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ABSTRACT

The nuclei belonging to the heavy mass region are highly radioactive and may undergo
different binary decay modes such as « decay, cluster radioactivity (CR), heavy particle
radioactivity (HPR) and the spontaneous fission (SF). A radioactive nucleus may opt any
of these decay modes and the disintegration process depends on different factors such as
the shell effect, shape, size, deformation etc. In addition of these decay modes there exist
a probability of three fragment emission, and the process is termed as ternary decay. The
primary objectives of this work is to make a comparative analysis of different binary decay
modes (a-decay, CR, HPR and SF), identification of the binary fission fragments and their
comparison with the ternary fission fragments. In the present work, the binary decay anal-
ysis is carried out using preformed cluster model (PCM) and three cluster model (TCM) is
employed to study ternary decay mechanism. The comparison of the binary decay modes is
made using the fragmentation potential, preformation probability (F), penetration proba-
bility (P) and the assault frequency (v). Similarly, the ternary fission analysis is carried out
for the light and heavy third fragment accompanied fission modes. In view of the above, the
present work is divided into eight chapters, and their brief description is given below:

In Chapter 1, historical background of the radioactivity and its importance in the mod-
ern time is described. The general radioactive decay modes such as a-decay,3-decay and
gamma radiation emission are explained. In addition to this, other observed ground state
decay modes such as the cluster radioactivity (CR), heavy particle radioactivity (HPR) and
spontaneous fission (SF) are illustrated. After the exploration of the binary decay mecha-
nisms, types of ternary decay mechanism and corresponding experimental and theoretical
background is outlined. At the end of the chapter, the motivation of the present work and
organisation of thesis is outlined.

In Chapter 2, the methodology adopted for the binary and ternary decay analysis is briefly
discussed. First of all, the quantum mechanical fragmentation theory (QMFT) and related
terms have been explained. After this, the QMFT based preformed cluster model (PCM)

and three cluster model (TCM ) are explained. In PCM, the fragmentation potential is

i



1l

calculated, which in turn used for the identification of the most probable fission fragments.
This potential is further used to calculate the preformation probability (F,) of the decaying
fragments. In addition to this, the penetration probability (P) of the probable decay channel
is calculated as three step process using W.K.B. approximation. The classical and quantum
mechanical view of the assault frequency (v) is explained. Using the preformation probabil-
ity (Py), penetration probability (P) and the assault frequency (v), the decay constant and
decay half-lives are calculated. In TCM, two kind of geometrical arrangement (i.e. ECT
and CCT) of three fragments are illustrated. The three body fragmentation potential is
described where third fragment of the outgoing channel is kept fixed. The barrier pene-
tration probability is calculated with respect to the surface separation of three fragments.
The calculated penetrability further is uesed further to calculate the relative yield of the
fragment combinations.

In Chapter 3, a comprehensive study of the alpha particle emergence from *8-218P¢ iso-
topes is carried out within the framework of the preformed cluster model (PCM). The
barrier characteristics are studied using two choices of radii ( with surface diffuseness (C;)
and without surface diffuseness(R;)). The « decay is found to be most prominent decay
mode in the chosen set of isotopes. The preformation and penetrative probability of the
decay fragments is studied with respect to increase in the neutron number of the parent
nucleus. The alpha decay half lives of Polonium are calculated using classical assault fre-
quency (v.) and quantum mechanical assault frequency (v,) and a comparison is made with
the experimental data. Further, the alpha decay half-lives of the 87220 Rn isotopes are
calculated using effective assault frequency (v,) parameter and a comparison is made with
the available experimental data.

In Chapter 4, the binary decay analysis of the 2°*Es radioactive nucleus is carried out
using PCM. A comparative study of all probable radioactive decay modes such as a-decay,
CR, HPR and SF etc. is carried outin terms of the fragmentation potential, preformation
probability (FP) and penetration probability (P). The fragmentation structure is explored
using two kind of nuclear potentials , i.e., Yukawa plus exponential and proximity poten-
tial. The structure of the fragmentation potential and the location of potential minima are
found to be independent of the choice of nuclear potential. The decaying fragments and
their complementary fragments are found to lie near the shell closure. The decay half-lives

(T1/2) are calculated for all decay modes by the optimization of the neck length parameter
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AR. The calculated half-lives of o decay and spontaneous fission find nice agreement with
the experimental data. Also, the half-lives are predicted for cluster and heavy particle ra-
dioactivity, for which experimental verification would be of further interest.

In Chapter 5, the role of deformation and orientation in the spontaneous fission (SF) is
explored using PCM. The SF analysis of even mass 2*27260Fm isotopes is carried out and the
mass distributions is explored. The deformation effects are included upto the quadrupole (5,
) deformed nuclei with optimum orientations (87") leading to hot-compact (side-to-side) and
cold-elongated (tip-to-tip) configurations. The spherical and hot-compact deformed config-
urations of decay fragments result in the symmetric fragment mass distributions for Fm
isotopes; however, the symmetric peak gets sharper with an increase in the neutron (N)
number of the parent nucleus. In the case of cold orientations, a transition from two-peaked
(asymmetric fission) to three-peaked (multimodal fission) mass distribution is observed with
an increase in the mass number of Fm isotopes. The SF half-lives (Tff;) are calculated using
the neck-length parameter (AR) for ?427260Fm isotopes and compared with the experimental
data. Besides this, the induced fission of Fm isotopes is also studied within the dynamical
cluster-decay model. The energy dependence of fission fragment mass distributions and the
isotopic dependence is analyzed at energy range E* = 5-42 MeV. In addition, the role of
temperature-dependent deformations is also explored in the preview of the fission dynamics.
In Chapter 6, Light charge particle accompanied fission (ternary fission ) mode of the ?*3Es
nucleus is explored using three cluster model (TCM). The calculations are performed using
two kinds of nuclear potentials i.e. Yukawa plus exponential and proximity potential. The
fragmentation structure is used for the identification of most probable fission fragment. The
decay probability of the probable fission fragments seems relatively higher in case of the
proximity potential. A comparison of the barrier characteristics for both nuclear potentials
is made. In addition to this, comparison of the binary and ternary fission fragments is also
carried out. The mass distribution for both kind of decay modes (binary and ternary ) is
studied and it is observed that the contribution of relative yield is higher in case of binary
fission as compared to ternary fission. Further, the role of shell effects is analyzed in binary

as well as ternary decay channel.

In Chapter 7, the ternary fission analysis of two Fm isotopes nuclei having atomic mass
Ap = 242 and 258 is carried out using TCM. First, the choice of third fragment (Aj3) is fixed

by minimizing the probable Az fragments having different proton neutron configurations.




A%

Further, the fission fragment combinations (A4; + Ay + Aj) are identified for the fixed third
fragments by selecting the channel of lower ternary fragmentation potential and higher
relative fission yield. Two type of tripartition of radioactive nuclei is considered, equatorial
cluster tripartition (ECT) and collinear cluster tripartition (CCT). A comparative analysis of
ternary fragmentation potential and relative fission yield within ECT and CCT geometrical
arrangement is carried out for different choices of third fragment, i.e., A3 = 1 to Ap/3. The
choice of most probable fragments suggest that the proton and neutron magic shell closures
play essential role in the ternary mass division. Finally, a relative analysis of binary and
ternary fragmentation is worked out for better insight of the dynamics involved.

In the last chapter of the thesis Summary, the results related to the binary and ternary
decay mechanisms are briefly summarized and the future scope of the present work is briefly

outlined.
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Chapter 1

INTRODUCTION

“Have no fear of perfection : you will never reach it. ”

- Marie curie

1.1 An Overview

In modern times, human being is surrounded by numerous inventions and each of them acts
as an initiator for the advancement of technology. An idiom has been in use for centuries
i.e. “Necessity is the mother of invention”, which means human necessities arise from time
to time and attempts are made to achieve them by ethically acceptable means. The inven-
tions act as an ingredient to convert the earth into a better place full of ease and comfort.
Generally, it is observed that inventions are made when some new and unique observations
are encountered. A simple and common observation may inaugurate a new field of science
which may further help to solve different intricacies and earlier reported failures. The well
known observation of Issac Newton i.e. falling of a apple from tree, triggered the idea of
the gravitational force which holds the objects on the earth’s surface and also keeps the
planets in a particular orbit around the earth. Such an ordinary observation gave birth to
the theory of gravitation which is being used by the scientists for the satellite launching,
mass determination of the planets etc. Similarly, an accidental observation was made by
Henri Becquerel in 1896, where excretion of some strange radiation were registered on the
photographic plate [1]. The source of this radiation was found to be the Uranium salt.
Initially, Becquerel expected that these radiations will exhibit same behavior as that of the
X-rays, but his further observations clarified that they are distinct from X-rays. After the

observation of these rays, Marie and Pierre Curie further identified three additional elements
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i.e. Polonium, Thorium and Radium which exhibit same kind of radiations and consequently
a new phenomenon called "Radioactivity" was introduced. This discovery gave a new path
to nuclear scientists to explore the reason of the emission of such kind of radiation from
radioactive elements. Numerous proposals were provided in support of the obtained results.
In the queue of such proposals, Frederick Soddy and Ernest Rutherford gave the disintegra-
tion postulate, that the source of these distinct radiation is basically a radioactive element.
According to them, the radiation is produced due to a disintegration process which gives
birth to a new element as end product. Initially, two radioactive series were proposed by
Soddy and Rutherford, where both of the series initiate from Uranium (U) and Thorium
(Th) element and terminate with Lead (Pb) as end product (***Pb, a doubly magic nucleus).
After the idea of the radioactive disintegration, Frederick Soddy introduced the "isotopes"
i.e. the atoms which are chemically identical but have different atomic weight. The identifi-
cation of such isotopes was quite useful for the understanding of the formation of Radiation.
The isotopes can be categorised in two forms i.e. stable isotopes and unstable isotopes. The
stability factor depends on various properties associated with the atomic nucleus. The ratio
of number of protons to the number of neutrons, the atomic number, the mass number and
the deformation etc. The unstable isotopes are the radioisotopes which can be produced
naturally or due to the result of artificial modification of the atom. One example of the
natural radioisotope is the Uranium, as 99.3 percent of the naturally obtained uranium is
U-238 and the other isotopes are less stable. An unstable atom gets stabilized by emission
of some mass, energy or the radiation. Generally, the radioactive emission includes the
emission of the alpha particle, beta particle and gamma radiations. The alpha particle is
basically a helium nucleus having two proton, two neutrons composition and is considered
as smallest stable nucleus. The alpha decay was observed initially by Ernest Rutherford,
where the radiation was deflected by the magnetic field. Further, the theoretical description
of the emergence of alpha particle was given by Gamow, where alpha particle is considered
in a trapped state within the nucleus. The radioactive nucleus may also disintegrate via beta
(B) particle emission. Beta decay is the radioactive mode where a proton within the nucleus
can be altered into a neutron and vice-versa. These changes within the nucleus happen
due to emission of beta particle, when the proton to neutron conversion takes place then
the process is called f+ decay and for neutron to proton conversion, - emission process

takes place. The third type of emission is the gamma decay, where the excess energy of the
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radioactive nucleus is emitted mostly in terms of electromagnetic energy. Hence, the above
mentioned three decay modes are the modes chosen by the unstable isotopes to attain a

stable configuration.

In spite of above mentioned decay modes, there are some exotic radioactive decay modes
such as Cluster radioactivity (CR), heavy particle radioactivity (HPR) and the spontaneous
fission(SF) [2-4,6, 22| etc. The radioactive emission mode where the emitted fragment is
heavier than the alpha particle is called the cluster radioactivity [7-9]. Till now, different
clusters have been examined theoretically as well as experimentally. The other decay mode
where the emitted fragment is heavier than the cluster is known as heavy particle radioac-
tivity and the phenomena was introduced theoretically by D. N. Poenaru et al. [10,11], an
experimental verification is still awaited. Another emission mode where the emitted frag-
ments have comparable size is known as the spontaneous fission [12]. In addition to these
usual binary decay mechanisms, there is a probability of emission of three fragments from
the radioactive nucleus and the process is termed as ternary fission [13]. Ternary fission
is relatively complex phenomenon which is mainly observed in the heavy and super-heavy
mass region. The probability of binary or ternary emission increases when one move to-
wards heavy or super-heavy mass region. A brief description of different radioactive decay

mechanisms is given below.

1.2 Radioactive Decay

The disintegration phenomena in which an unstable radioactive nucleus proceeds to approach
a stable configuration via emission of mass, radiation or energy is known as radioactive decay
or radioactivity. The radioactivity can be expressed in terms of the unit Becquerel, which is
equivalent to one disintegration per second. The time interval taken by a radioactive nucleus
to decay fifty percent of its initial mass is called half-life (7% /). This T}/, value is different
for different radioactive elements. The process of radioactive disintegration mainly depends
on the decay half-life of the nucleus and the process may proceed in form of a chain process,
where a radioactive nucleus dissociates and attains number of configurations. Such kind of
radioactive decay chain keeps operating until a stable configuration is achieved. Most of the

time such kind of decay chains are observed in the actinides, for example, a decay chain is
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Figure 1.1: A schematic representation of radioactive decay chain initiates from 23U nucleus
and terminates at *°°Pb nucleus [14].

observed in 238U nucleus and it undergo several disintegrations as shown in Fig.1.1. It can
be noted that 2*U undergo different platform via emission of the alpha («) particle, or beta
() particles and finally the disintegration process terminates at stable lead (Pb) isotope. In
such decay chains, formation of different nuclei takes place and the process acts as a natural
production platform. The radioactive decay modes can be classified on the basis of mass and
type of emitted fragments as shown in fig.1.2. The emission mode where the unstable parent
nucleus splits into two fragments is known as binary decay mechanism and emission of three
fragments is termed as ternary decay. The binary decay mechanism include a-decay, CR,
HPR and SF. The ternary decay is a rare and complex emission mode where three fragment
emission takes place and can be classified on the basis of the size of the third fragment.
The three body decay mode where the third fragment is very light as compared to the two
complementary decaying fragments is known as light charge particle (LCP) accompanied
fission [15]. The decay mode where all the three fragments are of comparable size is known
as true ternary decay process [16]. A brief analysis of binary and ternary decays is described

below :
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Figure 1.2: A schematic representation of various ground state decay mechanism evolved
via binary and ternary decay path.

1.3 Binary decay

The radioactive splitting of the parent nucleus in two fragments is termed as binary decay.
The binary decay is a common process and well known emission mode of the nuclei belonging
to the periodic table. The probability of the binary emission is quite high as compared to
multi-fragmentation processes. The most common experimental and theoretical observed
binary decay modes are alpha (a) decay, CR, HPR and the SF. The a-decay is the process
where a *He nucleus is emitted along with complementary fragment. When the emitted
fragment lies in between the fission and alpha decay, the process is termed as cluster decay.
In few theoretical descriptions, there is a probability of emission of fragments much heavier
than cluster but lighter in comparison to the fission fragments, this process is termed as
heavy particle radioactivity (HPR). Another possibility where decaying fragments are of
comparable size is known as spontaneous fission (SF). In general, the most probable decay

channel (anyone of the above mentioned mode) rely on the binding energy of nuclei and also
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on the potentials acquire by the respective decay mode. In the present work an attempt is
made to do a comparative analysis of such decay modes. The relevant explanation of these

decay modes is given below:

1.3.1 Alpha decay

Alpha decay is the most observed radioactive decay mode where the radioactive nucleus dis-
integrates itself via emission of *He nucleus. Alpha disintegration was introduced by Ernest
Rutherford, where these particles were treated as ionized helium atoms. After this descrip-
tion, George Gammow explained the o decay phenomenon as a tunneling effect, where alpha
particle penetrates through a potential barrier. In the quantum mechanical description, al-
pha particle is considered as an independent cluster within the nucleus, that moves with a
constant motion. The « particle holds within the core of the nucleus due to the interaction
potential and also have a non-zero probability of penetration through the repulsive Coulomb
barrier. The lower value of the penetration probability leads to higher value of decay half-
life. Most of the time, alpha decay mode is observed as a common decay approach, and has
higher decay probability as compared to other ground state decay channels (such as CR,
HPR and SF etc.). Further, a decay also works as a decisive factor for the stability analysis
of the nuclei belonging to heavy and superheavy mass regions. In nuclear chart, the alpha
emission is mainly observed in the range Pb isotopes to the superheavy element Oganesson
(Z=118) [17-23]. Additionally, few experimental attempts explored the continuous emission
of the alpha particles near Z=50 [24]. The « decay chains are also observed in the super-
heavy mass region, where successive o emission happens and the process terminates with
the spontaneous fission. Hence, alpha decay plays and important role in exploring the decay
dynamics and the associated stability features of various nuclear systems.

Numerous experimental and theoretical attempts were performed to understand the radioac-
tive emergence of the « particle [3,25-32,34-38]. Recently, experimental attempt [39] was
made to study the isotopic behaviour of Ac isotopes during alpha particle emission and
related alpha decay half-lives and decay energies were calculated. The odd-even staggering
(ODE) is observed in the calculated a decay half-lives and given that the decay energies
and the preformation factors play a crucial role in the staggering phenomenon. Another ex-

perimental attempt was made by Ognessian et al. [40] where o decay chains from 293294117
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and 274118 were observed, which eventually terminate via SF. In addition to this, some the-
oretical models are developed using different assumptions. The analytical superasymmetric
fission model (ASAFM) was introduced by Poenaru et al. [41] where the decay half-lives are
calculated using prescission and postscission stages. Using ASAFM the decay properties of
124 nuclei ( which exhibit « decay experimentally) are studied and calculated outcomes are
in accord with the experiment data [41]. The generalized liquid drop model (GLDM) [42]
was also given where the macroscopic liquid drop energies play a key role to explore different
decay properties associated with the « disintegration. GLDM is also employed in ref. [43],
to study the alpha decay mechanism of 68 superheavy nuclei and the alpha decay half lives
of 2927288 pf 212310 p] - 286-316119 and 2927318120 isotopes is extrapolated using Q-values
obtained via WS4 and FRDM. Similarly, the preformed cluster model(PCM) is introduced,
where « cluster is considered in a preformed state in the parent nucleus and the preformation
yield is calculated using Schrodinger’s equation i.e. based on mass-asymmetry dependent
coordinate. Recently, PCM is employed [44] to study the a decay of Po and Rn isotopes
using classical and quantum assault frequency and obtained outcomes are compared with
the available experimental data. The «a cluster is considered the lightest cluster mode as
compared to other ground state decay mechanisms (i.e. CR, HPR and SF ). The explanation

of such mechanism is given in next subsections.

1.3.2 Cluster Radioactivity

In spite of the mostly observed a decay mode, another mode which is well established on
theoretical and experimental platform is the cluster radioactivity (fragment heavier than
the « particle). The process of emergence of the cluster from a radioactive parent nucleus is
known as cluster radioactivity (CR). The first theoretical observation of the CR was made
by Sandulescu et al. [45] using the fragmentation theory and this mode acts like a connector
between the o decay and the spontaneous fission (SF). After the theoretical establishment,
CR mode was experimentally explored by Rose and Jones [46], where *C' was registered as a
decaying fragment from ??*Ra nucleus. Similarly, different clusters of mass range A,—14-34
(1C,2°0,2F *'Ne,*Ne, 2Mg,**Mg,32Si,3*Si etc.) were detected experimentally [47]. Addi-
tionally, clusters lighter than “C, i.e. "Be and heavier than 31Si ( i.e.,%Ar and *®Ca ) are

also predicted in various theoretical attempts.
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Different theoretical models are developed for the analysis of the cluster emergence from a
radioactive parent nucleus. In some attempts like Unified fission model (UFM), the cluster
is supposed to be in overlap region and the behaviour of the scattering potential is consid-
ered to be uniform throughout the overlapping region (beyond touching state ). The decay
half-lives are calculated by studying the overlapping region and the penetrating region [48].
In other view, cluster is supposed to be in a preformed state and the decay half -lives are
calculated using the preformation probability and the barrier penetration probability. This
approach is used in the preformed cluster model (PCM). PCM successfully explored the
CR decay modes, for example one may see [49-51]. The results obtained are found in nice
agreement with the experimental data. Till now, the cluster radioactivity mostly observed
in the heavy mass region (Up to 2*2Cf nucleus), but few theoretical attempts triggered that
there is possibility of CR in heavy actinides and super-heavy mass region. Recently, the
prediction of cluster decay from ?*>Es nucleus is made [52] using PCM and the decay half-
life of respective decay mode is calculated. The calculated results are compared with the
Cubic plus Yukawa plus exponential model (CYEM) [56]. The relevant discussion of this
work is made in chapter 4 of the present thesis. The other radioactive decay mode where the
emitted fragments having size/mass heavier than the cluster is observed, termed as heavy

particle radioactivity (HPR) and explained in the next section.

1.3.3 Heavy Particle radioactivity

In addition to the cluster radioactivity ( Ay=14-34 ), prediction of another radioactive
decay mode was made by D. N. Poenaru et al. [10, 11|, which is known as heavy particle
radioactivity (HPR). The theoretical predictions of HPR is made using ASAFM model,
where the emitted fragment have mass heavier than usual cluster decay. In this analysis,
first of all the decay half-lives for o decay and “C' emission from ??2Ra is calculated and the
obtained outcomes are found in accordance with experimental reference [47]. The calculated
half lives for both decay modes is shorter as compared to other competing clusters ( ®Be,
1230 15N and '60). When similar analysis is made for ?®®114, « particle and ®°Ge cluster
are registered with shorter half-lives as compared with other probable clusters [47]. In
addition to this, clusters with Z>28 seem more probable along with alpha particle, and the

process operated in heavy/super heavy mass region. Moreover, for Z=104-124, calculated
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half-lives for HPR gives larger branching ratio [10,11| as compared to the « decay for heavier
Super heavy nuclei. After the establishment of the HPR using ASAFM, the possibility of the
heavy cluster emission (HPR) from 27113, 27289115 and 2932117 nuclei are studied using
the preformed cluster model [53]. The decay half-lives are calculated for the probable heavy
clusters suggested by the fragmentation structure. It is concluded that the deformation
effects and the choice of the proximity potential play a crucial role in the clusterization
process of the super heavy nuclei. Recently, generalized liquid drop model (GLDM) and
2001 formula [55] is employed by G. royer et al. [54] for the HPR analysis in the super
heavy nuclei. The observed decay half-lives are found to be comparable with the alpha
decay half-lives. In this calculation, 6=8°Zn, 8Ga,"™-Cu, %™ Ni are observed as most
probable clusters and their corresponding complementary fragments lie nearby 2% Pb nucleus.
Recently, the prediction of heavy particle radioactivity from ?*Es nucleus is made [52| using
PCM and the decay half-life of respective decay modes is calculated. The relevant discussion
is made in chapter 4 of the present thesis. The other probable decay mode after the HPR

is the spontaneous fission which is explained in the next section.

1.3.4 Spontaneous Fission

The radioactive decay mode where the emitted fragments are of comparable size is known as
spontaneous fission (SF). This decay mechanism was first time observed by Georgy Flerov
in 1940 [4] on ?*®U isotope. After the establishment of this mechanism numerous exper-
iments were performed and it was observed that numerous nuclei may undergoes the SF
process. In nuclear chart, SF mechanism is observed mostly in heavy mass region (A >
230). Different theoretical models are incorporated using various assumptions and many
hidden phenomena are explored related to SF dynamics. Initially, the analysis have been
made using liquid drop model (LDM) and concluded that the SF probability increases with
increase in fissility parameter (Z2/A) of the parent nucleus. The variation of the calculated
LogT1 j2(yr) with the liquid drop model fissility parameter is shown in figure 1.3. It can be
noted from the figure that the experimentally observed spontaneous fission probability in-
creases with respect to increase in fissility parameter. In other view, the o decay chains are

observed in super heavy mass region and the process terminates with the spontaneous fission.
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Figure 1.3: Variation of the spontaneous fission LogT} /»(yr) as with respect to the fissility
parameter of liquid drop model taken from [57]. All of these nuclei taken are the
cases for which experimental observation of SF is obtained till now. The curves
in the figure represents the even-even isotopes of several elements.
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Randrup et al. [59] studied the SF dynamics for the doubly even nuclei with Z> 92 using
semi-classical WKB approach. In this work, effect of the axial symmetry and the reflection
symmetry are included, which give decent inputs for the estimation of decay half-lives. In
spite of the symmetry effects a multidimensional deformation space is included in ref [60]
to explore the SF' dynamics. Using this approach the decay half-lives of Z=102 and 104
is calculated, and concluded that the Sf half-life (Tsr) is shorter than alpha decay half-life
(T,). Additionally, calculated Tsr ~ T, for a large number of isotopes (N=154-164). The
generalized liquid drop model (GLDM) is employed in ref [61] to study the SF dynamics
for nuclei Z=92-114, and calculated results are in accordance with experimental reference.
The GLDM is further used to predict the Tsp for Z=114-120. The unified fission model
(UFM) [62] is also used to calculate the Tsp and T, for the nuclei belonging to super-heavy
region, where microscopic shell correction and isospin effect based relations are proposed to
calculate the decay half-lives. A competition between both decay modes (a and SF) is made
using the calculated results and the decay half-lives are predicted for different unexplored
nuclei [62]. In addition to this, role of preformation factor in SF mode is explored in ref [63]
using the preformed cluster model (PCM). The mass distribution of nuclei is explored with
respect to increase in N/Z ratio and asymmetric to symmetric transition is observed. The
most probable fission fragments are identified using the potential energy surfaces and calcu-
lated T is in accordance with the experimental results [64]. The PCM is further employed
to study the SF dynamics of Fm isotopes by incorporating deformation and orientation ef-
fects [65]. In this work, transition from two peaked (asymmetric) to three peaked (Bimodal)
Mass distribution is observed in case of the cold orientations. The relevant discussion is
made in chapter 5 of the present thesis. In spite of these binary splitting modes there is a

possibility of emission of three fragments, which is explained in the next section.

1.4 Ternary Decay

Generally, the radioactive decay modes comprise of emission of two fragments, but there
is a complex and rare process where the radioactive parent nucleus may split into three
fragments and the emission mode is known as ternary decay. First time, the experimental

observation of the ternary decay was made by Alvarez et al [66], where alpha particle per
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250 fission fragments was detected by irradiation of slow neutrons on 2*°U nucleus. The
three fragment emission is probable on both ground state as well as excited state. Different
attempts were made to explore the ternary decay mechanism and the related dynamics. The
terms related to the liquid drop model (LDM) have been employed by Swiatecki et al. [67],
and given that the nuclei that lie in range 30.5 < Z2? /A < 43.3 are more favourable for ternary
fission. Most of the nuclei in this range belong to the heavy and superheavy mass region.
Additionally, the fragmentation analysis (for ternary fission) of the decaying fragments was
made by Poenaru et al. [68], and given that the main reason for three fragment emission is
the is the proton or neutron shell closure associated with the decaying fragments. Further,
the shape analysis of the nucleus during ternary fission was made in ref [69] and concluded
that elongated configurations with two or three necks are more probable for the nuclei be-
longing to the heavy or superheavy region. Overall analysis of such attempts reveal that the
probability of the binary or ternary fission events increases as one approaches towards the
heavy mass region. Ternary fission can be classified on the basis of emission of the size of
the third fragment. The decay mechanism where the third fragment is lighter as compared
to other two fission fragments is known as light charge particle (LCP) accompanied decay
and for heavy third fragment the mechanism is called true ternary decay. The description

of these decay mechanisms is given below :

1.4.1 Light particle accompanied decay

The ternary decay mechanism where the third fragment is lighter as compared to other two
decaying fragments is known as light particle accompanied decay [?,70,71,73]. The third
fragment in LCP decay mode may be a proton, Triton or an alpha particle. In general, «
particle is registered mostly as third fragment in LCP decay mode in theoretical or exper-
imental attempts. In heavy mass region, long range « particle are detected experimentally
in the spontaneous fission of Pu, Cm and Cf isotopes [74-76]. It is concluded in these refer-
ences that the emission probabilities of the a particle increases with increase in the fissility
parameter. An experimental attempt was made to study long range « particle in sponta-
neous fission of 22C' f |77| nucleus and it was suggested that the fission fragments energy

-ratio distribution have great similarity for the binary and ternary splitting of a nucleus.
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Additionally, dynamical model [78] was introduced to study the LCP formation process as a
result of two random neck ruptures during the time interval about one single-particle period.
Using this analysis new semi-classical expressions are given which are employed further to
calculate the LCP yields and relative ternary fission probability. Similarly, three cluster
model (TCM) [79-82] is given where the third fragment is kept fixed and the probable de-
caying fragments are identified by calculating the three body fragmentation potential. The
TCM calculated observations are in accordance with the experimental reference [83,84]. In
chapter 6 of the present thesis, the LCP mode of 2°*Es nucleus is studied using two kind
of nuclear potentials i.e. Yukawa-plus and exponential and the proximity potentials, and
the role of the shell closure in the most probable fission fragments is explored. In addition
to the LCP mode, there is also a probability of true ternary fission (TTF) events where all
three fission partners are of comparable masses. The explanation of the true ternary decay

mechanism is given in the next section.

1.4.2 True ternary decay

In-spite of light third fragment (LCP mode), there is emission possibility of heavy third
fragment along with two fission fragments and the respective decay mode is known as true
ternary decay [85-89]. The experimental evidence for TTF was given by Mega et al. [90-92].
The mass of the light fragment in this experimental attempt is 30 < A < 70 and the yield
per binary fission is of the order of 1075 and 10~ for few nuclei belonging to the heavy mass
region. Similarly, an experimental attempt was made to study decay mechanism of U236
nucleus and yield of mass 87 < A < 60 is observed. Theoretical attempt was made by Greiner
et al. [93], and concluded that heavy third fragment is more probable in case of superheavy
nuclei. The main reason for such emission is shell closure effect and most probable two
doubly magic Sn like structures. Similarly, the potential energy surfaces for TTF of 26U
and ?*2C'f nucleus are explored in ref. [94] assuming pre-scission stage of three fragments
arranged in a collinear state. The obtained minima in the PES give Ca, Fe, Ni, Ge and Se
isotopes as probable heavy third fragments and lie nearby proton or neutron shell closures.
This collinear arrangement is known as collinear cluster tripartition (CCT) and experimental
attempt to observe this mode is made in ref [95], where two detectors are aligned at relative

angle of 180°. Two fragments of CCT mode are detected using the detectors and the third
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fragment is obtained using missing mass method [95]. Different attempts were made to
address the CCT mechanism using different formalisms. CCT mechanism is also considered
as a sequential mechanism [96] which has a very short time between the ruptures of two
necks, that makes a link between the middle fragment of the decay channel. In the first step,
lower pre-scission barrier is produced and the heavier fragment decay happens in the next
step. Additionally, the kinetic energy of the decaying fragments of the channel is calculated
and the energy of the middle fragment is relatively low [97]. The theoretical investigation
of the true ternary decay in the super-heavy nuclei was made by Zagrebaev et al. [98|, and
observed that the emission probability in the chosen region is high due to strong shell effects.
In chapter 7 of the present thesis, the possible geometrical arrangement for true ternary decay
mechanism is identified using the QMFT-based formalism. The collinear cluster tripartition
(CCT) seems a suitable geometrical arrangement for both light and heavy third fragments.
In the present work, an analysis of the LCP and true ternary decay mechanism is done using

QMFT based approach, and the objectives of the work are outlined in the next section.

1.5 Motivation of the work

In present work, the nuclei belonging to heavy mass region of the nuclear chart are of in-
terest, because most of them may proceed via any of the ground state decay modes (alpha
decay, CR, HPR and SF etc.). One of the interesting property of such nuclei is that they
can decay via one or multiple channels of the above mentioned decay modes. It will be of
interest to make a comparative analysis of these decay modes using different parameters
such as decay constant, preformation probability and barrier penetrability etc. For such
analysis PCM is used where these radioactive decay modes are treated on parallel footing.
In all these decay modes, a decay is the most observed decay mode. Hence, initially, «
decay analysis is done using the diffuseness parameter and the role of neutron shell closure
effects in « disintegration is explore. The alpha decay half-lives are calculated, which fur-
ther depend on preformation probability, penetration probability and assault frequency etc.
Role of these quantities is explored in view of alpha decay process. This work motivates me
to study further heavier decay modes (CR,HPR and SF) and a comparative analysis of all

these decay mode is worked out. In all of the above decay modes SF is considered as another
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important decay mechanism where a radioactive nucleus splits into comparable size/mass.
Additionally, the mass distribution of the radioactive nucleus can be easily identified using
the SF dynamics. Hence, this work is focused on the SF mode where the decaying frag-
ments are considered as spherical as well as deformed configurations. The mass distribution
of different isotopes is explored using the cold orientation mode which is in good agreement

with the experimental observed data.

In addition to the binary splitting, the nuclei belonging to the heavy mass region may
divide into three fragments. Hence, the ternary decay mechanism is also investigated. The
three body splitting phenomena is explored using three cluster model (TCM), where third
fragment of the decay mechanism is kept fixed. The third fragment in ternary decay may
be a light charge particle or a heavy particle. Most of the time, the light third fragment in
the ternary decay mechanism is basically a « particle. This alpha particle is observed along
with two heavy fission fragments. We are interested to identify the most probable decaying
fragments along with this alpha particle. The most probable decaying fragments are iden-
tified by calculating the potential energy surface. It is of interest to analyse the relative
emergence of ternary fragments with respect to the usually observed binary channel. Hence,
the relative yield for both of binary and ternary decay modes are compared. There are two
probable ternary configurations i.e. equatorial cluster tripartition (ECT) and collinear clus-
ter tripartition (CCT). As a next step, comparative analysis of ECT and CCT mode is made
for light and heavy third fragment. In this analysis, all the probable decaying channels are
identified. The barrier characteristics of both of the decaying modes are compared. To give
a systematic description of the above mentioned processes regarding the binary and ternary

decay mechanisms, the present thesis is categorized according to the following objectives:

Study of ground state decay mechanisms such as « emission, cluster emission and

spontaneous fission etc.

The study of ternary fission (particle accompanied fission) and identification of corre-

sponding decaying fragments.

Comparative analysis of fragmentation in binary and ternary decay mechanisms.

The results will be compared with the available experimental data and an effort will
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be made to explore the possibility of some relevant predictions.

The organization of present thesis on the basis of above said objectives is discussed in the

following section. A pictorial representation of the outline of the thesis is shown in Fig.1.4.

1.6 Organisation of the Thesis

The organization detail of the present thesis is given below:

In Chapter 2 of the thesis, different postulates and the formalism of the quantum mechan-
ical fragmentation theory (QMFT) is explained. Using QMFT, preformed cluster model
(PCM) and three cluster model(TCM) are developed which can be used for two and three
body decay analysis respectively. The important terms related to PCM such as the frag-
mentation potential, and preformation probability are explained, which are further used for
the binary fragment identification. The three step barrier penetration probability of the
identified decay channel also explained. Additionally, the classical and quantum mechanical
view of the impinging frequency is described. Beside this, formalism of TCM is explained
where the fragmentation analysis is made using the three body potential energy surfaces
(PES). The penetration probability of the decaying fragments is explained in terms of the
surface separation of the decaying fragments in three body exit channel. The relative yield
of the three body decay channel is described using the statistical relation.

In Chapter 3, a decay analysis of the Po isotopes is made nearby N=126. The isotopical
behaviour of the preformation probability, penetration probability and the assault frequency
is explored with respect to increase in neutron number. The half-lives of the a: emission mode
are calculated using classical and quantum mechanical description of the assault frequency.
The effective assault frequency parameter is given and using such parameter the alpha decay
analysis of Rn isotopes is carried out.

In Chapter 4, a comprehensive analysis of different ground state decay mechanisms («
decay, CR and HPR and SF ) is made using PCM. The fragmentation structure is studied
using two kind of nuclear potentials i.e. Yukawa plus exponential potential and proximity
potential . The comprehensive emergence of the probable decaying decay modes is explored

in terms of the fragmentation potential, preformation probability, penetration probability
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Figure 1.4: Pictorial representation of outline of thesis

and the decay half-lives.

In Chapter 5, SF analysis of even-even Fm isotopes is carried out by including deformation
effects up to the quadrupole (3;) deformed nuclei with optimum orientations (69”") leading
to hot-compact (side-to-side) and cold-elongated (tip-to-tip) configurations. The mass dis-
tribution of the Fm isotopes is studied with respect to increase in neutron number (N) of the
parent nucleus. Role of shell closure effect have been explored in the mass distribution. In
addition to this, the excitation energy dependence on the fission fragment mass distributions
is analyzed.

In Chapter 6, an effort is made to explore the possibility of ternary fission (particle ac-
companied fission) using three cluster model (TCM). The fragmentation analysis is made
using Yukawa plus exponential potential and proximity potentials to have synergy arround
binary and ternary decay. The barrier penetration probability is calculated using the surface
separation of the decaying fragments. The relative yield of the binary and ternary fission is
compared and concluded that binary decay mode is more probable as compared to ternary
decay mechanism.

In Chapter 7, the ternary fission analysis is made by calculating three body fragmen-

tation potential. The choice of third fragment (As) is fixed by minimizing the probable
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Az fragments having different proton neutron configurations. The most probable decaying
fragments are identified for equatorial cluster tripartition (ECT) and collinear cluster tri-
partition (CCT). A comparative analysis of barrier characteristics of ECT and CCT decay
mode is made with respect to the surface separation among the decaying fragments.

At the end, Chapter 8 gives a brief note on the work done in reference to the objectives of

the present thesis along with the future possibilities that arise from the established results.
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Chapter 2

Methodology

2.1 Introduction

In the previous chapter, the historical background of the probable radioactive decay modes
(i.e. the a decay, the Cluster decay, heavy particle decay, and spontaneous fission, etc.),
and their importance and relevance has been discussed. Numerous attempts were made
to explore these decay modes by introducing various experimental probes and theoretical
formalisms, but the radioactive decay mechanism is still a Conundrum for the scientists
working in this area. A radioactive nucleus can split into two or three fragments and the
splitting process depends on different factors such as shell effect, deformation, orientation,
and the fissility parameter, etc. associated with the nucleus and its corresponding decaying
fragments. The comparative study of all the aforementioned spontaneous decay modes is of
interest, as a nucleus may proceed to decay via any one of these decay modes. A number of
theoretical attempts were made to overcome the intricacy of the spontaneous decay modes,
but certain aspects are still not fully understood. Such most probable decay modes among
all competing processes may be explored if a formalism is applied where the decay modes
are treated at a parallel platform. Hence, in this work effort is made to explore these modes
using collective clusterization approach, where all the probable decay modes are treated on
parallel footing. The present chapter includes the description of theoretical formalism, which
is employed for the binary and ternary fragmentation analysis of the radioactive nucleus.
The binary decay analysis is made with the help of preformed cluster model (PCM) [1, 2]
and the ternary decay mechanism is explored using the three cluster model (TCM) [3,4].
Both of these models are inherited from the quantum mechanical fragmentation theory
(QMFT) [5-7].

The QMFT works out in terms of mass/charge asymmetry coordinate (which behave as a
dynamical collective fragmentation coordinate) [8-12]. Apart from this, some other coordi-

nates are also uesd i.e. : (i) the relative separation among the decaying fragments (R), (ii)
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the neck parameter, (iii) the azimuthal angle between the principal planes of the interacting
fragments and (iv) the deformations and orientation of the nuclei. The postulates of the

QMET are further used for the establishment of the PCM and TCM which are discussed in

upcoming sections:

2.2 Preformed cluster model

The binary decay analysis in this work is made using preformed cluster model (PCM)
[13-16]. In PCM, the cluster is supposed to be in a preborn state within the parent nucleus
and the cluster core interplay is explored using the mass asymmetry coordinates and the
relative separation distance. All different ground state decay mechanisms (a decay, CR,
HPR and SF) are successfully addressed by PCM in past years [17-19]. In PCM, different
coordinates are employed to explore various properties associated with the ground state
decay dynamics. These coordinates are employed to give the preformation probability of
the decaying fragments, which in turn serves as an important tool for the estimation of
the decay half-life, the decay constant, etc. The stability analysis of a radioactive nucleus
depends on the decay constant, which is the product of preformation probability, penetration
probability, and the barrier assault frequency. The decay constant () is used to calculate

the decay half-life T} /> of the nucleus with respect to probable decay mode using the relation

2
Ty = %,A — VPP, (2.1)

Here, v and P, are the barrier assault frequency and the preformation probability respec-
tively, and P refers to the penetration probability (R-motion). The assault frequency can
be calculated using the classical or quantum mechanical view, the preformation probability
is calculated by solving Schrodinger equation in n-coordinate and the penetration probabil-
ity is calculated using the WKB approximation. The identification of the probable decay
channels is made in view of the structural variations in the fragmentation potential. The

description of various term used in the analysis is given below:
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2.2.1 Fragmentation Potential

One of the important ingredient of PCM is the fragmentation potential Vz(n), which helps
for the identification of the most probable decay channel. The radioactive nucleus may
have multiple possibilities of disintegeration in the exit channel, and it may split into any
of these combinations. It is very difficult to identify the probable decay modes and this can
be understood in terms of the fragmentation potential. The minima of the fragmentation
potential correspond to the most probable decay channel. The fragmentation potential can

be expressed as:

VR(”) = - Z?:l B(AhZz) + VC(R7 Zivﬂ/\ivei) + VN(Ra Ai7/3)\i70i) (22)

The first term in above expression is the binding energies of the decaying fragments. In
present work the Binding energies are taken from the experimental observations of the Audi
and wapstra [20] and the theoretical identified values from Moller et al. [21,22] (wherever the
experimental results are not available). The second term in the expression is the Coulomb
potential, which gives information regarding the repulsive force that acts between the two
interacting nuclei. The decaying fragments can be considered in the spherical state or in
deformed state, for the spherical choice of the decaying fragments the Coulomb potential

can be written as

Z1Z262
R

V.(Spherical) = (2.3)

Here, the Z;’s represent the proton numbers of the interacting nuclei. When the decaying

fragments are considered as deformed, then the above expression reads as [23-25|

“razze Y o) a1ty
Ai=1,2

Vel Zi, Bris 03, i) =
(2.4)

In the above expression, «; is the angle between the symmetry axis and the radius vector
R;(c;) of the interacting nuclei and 6; represents the angle between symmetry axis and the

fission axis. The detailed description can be seen in ref [26]. The third term in the expression
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is the nuclear potential. The nuclear potential gives information about the attractive force
among the decaying fragments. There are numerous choices of the nuclear potential in the
literature, but in present work we have used the Yukawa plus exponential potential [27] and

the nuclear proximity potential [28].

Yukawa plus exponential potential

The Yukawa plus exponential potential is a short range nuclear potential. This potential

can be expressed as [27]

Wi = —4 (:_o) 2 V@2:02;(9:9;(4 + &) — g; fi — gifj]w (2.5)
where § = R;; /a, and the functions g and f are
g = Ccosh( — sinh( (2.6)
and
fr = ¢Psinh, (2.7)

where ( = Rjy/a with the radius of the nucleus being Ry = roAllg/S. Here a=0.68 is the
diffusivity parameter and the asymmetry parameter is agr, = as(1 — wl 2) with a,=21.13
MeV, w=2.3, and [ = %.

In addition to this potential, present work includes the proximity potential. The proximity
potential has been proposed by Blocki et al. [28], where the interaction between the nuclear
surfaces is estimated, when they are in close proximity with each other. It is believed that
the potential among the two close surfaces is in proportion to the interaction potential per
unit area between two flat surfaces. Till now, various nuclear proximity potentials have been

proposed. In the present work two proximity potentials i.e. Prox77 and Prox00 are used.

Proximity 1977 (prox77)

The expression for prox77 is

Vpij(s) = 47TE7b(I)(5)~ (2.8)
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where, s is the surface separation of fragments, y—0.9517[1-1.7826 (N — Z/A)?*| MeV fm2,
the surface energy constant and b=0.99 is the nuclear surface thickness. R is the mean

curvature radius and ® is the universal function which can be expressed as

(2.9)

_%(3 —&)? — 0.0852(s — &)3; s < 1.2511 fm
o

—3.437exp (—5%) ;s > 1.2511 fm

0.75

for more details, see ref. [28]).

Proximity 2000 (prox00):

The other nuclear potential which is used in the present work is the proximity 2000 (called as
prox00) [29,30]. In this potential the nuclear radii and surface charge coefficients are given
using the well known droplet model concept. The expression for this potential is identical

as prox77, but the related terms have been changed which are described below:
Vp = 4T Ryb®(€). (2.10)
The radius expression R; reads as
R; = ¢+ (N;/A)t, (2.11)

where ¢; denotes half density radii of the charge distribution and t; represents the neutron

skin of the mother nucleus. The nuclear charge radius Ry (fm) be given as

5
Rooi = \/; <712 (2.12)

1.646 A; —27;
= 1.2404;” (1 — 01912 ) 2.13
(1= < (2.13)
The half density radius ¢; can be obtained from the relation [29]
70 49 b
= Ry (12— =2 2.14
o= (1 S ) 240
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The neutron skin ¢; is given as [29]

(2.15)

%

3 JIL— 5 ZA77
=T

2 —-1/3
27 g+ 274

where 79=1.4 fm, the energy constant J=32.65 MeV, the constant c;=(3/5)(e?/rq)=0.757895
MeV and the neutron skin stiffness coefficient g=35.4 MeV. The nuclear surface energy

coefficient v in terms of neutron skin can be written as

1 t2 t2
V= o [18.63(MeV) - 1

2.16
e 27“8 (2.16)

where ¢; and ¢, can be calculated using Eq. (2.15), and the universal function can be written

as

—0.1353 — &t 0 2.
4(6) = 53+ Y7o (2.5 — €)"H; 0 < €25 .

—0.09551exp[22=¢]; £<2.5

where { = R — R; — R;. The ¢, constant values are : ¢,—-0.1886, ¢;—0.2628, c,—0.15216,
c3=-0.04562, ¢,=0.069136, c5=-0.011454.

2.2.2 Preformation probability

With the help of the fragmentation potential V(n,T), the preformation yields Py(A4;) of
decaying fragments (A;) is calculated using the Schrodinger equation in terms of the 7-

coordinate at fixed R = R,,

o0 ) .
{ 2”877”8 + Vil 777T)}¢ (n) = E"4"(n), (2.18)

with v = 0,1,2,3... referring to ground state (v = 0) and excited state solutions, with the

ground state preformation probability F, given as

Py = [0(ADP By (2.19)




2.2 Preformed cluster model 30

The higher values of v contribute for excited states, and these contributions enter via exci-

tation of higher vibrational states. For these excited states the wave function reads as
[P =) 10" Pexp(—E"/T). (2:20)
v=0

In the present formalism, the temprature effects are incorporated for the excited state anal-
ysis where as these effects remains silent for the ground state mechanism. Majority of the
work in the present thesis is done at T=0 MeV. The preformation probability (Fp) is the
probability to find certain mass fragments at position R on the decay path, and is calculated
using collective clusterization approach. The term B,, in Eq. 2.18 and 2.19 represents the
mass parameter [31] given by Kroger and Scheid. This parameter depict the hydrodynamical

flow and mathematically can be written as:

B

(2.21)

AmR? [y, (147)
m = —1
4 ve(1+62)

The detailed description can be seen in the ref. [31-33|. After the n-motion, the R-motion
analysis is made by calculating the penetration probability (P) of the decay channel and it’s

explanation is given in the next section:

2.2.3 Penetration probability

In PCM, penetration probability P is three step process and obtained from Wenzel-Kramers-
Brillouin (WKB) integral, and calculated using [34]

P=PW,P,. (2.22)
The transmission probability consists of three contributions as shown in Fig. 2.1,

(i) the penetrability P, from R, to R;

P, = capl-2 / {2u[V(R) — V(R)]}dR) (2.23)
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Figure 2.1: The binary scattering potential V(R) (calculated as sum of Coulomb and nuclear
potentials) for the a-decay of ?*Es nucleus for two kind of nuclear potentials,
i.e., Yukawa plus exponential and proximity potentials. The three stages of the
penetration process are also shown in figure.

(ii) the inner de-excitation probability W; at R; (and is taken to be unity [34]),

W; = exp(—BE;), (2.24)

(iii) the penetrability P, from R; to Ry

Ry

Py = eapl— v (r) - Qe (2.25)

The de-excitation probability W; is taken from the excitation model of Greiner et al. [34].
In Eq. 2.24, E; represents the energy of excitation of the daughter nucleus, which is basically
the energy difference between V(R;) and the Q value of the decay products. At this point,
the excitation of the daughter nucleus is a consequence of nuclear and Coulomb interactions
of the decaying fragments [34|. Furthermore, if parameter B of Eq.2.24 was allowed to
depend on R; (see Fig. 2 of Ref. [34]), then the process may proceed towards multiple
de-excitations and move as a step-like process. In the present work, the de-excitation of the
daughter nucleus is constrained to only a solo transition. Here, parameter B is taken to be

negligibly small which means that the excitation of the decay fragments plays a minor role,
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and hence W; = 1. The first turning point R, is defined as R, = R; + Rs + AR. Here Ry,
Ry are radii of the decaying fragments. AR is the relative separation distance between two
fragments or clusters and is supposed to assimilate the neck formation effects, and hence is

referred to as the neck-length parameter.

2.2.4 Assault Frequency

The assault frequency can be calculated via different methods or sometimes taken as constant
(nearly 10?!). In the present work, two type of assault frequencies i.e. classical assault
frequency (v.) and Quantum assault frequency(v,) are used. In classical view, the assault
frequency v, is calculated as

(2B2/w)'/?

P 7 2.26
v, = =2 (2:26)

in the above equation, R, represents the radius of the nucleus, y is the reduced mass, and Ej
denotes the kinetic energy of the cluster. The emitted cluster along with its complementary
fragment is produced in the ground state decay mode. Hence, the @)-value (decay energy)
of the outgoing decay channel represents the total kinetic energy (Q= E;+FEs). This energy
is shared between the decaying fragments in terms of F; (energy of the Daughter nucleus)

and Fy (energy of the emitted cluster). Energy Es can be calculated using relation
Ay
Ey=— 2.27
.=l (2.27)

and FE; represent the recoil energy of complementary fragment (A;). In quantum picture,
the cluster is assumed to be vibrating in a harmonic oscillator potential near the surface of
the parent nucleus [35]. The quantum assault frequency (v,) is given as
G+ 3)n
Vg = Q (2.28)
1.27puR?
G denotes the global quantum number of a cluster state and is given using the Widermuth

rule [36].
4

G=2m+1=> g (2.29)

i=1
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The value of g; is given as 4, for (N,Z) < 82, 5 for 82 < (N,Z) <126 and 6 for (N,Z) > 126,
where N, Z represent the neutron and proton numbers of the parent nucleus. for further

details see ref. [35,37,38|.

The binary decay analysis in the present work is made using the above mentioned pre-
formed cluster model. As we discussed earlier, there is also probablity of ternary fission from
a radioactive nucleus. For the three body decay analysis, some modifications are made in
the PCM and the modified version is known as three cluster model (TCM). The explanation
the TCM is given below.

2.3 Three cluster model (TCM)

The ternary decay analysis in the present work is made using the three cluster model
(TCM) [3,4]. This model is the extension of the PCM and based on the QMFT. In this
model, the mass asymmetry flow (7-motion) takes place between the light and heavy frag-
ment (A; and A, ), and the third fragment Aj is kept fixed. The relative separation R
between the decaying fragments depends on the geometrical arrangement of the three de-
caying fragments [4]. There are two probable geometrical arrangements [4] of the decaying
fragments i.e. equatorial cluster tripartition (ECT) and collinear cluster tripartition (CCT)
(will be discussed later in upcoming section). The ternary fission can be categorized into
two kind of emission processes, on the basis of the size of the emitted fragments i.e. the light
particle accompanied fission and the true ternary fission. In recent years, TCM successfully
explored both the emission modes [39-41|, and the obtained results are in good agreement
with the experimental data. Additionally, the predictions are made in ref [39] for the true
ternary fission in super heavy region using the postulates of the TCM. A flowchart repre-
senting the working of TCM is shown in figure.2.2. The model is work out in terms of the
three body fragmentation potential, the penetration probability of the decay channel and

the relative yield of the outgoing fragments. The explanation of these terms is given below:
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Figure 2.2: A flowchart represents different terms used in the three cluster model (TCM).

2.3.1 Geometrical arrangement

Numerous attempts [39-48| were made in last few decades to explore the ternary decay
dynamics and concluded that the decay phenomenon depends on various factors such as the
magicity, fissility parameter, deformations, orientations and the geometrical arrangement
of the decaying fragments etc. The geometrical arrangement of the clusters plays crucial
role in the ternary fission. Fragmentation structure drastically changes with respect to
change in the geometrical arrangement of the decaying fragments. There are two probable
arrangement of the decaying fragments i.e. equatorial cluster tripartition (ECT) and the
collinear cluster tripartition (CCT). The pictorial representation of both the configurations
is shown in fig.2.3. The configuration mode where the third fragment emission happens
orthogonal to the fission axis is known as equatorial configuration arrangement or equatorial
cluster tripartition (ECT). The pictorial representation of equatorial configuration is given

in fig.2.3(a). In this case, the relative separation in between the fragments is taken as [49]

ng = Rl + RQ + S192, (230)
Rz = Ry + Rz + s3, (2.31)

Rgl = Rg + R1 + S31. (232)
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fission configu

linear cluster triparti

(b)

Figure 2.3: A pictorial representation of two probable geometrical configurations in ternary
fision i.e. (a) equatorial cluster tripartition (ECT) and (b) collinear cluster
tripartition (CCT) [49,50].

Here Ry, Ry, R3 represents the radius vector of three fragments, and the surface separation
considered as s;3 = So3 = s31 = s. On the other hand, the configuration mode where the
third fragment emission happens along with the fission axis is known as collinear configu-
ration arrangement or collinear cluster tripartitition (CCT), see Fig. 2.3(b). The relative
distance in between the center of fragments is obtained using eqn.2.30-2.32 with an exception

that, for collinear emission the surface separation s;o = 2(R3 + $) and s95 = S31 = .

2.3.2 Three-body fragmentation potential

The identification of the decaying fragments in TCM is made using the fragmentation po-
tential. The three body fragmentation potential is basically the sum of the binding energies

of the outgoing fragments, repulsive Coulomb potential, attractive nuclear potential and
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Figure 2.4: The ternary fission scattering potential V (MeV) as a function of surface sep-
aration (s) for ?*>Es is plotted with the use of Yukawa plus exponential and
proximity nuclear potentials.

collectively written as [4]

3 3
Vie = >3 Bi+Voij + Vpy. (2.33)

i=1 j>1
2.3.3 Penetration probability

In TCM, n motion is defined in terms of the fragmentation potential and the R-motion is
studied using the penetration probability of the exit channel. The penetration probability
is the probability for which three fragments cross the potential barrier, and is calculated

using the WKB integral and given as

P= e:tp[—% /82{2M[V(R) — Q}?ds]. (2.34)

In the above expression, s; and sy are the first and second turning point satisfying the
V(s2)=Q condition (can be seen in (Fig. 2.4)). The @Q-value for the decay of three frag-
ments is obtained as ) = M — Zle m;. It is important to mention that in case of collinear

emission the available ()-value is assumed to be shared between first and the second frag-




2.4 Dynamical cluster decay model (DCM) 37

ments (Q=FE;+FEs), assumed to be moving in opposite directions among the three decay
products and the third fragment is considered at rest (E3=0). In equation (2.34), p is the

reduced mass of three fragments [4] ,

,LL12A3
= | /== 2.35
H123 (,uu 13) m, ( )

where 12 = A1As/(A; + As) and m is the nucleon mass.

2.3.4 Relative yield

The relative yield for all the identified decay channels for the ternary fission process [29] is
calculated as the ratio of a probable fragment combination over the sum of the penetration

probabilities of all possible decay channel as

P(A;, Z;)
Y(Aij, Z;) = =1~ 2.36
( ) X P(Ai, Zi) (2:36)
Here P(A;,Z;) is the three body penetration probability as given by Eq. (2.34).
The ground state binary and ternary decay analysis in the present work is done using PCM
and TCM where the temprature effects remains silent (i.e. T=0 MeV). Although in some
calculations, the temprature effects are also for the binary decay analysis. Such calculations

are performed using the dynamical cluster decay model (DCM). The explanation of the
DCM is given below.

2.4 Dynamical cluster decay model (DCM)

In the previous sections, the preformed cluster model (PCM) and three cluster model (TCM)
are explained along the aasociated physical quantities. These models are used to study the
ground state decay dynamics where the temprature effects remain silent. The temprature
effects can be included in PCM and the modified version is known as the dynamical cluster

decay model (DCM). The temprature (T) of the compound nuclei with excitation energy
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E* is given using the relation [51]

A
a

T° —T. (2.37)

The quantity (%) in above equation represents the level density, and ‘a’ varies from 9-11

depending upon mass of compound (A¢y). The excitation energy-dependent fragmentation
potential, penetration probability, and preformation probability can be calculated using T
dependence and a detailed description can be obtained in ref. [52-58]. The deformation

parameter is also made temperature dependent [59,60], by using the relation

where (3);(0) is the static deformation and Tj is the temperature of the nucleus at which
the shell effects start to vanish (7p=1.5 MeV) [61]. In DCM, the first turning point (R,) is

expressed as

Ra(T) = Rl(Oél, T) + RQ(O&Q, T) + AR(T)
= Ri(a,T) + AR(T), (2.39)

with radius vectors R; (i = 1,2)

Rl‘(OéZ‘, T) = RO’L(T)

1+ Z ﬁm'YA(O)(O%)] (2.40)
A
and T-dependent nuclear radii Ry; of the equivalent spherical nuclei [62],
1 -1
Roi(T) = [1.28AF — 0.76 + 0.84,% |(1 + 0.0007T?) fm. (2.41)

In addition to the above, the temprature effects can be incorporated into the fragmentation

potential and the penetration path. The detailed description can be seen in ref. [63]

On the basis of above mentioned theoretical formalism, the binary and ternary decay
analysis of the nuclei belongs to heavy mass region is carried out. The detailed analysis of

theoretical investigation and the results obtained are discussed in the subsequent chapters.
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Chapter 3

Alpha decay analysis using different impinging frequency

In the previous chapter, details of the theoretical formalism (PCM and TCM) employed in
the present work is explained. The binary decay modes are explored with the help of PCM
and the ternary decay mechanism is studied using TCM. As expected, it is evident that
the binary decay mode has higher occurrence probability as compared to the ternary decay
mechanism. In the binary decay modes, a-decay is the most common observed mode and
plays a crucial role in the stability analysis of the radioactive nuclei. In the present chapter,
an analysis of the a-decay is made using classical and quantum mechanical discriptions of the
assault frequencies. The isotopic analysis of the polonium (Po) isotopes is made using the
fragmentation potential, preformation probability (Fp), and penetration probability (P).
The role of the shell closure effects in the a-decay mechanism is explored. The detailed

analysis of the a-decay mode is given below.

3.1 Introduction

Generally, it is considered that a radioactive nucleus may try to reach a stable configuration
via emergence of alpha («), beta (8) and gamma () decay modes respectively. There are
also other radioactive decay modes such as the cluster radioactivity (CR) [1,2], heavy particle
radioactivity (HPR) and the spontaneous fission (SF) [3], etc. In the above mentioned decay
modes, a decay is most common observed mode which have higher decay probability among
other competing modes (CR, HPR , SF etc.). Further, o decay also works as an decisive
factor for the stability analysis of nuclei belonging to heavy and super-heavy mass regions
[4-13]. Few experimental attempts [14] explore the continuous emission of a particle nearby
Z=50. The alpha decay chains are also observed in case of super heavy mass region, where
successive alpha emission happens and the process terminates with spontaneous fission.
Hence, the alpha decay plays an important role to explore the decay dynamics and the

associated stability aspects.
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Numerous experimental and theoretical attempts [15-28] were performed to understand
the radioactive emergence of the « particle. Several nuclear models such as Generalized
liquid drop model (GLDM) |29, 30|, Cluster formation model(CFM) [31]|, Double folding
potential model [32], Unified fission model (UFM) [33], Analytical super asymmetric fis-
sion model (ASAFM) [34] and Preformed cluster model (PCM) [35,36] were introduced to
understand the cluster-core interplay within the radioactive parent nuclei. The above men-
tioned models are based on some assumptions and work out in terms of certain coordinates
to study different decay properties associated with unstable nuclei. In generalized liquid
drop model (GLDM), the macroscopic liquid drop energies plays key role to give different
decay channel properties. On the other hand, unified fission model (UFM) is introduced,
where the preformation or spectroscopic factors are taken to be unity and the decay half-
lives are calculated using the barrier characteristics. Similarly, the preformed cluster model
(PCM) [37], successfully explored different ground state decay mechanisms such as alpha
decay, CR, HPR and SF [38,39] etc. In this model, cluster is supposed to be in a preborn
state within the parent nucleus and the cluster core interplay is explored using the mass
asymmetry coordinates and the relative separation distances. These coordinates are further
employed collectively and give the preformation probability of the decaying fragments which
will further serve as a prime tool for the evaluation of the decay life-time and the decay con-
stant. The stability analysis of a radioactive nucleus depends on the decay constant which is
a product of preformation probability (Fp), Penetration probability and the barrier assault
frequency. The term "impinging frequency" or the "assault frequency" is the frequency of
the a particle near the surface of the parent nucleus. The preformation probability of the
probable decay channel is calculated with the help of stationary Schrodinger equation and
the penetration probability is calculated via WKB approximation method. In the present
work the role of assault frequency ( 1) is calculated using classical and quantum mechan-
ical views. In classical view, the assault frequency is calculated using the decay energy
or the total kinetic energy, which is shared among the decay fragments [40]. In quantum
mechanical view, the cluster is supposed to vibrate near the surface of the parent nucleus
under the influence of a harmonic oscillator potential [41]. Furthermore, some attempts
were made [42,43] where the modified assault frequency parameters were introduced. It
is assumed that the spectroscopic factors are included in such calculations. In the present

chapter, an attempt is made to explore the role of effective assault frequency parameters
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using the () value of the decay channel.

As discussed earlier, the o particle emission is one of the major common emission mode
in a radioactive nucleus, which may attain a stable configuration under the influence of
proton or neutron shell closure effects. It will be of interest to study such effects for chosen
set of nuclear isotopes. In this chapter, a decay analysis of 1887218Po isotopes is performed
which after o decay give the lead (Pb) isotopes as daughter fragment. The « particle emis-
sion is studied using PCM and the behaviour of the preformation probability, penetration
probability and assault frequency is explored with respect to increment in the neutron num-
ber of the parent or daughter nucleus. A comparative analysis of a decay half-lives is made
using different choices of assault frequency. The overview of this chapter is as follows. In
Section.3.2 of the chapter, alpha decay analysis of Po isotopes is carried out using different
assault frequencies. The effective frequency parameter is given and further this parameter
is used to calculated the decay half-lives of Rn isotopes. Finally, a summary of the observa-
tions and conclusions drawn is outlined in Section.3.3. The work presented in this chapter

is published in the ref [44]

3.2 Calculations and the results

The present section represents theoretical investigation of alpha emission from !88-21%¥Pg

isotopes using preformed cluster model. The calculations are done using quadrupole de-
formation (f32) with cold-elongated configuration. First, in Section.3.2.1, the fragmentation
analysis of Po isotopes is carried out using the fragmentation potential. The importance
of neutron shell closure effects is explored using the preformation probability and the pen-
etration probability. The decay half-lives of the polonium isotopes is calculated using two
choices of assault frequencies (v, and v, ). In Section.3.2.2 , the effective assault frequency
of the polonium isotopes is calculated and an effort is made to estimate T /5 using a Q-value
dependent assault frequency parameter. Further, in Section.3.2.3, the alpha decay half-lives
of Rn isotopes are calculated using the effective assault-frequency parameter v, given in

Section.3.2.2.
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3.2.1 Alpha decay analysis of '®-218Po isotopes using different as-

sault frequency

In this section, isotopic analysis of Po nuclei is carried out using the preformation probability
(Py) , penetration probability (P) and the assault frequency (). The explored data of Py,
P and v is used to estimate the half-lives of the Po isotopes. The decay half-lives are also
affected by the surface diffuseness of the decaying fragments. It is suggested by different
authors [46,47| that the surface diffuseness along with the deformation effects play important
role on the decay mechanism. Similarly, in [48] it is concluded that nuclear surface diffuseness
is an important property that must be added along with the deformation effects for lighter
cluster (A < 20). As we are interested in alpha particle emission, hence as a first step
a comparison of barrier characteristics without surface diffuseness (R;) and with surface
diffuseness (C;) is made and shown in figure.3.1. Here, we are interested to study the Inter-
fragment radii with inclusion of surface diffuseness (C;) or without surface diffuseness(R;).
The difference in the barrier characteristics is due to the change in the proximity potential
and the Coulomb potential. The barrier position and the barrier height is different for both
cases. Hence, the penetration probability for both of the cases get modified accordingly.
We have performed calculations using both radii and C; gives better agreement with the
experimental data (will be discuss in further in figure.3.6). After the analysis of surface
diffusion, the fragmentation potential Vg(n) is calculated which will further help to suggest
the most probable decaying fragments of the exit channel. The fragmentation potential for
188Pg 202Pg and 2 Po isotopes as a function of the fragment mass A, is shown in figure.3.2
(a-c). The fragmentation structure for spherical choice of the decaying fragments is shown
within inset. The minima in the fragmentation potential represents the most probable decay
fragment along with its complementary fragment for both spherical and deformed choices.
One can observe from the figure that A,=*He is located at minima for all three isotopes
and may be treated as one of the most probable fragment along with its complementary
daughter. It may be concluded that independent of deformation effects, the alpha decay is
the most prominent decay choice among its competing decay channels for the chosen isotopes
of polonium nucleus. Furthermore, one can observe that the fission region changes from the
symmetric fission mode to the asymmetric fission mode when one proceeds from ¥Po to

the 2'¥Po isotope for the spherical choice of fragmentation. For the deformed choice, fission
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Figure 3.3: The preformation probability Py as a function of neutron number N, for
188=218Pg jsotopes

region changes from asymmetric to nearly symmetric mode. It is relevant to note that alpha
decay is observed experimentally for this nucleus, other decay modes such as CR or SF are
not yet observed. Hence, in the present work we are interested to study the alpha particle

emission only.

The preformation probability F, is estimated using the stationary Schrodinger equation
in terms of 7 (the mass asymmetry coordinate). In figure.3.3, preformation probability is
plotted with respect to neutron number Ny of the daughter nucleus. It is observed that
Py decreases with increase in the neutron number up to Ny=124 ( for parent nucleus N
=126) and increases abruptly with addition of two more neutrons in the parent nucleus.
Such kind of behaviour of Py is due to influence of neutron shell effects (N=126) and it may
be concluded that the alpha cluster preformation yield decreases as the nucleus approach
the shell closure. The P, value is found maximum at No=126 (with N=128) because the
preformation probability is higher for the case where the alpha particle is accompanied with
a stable nucleus complementary fragment. Hence, preformation factors strongly depends on

the shell effects effects of the parent nucleus as well as that of the decaying fragments.
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The calculated decay half-lives are compared with the experimental data [51].

After the analysis of Py, the penetration probability P is calculated using WKB ap-
proximation. figure.3.4.(a) represents the penetration probability with respect to neutron
number of the daughter nucleus N,. The penetration probability P decreases with respect
to increase in neutron number and shows similar behaviour as we observed in case of F.
It may be noted that the penetration probability P depends on the () value of the decay
channel [38]. We have plotted the @ value of the decay channel as a function of neutron
number of the daughter nucleus Ny in figure.3.4.(b). The trend of of barrier penetrability
P is similar to that of the ) value, both decrease till N = 126 and get maximum value for
the case of No=126. Hence, the penetrability and Q-value are also influenced by the shell
effects. Further, the classical assault frequency v. and quantum assault frequency v, is also
calculated and plotted with respect to the neutron number N of parent nucleus in figure.3.5.
One can note that the assault frequencies (v, and v,) starts diminishing as one approach
towards the N=126. Such kind of variation in v, is basically due to the influence of the
decay energy (@ value) which is shared among the decaying fragments. Further, the global
quantum number [41] plays important role in case of v,, due to which the assault frequency
starts decreasing till N = 126. It is concluded that the assault frequency is also influenced

by the shell effects of the parent nucleus.
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Hence, the Py, P and v play key role in the alpha decay process and many other theoreti-
cal approaches such as SAM and GLDM [49,50], also explore the importance of these factors
for polonium isotopes. The PCM calculated Fy,P and v is compared with these factors in
table 3.1. It may be noted that the PCM calculated assault frequency v and log Py P value
compare nicely with the literature and few order difference is seen for the calculated Py
and P values. PCM is based on the collective clusterization approach, which handle all the
probable decay processes (such as light particle, alpha particle, cluster, intermediate/heavy
mass fragment and fission decay) on parallel footing. Since the PCM deals with collective
clusterization approach, the relative preformation probabilities of all minimized binary frag-
ments are calculated by solving Schrodinger equation in mass asymmetry coordinate 7. The
penetration probability is calculated as three step process following the excitation model of
Greiner et al. [60]. However, In GLDM and SAM, the penetration probability P is calculated
as a single step process and the P, values are given using the experimental half-lives and

the empirical relation.

After studying the behaviour of Fy,P and v, the alpha decay half lives are calculated
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using both choices of assault frequencies v, and v, and results are reported in Table 3.2.
A comparison of the evaluated results is made with the experimental data [51] and other
theoretical models such as CPPM, ADF, UDL, SLH, SLB and SemFIS etc [52-59]|. It may
be observed from the table that the calculated decay half-lives find nice agreement with the
available experimental and the theoretical data. PCM calculations seem independent of the

assault frequencies, except for lightest and heaviest isotopes of Po chosen for the analysis.

The calculated half-lives are plotted with respect to the neutron number of parent nucleus
(N) in figure.3.6 for v, and v, using spherical and deformed choice of the decaying fragments
and comparison is made with the experimental data. It can be observed that the decay half
lives increase with respect to the increment in the neutron number N of the parent nucleus
and its magnitude is maximum at N=126. The obtained representation is in accordance and
agreement with the results obtained for the Fy, P and v. The deformed choice of the decaying
fragments gives better results as compared with the spherical choice. Additionally, the half-
lives calculated using C; gives better results as compared with R;. It may be concluded from
the above analysis that the decay half lives and other factors (Fy,P and v) strongly depends
on the shell closure, () value of the decay channel along with the associated deformation

effects. The @) value dependency on the decay half-lives can be visualized using Geigger-
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Nuttal plot, where linear variation is observed among the decay half-lives and Q~/2. After
the analysis of decay half-lives, verification of Geigger-Nuttal (G-N) plot is donein view of log
Ty vs. QY2 in figure.3.7. It is observed that log Ty /» varies almost linearly with increase
in the value of Q~/2 (with slope 141.437 and intercept -54.04). Hence, the calculated T, /2
are in agreement with the G-N plot, which means that the decay half-lives are strongly

influenced by the )-value of the exit channel.

3.2.2 Study of the effective assault frequency of polonium isotopes

In the previous section, behaviour of penetration probability P, preformation probability Py
and the assault frequency v is studied with respect to the neutron number of the daughter
fragment (NNs) or the parent nucleus (N). It was concluded that all of the three parameters
play crucial role for the stability analysis of the radioactive nucleus. The stability further
depends on the shell effects and the Q-value of the decay channel. In refs. [42,43] different
preformation parameter or assault frequency parameter are introduced which depend on

the @-value, Isospin and the charge number of the daughter nucleus accompanied with the
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Table 3.3: PCM calculated half-life times Ty /o for the o decay of '%*~?*Rn isotopes using
effective assault frequencies v, a comparison is made with the avialable experi-
mental results [51]. The value of the neck-length AR and @ value is also shown
in the table.

Parent Q Value PCM (vg) Expt.
nucleus (MeV) AR (fm) logT} /s logT /s
19%Rn 7.351 1.92 -2.35 -1.19
200Rn 7.045 1.85 0.07 0.04
202Rn 6.775 1.92 0.391 1.04
204Rn 6.547 1.90 1.437 2.00
206Rn 6.385 1.92 2.89 2.74
205Rn 6.262 1.93 2.90 3.38
219Rn 6.159 1.92 3.44 3.95
22Rn 6.386 1.90 2.15 3.16
214Rn 9.209 1.35 -6.87 -6.57
26Rn 8.198 1.30 -4.98 -4.35
218Rn 7.262 1.35 -1.76 -1.46
20Rn 6.405 1.00 1.79 1.75

« particle. Additionally, some parameters are given which contain both assault frequency
and preformation factor. Such type of parameter is known as modified assault frequency or
effective assault frequency (v, ). Following this work, the product of the quantum mechanical
assault frequency (v,) and the calculated preformation probability is framed with respect to
the Q-value for N < 126 and N > 126 and shown in figure 3.8. It can be observed from the
figure that the effective assault frequency increases with increase in the ()-value. Using this
plot a second order polynomial is obtained for the assault frequency parameter as a function
of @) value as given below.

Logv. = AQ* + BQ + C (3.1)

where A =-0.06315, B =2.10074 and C = 5.76766 for N < 126 and A =-0.53702, B = 8.9285
and C = -19.91152 for N > 126. The validity of these parameters is analysed by calculating
the decay half-lives of the Polonium isotopes using eqn.3.1. The v, calculated decay half-
lives are compared with the calculations performed in Section.3.2.1 and the experimental
results, and indicated in figure.3.9. Here in this plot, PCM (r,) denotes the calculations

which are performed in Section.3.2.1 and PCM (v.) is the calculations which is performed
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Figure 3.12: The calculated decay half lives using the effective assault frequency (v,.) and
barrier penetrability, and its comparison with the available experimental data

using the frequency parameter (Eqn. 3.1). It can be observed from the figure that PCM (v,)
calculated decay half lives are in good agreement with the PCM (v,) and the experimental

data. Hence one may use Eqn.3.1 to calculate the half-lives, where the ()-value lies in range

5 - 10 MeV.

3.2.3 Verification of effective assault frequency parameter

In the previous section, effective assault frequency parameter v, is obtained and half-lives
calculated using such parameter are in agreement with the experimental data. In this section,
alpha decay half-lives of 1%¥=220Rn isotopes are calculated using effective assault frequency
v, discussed in previous section. First of all, the ()-value is calculated for o decay channel
from Rn ( Z = 84) isotopes. The calculated Q-value is plotted as function of neutron number
of parent nucleus N, in figure.3.10. It can be observed from the figure that the Q-value is
minimum for N = 126 and maximum for N=128, hence the importance of shell effects is
evident for Rn isotopes. As a next step, the effective assault frequency v, and the penetration
probability P is calculated and plotted as a function of neutron number Ny and shown in

figure.3.11.(a) and (b). The v, parameter varies linearly for N < 126 and have parabolic
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variation in case of N < 126. The calculated penetration probability is minimum nearby
N=126. After calculation of v, and penetration probability P, decay half-lives are calculated
and a comparison is made the experimental results as shown in table 3.3. The calculated
neck length parameter and the QQ value are also shown in the table. The calculated results
are in nice agreement with the experimental data [51]. The PCM evaluated decay half lives
of Rn isotopes are framed with respect to the neutron number of the parent nucleus N in
figure.3.12. The decay half-lives is higher for N=126, so the importance of shell closure
effects is emphsised. The effective assault frequency parameter v, successfully addressed
the experimental half-lives and the shell closure effects. Hence, we may incorporate such

parameter to find the alpha decay half-lives of the radioactive nuclei.

3.3 Summary

Summarizing, the preformed cluster model (PCM) is employed for the o decay analysis
of 18-218Pg jsotopes. The barrier characteristics of the a decay channel are studied with
and without the inclusion of surface diffuseness parameter. The fragmentation structure of
188P 292Po and 2'¥Po isotopes is explored, where o particle is found as the most probable
decay fragment for the chosen set of Po isotopes. The preformation probability , barrier
penetration probability and assault frequency (classical and quantum) are calculated and
influence of neutron shell closure of the parent nucleus is explored. The PCM calculated
Py, P and v is compared with the different theoretical approaches. The classical mode of
the assault frequency (v.) depends on the @) value of the decay channel and the quantum
mechanical mode (v,) depends on the global quantum number. The decay half-lives of alpha
emission are calculated using both choices of assault frequency and a comparison is made
with the results of CPPM, ADF, UDL, SLH, SLB, SemFIS and with the available experi-
mental data .

The deformed (f2) choice of the decaying fragments gives better agreement with the exper-
imental data as compared to the spherical choice. The PCM calculated o decay life-time is
found maximum nearby N=126. The verification of G-N law is made using the calculated
decay half-lives and its dependency on the () value of the decay channel is explored. The

effective assault frequency parameter v, is obtained using Py and the quantum assault fre-
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quency (v,). The alpha decay half-lives are calculated using v, and found in nice agreement
with experimental results for the Po and Rn isotopes.

After the exploration of the o decay mode, our next goal is to focus on the other probable
spontaneous decay modes such as CR, HPR and the SF. In next chapter, comprehensive
analysis of these decay modes is made and relative relative comparison is worked out in view

of alpha decay.




Bibliography

[1] Hourani et al., Annales de Physique (Paris) 14 , 311 (1989).

[2] D. N. Poenaru et al., Eur. Phys. L. ;118,22001 (2017).

[3] D. N. Poenaru and R. A. Gherghescu, Phys. Rev. C 94, 014309 (2016).

[4] Y.Z. Wang et al., Phys. Rev. C 92, 064301 (2015).

[5] A. C. Wahl, At. Nucl. data table , 39, 1-156 (1988).

[6] A. Parkhomenko and A. Sobiczewski, Acta Physica Polonica B | 36, 1363 (2005).
[7] Yu Oganessian, Radioachemi. Acta , 99, 429 (2011).

[8] J. H. Hamilton et al. , Ann. Rev. Nucl. Part. Sci., 63, 383 (2013).

[9] D. N. Poenaru et al. , J. Phys. G: Nucl. Part. Phys. 32, 1223 (2006).

[10] A. Staszczak et al. , Phys. Rev. C 87, 024320 (2013).

[11] D. N. Poenaru and R. A. Gherghescu,J. Phys. G: Nucl. Part. Phys. 41, 125104 (2014).
[12] D. N. Poenaru and R. A. Gherghescu, Phys. Rev. C 94, 014309 (2016).

[13] D. N. Poenaru et al., Eur. Phys. J. A. 54, 14 (2018).

[14] L. Capponi et al., Phys. Rev. C 94, 024314 (2016).

[15] D. N. Poenaru and W. Greiner, Handbook of Nuclear properties, (clarendon press,
Oxford) (1996).

[16] D. N. Poenaru , Nuclear decay modes, (Institute of Physics Publishing, Bristol) (1996).
[17] D. N. Poenaru et al.,J. Phys. G: Nucl. Part. Phys. 32, 1223 (2006).

[18] D. T. Akrawy et al., Nucl. Phys. A 1021, 122419 (2022).

61



BIBLIOGRAPHY

[19] H. B. Yang et al., Phys. Rev. C 105, L051302 (2022).

[20] A. N. Bezbakh, Phys. Rev. C 105, 054305 (2022).

[21] K. P. Santosh et al., Phys. Rev. C 105, 054605 (2022).

[22] D. N. Poenaru et al., Computer Physics Communications 25, 297 (1982).
[23] D. T. Akrawy, D. N. Poenaru J. Phys. G: Nucl. Part. Phys. 44, 105105 (2017).
[24] D. N. Poenaru et. al., Eur. Phys. J. A;54, 14 (2018).

[25] D. N. Poenaru and R. A. Gherghescu, Phys. Rev. C 97, 044621 (2018).
[26] K. Varga et. al., Phys. Rev. L. 69, 37 (1992).

[27] 1. Ahmad et al., Phys. Rev. C 8, 2 (1973).

[28] D. N. Poenaru and R. A. Gherghescu , Eur. Phys. L. 124, 52001 (2018).
[29] G. Royer, R.A. Gherghescu , Nucl. Phys. A 699, 479 (2002).

[30] Na. Na. Ma.,et. al. ,Chinese Physics C, 45, 024105 (2021).

[31] Jun-Gang Deng, et. al. ,Phys. Rev. C 97, 044322 (2021).

[32] Dong Bai ,et. al. ,Chinese Physics C, 42, 124102 (2018).

[33] D. N. Poenaru, et. al., Phys. Rev. C 32, 2 (1985).

[34] D. N. Poenaru, et. al., At. Data Nucl. Data Tables 34 423 (1986).

[35] A. Kaur, N. Sharma, M. k. Sharma Phys. Rev. C 103, 034618 (2021).
[36] N. Sharma ,A. Kaur, M. k. Sharma Phys. Rev. C 102, 064603 (2020).
[37] S. S. Malik and Raj K. Gupta, Phys. Rev. C 39,1992 (1989).

[38] K. Sharma, G. Sawhney, and M. K. Sharma , Phys. Rev. C 96, 054307(2017).
[39] K. Sharma, et. al. , Nucl. Phys. A 972, 1-17 (2018).

[40] R.K. Gupta and W. Greiner, Int. J. Mod. Phys. E. 03, 335 (2) (1994).

[41] H. F. Zhang , et. al. , Phys. Rev. C 84, 027303 (2011).




BIBLIOGRAPHY 63

[42] V. Yu. Denisov and A. Khudenko, At. Data Nucl. Data Tables 95 815 (2009).
[43] V. Yu. Denisov and A. Khudenko, Phys. Rev. C 80, 034603 (2009).

[44] N. Sharma and M. K. Sharma, Phys. Rev. C 106, 034608 (2022).

[45] G. Stissmann, Z. Phys. A 274, 145 (1975).

[46] S. Dahmardeh, A. Alavi, V. Dehghani , 963, 68 (2017).

[47] G. G. Adamian , Phys. Rev. C 90, 03422 (2014).

[48] R. K. Gupta, S. Singh, R. K. Puri, A. Sandulescu, J. Phys. G Nucl. Part. Phys. 18,
1533 (1992).

[49] M. Ismail et al., J. Phys. G: Nucl. Part. Phys. 47 , 055105 (2020).
[50] H. F. Zhang and G. Royer, Phys. Rev. C 77, 054318 (2008).
[51] S. B. Duarte, et al., At. Data Nucl. Data Tables 80, 235 (2002).

[52] D.N. Poenaru, E. Hourany, W. Greiner, in: D.N. Poenaru (Ed.), Nuclear Decay Modes,
Institute of Physics Publishing, Bristol, UK, pp. 204-236, Ch. 4. (1996).

[53] D.N. Poenaru, I.H. Plonski, W. Greiner, Phys. Rev. C 74,014312 (2006) .
[54] D.T. Akrawy, D.N. Poenaru, arXiv:1702.05598.
[55] C. Qi, F.R. Xu, R.J. Liotta, R. Wyss, Phys. Rev. Lett. 103 072501,(2009).

[56] C. Qi, F.R. Xu, R.J. Liotta, R. Wyss, M.Y. Zhang, D. Hu, Phys. Rev. C 80, 044326
(2009).

[57] B.A. Brown, Phys. Rev. C 46,811 (1992).
[58] M. Horoi, J. Phys. G, Nucl. Part. Phys. 30,945(2004) .
[59] S.S. Hosseini et al., Nucl. Phys. A 970,259 (2018).

[60] M. Greiner and W. Scheid, J. Phys. G 12, 1.229 (1986).




Chapter 4

Comparative analysis of different ground state decay

mechanisms

In the previous chapter, a decay analysis of the Po isotopes was made using preformed cluster
model (PCM), and significant role of the shell effects are explored using the preformation
yield, barrier penetration probability and the classical and quantum mechanical impinging
frequencies. In addition to the o decay mechanism, a radioactive nucleus may disintegrate
through many other probable decay modes such as the cluster radioactivity (CR), heavy
particle radioactivity (HPR) and the spontaneous fission (SF) etc. After the o decay analysis
in the previous chapter, this part of the thesis includes a comprehensive analysis of CR, HPR
and SF decay modes along with the o decay mechanism. A comparative analysis of all these
decay modes is made using two kind of nuclear potentials. The detailed analysis of the

present chapter is given below :

4.1 Introduction

After the discovery of radioactivity by Becquerel [1] numerous radioactive nuclei were de-
tected, and vast understanding of different kind of radioactive decays was developed. It
has been observed that the nuclei of actinide region are radioactive, and exhibit a-decay,
cluster emission, heavy particle radioactivity (HPR) and spontaneous fission (SF) [2-7].
The dominance of one or more such decay modes rely on the binding energy of the par-
ent nucleus and the fragmentation structure associated with it. After the establishment of
the a-disintegration and spontaneous fission (SF) processes which are the traditional decay
mechanisms of the unstable nuclei, cluster decay mode also known as cluster radioactivity
(CR) came into existence in 1980 [4,5]. In this process, the radioactive nucleus decays via

fragments heavier than the a-particle but smaller than the lightest fission fragment. Till
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the schematic representation of all the parameters is given.

now, different clusters such as 1*C,2°0,23F >4Ne,?6Ne, 2Mg 3'Mg,32Si,34Si are detected exper-
imentally. Different models are introduced to study the cluster emergence from a radioactive
nucleus. Unified fission model was developed where the cluster is supposed to be in overlap
region and the behaviour of the scattering potential is considered to be uniform throughout
within the overlapping region (beyond touching state ). The decay half-lives are calculated
by studying the overlapping region and penetrating region [8|. Similarly, the cluster decay
mode is studied using different models such as the Analytical Super-Asymmetric Fission
Model (ASAFM) , preformed cluster model(PCM), Coulomb and proximity potential model
(CPPM) and the universal decay formula (UDL), etc. [9-18]. Recently, another decay mode
was predicted where the size of decaying fragments is heavier than CR fragment and lighter
than fission fragment, and known as heavy particle radioactivity (HPR) [6,7]. After the
establishment of HPR, Santosh et al. also studied this mode using CPPM [19] for nuclei
having Z=116-124, and the calculated results are compared with UDL. Similarly, analysis of
the HPR mode was made for Z=113, 115 and 117 nuclei using PCM [20] and the importance
of the nuclear proximity potentials is explored in view of HPR. The radioactive nucleus may
opt any of these decay modes, hence it will be of interest to make a comparative analysis of

these ground state emission processes.
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This chapter aims to focus on the investigation of decay dynamics of *3Es radioactive
nucleus [21]. Till date, seventeen isotopes of Einsteinium nucleus are discovered, i.e. A=241-
257, amongest a probable list of about hundred isotopes [22]. The main properties of the
253Es nucleus (opted in present analysis), are fragment mass distribution, and half-lives of
a decay, CR, HPR and the binary SF processes. In the present work, these binary decay
mechanisms are analyzed using the framework of the preformed cluster model (PCM) [2,23].
In this work, 23 Es nucleus is of interest because some relevant data on a-decay, spontaneous
fission processes is available. It is relevant to note that the half-lives of SF of the 2°*Es nu-
cleus is much higher as compared to the that for a-decay. Hence, it has been difficult to
obtain sufficiently strong sources for study because of the extremely high alpha decay rates.
The dynamic calculations incorporating both fragmentation potential and the preformation
probability of the outgoing fragments, and penetration probability of fragments are expected
to impart useful insight for the better understanding of aforementioned phenomena. Hence,
the prime objectives of present work is (i) to explore the binary fragmentation potential
and preformation probability distribution for the competing analysis of a-decay, CR, HPR
and SF processes, (ii) to identify the decaying fragments and calculate their half-lives for
all considered binary decay processes and compare with the experimental and other theo-
retical observations. The overview of this chapter is as per the following: the fragmentation
analysis of ?*Es nucleus using fragmentation potential, preformation probability, penetra-
tion probability and the PCM calculated decay half-lives is carried out in section 4.2. The
observations and conclusions drawn are outlined in section 4.3. The work presented in this

chapter is published in the ref [24]

4.2 Calculations and results

In this section, theoretical investigation of the binary decay mechanism of 233Es nucleus is
made using the preformed cluster model (PCM). First of all, the competing analysis is carried
out for various decay modes of ?*Es such as o decay, CR, HPR and SF. The fragmentation
structure is analyzed to explore the probable fragment emission processes. The decaying
fragments are identified and their corresponding half-lives are calculated, and compared with

available experimental and other theoretical observations. It is worth mentioning here that
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such fragment identification is not available in the reported experiments for cluster, HPR
and SF region, also no experimental information is available for the half-lives of CR and
HPR channels. The calculations are made using two kind of nuclear potentials, i.e., Yukawa

plus exponential and proximity potentials within the framework of PCM.

First of all, the barrier characteristics for the a-decay of 2> Es nucleus are analyzed by
plotting scattering potential in Fig. 4.1 for both Yukawa plus exponential and proximity
nuclear potential. It is evident that both the potentials show different barrier characteris-
tics. The obtained value of the position of the barrier and height of the barrier are distinct
for both cases, and hence the penetrability gets modify accordingly. The Coulomb barrier
is smaller for the case of proximity potential, and one can say that the probability of a-
emission is higher for the same. The collective illustration of a nuclear dynamics is exploited
by studying the fragmentation potential and preformation probability. In order to examine
the dynamics engaged with the radioactive nucleus, the collective potential energy (or frag-
mentation potential) is calculated, which is the key ingredient to the Schrédinger equation

(see Eq. (2.18) of chapter 2). By studying the deep valleys in the fragmentation potential at
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all n-values, the relative stability of decaying fragments can be estimated. Therefore, the bi-
nary fragmentation potential V(n)(MeV) of ?*3Es is calculated and the results are plotted in
figure 4.1. The investigation of fragmentation potential is carried out for both Yukawa plus
exponential and proximity nuclear potential. A deep analysis of the prominent dips in the
fragmentation plot leads to the observation that most preferred decay fragments are same for
both choices of nuclear potentials. However, there is a significant difference in the magnitude
of fragmentation potential. It is evident from figure 4.2 that, the clusters/fragments corre-
sponding to the deepest minima of the fragmentation potential are 1n, *He, *6Ar, #2Ge and
125Tn. The a-particle (*He) along with the 1n are having the lower fragmentation potential.
However, the present work aims primarily to explore the relative abundance of radioactive
processes, so the a-decay is compared with the heavier cluster emission. As stated above,
the decay fragments for CR, HPR and SF channels are identified, respectively, as 6Ar, 32Ge
and '%In (along with complementary fragments). Fig. 4.3 represents the PCM-calculated
preformation probability Py with respect to the fragment mass A; for binary decays of ?>*Es
nucleus with the help of the Yukawa plus exponential and proximity potential. The minima
in the fragmentation structure corresponds to the maxima in the preformation profile (F).
This indicates that the fragment having highest value of preformation probability forms the
most favorable fragment pair in the exit channel. The decaying fragments are identified and
are marked in the preformation plot. The spontaneous fission decay of 2*3Es nucleus advo-
cates symmetric fragmentation ('?*In+'28Sn channel), and this choice of the most probable

fission fragments triggered the importance of shell closure (lie nearby Z=50). The reason




70

4.2 Calculations and results

- 6¢°€T g9°¢l LL'T 0°1- 0v°0- e€eve USgzr+Ulger a5
- - €0°0¢ 7661 0°1- 0v°0- G661 OH 1,1 t9D¢gs ddH
2] L£7E - 4 18°0¢ G8°0- 040 L8el Lz HiVey  TOISUD
L2l 912 9 79 06 GL0 020" GL9 Mg PHy  wUdIV
reonoroay ], dxy  (WDJ) Anwxoig (D) emenx Ayuxorg  emesnx  (A9IN) [euueyd opowt
(*00s) @/1 180 soAT[-JTel] (ug) yv onrea & Ae29(] Aedo(]
9Iqe) oy} ur  pojueserd osfe oIk senjrjuenb  pejemores  Ieyjo  YHm Yy Jo onfea pozimndo oy, [22]
90UaIoJol  [DIJOI0dY) Y0  pue  [9g ‘Gg]  eyep  [ejuewiedxe  o[qe[leAR oY) UM  poledwloo  oIe  SNAPNU
SHec; O JO (4SS Ppue  YJH YO  ©) swsmueyoowr  Aedop  Areurq  oyj  JO  SOAI[J[BY  ARdop  pojeIIO[®d Ay,




4.3 Conclusion 71

behind the emergence of predicted cluster/fragments is apparently due to the magicity of

the corresponding daughter products in all the decay channels.

The competing nature of all the four decay channels of ?*>Es can be seen from figures
4.4(a~c), which shows the behaviour of fragmentation potential, preformation probability
P, and barrier penetrability P (calculated at corresponding fitted AR’s ). It is observed
from figure 4.4 (a) that o and spontaneous fission fragment (1?Sn) have lower magnitude of
fragmentation potential than the cluster (“®Ar) and heavier fragment (¥2Ge). Consequently,
the magnitude of P, is large for  and SF fragment than other two decay channels, which
means the probability of o emission and SF decay channels is higher for 2°*Es nucleus.
However, fig. 4.4(c) depicts that the barrier penetrability rises with respect to increase in
the mass number of the decaying fragment. It may be noted from the figure that proximity
and Yukawa nuclear potentials show similar structural behavior for all kind of binary decay
processes (also shown in Fig. 4.2). However, there is a significant difference in magnitude.
Knowing that half-lives are the combined effect of preformation probability P, and pene-
trability P, the PCM-calculated results are presented in table 1. The half-lives of o and
fission fragment are smaller than cluster and heavy fragment. However, the half-lives for «
and SF channels show nice agreement with the experiment measurements [25,26] with the
use of proximity potential. This is due to the different barrier characteristics of both the
potentials as discussed in figure 4.1. The @-value and the optimized values of neck-length
parameter for the binary decay mechanisms are presented in table 1. The comparison of

PCM-calculated half-lives with other theoretical observations [27] is also made.

4.3 Conclusion

Here, preformed cluster model (PCM) is employed to study different binary decay processes
of the ?*Es radioactive nucleus. The binary decay mechanisms (such as «, cluster, HPR,
SF), are explored using using two kinds of attractive nuclear potentials i.e. Yukawa plus
exponential and proximity potential. The barrier characteristics for the o decay process
are compared using both nuclear potentials. The Coulomb barrier is smaller for the case of
proximity potential, hence the « particle emission probability is higher for this potential.

After the barrier analysis, the fragmentation potential and the preformation probability
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is calculated and most probable decaying fragments are identified. The identified decay
fragments are similar for both of the nuclear potentials but there is significant change in the
magnitude of the fragmentation potential. The identified most probable decaying fragments
depict the importance of Shell closure effect. The decay half-lives are calculated for all decay
mechanisms («, cluster, HPR, SF) for both nuclear potentials. The PCM-calculated half-
lives of a and SF channels show nice agreement with experimental results using proximity
potential. However, the half-lives are predicted for cluster and heavy particle radioactivity.
A comparison of the fragmentation potential, preformation probability (py) and the barrier
penetration probability (P) of all binary decay mechanisms is made where alpha decay and
SF are found as prominent decay modes for both choices of the nuclear potentials.

In this chapter, a comparative analysis of various ground state binary decay modes is made
using the spherical choice of the decaying fragments. As a next step, relevant role of the
deformations and geometrical configurations ( cold and elongated ) is explored in the next
chapter. The mass distributions of the fermium (Fm) isotopes are examined for the spherical,
hot and cold configuration choices of the decaying fragments and comparison is made with

the available experimental data.
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Chapter 5

Effect of compact and elongated configurations in the

spontaneous fission (SF)

In the previous chapter comprehensive analysis of different binary decay modes is made using
preformed cluster model (PCM). The mass asymmetry coordinate and relative separation
coordinates are employed for the comparative analysis of the probable decay modes. All of
these investigations are made using the spherical choice of the decaying fragments. As an
extension of this work, role of the deformations and orientations (compact and elongated)

is explored in the present chapter. The detailed description of the chapter is given below.

5.1 Introduction

Nuclear fission process, the division of atomic nucleus into two or more fragments, has a
significant role in the generation of electric-power, stability of super-heavy nuclei, termina-
tion of r-nucleosynthesis process and the generation of exotic nuclear isotopes. In addition,
the fission decay products have many industrial and medical applications. It is therefore
important to have an appropriate knowledge of the fission fragment mass distribution of
heavy nuclei. Several experimental and theoretical efforts have been made to analyze the
properties of nascent fission fragments, and it has been observed that the macro-microscopic

effects play an important role in the fission dynamics [1-8].

The literature shows some exceptional observations [3-5,9,10] in reference to the fission
fragment mass distributions. For example, ®YHg nucleus gets disintegrated via asymmet-
ric fragmentation, however, it is supposed to decay via symmetric fission fragments, i.e.,
0Zr+97r having magic neutron number N=>50 [3,4]. The n-induced fission of ?**U nucleus
at higher energies (E,=50-60 MeV) have maintained the two humped mass asymmetric

distribution, where shell effects are expected to be vanished at such higher energies [5].
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Figure 5.1: A pictorial representation of hot-compact (a-c) and cold-elongated (d-f) configu-
rations for prolate (p), oblate (o) and spherical (s) shapes of nuclei. See ref. [12]
for further details.

Moreover, the actinides are known to have an asymmetric fission pattern, but the first ob-
servation of a transition from asymmetric to symmetric fission has been measured in the
region of mass A=256-258 of Fm isotopes [9,10]. Such competing emergence among the sym-
metric and asymmetric fission is mainly associated with the deformed magic shell effects [2].
Apart from this, the tip-to-tip (equatorial ‘or’ elongated) and side-to-side (polar ‘or’ com-
pact) configurations of the nuclei has great impact on formation and the decay dynamics of
a nucleus [11,12]. In view of above, we require a thorough analysis of fission fragment mass
distributions in reference to the macroscopic-microscopic effects, deformations, orientations,
angular momentum and energy dependence of fission observables for wide isotopic range. In
the present chapter, the spontaneous fission (SF) and induced fission (IF) of fermium (Fm)
isotopes having even mass number A=242-260 have been studied. These nuclei are of inter-
est as they may exhibit a symmetric profile due to presence of two proton magic Sn (Z=50)
mass-symmetric nuclei. Earlier, our group have studied the break up of ?**Fm* compound
nucleus (CN) established in ''B+2%Am reaction at wide excitation energy range [13]. The
obtained results triggered that the deformation and orientation effects play crucial role in

fission dynamics [13].
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To analyze the induced fission (IF) dynamics, we have extended this study to other
isotopes, i.e., 2427260Fm* formed in '"B+21"249Am reactions at excitation energies E*=5-
42 MeV. The analysis of spontaneous fission and induced fission is worked out using the
preformed cluster model (PCM) [14-17| and dynamical cluster-decay model (DCM) [18-
22|, respectively. The aim of the present chapter is (i) to analyze spontaneous as well
as induced fission of Fm isotopes having mass number A=242-260, (ii) to examine the
role of deformations and orientations of the interacting fragments in view of the structure
of fragmentation potential V(n, R) and preformation probability (Fp) (iii) to investigate
the impact of excitation energy (E*), angular momentum (¢) and neutron (N) number
of fissioning nuclei on fission fragment mass distributions, (iv) to study the possibility of
multi-modal fission i.e. the presence of both symmetric fission and asymmetric fission in Fm
isotopes, and (v) to recognize the nascent light (Ay) and heavy (Ap) fission fragments in

order to analyze the role of spherical and deformed magic shell closure.

The present chapter is arranged as follows: The exploration of spontaneous fission and
induced fission of Fm isotopes, and their corresponding discussions are presented in Section
5.2, and finally conclusion of the obtained results are summarized in the last section. The

work presented in this chapter is published in the ref. [23]

5.2 Calculations and the results

5.2.1 Spontaneous fission of Fm isotopes

In PCM, the angular momentum and temperature effects are silent, however, the deforma-
tion effects are included up to quadrupole (f5;) deformations of fragments with optimum
orientations of decay fragments. Depending on the prolate and oblate shapes (+ and -
signs) of fy-deformations, the orientation angles are optimally fixed, which result in the
‘hot-compact’ and ‘cold-elongated’ configurations as shown in Fig. 5.1, for detailed de-
scription of optimum orientations see Ref. [12]. The ‘hot-compact’ and ‘cold-elongated’
configurations are also known as equatorial (side-side) and polar (tip-tip) configurations,
respectively. In this manuscript, we are denoting ‘hot-compact’ and ‘cold-elongated’ config-

urations as [>-deformed (hot)
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Parent Decay AR(fm) logio T}/, (sec)
nucleus channel PCM Expt.
Spherical
24210 120Gy, 1 122Gy, 1.418 -1.586 -3.097
2440 122Gy | 122G 1.420 -1.600 -2.481
246y 1228 124G 1.369 -0.826 0.903
2480 124G, 4 124Gy 1.372 5.247 4.556
250y, 124G, | 126G 1.000 7.353 7.402
252 1268y +126Sp 0.640 9.606 9.596
ST 126G (128G 0.640 7.291 7.294
256y 128Gy 128G 0.653 4.023 4.019
258y 128Gy, 130Gy 1.100 -3.440 -3.432
260y 130Gy (130G 0.725 -2.372 -2.397
Ba-deformed
22py 102Mo+119Ce 0.880 -2.928 -3.097
24, 987y +146Nd 0.760 -2.268 -2.481
246y 9871+ M8N( 0.480 0.860 0.903
248y B7Zr+159Nd 0.180 4.767 4.556
250y 1007y +150Nd 0.015 7.397 7.402
252y, 1007, 1 152N 0.001 7.615 9.596
254Fm 1027y - 152Nd 0.083 6.228 7.294
256 Fm 1027y 1 154Nd 0.274 2.455 4.019
258y 1027, L 156N 0.660 -3.339 -3.432
128G, 1 130Gy, 1.050 -3.439
260y, 1047, 156N 0.582 -2.324 -2.397
130Gy 4 130Gy 0.670 -2.382
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and f-deformed (cold) orientations. First, the barrier characteristics are analyzed for the
asymmetric spontaneous fission of 22Fm—14°Ce (5;=0.0)+1%2Me (322=0.329) nucleus in
reference to these configurations. Figs. 5.2(a), 5.2(b) and 5.2(c) show the scattering po-
tential V(R), respectively, for the choice of spherical fragments, [y-deformed (hot), and
Po-deformed (cold) approaches. It is observed from figure that the barrier properties are
significantly modified with the inclusion of deformations and orientation effects. The interac-
tion radius is largest for the case of cold configurations and smallest for the hot configuration
as evident from Figs. 5.1 and 5.2. Consequently, cold orientations correspond to the small-
est interaction barrier and hot configurations to the largest interaction barrier. This means
that such effects are highly important as they in turn modify the preformation probability
Py, barrier penetrability P, and hence the decay half-life.

For further analysis of fission valleys, the collective fragmentation potential Vz(n)(Az) of
2Fm and °Fm fissioning nuclei is framed in Figs. 5.3(a-f) with respect to the light
fragment mass (Ag) for the choice of spherical, fy-deformed (hot) and fs-deformed (cold)
approaches. The structure of fission valleys is drastically modified with the incorporation of
deformation effects. The probable fission region in the fragmentation structure is marked
in the figure. If we focus on spherical approach (82=0 for each fragmentation), the fission
dips indicate that the symmetric fragments are main contributors in the spontaneous fis-
sion of *#?Fm and *°Fm parent nuclei, see Figs. 5.3(a) and 5.3(b). The contributed fission
fragments of both nuclei in Figs. 5.3(c) and 5.3(d) also show the symmetric fission pattern
for fa-deformed hot configuration. However, the cold interactions in Figs. 5.3(e) and 5.3(f)
show a dominance of asymmetric fission and multi-modal fission, respectively, for 2*2Fm and
260Fm nuclei. Here, multi-modal fission means the presence of both the symmetric fission

and asymmetric fission.

It is clear from above analysis that the inclusion of hot or cold orientations cause signifi-
cant influence on the fragment mass distribution, as the fragmentation potential depends on
the deformation parameter and on the choice of radius vector. For 5-deformed (hot) cases,
the symmetric fission valleys in fragmentation potential are observed in the neighbourhood
of spherical or nearly spherical fragments (f520). However for cold configurations, the
asymmetric minima in potential correspond to highly deformed fragments (82>0.3) where
the symmteric one belong to spherical or nearly spherical nuclei (52/0). In hot orientations,

the spherical decaying fragments have larger interaction radius than the (s-deformed
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fragments, and hence the fragmentation potential has smaller magnitude for spherical
fragments, therefore we get the symmetric distribution for this case. On the other side,
the cold-elongated interactions of highly deformed fragments result in the larger interaction
radii leading to the lower fragmentation potential as compare to spherical fragments. As
a consequence, the asymmetric fission becomes prominent for the case of cold-interactions.
It will be of further interest to explore the cause and consequences of spherical emergence
(symmetric) and deformed (asymmetric) fragments in the cold interaction criteria, for the

case of 29Fm nucleus.

For further analysis, the preformation probability P of each isotope of Fm are shown in
Figs. 5.4(a-j), 5.4(k-t) and 5.4(u-6) for spherical, fo-deformed (hot), and fy-deformed (cold)
approaches respectively. It is to be noted here that fragmentation potential further proceed
as an input in the Schrodinger equation used to calculate the preformation probability Fy,
and the valleys of fragmentation potential correspond to the peaks of preformation proba-
bility and vice versa. Overall, the mass distribution of 242-29Fm isotopes show symmetric
pattern in fission region for spherical and [s-deformed (hot) cases. However, symmetric
peak becomes sharp with increase in neutron (N) number of Fm parent nucleus, for the
inclusion of f-deformed hot orientations of the decay fragments. For fs-deformed (cold)
case, a transition from double peak to triple peak is observed as one goes from 2*?Fm to
20Fm fissioning nuclei. This indicates that So-deformed (cold) approach follows different
fission decay path than the spherical and hot interactions. The results of preformation
probability shown in Fig. 5.4 are in agreement with the ones plotted for fragmentation
potential in Fig. 5.3. The lighter mass Fm isotopes exhibit the asymmetric spontaneous
fission. However the mass distributions of heavier fermium isotope (*°Fm) seem to suggest
the possibility of multi-modal spontaneous fission (that means the presence of the symmetric
fission and asymmetric fission). This indicates that cold-elongated configuration results are

in accordance with the experimental data of refs. [9,10,39].

In order to analyze the multi-modal fission of Fm isotopes, the positions of nascent fission
fragments in proton (Z) and neutron (N) numbers, the most probable fission fragments are
identified in reference to the peaks of preformation probability Fy. The most probable light
(Ar) and heavy (Ap) fission fragments are listed in Table 5.2.1, and the Z and N number

of light fission fragment (Ay) are framed in Figs. 5.5(a-b) with respect to the mass number
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Figure 5.5: (a) Proton (Z), and (b) neutron (N) number of most preferred light fission frag-
ments are plotted with respect to the mass of Fm spontaneous fissioning nuclei
for spherical and (y-deformed (cold) cases.

of parent nuclei for the spherical as well as the fs-deformed (cold) approaches. The option
of fission fragments for fp-deformed (hot) case is same as that of spherical approach. The
symmetric peaks for both spherical and hot interactions are mainly governed by the spherical
magic shell closure of the proton number at Z=>50, that means the 2*2-20Fm isotopes decay

via isotopes of Tin (Sn).

The neutron number of these isotopes increases with mass number of the parent nuclei
and approaches to the spherical neutron shell closure of N=82 for the heaviest considered
isotope. For (y-deformed (Cold) case, the Z number and N number of light asymmetric
fission fragments lie in the neighbourhood of deformed magic shell closures of Z=38 and
N=60,62. This indicates that deformed magic shell closures play important role for the case
of cold-elongated configuration. However, the symmetric peak becomes more prominent in
heavier mass 2°>2°Fm nuclei, and belongs to the spherical doubly magic shell closures of the
Sn (Z=50, N=82) nuclei. From Figs. 5.3-5.5, it may be concluded that the spherical and
deformed magic shell closures along with the deformation and orientation degree of freedom

play an important role in the division of fissioning nucleus.

The SF half-lives (Tls}g ) of identified fission fragments are calculated with the help of
the‘neck-length’ parameter (AR) for spherical and fy-deformed (cold) cases. Table 5.2.1
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Figure 5.8: DCM-calculated (a,c) fragmentation potential V(Ay) and (b,d) preformation
probability P for 22Fm* and 2°Fm* nuclei is plotted for static (T-independent)
and dynamic (T-dependent) deformations for cold-orientationsx.

and Fig. 5.6 (c) represent the PCM-calculated half-lives which are in fair agreement with
the experimental reference [38]. For case of 28260 Fm nuclei, the half-lives are evaluated for
both symmetric fission and asymmetric fission fragments as both nuclei show multi-modal
fission in cold interactions. The fission half-lives, neck-length parameter along with the
identified most probable fission fragments are listed in the Table 5.2.1. The magnitude of
AR is small for cold interactions in comparison to the spherical approach. The decay half-
life depends on the preformation probability P, and penetrability P as per equation (2.1).
Figs. 5.6(a), 5.6(b) and 5.6(c) depict the logioFy, logioP and logloTls/g of most favorable
fission fragments, respectively, with respect to the mass number of parent nuclei. It is clear
from plot that loglOTls/g show the opposite trend to log;o Py and logoP. It is clearly evident
from plot that when preformation and penetration probabilities are large, decay half-life is
small and vice versa. This indicates that higher probability of fragments preformation and
subsequent penetration lead to lower magnitude of the decay half life. This justifies the fact
that the proper understanding of preformation factor and barrier penetrability is desirable

for adequate addressal of decay half-lives of the SF mechanism.
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5.2.2 Induced fission of Fm isotopes

From the results of preceding section, it can’t be argued that properties of fission frag-
ments may vary drastically with change in neutron number (N) of parent fissioning nucleus.
Further, to analyze the excitation energy (Ef. ) and angular momentum (¢) effects on fis-
sion fragment mass distributions, the excited state fission decay analysis of Fm isotopes is
carried out in present section. Previously, our group has made an investigation on 2**Fm
nucleus formed in "B-+243Am reaction at various excitation energies using spherical ap-
proach, only-f, and higher multipole (f52-54) deformations within dynamical cluster-decay
model (DCM) [13]. This work represents many interesting results regarding to the effects
of deformations, orientations and excitation energies etc. Here, we have chosen ''B-induced

24272600 m* isotopes to analyze the

reactions on 21729 Am target forming hot and rotating
fission fragment mass distributions for compound nucleus (CN) mass and excitation energies

range.

Firstly, the fragmentation potential Vz(n,T) and preformation probability Py of 22Fm*
nucleus forming in 'B+23' Am reaction at excitation energy E*=42 MeV at (=0h, are cal-

culated for three kind of approaches as used for the case of spontaneous fission, such as
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spherical, Sa-deformed (hot), 5y-deformed (cold) configurations of decay fragments, see Figs.
5.7(a) and 5.7(b). In Figs. 5.7 (a,b), the deformations are considered T-independent i.e.
static deformations (52(0)). The calculations are made at AR=1.0 fm taken from previous
study of 2> Fm* at same excitation energy [13]. It is observed from the plot that the frag-
mentation strcture is significantly modified with inclusion of deformations and orientations.
The mass distribution show asymmetric behavior for fs-deformed (cold) configurations.
However, broad symmetric pattern of spherical approach is changed to sharp peak for hot
interactions. The reason behind these structural variations of fragmentation potential and
preformation probability is same as that for the case of spontaneous fission, as discussed
in Sec.3.2.1. Moreover, the results of cold-elongated interactions of decay fragments show
nice agreement with the experimental observations [39]. Thereby, further calculations are

carried out for the choice of S-deformed cold-elongated configurations only.

To see the temperature (7') dependence of deformations see Eq. 2.38) in cold orientations,
a comparison of the T-independent (static) and T-dependent (dynamic) fo-deformations is
made in Figs. 5.8(a-b) and 5.8(c-d), respectively, for *?Fm* and ?°°Fm* excited nuclei
at £*=42 MeV and (=0h. It is seen from figure that the dynamic deformations (Bs;(T)
has great influence on fragmentation path and preformation distribution. The static de-
formations (f9;(0) follow asymmetric fission pattern for both fissioning nuclei. In case of
dynamic deformations, the ?*2Fm* nucleus decay via asymmetric fission fragments, however,
a symmetric peak appeared in the mass distribution of 2°Fm* nucleus. This indicates that
dynamic deformations have great influence on the fission fragment mass distributions, and
show nice agreement with the experimental observations [39,40]. Above results have been
plotted at zero angular momentum (i.e. V;=0) only, therefore an effort is made in Fig. 5.9 to
investigate the role of rotational energy on the fragment distributions. Figs. 5.9(a-b) show
the preformation probability for 2#2Fm* and ?°Fm* nuclei for cold approach using dynamic
deformations at broad range of angular momentum i.e. {=0-/,,,,. There are some structural
variations in the structure of F,y for both nuclei. However, the overall mass distribution of
fission fragments remains same such as asymmetric for 2*?Fm* and symmetric for 260Fm*

nucleus.

AR is the parameter of the model which is used to fit the experimental half-lives and

cross-sections. However, in this case we are analyzing the fission fragment mass distributions
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only. To check whether AR influence the mass distributions or not, the preformation prob-
ability Py is plotted in Figs. 5.10(a) and 5.10(b) respectively for *2Fm* and ?°Fm* nuclei
at £*=42 MeV for AR=0.0 to 1.5 fm. It can be clearly seen from figure that magnitude
of Py increases with increment in AR. However, the fission region structure remains same
in general i.e. asymmetric for ??Fm* and symmetric for 2°Fm* nucleus. That means AR
does not effect the fission decay channel of considered fissioning nuclei. Finally, the energy

dependence of fission fragment mass distributions of 242250,256,260yy *

isotopes is studied in
Fig. 5.11 at excitation energies £*=5,10,20 and 42 MeV and corresponding ¢,,,, values
for cold-interactions. It is clearly observed from figure that fission fragment mass distri-
butions are significantly modified with increase in excitation energy and neutron number
of compound nuclei. The evolution towards mass asymmetry slows down with increase in
excitation energy for 24%2°0:256Fm*  see Figs. 5.11(a-1). This can be easily understood from
the fact that shell effects start diminishing with increase in energy [30]. However, 2°Fm*
nucleus prefer to decay via symmetric fragments at all energies. If we compare spontaneous
fission versus induced fission from Figs. 5.4 and 5.5 for cold interactions, it is observed that
for both cases lighter mass Fm nuclei prefer asymmetric fission distribution. For heavier
mass Fm nuclei, the triple humped distribution is observed for the case of spontaneous fis-

sion showing the equal distribution of symmetric as well as asymmetric fission. However, at

excitation energies the symmetric fission is more dominant decay mode in comparison with
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asymmetric fission, as one can see from Figs. 5.11(m-p). These results are in fair agreement

with the induced fission measurements of Refs. [39,40].

5.3 Conclusion

Firstly, the spontaneous fission (SF) of ?42720Fm isotopes is studied within preformed clus-
ter model (PCM). I have computed the fission fragment mass distributions for three types
of decay configurations such as spherical, quadrupole [s-deformed ‘hot-compact’ and (-
deformed ‘cold-elongated’. The interaction radius decreases as one go from cold-elongated
to spherical to hot-compact shapes, whereas interaction barrier height increases for the same
sequence. These results effect the barrier characteristics and hence the fragmentation path,
because the potentials involved strongly depend on the deformation and interaction radius
of decay fragments. The spherical and (>-deformed hot-compact configurations depict the
symmetric pattern for each fermium isotope, however, the symmetric peaks become sharp
with respect to increment in the neutron (N) number of parent nucleus. [-deformed cold-
elongated shapes of decay fragments show a transition from double humped (asymmetric
fission) to triple humped (multi-modal fission) mass distribution. The heavier isotopes such
as 2°%20Fm exhibit multi-modal fission (i.e. the presence of both symmetric as well as asym-
metric fission) for the cold configuration criteria. Spherical and fs-deformed hot-compact
approaches show that Fm isotopes decay via spherical magic shell closure [Sn (Z=50) iso-
topes|. However, for cold-orientations, Fm nuclei prefer to decay via asymmetric fragments
having deformed magic shell closures of Z=38 and N=60,62. This concludes that spherical
as well as deformed magic shell closures play important role in the fission dynamics of Fm
isotopes. The decay half-lives of the considered spontaneous fissioning nuclei are calculated
and in the fair agreement with experimental observed results. This study study highlights
the significance of deformation and orientation effects, together with the excitation energy
and isotope dependence of fission fragment mass distributions for both spontaneous and

induced fission dynamics.

Beside this, the induced fission (IF) of 2#272°Fm* compound nuclei formed in "' B+2317249 Am
reactions at excitation energies F*=5-42 MeV is analyzed using dynamical cluster-decay

model (DCM) which includes the angular momentum (¢) and the temperature (T) effects as
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discussed in the methodology. We observed that T-dependent (dynamic) deformations play
significant role to decide the fission decay mode. Among all three type of considered configu-
rations, the fo-deformed cold-elongated configurations provide the desired results which are
in fair agreement with the experimental findings as we notice in the case of the spontaneous
fission. The variation of fragment mass distributions is studied with increase in neutron
number and excitation energy. A transformation from asymmetric peak to symmetric peak
is observed with increase in neutron number of Fm nucleus. Moreover, the excitation energy
of fissioning nuclei significantly effect the fission mass distributions. The angular momentum
(¢) and neck-length parameter (AR) dependence of mass distributions are studied and it is
observed that magnitude of preformation yield significantly changes, however, overall fission
decay pattern remains same.

After the study of the binary fission, the ternary fission analysis is made using three cluster
model(TCM) in the next chapter. The light charge particle accompanied fission is studied

and the probable fission fragments are identified.
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Chapter 6

Light particle accompanied fission

In previous chapters, analysis of different binary decay modes such as a decay, cluster decay,
heavy particle radioactivity and the spontaneous fission is made and different properties as-
sociated with them are explored. The competing analysis of these decay modes are made
using the fragmentation potential, preformation probability and the penetration probabil-
ity. In the next step, role of the deformations and orientations in the spontaneous fission is
explored. After the analysis of the SF mode, this chapter focus on the light charge particle
accompanied fission (ternary fission) where the light fragment emission happens in perpen-
dicular direction to the fission axis. The ternary fission fragmentation analysis is carried out
using three cluster model (TCM). The most probable decay combinations (of three body
decay mode) are obtained using the fragmentation structure. The barrier characteristics of
the probable fission channel is studied using different nuclear potentials. A general descrip-
tion of light particle accompanied fission and related aspects is explained in the following

section.

6.1 Introduction

The simultaneous emission of the light charge fragment along with two heavy fission frag-
ments is known as light particle accompanied fission (LCP) [1-3]. Mostly, the light fragment
emission happen in a direction perpendicular to the fission axis [4]. The light charge par-
ticle may be a proton, Triton or a « particle. Due to the higher stability, in light mass
domain alpha particle is observed as third fragment in general. The emission of alpha par-
ticle along with two fragment in scission state is also known as long range alpha emission
(LRA) [5-7,9,15]. Experimentally, the LRA emission is observed mostly in case of the heavy
actinides [10-13] and concluded that emission probability increases with increase in the fis-

sility parameter. The dynamical model is given [14]exists, where the LCP formation process
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is explored as two random neck ruptures during the time interval about one single-particle
period. Using this analysis new semi-classical expressions are given which are further em-
ployed to calculate the LCP yields and relative ternary fission probability. It is well known
that the heavy actinides go through different binary decay modes (i.e. « decay, cluster
decay, spontaneous fission etc) and it is difficult to examine whether the nuclei proceed
through binary or ternary splitting. In the experimental observation of LRA in spontaneous
fission of 2*2Cf [15], it was found that the LRA emission and usual binary fission is very
similar process. Additionally, the energy ratio distribution for both the processes (binary
and ternary ) is almost analogous. It will be of interest to make a comparative analysis of

the binary and ternary fission process.

In this chapter, the ternary fission analysis of ?*Es, nucleus is made using three cluster
mode (TCM) and the probable decaying fragments are identified. The three body fragmen-
tation analysis is made using two kind of nuclear potentials i.e. Yukawa plus exponential
potential and the Proximity potential. The most probable third fragment is obtained using
the fragmentation potential. Keeping this fragment as fixed, comparison of the fragmenta-
tion structure is made using two nuclear potentials and the obtained fragments are compared
with the binary fission fragments. The penetration probability of the decay channels (three
body) are calculated and are used to calculate the relative yield of the fragments. Finally, a
comparison of relative yield for the case of the binary and ternary decay is made. The work

presented in this chapter is published in the ref [19]

6.2 Calculations and results

6.2.1 Decay of ?*Es through ternary fragmentation

In this section, the possibility of ternary decay of 2> Es nucleus is investigated, within the
three cluster model (TCM) [16,17]. The ternary fragmentation potential using equation
(2.33 of Chapter 2) is calculated for considered radioactive nucleus using the assumption of
equatorial configuration [16], and plotted in Fig.6.1 as a function of fragment mass A,. In
this work, the calculations are made at the surface separation s=0.8 fm as the scattering

potential V(s;) corresponding to first turning point s; is expected to be higher than the
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Figure 6.1: Ternary fragmentation potential V(MeV) as a function of fragment mass for
253Es for different As=4 combinations.

Q-value of decay fragments in the exit channel. Note that the third fragment mass is fixed
i.e. A3=4, and the possible choices of fragments for mass number four are taken as “H, He
and “Li. As mentioned in Chapter 2 of the thesis, the fragmentation potential is minimized
in mass/charge asymmetry coordinate for remaining two binary fragments (A;+A;). It may
be noted from the figure that the magnitude of the ternary fragmentation potential is lower
for A;="He (than *H and *Li fragments). This indicates that the Az=*"He accompanied
ternary fission is more favoured for 23 Es nucleus. The preference of *He fragment as a third
fragment for the ternary decay of considered nucleus is in accordance with [18|. Hence, the
further investigations are carried out by considering *He as a third fragment for the ternary

fission decay of 23 Es nucleus.

Next, to analyze the ternary decay of ?**Es, we have considered two nuclear potential,
i.e., Yukawa plus exponential and proximity potential as discussed in Chapter 2. In Fig.
6.2, the ternary fragmentation potential is plotted with respect to the fragment mass As
for both type of nuclear potentials. Note that results shown in figure 6.2 are calculated at
common surface separation s=0.8 fm. It is evident from the figure that the magnitude of
fragmentation potential is lower for proximity potential as we compared it to the Yukawa
plus exponential potential. That means, the probability of ternary emission seems higher for

the choice of the proximity potential. However, the fragmentation structure and the choice
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Figure 6.2: Ternary fragmentation potential V(As) of 2*Es for Yukawa plus exponential and
proximity nuclear potentials.

of most probable A;+A, fragment is same for both cases, where the third fragment is fixed

(Az=*He). The minima’s of fragmentation path (say, using proximity nuclear potential) of

253Es nucleus, correspond to the following combinations (**3Es—A;+Ay+A3):

(1)%*Es — *He(Z=2,N =2)+* Ar(Z =18, N = 28)

(i9)**Es — ‘He(Z =2,N =2) +* Ge(Z = 32, N = 50)

(1ii)*Es — *He(Z =2, N =2) +"° Pd(Z = 46, N = 70)

+2BAu(Z =79, N = 124)

+197Th(Z = 65, N = 102)

+1388b(Z =51, N = 82)

In case of (i), (ii) and (iii), the emergence of minima’s are associated with neutron magicity

N=28, 50 and 82 respectively. Where, “He (doubly magic nucleus) is considered as third

fragment in the ternary decay. These results indicate the conclusive role of closed-shell

effects in the ternary fission fragmentation of ?*Es. It would be of interest, if experimental
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Figure 6.3: The ternary fission scattering potential V (MeV) with respect to the surface
separation (s) for ?*3Es is plotted with the use of Yukawa plus exponential and
proximity nuclear potentials.

verification of the obtained results are made available.

After obtaining the most probable decay channel using the fragmentation potential, the
barrier characteristics are studied using proximity potential and Yukawa plus exponential
potential. The scattering potential is calculated and plotted as a function of the surface
separation of the three fragments and shown in Figure 6.3. The position of the barrier and
height of the barrier are different for the two cases, and hence the penetration probability gets
modified accordingly. The Coulomb barrier is lower for the case of the proximity potential,
and one can say that the probability of o emission is higher for that case. The calculated
penetration probability is further used to obtain the relative yield of the binary and ternary

fission processes discussed in the next section.

6.2.2 Comparative analysis of binary and ternary fission

Finally, a comparative examination of the binary and the ternary fission of 2*Es nucleus is
made in this section. The relative yields (as per equation (2.36) of chapter.2) of binary and

ternary fission fragments are calculated and the results are shown respectively Figs. 6.4(a)
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Figure 6.4: The TCM calculated relative yields for (a) binary fission and (b) ternary fission
of 2°3Es. The most probable fission fragment are also marked.

and (b). The scale of x- and y-axis is same in both panels so that one to one comparison for
binary and ternary fission mechanisms be carried out. As per Fig. 6.3 and 6.4, the binary
and ternary fission decay is more prominent for proximity potential, hence the calculations
are done for this choice of potential. The fission fragment mass distribution is significantly
different for binary and ternary fission. Ternary fission fragmentation is more asymmetric as
compared to binary fission. The choice of most probable fragment as marked in the figure,
is also different for the considered fission decay mechanisms. Clearly, the relative yield of
symmetric fragments is higher for the case of binary fission decay relative to the ternary
fission. This observation also suggests that possibility of binary fission is higher as compared

to the ternary fission.

6.3 Conclusion

Summarizing, three cluster model (TCM) is used to study ternary decay process of *3Es

nucleus. The calculations are performed using two kinds of attractive nuclear potentials
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i.e. Yukawa plus exponential and proximity potential. It is observed that 2°*Es may also
decay via particle-accompanied fission, where third particle is identified as *He. The most
probable fission fragments are identified using the fragmentation structure. The probability
of ternary fission seems higher for the choice of the proximity potential. The fragmentation
structure and the choice of most probable A;+A, fragments is same for both cases, where
the third fragment is fixed (Az="*He). The barrier characteristics for the most probable
decay channel are compared for both of the choices of nuclear potential. There is significant
change in the barrier position and barrier height for considered nuclear potentials. The
Coulomb barrier is lower for the case of the proximity potential and seems suitable for LCP
mode. Further, a comparison of the binary and ternary decay modes is carried out and
their mass distribution is compared. The relative yield of symmetric binary fragments is
higher than the ternary fission. The most suitable decay channels are picked out for the
two and three body splitting modes. Finally, it is observed that magic shell Closure (near

Z=50,N=82) play important role for binary as well as ternary fission.

After the analysis of light particle accompanied fission (where a light charge particle
is emitted along with two fragments ), the comparative analysis of light and heavy third

fragment emission processes is made in the next chapter.
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Chapter 7

Role of equatorial and collinear configuration in ternary

fission

In previous chapter, the light charge particle accompanied fission is studied using the three
cluster model (TCM). The most probable decay channels are identified by calculating the
three body fragmentation potential using the equatorial configuration. In the present chap-
ter, a comparative analysis of the equatorial cluster tripartition (ECT) and collinear cluster
tripartition (CCT) is made using TCM. The most probable decay channels are identified for
ECT and CCT modes using the fragmentation structure and the barrier characteristics are

compared. The detailed discussion of the present chapter is given below:

7.1 Introduction

Generally, radioactivity involves the alpha («), beta (8) and gamma () decay processes.
However, there may be a possibility of cluster radioactivity (CR), heavy particle radioactivity
(HPR) and spontaneous fission (SF) decay channels depending on the shape, size and inter-
nucleon forces of the radioactive element [1-4|. Among the aforementioned decay channels,
SF is considered as a powerful tool, that determines the stability of heavy and superheavy
nuclei together with related structure aspects. The SF process of actinides is expected
to provide further insight of stability and dynamical evolution of the radioactive nuclei
[5-7]. Various studies suggest that nuclei belonging to actinide mass region generally exhibit
asymmetric fission. However, the experimental analysis of Refs. [8,9] show that the isotopes
of Fm exhibit a transition from asymmetric to symmetric fission in region of mass A=256
to 258. In reference to this observation, recently, I have explored [10] the binary fission of
242-260 jsotopes by incorporating the deformation and orientation effects in the framework
of preformed cluster model (PCM). It was observed that potential energy surfaces and

fission fragment mass distributions significantly depend on the mass of fissioning nuclei. In
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continuation of this work, here I intend to explore the ternary fission (TF) of Fm isotopes
of extreme masses such as A=242 and 258. Usually, a binary fission mode comprises the
emergence of two fragments of comparable masses, but some findings [11-13] give the idea
of splitting of a radioactive nucleus into three fragments and the process is termed as TF.
It was first observed by Alvarez et al. [11] in 1947 where long range alpha particles were

observed in company of two fission fragments.

The literature indicate that the actinides and trans-actinidies may decay spontaneously
into three partitions. However, mainly through light-particle-accompanied fission (LPF),
where the mass of third particle is much smaller than other two fission fragments. The
analysis of LPF mostly includes *He as a third fragment due to its high stability [14-17].
Apart from this, the other nuclei like V23H, 68He, 6789Li and *'°Be are observed in the
spontaneous TF [18-20]. Besides LPF, there is also a possibility of true ternary fission
(TTF), i.e., the partitioning of nucleus into three fragments of comparable masses |21,22].
It is to be noted here that spontaneous TTF has not been observed experimentally but some
relevant predictions has been made in past. On the other hand, an experimental signature
of TTF exists in the induced reactions where isotopes of C, N, O, F, Ne, Na, Mg, S, Al, Si,

Ca, Mn and Ni were measured as a heavier third fragment [23-27].

In the ternary fission, a fissioning nucleus may divide into three parts by following equa-
torial cluster tripartition (ECT) or collinear cluster tripartition (CCT). The process in which
third fragment emission happens in a direction perpendicular to the fission axis is termed
as equatorial or orthogonal emission. On the other hand, the configuration where the third
fragment emits in the direction of fission axis, is known as collinear or polar emission. Previ-
ously, some findings concluded that ECT is suited for the light-particle accompanied fission,
whereas CCT mode is better for the emission of heavier third fragment [29]. This work
is devoted to analyse the ternary fragmentation behaviour of 24%2°®Fm radioactive nuclei
involving wide range of light and heavy mass third fragments by employing ECT and CCT
configurations. In view of above discussion, the present chapter is devoted to fulfill the
following objectives within the quantum mechanical theory (QMFT) [31-33] based clus-
ter decay models [10, 15,29, 34, 35]: (i) the selection of third fragment by minimizing all

possibilities of
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third fragments with respect to their charge numbers for 24228Fm parent nuclei, (ii) the
impact of equatorial and collinear tripartition modes is analyzed by studying the valleys
of ternary fragmentation potential and peaks of relative fission yield, (iii) the identification
of most probable nascent fission fragments, i.e., A;+As+As, and (iv) a relative analysis of
binary and ternary fission mass distributions. The overview of the chapter is as follows. The
behavior of fragmentation potential and fission yield is studied in section 7.2 using equatorial
and collinear configuration. Finally, the summary of the observed results is concluded in

section 7.3. The work presented in this chapter is published in the ref [30]

7.2 Calculations and Discussions

First of all, the third fragment (As3) is selected by minimizing the possible third fragments
with respect to their charge (Z) numbers. The TCM-calculated three body fragmentation
potential of ?*2Fm fissioning nucleus for fixed mass numbers of third fragment As;=4, 48
and 80 is plotted in Figs. 7.1(a-c) and 7.1(d-f) for equatorial cluster tripartition (ECT) and
collinear cluster tripartition (CCT) configurations, respectively. These choices are taken to
examine the behaviour of fragmentation potential for lighter to heavier mass third fragments.
For example, the fragment mass As—4 has three possibilities such as *H, *He and “Li, with
complementary daughters as 2%Es, 233Cf and 2**Bk, respectively, whose binary fragmenta-
tion (A;+As) is properly minimized in charge or mass asymmetry (1) coordinate. Using
these choices, the ternary fragmentation potential is calculated for ?*2Fm nucleus, see Fig.
7.1(a) and 7.1(d), and the lowest among these three is the most favourable A; fragment,
i.e. *He for both ECT and CCT choices. We have 12 possible choices of charge number
for both A3 = 48 and 80 fragments such as (Z = 16 to 27) and (Z=29 to 40), However,
the ternary fragmentation potential is represented for the limited cases just for the sake of
clarity . It is noticed from figure that *He, ¥Ca and %°Ge are the most preferred choices
among their competing fragments due to the lower fragmentation potential, independent of
the choice of cluster tripartition configurations. Moreover, the magnitude and the fragmen-
tation structure is drastically modified when one shifts from ECT to CCT configuration.
Similar analysis is carried out for 2**Fm nucleus, but not shown here to avoid repetition,

and it is observed that *He, ¥Ca and %6Se are the most favorable choices for third fragment.
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Further, the deepest minima in the fission region of the ternary fragmentation potential
of the most favorable Aj fragment are also marked with vertical line in Figs.7.1(a-f) for
all considered cases. Interestingly, the choice of third fragment A3 remains same and it
is independent of the type of the cluster tripartition, however, the most preferred A;+As
fragments can be different for ECT/CCT approaches.

Note that the deep valley of the fragmentation potential gives the most probable fis-
sion fragment combination as they are more stable than the neighbouring decay fragments.
It is observed that such kind of minima in the fragmentation structure is mainly due
to the influence of shell closure effects of the fragment combination. As a consequence,
lowest magnitude of fragmentation potential is observed for those fragments which have
either magic proton/neutron numbers or lying nearby the magic shell closures. There-
fore, magic nuclide is observed as one or two of the decay fragments. From Fig.7.1, the
identified most probable fission fragment combinations (A;+As+Ajz) for ECT mode are
138Ba(Z=56,N=82)+10Mo(N=58,Z=42)+1He(Z=2,N=2), 13¥Ba(Z=56,N=82)+5¢Cr(Z=24,
N=32)+%Ca(Z=20,N=28), 82Kr(Z=34,N=48)+8Se(Z=34,N=46) +*°Ge(Z=32,N=48), and
for CCT partition the fragment combination is same for As=*He and °Ge but different for
A3=28Ca as: 1%Ru(Z=44,N=64)+5Kr(Z=36,N=50)+*3Ca(Z=20,N=28). This may hap-
pen because of the contribution of Coulomb potential, which reduces in the CCT configura-
tion due to the large interfragment distance between A; and A, (see Fig. 2.3 (b) of chapter

2), and this impact is more for the for the heavier Az fragment.

Following the same procedure, the most preferred choices for third fragment from mass
Asz=1 to Ap/3 are identified and listed in tables I and II for ?*?Fm and ?**Fm parent nu-
clei, respectively. Here, Ap is the mass of parent nucleus. The fragment combinations
(A1+As+Aj3) having the lowest value in the ternary fission region are also shown in the
tables. Note that, a condition of A;>A,>A3 is imposed in the calculations to avoid the
repetition of fragment combination. It is observed that the choice of third fragment As
remains same and it is independent of the choice of tripartition, and in accordance with
the results of Fig.7.1. However, the most preferred A;+A, fragments get changed for many
cases as listed tables I and II. The proton and neutron numbers are also mentioned along
with the fragment combination. The proton (Z=2, 8, 20, 28, 50) and neutron (N=2, 8, 20,
28, 50, 82) shell closures of all fragments are marked with the bold letters.
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It is important to mention that except for few cases, the the fragment combinations
associate themselves with the magic shell at least for one fragment of tripartition. This
result is an agreement with reference [37,38]. Interestingly, some of the predicted third
fragments Az in table 1 and 2 are either observed or predicted in cluster radioactivity

studies or in induced ternary fission [23-27,39,40].

CCT mode is observed experimentally for ?*2Cf nucleus by Pyaktov et al. in 2010 [42]
using the missing mass method. In this experiment 4~5¢Ca is reported as the third fragment
along with heavy Sn (Z=50 magicity) as one of the fragment. In the present calculations,
48-52Ca are emerged as third fragment in ECT as well as CCT mode for 222°*Fm isotopes.
The remaining fragments (fragment 1 and/or fragment 2) are reinforced via Z=50 or N=82
magicity as evident from Table 1 and 2. Henceforth, the present calculations are in rea-
sonable agreement with the experiment data [42|. Previous experimental studies of ternary
fission have pointed out that the third light fragment will emit in the perpendicular direction
to the fission axis [14-17]. However, a collinear emission of three fragments of comparable
masses is also identified [23-27] in many studies and called as collinear tripartition. To es-
timate the most preferred As fragment among the predicted possibilities of 242:2°*Fm nuclei
for ECT and CCT modes of emission, the ternary fragmentation potential V(Az) is plotted
for Ag=4, 30 and 80 (or 86) fragments in Figs. 7.2(a-d) for both equatorial and collinear
cluster tripartition. Here, the ternary fragmentation potential is represented only for lim-
ited cases just for the clarity, however the trend remains same after the inclusion of other
third fragment choices. One can clearly see from Figs.7.2(a) and 7.2(b) that the ternary
fragmentation potential has lower magnitude for A;=*He case for ECT mode. The mag-
nitude of fragmentation potential increases with increment in mass of third fragment, and
hence one may conclude that the emergence of lightest third fragment is most favourable
at equatorial partition of the parent nuclei. However, for CCT case, the heavier third frag-
ments start competing the lighter ones as shown in Figs. 7.2(c) and 7.2(d) for both parent
nuclei. For further analysis, Figs. 7.3(a) and 7.3(b) represent the decay @-value (triangles)
and ternary fragmentation potential V(MeV) (squares) corresponding to fragment combina-
tions as listed in table 1 of 2*2Fm parent nucleus with respect to the third fragment mass
A3 for the ECT and the CCT ternary emission modes. The dotted lines are used to label
the minima of potential and maxima of ()-value. It is observed that the A3 fragments like

He, 5Be, 14C, 180, 2Ne, 2Mg, Si, 333, “Ar, 48Ca, 54Ti, 9Cr, Fe, %Fe, ™Ni, Zn and
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80Ge have maxima in Q-value and minima in the fragmentation potential. Interestingly, the
systematics of ()-value and potential energy support the emission of even-mass third par-
ticles strongly. The fragmentation potential has higher magnitude for equatorial emission
than the collinear mode particularly for heavier third fragments, for instance, it is around
40 MeV for true ternary fission (TTF), i.e. 32Kr+%Se+%Ge, indicating that heavier third
fragments have more possibility in collinear emission. The compelling reason behind this
difference is the Coulomb potential because it reduces in the CCT configuration due to the
large inter-fragment distance between A; and A, fragments, see Fig. 2.3(b). Moreover, this
effect is large for heavy fragments due to higher charge and mass numbers. Therefore, one
can say that heavy fragments and true (symmetric) ternary fission prefer the CCT emission
as observed in various studies [23-27|. A deeper look of Fig. 7.3 supports that ‘He is the
most preferred third fragment for both equatorial and collinear configurations. Similar re-
sult is observed in the experiment study of 2°?"Fm isotopes [41]. However, the potential
energy of heavier fragments in CCT mode is much lower than the ECT mode, see the shaded
area in the figure. This indicates that heavier third fragment starts competing the lighter
third fragment in CCT mode. It is to be noted here that the ?**Fm has shown the same

behaviour as we noticed for 242Fm nucleus for both CCT and ECT configurations.

Figs.7.4(a-c) depict the scattering potential which is calculated using V' = Vg, + Vp,
relation as a function of separation distance (s) for three choices of third fragments such
as A3=11C, ¥Ca and %Se. The scattering potential denotes the interaction between the
fragments by increasing the value of the surface separation ’s” as in Egs. (19) and (23) for
ECT and CCT modes. Here in present case, I have varied the surface separation distance
uniformly in ECT and CCT mode without varying the radius of corresponding fragments
unchanged. The idea is to visualize the impact of variation in magnitude of surface sep-
aration distance on the barrier characteristics and also the penetration probability of the
fragments emerged in these two configurations. In the present calculations, the first turning
point s7=0.4 fm is common for all choices of third fragments for better comparison and for
which the barrier penetration works. It is found that the height of the barrier is lower for the
CCT configuration as compared to the ECT. This indicates that collinear division of parent
nuclei seems preferable than the equatorial emission for the considered cases. Further, the
penetrability P and relative fission yield Y(A;,Z;) are calculated using equations (2.34) and

(2.36), to analyze the ternary fission fragment mass distributions of 24»?**Fm parent nuclei.
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80Ge for ECT approach.

A relative study of barrier penetration is carried out by plotting TCM-calculated penetra-
bility P as a function of fragment mass A; (i=1,2) for ECT and CCT emission modes for
A3="8Ca fragment of ***Fm nucleus (see Fig.7.5). The penetration probability is higher for
collinear decay mode as compared to equatorial one, because the barrier height for CCT
mode is much lower than the ECT (see fig.7.4). However, in both configurations the choice
of most favorable fragment combination remains same (**?Sn+"®Zn+*Ca) having maximum
penetrability. Figs. 7.6(a-d) and 7.6(e-h) represent the relative ternary fission yield of ?*2Fm
and 2**Fm nuclei as a function of fragment mass A; and A, for a few selected third fragments
for ECT configuration. The considered Az fragments such as *He, 1“C, “8Ca, 8°Ge leaving
the remaining system (Ap-Aj3) as 232Cf, 228Pu, 9Hg, '%?Er for ?*?Fm parent nucleus, and
BACE, 24Py, 21%Hg, 1"8Er for 2°Fm nucleus. The lower limit of mass distribution is decided
by taking 0.55 fraction of (Ap-A3)/2, and higher limit is the related complementary element
for each case of As fragment. One may notice that the ternary fission mass distribution
changes from becomes more asymmetric for heavier third fragment. However, the overall
distribution remains asymmetric in nature. The most probable fission fragments A;+A, are
also marked in the figure which are same as observed across minima of the fragmentation

potential. Interestingly, the nature of ternary fission mass yield of the remaining nuclei, i.e.,
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Figure 7.8: The binary fragmentation potential (a,b) as a function of fragment mass A, and
relative yield (c,d) as a function of fragment masses A; and A, using PCM. The
most probable binary fission channel is also shown.

asymmetric, remains same as the binary fission mass distributions of such nuclei is studied
in Refs. [43-46]. Similar kind of results are observed for the CCT case as plotted in Figs.
7.7(a~c) and 7.7(d-f) respectively for ?**Fm and ***Fm nuclei. The choice of A; and A, frag-
ments may change as one shift from ECT to CCT configuration. Note that, the relative yield
for the case of A3—*He is not shown in Fig. 7.7 for CCT case, because the barrier potential
V(s) is much lower than @ value of the *He decay, and hence the barrier penetration is not
possible. In our previous work of binary fission of Fm isotopes [10], it was observed that
mass distribution gets modified with increase in mass of Fm isotopes from Ap=242 to 260,
irrespective of deformation effects. Figs.7.8(a) and 7.8(b) represent binary fragmentation
potential for 242Fm and ?®Fm, respectively. It is depicted from figures that for the spherical
choice of fission fragments, symmetric fission is prominent for both fissioning nuclei. How-
ever, the symmetric valley becomes deeper for ?**Fm as compared to ?*2Fm. Further, the
relative yield of both nuclei is represented in Figs.7.8 (c¢) and 7.8(d), and it represents sim-
ilar result as reported in the fragmentation potential. That means, the broader symmetric
peak of ?42Fm becomes sharper for 2®Fm nucleus. Therefore, one can say that the binary
fission prefers the symmetric distribution for considered Fm isotopes, whereas asymmetric
behaviour of relative mass yield is observed for the case of ternary fission. Further for the
relevant discussion of binary fission, one may refer our recent paper [10], which also suggests

that deformation and orientation effects play important role in the binary division. In view
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of this, it would be of interest to employ the deformation and orientation effects in ternary

fragmentation of fissioning nuclei that will be taken as our future assignment.

7.3 Summary

Summarizing, the ternary fission analysis of ?4?Fm and ?**Fm isotopes is carried out within
collinear cluster tripartition (CCT) and equatorial cluster tripartition (ECT) configurations.
Three body fragmentation potential is used to fix the third fragment (Aj) among various
possibilities. The systematics of ()-value and ternary fragmentation potential supports the
emission of even-mass third fragments. The most probable fission channels (A;+As+Aj3)
are identified for a wide range of light and heavy mass third fragments (1 to Ap/3), where
Ap is mass of the parent nucleus. It is observed that at least one among the three probable
ternary fission fragments, associate with the neutron or proton closed shell. A relative study
of equatorial and collinear emission in context of ternary fragmentation potential reveals
that the light mass third fragments are equally probable for both ECT and CCT modes.
However, the heavier mass third fragments start competing the lighter one in collinear
mode due to large inter-fragment distance and have lower magnitude of Coulomb potential.
Further, the barrier height and barrier penetrability P are analyzed for both ECT and CCT
configurations. The barrier height is observed to be lower and barrier penetrability P is
higher for the CCT as compared to ECT configuration, indicating that collinear emission
may be preferred over the equatorial one. Finally, a relative comparison of binary and ternary
fission has been carried out in reference to fragmentation structure and relative yield. It
may be of further interest to include deformation effects in the ternary fragmentation of
fissioning nuclei.

The overall outcome of this work and major conclusions drawn are briefly outlined in the

last chapter.
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Chapter 8

Summary

In the present work, the binary and ternary decay analysis of different nuclei is made using
the collective clusterization approach. The binary decay modes include the « decay, cluster
radioactivity (CR), heavy particle radioactivity (HPR), and the spontaneous fission (SF).
These decay modes are generally observed in the nuclei belonging to the heavy and super-
heavy mass region. One of the interesting properties of such nuclei is that they can decay
via one or multiple channels of the above mentioned decay modes. Hence, in present work,
an attempt is made to make comparative analysis of all these decay modes using different
factors such as the shell effect, deformation, orientation, and the decay half-lives etc. In
addition to this, there is also possibility of three fragment emission from the heavy mass
nuclei. Hence, after the binary decay analysis, efforts are made to workout the three body
fragmentation analysis and related aspects are explored. The binary and ternary fragmen-
tation analysis is done using the preformed cluster model (PCM) and three cluster model
(TCM), respectively.

Using PCM, the a decay analysis of ¥8~218P¢ isotopes is made nearby N=126 and the role
of neutron shell closure effect is explored. The barrier characteristics of the a decay channel
are studied with and without the inclusion of surface diffuseness parameter. The fragmen-
tation structure of 1%8Po,?92Po, and 2'¥Po isotopes is explored, where o particle is observed
as the most probable decay fragment for the chosen set of Po isotopes. The preformation
probability, barrier penetration probability and assault frequency (classical and quantum)
are calculated and the influence of neutron shell closure of the parent nucleus is explored.
The PCM calculated Fy,P and v are compared with the different theoretical approaches.
The classical mode of the assault frequency (v.) depends on the @ value of the decay chan-
nel and its quantum mechanical mode (v,) depends on the global quantum number. The
decay half-lives of alpha emission are calculated using both choices of assault frequency and
a comparison is made with the results of CPPM, ADF, UDL, SLH, SLB, SemFIS and the

available experimental data . The deformed (f) choice of the decaying fragments gives
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better agreement with the experimental data as compared to the spherical choice. The cal-
culated o decay half-life is found to be maximum nearby N=126. The verification of G-N
law is made using the calculated decay half-lives and its dependency on the @) value of the
decay channel is explored. The effective assault frequency parameter v, is obtained using
Py and the quantum assault frequency (v,). The alpha decay half-lives are calculated using
v, and are found in good agreement with the experimental data for Po and Rn isotopes.
After the alpha decay analysis, other probable binary decay modes (such as «, cluster, HPR,
SF) of #3Es nucleus are studied using PCM. The binary decay mechanisms are explored
using two kinds of attractive nuclear potentials i.e. Yukawa plus exponential and proximity
potential. The barrier characteristics for the o decay process are compared using both nu-
clear potentials. The coulomb barrier is smaller for the case of proximity potential, hence
the a particle emission probability is higher for this potential. After the barrier analysis, the
fragmentation potential and the preformation probability are calculated and the most prob-
able fragments are identified. The identified decay fragments are similar for both nuclear
potentials, but there is significant change in the magnitude of the fragmentation potentials.
The choice of most probable fission fragments depicts the importance of shell closure effect.
The decay half-lives are calculated for all decay mechanisms («, cluster, HPR, SF) for both
choices of nuclear potentials. The proximity potential based PCM-calculated half-lives of «
and SF channels show nice agreement with experimental data. Besides this, the half-lives
are predicted for cluster radioactivity and heavy particle radioactivity. A comparison of the
fragmentation potential, preformation probability (Py) and the barrier penetrability (P) of
all binary decay mechanisms is made where alpha decay and spontaneous fission appear as
prominent decay modes for both the nuclear potentials.

The deformation and orientation efects play an important role in the decay dynamics of the
nuclei. In the next step, the spontaneous fission (SF) of 2427269Fm isotopes is studied within
preformed cluster model (PCM) by including the deformation and orientation effects. We
have computed the fission fragment mass distributions for three types of configurations such
as spherical, quadrupole [-deformed ‘hot-compact’ and (o-deformed ‘cold-elongated’. The
interaction radius decreases as one goes from cold-elongated to spherical to hot-compact
shapes, whereas interaction barrier height increases for the same sequence. These results
effect the barrier characteristics and corresponding the fragmentation potential, because the

potentials involved strongly depend on the deformation and interaction radius of the decay
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fragments. The spherical and fs-deformed hot-compact configurations depict the symmet-
ric pattern for each fermium isotope, however, the symmetric peaks become sharp with an
increase in the neutron (N) number of the parent nucleus. The fy-deformed cold-elongated
shapes of decay fragments show a transition from double humped (asymmetric fission) to
triple humped (multi-modal fission) mass distribution. The heavier isotopes such as 2°%20Fm
exhibit multi-modal fission (i.e. co-existence of both symmetric and asymmetric fission) for
the cold configuration criteria. Spherical and [o-deformed hot-compact approaches show
that Fm isotopes decay via spherical magic shell closure [Sn (Z=50) isotopes|. However,
for cold-orientations, Fm nuclei prefer to decay via asymmetric fragments having deformed
magic shell closures of Z=38 and N=60,62. This concludes that spherical as well as deformed
magic shell closures play important role in the fission dynamics of Fm isotopes. The decay
half-lives of the considered spontaneous fissioning nuclei are calculated and found in nice
agreement with the experimental data.

As we discussed earlier that the nuclei belonging to heavy mass region may undergo ternary
decay mechanism. Hence, after the binary decay analysis, three cluster model (TCM) is
used to study ternary decay process of 23Es nucleus. The calculations are performed us-
ing two kinds of attractive nuclear potentials i.e. Yukawa plus exponential and proximity
potential. It is observed that ?*Es may also decay via particle-accompanied fission, where
third particle is identified as “He. The most probable fission fragments are identified using
the fragmentation structure. The probability of ternary fission seems higher for the choice
of the proximity potential. The fragmentation structure and the choice of most probable
A;+A, fragments is same for both cases, where the third fragment is fixed (A3="He). The
barrier characteristics for the most probable decay channel is compared for both of the nu-
clear potentials. There is significant change in the barrier position and barrier height for
both of the choices. Further, a comparative analysis of binary and ternary fission is carried
out. The relative yield of symmetric binary fragments is higher than the ternary fission. The
most probable decay fragments are identified for binary as well as ternary fission. Finally,
it is observed that magic shell effects near Z=50 and N=82 play important role for binary
as well as ternary fission dynamics.

The ternary fission analysis of 242Fm and ?*Fm isotopes is carried out within collinear clus-
ter tripartition (CCT) and equatorial cluster tripartition (ECT) configurations. Three body

fragmentation potential is used to fix the third fragment (A3) among various possibilities.
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The systematics of ()-value and ternary fragmentation potential support the emission of
even-mass third fragments. The most probable fission channels (A;+As+A3) are identified
for a wide range of light and heavy mass third fragments (1 to Ap/3), where Ap is the
mass of parent nucleus. It is observed that at least one among the three probable ternary
fission fragments, associate with the neutron or proton closed shell. A relative study of
equatorial and collinear emission in context of ternary fragmentation reveals that, the light
mass third fragments are equally probable for both ECT and CCT modes. However, heavier
mass third fragments start competing the lighter one in collinear mode due to large inter-
fragment distance and have lower magnitude of Coulomb potential. Further, the barrier
height and barrier penetrability P are analyzed for both ECT and CCT configurations. The
barrier height is observed to be lower and barrier penetrability P is higher for the CCT
as compared to ECT configuration, indicating that the collinear emission may be preferred
over the equatorial one. Finally, a relative comparison of binary and ternary fission has been

carried out in reference to fragmentation structure and relative yield.
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FUTURE SCOPE

In the present work, comprehensive analysis of the binary and ternary decay mechanism is
done using the collective clusterization approach for the heavy mass region. Different terms
such as the fragmentation potential, preformation probability, penetration probability and
the assault frequency are employed to study various binary radioactive decay modes. Three
body fragmentation potential and barrier characteristics are used for the exploration of the
ternary decay mechanism. The obtained results are in good agreement with the available
experimental data and few predictions are made for which experimental verification will be
of interest. The present work can be extended and following points will be of future interest:
(i) The effective assault frequency parameter (v, ) may be used in the study of a-disintegration
process. This work can be further expanded by introducing this parameter for other heavier
decay modes (CR, HPR and SF etc.).

(ii) The comparative analysis of different binary decay modes such as a decay, cluster ra-
dioactivity (CR), heavy particle radioactivity (HPR), and the spontaneous fission (SF) is
carried out using spherical choice of the decaying fragments. In addition to these modes,
comparison of other experimentally observed radioactive decay modes such as Proton (p)
radioactivity, 2P- radioactivity and the double o decay can be made by incorporating the
deformation effects.

(iii) The fragmentation analysis of the light charge particle accompanied fission is made and
comparison is done with binary fission fragments. This work can be extend by incorpo-
rating the deformations and orientation effects and their related mass distribution can be
compared.

(iv) The ECT and CCT modes of the ternary fission are considered as a simultaneous
emission process in this work. The CCT mode can be studied as a sequential process and
comparison of both sequential and simultaneous approach can worked out.

(v) The ternary decay mechanism in the present work is explored using three cluster model
(TCM), where temperature effects remains silent. In future, temperature effects can be

included in the methodology to explore the induced ternary decay mechanism.




