in
Fig. 2. The standard deviation obtained for Prox-2013 is
about ¢ = 1.62 with that of available experiments. Hence,
in further analysis we have considered Prox-2013 prox-
imity function for evaluation of cluster-decay half-lives.
Evaluation of cluster emitters within the range He to Ca
viz., *He, °Li, *Be, 20-22Ne, 23Na, %-20Mg, 27Al, 28-30Sj, 3'p,
32-34g 35C], 36:3840A 1 39K and 40424464 is evaluated for
the even superheavy nuclei within the atomic number range
104 < Z < 126.

In Fig. 3, variation of Q-value with the Sussman central
radii C; is represented for even nuclei’s within the atomic
number range 104 < Z < 126. From the graph it is clear that
Q-value is varying inversely proportional to the Sussman
central radii.

The penetration probability is evaluated within the atomic
number range 104 < Z < 126 and it is represented in Fig. 4.
As the mass number of parent nuclei increases the pene-
tration probability gradually decreases. There is a sudden

Table 1 The standard deviation obtained using different mass excess values with that of experimental Q-values

WS3-RBF WS4 WS4-RBF

WS3

KTUY FRLDM WS

7.08 8.13 8.55

8.33 7.15 6.98 7.18
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Fig.2 A plot of experimental ] ‘ ‘ ‘ ‘
logT, 2 (s) as a function of 30 o (b)
z/\0 24 f
184
0
121
gl Prox-13 5
10 12 14 16
v 30
|_§ 241
o 184
9
121 d 1 |
6MP-81 o ProxeT7 0
‘ ‘ ; : 0 ‘ ‘ : ;
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35
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decrease in the penetration probability when A=238 and  From this we can conclude that the smaller penetration prob-
A=253 within the atomic number range 104 < Z < 126. The  ability leads to larger the half-lives when mass of the parent
penetration probability is inversely proportional to half-lives. nuclei is equal to 238 and 253.

Fig.3 A plot of Q value of even - ‘ ‘ ISP
nuclei in the atomic number 1601 ---=< Even nuclei (a) 1
range 104 < Z < 126 as a func-
tion of Sussman central radii C;

175

150
120
1251
—~ 801
>
(0]
=3
o 1
801 1921
1601 180
140

168
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Fig.4 A plot of penetration 29 10728
probability of even nuclei 10 Even nuclei (a) MGLDM (b)
in the atomic number range 39 1038
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MGLDM model with mass 1049 | A=238 107 238
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Once the penetration probability is evaluated using the
WKB integral with the boundary conditions, half-lives of
even nuclei within the atomic number range 104 < Z < 126
is studied. Figure 5 shows plot of logT ,(s) as a function
of Z,. In all the even superheavy nuclei, the larger logT) /,
is observed when Z, is within atomic range 85 to 89. The
larger value of logT, ), is observed when atomic number is
near the magic number.

280 300 240 260 280

Mass number of parent nuclei

In addition to plot of logT, /, as a function of Z, we have
also plotted logT, ), as function of N. Figure 6 shows an
increase in logarithmic half-lives with increase in cluster
neutron number. It reaches maximum when N is equal to 20
and again it gradually decreases. Figure 6(a) and (b) shows
larger stability when N, is equal to 20 and 23 when com-
pared to their neighboring nuclei. Similarly, Fig. 6(c) shows
peaks when N is equal to 16, 20 and 23. Furthermore, the

Fig.5 A plot of logT /,(s)
of even nuclei in the atomic 481 Z,=85
number range 104 < Z < 126 as
a function of atomic number of
daughter nuclei

87 g8

604 : — —
— 104 87 Even nuclei — 110
—106] 112

— -108 85 —  -114

(b) \

logT (s)

84 88 92 96 100 104
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Fig.6 Comparison of logT’ /,(s) 60 | —— 104 (a) — 110 Even nuclei (b)
of even nuclei as a function — 106 60 |—— 112

of neutron number of cluster -108
nuclei (N,)

— 114 .20
16 ! \
40 13 \/'\23
VRN
1 \
20

logT (s)

(c) —122 (d)
—124

logarithmic half-lives are larger in case of even superheavy
nuclei with Z=122 and 124 at N=11, 16, 20 and 23. Hence,
the even superheavy nuclei with 104 < Z < 126 shows stabil-
ity against these cluster emissions with neutron number is
between 11 and 23.

The number of neutrons and protons significantly con-
tributes to the logarithmic half-lives. A plot of logarithmic
half-lives as a function of (N — Z)? /A is shown in Fig. 7. The

logT, , values increase with increase in (N — 7)? /A value.
The disparity between emitted protons and neutrons causes a
sudden increase in logT, ,, values when (N — Z)?/A'is nearly
equal to 12 and above in case of Z=104 during '>C emission.
Similarly, in case of Z=114, the logT, , value decreases
when (N — Z)? /A is greater than 12. In case of Z=120 and
126 the (N — Z)?> /A is 18 and 14, respectively, at which the
logT, /, value shows an unexpected increase.

Fig.7 A plot of logT f ‘ ‘ 100
ig plot of logT'y 5(s) 0 Z=104 g Z=114
even nuclei within the atomic 100
number range 104 < Z < 126 80
as a function of (N — Z)? /A for 80
different cluster emissions such 60
as 12C, 2881, 3 Ar and “°Ca in 60
case of (a) Z=104, (b) Z=114, 40 40
(¢) Z=120 and (d)Z=126
20
20
@ o
-
(=2}
° 70
80 60
50
60
40
40 30
20
20 10
0
9 12 15 21 24 10 12 14 16 18 20 22
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Fig.8 A plot of logT; /,(s) of 100
even nuclei within the atomic 100
number range 104 < Z < 126 80
as a function of Z2/A'/3 for dif- 80
ferent cluster emissions such as 60
12 28Gi 36Ar and 4°Ca in case 60
of (a) Z=104, (b) Z=114, (¢) 40
Z=120 and (d) Z=126 40
20 20 . .
2 9 (b) ~ _
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The function Z%/A'/3 is involved in the Coulomb effect
in the evaluation of binding energy. The repulsive force
between two nuclei reduces the binding energy. It is also
evident that as Z?/A!/3 increases the logarithmic half-lives
gradually decrease, i.e., when there is an increase in Cou-
lomb repulsive force then the life-time of the compound
nuclei gradually decreases. A plot of logT, /, as a function

of Z? /A'/3 is shown in Fig. 8(a-d) for atomic number Z=104,
114, 120 and 126.

Another important term is pairing effect, it is an attractive
interaction between two nucleons. Earlier studies [51, 52]
were pointed out that the pairing energy of protons is greater
than that of neutrons with N=50 and N=82. Figure 9(a-d)
shows a plot of logT, /, as function of pairing effect i.e.,

Fig.9 A plot of logT' /,(s) of - 100 - >
even nuclei within the atomic 100 2=104 =114 — -ZSC-
number range 104 < Z < 126 80 - 363'
as a function of pairing effect 80 — 40Ar
N\
(“/A) 60 —Cq
60 ~
40 40| >
20 .
@ 0 (b) ~
'6) 0.060 0.062 0.064 0.0570 0.0585 0.0600
= 70
Z=126
80 60
50
60
40
40 30
20
20 10
ol (d) - _ -
0.0555 0.0570 0.0585 0.055 0.056 0.057
Pairing effect oc1/\/4
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Fig. 10 A plot of logarithmic ] _ ] =
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\/K . As the effect of pairing effect increases between two
nuclei the corresponding half-lives decrease. The attractive
interaction between two nucleons decreases when the two
nuclei are far apart. Hence, the half-lives of parent nuclei
also decrease. From Fig. 9(c) we have observed stability of
half-lives when pairing effect value is above 0.0560. That is
when the neutron number is from 195 to 198 which is near
the second generation magic number N=196. Hence, due to
shell effects the unexpected increase in the logT, /, values
was observed from the parent nuclei Z=120. Similarly, in
case of Z=126 unexpected increase in the logT, , values
was observed when N=193 and N=200 and is as shown in
Fig. 9d for the parent nuclei Z=126.

Seeger [53] effectively introduced the shell correction
term which is function of neutron and proton number. The
shell correction term allows for the explanation of magical
nuclei by anticipating different factors such as proton separa-
tion energies, neutron separation energies, and so on. It also
plays an important role in shell structure. Figure 10 illus-
trates the role of shell effects on the logarithmic half-lives in
case of Z=104 and 114. Both odd and even mass of daughter
nuclei is considered during an evaluation of half-lives. In
both cases, the continuous line specifies the data correspond-
ing to odd mass number of daughter nuclei and dotted lines
for the even nuclei. However, no systematic variation of
logarithmic half-lives is observed with respect to shell cor-
rections. From the detailed analysis of logarithmic half-lives
as function of Coulomb term, asymmetry term, paring term

@ Springer

Shell correction

and shell corrections on cluster radioactivity half-lives in
the even superheavy nuclei within the atomic number range
104 < Z < 126 will guide for further investigations.

4 Conclusions

The phenomena of cluster radioactivity in even superheavy
nuclei are studied using MGLDM approach. The radioac-
tive decay with different cluster emissions in the isotopes of
Helium to Calcium nuclei is studied. The nuclear proxim-
ity potential is studied using Prox-13 proximity function.
The cluster radioactivity half-lives have been evaluated
within WKB integral method. The estimated cluster decay
half-lives from the present work precisely reproduce the
experimental data. Predictions are made in the even super-
heavy nuclei in the atomic number range 104 < Z < 126.
The role of Coulomb effect (Z2/A%/3), asymmetry effect
((N — Z)*/A), pairing effect (\/A) and shell effect on half-
lives gives an insight into future experiments on cluster
radioactivity.
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The existence of neutron magic number 184 is demonstrated through the cluster decay
studies. The alpha and cluster radioactivity have been studied in the superheavy region
104 < Z < 126 using modified generalized liquid drop model (MGLDM). The values
obtained from this work were compared with that of experiments. During the study of
cluster radioactivity, surprisingly it is observed that the shortest half-lives of cluster
decay in all superheavy elements are observed for daughter neutron number 184 and
nearly equal to that. This is a clear evidence for the existence of the neutron magic
number N = 184. This study is useful in the understanding of superheavy element nuclei
structure.

Keywords: Superheavy nuclei; half-lives; probability of penetration; spontaneous fission.

1. Introduction

The cluster radioactivity is an asymmetric fission process which is an intermediate
between spontaneous fission and a-decay. Before 1980s, the radioactive disintegra-
tion was experimentally observed either by a-decay or spontaneous fission. Later,
the concept of cluster radioactivity phenomenon in the heavy and superheavy nuclei
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was first suggested by Sandulescu et al™ Rose and Jones? experimentally observed
cluster radioactivity in 1984 and later Aleksandrov et al® found *C cluster emis-
sion from 223Ra. Later on, cluster emissions, such as 2°0, 23F, 22:24.26Ne, 28:30)\[g
and 3234Si, were experimentally observed #5 The cluster 34Si emission was experi-
mentally observed®? in heavy nuclei 2#2Cm and 238U,

Several theoretical models, such as preformed cluster model (PCM) by Malik
and Gupta® and superasymmetric fission model by Poenaru et al.2 explain the
cluster radioactivity. There are also several theoretical models™@ 1 that successfully
predict the cluster radioactivity in the heavy and superheavy nuclei. Microscopic
measurements for the formation of cluster probability and barrier penetrability™14
have been made by using R matrix description of the process. Within the micro-
scopic model, Warda et al™ investigated cluster radioactivity in the superheavy
element Z = 116. In all of these different models, a collection of various proximity
potentials is a benchmark to evaluate the half-lives.

Zhang et ol studied large cluster radioactivity in even—even nuclei by using 14
proximity potential functions. The results indicate that with experimental data, the
effects of proximity potential such as Bass 77 and Denisov potentials are more appro-
priate. Raj Kumar@ investigated cluster radioactivity by using different proximity
potential functions. Santhosh and Biju®® analyzed cluster radioactivity half-lives
in the superheavy nuclei 220314116 by studying Coulomb and proximity poten-
tials. By using the folding density-dependent M3Y effective interaction method,
Routray et al™ investigated cluster radioactivity in heavy nuclei. Within the
density-dependent cluster model, Ismail et al2%2L studied the cluster radioactivity
half-lives in the superheavy element Z = 121 and 122. The shorter half-lives were
theoretically observed during cluster emissions of 1*C, 200, 2°Ne and ?*Ne cluster
emissions from heavy and superheavy nuclei. The role of deformation parameter and
the orientation of different nuclei during the cluster radioactivity leading to doubly
magic nuclei 2°8Pb were studied by Arun et al22 Kuklin et al® examined clus-
ter radioactivity by using dinuclear system concept in the actinide region. Iriondo
et al2 studied cluster radioactivity by using Gamow potential model for forma-
tion and then penetration probability of the particle through the Coulomb barrier.
The earlier researchers?? 38 extensively studied cluster radioactivity in heavy and
superheavy region.

The stability of the nucleus is well defined by its magicity of protons or neu-
trons. Shell closure effects were studied using cluster decay in 22U BZ Gupta et al38
showed that stability of atom is either due to magicity of neutrons or protons.
From the literature, it is observed that all these investigations give incomplete infor-
mation of cluster radioactivity in the superheavy nuclei region Z = 104-126. Hence,
in this work, we have analyzed cluster radioactivity in the superheavy region of wide
range from Z = 104-126 using modified generalized liquid drop model (MGLDM).
The half-lives of different cluster emissions such as *He, 6Li, ?Be, 2°Ne, 2?Na, 2*Mg,
2TAL 28Si, 3'P, 328, 35CI, 36Ar, 39K and *°Ca were evaluated in the superheavy
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region Z = 104-126 using Ng805¥ which produces less deviation when compared
to other proximity functions as mentioned in the earlier work2? This study is
structured according to the theory used to evaluate half-lives in the superheavy
region Z = 104-126 during different cluster emissions and is given in Sec. [2I The
analysis of different cluster emissions and corresponding results and discussions are
presented in Sec. Bl Finally, conclusions of this work are given in Sec. @l

2. Theoretical Framework

Among various models, the MGLDM is one of the successful models which describes
the fusion, fission, a and light particle emissions® @48 and nuclear structure param-
eters such as nuclear radius and mass, investigation of charge asymmetry, deforma-
tion and proximity effects. For a deformed nucleus, total energy is the sum of the
volume, surface, coulomb and proximity energies and the same were expressed as
follows:

E:EU+ES+EC+EPYOX+EI' (1)

For the deformed nuclei, the volume (Ey ), surface (E;) and coulomb energies (E.)
are given by

E, = —15.494(1 — 1.81*)AMeV, (2)
S
_ _ 2\ 42/3
Ey = 17.0439(1 = 2.61) A* 72 MeV, (3)
E. = 0.6e*(Z*/Ry) x 0.5 / (V(0)/Vo)(R(0)/Ro)3sin(6)dd MeV, (4)

where I and S are the relative neutron excess and surface area of the deformed
nucleus, respectively. V(0) and V are the electrostatic potential at the surface
and surface potential of the sphere, respectively. For the nuclei that are far apart,
the equations are written as follows:

E, = —15.494(1 — 1.813) Ay + (1 — 1.813) Ay MeV, (5)
E, = 17.9439(1 — 2.61%)A%% 1 (1 — 2.612)A® MeV, (6)
E. = 0.6e*(Z1/Ry) + 0.6¢*(Z3/Ry) + €2 Z1Z5/r MeV. (7)

Here, A;, Z;, R; and I, are with the usual notations such as mass number, atomic
number, radii of the two nuclei and relative neutron excess of the two nuclei, respec-
tively. I = 0 such that Ey and Eg possess negative and positive values. The radii
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R; of the daughter nuclei are defined as follows:

Ry = (1.26A% —0.76 + 0.84;/*) fm i=1,2.... (8)
The centrifugal energy F; of the emitted proton is expressed as follows:
2 0(0+1)
E = _ 9
() = 5 )

where p, £ and r are the reduced mass, angular momentum and the distance between
the mass centers, respectively. The proximity function is taken from Ref. 47 and it
is expressed as follows:

V,(2) = 4myOR (%) (10)

Here, ® is the universal proximity potential and z is the distance between the near
surfaces of the fragments. b ~ 0.99 is the nuclear surface thickness. The mean
curvature radius in Eq. ([IQ) is calculated using the following relation:

C1C,
Ci+Cy

The Sussmann central radii C; are given by

oo (£) @

Sharp radii R; are expressed as follows:

R= (11)

R; = 1.2847° —0.76 + 0.84; /%, (13)

In Eq. ([, v is given defined as follows:

N — Z\?
= |1 - K,
Y ’Yo[ ( A )

where 79 = 1.460734 MeV /fm? and K, = 4.0 and universal proximity potential??
is expressed as follows:

MeV /fm?, (14)

—33+ 54(5 — 50)2 for S < Sp,
D(e) = 1 (15)
—33exp ~ (S —8p)? for S > So.

The proximity and coulomb function are enough to achieve the a-decay and cluster
radioactivity and the probability of penetration is studied using the WKB integra-
tion:

P =exp [—% /R‘ " \/2B(r)E(r) — E(sphere) | . (16)

Here, R;, and Ryt are the inside and outside classical turning points which can be
evaluated from the condition V(r = Riy) = V(r = Rout) = Q and p is the reduced
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mass of the cluster and daughter nuclei. The half-lives of cluster emission from the
superheavy nuclei Z = 104-126 were evaluated using the following equation:

In2
vPoP’

T2 = (17)

Here, v = 10295~ is the assault frequency. Po is the pre-formation factor®® as a
function of amount of energy released during cluster decay is expressed as follows:

Py = 10aQ+bQ2+c7 (18)

where @ is the amount of energy released during cluster radioactivity, the terms a,
b and ¢ are the parameters explained in detail in Ref. 48]

3. Results and Discussion

The cluster radioactivity half-lives of experimentally available cluster emitters were
evaluated using MGLDM as explained in Sec.[2l Here, we have used experimental Q-
values for the evaluation of cluster-decay half-lives for the experimentally available
cluster emitters. Table[[lshows the evaluated cluster-decay half-lives using MGLDM
with the available experiments. The average deviation and standard deviation are

Table 1. Comparison of cluster-decay half-lives evalu-
ated using present work (PW) with the available exper-

iments.

QEXp exp PW
Decay (MeV) long/2 long/2
221y, 144207 31.317  14.5159 15.59

221Ra—14C+207Pp 32.396  13.3749 14.56
222Ra 14 (C4-208pPp 33.05 11.0550 13.70
223Ra—14C+209Pp 31.829  15.0520 14.94
224Ra—14(C4-210Pp 30.54 15.9510 16.52
226Ra—14C+212P) 28.2 21.2952 22.74
225 A 14 C4211B;j 30.477  17.1653 17.86
228 7200 208p 44.72 20.7354 21.94
230U —22Ne+208Ph 61.4 19.5¢55 19.21
230Th—24Ne+206Hg  57.571  24.6158 23.87
231pa—24Ne+207T1  60.417  22.89501 22.07
2327724 Ne+208Ph 62.31 20.3957 21.25
2337724 Ne+209Ph 60.486  24.8458 23.75
23477, 26 Ne+208Ph 59.466  25.935859 24 46
24U 28Mg+206Hg 7411 25.7460 26.04
236py—28Mg+208Ph  79.67  21.6550 22.67
238py—28Mg4210Ph  75.912  25.6650 26.93
238py—300Mg4208php 77 25.6650 25.26
238py—328i4206Hg  91.19  25.352 27.85
2420m—348i+208Ph  96.509  23.1163 23.24
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evaluated using the following expressions:

Z [log Ty, 1og1/2 (19)
and
1 - ex
V2 = EZ[log 1/2 1og1/g] . (20)

)
-

K2

The average deviation (§) and standard deviation (v/62) are evaluated for 20 exper-
imental values available in the literature. The values of § and V62 are found to be
1.01 and 1.202, respectively.

The amount energy released during the cluster radioactivity is evaluated using
the mass excess values available in the literature® In Figs. [l and B we have
studied the half-lives of possible cluster emissions from *He to °Ca and spontaneous
fission in the superheavy region 104 < Z < 115 and 116 < Z < 126, respectively.
Spontaneous fission half-lives of superheavy nuclei in the region 104 < Z < 126 are

Rf Db 0 sg Bh —He
52 48 48 — L
| e _QBe
26 24 25 24
0 —_— Ne
0 @] o myf 0 1
. 2 @] 37
255 260 265 U260 265 270 260 265 ~2
— “Si
50{ H 50{ Mt D o
s 45 38 P
pile————r 34 —
—_ ul 35% 50
© 25 30 19 .
g 0 — "Ar
';) 0 0 ; -2 0 ®K
-2 e 4 —
2. @, © 2 (&) —“Ca
265 270 275 270 273 276 266 273 280 282 —SF
4
54 Cn 45 Nh 45 F| Sg Mc
18 15 15 10
0
0 . 0 ; 0
(i) 6) 4
R -6 7 ®)] )
D73 280 287 273 280 287 270 276 282 288 073 280 287

Mass no. of parent nuclei

Fig. 1. Plot of evaluated logTy /5 values versus mass number of parent nuclei for the emission of
cluster (*He to 48Ca) and spontaneous fission from superheavy region 104 < Z < 115.
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Fig. 2. Plot of evaluated logT} /5 values versus mass number of parent nuclei for the emission of
cluster (*He to 48Ca) and spontaneous fission from superheavy region 116 < Z < 126.

evaluated using semi-empirical formula proposed by Xu et al3 a5 follows:
T1/2 = exp[27r(CO + ClA + CQA2 + 0324 + C4(N — Z)Q)

—(0.1332322/ AY3 — 11.64)], (21)

where Cy, Cy,Co,C3 and Cy are —195.09227, 3.10156, —0.04386, 1.40301 x 1076
and —0.03199, respectively.

From these plots, it is clear that the *He emission and spontaneous fission half-
lives show smaller logarithmic half-life values when compared to other cluster emis-
sions studied. Figure [[a) shows smaller half-lives in the isotopes of superheavy
nuclei 2*77262R f when compared to other cluster emissions studied. The neutron
number corresponding to isotopes of superheavy nuclei 2°7 261 R f varies between
N = 153-157 which are near the magic numbers of 184. Similarly, Figs. [I(b)-IK1)
depict shorter a-decay half-lives when compared to other different decay modes

in the isotopes of superheavy nuclei 2°97262Dh, 261-262Gg 263-265pp = 265-268g
AMI-2T3\[y  267-275)g  271-2T8Ro  276-281(y,  271-283Ny  272-28TR]  273-290 )1

275292y 278-293,205-208 T 281-301() 284-30411Q 287-30819() 290—305,308-31119]
204-314199 297-317193 300-305,308—317194 303—323195 41 ] 306—32519¢

In order to explore new isotopes of superheavy nuclei with magic nuclei, first
we have analyzed shell closures of the atoms in heavy and superheavy nuclei in the
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Table 2. Isotopes of heavy and superheavy nuclei
having longer life time in the atomic number region
104 < Z < 118.

Element N logT  Element N logT

26TRf 163 3.67  2SCn 174 2.82
258Db 163  5.00  28Nh 173 0.98
269Sg 163 2.27 20F1 176 1.28
278Bh 171 3.06  ¥IMc 175 —0.19
218 Hs 170 3.06 28Lv 177 —1.28
282 Mt 173 1.82 2@Ts 177 —1.29
282Ds 172 1.82 2040g 176 —3.24

280Rg 175 2.82

region 104 < Z < 118. Table [ presents the tabulation of nuclei having specific
neutron number and larger half-lives. It has been observed that these tabulated
nuclei with atomic number (Z) or neutron number (N) are much more stable than
their neighboring nuclei. The tabulated atomic nucleus is having comparatively
higher binding energy per nucleon. Thus, these nuclei possess longer half-lives and
hence more stable against different nuclear decays. From the table, it is inferred that
the neutron number N = 163-177 shows complete shell closures within the atomic
nuclei. So, the neutron numbers with shell closures have larger half-lives which are

Table 3. Tabulation of parent (Ap), daughter(Ap) and
cluster nuclei (Ac) along with the Q-values and logT'; /o
values corresponding to magic number of neutrons of par-
ent/daughter nuclei.

Ap Ap Ac Q@ (MeV)  LogT\ /s
309120189 890 Luigy 9Bes 24.84 11.41
310191159 80175154 9Bes 25.35 10.86
311122189 3020g184  ?Bes 25.93 10.22
312193159 303119184  9Bes 26.31 10

313194159 304120184  YBes 26.81 9.56
323195198 296Cni1gq4 27 Al 105.15 24.59
324196198 29"Nhiga 27Alyy 106.15 24.66
326126500  2%°Rg1sa ' Pig 121.61 27.89
302118184 293 Fly79 9Bes 19.35 24.98
303119184 29 Merrg 9Bes 20.66 21.62
304190184 295 Luyrg 9Bes 21.52 19.84
305191184 29675179 9Bes 22.62 17.57
306192184 2970g179 9Bes 23.33 16.37
3071923184 298119179 9Bes 24.46 14.27
308194154 299120179  9Bes 25.27 13.05
309195154 390121179 9Bes 26.59 10.77
310196184 301122179  9Bes 27.25 10

3117196155 392122150 9Bes 28.95 6.69
322196195  295Nhige 27Alyy 108.47 22.14
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near magic nuclei or magic nuclei. Hence, with this background, we have extended
our work to predict magic or semi-magic neutron numbers in atomic number region
104 < Z < 126.

Tables [ and [ show tabulated logarithmic half-lives of different decay modes
such as «, BT, spontaneous fission half-lives and shortest logarithmic half-life
correspond to cluster decay. The dominant decay mode among different decay
mode studied is also shown in the 6th, 12th and 18th columns of Tables Hl
and [l From these tables, it is observed that the superheavy nuclei 252Rf have
neutron number N = 158 with logarithmic half-life of 1.13s which undergoes
spontaneous fission. The nuclei 262Rf are more stable when compared to their
neighboring nuclei. Similarly, the superheavy nuclei 262Db with N = 157 and a-
decay logarithmic half-life of —0.44s, 262Sg (N = 156) and logTj o of —1.88ms
in case of a-decay, 2°Bh [N = 159, —1.0s(sf)], 2™?Hs [N = 164, —1.9s(sf)],
2BMt [164,—1.73s()], 2Ds [166,—1.73s(sf)], 2™"Rg [168,—1.86s(sf)], 2*1Cn
[169,—1.16s()], 283Nh[170,—1.55s ()], 227F1 [173,—1.46(c)], 2%°Mc [175,—2.03s(a)],
2Ly [176,—2.61s()], 299Ts  [182,—4.03s(sf)], 3°20g  [184,—3.62s(sf)],
305119 [186,—3.04s(sf)], 399120 [189,—4.94s(sf)], 312121 [191,—4.16s(sf)], 315122
[193,—3.18s(a)], 217123 [194,—2.85s(cr)], 317124 [193,—3.92s(ar)], 323125 [198,
—3.06s(a)] and 329126 [203,—4.91s(sf)] show comparably larger life times than
their neighboring nuclei. This signifies that there may be semi-magic nuclei existing
between the neutron numbers N = 157-203. More detailed experimental /theoretical
study is necessary to draw the definite conclusion in this aspect.

Even though an alpha and spontaneous fission are dominant in the studied
table, in our further analysis, we have considered cluster radioactivity of shorter
half-lives. A map of nuclei reflects the shortest logarithmic half-lives of cluster
emissions studied in the superheavy region 104 < Z < 126 shown in Fig. Bl This
figure enables us to predict shortest half-lives among the studied cluster emissions
and it is shown on right side of the figure with the vertical bar. The shorter half-lives
are shown with the color indigo which ranges from 6.6 to 10.97s in the superheavy
region 121 < Z < 126 which includes the cluster emissions such as ?Be, ?°Ne, 23Na,
24Mg, 27Al and 3'P. These shorter half-lives are due to magic number of neutrons
in the superheavy region which ranges between 170 and 192. Among these half-
lives the superheavy nuclei 399125 and 39126 have neutron number of 184 with
logT /2 = 10.77 and 10s, respectively, for the cluster emission of 9Be. Similarly,
the log T /o corresponding to #1126 shows shortest value of 6.6 in which Z = 126
is a magic nuclei.

Further, dark blue color to light blue shows the logT'; /5 values of 11.12 to 18.98
s within the superheavy region of 119 < Z < 126 with the cluster emissions such as
9Be, ?°Ne, ?3Na, 2*Mg, 27Al and 3'P. Among these, the nucleus 22126 has magic
neutron number N = 196, the nuclei 304120 305121, 306122 and 3°8124 carry magic
neutron number N = 184. Logarithmic half-lives from cyan to red color vary from
18 to 35.80 s in the superheavy region 104 < Z < 122 and 124 < Z < 126.
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Fig. 3. Map of nuclei reflecting the logarithmic half-lives corresponding to shortest cluster-decay
half-lives for the mass number and atomic number of parent nuclei in the superheavy element in

the region 104 < Z < 126.
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Fig. 4. Map of nuclei reflecting @Q-values corresponding to shortest cluster-decay half-lives for
the mass and atomic number of parent nuclei in superheavy element in the region 104 < Z < 126.

104 —1

The @-values play a major role in the evaluation of cluter decay half-lives.

Figure [l shows @-values corresponding to shortest cluster decay half-lives for the
mass and atomic number of superheavy element in the region 104 < Z < 126. The
@-value of cluster decay varies from 0.5 to 27.90 MeV from indigo to blue color for
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Fig. 5.  Map of nuclei reflecting the logarithmic half-lives corresponding to shortest cluster-decay
half-lives for the neutron number and atomic number of parent nuclei in the superheavy element
in the region 104 < Z < 126.

which logarithmic half-lives are smaller. Furthermore for the @-values above 27.90
to 137.5 MeV corresponding to light blue to red color, the logarithmic half-lives
were found to be larger.

Similarly, Fig. Blshows the shortest cluster-decay half-lives for the neutron num-
ber and atomic number of parent nuclei in the superheavy element in the region
104 < Z < 126. Indigo to blue color shows neutron number for which log7'; /, values
present shorter half-lives and cyan to red color are related to larger half-lives.

Table Bl shows the tabulation of parent (Ap), daughter (Ap) and cluster nuclei
(Ac) along with the Q-values and logT'; /5 values corresponding to magic number of
neutrons of parent/daughter nuclei. In case of parent nuclei, **?1201g9 logT} / value
of 11.41 is observed with the @Q-value of 24.84 MeV during the cluster emission of
9 Bes, resulting in the daughter nuclei 3°° Lv1g4 in which neutron number of daughter
nuclei is N = 184. Similarly, we have also identified neutron number with magic
number either in case of parent nuclei or daughter nuclei. From the detailed study
of different decay modes and identification of shell closures in the superheavy region
104 < Z < 126, there may exist daughter nuclei with magic number N = 184 or
near magic number if the nuclei undergoes cluster radioactivity.

Detailed investigation on cluster radioactivity in superheavy elements reveals
that the shortest half-lives are observed for decay of superheavy elements through
9Be. The shortest half-lives corresponding to cluster decay are referred as 7. Fig-
ure [0l exhibits the connection between the logT, and neutron number of daughter
nuclei (Ng). Surprisingly, it is observed that the shortest half-lives of cluster decay
in all superheavy elements are observed for neutron number Ny = 184 and near to
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logT,, (s)

Fig. 6. (a) Variation of logarithmic half-lives (logT},2) of 9Be cluster-decay as a function of
neutron number of the daughter nuclei in the region 104-109, similarly, (b) 110-115, (c) 116-121
and (d) 122-126.

that. However, many theoretical predictions alsd®8 have shown stability of nuclei
when neutron number is equal or nearly equal to 184. The shorter cluster decay
half-lives are observed when Nz = 184 exhibits stronger shell effects due to their
magicity when compared to their neighboring ones. This is the clear evidence for
the existence of the magic number corresponding to the neutron number N = 184.

Furthermore, there is no experimental evidence on cluster radioactivity studies
in the superheavy region. But, experimental cluster radioactivity in the actinide
region is reported in Table[Il The model used in this work is validated by producing
cluster radioactivity half-lives of experiments. The cluster-decay half-lives tabulated
in Table 3] evaluated using present model show that the half-lives correspond to the
daughter neutron number ~ 184 are having smaller value. Eventually, there is a
tendency to form daughter nucleus with neutron number N = 184. Hence, this may
be the clue for the existence of neutron magic nuclei with N = 184.

4. Conclusion

The cluster radioactivity of superheavy nuclei in the region 104 < Z < 126 was
studied using MGLDM. The half-lives of different cluster emissions from “He to
40Ca were studied. The values obtained in this work are in close agreement with
the experiments. The neutron numbers corresponding to studied superheavy nuclei
with N = 179-184 have shorter cluster decay half-lives. The shortest cluster decay
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half-lives correspond to the superheavy nucleus 3''126,g5 with “Be cluster emission.

The existence of neutron magic number 184 is also demonstrated through the cluster

decay studies. In addition to this, shorter half-lives are also observed for the magic or
near magic neutron number of daughter nuclei. Hence, we have predicted possibility
of magic neutron number or near magic neutron number in the superheavy element
104 < Z < 126.
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Abstract A detailed investigation of different decay
modes, namely alpha decay, beta decay, cluster decay,
including heavy particle emission (Z. > 28), and sponta-
neous fission, was carried out, leading to the identification
of new cluster and beta-plus emitters in superheavy nuclei
with 104 < Z < 126. For the first time, we identified around
20 beta-plus emitters in superheavy nuclei. Heavy-particle
radioactivity was observed in superheavy elements of
atomic number in the range 116 < Z < 126. 272°0g were
identified as %°Kr emitters, and 2°6122 and 3%°122 were
identified as °*Zr emitters, heavy-particle
radioactivity from °'Y was also observed in 2°°123. Fur-
thermore, the nuclei %124 and 3%126 exhibit “°Mo
radioactivity. The reported regions of beta-plus and heavy-
particle radioactivity for superheavy nuclei are stronger
than those for alpha decay. The identified decay modes for
superheavy nuclei are presented in a chart. This study is
intended to serve as a reference for identifying possible
decay modes in the superheavy region.
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1 Introduction

The most important unanswered questions in Nuclear
Physics are to determine the heaviest superheavy nuclei
that can exist, and to investigate whether very-long-lived
superheavy nuclei exist in nature. The past ten years have
been marked by remarkable progress in the science of
superheavy elements and nuclei. The existence of super-
heavy nuclei above Z = 103 can be studied in terms of
whether they can occur naturally or can be synthesized in
the laboratory. There are no definitive conclusions
regarding the existence of superheavy nuclei in nature. In
contrast, such superheavy nuclei, with half-lives ranging
between days to us, can be synthesized using cold and hot
fusion reactions. Cold fusion reactions involve either lead
or bismuth as targets [1], whereas hot fusion reactions
include **Ca beams on various actinide targets [2, 3]. Many
theoretical predictions, such as microscopic—macroscopic
[4] (single-particle potential) and self-consistent approa-
ches, including nucleus—nucleus potential [5, 6], relativistic
field models [7, 8], and multinucleon transfer reactions [9],
provide information regarding the nucleus structure, shell
closure location, and decay modes in heavy and superheavy
nuclei.

The discovery of superheavy elements [10, 11] points to
the island of stability. Boilley et al. [12] predicted the
evaporation residue cross sections in superheavy elements
and the influence of shell effects [13]. The entrance
channel dynamics were studied using “*Ca as a projectile
and 2%8Pb as target [14]. In 1966, two groups of research-
ers, namely Mayers and Swiatecki, and Viola and Seaborg
[15], separately predicted the presence of heavy nuclei near
the island of stability. Later, Sobiczewski et al. [16] pre-
dicted that the nucleus Z = 114 will be the center of the
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island of stability, with neutron number N = 184. In 1955,
Nilsson [17] proposed a shell model which includes
deformation property of the nuclei. Bender et al. [18] used
a Skyrme energy density functional model and studied the
deformation properties of closed proton and neutron shells.
The nuclear mass, radius, and spectroscopy far away from
the valley of stability were experimentally analyzed earlier
[19]. The investigation of isomers of the superheavy
nucleus >*No is a stepping stone toward the island of
stability [20]. Previous researchers [21] analyzed the
nuclear shell structure and discovered additional stability
near magic nuclei. The present scenario is almost near the
center of the presumed island of stability, but the final
landing is yet to be completed, and the intriguing question
is how these superheavy nuclei are still accessible.

The identification of superheavy nuclei is based on
observations of decay chains. Superheavy element region
114 <Z <118 were observed owing to their consistent
decay chains, which end in the isotopes of rutherfordium
(Rf) and dubnium (Db). Spontaneous fission and «-decay
are the dominant decay modes in superheavy nuclei and
limit their stability. Furthermore, newly synthesized
superheavy elements are primarily identified by their decay
chains from unknown nuclei to known daughter nuclei by
using the parent-and-daughter correlation.

The competition between different decay modes, such as
ternary fission, spontaneous fission, cluster decay, proton
decay, f-decay, and a-decay, in the heavy and superheavy
region, has been extensively studied using various theo-
retical models, such as Coulomb and proximity potential
models, modified generalized liquid drop models, effective
liquid drop models, and temperature-dependent proximity
potential models [22-33]. The possible decay modes in the
superheavy nuclei Z = 119 and 120 are predicted in Ref.
[34]. From Ref. [35], it is clearly observed that the isotopes
of the superheavy nuclei Z = 104-112 have a—decay and
spontaneous fission as dominant decay modes. However,
only o-decay is dominant in the isotopes of superheavy
nuclei Z = 113, 115-118. The isotopes of the superheavy
nucleus Z = 114 have spontaneous fission as the dominant
decay mode in the nucleus *%4Fl, a-decay is dominant in the
nuclei 226-289F] and /3+ is dominant in the nucleus 2°°Fl.
Furthermore, the concept of heavy-particle radioactivity
[36] in the superheavy region has important applications in
the synthesis of superheavy nuclei. Despite the significant
experimental and theoretical progress, there are many
unanswered questions related to the decay modes of
superheavy nuclei. Until now, only o-decay and sponta-
neous fission have been successfully observed in
experiments.

Experimental results suggest a considerable increase in
the lifetime of nuclei as they approach closed proton and

@ Springer

neutron shells [37]. The lifetimes of most known super-
heavy nuclei are governed by the competition between o-
decay and spontaneous fission. The existence of the island
of stability has been confirmed experimentally in the pre-
vious decade [38]. Some theoretical studies reveal that
superheavy elements with 114 and 164 protons are
stable against fission as well as alpha and beta decay [39].
Various phenomenological and microscopic models, such
as the fission model [40], the cluster model [41], general-
ized liquid drop model [42], and the unified model for
alpha decay and alpha capture [43], are available to study
the different decay modes of superheavy nuclei. In addi-
tion, many studies have been concerned with the alpha
decay and spontaneous fission of superheavy nuclei
[44—46]. Simple empirical formulas are also available for
determining the decay half-lives [47]. The possible iso-
topes of new superheavy elements are identified by
studying the competition between different probable decay
modes, such as o-decay, f-decay, cluster decay, and
spontaneous fission. This study focuses on the different
decay modes of superheavy nuclei in the atomic number
range 104 <Z < 126. After a detailed investigation of the
competition between different decay modes, the possible
isotopes and their decay modes with branching ratios are
identified in the superheavy nuclei region. Hence, the
contribution of this study is in the prediction of the most
possible decay mode in superheavy nuclei, and in the
identification of possible emitters in this superheavy
region. The formalism is explained in Sect. 2. The analysis
of different decay modes and possible emitters in the
superheavy region is explained in Sect. 2.4. The paper is
concluded in Sect. 3.

2 Theory

2.1 Alpha decay and cluster decay

In the effective liquid-drop model (ELDM), the a-decay
half-life is computed using the relation

In2
T, . 1
1/2(5) VoPP“’ ( )
where vy is the assault frequency on the barrier, and vy =
1.8 x 10%2s~! [48]. P, is the preformation factor, which is
closely related to the shell structure [49]. The empirical
formula for P, is expressed as

logPy =p1+p2(Z2—-21)(Z, - Z)

+p3(N = N1 ) (N> — N) + psA, (2)

where N, Z, and A are the neutron, charge, and mass
number of the parent nucleus, respectively, Z; and Z, are



Investigation of decay modes of superheavy nuclei

Page 3 of 17 130

the proton magic numbers around Z (Z; <Z < Z,), and N,
and N, are the neutron magic numbers around N
(N1 <N <MN,). p1, p2, and ps3 correspond to parameters in
the region even(Z)-even(N), even(Z)-odd(N), odd(Z)-
even(N), and odd(Z)-odd(N). They are presented in Table I
of Ref. [50]. P is the Gamow penetrability factor, given by
the expression

(e
P = exp {—%/ 2u[V(0) — QldZ|, 3)

where p is the inertial coefficient resulting from the Wer-
ner—Wheeler approximation [51]. The limits of integration
{y and . are the inner and outer turning points, expressed

as {p = RP-R] and {, = %ﬁe? Rp is the radius of the parent
nucleus, and R; is the final radius of the emitted cluster. In
the ELDM, the total potential has been demonstrated to be
the sum of Coulomb, proximity, and centrifugal potential
[52, 53]. Hence, we can use the effective one-dimensional

total potential energy as follows:
V=Ve+Vs+ V. (4)

To evaluate the Coulomb contribution in terms of the
deformation parameter, we used V¢ as defined in Ref. [54]:

7,7
Ve(R) = R] 2 + 32,26 Z
2,i=1,2 )
R (o, T 4
<o 00 350 0
with

where f 5, is the deformation parameter, Y;A’o) are the

spherical harmonics, and
Ry = 12841 —0.76 + 0.84; . The effective surface
potential can be calculated by

Vs = O’eff(Sl + Sz), (7)

where S| and S, are the surface areas of the spherical
fragments. Ooff is the effective surface tension, which is
defined as

1 3 VAR AR/
Ooff = Q-5 |~ b2
S 4(R?—R}-R)) 20mey |R R Ra)’

where R, is the final radius of the daughter fragment. The
centrifugal potential energy is determined by

0+ 1
2ug

where ¢ is the angular momentum of the emitted
alpha/cluster and is calculated using the selection rules. In
the case of alpha/cluster decay [55, 56], the selection rules
follow the condition

) (9)

TT
Up —Jg| <€, <|Jp +J4 and %z(—mfu, (10)

where Jp,mp and Jq, 7y are the spin and parity of the

parent and daughter nuclei, respectively. ,u:%%z is the
reduced mass of the fragments, where M; and M, denote
their atomic masses.

In ELDM, a system with two intersecting spherical
nuclei with different radii is considered [52]. A schematic
diagram for the representation of four independent coor-
dinates, namely R;, R;, {, and &, is shown in Fig. 1. Three
constraints are used to reduce the four-dimensional spher-
ical problem to an equivalent one-dimensional problem.
The geometric constraint given below is introduced so that
the spherical segments remain in contact:

R2-((-¢&*=R-& (11)

The variables { and ¢ represent the distance between the
geometrical centers and the distance between the center of
the heavier fragment and the circular sharp neck of the
radius, respectively [53, 57]. Assuming that nuclear matter
is incompressible, the constraint for the conservation of the
total volume of the system is

2R+ R2*) + 3[R — &) + R — [(( = &) + &)
= 4R,

(12)
where R = ryA'/3 is the radius of the parent nucleus ( ry =
1.34 fm is an adjustable parameter), with A being the mass
number of the parent.

The radius of the o particle, R, is assumed to be con-
stant in the varying mass asymmetry shape description:

R —R, =0, (13)

where R, = (%)1/3& i = 1,2; R, provides the final radius
of the o particle. Here, Z;, Z,, and Z are the atomic num-
bers of the o particle, daughter nucleus, and parent nucleus,
respectively.

2.2 Beta decay

For all types of f§ processes, the expression for the half-
life Ty is given by [58]

@ Springer
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Fig. 1 Schematic presentation
of molecular phase of the di-
nuclear system (the daughter
nucleus and the emitted
(smaller) fragments). The
distance between their
geometrical centers and the
distance between the center of
the heavier fragment and the
circular sharp neck of radius a
are denoted by ({ and ¢,
respectively

L,y 14
Ty Ty Ty  EC (14)

Here, EC is the electron capture. For a particular type of f-
decay, the half-life is expressed as follows:

2.5 4 -1
gmec 2

Here, fé’ is the Fermi function, b = ﬁi or EC, me is the
mass of the electron, and My is the transition matrix ele-
ment between the initial and final states. The right-hand
side of the above may be approximated by a constant for
each type of f-decay [59]. This constant is different for
allowed and forbidden cases of beta decay. For allowed f-
decay, this constant has been determined as 5.7 £ 1.1 [60].
Equation (15) is reduced to

logo[feTy(sec)] = 5.7 + 1.1, (16)

log o[y Ty = 4.7. (17)
2.2.1 B* decay

The Fermi function for f-decay is expressed as
Ey
e /1 F(E,Z)P(E)(Ey — E)*dE. (18)

Here, P(E) is the momentum of the particle, and F(E, Z)
can be computed at the nuclear surface using the magnitude
of the radial electron/positron wave function. The first
approximation of F(E, Z) is

20+ 1)@pR)*" ™ exp[ ] IT( + 12)

Fo(£,2) = 22y + 1)

(19)

@ Springer

Here, y = V1 — 0272, £ = + oZE (+ for f~ decay and —
for ﬁ+ decay), « = 1/137 is the fine structure constant, R is
the radius of the nucleus, and I is the gamma function.
At the surface of the nucleus (for /3+ decay), the orbital
electron screening effect has a significant impact on the 8
electron/positron wave function. Thus, F(E, Z) becomes

(EF Vo)(E F Vo)
pP(E)E
(20)

F(E,Z) = Fo(EF Vo, 2) 7 (E F Vo, Z)”

Here, Vy = 1.8102Z*/3, is the finite wavelength of the f
particle, p(E) = VE? — 1 is the momentum of the f par-
ticle, Ey = 1 4 Q= /mec? is the total limit energy of the f8
decay, E = 1 + ¢/mec?, and ¢ is the kinetic energy of the f8
particle

The expression for the energy released in 1 decay is

Qp =M(A,Z) — M(A,Z — 1) — 2mec”. (21)
Similarly, for f~ decay,
O =M(A,Z) —M(A,Z—1). (22)

2.2.2 Electron capture

The value of Q for electron capture is given by
Opc =M(A,Z) —M(A,Z — 1) — Be

23
= Qﬂ+ + 21’)136‘2 — Be. ( )

Here, Be is the electron binding energy. Hence, even for
the forbidden ' decay, electron capture is allowed. The
capture of electrons of the K-shell for lower Z, and of the L-
shell for higher Z is the major contributor to electron
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capture. The contributions of the electrons of higher shells
are negligible. Thus, the Fermi function becomes

FC g g g (24
In general, for any shell,

1 =5 IEQgC) + Exle(Z0) + (2]

(25)
X =K,L1, Ly
Here, Ey is the total energy of the electron:
1\ 2
Be=rei=(57) (26)

where Zx is the effective charge, which considers the
screening of the Coulomb field of the nucleus by other
electrons [61]:

Zx =Z—035 and Z, =Z—4.15. (27)

The nonzero components of the radial parts (gx&/fy) of the
wave function of the relativistic electron of orbit X are

Table 1 Cluster-decay half-lives obtained from present study (PS)
and available experiments (exp)

Decay OpxpMeV)  1ogT P (711 logTT3
2ipe_, 4CH207T] 31.317 14.51 14.91
2IRa—4C+27Pb 32.396 13.37 13.56
22Ra—4C+2%Ph 33.05 11.05 12.70
23Ra— 4C+29Pb 31.829 15.05 13.94
24Ra—14C+21Ph 30.54 159 15.52
226Ra—14C+212Pp 28.2 21.29 22.74
25 c—1C4+21Bi 30.477 17.16 17.06
28Th—2004-208pp 44.72 20.73 22.04
20U —2Ne+2%Pb 61.4 19.56 20.21
B0Th—2Ne+2%Hg  57.571 24.61 25.07
B1pa 2 Ne+207T] 60.417 22.89 23.07
22U —2Ne+2%8Pb 62.31 20.39 22.25
BIU—2Ne+PPb 60.486 24.84 25.05
BHU2Ne+2%Ph 59.466 25.93 25.62
BAU-BMg+2%Hg 7411 25.74 26.04
236py—28Mg+2%Pb 79.67 21.65 22.07
38py . BMg+21Pb  75.912 25.66 25.98
28py—30Mg+2%pp 77 25.66 26.25
238py 32814 20Hg 91.19 25.3 26.05
M2Cm—MSi+28ph  96.509 23.11 24.24

Table 2 Comparison of logarithm half-lives (years) of spontaneous
fission in the superheavy region 104 <Z <114 from present study
with those from available experiments

Parent nuclei lo glgl)éptyr (72] log”gg yr
24RS —12.1 — 1091
256Rf —9.71 — 8.48
8Rf —9.35 — 7.06
260Rf —92 — 6.35
202Rf —17.18 — 6.36
25859 - 10 — 1133
26059 —9.65 —10.17
26259 —932 - 8722
26450 — 893 — 7.98
266Sg —7.86 —17.96
264Hg —10.2 — 11.02
210Ds — 8.6 — 9.46
282Cn — 10.6 —9.39
284Cn — 85 —7.98
286R] — 8.08 — 758
log T,
" 2
322 4
1
308 | -0
; 2
294
3
o
< 4
280 )
5
266 -6
8
252
9
-10

Fig. 2 (Color online) Map of nuclei reflecting the logarithmic o-
decay half-lives for the isotopes of elements from Z = 104 to 126.
The Q-values were estimated using AME16 and FRDM95. The
vertical line on the right side of the figure shows an increase in the
log T/, values from the navy-blue region to the brown region

4(1 + ) (20ZR)*" Y (az)?
r2y+1) ’

gx(2) = (28)
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Table 3 Comparison of alpha-decay half-lives from the present study (PS) and those from available experimental (Exp) values

Parent nuclei 0, (MeV) log T' /> (Exp) log Ty, (PS)
261Bh 8.649 1515 1.86
260pb 9.379 - 0.295 0.11
293¢ 8.8 227 2.12
2655g 9.078 0.869 1.15
2035g 9.391 —-0.932 0.12
2%15g 9.803 — 1.469 —1.21
272Bh 9.3 1.025 0.78
271Bh 9.5 0.176 0.18
270Bh 9.3 1.785 1.02
27THs 8.4 —2.523 - 1.02
23Hs 9.9 - 0.119 - 0.32
20945 9.629 0.851 0.65
274Hs 9.5 0.079 0.21
28Mt 9.1 0.653 1.65
276Mt 9.8 —0.284 0.05
274Mt 10.5 - 0357 - 0.98
B1Ds 8.958 1.104 1.45
B2Rg 9.38 2 1.85
280Rg 9.98 0.623 0.55
2Rg 10.45 — 1.046 — 1.04
285Cn 8.793 1.447 2.85
283Cn 9.62 0.623 0.89
281Cn 10.28 — 0.886 - 0.68
284Cn 9.301 1.013 1.78
7Cn 11.622 — 2551 — 2.65
286Nh 9.68 0.978 1.22
285Nh 10.02 0.623 0.76
284Nh 10.25 - 0.013 0.08
283Nh 10.6 — 1.125 —0.98
289R] 9.847 0.279 0.96
28R 9.969 - 0.18 - 0.16
7R 10.436 - 0319 —0.28
286R] 10.7 - 0.921 - 0.87
285F] 11 - 0.824 —1.89
20Mec 10.3 —0.187 0.18
289Mc 10.6 — 0481 - 0.35
Py 8.886 — 1.244 0.12
P2y 10.707 — 1.886 - 0.96
PlLy 11 - 1.721 — 145
WLy 11.7 — 2.848 —2.97
2475 8.963 - 1.292 0.06
240g 8.47 - 3.161 — 245
250g 9.056 — 1.745 0.58
28120 13.355 — 3.051 — 4.68
29120 13.105 —3.15 —1.58
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Fig. 3 (Color online) Predicted 40

cluster-decay logarithmic half-
lives in the atomic number
range Z = 104-126 using
AME16 and FRDM95 mass 304
excess values. The hallow bin
with different color in each
panel shows the cluster
emission corresponding to

.. . 20
minimum half-lives

10

12(8)
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Fig. 4 (Color online) Map of nuclei reflecting the logarithmic cluster-
decay half-lives for neutron number of parent and cluster isotopes of

elements with Z = 104-126

log T
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Fig. 5 (Color online) Heat map showing the variations of lowest
logarithmic half lives of clusters with 104 <Z <126
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Fig. 6 (Color online) Heat map of the variations of logarithmic half-
lives for spontaneous fission for 104 <Z <126

[(2y +2)2 +2)(2y + 1)(20ZR)*" "V (a2)?
L2y + D2y +2)2 +1](2y +2)

g%I(Z) =

§u(2) = (278 (2). (30)

2.3 Spontaneous fission

Spontaneous fission decay is studied by employing the
quantum tunneling effect through the potential barrier. The
decay constant of spontaneous fission is expressed as

i:—:VSPs, (31)
sf

where v, S, and Pg are model-dependent quantities, namely

assault frequency, preformation probability, and barrier

penetrability, respectively. In the above equation, P = SPg

and the spontaneous-fission half-lives are calculated as

T_1n2_hln2 1
w2 E/P’

(32)

where & is the Planck constant, and E, = hv/2 is the zero-
point vibration energy. The penetration probability is
evaluated using the action integral K:

P = exp(~K), (33)
and hence, the decimal logarithm of 7(s) is given by

log,o T = 0.43429K — 20.8436 — log,, E,. (34)

If E,=0.5 MeV, then the above equation becomes

@ Springer
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Fig. 7 (Color online) Chart of spontaneous fission (purple), alpha
decay (brown), f-decay (cyan), and cluster emitters (yellow) with
atomic numbers Z = 104-126. The Q-values were calculated using
the FRDM95 mass tables

Table 4 Identified cluster emitters in the superheavy nuclei region

Parent nuclei 0 (MeV) log T/, Cluster
220g 304.08 — 5.08 80Ky
230g 303.63 —4.63 80Ky
28122 338.25 — 6.02 947r
300122 337.45 —6.21 947r
29123 338.66 —17.18 oy
300124 356.06 - 1735 %Mo
306126 364.27 — 8.78 %Mo
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Table 5 Identified alpha emitters in the superheavy nuclei region

Parent nuclei 0 (MeV) log Ty /2 Parent nuclei 0 (MeV) log Ty /2 Parent nuclei 0 (MeV) log T, ),
26Rf 10.15 0.92 2TDg 10.34 — 251 280y 13.59 —6.78
BIRf 10.05 0.78 YIRg 11.61 - 372 BlLy 13.35 — 6.98
8RS 9.94 —0.16 2BBRg 11.44 — 3.56 2821y 13.13 —5.14
BIRf 9.67 0.35 Rg 11.37 —342 WLy 12.91 —5.78
2600Rf 9.4 — 112 2TTRg 10.88 — 221 4y 12.7 — 3.89
6IRf 9.14 1.56 2PRg 10.44 —1.23 Ly 12.51 —3.99
262Rf 8.92 0.52 80Rg 10.24 0.62 2861y 12.34 —4.25
8D 10.45 0.55 B2Rg 9.89 2.15 BTy 12.19 — 3.98
29Db 10.36 - 035 21 Cn 12.1 — 4.89 2881y 12.06 — 3.56
260Dy 10.08 0.26 212Cn 11.96 — 4.65 20y 11.83 - 1.75
261D 9.81 0.65 213Cn 11.87 — 433 Dy 11.73 —2.36
263pp 9.34 1.52 214Cn 11.8 —4.16 221y 11.64 — 1.88
210Dp 8.45 3.25 215Cn 11.76 — 398 MLy 11.55 —1.23
298¢ 10.84 —0.15 276Cn 11.74 —2.98 219Tg 14.06 —7.36
260gg 10.74 —2.16 277Cn 11.49 —3.15 8ITg 14.02 — 825
615 10.47 — 048 28Cp 11.25 — 247 83Ty 13.56 —5.36
26280 10.2 — 1.86 2Cn 11.03 —2.36 85Ty 13.14 —-5.12
2035g 9.95 0.25 280Cn 10.81 — 1.78 287Tg 12.78 — 4.88
20950 9.16 2.56 Blcy 10.62 —0.99 2897 12.5 — 4.65
2608 11.21 — 142 285Cnp 10 1.56 217g 12.28 — 298
263Bp 10.59 - 1.76 23 Nh 12.4 —5.65 24T 12 — 145
2658 10.12 0.12 2T5Nh 12.24 — 479 Blog 14.44 — 7.65
266Bh 9.94 0.22 21Nh 12.2 —4.78 820g 14.43 —7.63
210Bh 9.56 1.89 27TNh 12.18 —4.52 830g 14.19 — 745
211Bh 9.53 0.18 2Nh 11.7 —2.89 B40g 13.97 —6.25
212Bh 9.27 1.12 2INh 11.26 —2.12 B50g 13.76 — 6.41
214Bh 8.78 1.23 282Nh 11.07 — 1.69 860g 13.56 —6.24
2635 11.27 — 2.56 284Nh 10.73 — 0.16 B70g 13.37 - 525
265Hg 10.77 — 4.56 285Nh 10.59 0.78 880g 13.21 —5.98
266Hg 10.55 — 1.85 286Nh 10.47 0.88 240g 12.53 — 3.88
267Hg 10.37 — 142 287Nh 10.35 0.76 250g 12.44 —1.25
268 10.23 0.69 2I5F] 12.78 — 4.69 25119 14.37 —5.69
269 10.13 1.42 2I6R] 12.72 —5.12 27119 13.96 — 425
2I0Hg 10.05 1.78 217 12.68 —5.36 29119 13.62 - 597
2IHg 10 0.45 2I8E] 12.66 — 546 22119 13.23 —5.28
2I3Hg 9.71 — 0.56 2I9F] 12.42 —4.12 27119 12.78 - 397
275 9.23 —0.15 280F) 12.19 — 4.36 287120 14.56 — 6.58
2661t 11.27 - 1.93 28I 11.96 —3.78 288120 14.37 - 6.25
267\t 11.06 — 252 282F] 11.76 —3.15 290120 14.03 — 6.46
29Mt 10.74 —232 B3R 11.56 —2.99 22120 13.76 — 585
1Mt 10.57 — 1.85 288 10.86 —0.25 298120 132 — 3.87
B3Mt 10.49 —1.23 29 10.75 0.62 29120 13.11 —4.12
2I4Mt 10.23 —0.12 2TTMc 13.19 — 6.85 300120 13.02 — 4.36
I5Mt 9.99 —1.25 28Mc 13.16 — 648 20121 14.59 — 6.28
276\t 9.75 —0.36 29Mc 13.14 — 5.96 26121 13.87 — 548
8MIt 9.33 1.36 280Mc 12.9 - 512 300121 13.53 — 522
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Table 5 continued

Parent nuclei 0 (MeV) log Ty /2 Parent nuclei 0 (MeV) log 712 Parent nuclei 0 (MeV) log 712
268D 11.62 — 3.56 BIMc 12.67 —5.36 303122 13.77 — 498
269Dg 11.45 —3.24 23Mc 12.24 —4.25 304122 13.67 —4.99
210pg 11.31 — 3.68 25Mc 11.88 —3.12 304123 14.18 - 512
21pg 11.21 — 0.58 288Mc 11.47 —0.89 306124 14.49 — 5.66
12D 11.14 —3.09 29Mc 11.36 —0.52 308124 14.28 —5.98
213Dg 11.1 —2.96 290Mec 11.26 - 025 310124 14.05 — 5.87
214Dg 11.07 — 245 28]y 13.64 - 6.75

275D 10.81 —2.12 PLy 13.61 —6.12

log,o T = —log;, P — 20.5426. The action integral K is
evaluated as follows:

K= @ / " (BER) - 0)) R (35)

The term E(R) is the macroscopic energy in terms of the
surface, volume, Coulomb, proximity energy, shell cor-
rection, and pairing energy term [62], and m is the rest
mass of the neutron. A few superheavies are spherical, the
rest are deformed, primarily prolate or oblate. To include
this effect, deformations are also involved in the calcula-
tion of E(r), which is adopted from Ref. [62]. In the above
equation, R is the separation distance between the center of
the fission fragments, and R, and R; are the turning points,
which are evaluated using the boundary conditions E(R,)
and E(R,) = Q. However, the term B(r) is the inertia with
respect to r and is evaluated using the semi-empirical
model for inertia [63]:

B(r) = #(1 T kexp [— % (r — Repp /Ro)} ) , (36)

where p and k are the reduced mass of the fission fragments
and a semi-empirical constant (k = 14.8), respectively.
Rsph is the distance between the center of mass of the

fission fragments, set as Rsph /Ro = 0.75 in the symmetric

case. The decay constant (1) and the total fission decay
constant are evaluated as described in Ref. [62].

2.4 Results and discussion

The mass excess values play a major role in the pre-
diction of the decay mode and the corresponding half-lives.
The predicted half-lives are sensitive to the Q-values, and
small changes in the Q-values result in a notable change in
the half-lives, with a magnitude of order 10' to 10% [36].
Mass excess tables such as WS4 [64], EBW [65], HFB28
and HFB29 [66], DZ10 [67], KTUY [68], finite-range
droplet model (FRDM) [69], and AME16 [70] are available

@ Springer

Table 6 Identified ' emitters in the superheavy nuclei region

Parent nuclei 0 (MeV) log T >
264Db 2.24 — 0.04
268Bh 293 —0.83
20F] 0.79 1.28
286Mc 4.53 — 3.68
227y 4.96 —4.12
20119 7.20 - 6.27
29119 5.75 — 5.01
22121 8.29 —17.56
24121 8.06 - 17.15
28121 6.83 —6.32
302121 5.12 — 5.49
28123 8.42 — 8.04
300123 8.27 — 7.64
302123 6.72 —7.23
306123 5.73 — 642
304125 7.81 — 855
306125 7.61 —8.15
308125 6.99 - 1775
310125 6.47 - 1735
312125 5.79 — 6.96

in the literature. In the present study, we used the updated
AME16 [70] mass excess values up to Z = 118, and above
Z > 118, the mass excess values are taken from the FRDM
[69]. The dominant decay mode is identified by studying
the competition between different decay modes: «-decay,
p-decay, cluster decay, and spontaneous fission in the
superheavy nuclei region 104 <Z < 126.

A detailed literature review indicates that there is no
experimental evidence for cluster radioactivity in the
superheavy region. Furthermore, experimental studies of
cluster decay in the actinide region are available. To vali-
date the present study, the cluster-decay half-lives obtained
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Fig. 8 (Color online) Heat map showing the variations of atomic
number, mass number of parent and logarithmic half-lives of different
decay modes (life times) for 104 <Z <126

in the present study in the actinide region were compared
with the experiments, and good agreement was observed.
With this confidence, we studied cluster decay in the
superheavy region, and the results are presented in Table 1.
Similarly, Table 2 shows a comparison of the studied
logarithmic half-lives (in years) of spontaneous fission
from the present study with those from available experi-
ments. It can be seen that the cluster-decay and sponta-
neous-fission half-lives obtained in the present study are
close to those of the experiments.

As a part of this investigation, we studied the o-decay
properties of superheavy nuclei using the formalism
explained in the theory section. The predicted alpha-decay
half-lives were validated by comparison with those from
available experiments in the superheavy region. The results
are given in Table 3.

From the comparison, it is observed that the predicted
half-lives are in good agreement with those of the experi-
ments. With this confidence, we obtained the alpha-decay
half-lives of superheavy nuclei in the region 104 <Z <126
Fig. 2.

shows a wide range of o-decay half-lives. For a given
superheavy nucleus, the alpha decay half-lives increase as
the neutron number of its isotopes increases. For instance,
the a-decay half-lives are of the order of nanoseconds at
N/Z = 1.307692 for Rutherfordium, whereas for the same
superheavy element, the «-decay half-lives are of the order
of 10%s at N /Z = 1.504762. Similarly, all neutron-rich
superheavy nuclei have comparably longer o-decay half-
lives, which is in agreement with the report available in
Ref. [73]. The obtained a-decay half-lives of all possible
superheavy nuclei are presented in the heat map in Fig. 2.

The right vertical bar shows the magnitude of the log T
values. The color variation from navy blue to wine indi-
cates values in the range 107'°-10% s. The contrast in the
blue region lies between 107! s and 1077 s, in the green
region, it lies in the range 107°-10~* s, and the range
107* — 1073 s is presented in the yellow region. Finally,
the red-to-wine region shows higher half-lives in the range
1072 — 10? s. The inset of Fig. 2 on the top left side pro-
vides information on the magnified portion of a-decay half-
lives in the superheavy region Z = 104 — 114, whereas the
bottom-right inset provides information on the magnified
portion of the superheavy region Z = 115 — 126. After the
detailed investigation of the «-decay, a search was made to
identify the cluster emitters in the superheavy region.
Cluster radioactivity is energetically favorable if the Q-
values are positive. We studied the possibility of cluster
decay with 3<Z:<45 in the superheavy region
104 <Z < 126. For a given parent nucleus, the half-lives
corresponding to various cluster emission were evaluated,
and the cluster corresponding to shorter half-lives was
identified. Furthermore, the cluster emitters corresponding
to shorter half-lives for different isotopes of a given
superheavy element were also identified. Eventually,
cluster emissions corresponding to the shortest half-lives
Tc were identified; these are referred to as cluster-decay
half-lives (T¢). The predicted cluster decay half-lives in the
atomic number region 104 <Z <126 correspond to all the
studied cluster emissions, as shown in Fig. 3.

This figure enables us to identify the cluster emission
corresponding to the shorter half-lives of a given super-
heavy element. The half-lives of superheavy nuclei with
Z = 115-120 against cluster radioactivity are shorter for
86Kr than those of the other studied clusters. The super-
heavy nuclei with Z = 104, 106, 108, 110, 112, 114, 124,
and 126 have shorter half-lives against *°Mo cluster
emissions than those of the other studied clusters. The
decay half-lives are shorter for the °'Y emission from
superheavy nuclei with Z = 109, 111, 113, 121, and 123.
Similarly, the half-lives of superheavy nuclei with Z = 105
and 107 against cluster radioactivity are shorter for *’Tc
and !'9'Rh than those of the other studied clusters.

Cluster radioactivity in the superheavy nuclei region has
shorter half-lives for cluster neutron numbers 44-48 from
parent nuclei with neutron numbers 130-200, as shown in
Fig. 4.

The range of cluster decay half-lives for superheavy
elements with 104 <Z <126 is shown in Fig. 5.

Shorter half-lives are observed for N/Z > 1.37068, and
larger half-lives are observed for N/Z <1.37068. From the
figure, it is clear that up to superheavy nuclei
104 <Z < 115, larger cluster-decay half-lives are observed,
whereas shorter cluster-decay half-lives are observed in the
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superheavy region 116 <Z <126. The inset of Fig. 5 on
the top-left side shows a magnified portion of the loga-
rithmic half-lives (7¢) in the superheavy region
104 < Z <115, whereas the inset at the right bottom shows
a magnified portion of the shorter logarithmic half-lives
(Tc) in the superheavy region 116 <Z <126. This fig-
ure also shows that some of the superheavy nuclei have
lifetimes of the order of ns to us and exhibit cluster decay.

The other prominent decay mode that was studied is
spontaneous fission, which is also energetically feasible in
heavy and superheavy nuclei. It may occur in such nuclei
owing to an increase in the Coulomb interactions. Refer-
ences [10, 11, 38, 74-77] report consistent ¢-decay chains
from superheavy nuclei followed by spontaneous fission.
The spontaneous fission half-lives are studied using the
theory explained in Sect. 2.3. The variations of sponta-
neous fission half-lives in the superheavy region Z = 104—
126 are shown in Fig. 6.

The log Tq values vary between —50(dark blue region)
and 50 (dark-red region). For instance, at atomic number
Z = 104, for isotopes 245-275, the logT)/;(SF) values
ranging from —50 to 5 are shown, whereas the half-lives
with smaller values are indicated by the color range from
navy blue to blue. The half-lives ranging from nanoseconds
to 10° s are indicated by the color range from yellow to
light orange. Similarly, in the atomic number range Z =
119 and above, larger values of spontaneous-fission loga-
rithmic half-lives are indicated by the red color range.
Thus, on either side of Fig. 6, for isotopes corresponding to
the atomic number range Z = 104—126, smaller half-lives
are observed, whereas in the middle region of the figure,
larger values of log T/, are observed up to Z =116. In
contrast, smaller half-lives are observed for higher isotopes
(Z > 116), and larger log T/, for lower isotopes (Z <116).
A similar trend was also observed in a previous study [78],
in which the half-lives of nuclei Z = 92-104 were com-
pared with experimentally available values.

A detailed investigation of the Q-values corresponding
to f-decay in the superheavy region demonstrates that -
decay is energetically possible with Z = 105, 107, 113,
114, 115, 117, 119, 121, 123, 125, and 126, whereas /™ -
decay is not energetically possible. Furthermore, we also
studied f-decay half-lives using the formalism explained in
Sect. 2.2.1.

The competition between different possible decay
modes, namely a-decay, cluster-decay, fi-decay and spon-
taneous fission, enables us to identify the dominant decay
mode for superheavy elements in the atomic number region
104 <Z <126 of all possible isotopes Fig. 7.

shows the decay modes of the superheavy nuclei. In the
studied superheavy region, we identified around 20
BT emitters, which are presented in Table 6. We also
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identified 35 cluster emitters, which are presented in
Table 4.

It was demonstrated that the majority of superheavy
nuclei undergo a-decay and spontaneous fission. The o-
emitting superheavy nuclei are listed in Table 5.

The identified alpha emitters have half-lives of
approximately us to 100 s in the superheavy region
104 <Z < 126. Table 4 lists the identified cluster emissions
with the corresponding half-lives. The amount of energy
released during cluster emission, cluster emitted, and
log Ty, values are presented in the table. The minimum
cluster decay half-lives correspond to 86Ky, 97r, °1Y, and
%Mo for the nuclei 292’293Og, 29830019p 299123, 300124,
and 390126, respectively. From the available literature, it is
also evident that the heavy particle radioactivity of 80Kr is
observed in the superheavy nucleus Z = 118 [36, 79]. In
addition, Rb, Sr, Y, Zr, Nb, and Mo cluster emissions [80]
were observed for Z = 119-124, respectively. As in pre-
vious studies, in the present study, shorter half-lives in the
superheavy region Z = 118, 122-124, and 126 were
observed, with 8Kr, *Zr, °1Y, and °Mo cluster emissions,
respectively. Similarly, approximately 20 possible f*
emitters were identified in the superheavy region
105 <Z <125, and they are presented in Table 6.

The information provided Table 7 regarding the half-
lives and branching ratios presents ambiguities in terms of
determining a single decay mode. The branching ratios
relative to the minimum half-lives among the studied decay
modes are obtained, and the second column of the
table shows the log T}/, values corresponding to sponta-
neous-fission, a-decay, f'-decay, and cluster-decay half-
lives. For instance, the superheavy nucleus 2®3Rf exhibits
shorter log T/, values for spontaneous fission and BT -de-
cay than for other decay modes. The branching ratio of
spontaneous fission and f-decay was obtained, and it was
found that the branching ratio corresponding to sponta-
neous fission and B was 55% and 45%, respectively.
Similarly, we identified the branching ratios for the
superheavy region 104 <Z <126, which are presented in
Table 7.

Finally, Fig. 8 shows the lifetimes of the superheavy
elements after the competition between different decay
modes was studied.

It can be seen that the lifetime varies from ns to min and
decreases as the atomic number increases. For instance, the
average lifetime of a superheavy element with Z = 104 is
approximately 10 min, whereas that of a hypothetical
superheavy element with Z = 126 is of the order of ms.
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3 Conclusion

We systematically investigated all possible decay
modes, namely a-decay, f-decay, cluster decay, and
spontaneous  fission, in the superheavy region
104 <Z < 126. The findings of this study were validated by
comparison with experiments. Approximately 20 8% and 7
heavy particle emitters were found in the superheavy
region. Furthermore, the nuclei with almost the same half-
lives for the two decay modes were also reported, with the
corresponding branching ratios. However, an experimental
study is necessary to draw definite conclusions.
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Cluster radioactivity is an intermediate process between alpha decay and spontaneous fission. It is
also an exotic decay mode in super-heavy nuclei. When super-heavy nuclei undergo cluster decay, the
daughter nuclei is having near or equal to doubly magic nuclei. We have investigated cluster decay of
isotopes of He, Li, Be, Ne, N, Mg, Si, P, S, Cl, Ar and Ca in the super-heavy nuclei region 2*3%122.

We have also compared the logarithmic half-lives of cluster decay with that of other models such as
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Univ [1], NRDX [2], UDL [3] and Horoi [4]. From this study it is concluded that an alpha decay is the
dominant decay mode in the superheavy nuclei 2*-3%¢122.

1. Introduction

Super-heavy elements are not natural elements. These super-
heavy elements have to be synthesized and their synthesis plays
a very dynamic role in the extension of the periodic table.
Poenaru et al., [1] plotted single line universal curve both for
alpha and cluster radioactivity by plotting the sum of decimal
logarithm of the half-life and cluster preformation probability
against the decimal logarithmic penetration probability. They
considered fission theory for large mass asymmetry based on
the quantum mechanical tunnelling process. Ni et al., [2]
proposed NRDX formula by considering quantum tunnelling
through the potential barrier. The half-lives were evaluated
by using the preformation probability, which varies from
one decay mode to another but does not significantly change
for a given radioactivity. Qi et al., [3] presented universal
decay formula by considering microscopic mechanism of
the charged-particle emission. The half-lives were evaluated
by using Q-values of the outgoing particles as well as the
masses and charges of the nuclei involved in the decay. Horoi
et al., [4] proposed independent model and analysed the
accumulated data by pointing important variables in case of
alpha and cluster decay of the even-even heavy nuclei.

Cluster emission, and decay from super-heavy elements
leads to cluster radioactivity. Poenaru et al., [5-6] studied
branching ratios and half-lives in the super-heavy region.
Ismail and Seif [7] studied half-lives of cluster *“C, 2°O, **Ne
and *Ne in heavy and super-heavy nuclei region. Zangetal.,
[8] evaluated half-lives of heavy and super-heavy nuclei using
WKB approximation. Zhang and Wang [9] studied cluster
and alpha decay in the isotopes of super-heavy nuclei 24118,
26120 and **122. Wang et al., [10] studied preformation
probability using generalised liquid drop model. Zagrebaev
etal., [11] studied ternary fission in doubly magic nuclei of
tin. Ismail et al., [12] studied alpha decay half-lives in the
super-heavy nuclei. Shanmugam et al., [13] studied alpha
decay chains in the super-heavy region Z=114-116 and
118. Previous workers [14-15] studied alpha decay half-lives
of super-heavy region using generalized liquid-drop model
(GLDM) and density-dependent cluster model.

Agbemava et al., [16] theoretically studied the
properties such as charge radii and neutron skins of the
hyperheavy nuclei using density functional theory. Cui
etal., [17] studied alpha decay half-lives with in the frame of
the effective liquid drop model (ELDM). Previous workers
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[18-20] estimated the alpha decay half-lives in the super-heavy
region using generalised density dependent model. The alpha
decay half-lives of spherical and deformed nuclei for the study
of nuclear structure of super-heavy elements was reported
by earlier workers [21-22]. Matheson et al., [23] reported
dependence of Q value on cluster emissions. Warda et al.,
[24] predicted a sharp fission fragment mass distribution with
the heavy fragment close to **Pb. Karim and Ahmed [25]
investigated alpha decay half-lives in the super-heavy nuclei
Z=120. Routray et al., [26] evaluated half-lives using WKB
integral method in the very heavy nuclei region.

Earlier workers [27-44] studied different decay modes
such as spontaneous fission, ternary fission, cluster decay
and alpha decay in the heavy and super-heavy region and
also predicted suitable projectile-target combinations to
synthesize these super-heavy nuclei. Karpeshin [45] has
shown that the choice of a specific shape of the proximity
potential affects not only the shape of the barrier, but can
also change the total kinetic energy of fragments by tens of
MeV. From the available literature it is witnessed that the
cluster decay plays a very important role in identifying the
existence of the super-heavy nuclei.

Extensive theoretical and experimental search for
cluster emission from various heavy and super-heavy nuclei
ranging from 'C to %°Ge [46-49] have been studied. The
present study focus on the cluster decay such as “He, *Ne,
Mg, 238i, %S, “Ca and “Ca which are magic nuclei or
near the magic nuclei whose half-lives are maximum. The
hypothetical super-heavy nuclei such as Z=120, 122 124
and 126 are most predictable super-heavy nuclei in the
island of stability. From the literature [50] it is observed
that the super-heavy nuclei #3122 survives fission. In
order to check whether, the isotopes of Z=122 also survives
the cluster decay such as Li, Be, Ne, N, Mg, Si, B S, Cl,
Ar and Ca, we made an attempt to study different cluster
decay in the super-heavy nuclei region of %122 by using
proximity potential 2013. The overlap between the two
nuclei increases, the proximity potential model becomes
more complex due to the nuclear potential interacting
within the shorter distance of the nuclear surfaces. Hence in
the present work we have used the DFM with the density-
dependent nucleon-nucleon interaction and studied nuclear
potential with the universal function (Prox13) [51].

The present paper is organised as follows. The Sec II
consists of theory for the present model and semi-empirical
formulae

2. a. Theory

The total interacting potential is the sum of the coulomb
potential and proximity potential and it is studied using the
following equation;

VR) =V R)+V-(R) (1)

The interaction with atom is given by

1
R
V(1) =Z,Z,¢*

where Z and Z, are the atomic number of emitted cluster/
alpha particle and daughter nuclei. R. =1.24x(R, +R,)
where R and R, are the radii of the emitted alpha/cluster
and daughter nuclei respectively. The proximity potential
is based on proximity force theorem [52]. The nuclear
proximity potential is given by

V,(Z) = 47yR® [g] 3)

where z is the distance between the near surfaces of the
fragments, and b is the nuclear surface thickness (b=0.99).
where @ is the universal proximity potential which
depends on the separation  distance
and is independent of geometry and shape of the
nuclei. The surface tension co-efficient is given by

y=125284  [1-2345 (N—-2Z/4)'| MeVifm’. The
mean curvature is given by R = C,C,/C, +C, where C,

minimum

and C, are the sussmann’s central radius of cluster/alpha
nuclei and daughter nuclei respectively. The Sussmann
central radii C, and C, are related to sharp radii R and it is
expressed as C;, = R, — (b2 / R,.) . The sharp radii R_is written
as R, =1.284"" —0.76 +0.84, " . The proximity function
specially defined for cluster/alpha decay is as follows;

p,
B(s,) = —P
1+ exp{SO +p, ] @

The constants p,=—7.65, p,=1.02 and p,=0.89. The
S, is evaluated from the equation s, =R—R,—R,/b
where R, R, and R, are the radii of parent, daughter and
emitted cluster. The half-lives of the cluster decay can
also be evaluated by using Hill-Wheeler formalism, since
the coulomb intercation is not included in the formalism
[53] we have evaluated the cluster decay half-lives using

WKB integral;

P=exp —%j’112u(VT (r)—Q)dr 5)
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where p is the reduced mass of the fission fragments. R and
R, are the initial and finishing turning points, and it can
be evaluated as V. (R) = Q = V_(R,). The half-life of the

cluster decay is given by

In2  In2
T,=—=— (6)
N P
2E
where v = 21 = T represent assaults frequency and X is
™

the decay constant. £ is the empirical vibration energy and
expressed as;

A2

E = Q{0.056 +0.03%xp

} for 4, >4. (7)

2. b. Comparison of Prox 13 with the other
Models:

i. UNIV Formula: Poenaru et al., [1] derived single line
of universal (UNIV) curve for alpha and cluster decay by
plotting the sum of the decimal logarithm of the half-life
and cluster preformation probability versus the decimal
logarithm of the penetrability of external barrier. This
formula is referred as UNIV formula it is expressed as,

log " = —log P, —22.16940.598(4, —1)  (8)

arccos~/r — Jrl— r)] with

¢, =022873(1,Z,Z,R,)", r=R /R, , R, =143998

Where —logP, =c,,

Z,Z,/Q and p, = A, A /4

ii. NRDX formula: Ni et al., [2] derived semi-empirical
formula for alpha and cluster decay half-lives from the WKB
barrier penetration probability with certain approximations.

The proposed formula is
log T = auZ, 2,0 +bJu(2,2,)" +¢ O

where a, b, and ¢ are fitting coeflicients and corresponding
values are 6.8, 6.9 and —22.4 respectively. This is referred as
NRDX in the present work.

iii. Universal Decay Law (UDL): Qi et al., [3] presented
a linear universal decay formula from the microscopic
mechanism of the charged-particle emission. It relates the
half-lives of monopole radioactive decays with the Q values
of the outgoing particles as well as the masses and charges.
This formula is used in the calculation of half-lives of alpha
decay and cluster decay.

log T = aZchAl/zQ’l/2 10
12
+b(42,2,[ A +4P)) " +c

where A=,/4.4,/(4. +4,)

where a, b, and c are fitting coefficients and corresponding
values are 0.3949, -0.3693 and -23.7615 respectively.

iv. Horoi et al. formula: Horoi et al., [4] proposed scaling
law for the decay time of alpha particles and it is generalized
for cluster decay. They proposed thatlogT, , depends linearly
on the scaling variable (Z Z )**/Q_and on the square root of
the reduced mass of cluster and daughter.

log7}/, = (i +,)(2.2,) 07" -]

—I—(az\/;—i-bz)

here the fitting constants a,=0.8, b1:—7.5, a,=6.9 and
b,=-22.4

(11)

3. Results and Discussions

The amount of energy released from the cluster decay such
as “He, SLi, °Be, 1°C, N, 202Ne, N, 22Mg, #8i, 3D,
32348, $Cl, *B49Ar and ““Ca are studied using mass
excess values available in the reference [54]. The Figure 1
shows the variation of scattering potential with the mass
number of clusters. From the figure it is observed that as
the mass number of cluster increases scattering potential
also increases. The studied scattering potential of °Li, ’Be,
#Ne, *Mg, 253°§i, *4S, and “***Ca in the isotope of super-
heavy element #°122 with the variant of separation distance
between the two nuclei is presented in Figure 2. From the
figure it has been examined that the driving potential for
#9122 varies between 80MeV to 184MeV during the cluster
emission of *Ne and “Ca respectively.

250

9
200 o—0
s 29922 o
s o~
= 150 O
2 o
8 ¢
g O/O
> 100 _
c O
:g /O/
® O
O /
n 50 | /O
o
0 T T T T T T T T 1
5 10 15 20 25 30 35 40 45

Mass number of cluster

Figure 1: A variation of scattering potential with the mass number
of clusters.
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In order to show the variation of scattering potential, we
have considered negative separation between the two nuclei.
For an instance, let us consider the total scattering potential
as function of separation distance between the two nuclei
is as shown in Figure 3 during an alpha emission from
the nuclei #°122. It is observed that the total scattering
potential consists of three classical turning points such as
R, R, and R,. The WKB integral by using equation (5) is
evaluated using the first boundary condition i.e V(R)=Q
is close to origin and second boundary condition V(R,)=Q
which is away from the origin. Hence the total scattering
potential helps us to analyse the half-lives. These half-lives
are inversely proportional to the penetration probability and
it is evaluated using the WKB integral. If the penetration
probability is more, then the corresponding half-lives were
small.

400 -

ssof v ZNe
y 299459 L

300

250

200

150

Total potential(MeV)

100 4

50 T T T 1

Separation distance(fm)

Figure 2: The variation of total potential with the separation
distance between the fission fragments in the cluster decay of
super-heavy element *°122.

We have also studied half-lives of different cluster
emission using driving potential and penetration
probability in the super-heavy nuclei **3%122 using
the equations (1) to (6). The half-life values of Prox 13
compared with the different models such as Univ [1],
NRDX [2], UDL [3] and Horoi [4] Figures 4 shows the
variation of logarithmic half-lives of Prox 13 and different
models such as Univ, NRDX, UDL Horoi with the mass
number of clusters. The half-lives of the cluster emission
of “He, °Li, *Be, *Ne, *Mg, *Si, S, and “*“Ca are
calculated for the super-heavy nuclei #°3°122. Among all
the studied clusters, alpha decay has minimum half-lives.
Earlier workers [6] have observed unexpected results. They
predict that the half-lives of cluster radioactivity (T ) are

smaller compared to alpha decay half-lives. But the present
study contradicts the earlier work. We obtained that T <T
by using available mass excess values [54]. Thus, we took
into account that the half-lives are sensitive to the amount
of energy released. Half-lives of cluster emission using the
Prox 13 is compared with that of the other model such as
Univ, NRDX, UDL and Horoi and it is also presented in
Table 1. The values obtained using the present model is
close to the UNIV model.

80
60 -
1225120+

40

20

Scattering potential(MeV)

0 5 10 15 20
Separation energy (fm)
Figure 3: The variation of scattering potential with the separation
distance between fission fragments in the alpha-decay of super-
heavy element #7122.

~O- (Univ, -&—( NRDX, )—7—( UDL, )
——(Horoi ) —+—(Prox 13)

I_Og1OT'I/2(S)

Mass number of cluster

Figure 4: Comparison of logarithmic half-lives of present work
with the Univ, NRDX, UDL, Horoi in the super-heavy element
303-306122'
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Table 1: A comparison of different cluster emissions (‘He, °Li, ’Be, *Ne, Mg, 2%Si, %S, and “4°Ca) half-lives of Prox 13 with the different
models such as, NRDX, UDL, Horoi and Univ.

Parent Cluster Half-lives(s)
nuclei emission Prox 13 NRDX UDL Horoi UNIV
He -5.506 -7.775 -7.542 -5.446 -7.506
oLi 26.793 28.484 25.949 25.529 26.793
“Be 18.149 21.045 19.973 19.973 18.149
2Ne 22.501 26.111 27.857 22.801 22.502
122 Mg 21.535 23.787 28.364 16.167 21.535
25 12.752 6.983 21.582 9.158 12.752
s 20.971 21.384 29.267 19.330 20.971
g 23.698 23.083 33.502 24.033 23.698
“0Cy 25.693 22.161 36.973 24.061 34.660
“6Ca 25.561 17.633 37.888 22.923 24.561
He -5.893 -6.063 -6.009 5.571 -6.893
oLi 36.621 37.901 34.745 35.330 34.621
“Be 22.695 25.668 24.439 24.286 22.695
2Ne 23.471 27.281 28.881 13312 23.471
122 Mg 22.561 25.097 29.470 16751 22.561
25 14.188 9.236 23.334 10.049 14.188
s 21.820 22.530 30.220 19.856 21.820
g 24.755 24.544 34.670 24.705 24.755
f0Cy 26.568 23.430 37.989 24.626 36.265
6Ca 26.009 18.334 38.493 23.250 26.009
He -6.754 -5.914 -5.863 -4.333 -5.625
oLi 31.618 33.130 30.320 30.912 30.504
“Be 19.301 22.230 21.167 20.848 21.410
2Ne 24.217 28.176 29.680 30.709 29.939
*122 Mg 23.580 26.387 30.560 28.326 30.770
25 13.744 22.551 22,913 21.829 22.201
s 22.938 24.025 31.439 20.531 31.767
g 25.328 25.334 35.340 25.086 35.487
“0Cy 27.068 24.152 38.607 24.967 38.021
“6Ca 26.413 18.963 39.045 23.547 39.369
He -5.027 -6.199 -6.103 5.507 -6.642
oLi 40.100 41217 37.879 17.037 37.314
“Be 22438 25.417 24.258 4204 24.545
122 2Ne 24.204 28.167 29.733 13.732 29.344
Mg 23.888 26.781 30.940 17.524 30.624
25 14.723 10.072 24.124 10.442 18.328
s 23.620 24.934 32.210 20.956 30.384
g 25.799 25.980 35.904 25.408 34.780
f0Cy 27.476 24.742 39.134 25.255 37.334
6Ca 26.690 19.394 39.461 23.766 37.689
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He 5.618 7117 -7.355 7117 8251

oL 29.446 27.979 30.572 27.979 27.765

SBe 18.090 19.556 20.489 19.556 17.897

03122 2Ne 24.382 29.483 27.789 29.330 23.882
Mg 28.013 34.076 32.236 32.544 27.515

g 24.435 31.061 26.845 30.498 23.934

g 26.834 34.834 29.053 31.765 26.334

g 24.407 32.581 25.318 30.682 23.907

0, 40.408 23.279 28.816 23415 28.908

45Ca 27.986 39.246 24.764 39.753 27.486

He -5.804 7.279 7551 7.203 -8.305

oL 33.350 31.493 34.318 31.708 32.850

SBe 20.497 21.950 22.952 20.840 19.997

2Ne 23.768 28.944 27.061 25.582 23.267

122 Mg 27.885 34.021 32.083 33.705 27.384
g 24.207 30.908 26.567 29.342 23.707

g 28.346 36.382 30.989 35.634 27.847

g 24.455 32.710 25.387 31.636 23.954

0, 15.253 24.334 20.127 24.957 14.754

“Ca 28.212 29.579 25.093 29.433 27.712

. -5.004 7453 7.762 7124 -8.504

:I{j 26.685 25.550 27.920 25.911 26.185

SBe 16.049 17.606 18.396 17.497 15.548

2Ne 23.176 28.423 26.356 28.665 22.676

122 Mg 27.553 33.780 31.691 32.389 27.053
g 24.013 30.788 26.328 30.584 23.512

g 27.158 35.312 29.483 35.061 26.660

g 24.617 32.954 25.609 31.408 24.117

w0C, 14.567 23.637 19.072 23.435 14.068

“Ca 28.260 39.730 25.170 35.483 27.761

. 75.003 7.439 7.759 -7.397 -8.503

:f 31.941 30.286 32.979 31.305 31.441

SBe 17.732 19.305 20.134 19.489 17.233

2Ne 22.360 27.679 25.380 27.817 21.860

122 Mg 26.572 32,918 30.507 32.648 26.072
5 23.595 30.447 25.810 30.502 23.093

g 28.236 36.435 30.860 36.634 27.735

g 24.494 32.914 25.453 32.788 23.994

0, 15.290 24.551 10.193 24.450 14.790

45Ca 28.130 39.698 24.993 39.100 27.631
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Conclusions

We have studied driving potential, amount of energy
released, penetration probability and half-lives for the
super-heavy nuclei *7%122. We have also compared Prox
13 results with the Univ, NRDX, UDL and Horoi. The
cluster emission of “He, °Li, *Be, *Ne, **Mg, 2*¥Sj, *S, and
1046Ca in super-heavy nuclei #°3%°122, it is evident that the
cluster radioactivity is possible only when a daughter or
cluster nuclei are nearly magic or doubly magic nuclei. In
the present work, it is observed that the alpha decay is the
dominant decay mode in the super-heavy nuclei #°-3%°122.
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The cluster radioactivity is an unusual decay process observed in superheavy nuclei. When a cluster nuclei are emitted,
the residual or daughter nuclei is having doubly magic nuclei or it may be neighbourhood of the same. We have studied
cluster radioactivity [*He, °Li, °Be, 2??Ne, 2N, **?*Mg, 22305, 3Ip, 323%g 35|, 363840ar 40-%Ca | in the superheavy nuclei
299-3021 50 ysing the nuclear and proximity model. The calculated cluster decay half-lives are compared with that of the other
theoretical models such as Univ!, NRDX? UDL? and Horoi*. From the comparison of different models we have observed
that the cluster nuclei with “He, °Be, *’Ne, Mg, **Si, 35, “°Ca and “Ca are having smaller logarithmic half-lives than the

exatic cluster decay modes.

Keywords: Superheavy nuclei, Cluster radioactivity, Exotic cluster decay, Proximity model

1 Introduction

The cluster radioactivity is the process in which
heavy nuclei disintegrates into  asymmetric
combination of fission fragments. It is the process in
which it emits light nuclei from the parent nuclei. The
cluster radioactivity has been the curiosity of the
present consequences. The cluster radioactivity was
observed during the year 1984°". Only few papers are
available on both theoretical and experimental aspects
of cluster radioactivity. Experiment®'* becomes
crucial in discriminating different theoretical models
of cluster radioactivity. The cluster decay is the
intermediate of alpha and spontaneous fission. Recent
discovery of superheavy elements play a very
important role in the material world. The different
decay modes of superheavy elements are found in
experimental and theoretical works on cluster
radioactivity. Ni and Ren® studied alpha decay rates
and Xu and Ren® studied alpha decay using Density-
dependent cluster model. Using quantum scattering
process Sahu et al."® developed general decay formula
for cluster radioactivity. Cui et al."® employed alpha
decay half-lives from the study of different models in
the heavy and superheavy region Z=80-118. Santhosh
and Priyanka'’ studied competition between
spontaneous fission and alpha decay in the
superheavy region Z=99-129. Using generalized

*Corresponding author: (E-mail: manjunathhc@rediffmail.com)

density-dependent cluster model, Qian and Ren®®
studied half-lives in the superheavy region. Zhang and
Wang® used unified description formula to study
cluster radioactivity in superheavy region Z>118.
Previous workers®>** studied exotic cluster decay in
heavy and superheavy nuclei.

Using cluster preformation law, Wei and Zhang®
investigated cluster radioactivity in the heavy
and superheavy region. Poenaru et al.?® studied
branching ratios with respect to alpha decay half-lives
in the superheavy region. Dong et al.?’ were studied
alpha decay half-lives of superheavy nuclei using two
potential approach. Previous workers®® studied the
decay properties and half-lives of the different decay
modes in the superheavy region Z=121 and 125.
Using liquid drop model Wang et al.** studied alpha
decay and proton decay half-lives in neutron deficient
nuclei. Earlier workers®*** studied different decay
modes and the projectile-target combinations to
synthesis the superheavy element. Hence, the purpose
of our work is to identify cluster radioactivity [*He,
6Li, 9Be, ZO’ZZNe, 23N, 24—26Mg, 28—308i’ 31P, 32'348, 35C|,
03840Ar, “°Ca 1 in the superheavy nuclei 2%%2120.
At the end we have compared our work with the Univ,
NRDX, UDL and Horoi.

2 Theoretical Framework
The cluster radioactivity is the fission like process
in which parent nuclei split into a daughter nuclei and
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a fragment nucleus. For a spherical daughter

nuclei and fragment nuclei, the total potential is

written as:

Z,2,6° , (¢+1)p?
2ur’

V(r)=V,(r)+ . ()

The nuclear interaction between the two spherical
nuclei is given by:

CC
V,(r)= 47[}*?#4/5(8) Q)

here b is the nuclear surface width = 1fm, C; is the
central radii of a nuclei,¢(¢) is the universal

function® Which depends on &=(r—C,—C,)/b

and y is the nuclear surface tension and
given by
¥ = 1s[l-k(N =Z 1 A2 |MeV/im? e

where N is the neutron number, Z is the charge
number and A is the mass number of parent nuclei.

The y,=0.9517 and k = 1.7826™. The central radii in
terms of sharp radius is given as:
b2
C.=R —— fm .. (4
TRTR “
and the sharp radii is expressed as
R =128A"%-0.76+0.8A™"° .. (5

For cluster radioactivity, the barrier penetrability P
is evaluated numerically and analytically and it is
expressed as:

p :exp{_%}mv_—q)dz} NG
A

A+A
are masses of daughter and emitted cluster,
respectively. The turning points a and b are studied
using the following condition V(a)=QandV(b)=0.

where reduced mass i = , Where A;, and A,

The half-life  of cluster radioactivity is
given by:
N2 In2
Tp=—"=-" (@
V2o P ()

o 2E
where v =—=—2%
27 h

and A is the decay constant. The empirical vibration
energy is expressed as:

E, = Q{0.0SG +0.O39€Xp|:4;5Azi|} for A, >4 ... (8)

, U s the assault frequency

3 Results and Discussion

The amount of energy released during the
cluster radioactivity is studied using the following
equation;

Q=AM(AZ)-AM(A,,Z,)~AM(A,.Z,) ..(9)

where AM (A, Z) is the mass excess of the parent,
AM (A,,Z,) is the mass excess of daughter nuclei

and AM(A,,Z.) is the mass excess of cluster nuclei.

In the work, we have used both experimental and
theoretical mass excess values available in the
literature**“®. The amount of energy released during
the emission of clusters such as “He, °Li, °Be, 2%Ne,
23N, 24—26Mg’ 28—3OSi’ 31P, 32'348, 35C|, 36,38,40Ar, and
“0-%5Ca are plotted as function of mass number of
clusters and depicted in Fig. 1. The variation of
amount of energy released during cluster radioactivity
with the neutron number of cluster is as shown in
Fig. 2. From the Figs 1 and 2 it is observed that as the
mass number of cluster/neutron number of cluster
increases the amount of energy released also
increases. It is observed from the two figures that the
amount of energy released is higher for *’Ca [Z=20,
N=20], which may be due to the presence of
magic nuclei. We have studied half-lives for different
cluster emission such as “He, °Li, *Be, “*Ne, *N,
24-26Mg’ 28-308i, 31P, 32_348, SSCL 36,38,40Ar, and 40-46Ca in
the isotopes of ****%2120 as explained in detail in
the theoretical frame work. The studied half-lives of
different cluster emission with the neutron
mass number is presented in Fig. 3. In the present
graph, we observed smaller half-lives for the
neutron number 2, 5, 12, 14, 16, 18, 20 and 26,
which are near or equal to magic number of the
nuclei.

We have also studied the logarithmic half-lives of
different models such as Univ, NRDX, UDL,
Horoi. Figure 4 describes the variation of logarithmic
half-lives of different models such as Univ, NRDX,
UDL, Horoi and present work with the mass number
of cluster in the superhaevy region %2120 and it s
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presented in Fig. 4. From the figure we observed that
the logarithmic half-lives of cluster emission such as
“He, °Be, #Ne, *Mg, *’Si, *s, “°Ca and “Ca are

36 4

D—‘——_D_———’—(_—_D—‘_—-D
30
0 20-
= v — v
A 4
'a 15 4 A A _O_sHe
g e
10 ] “Ne
——*Mg
54 C,,,—/O\Q’/O —o—gj
——¥s
0+ 40
—>—"Ca
46,
54 O—O e o —o—"Ca
T 1 T T T
179 180 181 182 183

299-3021 20

Neutron number of
Fig. 5 — The variation of logarithmic half-lives of different
clusters as a function of neutron number for the isotopes of
superheavy nuclei 293%2120,

Table 1 — Tabulation of logarithmic half-lives of different cluster
emission in the isotopes of superheavy nuclei 2°-%2120.

Cluster emission Log T1(S)

299120 300120 301120 302120

“He 4303  -4633  -4931  -4.985
oL 15.496  19.367 14.292  16.545
Be 3.398 4.871 2.662 3.736
ONe 21509 21544 21.453  20.840
2Ne 14507 14474 14467 14.243
2N 21301 21532 21525 21555
Mg 25.834  26.058 26.195  26.404
BMg 22472 23574 22918  23.663
Mg 18.144 18279 18493  18.454
2gj 25.004 25391 25622  25.888
2gj 29590 30.033 30400 30.519
30g 25.630 26.806 26429  27.341
8lp 21630 21.960 22315 22.485
825 28.785  29.370 29.812  29.550
g 34816 35482 35392 35.948
g 30.652 32.019 31.870  32.339
¢l 26.475  26.649 27.198  27.570
BAr 33982 34449 34.994  34.966
BAr 39.980 40465  40.788  41.397
“OAr 31475 31.788 32185  32.402
“ca 25.957 26271 26573  26.669
“2Ca 33.634 32.999 33.887 33.332
“Ca 36.351 36.862 37.389  37.747
“Ca 33247 34351 34.154 35.156
“Ca 30.887 31.291 31.696 31.978
*Ca 24.002 24308 24582  24.770

having smaller half-lives compared to other
cluster emission in the isotopes of superheavy
nuclei ?*3%2120. From this study, it is found that the
cluster decay half-lives are smaller for the cluster
nuclei whose mass number or neutron numbers are
nearer/equal to magic humber. We have also studied
the variation of logarithmic half-lives of cluster
emission with the neutron number and we presented
the same in Fig. 5. From the figure we have observed
that as the mass number of cluster increases, the
logarithmic half-life increases with the increase in
neutron number. We have tabulated corresponding
values of logarithmic half-lives and amount of
energy released in the isotopes of superheavy nuclei
299302120 are tabulated in Tables 1 and 2. From the
tables and graphs, it is found that alpha decay (*He) is
having smaller half-lives compared to other cluster
decay mode.

Table 2 — The tabulation of amount of energy released
during different cluster emission in the isotopes of
superheavy nuclei 2°%%2120.

Cluster emission Q(MeV)

29120 3130 M0 302120
*He 13.105 13.395 13.665 13.715
BLj 8.923 7.823 9313  8.603
°Be 20.792  19.612 21422 20512
ONe 72384 72334 72463  73.342
2ZNe 76.361  76.415 76427  76.797
BN 82.049 81.692 81.703  81.657
Mg 91.301 90.951 90.738  90.414
Mg 93.188  91.38 9245  91.237
Mg 97.276  97.03  96.642  96.712
2gj 101.941 101.284 100.895 100.449
2gj 110.484 109.735 109.122 108.923
0gj 113.815 111.706 112.377 110.764
3p 117.819 117.173 116.484 116.155
323 120.91 119.853 119.064 119.531
g 126.132 124.982 125.136 124.186
g 130.03 127522 127.792 126.946
%C| 134543 134.196 133.108 132.378
®Ar 136.108 135251 134.262 134.314
BAr 140573 139.723 139.162 138.112
“OAr 149531 148904 148.116 147.686
“Ca 154.251 153.569 152.916 152.709
42Ca 176.112 177.492 175.566 176.766
“Ca 163.278 162.261 161.223 160.523
“Ca 166.243 163.96 164.363 162.325
“Ca 167.93  167.063 166.2 165.603
*Ca 177.105 176.371 175.716 175.269
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4 Conclusions

In summary, we have carried out the study of
cluster radioactivity in the isotopes of superheavy
nuclei °°%120. We have studied logarithmic half-
lives for the ground-to ground transitions in the
emission of clusters such as *He, Li, °Be, 2>?Ne, %N,
24-26Mg, 28-308i, 31P, 32'345, 35C|, 36,38,40Ar’ 40-46Ca. We
have studied the amount of energy released and
logarithmic half-lives in the super-heavy nuclei ***
%02120. From this study, it is found that the cluster
radioactivity half-lives are smaller for the cluster
nuclei whose atomic or neutron number are
nearer/equal to magic number. The present results are
in good agreement with the other models such as
Univ, NRDX, UDL and Horoi. From the outcomes of
the present work, it emphasizes on the dependence of
logarithmic  half-lives and Q-values near or
equal to the magic number. Hence, the superheavy
nuclei 29392120 are stable against the cluster decay
and the dominant decay mode is “He (alpha decay).
The present study on the superheavy nuclei ?**2%2120
finds an important role in the future experiments.
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Abstract. The radioactivity of the superheavy nuclei 2°~27Db is studied and presented using the Coulomb and
proximity potentials. The half-lives corresponding to different decay modes such as «, cluster decay (1>C, N,
18,20y 23, 20N, 34§, 28Mg and 4OCa) and spontaneous fission in the superheavy nuclei 250-275D} are studied. The
studied half-lives are compared with the available experiments. The decay modes and the branching ratios of isotopes
of dubnium are presented. The isotopes of dubnium, 254=263Dp_ are identified as o emitters, whereas isotopes such
as 297233Db and 264~273Db are identified as having spontaneous fission. The identified alpha emitting isotopes of
dubnium have decay energies from 6 MeV to 10 MeV and half-lives 1 ms to 100 s. The possible projectile-target
combinations to synthesise the superheavy nuclei 2>3~293Db were predicted. The fusion of spherical projectile and
target yields larger evaporation residue cross-sections.

Keywords. Superheavy; half-lives; alpha-decay; penetration probability; decay mode.

PACS Nos 25.85.Ca; 24.10.-1; 23.60.+e; 21.60.—n

1. Introduction

The analysis of radioactivity in the transactinide ele-
ments with Z > 104 provides an opportunity to under-
stand the structure and properties of matter. The cold
fusion reactions with lead and bismuth as the targets
and hot fusion reactions with the **Ca projectile on
an actinide target are used to synthesise superheavy
elements [1-11]. By the cold and hot fusion reac-
tions, the formed compound nuclei achieve a stable
state by many decay methods such as a-decay, cluster
decay, B-decay and spontaneous fission. However, in
the superheavy region, the formed nuclei decay mainly
through an «-decay followed by the spontaneous fis-
sion and in a few cases mainly by the spontaneous
fission. The possibility of the heavy particle radioactiv-
ity (HPR) was also predicted in the superheavy nuclei
[12,13].

Many theoretical models such as cluster model [14],
multichannel cluster model [15], density-dependent
M3Y (DDM3Y) effective interaction [16,17], gener-
alised liquid drop model (GLDM) [18], Coulomb and
proximity potential model (CPPM) [19], generalised

Published online: 16 November 2021

density-dependent cluster model [20] and unified model
for a-decay and a-capture (UMADAC) [21] were
involved to evaluate the w-decay half-lives. The method
of quasiparticle random phase approximation (QRPA)
was used to evaluate the §-decay half-lives [22]. The 8-
decay half-lives are evaluated using the widely accepted
models [23-25].

The spontaneous fission half-lives were first predicted
by Wheeler and Bohr [26] and later on experimen-
tally confirmed by Flerov and Petrzak [27]. During the
year 1955, Swiatecki [28] evaluated spontaneous fis-
sion half-lives using the fissility parameter Z>/A in a
liquid drop model. Previous researchers [29-31] stud-
ied spontaneous fission half-lives using shell correction
in a modified liquid drop model. Furthermore, cluster
decay is an intermediate between an « decay and sponta-
neous fission [32] which was experimentally confirmed
during the year 1984 [33]. Cluster decays such as '*C,
16,180 223426\, 23F 28.30Mg, 34Si and so on were
experimentally observed from the parent nuclei 2*'Fr
to 2*2Cm [34]. The cluster decay half-lives are eval-
uated using various models such as super-asymmetric
fission model (SAFM) [35,36], unified fission model
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[37,38] and preformation cluster model (PCM) [39,40].
The cluster decay half-lives are also evaluated using
semi-microscopic methods [41-43]. Earlier researchers
studied different decay modes using different models
and semi-empirical relations to evaluate the half-lives
[44-57].

In the present work, we have investigated decay prop-
erties such as «, cluster decay and spontaneous fission
half-lives and identified decay mode of the superheavy
nuclei dubnium with Z = 105. The « and cluster decay
half-lives are evaluated using the Coulomb and proxim-
ity potential model and spontaneous fission is studied
using the semi-empirical relation. The theory used to
evaluate the decay half-lives and decay modes are given
in §2. The corresponding results are discussed in §3 and
conclusions of the present work are presented in §4.

2. Theory
2.1 Alpha and cluster decay

By quantum tunnelling process, the cluster and « decay
are feasible. In the theoretical context, overall potential
at this stage is a significant consideration. The ultimate
potential is well established with regard to Coulomb,
nuclear and centrifugal potentials.

B2+ 1)

V(R) = Vi (R) + Ve(R) + :
2ur

ey

Here ¢ is the angular momentum and p is the reduced
mass of the emitted o /cluster nuclei and daughter nuclei.
r is the distance between fragment centres. In the
present work, we have considered Coulomb and prox-
imity potential to evaluate total scattering potential by
neglecting the centrifugal potential. The value corre-
sponding to the centrifugal potential is almost zero for
ground state to ground state transitions. The short-range
Coulomb potential is evaluated as follows:

1
— for R > R,
Ve(R) = 21226 1 & R
3—|— for R < R,
2R, R,
(2)

where Z1 and Z» are the atomic numbers of the daughter
and emitted «/cluster respectively. The radial distance
is obtained using the equation R, = 1.24(R, + Ry).
The long-range proximity potential function (Vy (R))
is the product of two functions and it depends on the
shape and geometry of the colliding system. The second
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is the universal function and it is expressed as follows:
_(r—C—C
V,(Z) = 47y ®R (r%) MeV. 3)

The proximity potential is evaluated using the set of
equations described in [45]. Using the total interacting
potential and proximity potential, the penetration prob-
ability P is evaluated using the WKB approximation as
follows:

2 Rout
P =exp [——/R 2,u[V(r)—Q]dr], (4)

n

where Rj, and R, are the classical turning points and
are evaluated using the following boundary conditions:
V(@ — Rin) = V(r = Rouwr) = Q. Here Q is the decay
energy of the emitted cluster/« and it is defined as

Q=Mp_Md_Mc» (5

where M, M; and M. are mass excess of the parent,
the daughter and the cluster/a nuclei, respectively and
these are adopted from ref. [58]. Both o and cluster
decay half-lives are evaluated as follows:

hln?2
2E,P’

where the empirical vibrational energy E, is calculated
using the following equation:

T = (6)

4—A
E,=0 [0.056 +0.039 exp( 53 e)] MeV. (7)

Here, A, is the mass number of the emitted o//cluster
particle.

2.2 Spontaneous fission

Spontaneous fission is the most complicated process.
Bao et al [59] proposed semi-empirical relation for
spontaneous fission by including the shell correction and
isospin effect for the Swiatecki’s formula [28]. Ren and
Xu [60] proposed semi-empirical relation for the spon-
taneous fission based on the blocking effect of unpaired
nucleon in the case of even—even nuclei and odd-A
nuclei. Furthermore, Santhosh et al [61] proposed arela-
tion for spontaneous fission half-lives based on fissility
parameter and isospin effect. Karpov ef al [62] proposed
the semi-empirical relation for the spontaneous fission
based on barrier height (By) on the potential energy
surface. By including the systematics of fission isomer
half-lives, Metag et al [63,64] proposed semi-empirical
relation for the fission half-lives. Among the different
semi-empirical relations available in the literature, we
have considered Karpov’s semi-empirical relation [62]
which is based on the fission barrier height, and it is
expressed as follows:
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3

0, Z and N are even,
+ 1 1.53897, A is odd,
0.80822, Z and N are odd.
3)

Here By is the fission barrier and it is evaluated as
the sum of the liquid drop barrier By(LDM) and shell
correction term (6U). In the present study, we have
evaluated the fission barriers using the semi-relation
available in [65] for the heavy and superheavy regions.

3. Results and discussions

The half-lives of the cluster and « decay of Z = 105
are studied using the Coulomb and proximity potential
model as explained in §2.1. During the cluster emis-
sions, we have studied all the cluster emissions from
12C to 40Ca. All possible isotopes of cluster emissions
were considered during the cluster decay.

Figure 1 presents the variation of scattering poten-
tial with the separation distance between the daughter
and the emitted cluster nuclei (*He—*"Ca) for the super-
heavy nucleus 202Db. From the figure it is inferred that
the short-range attractive nuclear force is dominant up
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Figure 2. Variation oflog T} > for different decay modes (SF,

a-decay and '2C emission) with mass number of the parent
nuclei A, for the superheavy element Z = 105.

to the separation distance of 0 fm. However, the value of
the nuclear force varies depending on the type of clus-
ter emitted during the decay mode. Again, the Coulomb
repulsive force will be dominant and maximum value
of force is observed at 2 fm. The scattering potential
almost becomes constant as the separation distance
increases.

Similarly, we have studied cluster and o decay half-
lives in isotopes of superheavy nuclei 2°Db to 27°Db.
Then the studied half-lives are compared with the spon-
taneous fission as explained in §2.2. Different decay
modes for the isotopes of dubnium from 2°Db to 2’°Db
are presented in figure 2. The half-lives corresponding
to 24Db to 293Db are shorter than the other decay modes
which have been studied. The magnified portion of the
region from 2327264Db is clearly shown in the inset
of the same figure. But, the nuclei below 2>*Db and
above 203Db have shorter half-lives for the spontaneous
fission. Hence, the superheavy nuclei 2*Db to 26°Db
shows maximum probability of an «-decay only. After
identifying the dominant decay mode in dubnium, the
corresponding half-lives are compared with the avail-
able experimental values.

Table 2 shows the comparison between the present
work and the experimental values. A good agreement
between the studied half-lives and available experimen-
tal values can be observed. However, there is a deviation
of calculated half-lives around 10 times with the exper-
iment in the case of 2°2Db and 2%3Db. Once the values
obtained are comparable with the experimental values,
the study is extended to other isotopes of dubnium.
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Table 1. Tabulation of Q-values, log 71> and the corresponding decay mode in the isotopes of Db.

Parent nuclei Daughter nuclei 0 (MeV) logT1/2(s) Decay mode
0pp 246 ¢ 10.41 —3.775 SF
51pp 2L ¢ 10.07 —2.39 SF
2pp 28] ¢ 9.83 —1.19 SF
253pp 29 r 9.78 —0.17 SF
24Db 0Ly 9.66 —1.29 o
25pb Bl p 9.44 0.204 o
256Dy 2 ¢ 9.34 0.21 o
7pp 253y 9.207 0.36 o
258pp 4L r 9.5 0.63 o
29Db B5Lr 9.62 —0.29 o
260pp 2561 p 9.5 0.18 o
261pp 27 r 9.22 0.255 o
262D 8 ¢ 8.19 2.04 o
263pp 291 r 7.9 2.57 o
264pp 2601 ¢ 8.2 2.45 SF
265pp 261 ¢ 8.4 2.25 SF
266 2621 ¢ 8.2 2.01 SF
267D 2631 ¢ 7.78 1.75 SF
268D 264 ¢ 7.635 1.475 SF
269pp 2651 ¢ 7.75 1.19 SF
210pp 266 ¢ 7.12 0.92 SF

Table 2. Comparison of o decay half-lives of the present work (PW) with that of the available experiments.

Parent nuclei T]Fﬁp log TIE/EP log TIP/\;V Ref.
255pb 20ms —1.6 0.204 [66]
25Dh 1.6707s 0.20s 0.21 (1]

27Db 1.507012 0.17 0.36 [1]

28pDp 3.6 0.55 0.63 [67]
28Dh 4.4702s 0.64 0.63 [68]
29Db 0.51 £0.165s —0.29 —0.29 [69]
260pp 1.524+0.13s 0.181 0.18 [70]
261pp 1.8s 0.26 0.255 [71]
262pp 40.9s 1.61 2.04 [72]
263pp 27s 1.43 2.57 [73]

The emitted cluster particle energy (Q-value) is stud-
ied by the difference of initial and final (daughter+
emitted nuclei) mass excess values and these mass
excess values are taken from [58]. Based on the above
studies, we have predicted the half-lives and Q-values of
isotopes of dubnium from 2>°Db to 2’°Db. The values
corresponding to the decay, Q-values and log T/, are
tabulated in table 1.

After the identification of possible decay mode in
the isotopes of dubnium, we have studied the corre-
sponding decay products and the decay modes. Table 3

presents the daughter nuclei, amount of energy released
during the process and log T /> of o and spontaneous fis-
sion half-lives and decay mode. The superheavy nucleus
24Db has shorter half-life with o decay than with
spontaneous fission and hence it is terminated to >3Lr
with o decay and again the nucleus >>3Lr is not sta-
ble against o decay and hence it is ended with the
spontaneous fission. Similarly, we have shown decay
chains corresponding to nuclei from >°Db to 263Db,
255Db is terminated with the single o decay followed
by the spontaneous fission, whereas the nuclei 22°Db to



Pramana — J. Phys. (2021) 95:194

Page 5 of 8 194

Table 3. A comparison of logarithmic o decay and spontaneous fission and its decay mode for the superheavy nuclei 2>#Db

to 203Db.

Parent nuclei Daughter nuclei Q-values log T2 (@) log T 2 (SF) Decay mode
24Db 201 r 9.66 0.21 0.68 oy
20y 246Md 9.43 —2.81 —3.78 SF
255Db By 9.44 0.20 1.37 o
By 247Md 9.43 —2.81 —2.40 SF
256D 2521 9.34 0.20 1.91 o
221 ¢ 248Md 9.26 —2.34 —1.20 o
248Md 24 Eg 8.70 —1.28 -7 SF
27Db 23y 9.21 0.36 2.31 a1
3y 29Md 8.94 —1.36 —0.17 o
249Md 245Es 8.46 —0.53 —5.32 SF
28Db ALy 9.50 0.63 2.59 o
DALy 250Md 8.79 -0.9 0.68 o
250Md 245Es 9.62 —1.28 2.88 SF
29Db 51y 9.62 —0.29 2.76 a1
25Lr 2IMd 8.61 —0.31 1.37 o
5Imd 247Es 7.99 1.08 —2.40 SF
260pp 0Ly 9.50 0.18 2.84 o
256y 252Md 8.82 —1.02 1.91 o
22Md 248Es 7.90 1.40 —1.2 o3
261pp BTy 9.22 0.26 2.84 o
BTy 23Md 9.01 —1.65 2.31 o
23md 249Es 7.70 2.05 2.76 a3
262D 8y 8.19 2.05 2.76 ol
281y 24Md 8.90 —1.34 2.59 o
24Mmd 20Es 7.86 1.53 0.68 SF
263pp 29y 7.90 2.58 2.63 )
9Ly 255Md 8.58 —0.31 2.76 o
255Md BlEg 7.91 1.34 1.37 o3
BlEg 247BK 6.60 6.07 —2.4 SF

262Db are determined by the 2 o decay chain and hence
terminated with the spontaneous fission and 26°Db fol-
lows the 3« decay chain with the 291 r, 255Md, 'Es
daughter nuclei and finally ended with the spontaneous
fission. However, if the Q-values are reliable, then the
obtained log 77> values show consistent decay chains
followed by the spontaneous fission in the case of 2*Db
to 293Db and it is shown in table 3. The branching ratios
[45] of an o with respect to cluster decay are evalu-
ated and are presented in table 4. From the table it is
inferred that the ratio of « with respect to the clus-

ter decay shows higher value of magnitude of an order
of 10%* to 10%3. From the table it is clearly observed
that the branching ratios corresponding to '>C, 4N,
20Ne, 3*S and °Ca show an increasing trend with
mass number of the parent nuclei. However, branching
ratio remains almost constant in the case of '30. These
values may be due to the amount of energy released
during the 80 cluster emission from the isotopes of
dubnium.

As smaller half-lives and higher magnitude of branch-
ing ratios are observed in the isotopes of dubnium, we
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Table 4. Logarithmic values of branching ratio of a-decay with respect to cluster decay (12C, N, 80, 2°Ne, 3*S and 4°Ca)

for the isotopes of superheavy nuclei 2'Db to 273 Db.

Isotopes T T s T Yo T

51pp 25.95 32.89 34.32 33.68 25.63 29.79
2pp 25.59 30.46 34.43 34.11 27.11 32.18
23pp 25.81 33.99 35.29 34.97 28.80 35.31
24Db 25.66 32.02 34.99 35.70 30.18 37.84
255pb 26.91 34.05 33.74 35.38 30.77 40.06
256Dy 27.09 31.61 33.73 35.78 31.50 42.55
2Db 27.80 35.23 33.82 36.41 32.82 45.08
28D 30.08 33.95 34.39 37.79 34.70 48.69
29D 32.51 37.83 34.97 39.26 36.44 51.68
260pp 32.35 35.12 34.32 39.45 37.10 54.19
261pp 32.75 37.73 34.36 40.27 37.73 56.18
262pp 32.64 35.12 33.83 40.64 38.46 58.40
263pp 36.87 38.39 33.75 41.64 39.24 60.48
264pp 35.95 35.94 33.01 41.94 39.78 63.55
265pp 34.62 39.75 33.12 42.96 40.45 65.47
266D 35.22 37.79 32.73 43.54 40.75 67.26
267Dy 35.97 41.85 32.57 44.13 41.09 68.93
268D 38.99 40.84 34.26 46.43 43.34 72.46
269pp 41.80 45.84 35.74 48.44 45.05 75.11
210Dy 45.10 42.92 35.63 50.68 45.46 76.75
211Dp 45.23 51.42 37.57 53.85 47.16 79.72
12pp 46.89 46.64 36.77 54.16 47.12 80.77
213pb 50.23 50.71 38.68 55.27 48.29 83.05
274Db 47.89 45.25 36.78 54.26 46.79 82.98
215pb 47.36 48.57 34.80 53.25 45.84 83.26

have also made an effort to predict possible projectile—
target combinations to synthesise the isotopes of dub-
nium. We have selected around 218 possible projectile—
target combinations to synthesise superheavy nuclei
24Db to 293Db as predicted in table 3. We have
selected the projectile—target combination in such a
way that the evaporation residue cross-section is maxi-
mum. The evaporation residue cross-section is evaluated
as explained in refs [74-76]. Later, we have selected
24 possible projectile-target combinations with maxi-
mum evaporation residue cross-sections to synthesise
the superheavy nuclei >>*Db to 293Db and tabulated
in table 5. Among all these predicted projectile—target
combinations, the fusion reaction >! V4+298Pb, both pro-
jectile and target being spherical (82 = 0), shows a
larger evaporation residue cross-section of 896.2nb. The
second larger production cross-section is observed for

the projectile with magic nuclei (*3Ca) and target almost
spherical fusion reaction shows a larger evaporation
residue cross-section of 812.7 nb.

4. Conclusions

The half-lives and branching ratios of isotopes in
the superheavy nuclei 2*~2°Db have been studied
using recent proximity otential. The study of smaller
half-lives of “He and larger branching ratio reveals
that o decay is dominant compared to other clus-
ters such as 12C, 14N, 18’200, 23F, 20Ne, 34S, 28Mg
and “°Ca. The evaluated half-lives are compared with
the available experimental values and a close agree-
ment of values of the present work with the available
experimental value is observed. « and spontaneous fis-
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Table 5. Tabulation of the predicted projectile—target combination to synthesise the isotopes of superheavy nuclei >>3Db to
263Db along with the centre of mass energy (Ecn ), fusion barrier (Bg,), deformation parameter (52) of the projectile and the

target and evaporation residue cross-sections.

Reaction Ecn MeV) By MeV) B> oER (nb)
Proj. Targ.

49y 4 206pp_5254Dh+ 1n 184 202.3 0 —0.008 13.1
HCat+ At—*Db+2n 178 181.3 0 0.008 4.4
468¢c4+210po—24Db+-2n 183 188.9 —0.008 0 3.1
41Ca+219At—25Db+2n 178 180.4 0 —0.018 43.9
478 +4+210pg—255Db+2n 184 188.3 —0.008 0 30.4
48Gc4+210pg—256Dph42n 185 187.7 —0.044 0 184.5
308{4-230py 5 256D 4-4n 138 144.4 0 0.190 2.8
BTj4210Bi—27Db+1n 176 195.2 0 —0.018 242.8
BCa+2I At—2"Db+2n 179 179.6 0 0.008 812.7
Sy 4208pp 5 257D 420 197 200.8 0 0 896.2
OAr 42215 257Dh+4n 166 166.8 0 0.120 5.7
9K +222Rn—25"Db+4n 170 174.7 0 0.137 0.14
0K 4+222Rpn—27Db+-5n 174 174.1 —0.035 0.137 1.4
50Ti4210Bj—258Dp+4-2n 191 194.1 0 —0.018 533.9
U Ar4+221pr 5 259Db+-3n 159 166.3 0 0.120 5.1
2 Ar4-221Fr—259Db+4n 166 165.8 0 0.120 9.4
4K 4+222Rpn—25Db+4n 169 173.5 0 0.137 0.9
42 Ar4-222Fr— 260Dp4-4p 166 165.7 0 0.138 7.4
4 Ar4223Fr 260D 4n 164 165.9 0 0.146 25
42 Ar4-2283Fr—261Dp44n 165 165.5 0 0.146 7.7
32p 4 234Th— 261Dp4-5n 144 150.5 0 0.215 2.4
328i4+234pa—262Dp4-4n 135 142.5 0 0.215 9.1
14N 4253 Cf—202Db+5n 79 75.1 0 0.226 45
3Bp 4 24THh—203Db+4n 141 150.1 0 0.215 2.6

sion emitters are identified in the superheavy region
2350=270pb, The possible projectile—target combinations
to synthesise the superheavy nuclei 2>*Db to 263Db are
predicted.
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Abstract. We have theoretically studied the systematics of '2C emission in
superheavy nuclei with Z = 104-130. We have also compared the '2C decay
half-lives with that of alpha decay and spontaneous fission. It is found that *>C
decay half-lives are greater than that of alpha decay and spontaneous fission.
The variation of logarithmic '2C decay half-lives with ZJ Q=12 is found to
be exact straight line. The superheavy nuclei which are having shorter 12C half-
lives are highlighted.

PACS codes: 36.10.-k

1 Introduction

Study of exotic/cluster decay is important in the field of superheavy nuclei.
There is an expectation that the decay of superheavy nuclei through the clus-
ter emission of nuclei. The study of alpha decay and cluster radioactivity plays
an important role in the identification and synthesis of superheavy elements.
From the detail literature survey it has been observed theoretical as well as ex-
perimental works on the synthesis and decay modes of superheavy elements.
The alpha and heavy particle decay in Z=116-124 was reported by Santhosh
and Priyanka [1]. Manjunatha [2] studied alpha decay properties of Z = 126
in the range of 288 < A > 339. Previous workers [3] extended systematics
of alpha decay half-lives for exotic superheavy nuclei. Santhosh and Nithya [4]
studied different decay modes of even Z superheavy isotopes. Santhosh et al. [5]
reported cluster emission in 2'0~226Ra isotopes. Alpha decay half-lives of su-
perheavy nuclei with Z = 116-118 are reported by previous workers [6]. The
competition between spontaneous fission and a-decay process for superheavy

202 1310-0157 (©) 2019 Heron Press Ltd.
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element with Z = 112 was reported by previous researchers [7]. Alpha de-
cay properties and structure of superheavy nuclei Z = 102-120 was studied
by Silisteanu and Budaca [8]. A study on a-decay rates of spherical and de-
formed nuclei was reported by Ni and Ren [9]. Nuclear lifetimes of cluster
radioactivities with Z = 52-122, were empirically calculated by Poenarua et
al. [10]. There has been several detail reports on alpha decay half-lives of super-
heavy nuclei [11-24]. From the literature survey [25-29], it is also observed that
there was some studies on preformation probabilities of alpha decay. There were
some studies reported on cluster decay and heavy particle radioactivity [30—40].
Some of the researchers [41-46], studied both alpha and cluster emission in su-
perheavy nuclei.

The study of cluster radioactivity is important for heavy and superheavy nuclei.
Most of the researchers studied the cluster radioactivity except 12C emission. A
detail literature survey reveals that there is no systematic study of 12C emission
in superheavy nuclei. Hence in the present work, we have theoretically studied
the systematics of '2C emission in superheavy nuclei. This paper is organized
in to three sections. First part is introduction and in the second part, we have
explained the theoretical frame work used in the calculations of half-lives of
12C emission. The results obtained in the present work are analyzed in the third
section.

2 Theoretical Frame Work

The decay half-life of parent nuclei with the emission of '2C cluster is studied

by
In2 B hﬁ

T g = —= = 1
1/2 A P ) ( )
where ) is the decay constant and v is the assault frequency and is expressed as
w 2F,
= = 2
V=oo h @

where E,, is the empirical vibrational energy [47]. According to WKB approx-
imation (Wentzel-Kramers-Brillouin) the penetration probability P through the
potential barrier studied by the following equation:

Ry
P { - [ VoulVal - Qr}, )
Ra

where p is the reduced mass of fission fragments of cluster decay and alpha
decay system, R, and R}, are the inner and outer turning points and these turning
points are calculated by

Vr(Ra) = Q = Vr(Rs). “
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The total interacting potential is
Vr(r) = Vi (r) + Ve(r) + Vi(r), )

where Vv (r) is the attractive nuclear potential, Vo (r) is the repulsive Coulomb
potential and V;(r) is the centrifugal potential. The Coulomb potential Vi (r)
for cluster decay and alpha decay is given by

, % (R> Rc)
T @) wen” T

where R, is touching radial separation between fission fragments in cluster de-
cay and alpha decay. The nuclear potential Viy () between cluster/alpha decay
nuclei and daughter nuclei is

Vn(r) = 4myR®(¢) . @)

The nuclear potential intern depends upon geometry and shape of the nuclei and
universal function ®(¢) and surface coefficient  is calculated as [48]

v =01 K(F52) ] mevitm?, ®)

where 7 is the surface energy constant and K is the surface asymmetry con-
stant. 79 = 1.25284 MeV/fm? and K, = 2.345 [49]. R is the mean curvature

as
N eite

R= ;
Ci+ Oy
where C7 and Cs are the sussmann’s central radii of cluster/alpha nuclei and
daughter nuclei, respectively. Based on droplet model [50] C; is written as

©))

Cy=c;+ (f—)t (i=1,2), (10)

i

where ¢; is the neutron skin and is given as

3 JL— Loz AP _
= Sro(E ), (i=1,2), an
Q+ 3J4,;
1o is the radius constant and ro = 1.14 fm, the symmetry energy coefficient

J =32.65MeV, I = (N — Z)/A, c; = 3¢2/5r¢ = 0.757895 MeV and neutron
skin stiffness coefficient ) = 35.4 MeV, ¢; is the half-density radius of the
charge distribution and it is defined as [50]

¢ = ROOi(l ————— e ) (i=1,2), (12)
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Rop; is charge radius formula and is expressed as
Rooi = LAITIAY® + 1472473 (i=1,2). (13)

Universal proximity potential is given by [51]

—1.7817 + 0.9270¢ + 0.143¢% — 0.09¢3 for € <0.0,
®(e) = { —1.7817 4+ 0.9270¢ + 0.0169¢2 — 0.05148e% for 0 < & < 1.9475, ,
—€
~a4texp ( ) for &> 1.9475
“P\0.7176 ore=
(14)
where ¢ = s/b is the minimum separation between fission fragments and

b =~ 0.99 is the nuclear surface thickness and s is the distance between the
near surfaces of the fragments.

Table 1. Highlighted 2C emitters in the superheavy nuclei

Parent  Daughter Q, T /2, Parent  Daughter Q, T2,
nucleus nucleus (MeV) (s) nucleus nucleus MeV) (s)

27107 245101 20.63 246782 312126 399120 4561 426.5356
308123 296117 37.90 3971112 313126 301120 32.10  480.2658
309123 297718 37.87 8667.157 314126 392120 3230  1232.562
310123 298117 37.68 41863.62 315126 393120 3340 3671.034
311123 299117 36.89 3312123 316126 304120 3130  13081.06
312123 300997 37.55 43938.14 310127  29812] 33.59  73.15606
314123 302117 37.92 5327464 31127 0 299121 33.08  46.28831
308124 296718 39.96  55384.92 312127 300173 3273 17.52527
312124 300118 41.44 2028027 33127 301121 3271 42.9559
313124 301718 41.85  44699.79 3127 302121 32.58  63.11274
306125 294119 4132  16016.39 315127 393121 3242 275.5344
307125 299119 41.76  11912.69 316127 394121 32.19  705.3964
309125 297119 41772 2749.136 37127 399121 32.67  2993.247
310125 298119 4232  683.8953 313128 391122 3497  3.719666
311125 299119 4298 47377727 314128 392122 3498  6.717327
312125 300119 4383 1185967 3'°128 393122 34.89  39.61285
313125 301119 4366  3526.878 316128 394122 3476 130.3004
34125 302119 4396  8568.358 317128 395122 34.67  524.9683
315125 303119 4366 30641.77 3'%128 396122 3598  2318.064
308126 296120 4447  2103.65 316129 304123 36.89  10.09031
309126 297120  44.60 977.4565 317129 305123 36.85 5234164
310126 298120  44.92 646.8053 3'1°130 397124 39.51  228.5082
31126 299120  45.74  199.4518 320130 398124 39.96  1499.252
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3 Results and Discussion

We have studied the half-lives of 2C decay from superheavy nuclei of 104 <
Z < 130. The energy released (Q) during the '2C decay is plotted as a function
of neutron number of the parent nuclei and it is shown in Figure 1. Figure 2
shows the variation of logarithmic half-lives with neutron number of parent nu-
clei for studied superheavy nuclei. From this figure it is found that half-lives of
12C decay is shorter for superheavy nuclei with Z > 120. The highlighted 2C
emitters in the superheavy emitters are given in Table 1. To study the competi-
tion between the '2C decay and other dominant decay modes such as alpha de-
cay and spontaneous fission, we have also calculated the half-lives corresponds
to the alpha decay and spontaneous fission. The comparison of 12C decay half-
lives with that of alpha decay and spontaneous fission are shown in Figure 3.
From this figure it is found that '2C decay half-lives are greater than that of
alpha decay and spontaneous fission.

The variation of logarithmic half-lives for 12C decay with mass number reveals
that there is peaks correspond to the nuclei 226F1, 297120, 301121, 391122 and
303123, These nuclei are having longer '2C decay half-lives than that of neigh-
bour. This means these nuclei are having extra stability against 2C decay. The
variation of logarithmic half-lives for 12C decay with mass number reveals that
there is peaks correspond to the nuclei 236F1, 297120, 301121, 391122 and 3°3123.
These nuclei are having longer 12C decay half-lives than that of neighbour. This
means these nuclei are having extra stability against 12C decay.

To test the validity of Geiger—Nuttall law [52] for 12C decay, we have plotted the
logarithmic '2C decay half-lives with inverse of square root of energy released
(Q). Figure 3 shows the variation of logarithmic *2C decay half-lives with in-
verse of square root of energy released (). From this figure it is found that
variation of logarithmic '2C decay half-lives with Q~'/2 is found to be straight
line. We have also evaluated the fitting coefficients "a’ and ’b’ and these are
included in the Figure 4. Experimental data of branching ratios between alpha
and '2C decay in superheavy nuclei are not available in the literature.

To validate the present calculations, we have evaluated branching ratios for some
actinide nuclei where the experimental data is available. We have compared the
calculated branching ratios between alpha and carbon cluster radioactivity with
that of the experiments (Ref. [53]) and this comparison is as shown in Table 2.
From the detail study of variation of logarithmic half-lives with energy released
(Q) and atomic number of daughter nuclei reveals that the logarithmic half-lives
can be expressed linearly using Z9-5Q~1/2. Figure 5 shows the variation of
logarithmic '2C decay half-lives with Z9-Q~'/2. The variation of logarithmic
12C decay half-lives with Z9-6Q~1/2 is found to be exact straight line. For each
superheavy element, we have expressed logarithmic half-lives in terms linear
equation of Zg'GQ’l/ 2 In Figure 5, to show the exactness of the fit, we have
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Table 2. Comparison of calculated branching ratios between alpha and cluster radioac-
tivity with that of the experiments (Ref. [53]).

Emitter  Cluster Detection Branching ratios

System (Ref. [53] Experiment (Ref. [53]) Present work
21pr C  BPI (Ref. [53]) (8.14+1.14)107*% 9.6 x 1073
221Ra 14c  BPI (Ref. [53]) (1.1540.91)107 2 1.93 x 10712
*22Ra “C  BPI (Ref. [53]) (3.740.6)1071° 3.94 x 10710
222Ra C  POLY (Ref. [53]) (3.141.0)1071° 3.293 x 10710
*22Ra 4C  SOLENO (Ref. [53]) (2.340.3)1071° 2.63 x 10710
?23Ra 4C  SOLENO (Ref. [53]) (8.5 +2.5)1071° 10.94 x 1071
223Ra C  EXAE (Ref. [53]) (5.5 42.0)1071° 6.97 x 10710
223Ra 4C  SOLENO (Ref. [53]) (7.6 £3.0)1071° 9.74 x 10710
223Ra C  EXAE (Ref. [53]) (6.1 +£1.0)1071° 7.13 x 10710
223Ra C  POLY (Ref. [53]) (4.741.3)1071° 5.61 x 10710
223Ra 4Cc SPLIT-POLE (Ref. [53]) (6.4 +0.4)107'° 7.13 x 10719
223Ra 4C  SOLENO (Ref. [53]) (7.040.4)1071° 7.41 x 10710
223Ra C  SOLENO (Ref. [53]) (8.9+0.4)1071° 8.91 x 10710
224Ra 4Cc SOLENO (Ref. [53]) (4.3+1.2)1071 5.53 x 1071
224Ra C  POLY (Ref. [53]) (6.5+1.0)10~* 6.63 x 107
225Ac  'C  SOLENO (Ref. [53]) (6.0 +£1.3)107 "2 7.15 x 10712
225Ac 4c  BPI (Ref. [53]) (4.5+1.4)10712 5.16 x 10712
226Ra “C  BPI (Ref. [53]) (3.2+1.6)107 4.23 x 1071

also included the residual sum of squares (RSS) and coefficient of determination
(R?). The studied systematics of '2C emission in superheavy nuclei with Z =
104-130 is important in the field of superheavy element.

References

(1]
(2]
(3]
(4]
(5]

(6]
(7]
(8]
(9]
[10]
(11]
[12]
(13]

212

K.P. Santhosh, B. Priyanka (2014) Nucl. Phys. A 929 20.

H.C. Manjunatha (2016) Nucl. Phys. A 945 4.

A.L. Budaca R. Budaca I. Silisteanu (2016) Nucl. Phys. A 951 60.
K.P. Santhosh C. Nithya (2018) At. Data Nucl. Data Tables 119 33.

K.P. Santhosh, Sabina Sahadevan, B. Priyanka, M.S. Unnikrishnan (2012) Nucl.
Phys. A 882 49.

X. Bao, H. Zhang, H. Zhang, G. Royer, J. Li (2014) Nucl. Phys. A 921 85.

Y.L. Zhang, Y.Z. Wang (2017) Nucl. Phys. A 966 102.

L. Silisteanu, I. Budaca (2012) Az. Data Nucl. Data Tables 98 1096.

D. Ni, Z. Ren (2015) Ann. Phys. 358 108.

D.N. Poenaru, D. Schnabel, W. Greiner (1991) At. Data Nucl. Data Tables 48 231.
J. Dong, W. Zuo, J, Gu, Y. Wang, B. Peng (2010) Phys. Rev. C 81 064309.

D. Ni, Z. Ren (2011) Phys. Rev. C 83 014310.

D. Ni, Z. Ren, T. Dong, Y. Qian (2013) Phys. Rev. C 87 024310.



[14]
[15]
(16]
(17]
(18]
[19]
(20]
(21]
(22]
(23]
[24]
(25]
(26]
[27]
(28]
(29]
(30]
(31]
(32]
(33]

[34]
(35]
(36]

[37]
(38]
(39]
(40]
[41]
[42]
[43]
(44]
[45]
[46]
[47]

(48]
[49]

(501
[51]
[52]
[53]

Systematics of 12C Emission from Superheavy Nuclei

K.P. Santhosh, C. Nithya (2016) Phys. Rev. C 94 054621.

C. Xu, Z. Ren, Y. Guo (2008) Phys. Rev. C 78 044329.

Y. Ren, Z. Ren (2012) Phys. Rev. C 85 044608.

Y. Qian, Z. Ren, D. Ni (2011) Phys. Rev. C 83 044317.

D.N. Poenaru, L.-H. Plonski, W. Greiner (2006) Phys. Rev. C 74 014312.
Madhubrata Bhattacharya, G. Gangopadhyay (2008) Phys. Rev. C 77 047302.

Y. Qian, Z. Ren (2011) Phys. Rev. C 84 064307.

M. Ismail, A.Y. Ellithi, M.M. Botros, A. Adel (2010) Phys. Rev. C 81 024602.
Y.K. Gambhir, A. Bhagwat, M. Gupta, Arun K. Jain (2003) Phys. Rev. C 68 044316.
Y. Qian, Z. Ren (2013) Phys. Rev. C 88 044329.

X. Dong Sun, P. Guo, X. Li (2016) Phys. Rev. C 94 024338.

M. Ismail, A. Adel (2014) Phys. Rev. C 89 034617.

H.F. Zhang, G. Royer (2008) Phys. Rev. C 77 054318.

G.L. Zhang, X.Y. Le, H.Q. Zhang (2009) Phys. Rev. C 80 064325.

W.M. Seif (2015) Phys. Rev. C 91 014322.

H.F. Zhang, G. Royer, J.Q. Li (2011) Phys. Rev. C 84 027303.

M. Warda, A. Zdeb, L.M. Robledo (2018) Phys. Rev. C 98 041602(R).

K. Wei, H.F. Zhang (2017) Phys. Rev. C 96 021601(R).

Y.L. Zhang, Y.Z. Wang (2018) Phys. Rev. C 97 014318.

R.K. Gupta, S. Dhaulta, R. Kumar, M. Balasubramaniam (2003) Phys. Rev. C 68
034321.

D.N. Poenaru, R.A. Gherghescu, W. Greiner (2011) Phys. Rev. Lett. 107 062503.
M. Warda, L.M. Robledo (2011) Phys. Rev. C 84 044608.

B.D.C. Kimene Kaya, S.M. Wyngaardt, T.T. Ibrahim, W.A. Yahya (2018) Phys.
Rev. C 98 044308.

G. Sawhney, A. Kaur, M.K. Sharma, R.K. Gupta (2015) Phys. Rev. C 92 064303.
D.N. Poenaru, R.A. Gherghescu, W. Greiner (2006) Phys. Rev. C 73 014608.
BirBikram Singh, S.K. Patra, R.K. Gupta (2010) Phys. Rev. C 82 014607.

Y.Z. Wang, J.P. Cui, Y.L. Zhang, S. Zhang, J.Z. Gu (2017) Phys. Rev. C 95 014302.
D. Ni, Z. Ren, T. Dong, C. Xu (2008) Phys. Rev. C 78 044310.

K.P. Santhosh, C. Nithya (2018) Phys. Rev. C 97 064616.

Y. Qian, Z. Ren, D. Ni (2013) Phys. Rev. C 87 054323.

D.N. Poenaru, R.A. Gherghescu (2018) Phys. Rev. C 97 044621.

G. Sawhney, A. Kaur, M.K. Sharma, R.K. Gupta(2015)Phys. Rev. C 92, 064303.
E. Shin, Y. Lim, C. Ho Hyun, Y. Oh (2016) Phys. Rev. C 94 024320.

D.N. Poenaru, W. Greiner, M. Ivascu, D. Mazilu, and I.-H. Plonski (1986) Z. Phys.
A: At. Nucl. 325 435.

W.D. Myers, W.J. Swiatecki (1966) Nucl. Phys. 81 1.

P. Moller, J.R. Nix, W.D. Myers, W.J. Swiatecki (1995) At. Data Nucl. Data Tables
59 185.

W.D. Myers, W.J. Swiatecki (2000) Phys. Rev. C 62 044610b.

J. Blocki, W.J. Swiatecki (1981) Ann. Phys. (NY) 132 53.

H. Geiger, J.M. Nuttall (1911) Phil. Mag. 22 613.

R. Bonetti, A. Guglielmetti (2007) Rom. Rep. Phys. 59 301.

213



Journal of Radioanalytical and Nuclear Chemistry
https://doi.org/10.1007/510967-019-06706-3

=

Check for
updates

Competition between binary fission, ternary fission, cluster

radioactivity and alpha decay of 2'Ds

N.Sowmya'? . H. C. Manjunatha’ - N. Dhananjaya® - A. M. Nagaraja'*

Received: 10 April 2019
© Akadémiai Kiado, Budapest, Hungary 2019

Abstract

The competition between different decay modes such as binary fission, ternary fission, cluster and alpha decay modes finds
an important role in the synthesis of superheavy nuclei. The nuclei 2*!Ds is the most stable among the isotopes of Ds. We
have studied the different decay modes in superheavy nuclei 28! Ds. It is observed that alpha decay half-lives are smaller
compared to other modes. The alpha decay mode of 28!Ds is observed with greater probability compared to binary fission.

Keywords Superheavy nuclei - Alpha decay - Cluster decay - Fission

Introduction

The quest for superheavy element started in the decades of
1930’s. These superheavy elements which are rich in pro-
tons splits into fission fragments by different decay modes.
In most of the cases superheavy element undergoes decay
through alpha decay and spontaneous fission [1-3]. In addi-
tion to alpha and binary fission, superheavy nuclei undergo
cluster radioactivity and ternary fission [4—7]. Even though
the probability of ternary fission small compared to other
decay modes, but it is successfully observed in experiments.
Oganessian and Utyonkov [8] synthesised Z=113-118
using calcium induced reactions. Mirea et al. [9] studied
different disintegration modes such as spontaneous fission,
cluster emission and alpha decay from the parent nuclei
radium. Xu et al. [10, 11] theoretically studied the com-
petition between alpha decay and spontaneous fission in
superheavy elements. Earlier workers [12, 13] synthesised
superheavy element Z= 112,114 using fusion of high intense
calcium beam with lead. Hofmann et al. [14] investigated an
alpha decay chains of 2Ds. Ninov et al. [15] experimentally
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synthesised Z= 118 by the fusion of lead with krypton ions.
Earlier workers also studied the different decay modes of
superheavy nuclei [16-23]. Superheavy nuclei are synthe-
sised after recognising it’s dominant decay mode. Hence, it
is important to identify the dominant decay channel for the
superheavy nuclei. The dominant decay mode can be identi-
fied by studying the competition between different possible
decay modes such as binary fission, ternary fission, cluster
and alpha decay. Hence in the present work, we have iden-
tified the dominant decay mode of 2*'Ds. To identify the
most dominant decay mode, we studied half-lives of dif-
ferent decay modes such as binary fission, ternary fission,
cluster and alpha decay in 2®'Ds. We also studied branching
ratios of the different decay modes.

Theoretical framework

(a) Cluster and alpha decay

The decay half-life of parent nuclei during the emission of
cluster and alpha particle is studied by [24]
In2 In2

Ly=—F=

P M

where A is the decay constant and v is the assault frequency.

The penetration probability P through the potential barrier
studied by the following equation [24]
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R,
P =exp —%/\/ZM(VT(V)—Q)dV 2
R(I

The total interacting potential is the sum of nuclear, cou-
lomb and centripetal potential, where

Vi(r) = V() + Ve(r) + Vi(r) 3)
where V,(r) is the nuclear potential, V(r) is the Coulomb
potential and V(r) is the centrifugal potential. These poten-
tials are calculated as suggested from the previous workers
[25, 26]. The universal proximity potential is given by [27]

—1.7817 4+ 0.9270¢ + 0.143£? — 0.09¢3 for € <0.0,
—1.7817 + 0.9270¢ + 0.0169¢2 — 0.05148¢> for 0 < £ < 1.9475,
—4.41 exp (07?5) for € > 1.9475

Oe) =

“
where € =s/b, is the minimum separation between fission
fragments and b~ 0.99 and s is the distance between the near
surfaces of the fragments, where s is determined by [24].
s=r—C;—C,fm. )

(b) Binary and ternary fission To study the binary and ter-
nary fission the coulomb potential is taken as

ZI-Z]-e2
Ve(R) =

(6)

i

for 0 < € <1.9475

1
r(fm)

Fig. 1 Variation of driving potential with respect to distance between
cluster fission fragments

where R, is given by

R; = 1.284! - 0.76 + 0.84; "/ (10)
and surface energy coefficient y is as follows

N-Z

2
Y =70 [1 - K5< ) ]MeV/fm2 an

where y,=1.460734 MeV/fm* and K,;=4.0 [29].
The nuclear proximity potential is given by [27]

12)

—1.7817 + 0.9270¢ + 0.0169¢2 — 0.05148¢> for 0 < & < 1.9475

Oe) = { —4.41 exp (ﬁ)

here Z; and Z; are the atomic numbers of the products and
r;; 1s the distance between spherical fragments. The nuclear
potential V,(r) between fission fragments is given by [28].

Vy(r) = dnyR®(¢) @)
The nuclear potential intern depends upon geometry and

shape of the nuclei and universal function ®(g).R is the mean
curvature as

)

R=

The Sussmann central radii C; of the products related to
sharp radii R; is expressed as

2
C =R~ (%) ©)

1

@ Springer

Results and discussions

We systematically studied different decay modes in *'Ds.
The total interaction potential between the fragments using
different decay modes is calculated by the sum of coulomb,
nuclear proximity and centrifugal potential. The value of
angular momentum from ground state to ground state is
taken to be minimum (/=1_;,) which leads to minimum
centrifugal potential. The amount of energy released during
different decay modes is studied using mass excess values
[30-33]. The driving potential is the difference between
total potential and amount of energy released. Figure 1
gives the variation of driving potential with the distance
between the two fragments. The calculated half-lives of
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Table 1 Comparison of half lives and branching ratio’s with different
decay modes such as binary, ternary, cluster radioactivity with that of
alpha decay

Different decay modes Log (T/,) Branching ratio

in B!Ds

Alpha decay 1.022 - -

C-12 13.203 AdAcr 6.96E+00
N-14 20.381 2.83E+27
Ne-20 13.371 1.52E+12
Si-30 6.321 2.29E+19
Ar-40 3.796 2.23E+12
Ca-40 9.623 1.99E+05
Ternary fission 28.474 AdArE 5.94E+02
Binary fission 1.865 AdAsp 3.99E+08

120 + —0O— Spontaneous fission
—O— Alpha Decay
281110 12
—4— “C Decay
—— 14N Decay
90 20
—— “"'Ne Decay
—_—
g —— 30Si Decay
o
\t:l 60 —+ 40Ar Decay
E - 40c, Decay
o]
o
-l
30 +
0 -

220 240 260 280
Mass of parent nuclei

Fig.2 Variation of logarithmic half-lives with respect to mass num-
ber of parent nuclei

different decay modes in >*'Ds and branching ratios of dif-
ferent decay modes [21] is tabulated as shown in Table 1.
The comparison of alpha decay half lives with other three
decay half lives shows that alpha decay half lives are having
smaller value compared to others. It is observed from cal-
culation that alpha decay half-life is 1.022 s and spontane-
ous fission logarithmic half-life is 1.865 s. That is half-lives
of alpha decay and spontaneous fission are close (differ-
ence =~ 0.843 s). The decay chains of different decay modes
such as binary, ternary, alpha decay and cluster radioactivity
("*C, 1N, *°Ne, *Si, *°Ar and *’Ca) for **'Ds is as shown

1-Binary Fission
2- Alpha decay
3-"°C Decay
4-"N decay
5—2°NeDecay
6-Si Decay
7-°Ar Decay
8-“Ca Decay
9-Ternary fission

I_09101-1/2

Fig.3 A comparison of logarithmic half-lives among the studied
decay modes (binary, ternary, alpha decay and cluster radioactivity
such as '*C, N, *Ne, 3°Si, “°Ar and *°Ca) for **'Ds

in Fig. 2. This figure enables to identify the decay mode for
each nuclei. The nuclei 2*'Ds undergoes alpha decay with
termination into Hs, Sg, Rf, No, Fm, Cf, Cm, Pu, U, Th, Ra
and so on. We have calculated percentage of yield to identify
the maximum probability of different decay modes. Figure 3
gives the comparison of logarithmic half-lives with respect
to different decay modes and observed minimum logarithmic
half-lives for alpha decay. The detail investigations of loga-
rithmic half-lives, barrier penetrability and decay constant
during the emission of different clusters from 2! Ds is given
in Table 2. The superheavy nuclei is detected through the
energy released during the decay and corresponding decay
chains of the compound nuclei. The energy released dur-
ing the decay is measured by identifying the specific decay
mode. The dominant decay mode is identified by studying
the competition between the different decay modes such as
binary fission, ternary fission, cluster and alpha decay. Thus
the study of competition between the different decay modes
plays important role in the synthesis of superheavy nuclei.

Conclusions

We have systematically studied different decay modes such
as spontaneous, ternary, cluster radioactivity and alpha
decay in 2'Ds. The comparison of different decay half-
lives imparts alpha decay half-lives are smaller than other
decay modes. The detail study of half-lives and branching
ratio results in most dominant decay mode in *®'Ds. The

@ Springer
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Table 2 The characteristics cluster decay during the emission of '>!*C,

14N, 20'22'24Ne, 28’30’32’34Si, 36’38’40’42’44Ar, 40,42,44,46,48Ca from the 281DS

Parent nuclei Emitted cluster Daughter nuclei Q value (MeV) Penetrability P Decay constant 4 T,,(S)
Blpg “He 2TTHs 9.5718 2.54E-22 6.58E—02 1.05E+01
12c 209Rf 33.6990 1.98E-31 1.81E—-10 3.83E+09
l4c 267Rf 34.735 4.55E-30 4.28E—09 1.62E+08
4N 07 ¢ 35.776 5.76E—38 5.58E—17 1.24E+16
Ne 261Em 59.021 9.28E—-35 1.48E—13 4.67E412
22Ne 2%Em 64.297 1.91E-30 3.32E-09 2.08E+08
%Ne 2TEm 69.412 8.08E—27 1.52E—05 4.56E4-04
8si 23Cm 88.702 1.35E-32 3.25E—11 2.13E+10
30si BICm 98.744 1.29E-26 3.44E-05 2.01E+04
325i Cm 104.29 7.45E-23 0.210307 3.29E+00
Hsi XCm 105.382 3.68E—22 2.85E+21 6.59E—01
SAr My 111.711 7.25E-34 2.19E—12 3.16E+11
BAr My 122.924 4.33E-28 1.44E-06 4.80E405
YOAr Xy 129.802 2.21E-24 0.007756 8.92E+01
“Ar 23y 134.808 1.78E—22 0.648832 1.07E4-00
“Ar By 139.99 1.77E-20 67.08587 1.03E-02
40Ca 21Th 122.215 2.93E-34 9.71E~13 7.13E+11
“Ca 29Th 128.995 6.83E-31 2.38E—09 2.90E+08
#Ca Th 135.603 2.8E-28 1.03E-06 6.72E+05
4Ca 25Th 141.55 1.49E-25 0.000572 1.21E403
BCa Z3Th 156.44 6.21E—19 2628.812 2.63E—04

detail study of different decay modes reveals that the alpha
decay leads spontaneous fission process by 0.843 s and it is
also observed with greater probability compared to binary
fission.
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Introduction

Cluster radioactivity of superheavy elements
plays an important role in the identification and
synthesis of superheavy elements. In 1984 Rose
and Jones [1] for the first time observed emission
of “C nucleus from ?*Ra.Warda, et al., [2]
studied cluster radioactivity in heavy and
superheavy nuclei. Zachary Matheson, et al., [3]
studied alpha decay properties and cluster
emission in Z=118. Zhang and Wang [4]
studied cluster radioactivity in the superheavy
region Z=118, 120 and 122. Previous workers
[5-7] studied different decay modes in
superheavy nuclei Z= 122, 124 and 126. Using
unified fission model and preformed cluster
model [8-10] studied cluster radioactivity in
actinides. From the literature studies it is clearly
observed that, the study on cluster radioactivity
in the superheavy region is required for the
synthesis of the superheavy element and also the
possible decay mode for the same. Hence in the
present work we have studied cluster
radioactivity of ?’Al, 3°Ar, °Be, “°Ca, ¥’Ca, “*Ca,
#Ca, %Ca, ¥CI, *He, YK, *K, °Li, Mg, Mg,
2Na, 2Ne, 2Ne, 328, ¥S, 1S, 28Si. 29Si and Si
in the superheavy nuclei Z=124 and also
identified possible decay mode.

Theory:

The total interacting potential is the sum
of coulomb potential, proximity potential and
centrifugal force and it is given as follows;

11+ 1)r?
2uxR?
We have studied the total potential of the

superheavy nuclei Z=124 as explained in
previous work [9]. Using WKB approximation,

()

VR)=Vy (R)+ VL (R)+

we have studied penetration probability and half-
lives of the superheavy element Z=124. The
barrier penetration probability given by

P—exp{—if Zﬂ(VT(r)—Q)dr}

where p is the reduced mass fission fragments of
cluster decay system, R, and R, are the initial
and final turning points. The half-lives of cluster
decay is studied using the relation,

2

In2 In2
., —ln2_n2 &)
A VP
where |, _ 22 _ 2Eu represent assaults frequency
T

and A is the decay constant. E, is the empirical
vibration energy.

Results and discussions:

The amount of energy released during cluster
decay is given by;

O=AM(A4,2)-) AM(4,,Z,) 4

where AM(A,Z) and AM(A;,Z;) are mass excess of
the parent and for (i=1,2) for daughter nuclei and
and cluster nuclei respectively. The amount of
energy released (Q in MeV) of a parent nuclei
against different decay modes are studied using
mass excess values [12]. Where ever
experimental values are not available we have
used the theoretical values available in the
literature [13-15]. We have studied cluster
radioactivity by calculating driving potential,
penetration probability and half-lives in the
superheavy nuclei Z=124. The driving potential
is the diffrence between total potential and the
amount of energy released. The variation of
energy released and logarithemic half-lives with
the mass number of cluster nuclei are as shown
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in figure 1. From the figure it is observed that as
mass number of cluster increases the amount of
energy released and logarithemic half-lives also
increases. The variation logarithemic half-lives
of cluster decay such as (*’Al, 3°Ar, °Be, “’Ca,
42C3, 43Ca’ 44Ca, 46C3, 35C1, 4He, SOK’ 41K, 6Li,
2Mg, Mg, 2Na, 2Ne, 2Ne, 28, S, S, 2si,
2Si and 3°Si ) are shown in figure 2. The figure 2
depicts that the loagrithemic half-lives of 4He is
less compared to all other cluster decay modes.

Fig. 1: The variation of energy released and
logarithemic half-lives with the mass number of
cluster nuclei.

LogT,,(S)
O

> 0oc0-0
E", - (@ . Ooco/cc@
° 100 OO/OOOD
0-C
50 /
o0—=O0

Mass number of cluster (A)

Fig. 2: The variation of logarithemic half-lives
with mass number of parent nuclei.
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Conclusions:

To summarize our work, we have
studied the driving potential, penetration
probability and cluster decay (*’Al, *Ar, °Be,
40C8., 42C8., 43C3., 44C3, 46C8., 35C], 4HG, 39K, 4]K,
6Li, 24Mg, 25Mg, 23Na, ZONG, 22Ne, 328, 338, 34S,

171

28Gi, Si and 3°Si ) half-lives of superheavy
nuclei Z=124. From the study of cluster decay
half-lives, we observed that alpha decay half-
lives are smaller compared to other exotic decay
modes. Hence the SHE Z=124 undergoes alpha
decay only.
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Introduction

In heavy-particle radioactivity, emitted
particles may have atomic number Ze>28 and
ZM™* =7-82. Poenaru and Gherghescu [1]

observed shorter half-lives and a larger
branching ratios for heavy particle emission from
superheavy elements. Nagaraja et al.,[2] also
identified heavy particle radioactivity from
superheavy element Z=126 under modified
generalised liquid drop model formalism. The
logarithmic half-lives of HPR are calculated
using eight different proximity functions, these
are compared to experimental results. The
Coulomb and proximity potential models have
been used [3] to investigate the feasibility of
alpha decay and heavy particle decay from even-
even superheavy nuclei with Z = 116-124. A
comparison of their predicted half lives with that
of empirical formulas shows good agreement.
The Coulomb and proximity potential
models were also used [4] to study cluster
radioactivity of even—even superheavy nuclei
with Z =122-132. Sowmya et al., [5]
investigated the various decay modes of
superheavy nuclei 'Ds. The cluster and alpha
decay half-lives of the superheavy nuclei Z =
120 were studied by Nagaraja et al.,[6]. In the
super-heavy nuclei region “***%122  Cluster
decay of He, Li, Be, Ne, N, Mg, Si, P, S, Cl, Ar,
and Ca isotopes was studied by Manjunatha et
al., [7]. The logarithmic half-lives of cluster
decay were also compared to those of other
models like Univ . NRDX and Horoi. The
systematics of 12C emission in superheavy
nuclei with Z = 104-130 are also studied by
previous researcher [8]. There is a scope to
study the heavy particle radioactivity in the
nuclei with atomic number Z=118. Hence, the
aim of the present work is to study heavy particle
radioactivity in superheavy nuclei *118.

Theoretical Frame work

The half-lives of heavy
radioactivity in the superheavy nuclei
studied using the following equation;
T,~=hIn(2)/T 1)
here T is the decay width and it is evaluated as
follows;

r=[10.4)d0 @

particle
#4118 is

where ,(g,¢) is the partial width of heavy

particle emission. The total width in terms of 6
as follows;

r= J'Om 7(0)sin(9)do ®)

here »(0)=r&t(Q,6,¢)[ is the width of the
heavy particle emitted in the direction of 6. The
penetration  probability is as  follows;

t(Q’g’[):{“eXpE fff)'dwm}* @)

here r,(0) and r3(0) are the turning points and the
total potential v (r,0,¢,Q)is evaluated as explained
in detail in literature [9] using NgO proximity
potential.

Results and Discussions:

The heavy particle radioactivity of a
superheavy heavy nuclei 2118 is determined
by taking sum of repulsive coulomb potential,
attractive nuclear potential and centrifugal
potential. The amount of energy released during
heavy particle radioactivity is evaluated using
recent mass excess values. The possibility of
heavy particle emissions were considered using
the condition that z™" =28 and Z"™* =7 —82

i.e the heavy particle emission from the
superheavy element Z=118 is up to Z=36. The
figure 1 shows the variation of amount of energy
released during heavy particle radioactivity with
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mass number of heavy particle emitted. From
this figure it is observed that as the mass number
of heavy particle increases the Q-values also
increases. Which shows that the Q-values
directly depend on the heavy partlcle emltted

300 o ]
o
/
&
= /\O/Ob
% 260 - Ooﬁoo _
= / L1/
(@4 x©
240 [ -
oooo
O
220 PO —
/
©
T T T T T T
60 65

70 75 80 85
A2

Fig 1: Variation of Q-values during heavy
particle radioactivity with mass number of heavy
particle emitted from the parent nuclei 2#118.
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Fig 2: A plot of logTy, of heavy particle
radioactivity from the parent nuclei 2*118 with
that of mass number of heavy particle emission.

The half-lives evaluated during cluster and
heavy particle radioactivity are plotted as a
function of mass number of cluster and heavy
particle radioactivity and it is presented in figure
2. From this figure it is observed that the heavy
particle emission of ®Kr shows shorter half-lives
when compared to their neighboring ones. This
may be due to the shell closure effects of both
daughter and heavy particle emission i.e
208ph+8Kr  nuclei. Among which the daughter
nuclei is doubly magic nuclei.

Proceedings of the DAE Symp. on Nucl. Phys. 65 (2021)

Conclusions:

The heavy particle radioactivity of
superheavy element 2**118 is studied using
Coulomb and proximity potential model. The
logarithmic  half-lives of heavy particle
radioactivity from “**118 is shorter for *°Kr
emission. The corresponding daughter nuclei is
208ph. Shorter half-lives due to doubly magic
nuclei 2°®®Pb (Z=82, N=126). This study finds an
important role in the identification of decay
mode of superheavy element Z=118.
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ABSTRACT

Using modified generalized liquid drop model, we have studied all possible cluster decay modes of superheavy nuclei

% Mc using different nuclear potentials. The daughter or residual nuclei is having magic nuclei or semi-magic nuclei. The

total potential is evaluated by considering quantum tunneling process. The lower limit of cluster emission is from

Z:’i“ =2 and upper limit of cluster emission considered is Z™ =Z —82 . The studied different nuclear potentials such

as Danisov, AW-91, BW-91 and Bass-73 shows shorter half-lives and larger relative yield for the cluster emission "Ge.

Hence, the possible cluster decay is with the combination “Ge+""Bi.

Keywords: Cluster decay, Quantum tunneling, Superheavy element, Half-lives.

1. INTRODUCTION

As a first attempt to synthesize a transuranic element
heavier than Uranium, a group of Italian scientists led by
Enrico Fermi bombarded uranium nuclei with free
neutrons in 1934. Neptunium was the first such element
to be synthesized, with an atomic number of 93. Since
then, several new elements have been synthesised in the
lab, and their properties have been studied. Hot fusion
reactions with *Ca projectiles produced three new
elements with the atomic numbers 114, 116, and 118.
Denisov and Hofmann [1] investigated shell structure
and nuclear stability of the projectile and target
combination using cold fusion reactions. Brodzinski and
Skalski [2] theoretically predicted fission half-lives of
superheavy element Z=128-148 using microscopic-
macroscopic models. Using preformation cluster model,
Wei and Zhang [3] studied an alpha and cluster
radioactivity in the heavy and superheavy nuclei. To
provide insight into the physics of cold-fusion reactions
leading to the formation of elements at the end of the
periodic system, Takatoshi Ichikawa [4] assumed that
the target and projectile remain spherical during the
collision and that the barrier can be described as a sum
of Coulomb interaction and a short-range nuclear
interaction. The experiments described by Oganessian
[5] were targeted at producing nuclides with Z = 113-

116, 118, and N = 170-177 in the fusion reactions of
heavy isotopes of Pu, Am, Cm and Cf with *Ca
projectiles.  Using the Cubic plus Yukawa Plus
Exponential Model in two sphere approximations and
including parent deformation and parent cluster
deformations  [6], computed the heavy cluster
radioactivity half-lives of some of the set of isotopes of
Superheavy nuclei. The values of the preformation
factors were calculated using the experimental cluster
decay half-lives, assuming that the heavy-ion emission
decay constant equals the product of the assault
frequency, the preformation factor, and the
penetrability. D.N. Poenaru and R.A. Gherghescu [7]
described the analytical superasymmetric fission (ASAF)
model, which is widely used to forecast the half-lives of
heavy and superheavy (Z > 104) elements. For the 26
cluster decays that have already been measured (from
"*C to ***Si of parent nuclides with Z = 87-96.. The
Skyrem-Hartree-Fock ~ method ~ with a  density-
independent contact pairing interaction and the
macroscopic-microscopic approach with an average
Woods-Saxon potential and a monopole pairing
interaction are used by S. Cwiok et al, [8] to investigate
the ground-state properties of the superheavy elements
(SHE) with 108< Z <128 and 150< N< 192. Rafelski et
al., [9] observed that the energy eigenvalues and wave
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functions of atomic electrons bound to superheavy
nuclei diverge dramatically when the electric field
strength is limited. Samanta et al., [10] theoretically
estimated alpha-decay half-lives of 314 heavy and
superheavy elements in the region Z = 102-120 in the
WKB frame work with DDM3Y interaction. Aritomo et
al., [11] applied the Smoluchowski equation to study the
fusion-fission process in heavy systems, with the finite-
range droplet model potential.

Oganessian et al., [12] has explained the nuclear stability
with Z=114 and 184. The Coulomb and proximity
potential models for deformed nuclei (CPPMDN) [13]
are used to compute alpha-decay half-lives. Poenaru et
al,. [14] investigated heavy particle radioactivity with
Z,>28. The UD, UNIV, Horoi, and UDL formulae
were used by Zhang and Wang [15] investigated cluster
radioactivity of 7*118, °120, and **122. Warda et al.,
[16] used a microscopic theory to study the
disintegration in heavier nuclei up to Lv (Z=116).
Using CPPM and CPPMDN [17], alpha-decay half-lives
of SHN Z=122 are theoretically studied. The
macroscopic-microscopic model [18] for the *Ne
emission from “’U is used to calculate the dynamical
path for cluster decay. For superheavy nuclei with
atomic numbers between 104 and 130, Manjunatha et
al., [20] developed a semi-empirical formula for alpha
decay half-lives and cluster decay half-lives and
compared the logarithmic half-lives generated by the
current formula to those obtained from other equations
such as the universal decay law (UDL). Earlier
researchers [20-34] were used different models such as
modified generalized liquid drop model, Coulomb and
proximity potential model, effective liquid drop model
and different decay modes such as alpha, cluster,
proton, beta-decay and spontaneous fission. Literature
survey shows inadequate theoretical studies on cluster
radioactivity of Mascovium (Z=115). Hence in the
present work, we have studied cluster radioactivity of
*"Mc using modified generalized liquid drop model and

various versions of nuclear potential.

2. THEORETICAL FRAMEWORK
The total energy of the system including volume (E, ),

surface (E), Coulomb (E), proximity (Ep ) and
Centrifugal energies (El) are given by;
E=FE,+E,+E.+E, +E, (1)

For compound nuclei, the volume, surface and coulomb

energies are given by

E, =-15.494(1-1.81*)JAMcv )
E, =17.9439(1-2.61°)A> (S /472R2 MV (3)
E.=06¢*(Z IR, Jx05[(V(0)V, XRO)/ R, sn0do  (4)
where I, S, V(6) and V, are with usual notations as

explained in the literature [35]. When the nuclei are far
apart, the equations (2-4) can be expressed as;

E, =-15.494[(1 —I.SIIZ)A1 +(1 —1.8]22)142] MeV (5)
E, =17.9439[(1-2.61))A’” +(1-2.61;)A;"1MeV  (6)
E.=0.6¢°Z) /R +0.6’Z IR, +e°Z,Z, /v (7)
Here 4, is the mass number, Z,is the atomic number, R,
is the radii of the two nuclei and [ is the relative neutron
excess of the two nuclei. The radii R;is determined by;
R =(1.28A° -0.76 +0.8A7"") fm,i=1,2 (8)
In the equation (1) the centrifugal energy E, of the
emitted nuclei is expressed as;
7 Il +1)

E(r)= 2 )

Where 7 = 2£ The @, r and I are the reduced mass,
T

distance between the mass centers of the two nuclei and
angular momentum respectively. The nuclear proximity
function Danisov [36] is defined as;

=]
4 4
J+Gﬂﬂ}i"5}}{l—‘+j) =041132630; 4 1)

i

7 (12198985 s R R, ~26x
y T :_1‘,'\ 0 .1— i i’._ ] =My ™=Ll AJ
P‘ Rj‘i'R_‘U s

] (10)
where the effective nuclear radius is expressed as;

11.65415 0.-4A,
R; = Rip(]—R )+ ].28458{1,— - L i=1.2) (11

i A; +200

i

where R is studied using the relation;

27, ; N;: —Z:
R,-p=1-24430[1+1'Z46—0.19{A’ AZZ,]] w1thli: =2 (12)

i i 12

The universal function is expressed as;

1-5/0788166 3412092185 2~ 020340775 2 - 010387685 *
RR,

{o1sagass 2-00mmion s |+, +1, 0040645 87+ 0036870 8* | for-565 <50 (13)
1 2 A

1-5%) 0310108 B ﬂ
R, L L0 |
(s )

S .
—_— - for$20
1oue | ™| 7 | o

—0539542 (1, +1,Jem| -

where s =r—R, —R, —2.65 is the separation between
the two nuclei. Similarly, the nuclear potentials are
evaluated using different potentials such as Bass73, AW-
91 and BW-91 were studied as explained in detail in
reference [37].

The barrier penetration probability is expressed as;

P= exp[—% ]-m\/2B(r)(E(r) — E(sphere)] (14)
Rlll
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Where R, = R, +R, and B(r)=u is the reduced mass and

R, = eZZdZa /Qa . The decay half-life is defined as;
h2 In2
L )
0

here Vv, is the assault frequency and whose value is

10°S" and P is the barrier penetration probability
evaluated using the equation (14).

3. RESULTS AND DISCUSSION

The total potential is evaluated for different possible
cluster emissions from the superheavy nuclei *Mc using
the theory explained in the section II.

The Fig. 1 gives the plots of scattering potential versus
mass number of cluster emission A, in from the
superheavy nuclei *Mc using different proximity
functions such as Denisov, BW91, AW91 and Bass73.
The variation of scattering potential is minimum for the
cluster = radioactivity —of *Be+ ng, **O+""'Bh,

IP42Em #Cat P Am, 50Ti+237Np, “Ni+2Fr, “Ge
+°UBi using different proximity potentials with the mass
number of one of the fragments for *’Mc is observed.
Scattering potential is highest for the cluster P+*Fm
and it is lowest for the clusters with magic numbers that
is "Be+ ng and "*Ge+’"Bi. The graphical represen-
tation of scattering potential is useful to analyze the half-
life values for the emitted clusters.

The variation of penetration probability with the mass
number of one of the fragments for *Mc for different
proximity functions is shown in Fig. 2. From this Fig. it
is found that penetration probability is inversely
proportional to logarithmic half lives for the emitted
clusters. Penetration probability is small for the emitted
cluster *'P+"*Fm and high for the cluster “Ge+’"Bi
for all the proximity functions. Similar variation will be
found for decay constant for all the emitted clusters and
it is presented in Fig. 3.
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Fig. 1: The scattering potentials as a function of the mass number of one of the fragments for B"Mc for

different proximity functions
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Fig. 2: The penetration probability as a function of the mass number of one of the fragments for ®*"Mc

for different proximity functions.
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The variation of logarithmic half-lives with the mass
"Mc for different
proximity functions is shown in Fig. 4. From this

number of one of the fragments for ®

variation it is found that logarithmic half-life is more for

the cluster *'P+”*Fm and small for the cluster
"Ge+"Bi for all the proximity functions. These results
are due to the presence of magic nuclei in the daughter
nuclei.

T
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Fig. 3: The decay constant as a function of the mass number of one of the fragments for P"Mc for

different proximity functions
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Fig. 4: The logarithmic half-lives as a function of the mass number of one of the fragments for 2"Mc for

different proximity functions.

4. CONCLUSION

The cluster radioactivity of all cluster emissions were
investigated using MGLDM and different nuclear
potentials in superheavy nuclei Mc. The studied
different nuclear potentials such as Danisov, AW-91,
BW-91 and Bass-73 shows shorter half-lives and larger
relative yield for the cluster emission "“Ge. The
logarithmic half-lives corresponding to daughter nuclei
7=83 shows shorter half-lives and larger relative yield
when compared to other different combinations
studied. Hence, the possible cluster decay is with the
74Ge+213Bi.
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