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Abstract

In this thesis, the role of shell corrections (dU) on the decay pattern and half life time of various
parent nuclei particularly from 2*2U to %**Hs undergoing spontaneous fission in the ground state
(T=0 MeV) has been analyzed using the Preformed Cluster-decay Model (PCM) which employs
Collective Clusterization Approach of Quantum Mechanical Fragmentation Theory (QMFT) as
its main tool. In this thesis, we have extended the work in which the spontaneous fission half life
times were fitted using the neck-length parameter (AR) in the presence of shell correction energy
oU. In present work, half life times excluding the shell correction energy are computed using
same neck length. The effects of shell correction energy on the fragmentation potential,
preformation probability and minimized charges of the fragments for the decay of various parent

nuclei 22U to %*Hs are also analyzed.

The thesis comprises of following three chapters:

* Chapter 1: This chapter contains the basic introduction about the nuclear physics, its
applications. The radioactive nature of nuclei and nuclear models has also been discussed

in details along with an overview to shell corrections and work done so far.

* Chapter 2: The methodology of Preformed Cluster-decay Model is given in detailed
manner. All the parameters which are employed to calculate the half life times of parent

nuclei have been elaborated.

*  Chapter 3: The outcomes of switching off the shell corrections on various parameters like
preformation probability, fragmentation potentials that are employed to calculate half life
time of the clusters which are preborn in the parent nuclei, are discussed in details. The
half life times calculated with and without shell corrections are compared. The effects
due to non inclusion of shell corrections on the magicity and atomic number of decaying

fragments have also been commented on.
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Chapter 1

Introduction

1.1 General

Nuclear physics, as the name itself suggests is the detailed study of nucleus i.e. the nucleons
present in it and various forces acting due to the interactions between them. Many scientists have
given their contribution in the enhancement of nuclear physics from the earlier 20th century till
now. But the most fundamental, beneficial and productive discovery was contributed by Ernest
Rutherford in 1906, which defines that a highly dense nucleus constitutes the central part of an
atom and most of the mass of atom is concentrated in the nucleus [1-2]. The nucleus consists of
positive heavy charged particles and electrons which are present to balance the positive charge.
No one knew nucleus during this epoch. In 1932, James Chadwick discovered that there is a
neutral particle as well in the nucleus which was called the neutron. Due to the discovery of
neutron, scientists were able to calculate the binding energy of the nucleus. So many theoretical
and experimental works have been done in last century after the discovery of neutron explaining
various phenomenon in different subfields of nuclear physics. A nucleus must be treated
quantum mechanically to describe the internal motion and structure of the nucleus. The inclusion
of quantum mechanics and its various aspects lead to building block of many researches in
nuclear physics. Quantum mechanics enabled us to unlock various microscopic properties of a
nucleus and how those properties can be employed in macroscopic world or in the applications
of nuclear physics. Various scientists like Pauli, Dirac, De Broglie used Rutherford model of an
atom in elucidating various mechanisms in the nuclear physics.

The broadening of field of nuclear physics led to the development of other fields like particle
physics which was developed when particles were accelerated at high energies in order to test the
fundamental blocks of matter. The nuclear physics has major contribution in astrophysics as
well. Nuclear reaction takes place in the stars continuously and hence nuclear physics helps us in
understanding the basic structure of the stars. By the basic understanding of nuclear and atomic

physics we get to know about various astrophysical phenomenon.

[1]




Nuclear physics holds a wide variety of applications. Most of the developments in energy,

medicine, materials etc. originate from the nuclear physics [3-4]. Some are followed below:

* Nuclear physics principles have provided so many therapy methods which help in
treatment of cancer, processing nuclear medicines (radioactive tracers) can detect
Alzheimer disease, artery disease. X-ray, Positron Emission Tomography (PET),
Magnetic Resonance Imaging (MRI) has helped us to sneak inside the body and detect
the problem. All these techniques work under the principles of nuclear physics.

* Detection of particles like beta, gamma, and neutrons with the various detectors like
scintillation detector, GM counters etc.

* Energy liberated in nuclear fission (in nuclear reactors) can be employed to produce
electricity in nuclear power plants. Most of the nuclear power is contributed by nuclear
reactors.

*  Carbon dating method based on radioactive decay helps archaeologists to understand the
origin of artifacts.

*  Controlled gamma radiation helps in improving the quality of food by killing pathogenic
germs and insects.

* Nuclear batteries are used in space navigation. The energy produced by Plutonium-238
which is provided with robotic feeding is used to carry unmanned flights from earth to
the celestial planets.

* Nuclear weapons or bombs are made using nuclear technologies which can be used as a
powerful tool in case of war between the countries. Though it must be avoided in any
case as results can be devastating.

*  Age of different stars can be calculated on the basis of their masses, temperature and their

composition and what changes they witness with time.

1.2 Stable and Unstable Nuclei

A nucleus is called stable if it possesses equal number of neutrons and protons i.e. N/Z ratio
should be equivalent to 1 or nearly 1. Stable nuclei lie on the valley of stability having very high
binding energies. As we approach heavy nuclei, Z is higher and hence more neutrons should be
added to counter the repulsive Coulomb force between the protons. When more number of

protons and neutrons are added, the nuclei proceed away from beta- stability line. The nuclei

[2]




distant away from beta-stability line are unstable, having very less binding energies. Every nuclei
approach stability by emitting out beta particles (beta-decay process), alpha particles, fragments,
neutrons etc. Nuclei far from stability do not require extra push from outside to expel out
particles and achieve stability. The process is spontaneous. These nuclei which are far off
stability are known as radioactive nuclei. The internal excitation energy of radioactive nuclei is

high enough to tear the nucleus apart and convert into fragments.
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Figure 1.1 The plot between proton humber Z and neutron Number N, known as Segre plot.

Figure 1.1 depicts the nuclei present on the valley of stability have neutron to proton ratio as 1:1.
As the proton and neutron number increases, the nuclei move away from the beta- stability line
and starts undergoing various decay processes spontaneous fission, beta decay, alpha decay etc.
due to instability.

1.3 Radioactivity

An excited state nucleus (unstable) gives out its extra energy and comes down to the ground state
(stable state) by ejecting out alpha particles or daughter fragments (heavier than the alpha
particles) i.e. the clusters. There is ejection of neutrons, gamma rays, beta particles as well in
some cases. Common examples of radioactive nuclei are Thorium, Uranium etc. The
characteristic of radioactive nuclei is primarily governed by their half life (T1,) or decay
constant (A). The three major kinds of radioactive processes are as follows:

*  Cluster Radioactivity: A decay in which a cluster of small number of neutrons and

protons is emitted with another daughter fragment. The size of cluster emitted is more

[3]




than the size of an alpha particle but less than the size of typical daughter fragment. This

is generally seen in nuclei having Z>40.

>0 +@

PARENT CLUSTER DAUGHTER

Figure 1.2 Parent nuclei decays into a cluster and a daughter.

Figure 1.2 depicts the cluster decay process. *’I being the radioactive nucleus decays into a
cluster *Ne and a daughter '%Te. The size of cluster is much less in comparison with the mass of
daughter fragment.

* g-radioactivity: When a radioactive parent nuclei expels out an o particle as one of its
daughter fragment is called a-radioactivity. It is seen in heavy nuclides having atomic
number greater than 28(Nickel). A nuclei having large size and so many protons inside it
witnesses strong electromagnetic repulsion which can’t be counterbalanced by the
nuclear force as it is short range. Hence, alpha particle expels out to increase the stability

of the parent nuclei by decreasing its size.

alpha decay

2 236y7
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® @
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Figure 1.3 a-decay process of °Pu.
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Figure 3 depicts a Plutonium nucleus **°Pu being large in size and having so many protons

(94) ejects out an alpha particle and *°U nucleus.

* Spontaneous Fission: In Spontaneous fission as the name suggests, the reaction
mechanism is spontaneous i.e. it is the radioactive decay which corresponds to division of
parent nucleus (heavier) into its daughter components without supplying energy from
outside.

This process can proceed in two ways, either the excitation energy of parent nucleus is sufficient
to overpower the effect of Coulomb barrier but if the excitation energy of parent nucleus is not
adequate enough to undergo radioactive decay then the daughter nuclei undergo quantum
tunneling which means it will knock the surface of the parent nucleus repeatedly with certain
frequency to come out of the parent nucleus.

In heavy elements from Thorium onwards, the probability of spontaneous fission increases. The
probability increases with atomic number of radionuclide.

+ One can determine the half lives of radionuclide. For e.g. *°°Cf has the half life of 2.6
years, decays by a-emission with 96.91% probability and the other half decays having
probability of 3.09%.

*  The average number of neutrons can be determined that are emitted in the process. For
e.g.: 3.7 neutrons on an average are emitted in the spontaneous fission of 2*°Cf.

* Rate of fission can be calculated during the decay process.

*  Average size of emitted daughter nuclei can be predicted.

| 3 neutrons

38 protons
54 neutrons

54 protons
86 neutrons

o-°

92 protons
143 neutrons

SPONTANEOUS FISSION

Figure 1.4 Spontaneous fission of **°U.
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Figure 4 depicts an isotope of Uranium i.e. ?*°U after decaying via spontaneous fission
(radioactive decay) and it ejects two daughter nuclei, 3 neutrons, and energy.

The most prominent decay modes in case of superheavy elements are spontaneous fission and
alpha decay. The half lives of alpha decay are more as compared to half lives in case of
spontaneous fission. The spontaneous fission process is very much complex as it has so many
uncertainties like charge and mass of the ejecting fragments, number of neutrons etc.

All the nuclei are bonded together with a force known as nuclear force. The magnitude of force
with which these nucleons interact with each other can be determined by calculating the binding
energies of nuclei. For instance, the binding energy of nuclei that lie on the valley of stability is
very high and radioactive nuclei have significantly low binding energies. The half life times of
radioactive nuclei can be computed using binding energy with which the nucleons inside the
nuclei are packed. These nuclear models can be used to determine the binding energies of

nucleus.

1.4 Nuclear models

Several models were developed which helped Niels Bohr to come up with the quantum theory
which could describe how nucleus work. So many predictions were made to provide the
information about the properties of atomic nuclei on the basis of these models. The liquid drop
model which assumed nucleus as a drop of liquid containing nucleons held tightly by a force
between them known as nuclear force (the strongest known force). But unfortunately, the liquid
drop model was incapable to incorporate about the deformation of nucleus, shell effects, magic
number and hence the stability of nucleus. So a new model came into picture which was able to
unfold the properties and effects that the liquid drop model could not. The shell model assumed
the pairing of nucleons present in different energy states within the nucleus. It was able to predict
the shell effects, the magic numbers (2, 8, 20, 28, 50, 82 and 126), the angular momentum, spin
of particles and the change in binding energy given by liquid drop model due to shell corrections
successfully.

Three fundamental models have been developed to anticipate the properties of nuclei: liquid drop
model, shell model and collective model. Here we will confine ourselves to liquid drop model

and shell model.

[6]




1.4.1 Liquid Drop Model

George Gamow contributed the liquid drop model in the development of nuclear physics. Atomic
nucleus has an analogy with drop of liquid and all nucleons are bounded with strong nuclear
force. This was the very first successful model to anticipate the binding energies and masses of
nuclei. The energy employed to pull the nucleus apart and to divide it into fragments is binding
energy of the nucleus. Binding energy has dependence on mass number (A) and atomic number
(Z). The macroscopic part of binding energy is determined using semi empirical mass formula or

Bethe-Weizsacker formula i.e.

* Volume term: the interaction among the nucleons packed up deep inside the nucleus
(within the volume) contributes to binding energy.

*  Surface term: When nucleons present on the surface of nucleus interacts with each
other. This term is small in comparison to volume term as numbers of nucleons on the
surface are less.

*  Coulomb term: This term comes into picture due to electrostatic repulsion between
the protons.

*  Asymmetry term: The asymmetry that arises due to more number of neutrons and
not well defined energy states for them.

* Pairing term: This term arises due to the pairing forces between the two neutrons or

two protons.

Asymmetry Pairing

Figure 1.5 Different interactions between the nucleons.

Figure 1.5 depicts the different ways in which nucleons can interact with each other and amalga -

-mations of all these interactions give rise to binding energy according to liquid drop model.

[7]




1.4.1(a) Why liquid drop Model failed?

* This model was solely based on classical approach and could contribute only
macroscopic term. It could not incorporate about the shell structure of the nuclei and
hence the inclusion of microscopic term became mandatory to anticipate the effects of
shell corrections.

* |t failed to elucidate the stability of many nuclei having magic number of protons or
neutrons.

* The binding energies predicted for lighter nuclei were not in agreement with
experimental ones.

*  Pairing effect could not be unlocked using liquid drop model.

These inadequacies of the liquid drop model are taken care by the shell model that is discussed

below.
1.4.2 Shell Model

As the liquid drop model was unable to explain every property of the nucleus, a more advanced
model was needed. Shell model was developed in 1932 by Dmitri Ivanenko (together with
E.Gapon). According to shell model, the energies are distributed in shells and the nucleons are
distributed in these discrete energy levels. Shell model employed Pauli Exclusion Principle. This
model was found successful in explaining the shell structures by including some shell
corrections. The magic numbers were inculcated i.e. if the number of protons or neutrons are
2,8,20,28,50,82 then that nucleus would be called as magic nucleus and is comparatively more
stable. Hence this model very well incorporates the stability of nuclei.
* The birth of magic numbers was found as a remarkable tool in calculating shell
corrections.
* Binding energies determined after inculcation of microscopic term were in agreement
with the experimental values.

1.5 Shell Corrections

If one talk about heavier species, more number of shells are added because of plenty number of
nucleons. Shell structures start deviating from their original shell structure drastically. Hence the
role of shell effect cannot be ignored. Shell correction becomes utmost important as we approach

heavier masses because it helps in investigation of shell structures. The irregular distribution of

[8]




nucleons is responsible for the shell corrections. Binding energies that were examined earlier did
not take shell effects into account. In heavier mass region amalgamation of microscopic terms
with macroscopic terms (one obtained from liquid drop model) becomes mandatory [5]. Masses
examined by the liquid drop model deviate extensively from their experimental values as shell
effects and etc were not taken into account. To correct this deviation, microscopic terms that
include the role of shell effects were added.

We used Myers and Swiatecki approach [6] to inculcate microscopic terms (shell correction).
Shell corrections were added to observe the mass deviation bumps in magic numbers and flat
bumps along with deformations. By incorporating effects of shell, the overall binding energy

changes and drastic changes can be seen in radioactive nuclei. This method is evident for Z > 16.
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Figure 1.6 The shell corrections are depicted i.e. variation between experimental and theoretical

(obtained from liquid drop model) binding energy as a function of N (number of neutrons).

Figure 1.6 depicts the shell correction energy i.e. the difference in experimental and theoretical
binding energy as function of neutron number N. The shell correction energy shows positive as
well the negative effects ranging from -15 MeV to 5 MeV (approximately). The negative values
of shell corrections correspond to the shell closure and as we move away from the shell closure,

the shell correction energy comes out to be positive.

[9]




1.6 Literature Review

Shell correction has great importance in mesoscopic studies i.e. the studies intermediate between

microscopic and macroscopic systems. Shell correction is a mandatory tool in evaluating nuclear

fission barriers as well. The shell corrections holds abundant applications, hence good amount of
work has been done to study more effects related to shell corrections which are as follows:

*  The changes in potential energy surfaces have been examined with inclusion and non-
inclusion of shell correction term when investigating the role of orientations in cluster
decay having doubly magic daughter fragments (**°Sn and **Sn) which in turn helped us
in examining how doubly magic shell configuration of fragments is of keen importance
[11].

*  The importance of shell corrections is reviewed for examining the energetics of heavy
particle radioactivity in clusterization of superheavy nuclei in ground state having Z=113,
115 and 117 [12].

+  Further, shell correction enhances the calculated o-decay half lives for the nuclei °>%°®F|

because the shell effects are pronounced for these nuclei [7].

*  The survival of shell stabilized nuclei and the exact position of the magic numbers on the
nuclear chart is being investigated from last forty years [10]. One such estimate is the
spherical doubly-magic superheavy nucleus island of stability using the macro-micro
approach [9].

* It has been reported that negative shell correction leads to fusion hindrance, whereas
positive shell correction results in the weak enhancement of the fusion cross-sections in
the deep sub-barrier region [10]. In this study, the shell corrections are added to the

nucleon-nucleon potential.

The Preformed Cluster Model (PCM) [11-17] which has been developed by Gupta and
collaborators for studying the dynamics of radioactive nuclei in heavier mass region employs a
simple idea that the daughter fragments ejected out are preborn in the parent nuclei and comes
out by tunneling off the barrier. In the next chapter, we will discuss the methodology i.e. how
PCM actually works in detailed manner and what role shell correction term plays when

calculating the binding energies.

[10]




Chapter 2
Methodology

2.1 Preformed Cluster-decay Model (PCM)

In the present work, Preformed Cluster decay-Model (PCM) [11-17] is used to study the
spontaneous fission. In PCM, it is considered that clusters or fragments are preborn in their
parent nucleus with different probabilities of preformation and their ejection takes place via
tunneling across the barrier. This model gives us the basic information about the fragments that
are being ejected out. It also includes the associated structure effect of the nuclei as well. It is
based on the quantum mechanical fragmentation theory (QMFT). The concept of quantum
tunneling, which is responsible for penetrating the barrier (penetration probability), is used for
determining half lives of the clusters.

Various phenomenon of the nuclei in their ground state can be studied using this model like
alpha decay, cluster decay, heavy ion fission reaction etc. The PCM has been found to be
successful in calculating half lives of various nuclei taking preformation probability and
penetrability into account. In addition to that the structural information of nuclei like role of shell

correction in heavier mass region, modification of barrier has also been studied.
The half lives calculated using PCM [11-17] depends on:

*  The cluster preformation probability Po.
*  The barrier impinging frequency vo.

*  The barrier penetrability P.

The half life of radioactive species is denoted by Ty, i.e. the time employed to disintegrate half

of the nucleus. The decay constant A is related to T, as[11-17]:
— 1)

A= VOPPO (2)

[11]




The barrier impinging frequency Vo is given simply as,

Vo =

=~ Misreduced mass of two fragment (3)

E.=— , A is mass of parent nucleus. 4

Here E; is kinetic energy of one of the daughter fragment that has been penetrated out and Ry is
radius of parent nuclei. The value of impinging frequency is 10%* s which is taken from
experimental Q value and is approximately same for all spontaneous decays. This Q value is total
kinetic energy that is distributed among fragments that are ejected out. Hence, Q = E;+E;,, E; be

the energy of daughter fragment [11].

2.2 Preformation Probability (Po)
The probability of formation of fragments inside the parent nucleus is called preformation
probability. The preformation probability is different for different fragments and it depends on
the mass of nuclei. The structural information of the parent nucleus is provided by preformation
probability and is calculated by solving Schrdédinger equation in mass asymmetry (x) and
fragmentation potential Vg, defined later.
Schrodinger wave equation in terms of mass parameters 1 and relative separation R co-ordinates
for the potential V (n ,R) is given below:

H(n, R)w(n R)=E vy R) (%)

Eq. (5) is solved in the decoupled approximation y' (n,R) = y'() v"(R). Here, = (A1-Ay)/

(A;+A,) [21], and is defined in dynamical collective coordinates having coupled motion.

The solution of Eq. (5) at R=R, comes out to be [15, 20]:

— —— () (6)

[12]




R, is the first turning point i.e. the point where tunneling begins. The vibrational states

corresponding to Vg (1) are represented by .v=0, 1, 2, 3.....refers to ground state solution

(v =0) and solution of excited states.

Here R = R,= R; +AR, R; = R1+R, where AR is neck length parameter i.e. when two fragments

are on the verge of separation, a neck is formed between the two fragments.

Fs

—

AR

Figure 2.1 Formation of neck when parent nucleus disintegrates into its daughter fragments.

Figure 2.1 depicts the formation of neck having length AR (neck length parameter) when parent
nucleus splits into its daughter fragments with radius R, and Ry,

The length of the neck formed is neck length. R; and R, are radii of two fragments. In this
method, R is the sole variable and is known to be effective sharp radius [16].

(i=1,2...) @)
If we incorporate the surface effects as well then we denote it by C
C=C1+02+AR, Ct=C1+C2

: C is Stssmann central radius [15].
i

For the spontaneous fission, only ground state solutions i.e. T =0, v = 0 are relevant.

[13]




Hence, the ground state Py is given as

0P—| | — B is mass parameter. (8)
m

2.3 Penetration Probability (P)
The parent nucleus has some definite value of potential barrier which resists its fragments to

come out of the nucleus or undergo fission. Hence the ability of nuclei to penetrate that barrier
and undergo fission is given by the term penetration probability P. The daughter nuclei inside the
parent nucleus hits the surface of parent atom with certain frequency and finally tunnels through
the potential barrier. The penetration probability in PCM is a three step process and is calculated
by WKB approximation [11, 13]. Beginning from the first turning point R, to the position where
the potential is equal to the Q-value, the penetration probability comprises of following three
steps [20]:

, (8a)

— ) (8b)

— (8c)

W; is the probability of de-excitation between P; and P, and is equal to unity. It shows that
tunneling initiates with R=R; (first turning point) and finishes at R=Ry, (second turning point)
where V (Rp) =Q value.

2.4 Fragmentation Potential Vg (1)
in Eq.(5) is given as :
v ()= S ©

The first term in the above equation signifies the binding energy of the two fragments. The

second term represents the Coulomb interaction. V, and V, are the centrifugal and proximity

nuclear potentials respectively.

[14]




2.5 Binding Energy
Myers-Swiatecki [6] proposed a two part approach i.e. the binding energy is written in the form

in which first term corresponds to the macroscopic term and other term is microscopic term.

(10)

The first part is the macroscopic term which is defined using semi-empirical mass formula or
Bethe-Weizsacker formula based on liquid drop model and it does not have the shell effects. The

macroscopic term in Eq. (10) is defined as:

— — . (11

Here, a, is the volume coefficient, is the surface coefficient, is the coulomb term

coefficient and is asymmetry term coefficient.

The binding energies predicted using above formula did not coincide the experimental values.

Hence, a correction term was mandatory to include shell effects as well.

2.6 Shell Correction Energy

The semi empirical mass formula was capable in providing us the good idea about atomic masses
and various other effects but it could not incorporate with the extra binding energy term which
help in defining the stability of nuclei considering the shell effects, deformation effects, etc. The
microscopic parts in Myers-Swiatecki approach [6] lead us to shell corrections. The shell

correction dU term (microscopic term) is added to observe the following:

*  Bumps in Mass deviation between the magic numbers.

*  Flattened bumps along with deformations.

The microscopic term in Eq.(10) is given by [21]:

- — - (12)

[15]




In Eqg. (12) X=Z or N, M;.;.<X<M; . M is the magic number (2, 8, 20, 28, 50, 82, and 126), (D=5.8
MeV and ¢ = 0.26).

Nucleus is spherical near shell closure or at magic number; hence the value of dU is negative. As

we move away from shell closure or magic numbers the value of dU is positive

If 6U>0, then BEsheli correction > BELom.

If 6U<0, then BEsheli correction < BELpM™.

Hence due to inclusion of the shell corrections, the binding energy gets modified which changes
the fragmentation potential due to which preformation probability alters and hence the half life of

the nuclei.

In the next chapter, we will study how these shell corrections affect the probability of
preformation of daughter fragments and fragmentation potential of various parent nuclei
particularly 22U to *®*Hs undergoing spontaneous fission within the collective clusterization
approach of the PCM [11-17] and how the half lives of parent nuclei gets affected if we exclude

the shell corrections.
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Chapter 3

Results and Discussion

The role of shell corrections (dU) on half life times of various parent nuclei undergoing
spontaneous decay has been explored in this chapter. The Preformed Cluster-decay Model has
been employed in the present study. The calculations are done in view of available experimental
data [13]. We have extended the previous study in which the spontaneous fission half lives are
fitted using the neck length parameter AR in the presence of shell correction energy (dU#0).
Using the same neck-length, the influence of shell corrections on spontaneous fission half lives

and other parameters has been analyzed.
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Figure 3.1 The deviation in fragmentation potentials with (WSC) and without shell correction energy

(W/o SC) is plotted against fragment mass number (A,) for four cases: (a) **°U (b) ***U (c) ***Hs
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(d) ®°Rf. The corresponding variation of atomic number under the effect of shell corrections is depicted
in the inset. The fitted AR are taken from Ref. [13].

Figure 3.1 depicts the variation in fragmentation potentials Ref. [15] plotted against fragment
mass number (A,) using 3U=0 and 5U#0. We have considered four cases: (a) >?U, (b) **U, (c)
264Hs, (d) *°Rf. Fragmentation potential shows positive as well as negative effects when shell
corrections are switched off but in most of the mass region fragmentation potential decreases
when shell corrections are not included. Fragmentation potential has increment in some region in
absence of shell correction. It increases for A;=15-36 when %*?U is taken into consideration.
A,=18-36, 104-105 in case of 2*°U. For®®Hs, this mass region is widespread i.e. A,=1-45, 69-
121, 131-132. Similarly for “°Rf, A,=40-59, 120-130 have higher fragmentation potential when
shell corrections are switched off.

The inset in the figure 3.1 shows the change in atomic mass number of fragments while
including and excluding the shell correction energy which is shown in table 31. It has been
observed that after switching off shell correction energy the atomic number of few fragment
changes. Hence shell correction is affecting the fragmentation potential as well as atomic number

of some of the fragments.

Figure 3.2 depicts the variation of preformation probability with (WSC) and without including
shell correction energy (W/o SC) for four cases: (a) 22U, (b) 2°U, (c) ***Hs and (d) **°Rf. The
corresponding neck length AR, are also depicted in the figure 3.2. Clear differences are observed
in the preformation probability because of the corresponding variations in the fragmentation
potential which depends on binding energy and hence shell correction energy. Also, the
preformation probability is a relative factor, and its magnitude is dependent upon the relative
contribution of all the decaying fragments and not only on the individual decay channel due to
the collective clusterization procedure followed in the PCM. The preformation probability
decreases when shell corrections are switched off for maximum number of fragments. The
effects of shell correction energy of all the fragments are clearly reflected in the preformation
factor here. Although the shell corrections found to have maximum positive effects on the
preformation probability, it is of further interest to see its effect on the spontaneous fission half

lives.
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Table 1 Change in the atomic no. of outgoing fragments while excluding the shell corrections as shown

in the inset of figure 3.1 are tabulated here.

232U 235U 264HS 259Rf

WSC W/o SC WSC [WioSC WSC [WioSC WSC [WioSC
L+PAc | Her™™ [ TBe+™Ra | "B+2Fr | “Cl+Pa | “S+®U | Li+®’Md | 'He+*’No
TBe+”Ra | "B+7Fr | UN+AL | VCHFRn | AR [Ny | Bex™Fm | PC+ACT
7Be+”™Ra | “C+™Rn | ZO0+™Po | “Ne+™Pb | "Ar+"*Th | "Nb+7Pa | "N+"7Bk | "C+7°Cf
TO+™Po | PN+PFAL | PNe+™Pb | FO+7%P0 | “Ca+™Ra | “Ti+"Rn | PO+7Cm | “N+7"Bk
PE+TBi | PO0+™Po | “Ne+™Pb | “Na+™TI | “Ca+™Ra | “Ti+ZRn | PF+°Am | Z0+7Cm
PMg+™Hg | PNFTT | TMg+™Hg | “ARAU | “Ti+"Rn | “Cr+Po | 5Si+?™ | ?Mg+7'J
FSHTPL | PP | SHPPT | PMgH™Hg | PVATUAL | PCrPo | BSiHATT | PHAC
TKA®Ta | AW | TK+™Ta | AW | PFe+®™Pb | “Co+PTTT | Si+ATh | ©S+7Ra
TCa+™HF | “K+™Ta | “Ti+Yh | “Ca+™Hf | “Fe+’Pb | “Fe+™Pb | "S+Ra | "Ar+’"Rn
TSC+PILu | “'Car™Hf | “Fe+™Dy | “Co+™Th | “Cu+™Au | "Ni+"Hg | “S+"'Ra | “Ar+"Rn
TTH™YD | “Car™Hf | "Ni+™Gd | “Zn+™Sm | “Cu+™Au | “Ni+™Hg | “"Ar+"Rn | "K+™ Al
STHYD | ¥Sc+™Lu | “Zn+™Sm | "Ge+™Nd | "Zn+™Pt | "Ni+"™"Hg | "Ar+""Rn | “Ca+"Po
“Fe+™™Dy | “Cr+Er | “Ge+™ | FAs+TPr | “Ga+t™lIr | “Zn+™Pt | “Ti+""Pb | “‘Ca+™™Po
NG | "Cu+™TEu | Se+™Ce | “Br+"La | "Ge+™Os | “Zn+™Pt | “Ti+Pb | ““Ca+""Po
FCu+™Eu | “Zn+™Sm | PKr+™Ba | “Br+™"La | "Ge+™O0s | "Ga+™Ir | “Cr+""Hg | *Ti+"Ph
TZn¥Sm | "Gat™Pm | Mo+TSn | Zr+ e | WSe+™W | VGe+™0s | TCr+PHg | “V+TT
FZ+Sm | "Ge+™Nd | UMo+™Sn | ND+ISh | TSe+™W | "Ast™Re | “Fe+™Pt | "Mn+ AU
PGa+™Pm | "Ge+™Nd | °Mo+™Sn | ™Nb+™Sh | “Sr+TYb | “Y+Lu | “Ni+""Os | “Fe+™"Pt
PRb+™Cs | “Sr+™Xe | "RU+Cd | Mo+®Sn | PY+Lu | *Zr+™Er | "Ni+™0s | "Cu+"™Re
TMo+™Sn | M7Zr+Te | ™Pd+PPd | "Rh+Ag | "Nb+™Ho | ™Mo+™Dy | "Ni+*"0s | "“Zn+""W
TPA+TISm | TPAGHPm | "Zn+TW | "Ge+THT

®Te+™Ba | PSh+™La | “Ge+"Hf | “'Se+YD

TS+Dy | TKr+TET

TZPd+"Ce | "ZRh+"Pr
TPd+"Ce | T'Cd+Ba
ZZSh+TXe | ’Cd+™Ba

BTe+TTe | Sn+TXe

[19]
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Figure 3.2 The variation in preformation probability (Py) with (WSC) and without shell correction energy

(W/o SC) is plotted against fragment mass number A, for the same cases as in figure 3.1.

Figure 3.3 depicts the preformation probability (Py) of decaying channel of various parent nuclei
with (WSC) and without shell correction energy (W/o SC). We have considered four cases: ()
Even Nuclei (R) (**°U, ?**U, °u, 28U, #°Pu, *°Fm, *Fm), (b) Odd Nuclei (R;) (**°Lr, **°Es,
29¢t, 9Bk, *Cm, #*Cm, 2*Am, ***Pu), (c) Even Nuclei (Cy) (**Fm, **°Fm, ®°No, *°Rf, ?*!Sg,

26089, 26259, 264HS), (d) Odd Nuclei (Ct) (255Md, 257Lr, 257Md, 257N0, 259Lr, 259Md, 259NO, 259Rf).

Rt and C; describe the choice of radius for the nuclei. The corresponding decaying channels are
marked in the figure. The relative change in the preformation probabilities of individual decaying
channels with and without shell correction energy is evident. Deviation in preformation
probability with and without shell correction energies varies from order of 6 to order of 20.
When we switch off the shell corrections, the change in atomic number of daughter fragment has
also been observed which are marked in the plot. There is no change in atomic number of

[20]




daughter fragment for the parents plotted in case (c). Further, the disappearance of magicity has
also been observed in some cases when we exclude the shell correction energy. In case (a) of
figure 3.3 *®Cm decayed into °Pd + '*?Sn with shell corrections, after excluding shell
correction energy decaying channel alters to **°Ru + **Te. *2Sn has 82 neutrons and 50 protons
(magic nucleus) but ***Te has 80 neutrons and 52 protons (not magic nucleus). Hence it is
observed that when the shell corrections are switched off then magicity of fragment vanishes. In
some cases only neutron magicity vanishes. As an example, in case (a) of figure 3.3 2**Xe, the
daughter fragment of #*°Lr (parent nuclei) has 82 neutrons, after excluding shell corrections, the
daughter fragment changes into ***Cs and has 81 neutrons. In case (b) ***Cm witnesses change in

proton magicity.
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Figure 3.3 The preformation probability (Po) is plotted for decaying channel of different parent nuclei in
case of (a) Even Nuclei (Ry), (b) Odd Nuclei (Ry), (c) Even Nuclei (Cy), (d) Odd Nuclei C;) with (WSC)
and without shell corrections (W/o SC). The change in atomic number of daughter nuclei after switching

off shell corrections is also marked in the graph. Here R; and C; describe the choice of radius of the nuclei.
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Figure 3.4 The plots of shell correction energy (3U) against the fragment mass number for various parent
nuclei: (a) 22U, (b) ?*°U, (c) ®Hs, (d) “°Rf.

Figure 3.4 depicts the variation in shell correction energy (6U) with the mass number of
fragments for four cases: (a) *?U, (b) 2°U, (c) **Hs, (d) **°Rf. The shell correction energy is
the difference of experimental binding energy and binding energy calculated from the liquid drop
model. Shell correction energy can be positive as well as negative is clear from the figure 3.4.
The minima and maxima of shell correction energy correspond to -7.375 MeV and 10 MeV
respectively. The magnitude of the shell correction energy is high, that is why preformation
probability changes drastically. With the increase in the mass of the fragment/nuclei, the shell
correction energy is required to be added to the macroscopic term of the binding energy in order
to attain the stability. The peaks and dips in the plots depict the vicinity of magic numbers. Near
the shell closure or at magic numbers the value of shell correction energy is negative, as we

move away from surface or shell, the magic numbers start vanishing and U becomes positive.
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Table 2 The calculated half life times of various parent nuclei with WSC and without shell
corrections energy has been compared. Corresponding experimental half life times are also listed.

Serial Parent Decay Choice of | AR (fm) logTy2(sec)

No. Nucleus | channel Radius (PCM)

W/o SC WSC Expt.
1. v BZr + B'Te R -0.45 | 30.55 21.54 21.39
2. U Zr + B Te Ry -0.594 | 33.26 23.62 23.67
3. U Zr + P Te Ry -0.715 | 37.00 26.63 26.49
4. U 02Zr + ¥ Te R -0.67 | 35.16 23.85 23.89
5. U Mo +7Sn R -0.63 | 37.84 23.31 23.41
6. Py ™Mo +'Te R -0.595 | 35.72 23.21 23.39
7. #%Pu ™Mo +*Te R -0.38 | 31.30 18.13 18.17
8. “1pu Mo +™Te R -0.69 | 38.47 24.65 24.36
9. “SAm "Ru + *°Sb R -0.65 | 37.80 21.80 21.79
10. #°Cm ™Ru + ™'Te Ry -0.45 | 33.45 19.32 19.23
11. ®Cm I5Pd + 08N R -0.50 - 19.40 19.64
12. “Cm Y°Pd + *°Sn R -0.40 - 14.02 14.11
13. ZPBK 8pd + 35p R -0.63 | 36.83 16.82 16.78
14. Z5Cf *ICd + **°Sn Ry -0.67 | 36.50 18.43 18.34
15. »Cf *Cd + *Sn R -0.35 | 3242 11.57 11.71
16. »Es In +3n R -0.80 | 32.84 13.26 13.30
17. *Fm 3Sn + *%°Sn Ry 025 |[27.44 7.38 7.41
18. »?Fm °Sn + *%°Sn R -0.55 | 32.66 9.62 9.60
19. >*Fm 2Sn +%8 Sn Ci -0.70 | 34.82 5.58 7.27
20. “Fm *Sn + *#°Sn Ci -0.70 | 28.66 1.94 4.00
21. #Md Sn + S C -0.66 | 33.98 5.10 6.04
22. »'Md #5Sn + 'Sb Ci -0.65 | 30.30 1.97 6.30
23. ZMd 285n + IS Ci -0.65 | 25.97 -1.41 3.76
24, **No #Sn + ¥ Te Ci -0.44 | 24.88 2.12 2.04
25. *No 8n + ¥ Te C 051 | 27.05 3.21 3.23
26. **No %Sn + *°Te Ci -0.60 | 28.29 0.68 454
27. »2Lr 9Sn + Ry 0.21 - 1.54 1.55
28. #SLr 22Sn + 7 R -0.28 | 22.06 4,08 4.34
29. 2Ly n +7°Xe R -0.211 - 5.55 3.51
30. Sy iSn + Ci -055 | 26.50 3.05 3.34
31. 2Ly 9Sh + 'Te Ci -0.55 - 0.594 3.76
32. “ORf %2Sn + **Xe R 0.18 13.92 -2.80 -2.19
33. 2Rf 2Sn + B'Xe C -0.108 | 18.34 -1.82 -1.85
34. 2Rf #Sn + “°Te Ci -0.45 | 23.66 1.60 1.60
35. »%3g 295n + *Ba C: 0.00 14.11 -2.18 -2.28
36. *%Sg ??Sn + “*Ba C -0.185 | 16.04 -2.08 -2.14
37. %25g 2%Sn + ¥Ba Ci -0.31 17.53 -2.78 -2.15
38. P Hs Te + *Ba C -0.30 | 10.92 -4.02 -2.79
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In table 2, the spontaneous fission half-lives of various parent nuclei particularly from U to
264Hs are tabulated. The calculations corresponding to inclusion of shell corrections are taken
from [13]. In that study, the spontaneous fission half-lives are fitted using the neck-length, AR in
the presence of shell corrections and are found to be in agreement with the corresponding
experimental data. Here, an effort is made to analyze the influence of excluding shell corrections
on the half-lives. From the table, it is observed that for all the considered parent nuclei ***U to
264Hs, the spontaneous fission half lives increases in the absence of shell correction energy and
far from agreement with the experimental data. It can be concluded that net effect of shell
correction energy on the spontaneous fission half-lives is found to be negative.

It is also clear from Table 2, as the shell corrections are switched off, the atomic no.s of some of

the experimentally observed clusters cannot be calculated.

Also, it is to be noted here that the shell effect for different possible decaying modes can be

negative or positive but still the shell effect has negative effect on Ty,
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Conclusion

Presently, our main motive is to study the shell correction effect on the decay profile and
spontaneous fission half life times of various parent nuclei particularly **U to **Hs using the
Preformed Cluster-decay Model (PCM) which employs quantum mechanical fragmentation
theory (QMFT) as its main tool. In the present work, the spontaneous fission half lives are
calculated in the absence of shell correction energy (0U) by taking the neck length from [13],
obtained there by fitting the actual experimental half lives. The half life times with and without
shell correction energy are compared. It is observed that half life times increase when we do not
incorporate the shell corrections. The probability of preformation of daughter fragments along
with maximum number of other fragments decreases when we switch off the shell corrections.
Although, the positive as well as negative effects have been seen in the fragmentation profile and
preformation probability, but the net effect reflected on the half lives is negative. The fragment
shift has also been observed in some cases i.e. the atomic number of the fragments changes after
excluding the shell correction energy and magicity of some nuclei also vanishes when shell

correction energy is made zero.
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