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ABSTRACT

The fusion-fission mechanism is a complex process which consists a collective mo-

tion of nucleons at compound nucleus stage and its subsequent segregation in the fission

channel. Significant progress on experimental and theoretical front has helped immensely

to understand this intricate process. The main emphasis in this thesis is to investigate

the dynamics of different fission mechanisms. The work is committed to the study of

several compound nucleus (CN) and non-compound nucleus (nCN) fission mechanisms

of light and heavy nuclei formed in nuclear reactions, which involve different type of

projectiles, e.g., light particles, loosely bound nuclei and heavy ions. This investigation

is performed by utilizing the collective clusterization technique of “dynamical cluster-

decay model (DCM)”, thereby the contribution of light particles in the decay process is

also investigated along with the fission process. The collective fragmentation potential

is calculated using macro-microscopic method, which in turn helps to estimate the mass

fragmentation and related cross-section yields in the decay channel. Here, the structural

information of fissioning nuclei is obtained by calculating the preformation probability

(P0) of the nascent fragments. Current study includes the temperature (T ) and angular

momentum (ℓ) effects, which have decisive impact on fission process. Besides this, the

deformation and orientation effects of decaying fragments are also incorporated via the

radius vector. The calculated results for different fission mechanisms compare nicely with

the experimental data, and some predictions are made which can be verified via future

experiments. Besides induced fission, spontaneous fission (SF) occurring at the end of

α-decay chains of superhavey nuclei (SHN) is also explored in this thesis. Thesis covers

seven chapters, a brief account of layout is discussed below.

Chapter 1 consists a brief overview of nuclear fission research in recent times, with

possible scenario of further applications in this area. The phenomenal experimental find-

ings accompanied by theoretical investigations over the last few decades are highlighted.

The dynamics of different CN and nCN processes along with their dependence on vari-

ous entrance channel properties are discussed. The identification of the contribution of

various competing CN and nCN decay channels is an intricate process. Therefore, a brief

description of experimental techniques and theoretical models, which are used to identify
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such processes is provided. In addition to this, the SF of SHN, and its influence on the

synthesis of SHN is discussed in brief.

Chapter 2 provides the relevant information of dynamical cluster-decay model

(DCM) employed to analyze the dynamics of different fission processes. This methodol-

ogy is developed using dynamical fragmentation theory, which considers mass (or charge)

asymmetry coordinate as a dynamical coordinate in order to study the mass (or charge)

transfer in a nuclear decay process. The combine effect of attractive and repulsive energies

on a decay process is examined in terms of collective fragmentation potential. In order

to determine the fragment mass distributions and energetically favoured nascent frag-

ments, the preformation probability (P0) is evaluated using mass-asymmetry η-dependent

Schrödinger wave equation. The methods of calculating the barrier tunneling probability

(P ) and decay cross-sections (σ) are also presented. Further, the procedures to evaluate

the nCN processes (quasi fission and fast fission) and spontaneous fission are discussed.

Note that the fast fission mechanism is studied for the first time within the DCM approach.

Finally, the details of fission fragment anisotropy (A) using standard saddle-point statis-

tical model (SSPSM) are given in this chapter. A descriptive analysis of work done using

this methodology is covered in chapters 3-7.

Literature survey suggests that the spontaneous fission (SF) process plays a crucial

role in identifying the newly synthesized superheavy nuclei (SHN), and hence demands

a thorough study. In chapter 3, an effort is made to study the SF of 266
103Lr,

267
104Rf,

266−268
105Db, 281

111Rg, and
282
112Cn SHN appearing as end products in α-decay chains of other

SHN. The analysis is carried out within the DCM for angular momentum ℓ=0 case, where

the T -effects are incorporated from measured recoil energy (ER) of SHN, left after few

neutrons evaporation at the CN stage. The behaviour of fragment mass distribution and

competitive emergence of the dominant decay modes, i.e., the α-emission vs. spontaneous

fission, is studied by identifying the most probable heavy fission fragments, along with

the estimation of SF half-life times T SF
1/2 and total kinetic energy (TKE) of the above

noted SHN. The mass distributions of chosen nuclei are symmetric in nature. The most

preferred decay fragment is found to lie in the region of doubly magic shell closures of

Z=50 and N=82, with highest preformation probability (P0). In addition, a comparative

study of the ‘hot compact’ and ‘cold elongated’ configurations of β2i-deformed and θopti -
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oriented nuclei indicate significantly different behavior of the two mass fragmentation

yields, favoring ‘hot compact’ configuration. Finally, the role of ‘shell corrections’ in SF

decay is duly investigated.

Chapter 4 contains the analysis of light particle (n and p) and heavy ion (32S) in-

duced fission of actinide nuclei. Firstly, the fission dynamics of odd mass actinide nuclei,

233Th∗ and 239U∗ produced in n-induced reactions is studied at various neutron energies,

i.e, En=32.8 MeV-59.9 MeV. The fragment mass distributions are examined by choosing

both spherical and deformed (upto β2-static) fragmentation. The study is extended to

two more actinide nuclei (233Pa∗ and 239Np∗) and the barrier characteristics are compared

for chosen reactions and corresponding preformation factor is worked out to estimate the

relative influence on fragment mass distribution. In addition to this, the relative role of

sticking and non-sticking moment of inertia on the fission decay of 233Th∗ is explored. Be-

sides this, a comparative study of n-induced reaction with p-induced reactions is carried

out for Th and U nuclei. The investigation is carry out further by studying the vari-

ous CN and nCN decay processes of 216Th∗ actinide produced in the heavy-ion induced

reaction, 32S+184W. This analysis is performed at across barrier energy window (118.8

MeV≤ Ec.m. ≤ 195.9 MeV) by including the quadrupole deformations (β2-static) and op-

timum orientations (θopt.i ) of the decay fragments. The anomalous behaviour of calculated

fission anisotropies (A) for 216Th∗ nucleus advocate the existence of nCN contributions,

such as quasi fission (QF) and fast fission (FF). With an aim to have comprehensive

analysis of CN and nCN fission mechanisms (ff, QF, FF), the role of center-of-mass en-

ergy (Ec.m.) and angular momentum is explored in terms of various observables of DCM

e.g. fragmentation and scattering potentials along with preformation and tunneling prob-

ability. The fragmentation potential shows that asymmetric fission is the main decay

mode of 216Th∗ nucleus, independent of Ec.m. and ℓ-values. The capture excitation func-

tions σCap. are obtained by adding the DCM-calculated CN (σCN=σER+σff ) and nCN

(σnCN=σQF+σFF ) contributions. The calculated cross-sections show good agreement with

the experimental measurements, and the contribution of evaporation residue component

is predicted to be rather small. The compound nucleus formation probability PCN is

estimated as a function of Ec.m., which in turn suggest that maximum contribution from

CN channel is approximately 65%. Finally, the impact of β2-dynamic deformations on
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the various decay mechanisms of 216Th∗ nucleus is examined at highest Ec.m.=195.9 MeV,

where nCN processes start competing the CN decay process.

In Chapter 5, DCM is engaged for the investigation of tightly bound and loosely

bound He-projectile induced reactions involving lighter (64Zn) and heavier (209Bi) mass

target. First, the decay of 68,70Ge∗ compound systems formed, respectively, via tightly

(4He) and loosely (6He) bound projectiles using 64Zn target is studied over a wide energy

range (Ec.m.∼5 to 16 MeV). The fusion excitation functions, obtained by adding various

evaporation channels show good agreement with the available data for 4He+64Zn reac-

tion. However, the predicted fission contributions come out to be negligibly small. On

the contrary, the decrement in the fusion excitation functions of 70Ge∗ nuclear system

is addressed by presuming that 65Zn evaporation residue is formed via breakup+transfer

processes. The contribution of breakup+transfer channels for 6He+64Zn reaction is duly

addressed by implementing appropriate energy corrections due to the breakup of ‘6He’

projectile into 2n and 4He. Apart from this, the barrier lowering, angular momentum and

energy dependence effects are also explored in view of the dynamics of aforementioned re-

actions. Next, the fission decay is examined for various 212,213,215,217At∗ isotopes formed in

tightly (3,4He) and loosely bound (6,8He) projectile induced on heavy mass target (209Bi).

By optimizing appropriate “neck-length parameter (∆R)”, the fission excitation functions

are obtained for 212,213,215At∗ compound nuclei (CN) at above barrier energies, where the

experimental data is available. The DCM calculations are extended at below barrier re-

gion for these nuclei, and to other reaction 8He+209Bi→217At∗, using the systematics of

212,213,215At∗ isotopes. The magnitude of fission cross-sections increases with the addition

of neutrons in the He-projectile (or say in the At∗ compound nucleus since the target

nucleus of each reaction is same) at common energies. To obtain better description of

fission dynamics involved with neutron-deficient and neutron-rich He-induced reactions,

the fragmentation potential and prefromation probability P0 of decaying fragments are

analyzed along with corresponding barrier tunneling probability P . The fission fragment

mass distributions are explored for all ‘At∗’ isotopes, and most probable fission fragments

are identified. It has been observed that asymmetric fission forms the predominant decay

mode for all considered isotopes, although a minor hump with very small preformation

probability appears around symmetric fragments for lighter 212,213At∗ nuclei. Finally,
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the N/Z dependence of fission cross-sections and most probable decaying fragments, is

explored in view of fragmentation structure and related cross-section yields.

After analyzing the decay of lighter and heavier nuclei produced in different type

of projectile induced reactions, the fine structure effects in the fission fragments of pre-

actinide and actinide nuclei are investigated in chapter 6. The fission decay of 201Bi∗,

206Po∗, 211At∗, 212Rn∗, 216Ra∗, 227Pa∗ and 228U∗ nuclei produced in 19F-induced reactions

at near and above barrier energies is explored. The interplay between two modes of fission

i.e. symmetric (Sym) and asymmetric (Asym) in the fission fragment mass distributions

is investigated. For present set of calculations the symmetric to asymmetric fission peak

ratio is less than unity (
PSym

PAsym
<1), which inturn suggests the dominance of asymmetric fis-

sion for above mentioned compound nuclei. The role of shell corrections and deformations

of fragments in the fission dynamics is duly addressed. The evaluated fission excitation

functions are in agreement with the experimental one, except for few energies above the

barrier. This disagreement is associated with the possible existence of nCN fission as

higher energies are more prone to these kind of processes. The study of fission fragment

mass distributions is further extended to the isotopic analysis of above mentioned pre-

actinide and actinide nuclei at common Ec.m.≈80 MeV near the barrier. It is observed

that the lighter isotopes exhibit symmetric fission distribution, whereas heavier ones pre-

fer to decay via asymmetric path. A transition between symmetric and asymmetric fission

occurs around fissioning nuclei with N/Z≈1.4, showing the triple humped mass distribu-

tion suggesting comparable contribution of symmetric and asymmetric fission. Finally,

the most energetic asymmetric light (AL) and heavy (AH) fission fragments are identified

for the isotopes of above mentioned nuclei. Interestingly, the heavier asymmetric fission

fragments are located near proton number around Z=50 for pre-actinide region and Z=54

for actinide nuclei.

Finally, in chapter 7, the results acquired from above mentioned studies are summa-

rized, and a prospective outlook for further studies on fission dynamics is briefed.



Chapter 1

Introduction

1.1 Nuclear fission: an overview

The story of splitting of a heavy mass nucleus into two smaller nascent fragments

began in 1930s. This process is an outcome of persistent attempts to understand the

artificial radioactivity by numerous academicians working in that area. In 1934, I. Curie

and F. Joliot discovered the artificial radioactivity by striking alpha (α) particles on stable

nuclei [1]. E. Fermi further worked in this area, and observed that neutron (n) irradiation

on heavy element prompts the production of a nucleus with higher mass number, or, a

nucleus with higher charge number as a consequence of beta decay. The pursuit of his

findings led Otto Hahn and Fritz Strassmann to the discovery in 1939, that a Uranium

nucleus divides into two smaller parts with different proton (Z) and neutron (N) numbers,

when struck with a neutron [2]. The term ‘fission’ for this new type of nuclear reaction

was used by O. R. Frisch and L. Meitner, who measured the fragments observed from

the disintegration of Uranium nucleus [3]. It is worth mentioning here that L. Meitner

also contributed to the nuclear fission discovery, as she worked in the company of Otto

Hahn, who received a Noble Prize in chemistry for his findings (and usually known as

the “godfather of nuclear fission”). After a short time of nuclear fission discovery, Bohr

and Wheeler published an article which explained the theory of fission using liquid drop

model (LDM) [4]. This theory is still assisting the researchers to understand various

aspects of nuclear fission. The next enthusiasm among scientists was to search for the

possibility of spontaneous fission (SF) of heavy nucleus as a natural decay process instead

of being induced by a nuclear particle. W. F. Libby endeavored first effort to find the SF

of Uranium nucleus, however missed to discover it due to smallness of effect [5]. Further,

6
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in 1940, two Russian physicists G. Flerov and K. Petrzhak discovered the SF in Uranium

nucleus by utilizing more sensitive experimental techniques [6]. However, the theoretical

prediction of SF process was already given by the Bohr and Wheeler in their theory of

nuclear fission [4].

Until now, the exploration of nuclear fission was spread throughout the world. The

findings of Otto Hahn and Fritz Strassmann were instantly acknowledged by the E. Fermi.

Furthermore, he demonstrated the possibility of chain reactions in the n-induced fission

of Uranium nucleus, and also confirmed that this process releases enormous amount of

energy. After this momentous event, Fermi was drawn into the Manhattan project, which

was set up to build an atomic bomb during the world war-II. This project’s essential

objective was to harness the power of the atomic nucleus to produce an unbelievably

groundbreaking weapon. This project was terminated in 1945, with the trial of the first

atom bomb in Alamogordo, New Mexico.

Eighty years have been passed from the discovery of nuclear fission, but this process is

still important not only because of its use to make nuclear weapon for military purposes,

but also its enduring concernment to the society. A small amount of excitation energy

is required to disintegrate the atomic nucleus into two pieces, which is approximately

equal to a few per thousand of its total binding energy (B.E.). This disintegration process

generates enormous energy of the order of 200 MeV. In this manner, this particular content

of nuclear energy is around 108 times greater than the energy produced from fossil fuels.

The common use of nuclear energy is the electricity production from nuclear reactors using

nuclear fission process, and approximately 14% of the total world’s electricity is generated

from nuclear fuel. The nuclear energy is also used as a driving force in ships, submarines

and specific kinds of surface vessels. One important application of nuclear fission process

is the production of radioisotopes. The demand for the radioisotopes is persistently rising,

as they are essential ingredients in the fields of industry, medical science and agriculture.

More than twenty isotopes are widespread for medical purposes, from which 99mTc and

131I are the commonly used isotopes. The diagnosis and treatment of some cancer and

cardiovascular diseases are now possible with the help of radiation technology. Moreover,

the nuclear fission is very useful process for the detection of neutrons.

In general sense, the comprehensive knowledge of nuclear fission and its pros and



1.2 Highlights in nuclear fission research 8

cons, is crucial due to its widespread use in everyday life. Moreover, it offers an extensive

assortment of logical research on nuclear characteristics and general physics. The ad-

vancement in the nuclear fission research, intensely depends upon the improvement of the

experimental techniques, the availability of projectile beams and fissioning nuclei material

etc. Consequently, the traditional and constrained use of neutron ‘or’ light particle as a

projectile in fission reactions has provided a limited chance of investigation of this pro-

cess. In last few years, diverse advances have been made in theoretical and experimental

nuclear fission research, e.g., the use of heavy and radioactive ions in place of light parti-

cles, identification and assessment of non-compound nucleus processes and development

of nuclear detectors and accelerators. In the next section, the various developments in

fission research that took place in last few decades are highlighted.

1.2 Highlights in nuclear fission research

Numerous advances have taken place in the field of nuclear fission after the year of its

discovery. A brief history and some events happened in the area of nuclear fission have

been described in the previous section. Further details of the phenomenal experimental

findings accompanied by theoretical investigations over the last eight decades of nuclear

fission study, are highlighted in Fig. 1.1. Initially, the focus of investigators has only on

the light particle induced fission of stable nuclei at low energies ‘or’ on the spontaneous

fissioning nuclei, due to the challenges at the experimental front. However, the successful

testing of controlled fission chain reaction using a nuclear reactor, led the experimental

advancements to the next level. Subsequently, various kind of fission mechanisms were

detected by employing different probes like light-charged particles, heavy ions, loosely

bound nuclei etc. The observed fission mechanisms are β-delayed fission [7,8], compound

nucleus (CN) [9] and non-compound nucleus (nCN) fission [10–12], ternary fission [13],

electromagnetically induced fission [14], surrogate type of fission [15], photo fission [16]

etc. The surrogate and photo fission methods are useful to examine the fission barrier

characteristics in particular for non-fissile nuclei [15,16] etc. In 1962, a dramatic example

of spontaneous fission was observed from the isomeric state of heavy nuclear system [17].

The fission measurements involve the mass and charge distributions, kinetic energy and

angular distributions, fission barriers, pre-fission particles, fission cross-sections, deforma-
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Figure 1.1: A pictorial view of various advances in the nuclear fission field, which
have taken place over last eight decades after the discovery of fission process.
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tions and level densities of fissioning nuclei. The comprehensive theoretical study of these

measurements advocates the importance of microscopic shell and pairing effects. As a

result of this, several theories have been developed to study the interplay between the

macroscopic and microscopic effects, which further depend upon the excitation energies

of fissioning nuclei. As a result macroscopic LDM and microscopic shell model were devel-

oped, which play important role to decide the mass division of compound nuclei [4,18–20].

The detailed description of other statistical/dynamical models developed using macro-

and micro-scopic approaches, is given in section 1.6. Furthermore, the fission process

play significant role in the analysis of nuclear structure, astrophysical r-processes [21] and

production of nuclear systems away from stability line. Apart from this, the spontaneous

fission play important role in the generation of superheavy nuclei (SHN) [22]. It is worth

mentioning here that the fission mechanism strongly depends upon the entrance chan-

nel properties and excitation energies. This inturn results in the various non-compound

nucleus (nCN) decay processes (e.g., quasifission (QF) [10], fast fission (FF) [11] and

deep-inelastic collision (DIC) [23], see section 1.3. The development of the energetic and

powerful light ion and heavy ion accelerators in last recent two decades, made it possible

to analyze the fission decay of different pre-actinide and actinide nuclei. The surprising

result of these studies, is the co-existence of symmetric (Sym) and asymmetric (Asym)

fission channels in the mass distributions. An organized study of these sub-structural

effects in the fragment mass distributions for a wide mass and energy window is highly

desirable. Nowadays, this topic is very tempting and interesting to the researchers, which

is the one of the objective of this thesis work, and the results are discussed in chapter

6. Moreover, the compound nucleus and non-compound nucleus fission mechanisms are

investigated in present study, and are briefly addressed in the following sections.

1.3 Compound nucleus and non-compound nucleus

decay mechanisms

In the initial years of nuclear fission research, light particle (e.g. n and p) induced fission

was the main theme of studies, and these investigations unlocked the various aspects of

fission phenomena. But, in 1960-70s, after the evolution of energetic heavy ion accelerators

and nuclear detectors, the heavy ion induced fission becomes the fascinating subject. The
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Figure 1.2: A diagram illustrating the journey of projectile-target composite
system from non-equilibrated di-nucleus system (DNS) to equilibrated compound
nucleus (CN).
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collision of heavy ion with target nucleus over broad energies across the Coulomb barrier,

provides a way to the nuclear matter to interact strongly, and consequently result in

variety of decay modes. In the last three decades lots of work have been done in this area,

but the full understanding of these phenomenon is still limited. Note that ‘α’ particle

is considered as the ‘lightest heavy ion’. The dynamics involved with heavy ion induced

reactions is totally different from light particle induced reactions due to the following

facts: (i) the huge Coulomb repulsion due to large atomic numbers of nuclear reactants,

(ii) the large angular momentum related with the large mass of interacting partners, (iii)

the formation probability is relatively large for heavy ion induced reaction.

A large number of processes can appear in the heavy ion collisions due to their above

mentioned characteristics. Broadly speaking, in heavy ion induced reaction, complete

amalgamation of projectile and target i.e. the formation of compound nucleus (CN) does

not take place instantly. There could be possibility that such equilibrated stage is never

achieved. In the course of systematic theoretical and experimental investigation of the

static and dynamic conditions for heavy ion induced reaction, a competing process termed

as non-compound nucleus (nCN) mechanism was observed. A considerable amount of

energy dissipation is observed in these kind of reactions.

Fig. 1.2 represents the step-by-step view of different decay processes which are in-

troduced via equilibrated and non-equilibrated projectile-target (P-T) composite system

formed in heavy projectile induced reaction. In order to achieve the final phase of heavy

ion induced reaction, i.e., an equilibrated CN, a P-T composite system could pass through

the various reaction stages. At the point, when an energetic projectile nucleus strikes with

the target nucleus, a capture process initiates. As a result, a di-nucleus (DNS) compo-

sition is formed, which is non-equilibrated in nature [24]. If this composition is neither

trapped in the potential well, nor the full momentum transfer takes place, then the first

stage of heavy ion reaction dynamics is known as deep inelastic collision (DIC). The de-

caying fragments in this process are similar to the projectile and target systems [25]. On

the other side, if this nuclear system stuck in the potential well for a short time, then

certain part of kinetic energy is dissipated and multi-nucleons are transferred. Since the

incident energy is adequately large to cross the barrier, the DNS splits into two parts

before it becomes equilibrated CN. This nCN process is known as quasi fission (QF),
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which happens in the second stage of the collision as shown in Fig. 1.2. The fragments

produced in this process may be symmetric or asymmetric depending upon the entrance

channel mass asymmetry. This is an intermediate non-equilibrated nCN process, where

the incoming channel is supposed to retain its identity [26,27]. The typical reaction time

for QF process is 10−22-10−21s which is much smaller than the reaction time of CN fission

process (complete fusion-fission (ff)) i.e. 10−18-10−16s. This demonstrates that the QF

and ff processes have different characteristics. Broadly speaking, the ff is a statistical

process and depicted by temperature (T) and angular momentum (ℓ) effects, whereas QF

is dynamical process which depends upon various entrance channel factors. Moreover, QF

act as a decisive factor in the generation of superheavy nucleus (SHN), because it decreases

the probability of complete fusion [28–31]. The contribution of QF process becomes dom-

inant in massive reactions and at higher energies, this aspect is duly investigated in this

thesis.

If the DNS survives the QF, it might be changed into mononucleus, see third stage

of Fig. 1.2. The angular momentum (ℓ) of this rotating mononucleus is much higher,

such that the fission barrier (Bf) start disappearing due to large rotational energy. The

fission barrier of the nucleus, disappears at large magnitude of ℓ, where shell effects

are significantly damped as a function of E∗

CN and ℓ. If ℓ≥ℓBf , where ℓBf is angular

momentum at which fission barrier disappears, then the mononucleus experiences quick

splitting before reaching equilibrate state. This phenomenon is known as fast fission (FF)

and produce two fragments which has similar properties like fusion-fission fragments [32].

This process is also prominent for massive reactions and higher energies. It is worth

noting that FF process occurs only above the ℓ-values, where fission barrier disappears.

However, QF can occurs at all ℓ-values of di-nucleus system [32].

If the P-T composite system relaxes in energy, mass, angular momentum and shape

degree of freedom, eventually equilibrated CN is formed [33]. In Fig. 1.2, this is the last

stage of heavy ion reaction having large reaction time, and involves complete amalgama-

tion of reaction partners and consequently form the compound nucleus. The mass (ACN )

and excitation energy (E∗

CN ) of compound nucleus decide that into which channel it will

decay, e.g., evaporation residue (ER) or the fusion-fission (ff). Note that, the nascent

fragments/clusters of a CN does not remember their history of formation following the
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Bohr’s hypothesis of independence [33].

The identification of these different kind of decay processes relies on the experimental

facilities and theoretical evaluations. From above discussion, it may be concluded that the

complete understanding of fission dynamics is essential. For instance, the understanding

of CN fission (ff) and nCN fission (QF,FF) processes is important to identify best target

projectile pairs for synthesis of new heavy/superheavy nuclei. The occurrence of different

CN and nCN processes depends on various entrance channel factors which are discussed

in the next section.

1.4 Entrance channel properties and nuclear fission

The nuclear reactions are observed to be extremely sensitive towards the characteristics of

reaction partners. Several experimental as well as theoretical attempts have been made

in this context. The studies showed that the occurrence of CN or nCN mechanisms

relies on various factors, such as size and shape of projectile, mass asymmetry of reaction

partners, incident energy, Coulomb repulsion factor, deformations, orientations etc. A

brief explanation of these aspects is discussed below:

1.4.1 Type of projectile

As discussed in previous section, the reaction dynamics is strongly influenced by replac-

ing the lighter projectile with the heavier one. The repulsive Coulomb and rotational

energies involved in the heavy projectile induced reactions, are much larger than the light

particle induced reactions. As a consequence, the possibility of complete fusion decreases,

and result in the formation of non-equilibrated projectile-target composite system, which

further decay via nCN processes.

In spite of this, the nuclear structure ‘or’ the nature of projectile has also impact on

the reaction dynamics. The advancements that have been taken place in the experimental

methods, allow one to use the radioactive ion beams in a nuclear reaction. For instance,

if a loosely bound ‘or’ halo projectile hits the target nucleus in place of tightly bound

projectile, the reaction dynamics get influenced in two ways: (i) the potential barrier

gets lower due to the larger radius of loosely bound system, and results in the large

reaction cross-sections, (ii) the lower binding energy of projectile gives rise to breakup
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and transfer processes. Numerous nuclear reactions with different tightly and loosely

bound projectiles on same targets has been tested to see the effect of projectile nature

on the reaction dynamics [34–36]. In chapter 4 of this thesis, the detailed analysis of

light particle and heavy ion induced fission of actinide nuclei is carried out. Besides this,

chapter 5 is devoted to the tightly and loosely bound He-projectile induced reactions on

light as well as heavy mass targets.

1.4.2 Mass asymmetry parameter

Mass asymmetry parameter (αe) of entrance channel is an important probe to measure the

probable occurrence of a reaction mechanism. According to the Bohr’s hypothesis [33],

the reaction cross-sections should be similar for same CN formed via different entrance

channels at common excitation energy. Though literature showed that the evaporation

residue and fusion-fission excitation functions are different for different reactions, regard-

less whether the compound nucleus is same. This difference is attributed to the fact

that, the emergence of CN and nCN processes depends on the properties of reaction part-

ners [37]. Apart from this, the impact of charge and neutron asymmetries of entrance

channel on the potential well and barrier height is significant, which in turn effects the

excitation functions [38, 39].

Basically, the mass asymmetry (αe) parameter of entrance channel is the one of the

important parameter which decides the type of decay process of projectile-target com-

posite system. The mass asymmetry [αe=AT -AP/(AT+AP )] of interacting nuclei play

significant role to decide the contributions from CN and nCN fission processes. It is evi-

dent from literature [40], that if αe<αBG then there is a possibility of nCN contributions.

In fact, ‘Businaro Gallone mass asymmetry (αBG)’ is a parameter which separates mass

symmetric liquid drop fission barrier from the asymmetric one [41, 42]. A large quan-

tity of mass is transferred among reactants for the αe>αBG condition, which results in

an equilibrated composite system (i.e. CN). On the contrary, for αe<αBG, few nucleons

transfer take place and a di-nuclear system is formed, which decays before achieving the

equilibrium, thus giving rise to nCN process [40].
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1.4.3 Incident energy

Plenty of work have been devoted to the incident energy dependence of all possible decay-

ing properties of fissioning nuclei produced in variety of nuclear reactions. The compound

nucleus formation/fusion probability (PCN) is larger at incident energies below and near

the Coulomb barrier as compared to above barrier energies. That means the contribution

of evaporation residue and fusion-fission channels is prominent at below and near barrier

energies than nCN processes [43]. However, nCN mechanism start competing the CN

processes at above barrier energies. Relevant results are discussed for 32S+184W reaction

in chapter 4. Moreover, the breakup and transfer processes also appear at above barrier

energies, if the loosely bound projectile beam is involved in the nuclear reaction [34–36].

An effort is made in the thesis to analyze the reaction dynamics at broad energy range

across the Coulomb barrier for various kind of reactions, and the results are discussed in

chapters 4 to 6.

1.4.4 Coulomb repulsion factor

In addition to above mentioned factors, the Coulomb product (ZPZT ) of atomic numbers

of projectile and target, strongly affect the reaction dynamics, and decides that which

decay mode will be dominant. If the Coulomb repulsion between two heavy interacting

nuclei is large, there is a dramatic reduction in probability of formation of compound

nucleus. Therefore, projectile-target composite system separates earlier without reaching

equilibrated state. Consequently, the quasi fission process may take place for a reaction

having Coulomb product ZPZT≥1000 [44]. This factor also serves as an obstacle in the

generation of superheavy nuclei (SHN).

1.4.5 Deformations and orientations

Different studies suggest that the deformation and orientation effects play an important

job in the formation of equilibrated and non-equilibrated composite system. The tip-to-

tip collision of deformed reaction partners give rise to nCN processes. However, the side

collisions generally lead to the complete fusion-fission processes [45]. The incorporation

of deformations and orientations influence the values of barrier heights and interaction

radii. As a consequence, the tunneling probabilities get influenced and hence the total
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cross-sections. Therefore, the appropriate inclusion of deformation and orientation effects

is extremely desirable for appropriate addressal of fission dynamics.

In addition to above, there are some other factors which affect the fission reaction

dynamics as listed here: (i) Mass of CN (ACN ). (ii) Excitation energy of CN (E∗

CN ). (iii)

Total angular momentum of CN (ℓmax). (iv) Fissility parameter of CN (Z2/A). (v) N/Z

ratio of CN, where N and Z, are, respectively the neutron number and atomic number

of compound nucleus. Note that these quantities are interrelated to each other, and any

change among them may affect the fission fragment mass distributions, and hence the

overall fusion-fission dynamics. The related results are described in chapters 4 and 5.

1.5 Experimental methods to distinguish between

CN and nCN fission

The distinguishing of various competing CN and nCN decay channels is a complicated

process. The experimental signatures of these decay mechanisms may overlap with each

other. In this way, it is hard to make their individual identification or the measurement

of their contribution independently. Several experimental methods are accessible to find

the existence of nCN fission in a nuclear reaction. A brief description of such methods is

given below.

(i) The straightforward method to watch the presence of nCN content in a reaction

is to measure the fission fragment angular anisotropies (A) and compare them with the

theoretical calculations [46]. The fission fragment anisotropy are extracted from measured

angular distributions of fission fragments [47]. Generally, fission anisotropy is calculated

using standard saddle-point statistical model (SSPSM) [48], details are present in chapter

2. This method assumes that the nascent fragments are decaying towards symmetry axis

of parent nucleus. The projection of the angular momentum on this axis is conserved

from saddle to scission point. This supposition may not be justified for massive nuclei

due to the different nuclear configurations at these two points. As a consequence, the

SSPSM based anisotropies deviate from the experimental ones, which inturn advocate

the presence of nCN fission. Similar results are observed in the study of chapter 4, where

SSPSM does not properly described the fission anisotropies at higher energies, indicating

the presence of nCN in the decay of 216Th∗ nucleus [49].
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(ii) The physical demonstration of nCN content in a nuclear reaction can be attained

on account of the different reaction times of CN and nCN processes. The separation of two

fragments during nCN process takes place in a very short timescale in comparison with

the CN process [50,51], therefore, the direct evidence of different CN and nCN processes

can be observed in terms of reaction times. The experimentalists use blocking technique

to extract the nuclear reaction times, the details of such kind of experiment are given in

Ref. [52].

(iii) The fission fragments originating from nCN process are often characterized by

their broad mass distribution, mass angle correlations, kinetic energy and angular distri-

butions etc. [46, 53], which indicate a non-equilibrium origin and small sticking time of

the decaying system compared to those originating from CN fission. If there is a possi-

bility of nCN decay, a different pattern arises in the mass or kinetic energy distributions.

Therefore, the plot of width of distributions vs excitation energy is an authentic tool to

distinguish between CN and nCN fission.

(iv) Recently, γ rays were used as a probe to differentiate between CN and nCN

fission on the basis of their angular momenta [54]. It is known that CN fission is a slow

process as compared to the nCN fission. Therefore, distinct regions of angular momentum

are generated via equilibrated and non-equilibrated fission processes. A possible way to

achieve the separation between the CN and nCN fission is the measurement of angular

momentum of decaying fragments by detecting γ rays [54].

(v) According to Bohr’s hypothesis [33], the nuclear reactions with same CN but

different entrance channels should give the same fusion cross-sections at same excitation

energies, as discussed in previous section. But, for reactions prone to nCN channel, the

probability of pure fusion gets diminished. As a result, the fusion excitation functions

are suppressed, and this suppression is treated as an evidence of nCN fission. In spite of

all above mentioned tools, the identification of nCN fission is still a difficult task. Thus,

one needs proper interpretation of such experimental methods via appropriate theoretical

approaches. Thereby, in the next section different theoretical approaches are discussed

which are used to explain the fission mechanisms.
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Figure 1.3: A schematic view of statistical/dynamical theories development on
the basis of macroscopic and microscopic effects, which further used to describe
different measurables of fission process.

1.6 Different theoretical approaches used to study

fission mechanisms

Extensive theories were formulated to understand the dynamics associated with fission

mechanisms, and to depict numerous fission measurables. The main driving factors re-

lating to fission studies are: structure, dynamics and energy dissipation, which affect the

various aspects of fission dynamics. Until now, large amount of data is available from the

experiments on fission mechanism. The theoretical verification of available experimental

fission data is carried out via various theoretical descriptions and many useful insights

are predicted for future experiments on this area. The very first theory of nuclear fission

was given by Bohr and Wheeler, who explained the fission process using macroscopic

approach of liquid drop model (LDM) [4]. They proposed the idea of compound nucleus
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(CN), which can deform itself up to the critical point due to the competition between

Coulomb repulsion and nuclear proximity forces (nuclear surface tension). Beyond this

point, the nuclear system becomes unstable and decay via fission process. The running

theme in the nuclear fission research is the co-existence of macroscopic liquid drop and

microscopic shell effects in fissioning nuclei, as illustrated in Fig. 1.3. The rich inter-

play between the nuclear structure and the reaction dynamics has been brought out in

the analysis of fission reactions. In this domain, the enormous development has been

made in last few decades for the overall understanding of various nuclear fission aspects.

Several statistical/dynamical theories were developed which provide the combine effect

of macroscopic and microscopic approaches, which are useful to calculate the potential

energy surfaces (PES) of heavy fissioning nuclei [55]. Other than this, the self-consistent

microscopic model based on density-dependent Hartree-Fock-Bogolyubov approach were

also developed to analyze the low energy fission [56]. The pair breaking in fission or

the fine structure effects in fission fragments were also analyzed using the Combinato-

rial model [57]. The time dependent Hartree-Fock method was used to investigate the

induced fission of heavy nuclei and results were compared with macro-microscopic ap-

proaches [58]. This method deals with the all degrees of freedom related to dynamics of

every constituent particle, thereby able to describe the complicated quasi fission process.

Further, the fission process was also described well by statistical saddle and scission point

models [59–63]. The standard saddle point statistical model (SSPSM) was successfully

applied to study the reactions with lighter mass projectiles [48]. However, this approach

is incapable to explain the fission fragment anisotropies for heavy ion induced reactions,

and hence used as a probe to find the existence of nCN content. Apart from this, di-

nucleus system model [39,43] and pre-equilibrium fission model [12,47] were developed to

study CN and nCN fission contributions individually. In the thesis work, the equilibrated

and non-equilibrated fission processes are investigated by employing dynamical cluster-

decay model (DCM) approach [49]. The DCM is derived from dynamical fragmentation

theory [64–66], in which Strutinsky macro-microscopic method is used to describe the

collective fragmentation process. This model has been successfully applied on numerous

nuclear reactions and various CN and nCN mechanisms. The detailed description of DCM

is presented in chapter 2.
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1.7 Spontaneous fission of superheavy nuclei

Using the macroscopic theory of liquid drop model, Bohr and Wheeler set a limit for

spontaneous fission (SF) process, i.e., Z2/A = 48 [4]. Here, Z and A are respectively the

charge and mass number of parent nucleus. If a nucleus crosses this limit of stability, it

becomes unstable and decay via SF. The first experimental proof of this phenomenon was

given by Flerov and Petrzhak in 1940 [6]. Since then, a large number of heavy nuclei are

found to decay via SF process. The SF half-lives of these nuclei may vary from number

of years to the small fraction of a second. If the charge number (Z) of a nucleus rises,

the height of fission barrier is expected to show decrement. Hence, the probability of SF

decay is small for lighter actinide nuclei, but increases dramatically with increase in charge

number of nuclear systems. The SF process share the same fundamental mechanisms

as that of alpha (α) decay, such as the fragment preformation and quantum tunneling

process. The SF is equally complex process due to the large uncertainties among the mass

and charge number of nascent fragments and associated released energy.

α-decay and SF process are the important topics as they play crucial role in the

production of superheavy nuclei (SHN). The existence of long lived SHN is restrained

by these two processes [22]. In literature, different α-decay chains are measured, and for

most of the cases their end product is a spontaneous fissioning superheavy nuclei. That

means both α- and SF-decay are the main obstacles (besides QF) in the production of

long-lived SHN. Numerous theoretical attempts have been made to understand these two

phenomenon thoroughly. DCM for ℓ=0 case was utilized to study the several alpha decay

chains of recoiled SHN [67]. The temperature effects were incorporated in terms of recoil

energy (ER) of the SHN. The estimated alpha decay half-life times show nice agreement

with experimental data. An attempt is made in chapter 3 to understand the SF process

of SHN which is occurring as an end product in the α-decay chain. The fission fragment

mass distributions are also analyzed for spontaneous fissioning nuclei, in order to acquire

the knowledge of most probable decaying fission fragments.
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1.8 Motivation of the present work

In previous sections, an attempt is made to give the overview of research work done

in the area of fusion-fission dynamics. However, the complete survey of fission studies

is likely impossible due to the pace of improvement and broadness of research work.

The previous mentioned discussions on fission dynamics and related aspects provide a

motivation to understand this phenomenon in more details. Thus the problems studied

in this work revolve around the different kind of fission mechanisms induced via various

type of projectiles say light, heavy and loosely bound nuclei etc. It may be noted that,

the experimental findings are not much worthy without the theoretical verifications and

vice versa. Hence, in the present thesis work, the dynamical cluster-decay model (DCM)

based on quantum mechanical fragmentation theory (QMFT) is employed to study various

fission mechanisms of different nuclei. A list of approved objectives is enumerated below:

1. Study of spontaneous fission of superheavy nuclei occurring as end product in the

α-decay chains.

2. Fission decay investigation of light and heavy nuclei produced via different kind

of projectiles such as light particles, heavy ions and loosely bound nuclei at wide

energy range across the Coulomb barrier.

3. The comparative analysis of CN and nCN fission processes in terms of energy, tem-

perature and angular momentum effects.

4. The study of fine structure effects in the fission fragment mass distributions, and

identification of nascent fission fragments.

5. Comparison of DCM-calculated results with the experimental measurements.

The detailed description of these objectives and organization of the thesis is discussed in

the following section.

1.9 Organization of thesis

After discussing the general introduction of nuclear fission research and problem formu-

lation in present chapter, the thesis is further divided into six more chapters. A diagram-
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Figure 1.4: A schematic presentation of chapter wise organized thesis.

matic look of these chapters is given in Fig. 1.4, and an outline of the thesis is given

below:

• Chapter 2 is devoted to the description of the methodology used in present work to

analyze the different CN and nCN fission mechanisms. The collective clusterization

approach of QMFT based DCM is described in details. The essential ingredient

of DCM is the fragmentation potential, which goes as input to the Schödinger

equation, and further solved to estimate the preformation probability P0 of decaying

fragments. P0 is the probability of finding certain mass fragments at position R on

the decay path, and used to depict the fine-structure features about the fissioning

nuclei. Apart from this, the precise discussion of Wentzel-Kramers-Brillouin (WKB)

approximation based penetration probability P is given in details. Using P0 and P ,

the fission excitation functions are calculated for various decay products studied in
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this work. The calculated results are discussed in the succeeding chapters.

• In Chapter 3, the spontaneous fission (SF) of superheavy nuclei (SHN) is ana-

lyzed within DCM for angular momentum ℓ=0 case. The considered spontaneous

fissioning nuclei are 266
103Lr,

267
104Rf,

266−268
105Db, 281

111Rg, and
282
112Cn, occuring as an end

product in the α-decay chains of SHN. It is well known that both α-decay and SF

are the decisive factors in the production of new SHN. Hence the possible com-

petition between SF and α-decay of SHN is explored in terms of half-life times

(T1/2), preformation factor (P0) and penetrability (P ), and identifying the SF as a

prominent decay mode for above mentioned SHN. The obtained SF half-life times

show good agreement with experimental values. Further, the fragment mass dis-

tribution of spontaneous fissioning nuclei are studied along with the identification

of energetically most favoured fission fragments. Finally, the orientation effects in

SF are investigated in terms of ‘hot compact’ and ‘cold elongated’ configurations

of decay fragments. After studying the SF of SHN, which is a tempting topic in

nuclear fission research as it strongly influence the production of SHN, the thesis

work is further extended to the study of light particle and heavy ion induced fission

of actinide nuclei.

• The first part of Chapter 4 presents the fission cross-sections of actinide nuclei pro-

duced in n+232Th and n+238U nuclear reactions, at incident energy window 32.8≤
En≤59.9 MeV. The fission fragment mass distributions are examined for the choice

of spherical and β2-deformed fragmentation. The investigation is broadened further

for two more n+232Pa and n+238Np reactions, to analyze the barrier characteristics

and mass distributions. The use of sticking and non-sticking moment of inertia in

rotational energy is tested for 233Th∗ nucleus. Finally, the fission dynamics of Th

and U nuclei is investigated by replacing neutral n-projectile with the charged p-

projectile at common incident energy. In the second part of this chapter, the fission

dynamics of 216Th∗ nucleus formed in heavy ion induced reaction, i.e., 32S+184W is

studied. The analysis is carried out at centre-of-energies (Ec.m.) across the Coulomb

barrier varying from 118 to 195.9 MeV. The fission fragment anisotropies (A) are cal-

culated within SSPSM by utilizing DCM parameters. The calculated anionotropies

show a deviation from the experimental data at above barrier energies, thus indicates
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the presence of non-compound nucleus (nCN) fission. Further, the cross-sections of

CN fission [‘or’ say fusion-fission (ff)] and nCN fission [i.e. quasi fission (QF) and

fast fission (FF)] are estimated within DCM approach, and their sum is in accor-

dance with experimental capture cross-sections which involves the content of CN

and nCN fission. Moreover, the evaporation residue (ER) excitation functions are

predicted which comes out be negligibly small. The angular momentum, energy

and dynamic deformation effects are explored in terms of fragmentation potential,

preformation probability, penetrability and fission cross-sections of CN and nCN

fission processes. Lastly, the probability of compound nucleus formation (PCN) is

calculated as a function of Ec.m..

• Chapter 5 represents the study of tightly and loosely bound He-induced reactions

on light and heavy mass target systems. When tightly bound ‘4He’ and loosely

bound ‘6He’ projectiles strike to the light mass ‘64Zn’ target, the 68,70Ge∗ compound

nuclei are formed, which mainly decay via evaporation residue (ER) channels. For

these light mass compound nuclei, the predicted fission excitation functions are very

small. However, the fusion excitation functions are calculated by the summation of

various ER cross-sections at Ec.m.∼5 to 16 MeV across the barrier. Because of the

loosely bound nature of 6He-projectile, sub-barrier enhancement and above-barrier

suppression are observed in the complete fusion excitation functions of 6He+64Zn

in reference to the 4He-induced reactions. This analysis is extended for 212,213,215At∗

compound nuclei formed in other 3,4,6He-induced reactions involving heavier target

209Bi. By optimizing appropriate “neck-length parameter ∆R”, the fission exci-

tation functions are calculated for 212,213,215At∗ systems at above barrier energies,

where some experimental data is available. The DCM calculations are extended at

below barrier region for these nuclei, and to other reaction 8He+209Bi→217At∗, us-

ing the systematics of 212,213,215At∗ isotopes. To obtain better description of fission

dynamics involved with neutron-deficient and neutron-rich He-induced reactions,

the fragmentation potential and preformation probability P0 of fission products are

analyzed along with corresponding barrier tunneling probability P . The fission frag-

ment mass distributions are explored for all ‘At’ isotopes, and most probable fission

fragments are identified. Lastly, the N/Z dependence of various DCM based fission
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observables is examined.

• Chapter 6 focused on the study of fine structure effects in the fission fragments

of 201Bi∗, 206Po∗, 211At∗, 212Rn∗, 216Ra∗, 227Pa∗ and 228U∗ nuclei produced in 19F-

induced reactions. The co-existence of symmetric and asymmetric mass distribution

among fission fragments is investigated by calculating their peak ratios as a function

of energy, which inturn suggest the dominance of asymmetric fission for aforemen-

tioned nuclei. The fission excitation functions are calculated at wide energy range.

The deviation of fission contributions at few highest energies advocates the presence

of nCN fission. It is observed from results that apart from the shell effects, the de-

formations of nascent fragments play crucial role for the evolution of fine-structure

effects. Next, the mass dependence of fragment mass distribution is analyzed for

the wide mass range of considered nuclei. A transition from symmetric fission to

asymmetric fission is observed as one goes from lighter to heavier mass isotope. Fi-

nally, the energetically favoured fission fragments are identified for all the studied

fissioning nuclei.

• At last, Chapter 7 concludes the observations obtained from the present work of

thesis. A short note about the importance of fission studies along with the scope of

possible extension for future research work is also presented.
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Chapter 2

Methodology

2.1 Introduction

The contents related to formation of compound system and subsequent dynamics

via competing fission processes along with the related structural and dynamical aspects

have been discussed in the previous chapter. This nuclear process is still a conundrum

for both theoretical as well as experimental researchers. Numerous theoretical framework

have been applied in attempts to negotiate the intricacy of fission process, as briefed

in section 1.6 of chapter 1. The full interpretation of nuclear structure and reaction

dynamics involved in fission process is not yet fully understood, because it demands

comprehensive knowledge of the forces associated with the collective motion of nucleons

of reaction partners. The primary goal of this work is to investigate the spontaneous

fission (SF), compound nucleus (CN) fission and non-compound nucleus (nCN) fission

mechanisms, and the corresponding characteristics such as collective potential energy,

fission fragment mass distribution and fission excitation functions etc. To fulfill this ob-

jective, the dynamical cluster-decay model (DCM) [1–10] is employed to study the decay

properties of fissioning nuclei produced in nuclear reactions involving different kind of

projectiles, such as light particles, heavy ions and radioactive ions. The analysis of decay

dynamics is carried out for light and heavy nuclear systems at projectile energies around

the Coulomb barrier. Therefore, the temperature T and angular momentum ℓ effects

are introduced in the methodology along with the deformation and orientation degrees

of freedom. DCM is based on the “quantum mechanical (or dynamical) fragmentation

theory (QMFT)” [11–18], where the potential is computed within the Strutinsky macro-

microscopic method [19] using two-center shell model (TCSM) [20]. DCM has property

32
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of collective clusterization which treats all the decay processes (e.g. evaporation residue

(ER), intermediate mass fragments (IMF) and fission fragments (ff)) on parallel foot-

ing. Note that this aspect of handling different decay processes at parallel footing is not

available in majority of competing models.

DCM has been successfully applied for various CN and nCN decay processes in [1–10],

which provide useful results in terms of fragmentation process and mass distributions. In

the present work, apart from the study of CN and nCN fission, the application of DCM

in terms of other competing decay channels is also examined. The fine structure effects

among fission fragments are analyzed for several isotopes of pre-actinide and actinide

nuclei at near and above barrier energies. Besides this, the fast fission (FF) process is

also addressed in the DCM calculations.

In the subsequent sections 2.2 and 2.3, a brief description of DCM approach is di-

cussed. The T-dependent fragmentation potential is a key ingredient of dynamical model,

which is obtained by using collective coordinates, explained in section 2.4. The prefor-

mation probability (P0) of decay fragments is estimated using stationery Schrödinger

equation in mass asymmetry coordinate, where fragmentation potential goes as input,

see section 2.5. The preformation probability (P0) provides an opportunity to analyze

the mass division among decaying fragments, which further depends upon various factors,

e.g., mass number, temperature, deformations, orientations etc. In section 2.6, the process

of estimating penetration probability P of these nascent fragments through the potential

barrier is described, in view of Wenzel-Kramers-Brillouin (WKB) approximation. The

combine effect of P0 and P can be seen in section 2.7 in terms of decay cross-sections. A

description of nCN fission process and fission fragment mass anisotropy (A) are discussed

in section 2.8 and 2.9 respectively. Finally, a method to estimate the spontaneous fission

half-life times is briefed in section 2.10.

2.2 The dynamical cluster-decay model

The dynamical cluster-decay model (DCM) [1–10] is formulated using quantum mechani-

cal fragmentation theory (QMFT) [11–18] for the charge and mass flow/transfer in nuclear

decay processes by utilizing the idea of the charge (ηZ = (Z1 − Z2)/(Z1 + Z2)) and mass

(ηA = (A1 − A2)/(A1 + A2)) asymmetry coordinates, which served as dynamical coordi-
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nates in TCSM [20]. Subscripts 1 and 2 denote the heavy and light fragments. QMFT

describes all two-body channels from which the composite system can be formed ‘or’ into

which it can decay. The mass division of excited composite system has been explained

by a dynamical treatment of collective asymmetry coordinates. Apart from asymmetry

coordinate, another four coordinates used to define the nuclear shape, and thus the pa-

rameters of our potential are (i) relative separation coordinate R between the two nuclei,

(ii) the neck-parameter ǫ (=E0/E
′

), where E0 and E
′

, represent, respectively actual and

fixed barrier heights of two center oscillator. ǫ=0 demonstrate the broad neck formation,

while ǫ=1 depicts the fully squeezed neck, corresponding to the asymptotic region. (iii)

azimuthal angle φ between principal planes of interacting nuclear systems. (iv) deforma-

tions βλi and orientations θi of two nuclei, where λ=2,3,4... and i=1, 2.

The fragmentation of two separated fragments/nuclei is determined using mass asym-

metry, charge asymmetry and neutron asymmetry coordinates, given by

ηA =
A1 − A2

A1 + A2

, ηZ =
Z1 − Z2

Z1 + Z2

, ηN =
N1 −N2

N1 +N2

. (2.1)

Two of above mentioned coordinates are sufficient to treat as dynamical coordinates,

because they are connected with following relation

η =
Z

A
ηZ +

N

A
ηN . (2.2)

Here A=A1+A2, Z=Z1+Z2 and N=N1+N2 are the mass number, charge number and

neutron number of the CN, and Ai, Zi and Ni (i=1, 2) represent the same but for two

decaying fragments. The value of η-coordinate can vary between 0 and 1, and hence

permits the unified description of few- and multi-nucleon transfer, large-mass transfer,

the complete fusion (|η| = 1) of two nuclear systems, and the symmetric (|η| = 0,)

asymmetric and super-asymmetric fission of composite system. The pictorial view of two

deformed nuclei lying in the same plane (i.e. φ=0), can be seen in Fig. 2 of Ref. [21].

In DCM, the η and R coordinates, respectively, describe the nucleon division/exchange

between decaying nuclei, and the transfer of the kinetic energy of the incident channel

(Ec.m.) to the internal excitation. Here, internal excitation refers to the total excitation

energy (TXE) or total kinetic energy (TKE)) of the outgoing fragments. The relation

between these quantities can be expressed as

E∗

CN +Qout(T ) = TKE(T ) + TXE(T ). (2.3)
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The temperature (T) of hot CN having excitation energy (E∗

CN), is calculated within the

semi-empirical statistical formula

E∗

CN =
1

a
AT 2 − T = Ec.m. +Qin, (2.4)

where a is the level density parameter that may vary between 7 to 11 depending on the

mass number of the compound nucleus (ACN). The entrance channel Q-value (i.e. Qin)

is given by B.E.1 + B.E.2 − B.E.CN , where B.E.’s represent the binding energies. In

some of the thesis calculations, the T-dependence of the deformation parameter βλi is

also incorporated [22, 23], as shown below

βλi(T ) = exp(−T/T0)βλi(0), (2.5)

where βλi(0) known as static deformation. T0=1.5 is the temperature of CN at which

shell effects start disappearing [24]. The collective coordinates of fragmentation theory

are further used to determine the kinetic (K) and potential (V) energy part of Hamiltonian,

as discussed in the following section.

2.3 The Schrodinger wave equation and related

Hamiltonian

The Hamiltonian is described by utilizing above mentioned collective coordinates, and its

assessment given separately in terms of kinetic (K) energy and potential (V) energy:

H = K(R, β, ǫ, η, ηZ; Ṙ, β̇, ǫ̇, η̇, η̇Z) + V (R, β, ǫ, η, ηZ), (2.6)

For fixed orientation, the potential is minimized in the ηZ-coordinate, which further fixes

the mass asymmetry coordinate and also the deformation parameter. The collective po-

tential energy V, calculated within the Strutinsky renormalization method [19] by calcu-

lating the single particle energies of TCSM [20]. Thus, Schrödinger wave equation for the

coupled η and R variables is given by

H(η, R)ψ(η, R) = E(η, R)ψ(η, R), (2.7)

with Hamiltonian,

H(η, R) = K(η) +K(R) +K(η, R) + V (η) + V (R) + V (η, R). (2.8)
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In general, the η- and R-motions are taken as coupled, however, in the present approach,

they are decoupled [11–13]. The coupling terms of kinetic and potential energies are

neglected here, since the coupled cranking masses (Bij, i,j=R,η) are negligibly small

[11,13,25]. The Hamiltonian using the Pauli-Podolsky prescription [26] for the decoupled

approximation, reads as

H = − h̄2

2
√

Bηη

∂

∂η

1
√

Bηη

∂

∂η
− h̄2

2
√
BRR

∂

∂R

1√
BRR

∂

∂R
+ V (η) + V (R) (2.9)

Hence, the Schrödinger equation gets separated in η and R coordinates, and given by

{

− h̄2

2
√

Bηη

∂

∂η

1
√

Bηη

∂

∂η
+ VR(η, T )

}

ψν(η) = Eνψν(η), (2.10)

and
{

− h̄2

2
√
BRR

∂

∂R

1√
BRR

∂

∂R
+ Vη(R, T )

}

ψν(R) = Eνψν(R), (2.11)

with ν=0,1,2,3... referring to ground state (ν=0) and excited state (ν 6=0) solutions.

Assuming the Boltzmann-like function for each coordinate as

|ψ|2 =
∞
∑

ν=0

|ψν |2exp(−Eν/T ). (2.12)

The solutions |ψ(η)|2 and |ψ(R)|2 of Eq. (2.10) and (2.11), respectively, give the pre-

formation P0 and penetration P probability. In this work, P is estimated from WKB

integral instead of solving Schrödinger equation (2.11) [27]. In Eq. (2.10), the VR(η, T ) is

the collective fragmentation potential defined in the following section.

2.4 The collective fragmentation potential

In recent years, the collective illustration of a composite system has been exploited for

addressal of decay dynamics of numerous nuclear systems formed via heavy ion induced

reactions. The major benefit of this approach is the use of collective Hamiltonian which

permits a simple depiction of complicated ‘many-body’ phenomena. Although, the collec-

tive phenomenon is just a part of complete picture of the nuclear system, yet frequently the

most striking and consequently the most basic and intriguing ones. In order to examine

the dynamics engaged with the excited nuclear system, the temperature dependent col-

lective potential energy (or fragmentation potential VR(η, T )) has been calculated, which
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is the key ingredient to the Schrödinger equation. By studying the deep valleys in the

fragmentation potential plot at some η-values, the stability of decaying fragments is esti-

mated. Therefore, the fragmentation potential VR(η, T ) in terms of collective coordinates

at fixed R=Ra (the entry point of penetration path, discussed ahead in section 2.6), is

reads as

VR(η, T ) =

2
∑

i=1

[VLDM(Ai, Zi, T )] +

2
∑

i=1

[δUi]exp(−T 2/T 2
0 )

+VC(R,Zi, βλi, θi, T ) + VP (R,Ai, βλi, θi, T )

+Vℓ(R,Ai, βλi, θi, T ). (2.13)

In Eq. (2.13), VLDM and δU are respectively the macroscopic liquid drop model and

microscopic shell correction parts of binding energy (B.E.), obtained by using the macro-

microscopic re-normalization method of Strutinsky [19]. The T-dependent VLDM(T) is

taken from Davidson et al. [28], which is based on the semi-empirical mass formula of

Seeger [29], as

VLDM(A,Z, T ) = α(T )A+ β(T )A
2

3 +

(

γ(T )− η(T )

A
1

3

)(

I2 + 2|I|
A

)

+
Z2

R0(T )A
1

3

(

1− 0.7636

Z
2

3

− 2.29

[R0(T )A
1
3
]2

)

+ δ(T )
f(Z,A)

A
3

4

,(2.14)

where I = aa(Z − N), aa = 1.0, and respectively, for even-even, even-odd, and odd-

odd nuclei, f(Z,A)=(-1,0,1). In Ref. [30], the constants has been estimated at zero

temperature, by fitting all even-even and 488 odd mass nuclei which are available at that

time. Until now, a lot of data is accessible on ground-state B.E. Thus, the constants were

re-adjusted [3] to obtain the experimental B.E. of Ref. [31] ‘or’ the theoretical estimates

of Ref. [32] which don’t exist in [31]. The T-dependent constants of Eq. (2.14) are

obtained from Fig. 1 of Ref. [28], attained by fitting to the canonical ensemble average

of the excitation energy of over 300 nuclei for T≤4 MeV, extrapolated linearly for higher

temperatures. Further, δU, the ‘empirical’ shell corrections, are obtained from Ref. [33]

for spherical nuclei, expressed as

δU = C

[

F (N) + F (Z)

(A/2)2/3
− cA1/3

]

, (2.15)

where

F (X) =
3

5

(

M
5/3
i −M

5/3
i−1

Mi −Mi−1

)

(X −Mi−1)−
3

5

(

X5/3 −M
5/3
i−1

)

(2.16)
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with X=N or Z, Mi−1 < X < Mi and Mi as the magic numbers. Here, constants C and

c are 5.8 MeV and 0.26 respectively.

The symmetric fragmentation of fission process was successfully explained by the

macroscopic LDM part of B.E. However, it missed to clarify that why fission happens in

two unequal fragments. The consideration of microscopic shell corrections in the total

potential certainly prompted the appearance of the asymmetric fission valleys [34]. The

experimental measurements show a deep valleys at specific proton (Z) and/or neutron (N)

numbers, pointing the existence of magic shell closures in fissioning nuclei. That means,

the summation of microscopic δU and macroscopic VLDM provides a appropriate expla-

nation of the binding energies. The microscopic term δU strongly affected by the E∗

CN

of nucleus (see Eq. (2.13)), and start fading at sufficiently higher energies [24]. There-

fore, it was always of interest to investigate the complex interplay between microscopic

and macroscopic part of potential energy and its relative dependence on incident beam

energy. Apart from B.E. part of fragmentation potential, the knowledge of repulsive and

attractive forces is also desired to understand the dynamics involved with different de-

cay mechanisms. In Eq. (2.13), VC , VP and Vℓ are, respectively, the Coulomb, nuclear

proximity and centrifugal potentials for deformed and oriented nuclei, elaborated in the

subsequent sections.

2.4.1 The Coulomb potential

The disintegration of compound nucleus may be viewed as a ‘tug-of-war’ between the

Coulomb force of repulsion and attractive nuclear force. When repulsive force obtain a

pivotal role, the splitting of compound nucleus takes place. The significance of repulsive

Coulomb force can be determined from the nuclear fission process, where the dynamic pic-

ture of splitting relies upon the competition between the forces of surface interactions of

the nuclei and the Coulomb interactions acting in the nucleus core. Such physical scenario

provides an opportunity to understand the nuclear fission in more detail. The repulsive

Coulomb potential (VC) emerges due to the positive charge of the interacting/decaying

nuclei. The repulsive potential between spherically symmetric nuclear systems is basically

calculated using a simple expression, i.e., VC = Z1Z2e
2/R. To obtain the Coulomb po-

tential for the case of deformed and oriented nuclei, this expression is modified [35], and
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reads as

Vc(Zi, βλi, θi, αi, T ) =
Z1Z2e

2

R(T )
+ 3Z1Z2e

2
∑

λ,i=1,2

1

2λ+ 1

Rλ
i (αi, T )

R(T )λ+1
Y

(0)
λ (θi)

×
[

βλi +
4

7
β2
λiY

(0)
λ (θi)

]

, (2.17)

Y
(0)
λ (θi) represents the spherical harmonics function. Higher the charge number of inter-

acting nuclei, stronger is the Coulomb repulsion. As a consequence, nuclei are almost

ready to fly apart, which gives rise to the nCN content. Note that the nuclear reactions

with large Z1Z2 product, have more tendency to decay via nCN processes.

2.4.2 The nuclear proximity potential

The surface interactions between the nuclei/fragments have been analyzed in terms of

proximity potential (VP ). The surface energy term is inadequate to describe the attractive

forces between two nuclei, when the minimum distance between their surfaces is less than

2 fm, ‘or’ when a composite nuclear system is at the verge of separating into two parts.

At that proximity region, an additional potential is needed to describe such attractive

forces, and hence known as proximity potential. On the basis of the ‘pocket formula’

of Blocki et al. [36], the expression of proximity potential for two hot deformed/oriented

nuclei with φ=0, given as [21]

VP (Ai, βλi, θi, R, T ) = 4πR̄(T )γb(T )Φ(s0(T )). (2.18)

b(T )(=0.99(1+0.009T 2)) is the temperature dependent surface thickness, and the nu-

clear surface tension is calculated as γ = 0.9517
[

1− 1.7826
(

N−Z
A

)2
]

MeV fm−2. Φ(s0)

is known as universal function, dependent on the shortest distance of closest approach s0

(refer Fig. 2 of Ref. [21]) and independent of shapes of nuclei,

Φ(s0) =

{

−1
2
(s0 − 2.54)2 − 0.0852(s0 − 2.54)3; s0 ≤ 1.2511

−3.437exp(− s0
0.75

); s0 ≥ 1.2511.
(2.19)

R̄ is the “mean curvature radius” of the two spherical reaction partners,

R̄ =
R1R2

R1 +R2
, (2.20)

with radius vectors Ri (i = 1, 2)

Ri(αi, T ) = R0i(T )

[

1 +
∑

λ

βλiY
(0)
λ (αi)

]

, (2.21)
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and T -dependent nuclear radii R0i of the equivalent spherical nuclei [37],

R0i(T ) = [1.28A
1

3

i − 0.76 + 0.8A
−1

3

i ](1 + 0.0007T 2)fm. (2.22)

In terms of the radii of curvature Ri1 and Ri2 in the principal planes of curvature of each

of the two nuclei (i=1, 2) at the points of closest approach, the mean curvature radius R̄

for deformed, oriented nuclei is given as

1

R̄2
=

1

R11R12
+

1

R21R22
+

[

1

R11R21
+

1

R12R22

]

sin2φ

+

[

1

R11R22

+
1

R21R12

]

cos2φ. (2.23)

2.4.3 The centrifugal potential

The influence of angular momentum (ℓ) on fission dynamics has been studied in this thesis.

Various CN and nCN decay mechanisms strongly depend on the ℓ-values. Hence, the

incorporation of rotational energy ‘or’ centrifugal potential in the collective fragmentation

potential is essential. The centrifugal potential arises due to the rotational motion of

nuclear system. It has been observed that the fission probability increases for the case of

rotating system as compared to non-rotating one. Therefore, the rotational energy has

critical significance in the fission dynamics, and calculated using following relation

Vℓ(Ai, T, βλi, θi, αi) =
h̄2ℓ(ℓ+ 1)

2I(T )
. (2.24)

The moment of inertia I(T ) can be defined in two ways

(i) Sticking (IS) limit of moment of inertia [38]

IS(T ) = µR2 +
2

5
A1mR

2
1(α1, T ) +

2

5
A2mR

2
2(α2, T ), (2.25)

where, µ=m A1A2

A1+A2
is the reduced mass, with m as the nucleon mass. Ri taken from Eqs.

(2.21) and (2.22).

(ii) Non-sticking (INS) choice of moment of inertia [39]

INS(T ) = µR2. (2.26)
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It is worth noting that, the decay cross-sections within DCM approach are generally esti-

mated using the sticking-limit of moment of inertia (IS). In the sticking choice of I, the

touching nuclei rotate around their common center-of-mass. This choice of moment of

inertia is attributed to the use of proximity potential [36]. However, the non-sticking limit

(INS) is favoured for fission fragment anisotropies (A) calculations (discussed in section

2.9), where no intrinsic rotation of nuclei is taken into consideration due to small separa-

tion between them. Note that the non-sticking limits are generally used to determine the

experimental ℓ value. In this work, the angular momentum dependence of CN and nCN

fission has been explored, and the results are discussed in chapter 4 and 5.

2.5 The preformation probability

The preformation probability (P0) is the solution of the Schrödinger wave equation (2.10)

in mass asymmetry coordinate, using fragmentation potential as a input, at R=Ra (see

section 2.6), obtained as

P0(A2) ∝ |ψν(A2)|2 (2.27)

Here ν = 0, 1, 2..., referring to ground state and excited state solutions. The lowest vibra-

tional ν=0 is taken for the ground state decays. Then, the mass (or charge) distribution

yield which is proportional to the probability |ψ0(η)|2 (or|ψ0(ηZ)|2) is scaled to say, mass

A2 of one of the fragments (dη=2/A) and it is given by:

P0 = |ψ(η(Ai))|2
√

Bηη
2

ACN

, (2.28)

In Eq. (2.28), Bηη is the mass parameter used to define the kinetic energy term. In

the present work, simple classical model given by Kröger and Scheid for mass transfer in

heavy ion collision [40] is used to account for hydrodynamical mass parameter Bηη, which

read as

Bηη =
AmR2

4

[

vt(1 + γ)

vc(1 + δ2)
− 1

]

, (2.29)

with

γ =
Rc

2R

[

1

1 + cosϑ1

(

1− Rc

R1

)

+
1

1 + cosϑ2

(

1− Rc

R2

)]

, (2.30)

δ =
1

2R
[(1− cosϑ1)(R1 −Rc) + (1− cosϑ2)(R2 −Rc)] , (2.31)

vc = πR2
cR. (2.32)
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Figure 2.1: The geometrical representation of the two interacting nuclei as
considered in the classical hydrodynamical model of [40]

In Eq. (2.29), vt (=v1 + v2) is the total conserved volume. For two touching sphere

ϑ1 = ϑ2 = 0, δ = 0. The radius of a cylinder Rc( 6= 0) of length R is assumed for the mass

transfer between the two spherical fragments, having a homogeneous flow in it (see Fig.

2.1).

2.6 The barrier tunneling probability

The barrier tunneling probability ‘or’ the penetrability P of preformed fragments/clusters

across the potential barrier is determined by utilizing the Wenzel-Kramers-Brillouin

(WKB) approximation. Instead of solving the radial Schrödinger equation (2.11) in R

coordinate, the penetrability is calculated using WKB integral analytically by parameter-

izing the potential V(R), as described below:

V (R) =

{

a1R + a2R
2; R0 ≤ R ≤ Rt

VC + VP + Vℓ; R ≥ Rt.
(2.33)

In above equation, for R < Rt, V (R) is parameterized using a polynomial of second

order in R-coordinate for each η-value. However, the potential V (R) for R ≥ Rt is

obtained by using scattering potential (i.e. sum of Coulomb, proximity and centrifugal

potential V (R) = VC + VP + Vℓ). A typical scattering potential, calculated for fission

reaction 227Pa∗→92Sr+135I is shown in Fig. 2.2, along with the turning points. The

constants ai (i=1,2) present in the polynomial are estimated by using boundary conditions

as mentioned below:
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Figure 2.2: The scattering potential V(R) for the fission decay of 227Pa∗ com-
pound nucleus, with other marked quantities.

(i) At R = R0, V (R) = Q

(ii) At R = Rt, V (R) = V (Rt)

The penetrability P of fragments decaying from the excited compound nucleus, is given

by

P = exp



−2

h̄

Rb
∫

Ra

{2µ[V (R)−Qeff ]}1/2dR



 . (2.34)

Here, V(R), Qeff and TKE are, respectively, scattering potential, effective Q-value and

total kinetic energy of decay process. Ref. [41] suggests that the magnitude of hydrody-

namical mass parameter BRR is nearly similar to the reduced mass µ for the outgoing

channel within the phenomenological approach based on incompressible irrotational flow.

Hence, the WKB integral is solved analytically using reduced mass µ instead of BRR for

the estimation of penetrability. Ra and Rb are the two turning points of penetration path,

satisfying

V (Ra) = V (Rb) = Qeff = TKE(T ). (2.35)
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V (Ra) and V (Rb) describes the scattering potential experienced by the fragment during

first and second turning points of the barrier as shown in Fig. 2.2. Ra is obtained by

using following relation

Ra = R1(α1, T ) +R2(α2, T ) + ∆R(η, T )

= Rt(αi, T ) + ∆R(η, T ), (2.36)

where, Ri and R0i are defined in earlier Eqs. (2.21) and (2.22). The “neck length param-

eter (∆R)” is the relative separation between two nuclei, used to incorporate the neck

effects in decaying fragments in somewhat similar way as done in TCSM [20]. This choice

of neck criteria is like the one adopted in scission point [42, 43] and saddle point [44–46]

statistical models for addressing ER and fission decay modes. The choice of ∆R for the

best fit to the data allows us to define the effective “barrier-lowering” parameter ∆VB

(see Fig. 2.2) for each ℓ-value as the difference between the actual barrier used, V (Ra, ℓ),

and the calculated barrier VB(ℓ), as

∆VB(ℓ) = V (Ra, ℓ)− VB(ℓ). (2.37)

∆VB is defined as a negative quantity which means that the actually used barrier is

effectively lowered. This in-built parameter of DCM plays important role to address of

fission excitation functions.

2.7 Decay cross-sections

Using the preformation P0 and penetration P probability obtained within decoupled ap-

proximation to η- and R-motions, the CN decay or fragment’s formation cross-sections

are calculated, in terms of partial wave analysis, as

σ(A1, A2) =
π

k2

ℓmax
∑

ℓ=0

(2ℓ+ 1)P0P ; k =

√

2µEc.m.

h̄2
. (2.38)

Here, µ=mA1A2/(A1+A2) is the reduced mass, and ℓmax is maximum angular momentum

fixed where the cross-sections of light particles (or evaporation residue) become negligibly

small. The collective clusterization process within the domain of DCM is used, and calcu-

lated the excitation function of evaporation residue (σER), intermediate mass fragments

(σIMF ), symmetric and asymmetric fission fragments (σff ) etc. Following equation (2.38),
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the cross-sections of evaporation residue and fusion-fission mechanisms (i.e. σER and σff )

are calculated as

σER =

4
∑

A2=1

σ(A1, A2); σff = 2

A/2
∑

A2=A/2−20

σ(A1, A2), (2.39)

giving cross-sections of CN decay σCN = σER + σff .

2.8 Non-compound nuclear fission

After discussing the collective clusterization approach of DCM methodology along with

the T- and ℓ-effects, it is concluded that DCM approach can be used to address the

excitation functions of various compound nucleus (CN) processes over a wide mass and

energy range. In recent years, an evolution of heavy ion induced reactions in terms

of non-compound nucleus reactions has taken place. Hence, it is worth studying such

nuclear reactions within the framework of collective clusterization criteria. The pursuit

of such reaction mechanisms requires the inclusion of some characteristic features of nCN

fission. As discussed in previous chapter, the hinderance in the formation of CN can be

addressed in terms of nCN cross-sections (excitation functions) (σnCN ) which may involve

contributions from quasi fission (QF) and fast fission (FF) processes, i.e. σnCN=σQF+σFF .

Note that the excitation functions are obtained using partial wave analysis as described in

Eq. (2.38 and 2.39). In the case of quasi fission (QF), the projectile is captured by target,

and a non-equilibrated composite system (called di-nuclear system) is formed, which traps

into the potential well for very short time. In this case, multi-nucleon transfer takes place,

and formed composite system re-separates at faster pace (as compared to equilibrated

CN), and hence projectile like fragments appear in the exit channel, and QF is observed. In

DCM based calculations, the QF contributions are calculated by considering preformation

probability equal to unity for the entrance channel [47], since for quasi fission the target

and projectile systems are supposed to retain their identity [48, 49]. The penetration

probability (Pic) is calculated as for the decay fragments identical to incoming channel

using WKB approximation, and then QF cross-section, reads as

σQF =
π

k2

ℓmax
∑

ℓ=0

(2ℓ+ 1)Pic. (2.40)
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Further, in the case of fast fission (FF) process, a mononucleus is formed that survived

QF. The angular momentum of mononucleus is much large. The fission barrier (Bf)

of this rotating system disappears at large value of angular momentum due to higher

rotational energy [50]. Thus, hot and rotating nucleus undergoes fast fission, and results

in the generation of fission fragments similar to those in fusion-fission (ff) process. Note

that fast fission products has alike properties as that of usual ff fragments [51]. Here,

P0 is calculated by solving equation (2.10) for fission fragments for angular momentum

values varying from ℓBf to ℓmax (ℓBf is an angular momentum, where fission barrier

disappears). Here, barrier penetration probability is considered to be maximum (i.e.

P=1) in agreement with the Ref. [52]. Thus, the fast fission contributions are calculated

using following formula

σFF =
π

k2

ℓmax
∑

ℓBf

(2ℓ+ 1)P0. (2.41)

Chapter 4 deals with study of QF and FF mechanisms investigated for actinide nucleus

216Th∗ produced in heavy-ion induced reaction.

2.9 Fission fragment anisotropy using standard

saddle-point statistical model

Fission fragment anisotropy (A) is a successful tool to explore the presence/absence of

CN and nCN fission mechanisms in heavy-ion induced reactions. In the present work, the

standard saddle-point statistical model (SSPSM) [53] is employed to calculate the fission

anisotropy by utilizing DCM obtained quantities for the non-sticking choice of moment

of inertia. A relation of fission anisotropy with other parameters is given by

A = 1+ < ℓ2 > /4K2
0 , (2.42)

In the equation above, < ℓ2 > is the mean square angular momentum of fissioning nucleus

related to the total ℓ value (equivalently, ℓmax of the CN). K2
0 is the variance of the K

distribution, and reads as

K2
0 = T × Ieff/h̄

2. (2.43)

Here, T is the temperature of CN. Ieff , the effective moment of inertia is obtained by

utilizing the finite-range rotating liquid drop model [54]. Within SSPSM approach, it is
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assumed that the fission fragments may decay towards the symmetry axis of the compound

system and the projection of the total angular momentum on this axis is conserved from

saddle to scission point. For heavier nuclear systems, this assumption may not be justified

due to the different nuclear configurations at these points. Therefore, SSPSM-calculated

fission anisotropies show anomalous behaviour with regard to experimental measured one,

which indicates the existence of nCN contributions, e.g. quasi fission and fast fission.

2.10 Spontaneous fission half-lives

In this thesis , chapter 3 represents the study of spontaneous fission (SF) of superheavy

nuclei (SHN) appearing as end product in the alpha decay chains of another isotopes of

SHN. The SF half-lives (T1/2) are calculated using DCM for non-rotating (ℓ=0), recoiled

nuclei [55]. Since the residual nucleus is considered to be ‘hot’ due to its measured recoil

energy ER, the temperature T-effects have been incorporated here, with T (in MeV) for

the SF of SHN coming into picture via its excitation energy (E∗

R) as

E∗

R =
1

a
AT 2 − T = ER −Qα. (2.44)

Here, a=10 for the study of spontaneous fissioning SHN, and Qα denotes the Q-value

of the alpha decaying nucleus preceding to the SF nucleus. Note that Q-value has been

taken negative, considering that energy is required for SF decay of a superheavy nucleus.

In DCM, the decay constant λ (related to half-life T1/2) is the product of three factors:

the fragment preformation probability P0, the barrier impinging frequency ν0 and the

barrier penetration probability P , given by the relation

λ = νoP0P ; T1/2 = ln2/λ. (2.45)

Here, P0 and P are calculated using methods presented in sections 2.5 and 2.6 for ℓ=0 (i.e.

s-wave) case. Note that, the previous study [55] of alpha decay chains have successfully

explained the experimental measurements. Therefore, it is quite interesting to see if the

same DCM for ℓ=0 case, would explain the SF of SHN, and the results are presented in

the next chapter.

After a brief layout of processes and methods adopted for addressal of fusion-fission

dynamics and related non-compound nuclear components, the results based on collective

fragmentation analysis are presented in chapters 3 to 7.
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Chapter 3

Spontaneous fission of superheavy
nuclei

3.1 Introduction

Following the discovery of spontaneous fission (SF) of 238U [1], a number of heavy

and superheavy nuclei (SHN) exhibiting this type of radioactive decay were reported, and

their respective half-life times were measured by different laboratories [2,3]. Importantly,

the half-life times of such processes can be considered as experimental evidence of the

formation of SHN in a nuclear reaction. The SHN are mainly identified by the sequential

α-decay chain from unknown (unstable) nuclei to known (stable) nuclei. The final product

of these chains may decay via α or SF process. Apparently, both SF and α-decay act as a

decisive factor for the overall existence of SHN. The SF and it’s related aspects find crucial

relevance and importance to figure out the dynamical behavior of parent nuclei, especially

in the superheavy mass region. Recently, a systematic study of α-decay chains of several

isotopes of SHN with Z=113 to 118 has been carried out [4]. In this study, the α-decay

half lives (T α
1/2) were calculated by employing dynamical cluster-decay model (DCM) for

non-rotating (ℓ=0) recoiled nuclei (see section 2.10 of chapter 2), which found decent

agreement with the experimental measurements. Note that the recoiled SHN arises as a

result of x-neutrons (x=2-4) emission from a compound nucleus (CN) formed in heavy

ion induced reactions.

As mentioned earlier, some α-decay chains end in spontaneous fissioning nuclei, like

266
103Lr to 282

112Cn from Z=113 to 118 nuclei, and it was of interest to see if DCM for ℓ=0

case [4], would explain the measured SF data [5–10]. These spontaneous fissioning nuclei

appear as end products in the α-decay chains of various isotopes of Z=113-118 SHN

52
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formed in hot-fusion reactions [5–10], after xn-emission. Note that the heaviest nucleus

observed till now is Z=118, even though the synthesis of elements 119 and 120 were

attempted [11,12], using projectiles heavier than 48Ca, but with no decay chains of parent

nuclei or their descendants were observed in these experiments. Motivated by previous

study [4] of α-decay chains, the eight considered cases of spontaneous fissioning nuclei,

analyzed here in this chapter, are as listed below:

1. 266
105Db occurring as the end product of the α-decay chain of SHN 282113, formed via

237Np+48Ca reaction after 3n emission.

2. 267
104Rf occurring as the end product of the α-decay chain of SHN 287114, formed via

242Pu+48Ca reaction after 3n emission.

3. 267
105Db occurring as the end product of the α-decay chain of SHN 287115, formed via

243Am+48Ca reaction after 4n emission.

4. 268
105Db occurring as the end product of the α-decay chain of SHN 288115, formed via

243Am+48Ca reaction after 3n emission.

5. 267
104Rf occurring as the end product of the α-decay chain of SHN 291116, formed via

245Cm+48Ca reaction after 2n emission.

6. 281
111Rg occurring as the end product of the α-decay chain of SHN 293117, formed via

249Bk+48Ca reaction after 4n emission.

7. 266
103Lr occurring as the end product of the α-decay chain of SHN 294117, formed via

249Bk+48Ca reaction after 3n emission.

8. 282
112Cn occurring as the end product of the α-decay chain of SHN 294118, formed via

249Cf+48Ca reaction after 3n emission.

The end products of the above considered α-decay chains are reported to have a 100%

spontaneous fissioning component [5–10]. The outcomes of this investigation are published

in Refs. [13–15].

The temperature effects arise here in view of the measured recoil energy ER of SHN,

left after certain neutrons disintegrate from the CN. The main difference between earlier
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study of α-decay chains ending in an α-decaying nucleus [4] and the present one ending in

a SF nucleus, is that in the former case, energy was expected to release via the α-emission

of the nucleus, the Qα-value, such that the excitation energy of the recoiled SHN/ or the

relevant nucleus E∗

R = ER + Qα at each step in the α-decay chain. On the other hand,

considering that energy is required for the SF of a nucleus, E∗

R = ER −Qα in the present

case of the ending nucleus as a SF nucleus. Here, Qα refers to Q-value of the α-decaying

nucleus preceding to the SF nucleus. The average measured recoil energies (ER) are 10.5,

11.5 and 12.5 MeV, respectively, for the decay chains of (a) 287114, (b) 282113, 287115,

288115, 291116, 293117, and (c) 294117, 294118 SHN [5–10].

In this work, a relative analysis of two decay modes of SHN; such as α-decay and

SF for the DCM(ℓ=0) is investigated in reference to measured [5–10] data and other

available theoretical calculations [16–18]. The calculated SF half-lives, within one param-

eter fit of the first turning point Ra or neck-length ∆R, match the experimental data

nicely. The study explored a complete survey of fragmentation potential, preformation

and penetration probability for the two processes (SF and α-decay). The influence of de-

formations/orientations and shell corrections on the SF decay is duly incorporated. The

details of results are discussed in section underneath.

3.2 Calculations and results

An overview of this section is as per the following: Section 3.2.1 represents the study

of barrier characteristics for the two cases of an α-decay chain ending in α-decaying

or SF nucleus, and then the preformation probability P0, penetrability P and finally

the half-lives T1/2 for the spontaneous fission and α-decay processes. The calculations

also provide the opportunity to examine the fission fragment mass distributions and to

identify the most probable fragments, the relevant results are shown in section 3.2.2. Note

that the fission fragments are not identified in experiments [5–10], hence such analysis

is of extreme relevance and importance. The calculations are made for ℓ=0 case of β2-

deformed fragments. For the orientations [19], both “hot, compact” and “cold, elongated”

configurations are explored. Furthermore, section 3.2.3 represents the possible role of

shell closure effects in the SF process, that arise due to the nuclear structure effects in

fragmentation potential or equivalently the preformation factor. Finally, the conclusions
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of this study are summarized in section 3.3.
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Figure 3.1: The interaction potential for the decay of (a) 270Bh→266Db+α and
(b) 266Db→135Te+131I using deformed choice of fragments. Here 270Bh is the
preceding α-decaying nucleus, and 266Db is the end product of the decay chain
of 282113 SHN.

3.2.1 SF of SHN and its competing analysis with α-decay

To analyze the barrier characteristics of α-decay and SF process, Fig. 3.1(a) illustrated the

scattering potential for α-decay of 270Bh, and in Fig. 3.1(b) for SF of 266Db, where 270Bh

is the preceding α-decaying nucleus with complement daughter as spontaneous fissioning

266Db nucleus, appearing as the end product in the measured [5] decay chain of 282113.

Note that both α-decay and SF processes correspond to different mass asymmetry of the

decaying fragments, and our choice of 135Te (and its complementary 131I) fragment in Fig.

3.1(b) is based on the (energetically most favored) lowest minima in the fragmentation

potential. The relative comparison between α-decay of 270Bh and SF of 266Db suggests

that barrier height VB decreases and barrier position Rb gets enhanced in the α-decay

case, thereby decreasing considerably the tunneling probability P (refer to Table 3.1).

Note that the “neck-length” parameter (∆R) values, chosen in reference to the measured

T α
1/2 and T SF

1/2 data [5], are different for the α and SF processes. Interestingly, the ∆R
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parameter is observed to be larger for α-decay, as compared to SF, which seems to suggest

that α-decay occurs faster (decay constant λ smaller) than the SF process, as observed

in experiments [5–10], compared to the α-decay mode. Thus, the “neck-length parameter

∆R” plays a unique role to examine the decay half-life times and therefore, the decay

path of a particular nuclear system.

Next, an attempt is made to analyze systematically the competition between the two

decay modes by comparing in Table 3.1, the α-decay half-lifes with those of SF, thereby

identifying the prominent decay mode for chosen set of parent nuclei. It is relevant to note

that T1/2 in DCM depends primarily on the preformation factor P0 and the penetrability

P (refer Eq. (2.45) of chapter 2), the impinging frequency ν0 is almost constant for

different nuclei as shown in Table 3.2. The results presented in Table 3.1 are for all

the considered SHN 266Db, 267Rf, 267Db, 268Db, 281Rg, 266Lr and 282Cn, calculated at

reported ∆R values, listed in Table 3.2. It is observed from Table 3.1 that both P0 and

P decrease as one goes from SF to α-decaying nucleus, thereby indicating SF channel as

the dominant mode of decay. Furthermore, the SF half-life times vary in an extremely

wide range from 10−4 s to 104 s, and found to be rather small as compared to 1017 s to

1030 s for the case of α-emission. This means that the studied parents (the end product in

the measured [5–10] α-decay chains) are stable against α-decays and hence the considered

decay chains terminate via the SF mode, in accordance with the experimental [5–10]

observations.

Table 3.2 and Fig. 3.2(a) represent the calculated and experimental SF half-life times

(log10T
SF
1/2 ) [5–10] corresponding to the most probable decay fragments of each spontaneous

fissioning nucleus occuring at the end of an α-decay chain. The preferential decay channel

with maximum P0 is selected from Fig. 3.3 (details discussed in section 3.2.2). The

results of other recent calculations by Qian and Ren [16] and Bao et al. [17], together

with one obtained for a semi-empirical relation [18], are also reported in Table 3.2. The

only parameter used in our DCM(ℓ=0) calculations is the neck-length ∆R (=Ra-Rt),

which is optimized in view of experimental T SF
1/2 [5–10]. It is noticed from Table 3.2

that the neck-length parameter (∆R) is nearly fixed at 0.84±0.05 fm for all considered

spontaneous fissioning systems as the end product of α-decay chains. The relevant details

of temperature T involved (estimated from the average value of recoil energy ER), along
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Table 3.1: DCM(ℓ=0) estimated P0, P and T1/2 represented for α-decay and SF of various chosen SHN. The identification
of the prominent decay mode is also noted.

Decay Parent Preformation probability P0 Penetrability P Half-life T1/2 (s) Prominent

chain of nucleus SF decay α-emission SF decay α-emission SF decay α-emission decay mode

282113
266Db 1.82× 10−23 2.08× 10−35 1.08× 10−2 1.39× 10−12 1.32× 103 7.53× 1024 SF

287114
267Rf 6.89× 10−24 1.03× 10−39 5.14× 10−3 1.40× 10−13 7.46× 103 1.57× 1030 SF

287115
267Db 5.93× 10−24 2.40× 10−39 6.62× 10−3 1.13× 10−13 6.65× 103 8.24× 1029 SF

288115
268Db 3.67× 10−25 1.27× 10−40 6.78× 10−3 2.07× 10−13 1.05× 104 8.51× 1030 SF

291116
267Rf 8.51× 10−24 3.21× 10−39 6.17× 10−3 3.54× 10−13 5.04× 103 1.97× 1029 SF

293117
281Rg 5.82× 10−22 4.33× 10−33 2.08× 10−2 9.83× 10−11 2.12× 101 4.89× 1020 SF

294117
266Lr 1.26× 10−24 9.77× 10−37 5.45× 10−3 7.10× 10−13 3.89× 104 3.22× 1026 SF

294118
282Cn 6.54× 10−18 1.94× 10−30 4.58× 10−2 4.52× 10−10 8.50× 10−4 2.33× 1017 SF
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Table 3.2: Comparison of experimental spontaneous fission half-lives (T SF
1/2 ) with our DCM(ℓ=0) calculations and other

theoretical results. The characteristics like neck-length parameter (∆R), temperature (T ), total kinetic energy (TKE) and
assault frequency ν0(s

−1) are also listed. The two 267Rf are, respectively, from 287114 and 291116 parent SHN.

Decay T Ra=Rt+∆R TKE log10T
SF
(1/2)(s) Assault frequency

(MeV) (fm) (MeV) Expt. [5–10] DCM(ℓ=0) Ref. [16] Ref. [17] Ref. [18] ν0(s
−1)

266Db→131Te+135I 0.353 Rt+0.823 279.3 3.120 3.120 6.782 7.198 -0.313 2.67× 1021

267Rf→133Te+134Te 0.327 Rt+0.788 273.2 3.918 3.873 - - - 2.61× 1021

267Db→132Te+135I 0.359 Rt+0.783 278.7 3.811 3.823 8.468 5.207 -1.093 2.65× 1021

268Db→133Te+135I 0.365 Rt+0.791 278.6 4.987 5.021 8.267 7.953 -1.235 2.63× 1021

267Rf→133Te+134Te 0.383 Rt+0.803 273.3 3.670 3.702 - 4.578 - 2.61× 1021

281Rg→138Xe+143La 0.249 Rt+0.865 313.0 1.342 1.327 1.435 -1.903 -2.909 2.70× 1021

266Lr→133Sb+133Te 0.439 Rt+0.818 268.4 4.597 4.589 8.598 - -1.259 2.59× 1021

282Cn→140Ba+142Ba 0.273 Rt+0.893 318.6 -3.086 -3.070 - -3.793 - 2.70× 1021
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with total kinetic energy (TKE) of decay fragments are also given in Table 3.2. Clearly,

our DCM(ℓ=0)-calculated half-lives match with the measured data [5–10], which suggests

a certainty that DCM imparts a sensible estimate of favorable fission fragments, not

available so-far in experiments [5–10]. Also, the experimental verification of calculated

total kinetic energies (TKE’s) of the fragments would be interesting.
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Figure 3.2: a) The DCM(ℓ=0) calculated decay half-lives versus fissility pa-
rameter for various spontaneous fissioning SHN are plotted. Panels (b) and (c)
depict the same for P0 and P , respectively.

Next, with increasing Z of the spontaneous fissioning nuclei, the variation of P0 and P

with fissility parameter (Z2/A) in Fig. 3.2(b) and (c) is also of interest. It is noticed that

for the majority of nuclei, both P0 and P follow similar trend, and hence increase with

increasing fissility parameter, thereby indicating highly fissile nature of 282Cn. Moreover,

the observed one to one correspondence between log10T1/2 and log10P0 reveal that the

preformation probability P0 imparts nuclear structure details in SF decay analysis (for a

further detailed information, see section 3.2.2 in the following). Figs. 3.2(a) and 3.2(b)

depict that when P0 is small, T1/2 is large and vice versa for considered isotopes of Z=103-

112 nuclei. A closer look at Fig. 3.2 also indicates a direct isospin (N/Z) dependence of

SF half-life times. Amongst the chosen isotopes of Db, for example, T SF
1/2 is small for the
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lighter system and show increment with the increase of neutrons in the parent nucleus.

Summarizing, it is observed that more the fissility parameter of a nuclear system, higher

the probability of fragments preformation and subsequent penetration, and hence shorter

the decay life-time.
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Figure 3.3: Preformation probability P0 for the fragmentation process of
(a)266Db, (b)267Rf, (c) 267Db, (d) 268Db, (e) 267Rf, (f) 281Rg, (g) 266Lr and (h)
282Cn spontaneous fissioing nuclei.

3.2.2 Fragment mass distribution and identification of most
probable fragments

One of the objective of this study is to look for the energetically most favorable heavy

fragments in the spontaneous decay of various considered nuclei, which belong to the

superheavy mass region. Such investigations, in turn, provide a testing ground for the SF

half-life calculations. In view of this, Fig. 3.3 depicts P0 (Ai; i=1,2) for all the chosen

nuclei. The best preformed pair of fragments for a particular parent nucleus, are shown

in Fig. 3.3 by drawing a vertical line. From figure, three interesting results are noticed:

(i) except for the relative magnitude, the mass distributions of all SF nuclei 266Db, 267Rf,
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267Db, 268Db, 281Rg, 266Lr and 282Cn are identical, showing clearly the symmetric fission

in each case. This result is in an agreement with the only measured data available on mass

distribution of 262Rf [20]; (ii) the fission fragments with mass range A2=131 to 140 (and

complementary fragments) appear as the prime contributors towards SF half-lives in all

chosen nuclei; (iii) the shell closure effects around Z=50 and N=82 are seen in operation

and seem to affect the preformation factor significantly.
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Figure 3.4: The fragmentation potential V (η) for the SF decay of 266Lr for

quadrupole β2i deformed choice of fragments with ‘optimum’ orientations θopt.i

forming ‘hot compact’ and ‘cold elongated’ configurations at fixed value of
∆R=0.818 fm.

To investigate the relative behaviour of ‘hot compact’ and ‘cold elongated’ configura-

tions, Fig. 3.4 illustrates the fragmentation potential V(Ai) (≡ V(η)) for 266Lr nucleus.

All the calculations have been made for quadrupole (β2i) deformed fragments having ‘opti-

mum’ orientations θopt.i , taken from Table 1 of [19]. The orientations are determined based

on the sign of β2i (+ or -), which further characterizes the ‘hot compact’ or ‘cold elongated’

configuration. The ‘hot compact’ configuration refers to the smallest interaction radius

and highest interaction barrier, whereas the ‘cold elongated’ configuration corresponds to

the largest interaction radius and lowest interaction barrier. Fig. 3.4 represents that the
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Figure 3.5: The calculated fragmentation potential for spontaneous fission of
268Db are plotted to illustrate the significance of shell corrections. The inset
shows the same but for preformation factor P0(Ai).

mass distribution is clearly symmetric for ‘hot’ configuration, and becomes asymmetric

for ‘cold’ configurations. In the present work, only ‘hot compact’ configurations are used

for the calculations. The sharp minima in fragmentation potential at 17B, 55K (and in

complementary heavy fragments) results in an enhanced preformation probability. How-

ever, the corresponding penetrability P is very small for each of these fragments, such

that product P0P is smaller than for the symmetric fragmentation, and hence the dips

which arise due to inaccurate estimates of β2-deformation don’t affect our conclusions.

After the study of orientations effects in SF decay, the influence of ‘shell corrections’ on

SF dynamics is explored in the next section.

3.2.3 Influence of “shell corrections” on SF decay

The role of “shell corrections δU” comes explicitly through binding energy term in the

fragmentation potential. In the present discussion, possible role of δU for the SF decay of



3.3 Conclusions 63

268Db nucleus is analyzed. Two approaches have been considered: first is dependence of

V(A2) on shell corrections (i.e. δU6=0), second is it’s comparison with ‘δU=0’ case, see Fig.

3.5. The fragmentation potential minima are of interest here, because the corresponding

preformation factor P0 becomes the largest, compared to its neighbours. This is depicted

in the inset of Fig. 3.5. Apparently for both the cases, a strong minima around doubly

magic Z2=50 and N2=80 (133Te) is observed, and hence the corresponding maxima in

preformation profile, labelled as ‘Sym’. However the prominence of the same remains

intact only when the shell corrections ‘δU’ are included in the binding energy term. In

other words, a closer look at the potential energy minima for δU=0 case indicates some

contribution of asymmetric fission fragments as well, specifically in the mass region of

A2=101-105, denoted as ‘Asym’. The preformation factor in the inset also depicts the

similar result of a favoured symmetric to favoured asymmetric fragmentation as one switch

from δU6=0 to δU=0 configurations. That is, with the inclusion of shell corrections our

DCM analysis clearly depicts pure symmetric behaviour in preformation profile which

changes to triple humped mass distribution for the case of δU=0 case. These observations

suggest that the shell corrections play a significant role and hence are necessary to make

concrete predictions of the SF decay.

3.3 Conclusions

In this chapter, the SF decay of various isotopes of Z=103-112 nuclei appearing as the

end product in α-decay chains of 282113, 287114, 287115, 288115, 291116, 293117, 294117

and 294118 nuclei is studied. The DCM (ℓ=0) gives a good description of SF half-lives

of the chosen nuclei, for the static choice of β2-deformations. The importance of ‘hot

compact’ and ‘cold elongated’ configurations is examined, supporting the result of ‘hot

compact’ configurations. The competitive behaviour of α-decay and SF processes have

been analyzed, which could give significant information with respect to the dynamics

involved in superheavy mass region. The potential energy surfaces are shown to display

the effects of closed shell effects at Z=50, N=82 for the most probable fission fragments

in the symmetric fission window. For the choice of δU6=0, a clear preference for the

symmetric fission fragment is seen in an agreement with experimental observations for

heavy and superheavy nuclei, which otherwise changes to triple humped structure for
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δU=0 case.

After studying the SF in the superheavy mass region, the study is extended to the

light particle and heavy ion induced fission of actinide nuclei in chapter 4. It will be of

further interest to understand the fission dynamics of compound nuclei formed via variety

of nuclear reactions.
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Chapter 4

Light particle and heavy ion induced
fission of actinide nuclei

Earlier chapter demonstrates the dynamical features of spontaneous fission (SF) in the

superheavy mass region. The obtained results were quite interesting in terms of barrier

characteristics, fission fragment mass distributions and identification of most probable

decay fragments. Moreover, the role of deformations, orientations and shell effects was

duly addressed for the SF decay of superheavy nuclei. By acquiring the confidence from

the study of SF, now the present chapter will focus on the analysis of light particle and

heavy ion induced fission of actinide nuclei. The angular momentum (ℓ) effects were

salient in the previous chapter, as study was concerned with the process of spontaneous

emission. Here, in the present chapter angular momentum effects are duly incorporated

along with the deformation and orientation degree of freedom. This chapter is partitioned

into two major sections, where first section (4.2) contains the study of light particle (n

and p) induced fission of actinide nuclei. While, the second section (4.3) deals with the

decay of 216Th∗ actinide nucleus formed via heavy ion induced reaction (32S+184W). The

results of these studies are published in Refs. [1–4]. A general description of considered

light particle and heavy ion induced reactions is discussed in following section.

4.1 Introduction

The light particle induced fission is a subject of great interest, since the discovery

of n-induced fission of Uranium. This is attributed to the fact that n-induced fission

reactions provide a deep insight into the reaction dynamics and help in attaining a com-

prehensive picture of the formation and decay aspects of nuclear systems. Amongst several

67
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n-induced reactions, the ones involving actinide target nuclei have gained special atten-

tion due to their wide applicability. This is so the actinide nuclei produced in nuclear

reactors steer us towards the generation of nuclear power and are a boon for accelerator

driven systems (ADS) [5]. Several studies were done to comprehend the fission charac-

teristics and their dependence on incident energy, temperature, angular momentum and

deformation etc. However, no consistent description has been attained as yet to address

these quantities which inturn help in studying various competing channels involved in

decay process of nuclear systems. The present chapter aims to examine the fission decay

of actinide nuclei formed in n+232Th and n+238U nuclear reactions at incident energies

varying from En=32.8 MeV to 59.9 MeV. It has been observed that the relative study of

reactions involving neutron beam incident on diverse target nuclei aids in understanding

the behavior of different actinide nuclei formed under similar reaction conditions. This

work is extended further for two more actinide nuclei produced in n-induced reactions, i.e.,

233Pa∗ and 239Np∗ at common incident energy En=32.8 MeV. Moreover, a comparative

analysis of the reactions involving neutral (neutron) as well as charged particle (proton)

projectile beam is also carried out at relatively lower incident energy E∼27 MeV, where

experimental data is available. Both the n- and p-induced reactions and their subsequent

fission cross-sections form an interesting prospect of research at higher incident energy as

such studies may impart significant inputs in the sub-critical aspect of the ADS reactors.

The related results and discussions are presented in section 4.2.

Apart from the light particle induced fission, the decay dynamics involving heavy

ion induced reaction is also explored in this chapter. The heavy ion induced reactions

play a significant role in the extension of periodic table, synthesis of new elements, and

production of isotopes beyond β-stability line. When, we replace the light particle with

heavier projectile, one would expect some change in the dynamics involved. Beside this,

the entrance channel characteristics such as mass asymmetry, Coulomb repulsion, pro-

jectile energy, deformations, orientations etc., strongly influence the reaction dynamics.

The literature reveals that, the nuclear reactions having small mass asymmetry and large

Coulomb repulsion, are more prone to non-compound nucleus (nCN) processes. Which

means that, the probability of nCN process in light particle induced reactions is negligi-

ble due to large mass asymmetry and small Coulomb repulsion factor. Here, an effort is
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made in section 4.3, to explore the distinct contribution of competing CN and nCN decay

channels in the dynamics of 32S+184W→216Th∗ reaction. For this reaction, the entrance

channel mass asymmetry αe is 0.703, which is smaller than the “Businaro-Gallone mass

asymmetry” [6] i.e. αBG=0.864. Hence, according to Ref. [7, 8], the nCN fission may be

present in the decay of 216Th∗ nucleus. Moreover, nCN component is expected to com-

pete with CN process at ZPZT ≥ 1000 [9], due to the large entrance channel Coulomb

repulsion. The product of ZPZT for the considered reaction is 1184, hence exist a pos-

sibility of hindrance in the CN formation. In view of this, DCM approach is utilized to

explore the relevant contribution of decay processes for CN [Evaporation residue (ER)

and fusion-fission (ff)] and nCN [quasi fission (QF) and fast fission (FF)] processes for

32S+184W reaction, in reference to the experimental findings of Zhang et al., [10]. In-

terestingly, the experimental data [10] is available across the Coulomb barrier for this

reaction, which provide us opportunity to investigate the decay dynamics involved via

CN and nCN channels across the Coulomb barrier. Finally, the results are concluded in

section 4.4.

4.2 n and p induced fission of actinide nuclei

This section divided into three sub-sections, and reveals interesting aspects associated

with the dynamics of n- and p-induced reactions and related structure effects. First of

all, section 4.2.1 represents the calculated fission excitation functions of n+232Th→233Th∗

and n+238U→239U∗ reactions using DCM [11–15] at incident energies En=32.8 MeV-59.9

MeV, and compared with the experimental findings of Ryzhov et al. [16]. To examine

the effect of deformations, the calculations are carried out using spherical choice of frag-

mentation as well as after the incorporation of quadrupole (β2) deformation for optimum

orientations θopti criteria [17]. Apart from 233Th∗ and 239U∗ nuclei, the n-induced reac-

tions have been studied for two other nuclei i.e. 233Pa∗ and 239Np∗ under similar reaction

conditions. Beside this, section 4.2.2 represents the impact of moment of inertia on the

n-induced fission of 233Th∗ nucleus for the choice of sticking (IS) and non-sticking (INS)

moment of inertia. A comparative analysis of n- and p-induced fission of actinide nuclei

is made in section 4.2.3. Note that the fission cross-sections for nuclear systems formed

in n-induced reactions are obtained using partial wave analysis by employing angular
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Figure 4.1: Fragmentation potential V(A2) at extreme En values plotted for
the decay of 233Th∗ and 239U∗ nuclei for (a,b) spherical approach and (c,d) β2-
deformed choice of fragmentation.

momentum in the range ℓ=0h̄ to ℓ=ℓmax. Owing to different characteristics at extreme

ℓ-values, the fragmentation potential, preformation probability and other observable of

DCM are elaborated at ℓmax values, as such higher ℓ-values are relevant for addressal of

fission dynamics.

4.2.1 n-induced fission of actinide nuclei

Fig. 4.1 illustrates the fragmentation potential for fissioning 233Th∗ and 239U∗ nuclei at

extreme En, i.e., 32.8 MeV and 59.9 MeV. Figs. 4.1(a) and (b) show the behavior of

actinide nuclei for spherical approach while Figs. 4.1(c) and (d) depict the fragmentation

potential for β2-deformed choice of fragments. One may observe that at particular incident

energy, for both spherical and deformed choices, the fragmentation potential decreases

with increase in mass (A2) and attains minimum value for a certain range of fragment

mass (marked in the figure as fission fragments (ff)) which is different for 233Th∗ and

239U∗ nuclei. In general, the fragments with lower fragmentation potential possess higher

preformation probability (as evident from Fig. 4.2 ahead) and hence lead to the most

favourable products contributing in the fission decay mode. Besides this, the variation
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of potential energy surface reveals that for either of the actinide nuclei under study,

the fragmentation potential is asymmetric for spherical as well as deformed approach

through being relatively less asymmetric for spherical choice as compared to the deformed

approach. Panel (a) and (b) suggest that although the structure of fragmentation potential

is independent of incident energy, its magnitude increases on going from En=32.8 MeV to

59.9 MeV. The difference in magnitude of fragmentation potential at extreme energies is

more for 233Th∗ nucleus and relatively less for 239U∗ nucleus. This observation also remains

consistent for the fragmentation potential obtained using quadrupole (β2) deformation

approach, shown in Figs. 4.1(c) and (d). Interestingly, the results obtained in the present

study for 233Th∗ and 239U∗ nuclei are compared with those obtained from an earlier work

of 240Np∗ nucleus formed in n-induced reactions at relatively much lower energies (En∼0-

20 MeV) [14]. From the comparative study of results obtained for these actinide nuclei

it may be said that for spherical approach, the observations drawn for higher energies

i.e. En=32.8-59.9 MeV accord with that obtained at lower energy i.e. En∼0-20 MeV.

However, with the inclusion of deformations the behavior at higher energy (En=32.8

MeV and 59.9 MeV) is different from that at lower energy (En=0 MeV and 20 MeV),

as for the latter case the structure of fragmentation potential changes as one goes from

minimum to maximum energy. This suggests that the impact of deformations is more

evident at lower energies when compared with heavier one. In other words it may be said

that, for n-induced reaction the incident energy plays a crucial role so far as the inclusion

of deformation is concerned. Apparently, the potential energy surfaces are modified,

with the incorporation of deformations, the effect being more perceptible for the heavy

mass fragments (A2=32-44). However, in present study the effect of deformations is not

significant for the contributing fission region under study. In reference to this observation,

further study for the fission dynamics of actinide nuclei has been carried out with the use

spherical approach only.

After analyzing the variation of fragmentation structure, the dynamics of n-induced

reactions is investigated through the behavior of preformation probability P0(Ai). In

DCM, P0 helps in analyzing the mass distribution of a given nucleus and is obtained

by solving Schrödinger equation using the fragmentation potential. Figs. 4.2(a) and (b)

show the preformation probability at minimum En=32.8 MeV while Figs. 4.2(c) and (d)
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Figure 4.2: Fragment preformation probability P0(Ai; i=1,2) for the
n+232Th→233Th∗ and n+238U→239U∗ reactions at (a,b) minimum energy,
En=32.8 MeV and (c,d) maximum energy, En=59.9 MeV for the spherical choice
of fragmentation.

depict the behavior at maximum energy, En=59.9 MeV for either of the actinide nuclei

for spherical approach. As observed earlier from Fig. 4.1, the fragment mass distribution

for 233Th∗ as well as 239U∗ nuclei is asymmetric. A deeper look of Fig. 4.2(a) and (b)

reveals that for 233Th∗ nucleus, although the fragment mass distribution is asymmetric yet

a small hump appears around A/2 region, representing the emergence of some symmetric

fission fragments which does not appear in the preformation profile of 239U∗ nucleus. This

behavior of mass distribution at ℓ=ℓmax remains consistent for minimum as well as maxi-

mum energy. Interestingly, this observation through DCM based analysis is in reasonable

agreement with experimental [16] outcomes which report that the symmetric fission is

relatively more for 233Th∗ nucleus as compared to 239U∗ nucleus. The global asymmetric

fragment distribution and a diminutive difference around symmetric fission region could

aid in exploring the nuclear-structure effects related to actinide nuclei. Although small,

yet emergence of symmetric peak along with dominant asymmetric distribution suggests

a probability of sub-structure effects in the decay of 233Th∗. Apart from producing the

fragment mass distribution and indicating the probability of various mass regions, DCM
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also has the ability of identifying the dominant fission fragments, which contributes in

the fission excitation functions of a chosen reaction. The fragments in the range A2=95-

106 (and complementary fragments) have major contribution towards fission excitation

functions of n+232Th→233Th∗ reaction, whereas fragments A2=99-115 (along with com-

plimentary fragment) contribute for n+238U→239U∗ reaction. It may be noted that, the

contributing fission fragments for either of the nuclei remain consistent at all the chosen

energies. Thus, it may be said that for the n-induced reactions, the choice of contributing

fission fragments depends mainly on the mass of CN and the fragmentation structure is

independent of the energy range involved.

The cross-sections in DCM depend upon the P0, and P which are estimated using

the WKB method. Thus after analyzing the variation of P0, the behavior of penetrability

P of fission fragments for the actinide nuclei is explored. Fig. 4.3(a) and (c) represent

the P (A2) plotted for 233Th∗ and 239U∗ nuclei at minimum energy and maximum angular

momentum. Simultaneously, in Fig. 4.3(b) and (d), the best fit values of “neck-length

parameter (∆R)”, optimized to calculate fission excitation functions for the same actinide

nuclei are studied as a function of incident En varying from 32.8 MeV-59.9 MeV. From the
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Table 4.1: The DCM-obtained excitation functions for the fission decay of
233Th∗ and 239U∗ nuclei produced in n-induced reactions at respective ∆R values.
The cross-sections have been shown for the spherical approach at all the incident
energies and compared with the fission data [16].

232Th(n,f) 238U(n,f)

En Temperature △R σDCM
Fission σ

Expt.
F ission En Temperature △R σDCM

Fission σExpt.
F ission

(MeV) (MeV) (fm) (b) (b) (MeV) (MeV) (fm) (b) (b)

32.8 1.224 1.093 0.818 0.814 32.8 1.209 1.120 1.712 1.718+0.04
−0.04

35.8 1.271 1.112 0.832 0.831 35.8 1.257 1.128 1.688 1.685+0.04
−0.04

37.8 1.301 1.121 0.852 0.857 37.8 1.286 1.134 1.674 1.669+0.04
−0.04

39.9 1.332 1.132 0.896 0.889 39.9 1.316 1.143 1.710 1.708+0.05
−0.04

41.9 1.362 1.137 0.888 0.893 41.9 1.345 1.158 1.694 1.695+0.04
−0.04

43.9 1.390 1.144 0.916 0.886 43.9 1.373 1.210 1.682 1.682+0.03
−0.05

45.3 1.410 1.146 0.884 0.893 45.3 1.392 1.287 1.680 1.692+0.04
−0.04

47.9 1.445 1.151 0.886 0.909 47.9 1.427 1.370 1.668 1.678+0.04
−0.05

49.9 1.472 1.157 0.906 0.919 49.9 1.454 1.430 1.636 1.643+0.04
−0.05

50.9 1.486 1.161 0.922 0.929 51.9 1.480 1.530 1.672 1.678+0.08
−0.01

52.9 1.511 1.163 0.916 0.923 53.9 1.505 1.550 1.552 1.636+0.05
−0.04

57.1 1.564 1.183 0.934 0.936 55.9 1.530 1.560 1.520 1.655+0.05
−0.05

59.9 1.598 1.195 0.860 0.949 58.0 1.556 1.570 1.410 1.655+0.04
−0.04

59.9 1.579 1.599 1.408 1.613+0.04
−0.04
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variation of penetrability, it is found that with increase in fragment mass, the penetrability

increases and attains a maximum value, as it approaches the fission region. Comparing its

variation with Fig. 4.1(a) (open circles), it is observed that the behavior of penetrability

is opposite to that of fragmentation potential. In other words, the fragments having

minimum fragmentation potential have higher preformation probability and hence the

maximum penetrability through the decay barrier. This further confirms that fragments in

the range A2=95-106 and A2=99-115 have the highest probability to penetrate the fission

barrier and thus contribute towards the fission decay of 233Th∗ and 239U∗ nuclei formed

in n-induced reactions. After analyzing the fragment mass distribution and identifying

the favorable fission decay fragments for both the actinide nuclei, the variation of best

fit values of the neck-length parameter is examined in Fig. 4.3(b) and (d). It is evident

that, ∆R follows the trend observed for penetration probability and shows increment with

increase in En being relatively large at the highest energy as compared to lowest incident

energy. By employing these values of ∆R, we could address the experimental data [16] at

all energies in contrast to the theoretical MCFx calculations (plotted in Fig. 8 of Ref [16]).

Table 4.1 presents the DCM estimated fission contributions for 233Th∗ and 239U∗ nuclei

together with the available experimental results [16] and the fitted ∆R-values. These

fission cross-sections are calculated using partial wave analysis by employing angular

momentum in the range ℓ=0h̄ to ℓ=ℓmax. By comparing the ∆R’s of 233Th∗ and 239U∗

nuclei tabulated in Table 4.1, it may be observed that 233Th∗ accounts lesser magnitude

of ∆R in comparison with 239U∗. In DCM, the ∆R parameter is used to predict the time

scale of fragment emission, thus suggesting that at comparable incident energy, the decay

of 239U∗ nucleus is more prompt than that of 233Th∗ nucleus.

In addition to the above study, another observable of DCM is the index of barrier

lowering, ∆VB (=V(Ra)-VB). The DCM has in-built property of barrier lowering which

is incorporated via the ∆R [18]. Fig. 4.4 represents the barrier modification ∆VB plotted

for contributing fission fragments for 233Th∗ and 239U∗ nuclei at a common angular mo-

mentum, i.e. the maximum ℓ-value for 233Th∗ nucleus. Although, the emitted fragments

for both nuclei are different, it is observed that ∆VB for 233Th∗ as well as 239U∗ nuclei

follow a similar trend and is relatively lower (in magnitude) for 239U∗ nucleus. It may
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Figure 4.4: The index of barrier lowering ∆VB(A2) plotted for 233Th∗ (open
squares) and 239U∗ nuclei (filled squares) produced in n-induced reactions at
minimum En=32.8 MeV

be noted that the ∆VB parameter depends upon the actually used barrier and peak of

the barrier. The steps shown in figure may be associated with the difference in the decay

barrier heights (VB) of the decaying fission fragments as one moves from Sr to Nb and

Zr to Tc for 233Th∗ and 239U∗ compound nuclei respectively. For the isotopes of a emerg-

ing decay fragment (A2), ∆VB is minimum in magnitude for lighter mass fragment and

increases with increase in addition of neutrons. However, for higher charge fragment rela-

tively lesser barrier modification is needed, which is due to different Coulomb components

for these fragments.

So far, the relative study of 233Th∗ and 239U∗ nuclei are analyzed by investigating the

effect of incident energy, role of deformations and prediction of fission excitation functions

at certain energies. To have further insight of n-induced fission, a comparative investiga-

tion of two more nuclei, i.e. 233Pa∗ and 239Np∗ have been carried out. It is assumed that

233Pa∗ and 239Np∗ nuclei are formed under similar reaction conditions as that of 233Th∗

and 239U∗ nuclei. Interestingly, all the four nuclei possess similar isospin (N/Z ratio) of

∼1.5 whereas, their most probable fission fragment is different being A2=101, 100, 107
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nuclei generated in n-induced reactions at En=32.8 MeV, plotted for the most
probable decay channel and corresponding maximum angular momentum values.
Panel (b) and (c) depict the fragmentation potential and preformation probability
respectively for given nuclei at incident energy En=32.8 MeV and ℓ=ℓmax by
considering spherical approach.

and 106 for 233Th∗, 233Pa∗, 239U∗ and 239Np∗ nuclei respectively. Apparently, for the re-

actions exhibiting fission decay mode, the fission fragments as well as decay barriers are

of great interest. In framework of DCM, owing to the most probable fission fragments

the scattering potential is plotted in Fig. 4.5(a) for all four nuclei at common incident

energy, En=32.8 MeV and respective angular momentum, i.e. ℓmax=145h̄ for 233Th∗,

233Pa∗ and ℓmax=151h̄ for 239U∗, 239Np∗ nuclei. From the figure it is observed that, both

barrier position and barrier height are different for all actinides thereby resulting in dif-

ferent tunneling probability for each of them. The barrier height is minimum for 233Th∗

and increases on going from 233Pa∗ to 239U∗ to 239Np∗ nucleus. A similar trend for the

scattering potential is obtained at a common angular momentum also. Thus, it may be

said that independent of the chosen angular momentum, the barrier modification needed

for a given actinide nucleus decreases with increment in charge number. This result is

consistent with that attained earlier in Fig. 4.4. The relative behavior of these four ac-

tinide nuclei is further studied by analyzing the fragmentation potential and preformation

probability. Figs. 4.5(b,c) depict the potential energy surface and mass distribution for

the decay of 233Th∗, 233Pa∗ and 239U∗, 239Np∗ nuclei at incident energy En=32.8 MeV. It
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Figure 4.6: Fragmentation potential V(A2) shown at (a) En=32.8 MeV and (b)
En=59.9 MeV, for 233Th∗ produced in n-induced reaction using IS and INS case.

may be noted that except for some minor variation observed for lighter nucleus 233Th∗,

the behaviour of fragmentation potential and hence preformation probability for all nuclei

is almost identical. This observation is independent of the angular momentum chosen,

thus revealing that the variation of mass distribution follows a systematic trend.

Table 4.2: The DCM obtained fission excitation functions for 233Th∗ nucleus
at various En for the choice of INS moment of inertia and compared with the
measured fission data [16]. ∆R values are also listed, where ℓmax=39h̄.

En Temperature (T) ∆R σDCM
Fission σExpt.

F ission

(MeV) (MeV) (fm) (b) (b)

32.8 1.224 1.313 0.448 0.814

39.9 1.332 1.317 0.328 0.889

45.3 1.410 1.319 0.258 0.893

52.9 1.511 1.326 0.224 0.923

59.9 1.598 1.330 0.168 0.949
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of (a,b) 233Th∗ and 239U∗ nuclei formed in n-induced reactions (c,d) 233Pa∗ and
239Np∗ nuclei formed in p-induced reactions.

4.2.2 Impact of IS and INS moment of inertia on n-induced fis-

sion

Further, to see the impact of sticking (IS) and non-sticking (INS) choices of moment

of inertia on the decay of 233Th∗ nucleus, the behaviour of fragmentation potential is

analyzed at En=32.8 MeV and 59.9 MeV, as illustrated in Fig. 4.6. The impact of

moment of inertia enters the fragmentation potential via the rotational energy term. The

structure of potential energy surfaces in the heavy mass region does not change much,

whereas the magnitude of potential is higher for the sticking limit as compared to INS

choice. Moreover, the most probable fission fragments remain same (i.e., A2=95-106)

for both the cases. Although by replacing the IS limit with INS, the maximum angular

momentum ℓmax reduces significantly and looks more realistic, but the estimated fission

excitation functions are much lower than the measured data [16] as evident from Table

4.2. In view of above analysis, it has been observed that for DCM based calculations the

IS choice is relatively favourable for the estimation of decay cross-sections because of the

presence of proximity potential such as Blocki et al [19].
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Table 4.3: The DCM obtained fission and experimental [20–22] excita-
tion functions for n+232Th→233Th∗, n+238U→239U∗, p+232Th→233Pa∗ and
p+238U→239Np∗ reactions at E∼27 MeV.

Reaction Compound Temperature ∆R σDCM
Fission σExpt.

F ission

Nucleus (MeV) (fm) (b) (b)

232Th(n,f) 233Th 1.119 1.071 0.678 0.677

238U(n,f) 239U 1.115 1.126 1.580 1.571

232Th(p,f) 233Pa 1.128 1.129 1.198 1.190

238U(p,f) 239Np 1.101 1.122 1.558 1.540

4.2.3 Comparative analysis of n- and p-induced fission

Lastly, the behavior of n-induced reactions at relatively lower energy i.e. E∼27 MeV is

studied. Also the role of projectile is examined by studying reactions involving charged

particle-proton beam as projectile in addition to the neutral neutron beams. Fig. 4.7(a,b)

shows the preformation probability of n+232Th→ 233Th∗ and n+238U→239U∗ reactions

compared with p+232Th→ 233Pa∗ and p+238U→239Np∗ reactions plotted in panel (c,d) at

E∼27 MeV. By comparing the upper panel of Fig. 4.7 with upper panel (a,b) of Fig.

4.2, we found that the structure of 233Th∗ and 239U∗ nuclei remain identical independent

of the energy involved. Minor variation in mass distribution of 233Th∗ nucleus around

the symmetric fission fragments is still evident at lower energies. However, the change

in magnitude of preformation probability is observed while going from En=32.8 MeV

to 27 MeV. Further, on comparing the mass distribution for n-induced reactions (upper

panel) with that of p-induced reactions (lower panel) the mass distributions for all the four

actinide nuclei are asymmetric, independent of the projectile used. It is noticed that the

structure of preformation probability is almost identical for chosen reactions, except for

some minor variations in heavy mass fragment region. Whereas, the fission fragments (ff)

contributing towards n-induced reactions are identical to that observed for the p-induced

reactions. This suggests that the contribution of fission fragments is independent of choice

of projectile (i.e. proton and neutron). An explicit representation of the cross-sections for

neutron as well as proton induced reaction for the use of spherical approach is presented
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in Table 4.3, and show good agreement with the measured fission data [20–22].

4.3 Various fission mechanisms of 216Th∗ formed in

heavy ion induced reaction

After analyzing the n- and p-induced fission of actinide nuclei, this section is devoted

to the investigation of various fission mechanisms of 216Th∗ nucleus formed in heavy ion

induced reaction 32S+184W at center-of-mass energies around the Coulomb barrier (i.e.,

Ec.m.=118.8 to 195.9 MeV). As discussed in section 4.1, this heavy ion induced reaction

has possibility to decay via various CN and nCN fission mechanisms such as fusion-

fission (ff), quasi fission (QF) and fast fission (FF). The DCM approach has been used

to address the CN and nCN processes governed in the decay of pre-actinide, actinide

and superheavy nuclei [12–14, 23–27]. It may be noted that the collective clusterisation

approach is being utilized for the first time to investigate the dynamics associated with

fast fission mechanism. First, in section 4.3.1, the CN (ff) and nCN (QF and FF) fission

contributions are studied within DCM. The characteristic behaviour of fragmentation

potential, preformation probability P0, tunneling probability P and scattering potential

are analyzed at different incident energies and angular momentum values for considered

mechanisms. In this study, the deformation effects are included up to the quadrupole

deformations (β2-static) using optimum orientations (θopt.i ) approach. Knowing that the

anisotropy (A) is an effective tool to investigate the presence/absence of CN and nCN

components, the fission anisotropies are obtained within standard saddle-point statistical

model (SSPSM) [28] by utilizing DCM parameters. In addition to this, compound nucleus

fusion/formation probability PCN is determined as a function of centre-of-mass energy

Ec.m., to see the impact of CN and nCN contributions in the total capture cross-sections.

Further, section 4.3.2 presents the possible role of temperature-dependent deformations

(β2-dynamic) on the various decay mechanisms of 216Th∗ nucleus.

4.3.1 CN and nCN fission of 216Th∗ at energies across the barrier

Fig. 4.8(a) depicts the fragmentation potential VR(η,T) for
216Th∗→A1+A2 reaction at

two extreme energies Ec.m.=118.8 and 195.9 MeV, at minimum (ℓmin) angular momentum,

while Fig. 4.8(b) depicts the behaviour at maximum (ℓmax) angular momentum. The cal-
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culated T -dependent collective potential energy VR(η,T ) gives the relative contribution

of possible decay fragments. It is noticed from figure that lower ℓ-states are energeti-

cally more favourable for light particles (LPs) and higher ones for the fission fragments

(ff). The magnitude of fragmentation potential show increment with increase in Ec.m.

and ℓ-values. At extreme energies, the structure of fragmentation potential for evapora-

tion residues (A2 ≤ 4) and intermediate mass fragments (IMFs) is different whereas the

structure of fission region remains almost same. Further, at higher angular momentum

and extreme energies, the fission region depicts a potential energy minima (equivalently,

the maxima in preformation probability P0, see Fig. 4.9). This confirms that the fission

component dominates at the large ℓ-value. Moreover, at extreme Ec.m., the minima in

fragmentation potential corresponds to the same fragment mass range, i.e. A2=72-99

(plus complementary fragments). The variation of potential energy surface reveals that

the 216Th∗ shows asymmetric mass distribution, which is in line with the observations

drawn for 233Th∗ nucleus formed in neutron induced reaction, n+232Th→233Th∗ studied

in the pervious section 4.2.1. This suggests that, the potential energy surface(s) for Th

nucleus are independent of the nature of projectile and energy range involved.

After studying the fragmentation potential, the dynamics of 32S+184W reaction

through the preformation probability P0 (see Fig. 4.9), varying with fragment mass at

ℓmax is analyzed, as fission contribution becomes dominant at higher ℓ-states. Compar-

ing the preformation profile at extreme energies, it is observed that the magnitude of P0

changes while the mass distribution for fission fragments remains identical and asymmetric

in nature, independent of the Ec.m..

As stated above, the anisotropy of fission products serves as an effective probe to

explore the CN and nCN contributions in the heavy ion induced reactions. Henceforth, in

this work, the fission fragment anisotropies (A) of 32S+184W reaction are estimated within

standard saddle-point statistical model (SSPSM) [28] by utilizing DCM-based parameters

for the non-sticking (INS) choice of moment of inertia [25]. Note that in DCM, the fission

excitation functions are obtained using the sticking-limit of moment of inertia (IS). In

the later choice, the touching nuclei rotate around their center-of-mass. The choice of

IS-limit is attributed to the utilization of proximity potential of Ref. [19]. However, the

non-sticking limit INS is favoured for anisotropy calculations [29,30]. Generally, the INS-
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Table 4.4: The SSPSM/DCM calculated fission anisotropies using non-sticking
limit INS for moment of inertia for 32S+184W reaction at various Ec.m. and com-
pared with experimental anisotropies [10]. Also shown are the anisotropy-fitted
neck-length parameter ∆R and other relevant quantities.

Ec.m. E∗

CN T ℓmax ∆R Anisotropy (A)

(MeV) (MeV) (MeV) (h̄) (fm) Cal. Expt.

118.8 37.2 1.266 16 0.726 1.50 1.51

123.1 41.5 1.336 25 1.070 2.10 2.16

127.3 45.8 1.402 27 1.130 2.22 2.27

131.5 50.0 1.464 33 1.250 2.67 2.74

135.8 54.3 1.525 34 1.260 2.68 3.06

141.1 58.5 1.582 35 1.270 2.71 3.28

144.4 61.8 1.626 36 1.300 2.74 3.80

limit is used to determine the experimental ℓ-value. Table 4.4 presents the calculated and

experimental fission anisotropies for 216Th∗ nucleus at different incident energies. The

estimated anisotropies match nicely with the experimental anisotropies, except for higher

excitation energies above the Coulomb barrier (∼136 MeV). The deficient in anisotropy

at higher energies indicates the presence of some competing nCN processes, e.g. QF and

FF. In SSPSM approach, it is assumed that the fission fragments may decay towards the

symmetry axis of the compound system and the projection of the total angular momentum

on this axis is conserved from saddle to scission point [31]. For heavier nuclear systems,

this assumption may not be justified due to the different nuclear configurations at these

points. Therefore, in the present case, the SSPSM may not just properly describe the

fission anisotropies in reactions with massive nuclei at higher energies. Hence, it may be

concluded that the anomalous behaviour of fission anisotropies indicates the presence of

nCN content in the decay of 216Th∗ nucleus especially at above barrier energies.

In addition to this, the mass asymmetry (αe) of interacting nuclei and the product

of ZPZT play significant role to decide the contributions from nCN fission processes.

As discussed in chapter 1, section 1.4, that if αe < αBG then there is a possibility of

nCN contributions [32]. Here, αBG is “Businaro Gallone mass asymmetry parameter” [6].



4
.3

V
a
rio

u
s
fi
ssio

n
m
ech

a
n
ism

s
o
f
2
1
6T

h
∗
fo
rm

ed
in

h
ea
v
y
io
n
in
d
u
ced

rea
ctio

n
8
5

Table 4.5: The DCM-calculated fusion-fission σff , quasifission σQF and fast fission σFF cross-sections for 216Th∗ nucleus at
Ec.m.’s ranging from 118.8 to 195.9 MeV. The predicted evaporation residue (ER) contribution using ∆RER=∆Rff+0.5 fm are
also presented. The total sum of all evaporation and fission excitation functions (i.e.σCapt.=σER+σff+σQF+σFF ) compared
with the data of Ref. [10]. Also other relevant quantities are shown below.

Ec.m. E∗

CN T ℓmax ∆RER σER ∆Rff σff ∆RQF σQF ∆RFF σFF σDCM
Capt. σExpt.

Capt.

(MeV) (MeV) (MeV) (h̄) (fm) (mb) (fm) (mb) (fm) (mb) (fm) (mb) (mb) (mb)

118.8 37.2 1.266 125 1.169 0.00173 0.669 0.0096 0.300 0.0263 0.529 0.0024 0.04 0.04

123.1 41.5 1.336 125 1.250 0.0951 0.750 0.886 0.625 1.45 0.545 0.007 2.44 2.35

127.3 45.8 1.402 125 1.392 0.0852 0.892 16.08 0.848 12.7 0.549 0.012 28.87 22.97

131.5 50.0 1.464 125 1.490 0.974 0.990 47.0 0.918 28.8 0.566 0.0306 76.80 81.01

135.8 54.3 1.525 125 1.554 1.48 1.054 82.6 0.960 42.9 0.577 0.064 127.04 132.27

141.1 58.5 1.582 126 1.584 2.20 1.084 109.4 0.990 58.3 0.628 0.756 170.66 189.33

144.4 61.8 1.626 126 1.625 3.87 1.125 141.0 1.020 75.5 0.668 2.44 222.81 237.06

157.6 76.0 1.800 129 1.675 7.53 1.175 264.0 1.090 150.0 0.750 52.8 474.33 580.0

183.2 101.0 2.072 136 1.680 10.7 1.180 292.0 1.210 460.0 0.845 154.4 917.10 985.0

195.9 114.0 2.200 139 1.685 17.2 1.185 300.0 1.240 581.0 0.846 216.0 1114.2 1110.0
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Figure 4.10: (a) Variation of interaction potential (V (R) = VP + VC + Vℓ)
with R (fm) for quasifission at Ec.m.=195.9 MeV for ℓmin and ℓmax values. (b)
Variation of quasifission barrier (BQF ) and Coulomb barrier (BCoul.) with ℓ(h̄) at
Ec.m.=195.9 MeV.

For the considered 32S+184W reaction, αe(=0.703)< αBG(=0.864), which suggests the

existence of nCN content. Further, due to the large entrance channel Coulomb repulsion

(i.e. ZPZT=1184), the nCN content is expected to contribute towards the total capture

cross-sections.

Therefore, after attaining an insight of the fusion-fission dynamics and fission

anisotropies, the contribution of competing nCN decay channels in the decay of 216Th∗

nucleus is estimated. As per the experimental observations of Zhang et al. [10], the cap-

ture cross-sections (σcapt.) includes only contributions from CN and nCN processes, i.e.

σcapt.=σCN+σnCN . The pure compound nucleus formation cross-sections (σCN) includes

evaporation residue (ER) and fusion-fission (ff) excitation functions: σCN=σER+σff . On

the other hand, the hinderance in the formation of CN can be addressed in terms of nCN

cross-sections (σnCN ) which involve contributions from quasifission (QF) and fast fission

(FF) processes, i.e. σnCN=σQF+σFF . The ∆R-values for ff, QF and FF are optimized in

reference to [10], where relative contribution of different fission mechanisms is explored.

Note that the excitation functions are estimated using partial wave analysis as described

in Eqs. (2.38-2.41) of chapter 2. The QF contributions are calculated by considering

preformation probability equal to unity for the entrance channel [33] see Eq. (2.40) of
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chapter 2, since for quasifission process the reactant partners are supposed to retain their

identity [34, 35]. Here, the penetration probability is calculated as for the decay frag-

ments identical to incoming channel (Pic) using WKB approximation. Further, the fast

fission products has alike properties as that of usual ff fragments [36]. In this case, P0 is

calculated by solving Schrödinger equation for fission fragments (A2=72-99 plus comple-

mentary fragments) for angular momentum values varying from ℓBf to ℓmax (where ℓBf

is an angular momentum where fission barrier disappears [37]). Here, barrier penetration

probability is considered to be maximum (i.e. P=1) in agreement with the Ref. [38]. ℓBf

is 70h̄ as per the results obtained by Ref. [39] using the finite range model. Thus, the fast

fission contributions are calculated using the Eq. (2.41) of chapter 2. Table 4.5 represents

the DCM estimated excitation functions along with corresponding value of neck-length

parameter ∆R, temperature T , excitation energies E∗

CN and center-of-mass energies Ec.m.

for ER, ff, QF and FF processes. The ER cross-sections (σER) are predicted by using

∆RER = ∆Rff+0.5 fm. Note that, the lighter fragments are generally emitted first from

the hot and rotating nuclei, establishing the fact that light particle emission occurs prior

to the fission process. Keeping this in mind, higher ∆R is taken for ER formation as com-

pared to the fission decay [27]. The estimated σER are observed to be negligible small, in

accordance with the experimental observations [10]. DCM based cross-sections of ER, ff,

QF and FF processes, i.e. σDCM
capt. show nice agreement with experimental measured [10]

capture data (σExpt.
capt. ) at all energies.

Next, to explore the quasifission (QF) process, the interaction potential V(R,ℓ) is plot-

ted in Fig. 4.10(a) for 32S+184W reaction at Ec.m.=195.9 MeV, for the minimum (ℓ=0) and

maximum (ℓmax=139h̄) angular momentum values. QF is a process when non-equilibrated

composite system disintegrates into two parts without reaching the equilibrated shape of

compound nucleus (CN). According to the DNS model [10], the depth of the potential well

is called quasifission barrier (BQF ), as marked in the figure 4.10(a). It is evident from the

figure that the interaction potential changes due to the increase in the rotational energy

Vℓ, and the depth of potential well show decrement with increase in ℓ. That means the

value of QF barrier decreases, on the contrary the Coulomb barrier BCoul. increases with

increase in ℓ, similar observations can be seen in Fig. 4.10(b) plotted for BQF and BCoul.

as a function of ℓ. Clearly, it indicates that at higher ℓ-values, the higher Coulomb barrier
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Figure 4.11: (a) A plot of quasifission cross-sections σQF vs. ℓ(h̄) for 216Th∗

nucleus at energies Ec.m.=118.8, 144.4 and 195.9 MeV.
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experimental [10] capture data for 32S+184W→216Th∗ reaction.

and lower QF barrier reduces the possibility of formation of equilibrated CN state, and

hence the contribution of QF component increases at higher ℓ-values.

The QF cross-sections (σQF ) are shown as a function of ℓ, for three Ec.m.’s, as shown in

Fig. 4.11. At lowest Ec.m.=118.8 MeV, the variation in QF cross-section at a given ℓ-value

is not very significant as compared to two higher Ec.m.=144.4 and 195.9 MeV. Where the

QF contribution is quite small at lower angular momentum values (upto ℓ=50h̄), but for

ℓ >50h̄, σQF increases with increase in ℓ. This result further supports that higher E∗

CN

and higher ℓ exhibit maximum contribution of quasifission.

After studying the variation of angular momentum and collision energy for the QF

mechanism, Fig. 4.12 depicts the ℓ-summed P0 and σ as a function of contributing frag-

ments (A2) of fusion-fission (ff) and fast fission (FF) processes for 216Th∗ nucleus at two

extreme Ec.m.=118.8 MeV and 195.9 MeV. The ff is analyzed for partial waves ℓ=0 to

ℓ=ℓmax, and FF process contributes at ℓBf ≤ ℓ ≤ ℓmax window. From figure, it is seen

that the preformation probability for both processes follows similar trend, exhibiting sig-

nificantly large magnitude for ff process. Whereas, at highest Ec.m. the probability of

preformed FF fragments starts competing with the preformation probability of ff frag-

ments. Similar kind of results can be seen from the panel (b) of Fig. 4.12, the σff is

larger in magnitude than σFF at lowest energy, however they compete with each other at
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highest energy. From Fig. 4.11 and 4.12, one may conclude that the nCN fission com-

ponents has more prominent contribution at higher ℓ-values and higher energies. This

observation is in agreement with the conclusion extracted from the anomalous behaviour

of fission anisotropies A (see Table 4.4) that the above barrier energies contribute most

towards the nCN content.

A relative analysis of DCM obtained excitation functions of fusion-fission, quasi fis-

sion and fast fission mechanisms with Ec.m. is presented in Fig. 4.13. The predicted ER

cross-sections (σER) are not shown in this figure as they have negligible values (see Table

4.5). Clearly, one can see from the figure that the contribution of both CN and nCN pro-

cesses is large at higher energies. The fusion-fission is major contributor to the capture

data at energy window 127.3<Ec.m.<157.6 MeV. Whereas, above 157.6 MeV the multinu-

cleon transfer process such as quasifission has more contribution than fusion-fission, which

means that CN formation is hindered at higher energies. The contribution from another

nCN process i.e. fast fission is relatively small as compared to other decay processes, but

starts competing the fusion-fission process at very high energies. The DCM calculations

are made to identify the individual contribution of the different decay processes. It is

worth mentioning that the sum of all three fission excitation functions (i.e. σDCM
Capt. ) is in
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agreement with the experimental [10] capture cross-section (σExpt.
Capt. ) over a wide spread of

centre-of-mass energies.

Further, the compound nucleus fusion/formation probability (PCN) is calculated for

216Th∗ nucleus within the framework of DCM at various Ec.m.-values. The CN fusion

probability PCN is a parameter which describes the probability of the complete fusion. If

PCN ∼1, it is assumed that there is complete formation of compound nucleus, otherwise

presence of other nCN decays is anticipated. The PCN is calculated using following [40]:

PCN =
σCN

σCN + σnCN

=
σER + σff

σER + σff + σQF + σFF

. (4.1)

Fig. 4.14 illustrates the variation of DCM-calculated PCN as a function of Ec.m. for the

216Th∗ nucleus, and compared with the ones obtained by the dinuclear system model

(DNS) [10]. Figure clearly shows the strong hindrance to the fusion/formation of CN at

the lowest as well as highest center-of-mass energies. The CN fusion factor first increase

with energy upto ∼136 MeV (around Coulomb barrier energy), and then shows decrement

with increase in Ec.m.. Initially, the projectile has not enough energy to overcome the

barrier and fuse with the target, hence PCN has smaller values at lower Ec.m.. However,

at above barrier energies, the lowering of PCN factor is connected with the emerging
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Figure 4.16: (a) DCM calculated scattering potential V(R) plotted for
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tions. Inset of figure shows the comparison of quasifission barrier BQF for both
type of deformations. (b) Calculated quasifission cross-sections σQF plotted for
32S+184W reaction for both choice of deformations.

contribution of nCN fission i.e quasifission and fast fission. The PCN >0.5 for 216Th∗

nucleus in the energy range 127.3< Ec.m. <157.6 MeV due to the large fusion-fission

contribution as compared to the nCN excitation functions, see Fig. 4.13. The largest

value of PCN for the studied reactions is 0.66.

4.3.2 Role of “dynamic deformations” on the various decay

mechanisms of 216Th∗ nucleus

In this section, the influence of T-dependent deformations of decaying fragments is inves-

tigated by comparing the results with the static choice of deformations. Fig. 4.15 depicts

the fragmentation potential V (A2) for
216Th∗ nucleus at highest Ec.m.=195.9 MeV (T=2.2

MeV) plotted for β2-static and β2-dynamic choices of deformations. Note that at highest

Ec.m.=195.9 MeV the nCN fission mechanisms compete with the CN processes as de-

picted in section 4.3.1, hence the effect of β2-dynamic deformations is analyzed at highest

energy. Figure indicates that decay structure of fragmentation potential is significantly

modified when β2-static deformations are replaced with the β2-dynamic deformations.

The asymmetric fission forms the dominant decay mode for the choice of β2-static de-

formations as discussed in previous section. Whereas, after the inclusion of T -dependent

deformations the symmetric fission starts competing the asymmetric component. The
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ure represents the variation of ℓ-summed P0 and σ for both FF and ff mechanisms
for β2-dynamic case.

DCM-calculations suggest that symmetric fission contributes ∼31% towards the total

fusion-fission cross-section of the 216Th∗ nucleus for β2-dynamic choice at Ec.m.=195.9

MeV. Independent of the type of deformations the choice of most preferred decay frag-

ments in the asymmetric fission remains identical. It may be noted that at higher temper-

ature (e.g. T=2.2 MeV), the characteristic behaviour of fragmentation potential is similar

for spherical and dynamical choice of deformations (not shown here). Broadly speaking,

for the case of β2-dynamic, the mass distribution gets broaden and more decay fragments

start contributing to the fission process including asymmetric (A2=72-99) and symmetric

(A2=100-108) fission fragments.

For further analysis, the interaction potential V(R) is calculated for 32S+184W reac-

tion using β2-static and β2-dynamic choice of deformations as shown in Fig. 4.16(a) at

Ec.m.=195.9 MeV. The use of T-dependent deformations influence the barrier characteris-

tics (barrier position and barrier height), which inturn effect the penetration probability

and thereby effect excitation functions. For the case of β2-dynamic deformations the in-

teraction radius is higher and the interaction barrier is lower as compared to β2-static
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Table 4.6: The DCM-estimated fission excitation functions using β2-dynamic
deformations of fragments for 216Th∗ system at Ec.m.=195.9 MeV (T=2.2 MeV).

∆R ℓmax σ

Fusion-fission (ff)

1.180 fm 136h̄ 302 mb

Quasifission (QF)

1.257 fm 136h̄ 584 mb

Fast fission (FF)

0.550 fm 136h̄ 232 mb

case. It may be noted that the minute change in the distance between the two interacting

nuclei influence the equilibrium between nuclear, rotational and Coulomb forces. Follow-

ing this description, the quasifission barrier (BQF ) is extracted from the scattering plot

(Fig. 4.16(a)) for the β2-dynamic deformations and compared with the β2-static case. As

interaction radius is large for the dynamic deformations in comparison with the static

one, the VP , VC and Vℓ potentials get influenced due to their dependence on R. Hence

the overall interaction potential (barrier pocket and barrier height) gets modified after

the inclusion of β2-dynamic deformations. Therefore, the magnitude of BQF is different

for both the choices of deformations, i.e. relatively higher magnitude is observed for β2-

static case, as depicted in the inset of Fig. 4.16(a). As a consequence, the QF excitation

functions are effected by the choice of deformations as depicted in Fig. 4.16(b). The QF

excitation functions increase with increase in ℓ, independent of the choice of deformations,

where the magnitude of σQF is larger for β2-dynamic case in comparison with the β2-static

deformations.

Finally, to explore the relative study of static and dynamic deformations on fast fission

(FF) process, the ℓ-summed preformation probability P0(A2) and excitation functions

σ(A2), with summation upto ℓmax, are plotted in Fig. 4.17 at Ec.m.=195.9 MeV. Note that

FF process contributes only for ℓBf ≤ ℓ ≤ ℓmax window where fission barrier vanishes. Fig.

4.17 depicts that σ follows the behaviour of P0, which exhibits an interesting structure with

significant contribution of P0 factor for fission fragments. The behavior of preformation

probability P0 gets modified after the incorporation of dynamic deformations. The mass
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distribution starts broadening, both symmetric and asymmetric fission fragments have

contribution towards the total fission of 216Th∗ nucleus. These results are in agreement

with the information drawn from Fig. 4.15 for ff process. Beside this, the variation of

ℓ-summed P0 and σ (see inset of Fig. 4.17) for both ff and FF processes shows that the

contribution of fast fission competes with the ff component in agreement with β2-static

case at considered energy regime. The cross-sections for ff, QF and FF processes is given

in Table 4.6.

4.4 Summary

This chapter consists the fission decay analysis of light particle (n and p) and heavy ion

(32S) induced fission of actinide nuclear systems. The temperature, angular momentum,

deformations and orientations effects are duly incorporated. First, the fission dynamics

of n+232Th→ 233Th∗ and n+238U→239U∗ reactions is studied at incident energies vary-

ing from, En=32.8 MeV-59.9 MeV and it is observed that the mass division remains

asymmetric independent of choice of projectile and incident energy. As the deformations

effects are relatively salient in fission mass region so the analysis is done using spherical

approach. Interestingly, the DCM calculations show a minor hump around the symmetric

fission fragments in the mass distribution of 233Th∗ nucleus which disappears completely

for heavier nucleus 239U∗, in agreement with the experimental measurements. The excita-

tion functions of contributing fission fragments find nice agreement with measured data

at all energies. Note that the barrier modification for heavier mass 239U∗ nucleus is rela-

tively low as compared to 233Th∗ nucleus. Besides this, from the relative study of isobars

of 233Th∗ and 239U∗, i.e 233Pa∗ and 239Np∗, it is observed that the mass distribution for

all these nuclei is almost identical. Finally, the relative effect of IS and INS moment of

inertia is studied, and the result suggests that IS choice is favourable for the estimation

of fission cross sections.

Apart from above, different competing decay mechanisms (ER, ff, QF, FF) emerging

via CN and nCN processes of heavy-ion induced reaction 32S+184W→216Th∗ are stud-

ied within the framework of DCM. The analysis is carried out at energies varying from

Ec.m.=118.8 MeV to 195.9 MeV for the use of β2-static deformed choice of fragmentation

using optimum orientations. The measured fission anisotropies are anomalous with regard
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to the SSPSM calculated anisotropies, indicating the presence of nCN content at above

barrier region. For the decay of 216Th∗ nucleus, the fission structure shows asymmetric

pattern independent of center-of-mass energy, as observed for n-induced fission of 233Th∗

nucleus. The capture cross-sections are calculated by adding CN (σER + σff ) and nCN

(σQF +σFF ) contributions, which show good agreement with experimental measurements.

As expected, the predicted σER are small at all collision energies.

The small QF barrier at higher ℓ-values indicates the large contribution of quasifission

mechanism. Consequently, the possibility of compound nucleus formation reduces at

higher angular momentum. The fast fission component is analyzed at higher ℓ window

(ℓBf ≤ ℓ ≤ ℓmax), where the fission barrier disappears. In addition to ℓ-dependence, the

CN and nCN contributions also show energy dependence. The contribution of QF and

FF increases with increase in energy and start competing the ff process at above barrier

energies. The calculated compound nucleus fusion/formation probability PCN depicts

strong hinderance to the CN formation at lower and higher energies. The small value of

PCN at higher Ec.m. is connected with large nCN contributions. Whereas, at lower Ec.m.

values, the projectile may not have enough energy to cross the barrier and fuse with target

nucleus, thereby probability of CN formation is reduced. The maximum value of PCN is

0.66 near the Coulomb barrier. Finally, the role of dynamic deformations on CN and

nCN decay of 216Th∗ nucleus is explored at highest energy. The study reveals that both

symmetric and asymmetric fission component start contributing towards the total fission

excitation functions after the inclusion of dynamic deformations, whereas the asymmetric

fission is the prime contributor for β2-static case. The barrier characteristics are different

for static and dynamic deformations, and accordingly affect the contribution of various

decay mechanisms involved in the dynamics of 32S+184W reaction.

At the end, it is concluded that the fission dynamics is different for light particle and

heavy ion induced reactions. However, the mass distributions show asymmetric behavior

for actinide nuclei formed in both type of reactions. For the case of heavy ion induced

reaction, the non-equilibrated nCN processes such as QF and FF contribute in the reaction

dynamics at higher energies. However, these effects are absent in light particle induced

fission. This represents that the size of reaction partners strongly influence the reaction

dynamics and related aspects. Motivating from this analysis, further in chapter 5, a
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comparison of tightly bound and loosely bound projectile induced reactions is worked out

by considering light as well as heavy mass targets. The main emphasis is once again to

explore distinctive features of fission dynamics.
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Chapter 5

Decay analysis of Ge and At isotopes
formed in tightly and loosely bound
projectile induced reactions

5.1 Introduction

Preceding chapter was devoted to the fission decay investigation of various actinide nuclear

systems produced via light particle and heavy ion induced reactions at various bombarding

energies. It has been emphasised earlier that the entrance channel properties decisively

effect the fission dynamics. The replacement of light particle projectile with the heavier

one may lead to the contribution of non-compound nucleus fission content in the total

reaction cross-sections. This is due to the fact, that the large Coulomb and rotational

energies are associated with the heavy ion induced reactions. Here, a detailed analysis of

compound nucleus (CN) and non-compound nucleus (nCN) fission mechanisms is carried

out in terms of bombarding energy, angular momentum and dynamic deformation effects

etc. The availability of radioactive ion beams at several laboratories has provided an

opportunity to explore the extraordinary properties of exotic nuclei. Therefore, tightly

and loosely bound He-projectiles with mass number A=3-8 are selected to explore the

distinct decay mechanisms by using dynamical cluster-decay model (DCM) approach.

The possible contribution of evaporation residue (ER) is also explored in addition to

fusion-fission (ff) decay channels of CN. A brief overview of chosen reactions is provided

in subsequent paragraph.

The nature of projectile plays very important role in the formation and decay process

of the CN. Generally, the CN formed via tightly bound projectiles disintegrate through

101
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light particle emission and/or fusion-fission (ff) channels. The probability of each decay

channel depends upon the mass of CN, excitation energy (E∗

CN ) and related angular

momentum (ℓ) etc. However, when a loosely bound projectile strikes the target, the

breakup and transfer processes also start contributing towards the total cross-sections.

The unusual properties of loosely bound projectile influence the reaction dynamics in

two ways, (i) the reduction in the potential barrier due to the larger radius of a loosely

bound nucleus, leads to the fusion enhancement, (ii) the loosely bound projectile breaks

into two parts due to weak binding of its nuclear constituents, which in turn reduces the

complete fusion contributions. The later effect is dominant especially at energies above

the Coulomb barrier. The possible role of loosely bound projectile, the reaction excitation

functions of different mechanisms induced by tightly and loosely bound projectiles may

be compared by opting a suitable target. The selection of target projectile combination

is vital to have stable nuclear systems in the outgoing channel. In case of light mass

targets, the contribution of evaporation residue is prominent due to the small size of CN.

However, the probability of fission enhances when heavier target nuclei are used. Plenty

of theoretical and experimental work have been done to understand the dynamics of

reactions involving loosely bound projectiles at energies across the barrier [1–4]. Though,

this is yet an enigma to the investigators due to complex interplay between the complete

fusion and breakup reactions.

In view of above discussion, this chapter is divided into two parts. The first part

(i.e. section 5.2) deals with decay of 68,70Ge∗ compound nuclei formed in 4,6He-induced

reactions involving light mass target i.e. 64Zn. In the second part (section 5.3), 3,4,6,8He

projectiles are induced on heavier mass target 209Bi to produce the excited 212−217At∗

isotopes, which further decay via fission process. Here, 3,4He and 6,8He are tightly and

loosely bound nuclei, respectively. It is expected that the light mass 68,70Ge∗ compound

nuclei mainly decay via ER channel. Whereas, ff-channel is the one of the main decay

mode of heavier mass 212−217At∗ isotopes. In next section the decay analysis of Ge isotopes

is explored.



5.2 Decay analysis of 68,70Ge∗ isotopes formed in 4,6He+64Zn reactions 103

5.2 Decay analysis of 68,70Ge∗ isotopes formed in
4,6He+64Zn reactions

The decay analysis of 68Ge∗ and 70Ge∗ compound systems formed respectively in 4He+64Zn

and 6He+64Zn reactions, at center-of-mass energies across the barrier (Ec.m.∼5-16 MeV),

is investigated within the framework of DCM [5–10]. Section 5.2.1 deals with the 68Ge∗

nucleus formed via 4He beam, which mainly de-excites by one- and two-particle evapo-

ration channels like γ, n, p, 2p, nα, pα and 2α. Interestingly, one-particle emission is

the dominant decay mode for 68Ge∗ nuclear system, whereas the contribution of nα, pα

and 2α is negligible [11, 12]. Moreover, the γ-channel is also not included in the present

calculations due to its negligible contribution towards the total reaction excitation func-

tions. The experimental excitation functions of these evaporation channels are addressed

individually by optimizing the “neck-length parameter ∆R”. The fission contributions

are also predicted for this reaction, which comes out to be rather small. Therefore, in

both reactions, the fusion process leads to the production of evaporation residues (ERs),

hence σfus≈σER, as the contribution of the ff-channel is not significant for 4He+64Zn and

6He+64Zn reactions. In section 5.2.2, the fusion cross-sections are addressed for 70Ge∗

nucleus by summing all the excitation functions of (2n)68Ge, (np)68Ga, (2np)67Ga and

(nα)65Zn evaporation residues. A correlation of calculated and experimental fusion exci-

tation functions for 6He+64Zn →70Ge∗ reaction suggests the possibility of occurrence of

breakup and transfer events due to loosely bound feature of the 6He projectile. It may be

noted that, 65Zn ER may also formed via breakup and two neutron (2n) transfer process,

in addition to the αn evaporation channel [13]. Further, the suppression in 2np excitation

functions is associated with the incomplete fusion of residual component of 6He nucleus

i.e. 4He+64Zn. Thus, an effort is made to estimate the breakup+transfer contribution by

including the relevant energy corrections in reference to the breakup of 6He projectile into

4He and 2n. Finally, a comparative study of tightly and loosely bound projectile induced

nuclear reactions is carried out in section 5.2.3, to analyze the influence of halo structure

of the projectile on the considered reaction dynamics. The obtained results from these

studies are published in Ref. [14].
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Figure 5.1: (a) Scattering potential V(R) for 68Ge∗→p+67Ga and 68Ge∗→
n+67Ge decay channels at Ec.m.=15.17 MeV, estimated for ℓmin=10h̄ and
ℓmax=41h̄ values. (b) Variation of DCM-calculated decay barrier height as a
function of ℓ(h̄) for both emissions.

5.2.1 Evaporation residue and fission decay of 68Ge∗ nucleus
formed using tightly bound 4He beam

To explore the dynamics engaged with the one particle emission, the barrier characteris-

tics of 68Ge∗→p+67Ga and 68Ge∗→n+67Ge decay channels are plotted in Fig. 5.1(a) at

highest incident energy Ec.m.=15.17 MeV and extreme angular momentum states ℓ=10h̄

and 41h̄. Interestingly, both the decay channels show different barrier characteristics at

different ℓ-states. Clearly, at ℓmin=10h̄, the barrier height (VB) is higher for proton-

emission in comparison to the neutron-decay, and is maintained upto ℓ=22h̄ as depicted

from Fig. 5.1(b). However, these results show reverse trend at higher angular momentum

states upto ℓmax=41h̄. This may be due to the interplay between the various potentials

contributing towards the barrier height. In order to explore this, Fig. 5.2(a) is plotted

which depicts the centrifugal potential for proton and neutron emissions at different an-

gular momentum states. The centrifugal potential remains higher for neutron-decay for

majority of ℓ-states. The same is true for the proximity potential, but not shown here.

However, with the addition of the Coulomb term in Fig. 5.2(b), the magnitude of the
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Figure 5.2: (a) Variation of the centrifugal potential Vℓ for the proton and
neutron emissions with ℓ(h̄) at highest Ec.m.=15.17 MeV. (b) Same as that of
panel (a), but plotted for Coulomb+centrifugal potentials. (c) Variation of DCM-
calculated barrier penetrability (P ) as a function of ℓ(h̄) for the same. The inset
of Fig.(c) shows the behavior of barrier width varying with angular momentum.

potential for the neutron emission decreases for lower ℓ-values, leading to higher barrier

height for the proton decay. Elaborating this, the larger barrier height for the proton

emission at lowest ℓ-state is mainly due to the dominance of Coulomb term at lower an-

gular momentum states, where the suppression in the magnitude of centrifugal potential

is simultaneously noticed. At lower ℓ-states, ℓ(ℓ+1)∼ℓ2 term in the centrifugal potential,

does not contribute much, hence the dominance of Coulomb factor can be felt for the

proton decay. However, the Coulomb potential remains zero for the neutron emission re-

sulting higher barrier for the proton at ℓmin=10h̄ state. In contrast to this, the magnitude

of the centrifugal potential competes the Coulomb term and gradually becomes larger in

magnitude for the higher ℓ-values. Due to less influence of the Coulomb term at higher

ℓ-states, the barrier height get suppressed for the proton emission (see Fig. 5.1(b)). In

other words the Coulomb and centrifugal potentials play a significant role to define the

barrier characteristics of the proton and neutron decays. Note that the emergence of the

flip due to different barrier characteristics for proton and neutron emission channels also

effect the penetration path (see Fig. 5.2(c)). In addition to the barrier height, barrier

width also plays important role to describe the penetration of the fragment through the
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plotted for ℓmin and ℓmax values.

barrier, as evident from Eq. (2.34) in chapter 2. Depending on these factors, the pene-

trability P shows different behavior for p- and n-decay channels, plotted in Fig. 5.2(c).

Specifically, the variation of decay barrier width (|Ra-Rb|) can be depicted from the inset

of Fig. 5.2(c) to illustrate that the penetrability increases exponentially with decrease in

barrier width and vice versa. However, it is noticed that P increases with increase in ℓ for

both decay channels and in turn sets the minimum value of angular momentum, slightly

different for both particles.

In the next step, to investigate the fragmentation path of 68Ge∗ nucleus via p- and

n-particle evaporation channels, the mass-fragmentation potential V(A2) is illustrated in

Figs. 5.3(a,b) at Ec.m.=15.17 MeV. The results are obtained for both the decay channels

using different neck parameter (∆R), tuned in reference to experimental data. To examine

the comparative contribution of energetically favoured fragments, the fragmentation paths

are plotted for ℓmin and ℓmax values. One may notice from Figs. 5.3(a) and (b) that

the structure of fragmentation potential is almost independent of ℓ value for the fission

fragments (ff), but for light particles (LPs) there are significant variations. At lower

ℓ-values, the emission of light particles is favorable that means contribution of p- and n-

particles is prominent, whereas fission fragments (marked in figure as ‘ff’) start competing
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Figure 5.4: The energy (Ec.m.) dependence of (a) fragmentation potential (V),
(b) preformation probability (P0) and (c) penetrability (P ) for proton and neu-
tron evaporation channels at two ℓ-values, 15h̄ and 41h̄.

at higher ℓ-states. Following this, an attempt is made to estimate the fission excitation

functions for the decay of 68Ge∗ nucleus within the framework of DCM, which may be

verified by future experiment(s) (refer Table 5.2).

After analyzing the ℓ-dependence of fragmentation decay path for both decay chan-

nels, the effect of Ec.m. on the fragmentation potential, preformation probability and

penetrability is depicted in Figs. 5.4(a), (b) and (c) respectively, at two common ℓ=15h̄

and 41h̄ angular momentum states. These calculations are done at common ∆R, chosen

to fit the p-evaporation channel contributions. Clearly, the magnitude of fragmentation

potential increases slightly with Ec.m. for p- and n-particle emissions. Interestingly, the

fragmentation potentials for both channels overlaps at the ℓ=15h̄ angular momentum

state, indicating the fact that neutron and proton emissions are equally probable at lower

angular momentum states. Whereas, for higher angular momentum the fragmentation

behavior of the p- and n-decay channels differs significantly. For example at ℓ=41h̄, the

fragmentation potential is much higher for the neutron-emission as that of proton-decay.

Lower fragmentation potential for the proton-decay seems to suggest that the p-emission

is more favorable towards decay at higher angular momentum state. This outcome is as
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per the observation of Fig. 5.1(a), where lower barrier is reported for the proton emission

at ℓmax value. This difference in fragmentation potential of n- and p-decay channels at

higher ℓ-values enters primarily via rotational energy term due to difference in moment

of inertia, as different daughter nuclei are produced in these two channels. It may be

noted that 67Ga (the daughter nucleus in p-channel) is prolate deformed with β2=0.228,

whereas 67Ge (the daughter nucleus in n-channel) is oblately deformed with β2=-0.299.

As their radii are changed significantly, so moment of inertia changes accordingly. Note

that the minima in the fragmentation potential corresponds to maxima in P0 profile. The

preformation factor P0 shows opposite trend than that of the fragmentation potential in

reference to the ℓ-value. One can see from Fig. 5.4(b), at lower ℓ-value, both n- and

p-particles have quite higher magnitude of preformation probability, which in turn, rep-

resents that LPs are favorable at lower ℓ-states for all energies. Whereas, at higher ℓ, the

P0 has much lower magnitude, this is in agreement with Fig. 5.3(a) for the fragmentation

case. Next, the variation of penetrability P is defined via Fig. 5.4(c), it shows similar re-

sults as shown by fragmentation potential, owing maximum magnitude at higher ℓ-state,

and indicating the different barrier characteristics for both the emission channels. Also,

barrier penetrability (P ) shows increment with increase in Ec.m. particularly at lower ℓ.

Using the combined effect of P0 and P values, the ER cross-sections for p- and n-decay

channels are calculated within DCM approach, presented in Tables 5.1-5.2, and compared

with experimental data [11,12]. The DCM obtained results represent nice agreement with

the measurements of Ref. [11,12]. The optimized ∆R’s, which decides the enetry point of

the penetration path, are listed in the tables and plotted in Fig. 5.5(a). The magnitude of

∆R is more for n-channel as compared to that of p-channel. It may be due to the reason

that 68Ge appears below the β stability line and hence seems more prone for p-emission

which is in accordance with the result obtained from Fig. 5.4(a). As discussed earlier, the

fission fragments (ff) may also contribute in the decay of 68Ge∗ nucleus, particularly at

higher ℓ-states. Thus, in this work, the fission contribution are predicted, and presented

in Table 5.2, using ∆Rff=∆Rn-0.5 fm. It is relevant to mention that lighter fragments

are generally emitted first from the hot and rotating nuclei, establishing the fact that light

particle emission occurs prior to the fission process. Therefore, higher ∆R is considered

for ER formation as compared to the fission decay. Similar analysis is carried out in the
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Table 5.1: The calculated decay excitation functions for p-evaporation channels
using DCM at various Ec.m. for

4He+64Zn reaction and compared with exper-
imental data [11, 12]. The other related observable like neck-length parameter
(∆R) and temperature (T) also listed.

Ec.m. E∗

CN T ∆R σp(mb)

(MeV) MeV (MeV) (fm) DCM Exp. [11, 12]

5.79 9.14 1.168 0.606 2.63× 10−3 (2.65± 0.38)× 10−3

5.86 9.21 1.172 0.617 3.01× 10−3 (3.03± 0.40)× 10−3

6.16 9.51 1.190 0.716 3.73× 10−2 (3.73± 0.42)× 10−2

6.26 9.61 1.196 0.721 3.69× 10−2 (3.69± 0.42)× 10−2

6.39 9.74 1.203 0.805 2.94× 10−1 (2.94± 0.33)× 10−1

6.52 9.87 1.211 0.804 2.72× 10−1 (2.76± 0.31)× 10−1

6.80 10.15 1.227 0.830 4.32× 10−1 (4.38± 0.49)× 10−1

7.01 10.36 1.239 0.854 6.98× 10−1 (7.08± 0.80)× 10−1

7.04 10.39 1.240 0.846 5.76× 10−1 (5.88± 0.66)× 10−1

7.15 10.50 1.247 0.915 2.49 2.52± 0.28

7.51 10.86 1.267 0.964 5.89 5.95± 0.67

7.70 11.05 1.277 0.984 7.76 7.78± 0.88

7.96 11.31 1.291 0.991 7.98 7.96± 0.89

8.07 11.42 1.297 1.017 12.2 12.4± 1.4

8.47 11.82 1.318 1.091 36.5 36.6± 4.1

8.79 12.14 1.335 1.119 49.1 49.8± 5.6

9.04 12.39 1.348 1.152 72.4 72.3± 7.3

9.68 13.03 1.381 1.204 122 122± 13

10.30 13.65 1.412 1.242 171 172± 19

10.38 13.73 1.416 1.247 176 177± 20

11.09 14.44 1.45 1.290 253 254± 28

11.24 14.59 1.457 1.293 255 255± 28

11.60 14.95 1.474 1.301 263 265± 29

12.22 15.57 1.503 1.329 317 317± 36

12.37 15.72 1.510 1.341 343 344± 40

15.17 18.52 1.633 1.398 426 428± 50
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Table 5.2: Same as table 5.1 but for n-evaporation channel. In addition to this,
the predicted fission contributions (σFF ) also listed.

Ec.m. E∗

CN T ∆R σn(mb) σFF (mb)

(MeV) (MeV) (MeV) (fm) DCM Exp. [11, 12] at ∆Rn-0.5fm

9.04 12.39 1.348 1.361 10.6 10.6± 1.2 1.58×10−2

9.68 13.03 1.381 1.470 41.3 41.7± 4.6 7.98×10−2

10.30 13.65 1.412 1.553 70.2 70.4± 7.7 2.60×10−1

10.38 13.73 1.416 1.570 73.5 73.6± 8.1 2.86×10−1

11.09 14.44 1.450 1.617 106 106± 12 5.54×10−1

11.24 14.59 1.457 1.623 109 109± 12 5.84×10−1

11.60 14.95 1.474 1.640 120 120± 13 7.18×10−1

12.22 15.57 1.503 1.693 165 165± 18 14.44×10−1

12.37 15.72 1.510 1.709 178 178± 19 17.56×10−1

15.17 18.52 1.633 1.790 238 240± 26 37.20×10−1

earlier work [15] of DCM, based on the decay of Xe-nucleus. At different neck-length

parameters ‘∆Rff ’, the predicted excitation functions of fission fragments (A2=28-34

and their complementary fragments) are found to be negligibly small, indicating the fact

that Ge-nucleus decays primarily via light particles, and fission fragments contribution

is negligibly small. Moreover, if the ff cross-sections are calculated at ∆Rff=∆Rp-0.5

fm, i.e. at the neck-length parameter of proton emission, the fission contribution reduces

further. Hence the collective clusterization in light mass region, does not reinforce the

fragmentation to follow the fission path, instead ER formation is preferred. In addition to

this, the “barrier modification” (∆VB) another observable of DCM which can be related to

the ∆R (equivalently, Ra), is examined in Fig. 5.5(b). Apparently, ∆VB (in magnitude)

for each particle emission is maximum for lowest Ec.m. and minimum at the highest one.

It is clear from figure that larger barrier modification is needed for proton-emission in

comparison with neutron.

One-particle emission is dominant decay mode of 68Ge∗ nucleus, as explained earlier.

However, experiments [11, 12] also suggest that two-particle emission channels play sig-

nificant role at energies above than 20 MeV due to the large threshold of multi-nucleon

clusters. Although, this work is focused at lower incident energies, but an effort is made
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Figure 5.5: (a) ∆R and (b) ∆VB varying with Ec.m. for the decay of 68Ge∗

nucleus via neutron (solid squares) and proton (open circles) decay channels.

here to check the relative contribution of two-particle emission of 68Ge∗ nucleus generated

in 4He+64Zn reaction. The cross-sections of 68Ge∗→2p+66Zn and 68Ge∗→αn+63Zn de-

cays are calculated at two extreme energies Ec.m.= 5.79 MeV and 15.17 MeV. The DCM

calculated cross-sections are comes out to be σ2p=1.77×10−4 mb and σαn= 1.35×10−2 mb

at lowest Ec.m.= 5.79 MeV which increases with increase in Ec.m. and read as σ2p=1.27

mb and σαn=15.17 mb at highest Ec.m.= 15.17 MeV. These cross-sections are calculated

at same ∆R as observed for p-emission, because the previous study [9] of DCM indicates

almost similar magnitude of ∆R for one-particle and multi-nucleon emissions. Hence it

is evident from above discussion that the estimated cross-sections for 2p and αn don’t

contribute much towards the total reaction excitation functions, as reported in the exper-

imental work [12].

5.2.2 Decay of 70Ge∗ formed via loosely bound projectile 6He

After analyzing the dynamics of tightly bound 4He-induced reaction, the study is extended

further to explore the decay of excited 70Ge∗ nuclear system formed via interaction of two-

neutron halo ‘6He’ projectile and 64Zn target. Interestingly, in recent experiment [13],

6He+64Zn→70Ge∗ reaction has been studied at various energies across the barrier rang-

ing Ec.m. =7.54 to 16.1 MeV. The total fusion excitation functions (σfus) are obtained
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Figure 5.6: The fragmentation potential (V) and preformation probability P0 vs
ℓ plotted for evaporation residues (2n)68Ge, (np)68Ga, (2np)67Ga and (nα)65Zn
for the de-excitation of 70Ge∗ system formed via using loosely bound nucleus as
a projectile at energy 12.7 MeV.

by measuring the excitation-functions of various evaporation residues (ERs) (2n)68Ge,

(np)68Ga, (2np)67Ga and (nα)65Zn, as light charged particle emission is the primary de-

cay mode of 70Ge∗ nuclear system. Apart from ERs, the breakup and transfer events

also contribute to the total cross-sections due to loosely bound nature of the 6He pro-

jectile. Hence in this section, the evaporation residue, breakup+transfer cross-sections

(or equivalently incomplete fusion cross-sections) are addressed using DCM, for overall

knowledge of the dynamics of 6He+64Zn→70Ge∗ reaction, so that loosely bound nature

of 6He nucleus be explored. The detailed analysis of the above work is carried out in the

subsequent discussion.

To study the decay of 70Ge∗ nucleus, the fragmentation potential V(ℓ) and prefor-

mation probability P0(ℓ) are presented in Fig. 5.6 for the evaporation residues of 70Ge∗

nucleus, corresponding to energy Ec.m.= 12.7 MeV, above the Coulomb barrier. The differ-

ent ER decay modes which are shown in figure represent multi-nucleon clusters and heavy

residual nuclei, i.e., X+Y→2n+68Ge (solid squares), np+68Ga (open squares), 2np+67Ga

(solid triangles) and nα+65Zn (open triangles). Clearly, the fragmentation potentials

for all ER channels show increment with increase in angular momentum. The result
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Table 5.3: Excitation functions for individual ER 2n, np, 2np and nα channels with optimized ∆R values for the decay
of 70Ge∗ at various Ec.m.. σ

DCM
fus calculated by adding all ERs excitation functions and compared with experimental fusion

data [13].

Ec.m. E∗

CN T ∆R2n σ2n(
68Ge) ∆Rnp σnp(

68Ga) ∆R2np σ2np(
67Ga) ∆Rnα σnα(

65Zn) σDCM
fus σExpt.

fus

(MeV) (MeV) (MeV) (fm) (mb) (fm) (mb) (fm) (mb) (fm) (mb) (mb) (mb)

7.54 30.20 2.036 1.592 9.97 - - - - 1.349 14.2 24.17 128.43

9.15 31.81 2.088 1.860 44.6 - - 1.433 3.37 1.447 18.7 66.67 283.07

10.60 33.26 2.133 1.980 70.1 1.890 106 1.700 16.2 1.650 32.8 225.1 501.08

11.83 34.49 2.171 2.140 116 1.980 139 1.910 34.0 2.020 53.8 342.8 553.85

12.70 35.36 2.197 2.300 165 2.070 174 2.120 55.1 2.070 51.7 445.8 809.01

13.80 36.46 2.230 2.306 164 2.030 150 2.350 72.9 2.150 49.0 435.9 817.81

15.00 37.66 2.266 2.300 153 2.170 209 2.400 72.2 2.200 45.9 480.1 863.29

16.10 38.76 2.298 2.260 141 1.965 114 2.430 71.5 2.250 42.0 368.5 781.04
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reflects that light charged particle emission is probable at small values of angular momen-

tum states, due to lower fragmentation potential and larger preformation probability, as

shown in Figs. 5.6(a) and 5.6(b) respectively. Similar results are obtained for the decay

of 68Ge∗ nucleus, where the evaporation residue formation dominates at lower ℓ states.

Moreover, Fig. 5.6(a) shows that at lower ℓ-states the fragmentation potential increases

with increase in mass of the multi-particle cluster, i.e., maximum for nα and minimum for

2n cluster, whereas reverse trend is observed at higher ℓ values. As explained earlier in

section 5.2.1, this happens because of the relative contribution of Coulomb, proximity and

centrifugal potentials to the total fragmentation potential. Due to this, a flip in the mag-

nitude of the fragmentation potential arises around ℓ=30h̄. Similar results are obtained

from Fig. 5.6(b), plotted for the preformation probabilities of the decay fragments. The

preformation probability shows increment upto certain ℓ-states, then sharply decreases

near the ℓmax-values of the cluster emission. The maximum values of the angular momen-

tum can be estimated from Fig. 5.6(b), designated as a point where the contribution of

the preformation probability is negligible. Above the ℓmax-values the total cross-sections

becomes significantly small.

In reference to above discussion, the angular momentum window ℓmin≤ℓ≤ℓmax is fixed

and the excitation functions for the evaporation residues of 70Ge∗ nucleus are estimated

using Eq. (2.38) of chapter 2. The ℓmin for all the decay fragments lies around 0h̄, and

ℓmax-values are pointed in Fig. 5.6(b), which are different for different clusters. The

obtained excitation functions are presented in Table 5.3 for all the clusters. The best-fit

values of ∆R for individual ER channels along with T and Ec.m. are also listed in Table

5.3. Different ∆R values indicate unique reaction time scales for individual evaporation

residue channels. It is of interest to note that the total calculated fusion excitation func-

tions (σDCM
fus ) of 70Ge∗ compound system, i.e., sum of individual ER excitation functions,

deviate from the experimental measured fusion excitation functions (σExpt.
fus ) [13]. It is

clearly depicted from Fig. 5.7(a) and (b) that the 2n and np clusters show nice agreement

with the experimental data. Whereas, the mismatch between experimental and calcu-

lated excitation functions is observed for the (nα)65Zn-cluster (see Fig. 5.7(c)), which

is responsible for the decrement in the fusion excitation functions and signify the large

contribution of breakup and transfer channels. Moreover, the excitation functions of 2np-
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Figure 5.7: Comparison of experimental cross-sections with calculated ones for
(a) 2n, (b) np, (c) nα and (d) 2np evaporation channels at several Ec.m.’s for the
6He+64Zn reaction.

cluster are also underestimated at above barrier energies as shown in Fig. 5.7(d). The

results remain intact even at higher values of neck-length parameters. The suppression

in the nα and 2np excitation functions is governed mainly through the loosely bound

nature of the 6He projectile, responsible for the breakup and transfer events. The loosely

bound 6He nucleus breaks up into two parts 4He and 2n which act as new projectiles and

interact with the 64Zn target nucleus individually. It may be noted that 65Zn nucleus

is not formed only via nα evaporation channel, but also find its genesis in the breakup

and two-neutron transfer channels of 6He projectile, which is addressed in the subsequent

discussion, by employing the relevant energy correction. Also, the suppression in 2np

excitation functions is related with the incomplete fusion of other part of 6He nucleus

with target nucleus i.e. 4He+64Zn. In reference to above discussion, the contribution of

breakup and transfer channels is included in the present analysis as the difference between

estimated and experimental cross-sections, which reads as

σbreakup+transfer = (σExpt.
nα − σDCM

nα )

+ (σExpt.
2np − σDCM

2np ) (5.1)

Note that the breakup of loosely bound projectile and interaction of its one part with the
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Table 5.4: The obtained breakup+transfer excitation functions using DCM for
1n decay channel for 66Zn∗ excited system formed in the 2n+64Zn reaction, and
2p decay channel for 68Ge∗ produced in 4He+64Zn reaction at modified energies
Ec

c.m..

Ec
c.m. E∗

CN T ∆R σ

(MeV) (MeV) (MeV) (fm) (mb)

2n+64Zn→66Zn∗→1n+65Zn

2.670 22.08 1.805 1.265 89

3.229 22.64 1.827 1.340 162

3.746 23.16 1.847 1.398 241

3.824 23.24 1.850 1.366 177

4.489 23.90 1.875 1.462 349

4.878 24.92 1.889 1.472 345

5.304 24.72 1.905 1.473 320

5.690 25.10 1.920 1.475 305
4He+64Zn→68Ge∗→2p+66Zn

9.470 12.82 1.370 1.570 17.5

10.30 13.65 1.412 2.060 76.0

11.05 14.40 1.448 2.450 112.0

target has been analysed earlier in [9,10]. The 2n and 4He now act as new projectiles and

interact with the 64Zn target nucleus individually, and lead to the formation of 66Zn∗ and

68Ge∗ nuclear systems, which further decay via n+65Zn and 2p+66Zn channels respectively.

In the above process, the energy correction is required to address the breakup+tranfer

process, because the interaction energy must be modified according to the charge and mass

number of the new projectiles. The corrected energy (Ec) of new projectile is obtained

as [10]

Ec =
E

A
× Ap − E

A
× Ae (5.2)

Here Ap is the mass of projectile before breakup and Ae is mass of ejectile which is

an uninteracted outgoing fragment. Hence by including the relevant energy corrections,

the breakup and transfer processes and subsequently the decay of 66Zn∗ and 68Ge∗ nu-

clear systems are studied. The modified center-of-mass energies (Ec
c.m.) and respective

excitation energies (E∗

CN) are listed in Table 5.4. The corrected energies for breakup

channels are smaller in magnitude as compared to the fusion process. Accordingly, the

cross-sections are calculated for 1n decay of 66Zn∗ and 2p decay of 68Ge∗ via breakup
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and transfer reactions. The temperature (T ) and best-fit ∆R values are reported in Ta-

ble 5.4 and both increase with increase in energy. The angular momentum contributing

to the breakup+transfer cross-sections has the limiting values ℓmin=12h̄ and ℓmax=45h̄.

The total sum of DCM calculated breakup+transfer and fusion excitation functions show

good agreement with the experimental fusion data (refer Fig. 5.8). Broadly speaking,

the suppression in the total fusion contributions of 70Ge∗ CN due to nα and 2np channels

is compensated through the breakup+transfer events leading to 66Zn∗ and 68Ge∗ nuclear

systems, followed by 1n and 2p emission respectively. Conclusively, the loosely bound

nature of the 6He projectile influences the dynamics of 6He+64Zn reaction as the total

contribution of breakup+transfer channel is reasonably higher than that of the fusion

cross-sections.

5.2.3 Comparative analysis of fusion contributions of 4,6He+64Zn
reactions

Finally, the comparison of 4He+64Zn and 6He+64Zn reactions is investigated in Fig. 5.8.

As described earlier, the fusion excitation functions of nucleus formed in 4He+64Zn reac-

tion match with the experimental data nicely. On the contrary, suppression in the DCM

calculated fusion excitation functions are observed for 6He+64Zn reaction channel, due to

mismatch in the excitation functions of nα and 2np-clusters. The comparison of fusion

excitation function of 4He+64Zn and 6He+64Zn reactions, depicts below barrier enhance-

ment for 6He+64Zn case. However, the DCM calculated σfus for
6He+64Zn reaction bear

lower magnitude at above barrier region than that for 4He+64Zn. These two results can

be explained on the basis of structure properties of loosely bound projectile. The larger

radius of the loosely bound projectile reduces the Coulomb barrier, as a result one can

expect the fusion enhancement, as shown in Fig. 5.8 at sub-barrier energies.

Besides this, the low binding energy of the outer two neutrons of the 6He nucleus

results in larger contribution of breakup+transfer channels which could remove flux from

the complete fusion and hence suppress the fusion excitation functions. The DCM results

support that at the above-barrier energies, the breakup+transfer processes dominate and

result in fusion suppression. Note that similar kind of results have been analyzed for the

reactions of loosely bound projectile with heavy target (e.g. 11Be+208Pb [16]). Hence

from the above discussion the loosely bound nature of the 6He can be easily illustrated by
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reactions and compared with experimental data [11–13].

concluding following results: (i) The loosely bound character of the projectile is responsi-

ble for the breakup+ transfer channels which are addressed here via breakup and transfer

channels of 6He i.e. 2n+64Zn and 4He+64Zn. (ii) The comparison of the tightly and loosely

bound projectile induced reactions reveals the peculiar dynamics of 6He+64Zn interacting

pair. It has been emphasized that the loosely bound nature of 6He is responsible for the

sub-barrier fusion enhancement and above barrier fusion suppression.

5.3 Decay analysis of At∗ isotopes formed in
3,4,6,8He+209Bi reactions

It is emphasised in the previous sections that lighter 68,70Ge∗ nuclei mainly decay via

the ER channels, and predicted excitation functions of fission process are insignificant. In

this section, the fission decay of 212−217At∗ isotopes produced in 3,4,6,8He+209Bi reactions is

examined. A great deal of work have been devoted to measure the reaction cross-sections

e.g. evaporation residue [17, 18], fission decay [19–21], 4He yield [22, 23] and transfer

and breakup channels [24, 25] of 6He+209Bi reaction. The abundance of neutrons in the

loosely bound projectile is expected to have significant impact on the reaction excita-

tion functions. The measured fission contribution of 6He-induced reaction are larger than
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the 4He-induced fission contributions at energies higher than Coulomb barrier [19, 21].

However, the results of Kolata et al. [20] show large uncertainties in the fission measure-

ments, suggesting that further explorations are required to have better understanding

of dynamics. Therefore, it would be interesting to study the fission reactions involving

neutron-deficient and neutron-rich He-projectiles on the same target say 209Bi. The anal-

ysis is carried out within the framework of DCM. Note that, this study concentrate only

on complete fusion-fission mechanism, which means that the contribution of the breakup

and incomplete fusion components are not included in this analysis.

This study is divided into three sections. First of all , in section 5.3.1, the fission

excitation functions of 212At∗, 213At∗, 215At∗ compound nuclei formed, respectively, in

3He+209Bi, 4He+209Bi, 6He+209Bi reactions, are calculated by fixing the “neck-length

parameter ∆R”, in reference to the available above-barrier fission data [21, 26]. The

∆R-values increases with increase in E∗

CN for At isotopes (with CN mass number

ACN=212,213,215). Therefore, the linear fit equations of ∆R as a function of E∗

CN pro-

vide an opportunity to extend the fission analysis below barrier region as well as for

heavier isotope 217At∗ formed in 8He+209Bi reaction. Section 5.3.2 illustrates the fission

decay path for four isotopes of At∗ nucleus in terms of fragmentation potential and fission

fragment mass distributions. Further, the influence of N/Z ratio (of compound nuclei)

on preformation probability P0, penetrability P , fission cross-sections σfission and most

probable fission fragments, is duly addressed in section 5.3.3.

5.3.1 Fission contributions of 212−217At∗ nuclei

In order to calculate the fission excitation functions of 3,4,6,8He+209Bi nuclear systems, first

the barrier characteristics of these reactions are analyzed. Fig. 5.9 illustrates the scat-

tering potential (V=VP+VC +Vℓ), for
3He+209Bi, 4He+209Bi, 6He+209Bi and 8He+209Bi

reactions at common excitation energy E∗

CN=25 MeV, for two extreme ℓ values, i.e., 0h̄

and 139h̄. It is well known that Coulomb barrier (or fusion barrier) is lower for the reac-

tion involving loosely bound projectile as a consequence of large radius. Similar results are

observed from the figure that the lower Coulomb barrier is reported for the case of loosely

bound projectiles (6He and 8He) as compared to tightly bound He-induced reactions. An-

other factor which is effecting the fusion barrier and potential well is the neutron number
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(N) of the projectile. It is observed that the Coulomb barrier decreases and potential well

becomes deeper with increase in neutron number in the projectile nucleus, independent

of ℓ values. This is because of the fact that the radius increases with increase in neutron

number or equivalently the mass number. The difference in the barrier characteristics

significantly effect the tunneling probabilities of fragments through the barrier, and hence

the fusion excitation functions. Ultimately, the fusion excitation functions are expected

to increase as a function of neutron number of projectile and/or compound nucleus, since

common target 209Bi is used in present set of calculations. This in turn suggests that

the neutron (N) to proton (Z) ratios of reaction partners are important to decide the

fusion probability of a nuclear reaction. In general, the fusion excitation functions are the

addition of ER and fission contributions. However, this study will concentrate only on

the fission decay process from the complete fusion of He-induced reactions. In a recent

work [27], the ER decay analysis has been carried out within the framework of DCM, for

9Li+208Pb reaction forming 217At∗ compound nucleus, hence not included in present study.

In view of above discussion, it will be of further interest to see the effect of abundance of
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Figure 5.10: Plots of ∆R vs. E∗

CN obtained for (a)3He+209Bi (b) 4He+209Bi (c)
6He+209Bi reactions. The linear fit equation of ∆R are also presented for each
case.

neutrons and loosely bound characteristics of projectile (such as barrier characteristics)

on fission dynamics.

Table 5.5 represents the DCM-calculated fission excitation functions (σfission), and

other related quantities of 212At∗, 213At∗ and 215At∗ nuclei. The cross-sections are fitted

using the neck-length parameter ∆R in reference to the available fission data [21, 26] at

above barrier energies. The obtained fission excitation functions demonstrate the nice

agreement with experimental data. The fission contributions is higher for loosely bound

projectile induced reaction (6He) as compared to tightly bound projectile (3He, 4He)

induced reactions. In other words, the fission excitation functions increases with increase

in neutron number of projectile nucleus (or compound nucleus). As discussed earlier, it

is of interest to explore the fission enhancement or suppression for 6He induced reaction

in reference to the use of tightly bound 4He-induced reaction. An effort is made here to

clarify this point, by calculating the fission excitation functions at same ∆R for 4He+209Bi

and 6He+209Bi reactions. The DCM-calculated fission excitation functions are presented

in Table 5.6 at different excitation energies E∗

CN . Even for same ∆R, the magnitude of

fission excitation functions is higher for 6He-induced reaction in comparison with tightly

bound 4He-induced one. This signify that the larger radius and lower barrier of loosely

bound 6He-induced reaction lead to the fission enhancement. Hence, it is evident here

that the binding strength of projectile has strong influence on the fission contribution.

Note that the significance of “∆R” parameter used in DCM based calculations is like
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Table 5.5: DCM-estimated fission contributions (σfission) for 212,213,215At∗ at
above barrier excitation energies E∗

CN , and compared with experimental measure-
ments. The fitted ∆R values and other calculated quantities are also presented.

E∗

CN Ec.m. T ∆R ℓmax σfission
(MeV) (MeV) (MeV) (fm) (h̄) DCM (mb) Expt. (mb)

3He+209Bi→212At∗→A1+A2

31.63 24.86 1.180 0.793 143 0.866 0.897

36.12 29.35 1.260 0.812 144 3.28 3.20

40.35 33.58 1.330 0.824 145 10 10.14

43.76 36.99 1.363 0.845 145 18.46 18.41

50.99 44.22 1.492 0.875 146 38.4 38.55
4He+209Bi→213At∗→A1+A2

25.03 33.17 1.050 0.810 139 0.102 0.30

29.50 37.64 1.138 0.843 141 3.1 3.16

31.02 39.16 1.166 0.843 142 4.52 4.73

33.87 42.01 1.218 0.870 142 12.52 12.80

35.04 43.18 1.238 0.873 142 15.66 15.13

37.94 46.08 1.287 0.890 143 28.6 28.36

40.78 48.92 1.334 0.905 143 39 31.73

46.71 54.85 1.426 0.944 143 69.6 70.52

52.93 61.07 1.517 0.980 145 124.2 120.22

57.44 65.58 1.579 1.015 146 169.8 168.35

64.50 72.64 1.672 1.066 147 240 255.01
6He+209Bi→215At∗→A1+A2

27.15 25.62 1.087 0.865 142 6.56 6.62

31.02 29.49 1.161 0.878 143 13.56 13.34

31.90 30.37 1.177 0.892 143 21.8 22.44

33.38 31.85 1.203 0.900 143 35 34.08

38.91 37.38 1.297 0.946 144 108 106.01

39.99 38.46 1.315 0.950 144 109.6 107.47

47.39 45.86 1.430 1.014 146 262 255.63

50.04 48.51 1.468 1.043 146 318 315.58

57.05 55.52 1.566 1.099 147 458 460.18

58.76 57.23 1.589 1.122 147 516 514.78

62.09 60.56 1.633 1.146 149 710 708.52

67.05 65.52 1.696 1.169 149 832 828.40

68.13 66.59 1.709 1.169 150 890 880.88
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Table 5.6: Fission cross-sections for 213,215At∗ nuclei formed in 4,6He-induced
reactions at various excitation energies calculated using DCM, at common neck-
length parameter ∆R.

E∗

CN ∆R 213At∗ 215At∗

(MeV) (fm) (h̄) (mb) (h̄) (mb)

19.0 0.771 136 5.9x10−4 137 6.4x10−4

25.0 0.810 139 0.102 142 0.168

40.0 0.905 143 39 145 45.6

50.0 0.980 145 124.2 146 154.8

the one used in scission and saddle point statistical models [28–32]. Further, the variation

of ∆R with excitation energy E∗

CN is presented in Fig. 5.10. A linear increment is

observed in ∆R with rise in E∗

CN values, which in turn used to predict the below barrier

fission contributions (not measured so far), for At∗ isotopes formed in 3,4,6He-induced

reactions. The fission excitation functions are predicted by using the linear fit method

for ∆R parameter as a function of E∗

CN (i.e. ∆R = mE∗

CN + c, where m and c are slope

and intercept, respectively) for all three studied nuclei as shown in Figure 5.10(a)-5.10(c),

and given below:

∆R = 0.00425E∗

CN + 0.65734, (5.3)

∆R = 0.00634E∗

CN + 0.65037, (5.4)

∆R = 0.00802E∗

CN + 0.63633, (5.5)

respectively, for 212At∗, 213At∗ and 215At∗ compound nuclei. The predicted σfission at

below barrier energies are listed in Table 5.7.

Further, the study is extended to another loosely bound projectile i.e. 8He. In order

to estimate the fission excitation functions for 8He+209Bi→217At∗ reaction, the slope (m)

and intercept (c) values are extrapolated, which are obtained via linear fits of ∆R for

212At∗, 213At∗ and 215At∗ nuclei, see Fig. 5.11(a) and 5.11(b). Figures represent the

plots of slope m and intercept c, and their extracted values as a function of ACN . Using

the extrapolated values of m and c, the new equation of ∆R as a function of E∗

CN for

8He+209Bi→217At∗ reaction reads as

∆R = 0.0097E∗

CN + 0.62229. (5.6)
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Table 5.7: The predicted fission excitation functions (σfission) at below barrier
energy region 212,213,215At∗ nuclei using extrapolated ∆R values. Besides this, the
predicted fission contributions for 8He+209Bi→217At∗ reaction are also presented.

E∗

CN Ec.m. T ∆R ℓmax σDCM
fission

(MeV) (MeV) (MeV) (fm) (h̄) (mb)
3He+209Bi→212At∗→A1+A2

19.0 12.23 0.920 0.738 137 3.36x10−4

21.0 14.23 0.966 0.747 140 6.3x10−3

23.0 16.23 1.010 0.755 140 8.0x10−3

25.0 18.23 1.052 0.764 140 2.8x10−2

25.89 19.12 1.070 0.767 141 5.12x10−2

4He+209Bi→213At∗→A1+A2

19.0 27.14 0.917 0.771 136 5.9x10−4

21.0 29.14 0.963 0.784 138 8.24x10−3

23.0 31.14 1.007 0.796 139 2.86x10−2

6He+209Bi→215At∗→A1+A2

19.0 17.47 0.913 0.789 135 6.36x10−4

21.0 19.47 0.959 0.805 139 2.04x10−2

23.0 21.47 1.002 0.821 140 1.72x10−1

25.0 23.47 1.044 0.837 142 1.24
8He+209Bi→217At∗→A1+A2

19.0 9.28 0.909 0.807 135 6.86x10−4

21.0 11.28 0.954 0.826 138 2.24x10−2

23.0 13.28 0.998 0.845 141 0.38

25.0 15.28 1.039 0.865 141 1.58

27.15 17.43 1.082 0.886 143 10.2

31.02 21.30 1.155 0.923 143 42.8

31.90 22.18 1.171 0.932 144 65.8

33.38 23.66 1.198 0.946 144 100

38.91 29.19 1.291 0.999 145 274

39.99 30.27 1.309 1.010 145 316

47.39 37.67 1.423 1.082 147 618

50.04 40.32 1.462 1.108 147 702

57.05 47.33 1.559 1.176 148 1316

58.76 49.04 1.582 1.192 149 1730

62.09 52.37 1.626 1.225 150 1980

67.05 57.33 1.688 1.273 151 1894

68.13 58.41 1.702 1.283 151 1778
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Figure 5.11: Variation of (a) Slope (m) and (b) intercept (c) with mass of CN
for linear fit of ∆R as a function of excitation energy. Filled and open squares
are, respectively, fitted and extrapolated values.

Utilizing this equation the values of ∆R are obtained at different E∗

CN , and used in turn

to calculate the fission excitation functions for 8He-induced reaction, and listed in Table

5.7.

Finally, the comparison of fission excitation functions of all considered reactions at

below as well as above barrier energies is shown in Fig. 5.12. The inset of figure depict

the broad view of fission contributions at sub-barrier region. Note that the excitation

functions are calculated for the most energetic fission fragments i.e. A2=72-92, 73-92, 76-

92 and 78-93 (plus complementary fragments) respectively for 212At∗, 213At∗, 215At∗ and

217At∗ compound nuclei (see Fig. 5.14 and 5.15). The comparison of fission cross-sections

for all He-induced reactions indicate that σfission increases as a function of E∗

CN , and also

with the increase in neutron number of projectile. This signify that the neutron number of

the projectile and/or CN strongly influence the fission contributions. The similar trend is

observed at below as well as above barrier region. However, the difference between fission

cross-sections of ‘At’ isotopes is large at above barrier energies in comparison to below

barrier region. The calculated results show nice agreement with experimental measure-

ments [21,26] available at above barrier energies for 3He, 4He and 6He induced reactions.

It will be of future interest to validate the below barrier predictions for ACN=212,213,215

isotopes of At∗ and overall predictions for 217At∗ nucleus formed in 8He-induced reactions.
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Figure 5.15: Identified most probable fission fragments are presented for
(a)212At∗, (b)213At∗, (c)215At∗ and (d)217At∗ compound nuclei.

5.3.2 Fission fragment mass distributions of At∗ isotopes

In order to visualize the decay path of 212,213,215,217At∗ isotopes, Fig. 5.13 illustrates the

fragmentation potential V(A2) at common excitation energy E∗

CN=25 MeV. It is noticed

from figure that the structure of fragmentation potential is almost similar for the chosen

At∗ isotopes, however its magnitude increases with the increase in mass number of CN.

For each case, deep valley is observed at asymmetric fission (Asym) region, as marked in

Fig. 5.13. Beside this, a small dip is seen around symmetric fission (Sym) window, which

is relatively prominent for lighter CN as compared to heavier one.

Furthermore, the fission decay path of He-induced reactions is explored in terms of

fission fragment mass distributions. Figs. 5.14(a)-5.14(d) present the preformation prob-

ability P0(Ai) for
212,213,215,217At∗ nuclei at extreme excitation energies E∗

CN . The fission

fragment mass distributions gets modified with the addition of neutrons in CN. Although,

it is clearly evident from figure that asymmetric fission forms the dominant decay mode

for all At∗ isotopes studied at extreme compound nucleus excitation energies. A small

hump around symmetric fragments with very small preformation probability is observed

for two lighter mass systems i.e. 212At∗ and 213At∗, which disappears for compound nuclei

with more number of neutrons. The asymmetric fission fragments contributing the fission

excitation functions, are marked in figure for each At compound nucleus. The individual

identification of each contributing light asymmetric fission fragments (A2) is made in Figs.

5.15(a)-5.15(d). It may be noted that the emergence of fission fragments remain same at
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Figure 5.16: (a) ℓ-summed P0 (b) ℓ-summed P and (c) ℓ-summed σfission as a
function of most probable light fission fragments A2 at excitation energy E∗

CN=50
MeV.

all studied excitation energies.

5.3.3 N/Z dependence of various fission observables

This section is intend to examine the role of N/Z ratio on various nuclear observables used

in DCM approach. Figs. 5.16(a)-5.16(c) illustrate behaviour of ℓ-summed preformation

probability P0, barrier tunneling P , and fission excitation functions σfission, with summa-

tion upto ℓmax value, as a function of asymmetric fission fragments (A2) for
212,213,215,217At∗

nuclei. The calculated results are plotted at common excitation energy E∗

CN≈50 MeV.

One can see from figure that the magnitude of preformation probability (P0) of fission

fragments is slightly different for different At isotopes. However, significant influence of

N/Z ratio is seen on barrier penetrability P . The barrier penetrability of fission fragments

increases with increment in the neutron number of CN. This can also relate with Fig. 5.9,

where nuclear reaction with larger neutrons show lower barrier, and hence larger tunneling

probabilities. Thus, ΣP has larger magnitude for nuclear systems with large N/Z ratio.

Further, Fig. 5.16 shows the combine effect of P0 and P in terms of fission excitation

functions σfission. Figure illustrates that fission excitation functions follow the behavior

of P0, which suggests that structure effects are controlled via preformation factor P0 and

barrier tunneling probability P contributes towards the magnitude of cross-sections. Fig-
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ure shows that fission cross-sections are higher for nuclei having large N/Z ratio. The

total σfission is plotted in Figs. 5.17(a)-5.17(d) as a function of N/Z of CN at various

excitation energies E∗

CN≈19-50. Variation of σfission show an increment with increase in

N/Z ratio at each excitation energy E∗

CN . It represents that the fission cross-sections are

larger for heavier nuclear isotopes, at below as well as above barrier energies.

Finally, Fig. 5.18(a) and 5.18(b) show the N/Z ratio of most probable light (A2)

and heavy (A1) asymmetric fission fragments observed in the decay of 212,213,215,217At∗

compound nuclei, as a function of “N/Z ratio” of compound nuclei. Most energetic fission

fragments are also mentioned in the figure. Interestingly, for each case, the neutron

number of most probable light fission fragments (A2) is a magic number i.e. N=50.

However, the atomic and neutron number of heavy asymmetric fission fragments lie in

the vicinity of magic shell closures Z = 50 and N = 82, which manifests the impact of

shell effects in the fission process.

5.4 Summary

In this chapter, the decay analysis of hot and rotating Ge and At isotopes formed

in tightly and loosely bound He-induced reactions are investigated. First, the decay of

68Ge∗ and 70Ge∗ nuclear systems formed via tightly bound ‘4He’ and loosely bound ‘6He’

projectiles at various Ec.m. is investigated. The DCM obtained results find good agree-
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ment with experimental measurements for all the decay channels of 68Ge∗ nucleus. The p-

and n-emissions, which are dominant decay modes of 68Ge∗ nucleus, show different barrier

characteristics with respect to angular momentum (ℓ). Also, the Ec.m.-dependence and

ℓ-dependence of fragmentation potential, preformation probability and barrier penetra-

bility are duly addressed. Moreover, the fission contribution for the decay of 68Ge∗ has

been predicted, which comes out to be negligibly small due to lighter mass of compound

system. Further, the excitation functions of various evaporation residues (ERs) (2n)68Ge,

(np)68Ga, (2np)67Ga and (nα)65Zn for the decay of 70Ge∗ system are estimated and found

that the σER for (nα)65Zn and (2np)67Ga channel deviates from the experimental data.

This deviation suggests the breakup of 6He projectile (i.e. 6He→2n+4He) and transfer

of 2n and 4He leads to the formation of 66Zn∗ and 68Ge∗ nuclei. The breakup+transfer

cross-sections are calculated by applying appropriate energy corrections. The total sum of

fusion and breakup+transfer excitation functions represent good agreement with experi-

mentally measured fusion data. Further, to understand the influence of the halo structure

of 6He, a comparative study of tightly bound ‘4He’ and loosely bound ‘6He’ projectile in-

duced reactions has been carried out. A lower Coulomb barrier and smaller binding energy

of loosely bound nucleus in turn influences the fusion cross-sections and related reaction

mechanisms. Because of the loosely bound nature of 6He nucleus, sub-barrier enhance-

ment and above-barrier suppression are observed in the fusion cross-sections of 6He+64Zn
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reaction.

After investigating the decay of lighter compound nuclei, the fission dynamics of

212,213,215,217At∗ isotopes formed in tightly and loosely bound projectile induced reactions

i.e. 3,4,6,8He+209Bi is investigated at excitation energies (E∗

CN) across the Coulomb bar-

rier. Within DCM, the experimental fission excitation functions are addressed using ∆R

parameter at above barrier region. The fission decay analysis is extended further at below

barrier energies for 212,213,215At∗ nuclei using linear fit equation of ∆R as a function of E∗

CN .

Using the systematics of 212,213,215At∗ isotopes, the fission contributions are predicted for

another loosely bound and neutron-rich projectile induced reaction i.e. 8He+209Bi→217At∗

at E∗

CN across the barrier. An experimental verification is called for the fission contri-

butions of 212,213,215At∗ isotopes at below barrier region, and for 8He+209Bi across the

Coulomb barrier. The fission excitation functions are observed to be sensitive towards

the neutron number of projectile nucleus, which show an increment with increase in neu-

tron number. Next, the fission fragment mass distributions of At isotopes are analyzed in

terms of fragmentation potential and preformation probability yield. The mass distribu-

tion of fission fragments gets modified with the addition of neutrons in the highest isotope

chosen for analysis. Interestingly, all At isotopes decay via asymmetric fission mode, irre-

spective of energy and angular momentum effects. Furthermore, the most energetic fission

fragments are identified for each case, which lie in the neighbourhood of magic shell clo-

sures of Z or N=50 and N=82. It is emphasised that in isotopic analysis, the structure of

contributing fission fragments is controlled via preformation factor and the magnitude of

fusion cross-sections is influenced largely by the barrier tunneling probability.

The investigation of light particle, heavy ion and loosely bound projectile induced

reactions (covered in this and previous chapters), depicts various dynamical and structural

aspects of fission dynamics. This study is carried forward in the next chapter for the

detailed analysis of fine structure effects in the fission fragment mass distributions for a

wide range of nuclei studied at near and above Coulomb barrier energies.
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Chapter 6

Fine structure effect in fission
fragment mass distributions

In previous chapters, extensive analysis of decay dynamics is studied with particular focus

on fusion-fission channel. The investigations are carried out for light and heavy mass

compound nuclei formed via variety of projectiles over a wide range of incident energies

spread across the Coulomb barrier. In addition to light particle induced fission, the

compound nucleus (CN) and non-compound nucleus (nCN) channels were investigated for

the case of heavy ion induced reactions. This chapter will focus on the interesting aspect of

fission fragment mass distributions “termed as fine structure effect”, and explored in terms

of energy and mass of CN. It is indeed highly desirable to investigate the fine structure

among the contributing fission fragments, which inturn may provide possibility of some

exotic nuclei far from stability line. The fission fragment mass distributions are utilized

as a probe to study the mass division of nuclear systems [1–3]. The structural effects are

expected to reflect in the fragmentation potential due to the competition between distinct

fission modes, i.e. symmetric (Sym) and asymmetric (Asym) fission. For this purpose,

the fission dynamics is explored for various pre-actinide and actinide nuclei having mass

ACN=185-235 and ZCN=83-92. 19F nucleus is used as a common projectile for the chosen

set of reactions studied in this chapter. The calculations are carried out at near and above

barrier energies by employing the dynamical cluster-decay model (DCM). The outcomes

from these calculations are presented in the coming sections and published in Refs. [4,5].

A brief introduction of this work is given below.

134
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6.1 Introduction

This chapter confers the understanding of the fine structure effects in the mass distri-

butions for a wide range of energies and fissioning nuclei (from proton-rich to neutron-rich

systems). The investigation of fragment mass distribution as a function of center-of-mass

energy (Ec.m.) and compound nucleus mass (ACN ) is carried out for 19F-induced fission of

several pre-actinide (Bi, Po, At, Rn and Ra) and two actinide (Pa and U) nuclei within

the framework of DCM [6–14]. In a previous work [6,7], the fission decay of Fr pre-actinide

nuclei produced in 19F-induced reactions was analyzed using DCM, thus not included here.

For the considered nuclei, the fission excitation functions are computed. The calculations

are carried out by including β2-quadruple deformation effects of decaying fragments with

optimum orientations (θopt.i ).

First, the section 6.2 of this chapter describes the energy dependence of fine structure

effects that comes in picture via the fragmentation potential of the fissioning region, and

is analysed for 201Bi∗, 206Po∗, 211At∗ 212Rn∗, 216Ra∗, 227Pa∗ and 228U∗ compound nuclei

formed in 19F+182W, 19F+187Re, 19F+192Os, 19F+193Ir, 19F+197Au, 19F+208Pb and 19F+

209Bi reactions respectively. Further, the fission excitation functions are calculated, and

compared with the experimental data of Refs. [15–17]. In section 6.3, the influence of

shell corrections and deformations in the mass distributions is investigated. To identify

the transitional mass region where symmetric to asymmetric fission transition takes place,

the mass/isospin dependence of mass distributions of pre-actinide and actinide nuclei, is

studied in section 6.4. Moreover, the most probable fission decay fragments are also

identified.

6.2 Energy dependence of fission fragment mass dis-

tribution and fission cross-sections

The fragmentation potential VR(η, T ) is an essential ingredient of the DCM-

calculations, and its structure provides the information about energetically favoured decay

modes of compound nuclei. Figs. 6.1(a)-6.1(c) present the fragmentation potential for

201Bi∗, 212Rn∗ and 228U∗ compound nuclei produced in 19F-induced reactions at common

Ec.m.∼80 MeV. The first look of fragmentation potential suggests relatively more struc-
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Figure 6.1: DCM-calculated fragmentation potential VR(η, T ) for the com-
pound nuclei 201Bi∗, 212Rn∗ and 228U∗ formed in 19F+182W, 19F+193Ir and
19F+209Bi reactions respectively, at Ec.m.∼80 MeV.

tural effects in the lighter mass nucleus than the heavier one. The asymmetric fission

(Asym) decay mode for considered nuclei is represented by the deep valleys correspond-

ing to the light (AL) and heavy (AH) asymmetric fission fragments, as marked in Fig.

6.1. Very small probability of symmetric fission (Sym) channel is observed for 201Bi∗ and

212Rn∗ nuclei, where 228U∗ nucleus decays via pure asymmetric fission channel. Note that

all the calculated results are presented for maximum angular momentum values (ℓmax), as

fission decay is considered here. The energetically favoured fission fragments are identified

and marked in the Fig. 6.1.

The minimum value of fragmentation potential corresponds to the highly preformed

fragments, and hence preformation probability P0 follow an inverse trend (see Fig. 6.2).

To look for the fine-structure features in the fission region and their energy dependence,

the behaviour of fission fragment mass distributions in terms of preformation probabil-

ity P0 of decaying fragments is further investigated. Figs. 6.2(a)-6.2(g) demonstrate the

preformation probability P0 of all considered pre-actinide (201Bi∗, 206Po∗, 211At∗, 212Rn∗

and 216Ra∗) and actinide (227Pa∗ and 228U∗) nuclei at extreme centre-of-mass energies.
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Figure 6.2: Preformation probability P0(Ai) for the pre-actinide (a-d) and ac-
tinide (e-g) nuclei generated in 19F-induced reactions at extreme Ec.m. values.

The distinct valleys in the fission region of fragmentation potential (see Fig. 6.1) lead

to corresponding peaks in the preformation profile. Therefore, some of the pre-actinide

nuclei (201Bi∗ to 212Rn∗) exhibit the triple humped mass distribution, which signify the

presence of multi-mode fission i.e. symmetric and asymmetric. This suggests that lighter

mass nuclei exhibit more structural effects than the heavier one. It can be depicted from

preformation plots that the asymmetric channel is predominant for all considered nuclei

at extreme energies. Same result was observed for 213,217Fr∗ compound nuclei, presented in

Ref. [6]. The shape of distinct peaks in the preformation profile give rise to the possibilities

of fine-structure effects in the fission region. These structural effects and competition be-

tween distinct fission modes can be studied by investigating the variation of symmetric to

asymmetric fission peaks (PSym/PAsym) with Ec.m. for nuclei showing triple humped mass

distributions. Figs. 6.3(a) and 6.3(c) present the energy-dependent PSym/PAsym ratios for

201Bi∗ and 206Po∗ nuclei, whereas other pre-actinide and actinide compound nuclei decay

mainly via asymmetric fission and hence such analysis is not relevant for them. These

peak ratios are calculated for symmetric and asymmetric fission fragments as marked

in Fig. 6.2. The behaviour of calculated peak ratios is similar, i.e broadly decreases

with increase in Ec.m. for both nuclei. This indicates that the contribution of symmetric
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Figure 6.3: Variation of PSym/PAsym with Ec.m. for (a) 201Bi∗, (b) 206Po∗ and
(c) 211At∗ compound nuclei.

component is relatively more at smaller energies. However, the asymmetric fission forms

the predominant decay channel at considered energy range for all the pre-actinide and

actinide nuclei reported in Fig. 6.2. The most energetic peaks of asymmetric fission

with maximum preformation probability P0 are seen at AL:AH=
69Cu:132Xe, 84Se:122Sn,

85Br:126Sn, 87Kr:125Sn, 91Sr:125Sn, 92Sr:135I and 92Sr:136Xe, respectively, for 201Bi∗, 206Po∗,

211At∗, 212Rn∗, 216Ra∗, 227Pa∗ and 228U∗ compound nuclei, where AL and AH are, re-

spectively, the light and heavy asymmetric fission fragments. Interestingly, asymmetric

fission (Asym) peaks arise around mass asymmetry ηAsym∼0.2 for most of the cases. The

predicted most probable heavy asymmetric AH fragments are found to lie around magic

shell closure of Z=50.

Further, the fission cross-sections of considered pre-actinide and actinide nuclei are

calculated by fixing the ∆R parameter. Table 6.1 presents the DCM-obtained excita-

tion functions for the energetically favoured fission fragments marked in Fig. 6.2. The

calculated σfission show good agreement with the data given in Refs. [15–17], except at

few highest energies Ec.m.≥100 MeV. Therefore, one may anticipate that the formation of

equilibrated CN is hindered at higher incident energies due to possible contribution of non-

compound nucleus (nCN) process. The presence of nCN process, such as quasi fission, is

also observed experimentally in reaction involving 19F as a projectile see Ref. [18]. Thus,



6.2 Energy dependence of fission fragment mass distribution and fission cross-sections139

Table 6.1: The calculated fission excitation functions of several pre-actinide and
actinide nuclei at various Ec.m., and compared with the measured data [15–17].
The optimized values of ∆R parameter with other calculated quantities are also
presented in the table.

Ec.m. E∗

CN T ∆R ℓmax Fission cross-section σfission
(MeV) (MeV) (MeV) (h̄) (fm) DCM (mb) Expt. (mb)

19F+182W→201Bi∗→A1+A2

78.6 50.3 1.523 0.958 127 9.38 9.6±1.0

84.0 55.7 1.602 1.023 128 48.4 49.6±5.0

88.6 60.2 1.664 1.081 129 111.0 111.6±11.2

94.0 65.7 1.738 1.160 130 236.0 237.4±23.7

98.5 70.2 1.795 1.200 131 330.0 333.6±33.4

104.0 75.6 1.862 1.222 132 420.0 471.4±47.1

108.5 80.2 1.918 1.230 133 410.0 617.5±61.8
19F+187Re→206Po∗→A1+A2

74.2 49.7 1.496 0.829 135 0.46 0.46±0.05

78.8 54.2 1.561 0.888 137 10.04 10.2±1.0

84.2 59.7 1.637 0.975 138 54.0 54.0±5.4

88.7 64.2 1.697 1.050 139 130.0 130.2±13.0

94.2 69.7 1.767 1.130 140 264.0 261.3±26.1

98.7 74.2 1.822 1.169 142 404.0 403.3±40.3

104.2 79.7 1.888 1.185 143 478.0 538.9±53.9

108.7 84.2 1.940 1.186 144 474.0 653.9±65.4
19F+192Os→211At∗→A1+A2

75.7 49.32 1.472 0.828 140 1.058 1.09

78.5 52.10 1.512 0.868 140 6.32 6.36

80.8 54.42 1.545 0.897 140 13.18 13.16

83.2 56.82 1.578 0.933 141 33.0 33.16

86.4 60.02 1.621 0.978 142 68.8 68.62

89.2 62.82 1.658 1.018 143 113.6 113.86

95.3 68.92 1.736 1.107 144 248.0 248.78
19F+193Ir→212Rn∗→A1+A2

74.4 47.0 1.434 0.754 138 0.392 0.40±0.04

79.0 51.6 1.501 0.830 140 10.84 10.6±1.1

84.4 57.1 1.578 0.970 140 68.20 69.9±7.0

89.0 61.6 1.638 1.088 140 197.8 198.0±19.8

94.4 67.1 1.709 1.159 141 364.0 362.1±36.2

99.0 71.6 1.765 1.182 142 518.0 523.2±52.3

104.5 77.1 1.831 1.178 143 450.0 683.9±68.4

109.0 81.7 1.884 1.180 144 452.0 794.1±79.4
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Table 6.2: Table 6.1 continued...

Ec.m. E∗

CN T ∆R ℓmax Fission cross-section σfission
(MeV) (MeV) (MeV) (h̄) (fm) DCM (mb) Expt. (mb)

19F+197Au→216Ra∗→A1+A2

74.5 37.9 1.277 0.754 134 0.366 0.369

78.3 41.7 1.339 0.831 134 9.12 9.117

81.8 45.2 1.393 0.963 134 64.2 63.89

85.6 48.9 1.449 1.070 134 176.8 177.70

89.3 52.7 1.502 1.133 135 320.0 324.28

92.9 56.3 1.552 1.161 136 460.0 460.18

96.7 60.1 1.603 1.170 136 470.0 601.88

100.4 63.8 1.651 1.167 137 446.0 720.66

104.0 67.4 1.696 1.175 137 460.0 828.40

107.7 71.1 1.742 1.180 138 494.0 926.70
19F+208Pb→227Pa∗→A1+A2

77.6 27.48 1.064 0.964 122 1.53 1.55

78.6 28.48 1.083 0.975 122 3.66 3.61

80.6 30.48 1.119 0.993 124 13.38 13.24

83.6 33.48 1.172 1.075 124 115.6 116.6

90.0 39.48 1.277 1.174 126 390.0 404.4

99.6 49.48 1.521 1.180 128 390.0 825.6
19F+209Bi→228U∗→A1+A2

80.5 31.4 1.134 0.943 123 6.22 6.3±0.6

82.2 33.1 1.163 0.958 124 16.34 16.8±1.1

83.4 34.3 1.184 0.982 124 33.2 34.0±2.0

85.1 36.0 1.212 1.016 125 74.8 75.0±5.0

86.2 37.1 1.231 1.040 125 105.8 108.0±6.0

87.5 38.4 1.252 1.080 125 156.6 159.0±9.0

91.4 42.3 1.313 1.150 126 318.0 318.0±30.0

95.1 46.0 1.368 1.170 126 386.0 399.0±20.0

98.6 49.5 1.418 1.176 127 428.0 551±30.0
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the deviation of estimated fission excitation functions from the measured data [15–17]

indicates the presence of quasi fission, as higher energies above the Coulomb barrier are

more prone to the nCN content in agreement with the results presented in chapter 4.

6.3 Influence of “shell corrections” and “deforma-

tions” on the mass distributions

At low excitation energies, the microscopic shell effects impart significant role in fixing

the suitable combination of decaying fragments. Although the present set of calculations

are done at relatively higher energies (T≥1.5 MeV for most of the cases) and hence role of

shell corrections are expected to be limited, which in turn mean that the fission dynamics

may be influenced via some additional effects as well. In order to quantify such effects,

initially the calculations are done with and without inclusion of shell corrections. Figs.

6.4(a)-6.4(d) show the preformation probability calculated by including and excluding

the shell correction term (δU) in the potential for lighter and heavier mass nuclei i.e. for

201Bi∗ and 228U∗, using spherical fragmentation only. The calculated results are plotted

at T=0.5 MeV and 1.5 MeV for both compound nuclei. The fission mass division shifts

from symmetric to asymmetric with the incorporation of δU term as shown in Fig. 6.4(a)

and 6.4(b). It is known that a closed shell nucleus is more stable and occupies the min-

ima position in fragmentation potential. Consequently, the preformation probability has

maximum value for closed-shell fission fragments. This suggests that the shell corrections

play significant job in the mass division of fissioning nuclei at lower temperature. While,

at higher temperature T=1.5 MeV, see Fig. 6.4(c) and 6.4(d), the effect of microscopic

energy (shell corrections) almost disappear and structural effects are significantly reduced.

Hence, the symmetric mass distribution is observed for both cases at higher temperature.

Above results signify that there is another factor which is responsible for the evolution

of structure in the fission region of mass distribution as observed in Figs. 6.1 and 6.2 for

several compound nuclei. In order to resolve this aspect, the dependence of fragmentation

potential (and preformation profile) on the deformations of decay fragments in binary

fragmentation process, is analyzed. In Fig. 6.5, the specific role of deformations of

fragments is explored for both 201Bi∗ and 228U∗ compound nuclei at T=1.5 MeV where shell

effects significantly reduce, but structural effects are still present as shown in Fig. 6.2 for
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Figure 6.4: Preformation profile P0(Ai) for fissioning 201Bi∗ and 228U∗ nuclei
with and without the incorporation of δU term at temperature T=0.5 MeV and
1.5 MeV.
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various nuclei. It is noticed from figure that the structural effects in fissioning region enter

via the inclusion of β2-quadruple deformations for both pre-actinide (201Bi∗) and actinide

(228U∗) nuclei. It is observed that the fragments on the peaks of preformation yield are

spherical or near-spherical (with very small magnitude of β2-deformation). Whereas, the

fission fragments of the valleys are highly deformed. This indicates that the deformations

of decaying fragments play crucial role in depicting the structural pattern in fissioning

region, and hence on the overall governance of fission dynamics. This study is confined

to β2-deformations in the present analysis and it will be of future interest to see the

corresponding effect of higher multipole deformations on the structural variation of fission

fragments.

6.4 Mass dependence of fission fragment mass distri-

butions

After studying the energy dependence of fragment mass distribution, fission cross-sections,

and various factors effecting the fission dynamics, next the dependence of fragment mass

distribution on mass of compound systems is explored, by studying the dynamics of a

series of proton-rich to neutron-rich nuclei. The calculated results are presented in Figs.

6.6(a)-6.6(t) and 6.7(a)-6.7(h) for various pre-actinide and actinide nuclei from 185Bi∗ to

235U∗ produced in 19F-induced reactions at common Ec.m.∼80 MeV near the Coulomb

barrier. The optimized value of ∆R at Ec.m.∼80 MeV for different nuclei as tabulated

in Table 6.1, is used to calculate the isotopic mass distributions. The main interest

here is to identify the co-existence of both symmetric and asymmetric fission channels,

and to identify the switching point where symmetric to asymmetric fission transition

takes place. It is observed from figure that the lighter mass isotopes of considered nuclei

show symmetric mass distribution. As the mass of compound nucleus ACN increases,

three peaked structure start appearing in the preformation profile, indicating the presence

of two distinct modes of fission. However, for the further heavier isotopes, this three

peaked mass structure gets converted to the two peaked mass distribution, which show

the dominance of asymmetric fission. Broadly speaking, a transition from symmetric

fission to asymmetric fission is observed as one goes from lighter to heavier mass isotope.

The relevant details of transitional region and observed light and heavy asymmetric fission
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Figure 6.6: Preformation yield P0(Ai) for various isotopes of Bi, Po, At, Rn
and Ra pre-actinide nuclei at common Ec.m.∼80 MeV.
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Figure 6.7: Same as figure 6.6 but for isotopes of Pa and U actinide nuclei.

fragments are discussed in Fig. 6.8 and Fig. 6.9. Note that the fragments observed at

peaks of preformation profile are spherical or near spherical with very small magnitude of

β2-deformation. Whereas, the fragments present in the valleys of P0 are highly deformed.

It clearly indicates the significant role of deformations of decaying fragments in the fission

dynamics as discussed earlier in Fig. 6.5.

The characteristics of fission decay are also analyzed in terms of symmetric (Sym) to

asymmetric (Asym) peak ratios PSym/PAsym as a function of compound nucleus mass ACN

as shown in Fig. 6.8. A transition from symmetric fission to asymmetric fission occurs for

the pre-actinide region. Triple-humped mass distributions appear around the transitional

region, demonstrating the comparable weightage for symmetric and asymmetric fission

(see Fig. 6.6). This clearly signify the existence of fine structure features in the fission

dynamics of pre-actinide nuclei. However, the asymmetric fission prevails in the case of

heavier nuclei (i.e. Ra, Pa and U). The peak ratios are calculated for the wide mass

region of pre-actinide nuclei and the results are presented in Fig. 6.8. It is observed

from figure that the PSym/PAsym decreases with increment in mass number of compound

nucleus ACN . This suggests that the fragment mass distribution exhibits a transition from

symmetric to asymmetric fission with increase in compound nucleus mass. Interestingly,

the N/Z ratio of ACN around the transitional region is common for all studied cases,

which is approximately equal to 1.4. The experimental verification of above mentioned
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results would be interesting.

The above calculated DCM results allow to identify the mass division of most ener-

getic light (AL) and heavy (AH) asymmetric fission fragments for long isotopic chains.

Figs. 6.9(a)-6.9(d) present the proton (Z) and neutron (N) number of most probable

light and heavy fission fragments of asymmetric peaks observed in preformation profile of

Figs. 6.6 and 6.7. Fig. 6.9(b) depicts that the heavy fission fragment is always observed

near proton number Z=50 for pre-actinide region and Z=54 for actinide nuclei. Whereas,

the N number varies over several units (increases with increase in mass number of CN).

It is worth mentioning here that the observed heavy fission fragment AH are spherical

and corresponding light fission fragment are partially spherical with very small deforma-

tions. The above observations signify the relevance of deformation effects of binary decay

fragments in the fission dynamics. However, it would be fascinating to explore the role

of higher degree deformations in the fission dynamics of pre-actinide and actinide mass

region, as a future assignment.

6.5 Summary

In this chapter, the fission fragment mass distributions are analyzed for the various pre-

actinide and actinide nuclei (201Bi∗, 206Po∗, 211At∗, 212Rn∗, 216Ra∗, 227Pa∗ and 228U∗)
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ACN .

produced via heavy-ion (19F) induced reactions. The fission excitation functions are cal-

culated within collective clusterization approach, and are in accordance with the measured

data except at few highest energies. The suppression of fission excitation functions indi-

cates the presence of non-compound nucleus (nCN) processes at these energies. The com-

peting nature of various modes of fission i.e. symmetric (Sym) and asymmetric (Asym)

is analyzed in terms of fission mass distributions and related symmetric to asymmetric

fission peak ratios. The asymmetric fission is dominant decay mode for the above men-

tioned nuclei at all considered energies. The analysis is further extended to isotopic chains

of several pre-actinide and actinide nuclei, for adequate addressal of mass dependence

of fragment distributions. The calculated results show a transition from symmetric to

asymmetric fission when one goes from lighter to heavier isotopic mass. The transitional

region for studied isotopic chains lie around N/Z≈1.4 of compound nuclei, which exhibit

the triple humped mass distribution. Further, the most energetic asymmetric light (AL)

and corresponding heavy (AH) fission fragments are identified for a long isotopic chain of

pre-actinide and actinide nuclei. Interestingly, the heavy asymmetric fission fragments are

observed near proton number Z=50 for pre-actinide region and Z=54 for actinide region.
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It is concluded that switching from symmetric to asymmetric fission and the possibility

of in between triple humped structure is primarily because of the deformation effects of

nascent fragments. It is relevant to mention here that above mentioned structural features

survive, even at T≥1.5 MeV, where shell effects are suppose to suppressed significantly.

In chapters 3 to 6, variety of nuclear reactions are studied in order to understand

the dynamical and structural features involved in fission mechanisms. The collective

conclusions derived from these studies are presented in the forthcoming chapter. A brief

outline for future prospects is also discussed in the end.
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Chapter 7

Summary and outlook

The experimental evolution of the ‘accelerators and detectors’ led the incredible progress

in the nuclear fission research field. Theoretical interpretation of experimental outcomes

is very challenging and important task, because it manifests the interesting dynamical

aspects of the nuclear fission process. In this work, the dynamical cluster-decay model

(DCM) is employed to examine the different compound nucleus (CN) and non-compound

nucleus (nCN) fission mechanisms observed in the light particle, heavy ion and loosely

bound projectile induced reactions. The possibility of light particle emission (or equiva-

lently evaporation residue) is also examined for studied nuclei. Besides this, an effort is

made to investigate the spontaneous fission (SF) of superheavy nuclei (SHN) occurring

as an end product in the α-decay chains. The nuclear systems studied in this thesis vary

from the light mass to superheavy region. The fission analysis is legitimate, only if it is

studied at several energies across the barrier. At such higher energies, the incorporation

of temperature (T), angular momentum (ℓ), deformation and orientation effects become

important, which are duly included in this study. Further, the detailed analysis of fine

structure effects among the fission fragments is accomplished in reference to variation in

mass number and incident energies. A comprehensive information of fission mechanism

form experiment and theoretical point of view, and its relevance on various entrance chan-

nel factors is discussed in the chapter 1. The objectives of this thesis work are achieved

by employing the dynamical theory of DCM approach. This methodology describes the

fragmentation potential energy in terms of collective coordinates, which is further used

to obtain the formation probability of nascent fragments. The penetration probability of

these nascent fragments is estimated by utilizing the WKB approximation. Chapter 2

contains the relevant description of the methodology used.
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First, the application of DCM approach is utilized for the non-rotating spontaneous

fissioning nuclei (i.e. ℓ=0 case). The spontaneous fission (SF) process have decisive impact

in the stability/existence of superheavy nuclei (SHN). Therefore, the dynamics involved

in SF decay of various isotopes of Z=103-112 superheavy nuclei is analyzed in chapter 3.

Interestingly, these nuclei are obtained as the end products in α-decay chains of 282113,

287114, 287115, 288115, 291116, 293117, 294117 and 294118 nuclei. The temperature effects are

incorporated in terms of recoil energy (ER) of residual SHN, left after neutron evaporation

from the CN. The competition between α-decay and SF of SHN is examined, and it is ob-

served that SF is the prominent decay mode for all studied SHN. Using the characteristics

of preformation probability P0, the energetically favoured nascent fragments are identi-

fied for aforementioned SHN, lying in the vicinity of magic numbers of Z=50 and N=82.

The mass distributions of the studied SHN are clearly symmetric, which in turn provide

information related to nuclear structure effects. The experimental confirmation of such

predictions would be interesting. Further, the SF half-lives are calculated for these iden-

tified most probable fission fragments, which show nice agreement with the experimental

observations. The relative study of ‘hot compact’ and ‘cold elongated’ configurations of

decaying fragments suggests that ‘hot compact’ configurations are more favourable for

the SF decay of SHN. Apart from this, it is emphasised that the ‘shell correction’ term

in the collective fragmentation potential plays a key role to study the fragment mass dis-

tributions.

The fission decay analysis is further extended in chapter 4, for the case of light

particle and heavy ion induced reactions. First, a wide range of incident neutron energies

(i.e. En=32.8-59.9 MeV) is explored to study n+232Th→ 233Th∗ and n+238U→239U∗

reactions. A relative analysis of spherical and β2-deformed fragmentation demonstrates

that the impact of deformations is not crucial for the contributing fission region of n-

induced reaction at studied energies. The mass distribution of fission fragments suggests

the asymmetric fission is dominant decay mode for both actinide nuclei. However, a small

hump around the symmetric fragments is observed for 233Th∗ nucleus, which is not seen in

the mass distribution of 239U∗ nucleus. Interestingly, this outcome is in accordance with
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the experimental observation. Also, the DCM-estimated fission excitation functions show

good agreement with the measured data. Further, a relative fission decay analysis of four

actinide nuclei i.e. 233Th∗, 233Pa∗, 239U∗ and 239Np∗ is carried out, which are formed under

the same reaction conditions. In addition to this, an effort is made to study the influence

of sticking and non-sticking moment of inertia on fission decay of 233Th∗ nucleus. It is

observed that sticking limit is favourable for the estimation of fission excitation functions.

Finally, the role of projectile is examined by studying reactions involving charged particle

(p) beam as projectile in addition to the neutral neutron (n) beams at common incident

energy E∼27 MeV. Interestingly, the mass distributions show same behavior for both

type of projectile.

This chapter is extended further to the investigation of heavy ion induced reaction.

For this purpose, 32S+184W→216Th∗ reaction is studied at energies around the Coulomb

barrier for the choice of β2-static deformed choice of fragmentation using optimum orien-

tations. The fission fragment anisotropies (A) are estimated using the standard saddle-

point statistical model (SSPSM) using DCM parameters. The comparison of calculated-

anisotropies with the measured one show some difference at above barrier energies, which

indicates the presence of nCN content in the decay of 216Th∗ nucleus. Further, the capture

cross-sections are obtained within DCM by adding the contributions of various CN and

nCN decay processes such as evaporation residue (ER), fusion-fission (ff), quasi fission

(QF) and fast fission (FF). Here, the predicted ER contributions are negligibly small in

accordance with experimental findings. The mass distributions of 216Th∗, are asymmetric

in nature independent of the incident energy, as observed for the case of light particle

induced fission of actinide systems. Beside this, the quasi fission barrier is calculated as

a function of angular momentum (ℓ), which show decrement as ℓ-values rises. Whereas,

the fast fission process contributes at higher ℓ-values where fission barrier disappears.

This implies that the probability of formation of compound nucleus also reduces at higher

angular momentum values in addition to higher energies. Finally, the role of β2-dynamic

deformations on CN and nCN decay of 216Th∗ nucleus is explored at highest energy, where

nCN fission competes with CN fission. With the inclusion of dynamic deformations, sym-

metric fission channel start contributing the total fission excitation functions along with

the asymmetric fission decay mode. Apart from this, the barrier characteristics are differ-
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ent for the choices of static and dynamic deformations, thereby affecting the contribution

of various decay mechanisms.

The study of fission mechanism is extended further in chapter 5 by studying the

impact of tightly bound and loosely bound projectile on same target within the frame-

work of DCM. In the first case, the possibility of evaporation residue and fission decay of

smaller compound nuclei i.e. 68,70Ge∗ formed in 4,6He+64Zn reactions, is examined. It is

observed that this compound nucleus mainly decays via ER channel, and the contribution

of fission cross-sections is negligibly small. Hence, the fusion cross-sections are estimated

by adding the contributions of ER channels. For the case of 68Ge∗ nucleus, the calculated

excitation functions of ER channels such as p- and n-emissions, show nice agreement

with measured ER data. On the other side, there is a possibility that the ER channels

of 70Ge∗ nucleus formed in loosely bound projectile induced reaction, show some devia-

tion from experimental measurements due to the possible presence of breakup+transfer

processes. To investigate this, the individual ER cross-sections of 70Ge∗ nucleus are calcu-

lated [e.g. (2n)68Ge, (np)68Ga, (2np)67Ga and (nα)65Zn]. It is observed that the σER for

(nα)65Zn and (2np)67Ga channels deviate from the experimental data, which advocates

the presence of breakup+transfer processes. By applying relevant energy corrections, the

breakup+transfer excitation functions are estimated, and the total sum of fusion and

breakup+transfer contributions show good agreement with the experimentally measured

fusion data. The comparison of complete fusion excitation functions of tightly bound

‘4He’ and loosely bound ‘6He’ projectile induced reactions indicates the sub-barrier en-

hancement and above-barrier suppression in the fusion excitation functions of 6He+64Zn

reaction. These results can be explained on the basis of structure properties of loosely

bound projectile. The larger radius of the loosely bound projectile reduces the Coulomb

barrier, as a result one can expect the fusion enhancement. Besides this, the low binding

energy of ‘6He’ nucleus implies large contribution of breakup+transfer channels which

results in the suppression of fusion cross-sections at above barrier energies.

After analyzing that ER is main decay mode of lighter nuclei formed in tightly and

loosely bound He-induced reactions, it will of further interest to analyze the fission decay

of heavier nuclei formed in such kind of reactions. Therefore, the fission decay analysis is
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carried out for various At∗ isotopes with mass ACN=212-217 formed in tightly (3,4He) and

loosely (6,8He) bound projectile induced reactions on same target (209Bi). First, the neck-

length parameter ‘∆R’ is optimized in order to address the experimental fission excitation

functions available at above barrier energy region for the case of 212,213,215At∗ isotopes.

The neck-length parameter ∆R increases linearly with compound nucleus energy E∗

CN ,

which in turn provide an opportunity to predict the below barrier fission contributions

for these isotopes. By employing the systematics of 212,213,215At∗ isotopes, the fission con-

tributions are predicted for another loosely bound and neutron-rich projectile induced

reaction i.e. 8He+209Bi→217At∗ at E∗

CN across the barrier. Further, the N/Z dependence

of various DCM observables in reference to the fission mechanism is estimated, where N

and Z are the neutron and atomic number of compound nucleus. The fission excitation

functions show increment as a function of E∗

CN as well as N/Z ratio. Using the char-

acteristics of fragmentation potential and preformation probability, the fission fragment

mass distributions are analyzed. Also, the most probable nascent fragments are identi-

fied, which lie in the region of magic shell closures with Z or N=50 and N=82. Besides

this, the observed mass distributions are asymmetric in nature for all isotopes, although

a small hump with very small preformation factor appears around symmetric fragments

for lighter mass isotopes.

In chapter 6, the DCM approach is further applied to investigate the fine structure

effects in the fission fragment mass distributions of various pre-actinide (201Bi∗, 206Po∗,

211At∗ 212Rn∗, 216Ra∗) and actinide nuclei (227Pa∗ and 228U∗) produced via 19F-induced

reactions. This study is highly desirable, because it may provide possibility of new nuclei

far from stability line. Initially, the energy dependence of fine structure effects in terms

of fragmentation potential and preformation probability is analyzed, at near and above

barrier energies. The calculated results suggest that the asymmetric fission is main decay

channel for above mentioned nuclear systems. Whereas, the contribution of symmetric

component is relatively more at below barrier region for lighter nuclei such as 201Bi∗,

206Po∗ and 211At∗. These observations are further confirmed by the estimated symmetric

to asymmetric fission peak ratios (PSym/PAsym) varying with Ec.m.. In this chapter,

the calculations are performed at sufficiently higher temperature (T≥1.5 MeV), where
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the shell correction term plays limited role. This in turn suggests that the fission path

may be influenced via deformation effects of decaying fragments. The fission excitation

functions are calculated for aforementioned nuclei, which match with the experimental

data except at few highest energies. This deviation indicates the presence of nCN content

at these energies, which is in agreement with the chapter 4 observations. The analysis is

extended further by exploring the mass dependence of fine structure effects for a series of

proton-rich to neutron-rich nuclei at common Ec.m.≈80 MeV near the Coulomb barrier. It

is observed that lighter mass isotopes show symmetric mass distribution. However, with

the increase in mass, a three peaked structure appears which indicates the co-existence

of symmetric and asymmetric fission channels. The heavier isotopes mainly decay via

asymmetric fission. The transitional region for studied isotopic chains lie around N/Z≈1.4

of compound nuclei, which exhibit the triple humped mass distribution. Finally, the most

probable fission decay fragments are identified for these isotopic chains, which lie around

the proton number Z=50 for pre-actinide nuclei and Z=54 for actinide nuclei.

The above mentioned work is related to the CN and nCN decay mechanisms of fission-

ing nuclei formed via variety of nuclear reactions. This work is confined to the quadrupole

(β2) deformations and coplanar (φ=0) orientations only. It will be of further interest to

extend above mentioned studies to the higher multipole deformations and non-coplanar

orientation of nuclei. It is well known that the the identification of CN and nCN fission

is complex process, but these mechanisms are highly dependent on the entrance channel

factors. On the basis of these properties, the study of nCN fission can be explored for

multiple reactions with different entrance channels but having same composite system.

It is observed in present study that deformations play significant role in the evolution of

fine structure effects. Therefore, the analysis of higher order deformations on fission mass

distributions of pre-actinide and actinide nuclei will be of future interest.


