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Abstract

The work presented in this thesis deals with the formation and decay of variety

of nuclear systems formed in heavy ion reactions using `-summed Wong formula

and dynamical cluster decay model (DCM) respectively. The study is done using

two types of nuclear interaction potentials; one is obtained from proximity theorem

and other via Skyrme Energy Density Formalism (SEDF). A non-statistical model

DCM is based on collective clusterization approach and is used to account for the

decay of hot and rotating nuclei formed in low energy heavy ion collisions. The

main advantage of DCM over other statistical model is that it contains the struc-

tural information of the decaying nucleus via the relative preformation probability

of the decaying fragments, before penetrating the interaction barrier. It is relevant

to mention here that the temperature, angular momentum, deformations and orien-

tation effects of the reaction partners and decaying products are dully incorporated

respectively in Wong and DCM approach. The thesis comprises of seven chapters,

a brief account of which is discussed below.

Chapter 1, presents the general introduction of the present work which in-

cludes the status of the experimental and theoretical developments to understand

the dynamics of fusion-fission and associated nuclear structure effects. To study the

formation and decay of nuclear systems, the precise and systematic understanding

of various nucleus-nucleus interaction potentials is essential, a brief account of such

interactions is summarized in this chapter. Beside this, the role of angular momen-

tum, entrance channels, deformations and orientations, fusion hindrance etc. have

been discussed.

Chapter 2 gives the details of the methodology used, the dynamical cluster-

decay model (DCM) based on the Quantum Mechanical Fragmentation Theory

(QMFT ) for binary fragmentation, which find its basis in the collective mass trans-

fer process. The process of binary decay like neutron evaporation, α-decay, cluster
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decay, fission fragments etc is treated in two steps: In first step the quantum mechan-

ical preformation probability of the cluster in the mother nucleus is evaluated and

the second step accounts for the penetration of the cluster through the interaction

barrier. In this model the preformation probability of all possible clusters within

the mother nucleus is calculated by solving stationary Schrodinger equation in mass

asymmetry (η) coordinate. The role of temperature dependence of the proximity

potential, Coulomb interaction potential, rotational energy and binding energies is

briefly discussed. Details of the Skyrme energy density formalism (SEDF), used to

calculate the interaction potential between the two colliding nuclei is also described.

Finally the Wong’s formula and its extended version are also described in brief.

In Chapter 3, the dependence of fusion-fission process on Skyrme forces is

analyzed by using the dynamical cluster-decay model (DCM) and the `-summed

extended-Wong model. An extensive study on 132Sn+64Ni→196Pt∗ reaction is carried

out, where the nuclear proximity potential is obtained by using the semiclassical

extended Thomas Fermi (ETF) approach in Skyrme Energy Density Formalism

(SEDF) under Frozen density approximation. The DCM gives an excellent fit to

the measured fusion-evaporation residue (ER) and the fission cross-sections at below

and above-barrier energies, with ER data needing “barrier lowering” at below-barrier

energies for each Skyrme force, an in built property of DCM, and the fission cross-

sections show a contribution of quasi-fission (qf) at the above-barrier two/ three

highest energies, depending on the type of Skyrme force. Calculations are illustrated

for three Skyrme forces GSkI, SSk and SIII. Another interesting result is that there is

a change of fission mass distribution from a predominantly asymmetric to symmetric

one with decrease in the N/Z ratio of compound nucleus, independent of the choice

of nuclear interaction potential, which gives an opportunity to address the isospin

effects in Pt∗ nucleus. Within `-summed extended-Wong model we observe that the

GSkI and SSk forces fit the total fusion cross-section data almost exactly, whereas

SIII force needs “barrier modification” in order to fit the data at below-barrier
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energies. This happens because the isospin and neutron-proton asymmetry nature

of GSkI and SSk forces is different from that of the SIII force, and that the center-

of-mass energy Ec,m, dependence of the barrier height for SIII (and Blocki et al.)

force differs strongly (by a constant amount of ∼7 MeV) as compared to those for

GSKI and SSk forces. In this chapter, the role of deformations and orientations is

investigated by employing a variety of Skyrme forces such as SIII, GSkI and SSK

within energy density formalism (EDF) approach. Beside this the fusion probability

is estimated using `-summed Wong formula (or equivalently Hill-Wheeler method)

and exclusive role of above mentioned Skyrme forces is dully addresed.

In Chapter 4, we have studied the role of deformations and orientations by using

different proximity potentials to analyse the persistence of entrance channel effect in

the decay of 190Pt∗ compound nucleus formed by using 132Sn+58Ni and 126Sn+64Ni

reactions. The inclusion of deformations significantly effects the fragmentation pro-

file of 190Pt∗ compound nucleus with in the framework of DCM. Moreover, the decay

pattern of Pt∗ nuclei formed using stable 124Sn beam is also investigated. For both

entrance channels i.e. 132Sn+58Ni and 126Sn+64Ni, the fragmentation potential and

preformation probability of decaying fragments is almost identical at comparable

center-of-mass energies (Ec.m.), suggesting that the decay of 190Pt∗ is perhaps inde-

pendent of it’s formation effects. In order to check for the persistence of entrance

channel independence in the decay of Pt∗ compound nucleus, various versions of

nuclear proximity potentials and different values of level density parameter are em-

ployed in the calculations and the signature of entrance channel independence seem

to sustain throughout. It is also observed that with inclusion of deformation effects

up to quadrupole (β2) with in the optimum orientation approach, the structure

of potential energy surfaces changes significantly. The 132Sn+58Ni reaction is also

studied using four proximity potentials i.e. Prox 1977, Prox 1988, mod-Prox 1988

and Denisov 2002 with in the framework of `-summed extended-Wong model for

addressing the fusion hindrance phenomena. We find that Prox 77 and Prox 88 fit
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the total fusion cross-section data only at above barrier energies whereas Denisov

2002 underestimate the data at all energies due to its least sensitiveness towards

asymmetry and isospin. So a stronger nuclear interaction potential mod-Prox 1988

that accounts for isospin effect and asymmetry of the colliding nuclei is employed,

which fits the data with smooth variation of `max(Ec.m.). Our calculations indicate

that the isospin and asymmetry of colliding nuclei also play an important role in

the fusion dynamics particularly at below barrier region.

In previous chapters, the decay patterns of Pt∗ compound nuclei formed using

radioactive and stable beams are analysed, by employing various nuclear interaction

potentials calculated using EDF as well as available nuclear proximity potentials. In

Chapter 5, the effect of deformation and orientation on barrier height and barrier

position is studied using different types of proximity potentials for some 52 colliding

nuclei with mass asymmetry parameter in range of 0 to 0.96. Various proximity

potentials like Prox 77, Prox 88, Prox 00, Bass 80 and Denisov DP are used to extract

barrier characteristics. These potentials cover a wide range of barrier and have

different isospin and asymmetry dependence. With the inclusion of deformations,

the barrier height and barrier position gets modified along with a significant change

in the curvature of interaction potential. In order to study the possible effect of these

deformation and orientation dependent proximity potentials, an effort is made in the

framework of Wong formula to address O-, Ca- and Ni- based reactions in medium

mass region in reference to available data on fusion cross-sections across the Coulomb

barrier. For 16O- and 48Ca-based reactions, Prox 77 gives better comparison with

experimental data as compared to other potentials around the Coulomb barrier

energies whereas for 64Ni-based reactions Prox 88 seems a better option. At energies

above the Coulomb barrier Bass 80 and Denisov DP compete with each other. The

angular dependence of cross-section is also studied. In summary, it is observed that

deformation and orientation degree of freedom play a significant role in reaction

dynamics of chosen set of heavy ion reactions.

Upto now, the role of nuclear shape of colliding and decaying fragments is ad-

4



dresses using proximity pocket formulas as well as the EDF based Skyrme approach.

Although the barrier profile calculated using proximity and EDF based nuclear in-

teraction looks similar, but the latter approach seem to have merit over the earlier

one. The main advantage of using the Skyrme approach is that the hamiltonian used

in microscopic EDF approach consists of two terms namely: spin-orbit dependent

and spin-orbit independent interaction potentials, which otherwise is not possible

while using phenomenological models i.e. proximity potentials. Hence, in Chapter

6, a systematic study of the spin-orbit density dependent interaction potential is

carried out, with spherical as well as deformed choices of nuclei, for a variety of

near-symmetric and asymmetric colliding nuclei leading to various isotopes of com-

pound nucleus Yb∗, using the semiclassical extended-Thomas Fermi formulation

(ETF) of the Skyrme energy density formalism (SEDF). We observe that the spin-

orbit density interaction barrier-height (VJB) and barrier-position (RJB) increase

systematically with increase in number of neutrons in either the projectile or target,

for spherical systems. On allowing deformation effects with optimum orientations,

the barrier-height increases systematically with enhanced magnitude as compared

to the spherical case, in going from 156Yb∗ to 172Yb∗ nuclear systems formed via

near-symmetric Ni+Mo or asymmetric O+Sm colliding nuclei, except that for the

oblate-shaped nuclei, the barrier height and barrier distribution does not follow the

usual trend. The temperature does not change the behavior of spin-orbit density

dependent (VJ) and independent (VP ) interaction potentials, except for some minor

modifications in the magnitude. The orientation degree of freedom also plays an

important role in modifying the barrier characteristics and hence produce a large

effect on the fusion cross section. The fusion excitation function of compound nuclei

160,164Yb∗ formed in different incoming channels, seem to suggest that the new forces

GSkI and KDE0v1 respond better than the old SIII force. The fusion cross-sections

are also predicted for few other isotopes of Yb∗. Beside this, the decay pattern of hot

and rotating 172Yb* compound nucleus, formed in two entrance channels 124Sn+48Ca
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and 132Sn+40Ca, is studied using the dynamical cluster-decay model.

Finally, in chapter 7, the summary and significance of the work of this thesis

and the scope for possible extension of present work is discussed.
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Chapter 1

Introduction

All the matter of the universe is made up of tiny particles called atom. The concept

of atom was introduced in the fifth century BC by the Greek philosophers Leucipps

and Democritos. Prior to them it was believed that matter could be divided into

smaller and smaller constituents indefinitely. However, the concept of atom remained

purely speculative until the beginning of nineteenth century AD. The British physi-

cist, J. J. Thomson discovered the negatively charged electron. Later the positively

charged proton was discovered and consequently it was established that atom is a

neutral particle. Following this Thomson [1] gave a plum pudding model in which

the atom consisted of a uniformly charged sphere of proton throughout which were

distributed an equal and opposite charge in the form of electrons. This model could

account for the stability of atoms, but could not address the discrete wavelengths ob-

served in the spectra of light emitted from excited atoms and provided disagreement

with the pioneering Rutherford α-scattering experiment [2]. In 1932, Chadwick dis-

covered the neutron and provided the path to address missing ingredient of nuclear

matter. Even then there was a problem in classical physics that the electrons would

be constantly accelerating and would therefore lose energy by radiation, leading to

the collapse of the atom. This problem was solved by Bohr as he applied the newly

emerging quantum theory, including relativistic effects described by the Dirac equa-

tion and Bohr structure of atom was conceived. Later, Heisenberg, another founder

7



of the quantum theory, applied quantum mechanics to investigate the nucleus and

the dynamics of neutrons and protons named as nucleons. In this case however, the

force binding the nucleus is not the electromagnetic force that holds electrons in

their orbits, but is a short range force whose magnitude is independent of the type

of nucleon. This binding interaction is called the strong nuclear force. These ideas

still form the essential framework of our understanding of the nucleus today, where

nuclei are bound states of nucleons held together by a strong charge-independent

short-range force. Near the end of nineteenth century, the discovery of natural ra-

dioactivity [3] had been discovered and led to contemplate the nature of nucleus.

In 1919, Rutherford achieved the first artificial radioactivity [4]. The nuclear trans-

mutation experiments of Rutherford, Cock-Croft and Walton, Curie and Juliet and

Fermi suggested new experimental methods to solve basic problems regarding the

nuclear structure, nuclear properties, nuclear forces, transition probabilities etc.,

which considerably motivated nuclear reaction studies [4]. Soon nuclear reactions

were used as a tool to understand the properties of nuclear interactions in various

physical conditions.

The investigation on nuclear reactions provide a way to explain the phenomena

like fusion, fission, deep inelastic collision (DIC), quasi-fission (qf) etc. arising when

the two nuclei collide each other and the forces under which they interact. The above

processes generally depend on the excitation energy, impact parameter, angular

momentum, atomic masses, charges of the nuclei etc. The ability to explain all the

phenomena is complicated as the nuclear interaction is not fully understood, despite

a considerable amount of effort spend in studying it. The number of particles of

a self-bound nuclear system ranges from two nucleons in the deuteron to nearly

three hundred in the super-heavy nuclei currently being studied [5–7]. Furthermore,

neutron stars are thought to be made of nuclear matter, bound due to gravitational

forces, and under more extreme physical conditions than ordinary nuclear matter,

but presumably subject to the same interactions [8].
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SECTION 1.1: NUCLEAR REACTIONS

1.1 Nuclear reactions

The process in which two nuclei, or else a nucleus of an atom and a subatomic particle

(proton, neutron), collide to produce one or more nuclides is known as a nuclear reac-

tion. The nuclear reaction dynamics is usually classified into three categories on the

basis of energy of incident projectile as low energy (E≤ 15 MeV/nucleon), intermedi-

ate energy (15< E< 500 MeV/nucleon) and high energy (E≥ 500 MeV/nucleon). In

low energy reactions mean nuclear force field acting between the two nuclei dominate

in comparison to high energy reactions where direct nucleon-nucleon interactions

take place while in intermediate energy reactions both the aspects play their role.

The heavy ion (HI) induced low energy nuclear reactions, is a topic of resurgence

interest for nuclear physics community as it leads to better understanding of nuclear

forces with formation of heavy nuclei away from valley of stability and subsequently

providing the much needed nuclear structure information. Heavy ions are the nuclei

equal to or heavier than the α-particle i.e. nuclei having atomic number greater

than or equal to 2 and mass number greater than or equal to 4. Thus, α-particle

can be called as the lightest heavy ion. In the beginning, the nuclear physics re-

search was centered around the ground state properties of these nuclei as well as

the reactions induced by lighter projectiles such as neutron, proton etc. The inven-

tion of new particle accelerators and the availability of heavy ion and radioactive

ion beams provided many possibilities for exploring new aspects of nuclear physics.

With the heavy ions, it became possible to produce reaction products with very

high excitation energies. Using these heavy and radioactive ions with sufficient en-

ergy, it is possible to fuse two nuclei to form a single compound system with larger

mass, charge and particle number than any of the stable nuclei; the idea inspired

the community to search for the superheavy elements (SHEs). Synthesis of super-

heavy elements is a challenging topic, as it represents deep insight into the shell

stabilization and structure effects. The existences of long-life SHEs were predicted

theoretically in late 1960s and early 1980s [9,10]. The synthesizing and discovering
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new superheavy elements proves long-held nuclear theories regarding the existence

of the island of stability and possibly the ultimate limits of the periodic table of the

elements. These discoveries will also help to better understand, how nuclei are held

together and how they resist the fission process. The main emphasis is to explore

the borderline of the nuclear chart towards its upper end, where the strong Coulomb

repulsive force is acting between the many protons.

1.2 Classification of heavy ion reactions

When two heavy ions approach each other, they experience a long range Coulomb

repulsion and a short range attractive nuclear force. The competition between the

two forces define a barrier with an energy pocket inside it. Since these heavy ions

carry angular momentum, a repulsive centrifugal force is also present, the effect of

which is to increase the barrier height and decrease the depth of the energy pocket.

Therefore, a certain amount of projectile energy is required to initiate a heavy ion

reaction. Depending upon various quantities such as energy, angular momentum,

mass etc, heavy ion collisions display a variety of phenomena i.e. compound nu-

cleus (CN) and non-compound nucleus (nCN) processes. The CN process leads to

fusion-fission (FF), evaporation residue (ER) or equivalently light particles LPs, in-

termediate mass fragment (IMF) and heavy mass fragment (HMF). On the other

hand nCN processes proceed via deep inelastic collision (DIC), quasifission (qf), fast

fission etc.

In complete fusion reaction, a composite system is expected to be formed after

an intimate contact and transient amalgamation of projectile and target nucleus

leading to the formation of fully equilibrated Compound nucleus. The CN can not

be formed, if the entrance channel introduces more input angular momenta than

the composite system can sustain. In this process, complete transfer of kinetic en-

ergy, mass and angular momentum takes place and the composite system completes

several rotations during which it equilibrates in all degree of freedom [11]. It may,
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SECTION 1.2: CLASSIFICATION OF HEAVY ION REACTIONS

further, be pointed out that the kinetic energy of projectile in the center of mass

frame is converted into the excitation energy of the CN. The compound system thus

formed in a reaction are highly excited and carry large angular momentum. Such

a hot, rapidly rotating system is not stable and decays to its ground state prior

to its detection. The excitation energy at the formation is decided by the reaction

Q-value and kinetic energy. After a relatively long period of nuclear time (typi-

cally from 10−19 to 10−15 second), CN loses its memory of how it was formed and

independent of the properties of the reactants, it disintegrates, either in particle

emission [12] or fission [11]. Particle emission, often called as evaporation, leave

behind the evaporation residue (ER), an entity similar to the CN except for the

evaporated particles.

In general the nuclear systems formed via heavy ion collisions, decay through

the fission and ER channels depending on the mass of compound nucleus formed,

type of target/projectile and energies involved. For light compound systems with

ACN ∼ 40-80, the fission yield is minimal and the light-particles (LPs) emission is

always accompanied by intermediate mass fragments, the IMF. In this mass region

the IMFs (with 2 <Z<10 and 5≤A≤20) contribution is very small of the order of

5-10 percent, in comparison to LPs contribution. However, for the heavy nuclear

systems ACN ∼ 200, the most probable decay mode of the CN is fission/ heavy mass

fragments (HMFs), due to its instability against centrifugal repulsion, with small

contribution from neutrons and γ-rays emission, just in contrast to decay process

of light compound systems. Further increase in angular momentum, non-compound

nucleus processes begin to dominate. It is not necessary that a composite system

trapped inside the potential energy always evolve towards a CN. Experimentally it

was observed that depending upon the energy, angular momentum, mass asymmetry

of the entrance channel etc, the composite system can either equilibrate in all degree

of freedom or re-separate before complete equilibration. These unequilibrated pro-

cesses are normally known as non-compound nucleus processes and include DIC [13],
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Figure 1.1: The sketch of damped reaction stage (I-IV) leading to the formation of
fission-like fragments, which compete in the way to complete fusion (V) of the initial
projectile P and target T nuclei.

qf [14–16], fast fission [14,17,18] etc. The sketch of all these CN and nCN processes

is shown in Fig. 1.1. The first are deep-inelastic collisions and the second are cap-

ture reactions shown on top of Fig. 1.1. The difference between capture and DIC

depends on whether a path of the relative motion has been trapped into well of the

nucleus-nucleus interaction or not (see Fig. 2 of Ref. [19]). If there is not a potential

well, only the DIC takes place. In the case of capture the full momentum trasfer

takes place, while it does not occur in the DIC. Quassifission is a non-equilibrium

process originating due to the compact saddle point configuration of the system com-
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SECTION 1.3: DIFFERENT MODELS FOR NUCLEUS-NUCLEUS
INTERACTION POTENTIAL

pared to the compact configuration. Moreover, qf refers to a process where incoming

nuclei in a reaction do not loose their identity and as a result decay into projectile

and target like fragments. Fast fission is another non-equilibrium process that dom-

inates at higher energies. This process occurs when the fission barrier vanishes as a

result of large angular momentum. The potential trap also may vanish at such high

angular momentum and the system will not get sufficient time to equilibrate before

re-separation. Only fusion-fission carries the information about the shape of the

saddle point, as it is traversed during the fission decay, whereas qf does not reach

the shapes inside the saddle point. One more thing has been observed that when

two interacting nuclei touch each other by their lateral surfaces (near-side collision)

a high probability of CN is expected, whereas, a high qf probability is expected in

the elongated configuration when nuclei touch each other by their poles (near-tip

collision) [20–22].

1.3 Different models for nucleus-nucleus interac-

tion potential

The nucleon-nucleon interaction is the key for the proper understanding of any nu-

clear phenomena. In nuclear reactions, emphasizes is laid on the interaction between

incident particle and the target nucleus, since the nuclear decay processes are more

sensitive to the total potential in the nuclear surface region. The total potential as

a function of distance consists of the sum of the long range Coulomb repulsive force,

centrifugal interaction and nuclear potential terms. The centrifugal and Coulomb

part of the interaction potential are well known, however nuclear interaction part

is not fully understood as yet. Further the Coulomb potential alone cannot define

the barrier, so an appropriate choice of nuclear potential is extremely desirable to

understand heavy ion reaction dynamics. From literature it is clear that no experi-

ment can impart extract information about fusion barriers directly. All experiments
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measure fusion cross-sections [23] and then with the help of theoretical models, one

can extract the fusion barriers. Theoretical models are helpful in understanding

the nuclear interactions at a microscopic/macroscopic level. Thus for a better un-

derstanding of the world around us, the more accurate and microscopic methods

for calculating the ion-ion interaction, between the colliding nuclei, should be ex-

ploited. Several forms of the complex short ranged attractive nuclear potential have

been used in literature. The two commonly used approaches for calculating the

ion-ion potentials are discussed in the following:

(i) Phenomenological models: These models use a simple analytical expression for

calculating the nucleus-nucleus interaction known as proximity potential. These

proximity potentials are the benchmark and backbone for majority of micro-

scopic/macroscopic fusion models. All proximity potentials are based on the prox-

imity force theorem, according to which the nuclear part of the interaction potential

can be taken as the product of a factor depending on the mean curvature of the

interaction surface and a universal function (depending on the separation distance)

and is independent of the masses of colliding nuclei. This concept did introduce

a great amount of simplification in nuclear potential studies [24, 25], and has been

used extensively to understand nuclear reaction dynamics at low energies. Firstly,

Bass [26,27] introduce a expression for interaction potential and after that Blocki [28]

gave a simple formula as a function of separation between the surfaces of the two col-

liding nuclei, known as the pocket formula of proximity potential. With the passage

of time, several improvement/modifications were made in the proximity potentials

through surface energy coefficient or the universal function and/or nuclear radius to

explain the experimental data. In literature there are more than 20 versions of the

proximity potential [29–31] derived either from the proximity potential or from the

parametrized versions in terms of the proximity concept. Some of these potentials

have been fitted to the experimental fusion barrier height and have been very suc-

cessful in describing scattering data.
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SECTION 1.3: DIFFERENT MODELS FOR NUCLEUS-NUCLEUS
INTERACTION POTENTIAL

(ii)Energy density formalism (EDF): In energy density formalism, the nucleus-

nucleus interaction potential, as a function of separation distance, is defined as the

difference of the energy expectation value of the colliding nuclei that are overlapping

(at a finite separation distance R) and are completely separated (at R=∞) [32,33].

The Hartree-Fock (HF) method can be considered as the microscopic background

to built up the EDF model. In 1927, D. R. Hartree introduced a self- consistence

field method, to calculate approximate wave functions and energies for atoms and

ions. This method with effective interaction allows one to caculate in region where

realistic calculations become impractical and a least amount of numerical effort is

required. It was first adopted by Vautherin and Brink [34] in order to study the

ground state properties of spherical nuclei by using Skyrme interaction [35]. The full

HF calculations were not possible in energy density formalism due to non availability

of expressing the kinetic energy density (τ) of the compound nucleus at HF level.

To overcome this difficulty, semiclassical approaches to this quantity based on the

Thomas-Fermi (TF) method or its extensions (ETF) have been used for obtaining

τ in the compound system.

The ETF approach of Grammaticos and Voros [36] starts from the semiclassical

expansions based on the Wigner transformation and it was applied to the case of

fermions governed by a one-body Hamiltonian. Expansions upto fourth order in

h̄ of the density matrix for various spin- independent potentials were considered

to provide a more accurate description of the nuclear surface. With the aid of

the semiclassical expression the total energy of the system becomes a functional

of the nucleon density only. Firstly, no spin dependent term is considered in the

calculations and it is however well known after the success of traditional Shell-

Model, that the single-particle nuclear hamiltonian must incorporate a spin-orbit

part in order to account for the observed nuclear properties correctly. Thus, in

the later papers of Grammaticos and Voros [37], the spin orbit part is incorporated

by extending their semiclassical expansions to the realistic case where the effective
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one-body Hamiltonian for nucleons contains spin-dependent terms. Consequently

Gupta and collaborators [38–42], studied the role of the spin-orbit density part of

the interaction potential in microscopic shell model formulation of Skyrme energy

density formalism (SEDF) which is shown to be important, not only for its significant

contribution to fusion cross sections, but also for the α-nucleus structure of colliding

N=Z, α-nuclei and its suppression for colliding non-α nuclei. Moreover, in Ref. [43],

it was also shown that both approaches (microscopic shell model and semiclassical

formulation) can reproduce same shell effects if the results of semiclassical SEDF

calculations are normalized with respect to (one or both) spin saturated nuclei.

Here, in this thesis we use energy density formalism given by Vautherin and Brink

which uses the density dependent Skyrme interactions that consists of spin depen-

dent and spin independent part with in semiclassical ETF approach [36, 37, 44, 45].

The Skyrme force is an effective interaction (depending upon a limited number of pa-

rameters) between nucleons in nucleus providing a zero-range potential as suggested

by T.H.R Skyrme in 1950’s. Initially, Standard Skyrme effective force (SSEF) [34,46]

was used which contain only single density dependent term and spin-orbit term giv-

ing the value of the nuclear matter incompressibility coefficient k∞ in the range of

300-400 MeV, which is higher than the experimental value of ∼220 MeV. In or-

der to obtain a reasonable value of k∞ and other several properties of the normal

and isospin rich nuclei, the Generalized Skyrme effective force (GSEF) [47,48] came

into picture. Generalization of the Skyrme effective force can be realized by adding

several density-dependent terms to each of the three, namely, local, nonlocal and

spin-orbit parts of the SSEF. There are 240 Skyrme interaction parameter sets in

the literature, out of which only 16 are shown to satisfy the current understand-

ing of the physics of nuclear matter over a wide range of applications [49]. These

16 forces are obtained by using GSEF Hamiltonian and satisfy various properties

like binding energy, charge rms radii etc. mainly for spherical and or neutron rich

nuclei. For neutron deficient nuclei, other forces having single spin-orbit term may
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SECTION 1.3: DIFFERENT MODELS FOR NUCLEUS-NUCLEUS
INTERACTION POTENTIAL

play significant role in calculation of fusion cross-sections.

The interaction potential calculated by EDF are usually done under two extreme

physical assumptions:

(a) The approximation under which the time of collision being so slow that at each

stage of the collision the nucleons of the two ions reach the equilibrium configura-

tion, called the ‘adiabatic approximation’.

(b) The approximation under which the time of collision is so small that the inter-

nal structure of the two ions is unmodified and the nuclear density overlap without

changing their shapes, called ‘sudden density approximation’ that includes the effect

of exchange terms due to anti-symmetrization. The sudden density approximation

excluding the effect of exchange terms is also known as frozen density approxima-

tion [50]. The exchange effects arise for a composite system because τ(ρ) and ~J(ρ)

are expressed as functions of the ρi (i=1,2 for two nuclei), which, in turn, are the

sums of their nucleon densities (ρi=ρin+ρip), with ρ=ρ1+ρ2. On the other hand, in

frozen density, the composite nucleus densities are simply the sums of the densities

of two incoming nuclei. Recently, authors of [51] study the effects of adding the den-

sities in sudden and frozen approximation on the interaction potentials for medium

mass and superheavy mass region reactions, and showed that the barriers obtained

for the frozen densities approximation, are more realistic as compared to that for

sudden approximation. Following this systematic, we prefer to follow frozen density

approximation in this work.

Since the semiclassical ETF approach allows us to expresses the kinetic energy

density τ(~r) and spin-orbit density J(~r) as functions of nucleon density ρ(~r) and

its derivatives, used in self-consistent variational approach with nucleon densities as

the variational quantities, the Skyrme energy density becomes a functional of the

nucleon densities alone, and hence eliminates completely the use of single particle

wave functions. The (variational) nucleon densities are taken as the the modified

(two-parameter) Fermi density with an additional parameter [44, 45, 52, 53]. The
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kinetic energy density τ(~r) and spin-orbit density J(~r) are taken up to second or-

der. Although the higher order contributions [37, 44, 45] to both τ(~r) and ~J(~r) are

available in the semiclassical approach at the ETF level, however second order terms

are enough for the numerical convergence [45]. Here, we use the surface diffuseness

and nuclear radii, the two parameters of Fermi-density, obtained from a polynomial

fit to the experimental data [54,55].

The role of different proximity potentials are same as that of using various

Skyrme forces in SEDF approach. By using both types of nucleus-nucleus inter-

action potential, fusion hindrance phenomena [56, 57] can be handled. Fusion hin-

drance has become a hot topic of research in nuclear physics in which there is a

steep fall of fusion cross sections at energies below the barrier. This can be tackled

by modifying the shape of the potential inside the barrier at sub-barrier energies by

employing suitable nuclear interaction.

1.4 Deformation and orientation

One of the nuclear properties for which the nuclear interaction is responsible is the

nuclear shape. Actually, we do not know if some of the nuclei are really deformed

since the optical instruments available today don’t allow us to see the nucleus. But

there are many indirect observations which lead us to this conclusion. If we consider

the nucleus isotropic and rotating, we will see no change if it is spherical. If it is de-

formed then we will see some rotational characteristics, e.g. specific γ-rays emitted

when the nucleus decays. We can also see the deformation from the distribution of

the charge in the nucleus which will tell us how the nucleons are distributed inside

the nucleus and gives a hint of deformation. Nuclei may have extreme shapes, the

higher multi-pole deformations, βλ(λ= 2, 3, 4) or extreme neutron-to-proton ratios

where the term β is a measure of how much the scissioning nucleus deviates from

the spherical shape. In general, elongated (prolate) and flattened (oblate) are most

commonly observed deformed nuclear shapes. Higher order deformations, such as
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SECTION 1.4: DEFORMATION AND ORIENTATION

octupole (β3) and hexadecapole (β4) are also possible, as are triaxial deformations

and other more exotic shapes. The contribution of these higher multipole defor-

mations along with the choice of appropriate orientations lead to enormous exotic

shapes which in turn are immensely useful to understand various aspects of nuclear

structure and dynamics at extreme conditions therby providing important informa-

tion for future experiments. Experiments can create such nuclei, using artificially

induced fusion or nucleon transfer reactions, employing ion beams from an accel-

erator. With the advent of new generation of accelerators, which are capable of

accelerating not only heavy ions but also radioactive ion beams (RIB) to produce

exotic nuclei, vast amount of experimental data is being accumulated, from lighter

nuclei to some super heavy ones. Collisions between the deformed, oriented nu-

clei have been investigated in early 1980s and Greiner [58] suggested that oriented

238U+238U collisions could lead to a very long lived (life-time ∼ 10−20 second) giant

molecule. Many calculations were made [59]- [61] and all showing that the barrier is

lowered due to deformations and orientations of the colliding nuclei. It is lowest for

the 00, 1800 orientations of two 238U nuclei. This gives pole-to-pole or nose-to-nose

configuration. As 238U is a prolate deformed nucleus and hence the barrier height

is studied only for prolate-prolate collisions. Experimentally, the compound nucleus

production cross-sections were shown to be very sensitive to the choice of reaction

partners. Even for the same compound nucleus, different target-projectile combi-

nations give different fusion cross-sections and may also lead to different physical

processes.

It is well known that the fusion probability of heavy nuclei decreases rapidly with

the increase of charge number of target and projectile [62]. Even if the kinetic energy

of the projectile is large enough to overcome the fusion barrier, compound nucleus

is not always formed. But during this process, a large amount of kinetic energy may

be lost. This situation may be different for deformed and oriented nuclei, because

the distance between the two colliding nuclei at the touching point depends on the

orientation of deformed nuclei. This suggests that the fusion process is affected by
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Figure 1.2: Schematic diagrams for deformed nuclei ((a),(b) oblate and (c),(d) pro-
late only) with corresponding optimum orientations along collision axis for “cold,
elongated”((a), (d)) or “hot, compact”((b), (c)) configurations, from Table 1 [63].

the colliding angle (i.e. angle between the symmetric axis of nucleus and the collision

Z-axis). A detailed study [63] based on Quantum Mechanical Fragmentation Theory

(QMFT) shows that the interaction barrier (height as well as position) is greatly af-

fected by deformed and oriented colliding nuclei. This study shows that each pair of

quadrupole deformed nuclei results in a lower barrier or, alternatively, a most com-

pact configuration for only some specific orientations. In other words, for coplanar

nuclei, the orientations are optimized (uniquely fixed) for each pair of quadrupole

deformed (prolate or oblate) or quadrupole deformed + spherical colliding nuclei

leading to cold or hot fusion configurations. The optimum orientations are given for

cold, non-compact fusion configuration corresponds to largest interaction radius but

the lowest barrier whereas for hot, compact fusion configuration gives the highest

barrier / smallest interaction radius. A schematic diagram is illustrated in Fig. 1.2,

only for prolate-prolate and oblate-oblate deformed colliding nuclei along collision

axis for both cold, elongated and hot, compact configurations. Therefore, in order
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SECTION 1.5: THE MODEL

to have meaningful predictions of formation and decay paths of nuclear reactions, it

is important to investigate the effective role of deformation and orientations in the

calculation of effective nuclear interaction.

1.5 The model

Normally, in heavy ion collisions, the compound nucleus formed has high excitation

energy and carries large angular momentum. In order to study the decay of a hot

and rotating compound system, we have used the Dynamical Cluster-decay Model

(DCM) [64–66] adopted from Preformed Cluster Model (PCM) [67, 68] which finds

its basis in QMFT [69]. The statistical model i.e. Hauser Feshbech [70,71] analysis

which is best to understood the emission of multiple LP’s and the Fission models [72]

easily explain the IMFs production separately whereas DCM has the advantage that

it can be applied to all possible decay process like ER, Fusion-fission, qf etc. Another

advantage of DCM over other statistical model is that it contains the structural in-

formation of the decaying nucleus via the preformation of the fragments with relative

probabilities, before penetrating the interaction barrier. The DCM has the in-built

characteristics of barrier modification through the only parameter of the model, the

neck length parameter, which is related to the total kinetic energy TKE(T) or ef-

fective Q-value at temperature T of the hot CN, defined in terms of the CN binding

energy and ground state binding energies of the emitted fragments. The DCM is

applied for both negative as well for positive Q-value systems, with complete angular

momentum and charge dispersion effects. It may be relevant to mention here that

the nucleus-nucleus potential used in DCM calculations are either through the prox-

imity potentials with temperature effects included through the nuclear radii [73] and

surface width [74] or with semiclassical ETF approach of SEDF, where temperature

dependence is taken from Ref. [75]. Beside the temperature and angular momentum

effects in the above mentioned dynamical cluster-decay model, the deformations and

orientation effects of the reaction partners and decaying products are also taken care
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of. We have also used Wong formula [76] for calculation of fusion reaction cross sec-

tions which is a special case of the DCM with preformation probability P0=1. A

point of difference in the two models (Wong and DCM) is that the penetrability P` in

Wong formula is calculated in Hill-Wheeler [77] approximation of inverted harmonic

oscillator for the interaction potential V`(R) of the incoming channel, whereas the

same in DCM is based on Wentzel-Kramers-Brillouin (WKB) approximation.

In this thesis, following problems are studied:

• The recent data on decay of the compound systems 196Pt∗ at below and above

barrier energies is addressed using DCM, by employing nucleus-nucleus inter-

action potential obtained from the semiclassical ETF approach in SEDF under

frozen density approximation.

• Fusion hindrance, Entrance channel and Isotopic effects are investigated, by

using stable and radioactive Sn beams using different proximity potentials in

the framework of DCM.

• The effect of deformation and orientation degree of freedom is analysed on

barrier characteristics of a number of heavy ion reactions by using various

proximity potentials with in Wong formalism.

• The role of spin-orbit density interaction potential, is investigated using SEDF

method under frozen density approximation in O- and Ni-based reactions by

using `-summed Wong formula [78].

The above mentioned theoretical study, explained in the later chapters, imparts

important information regarding the nuclear reaction dynamics and related nuclear

structure information for better understanding of nuclear behavior in intermediate

and heavy mass region.
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SECTION 1.6: ORGANIZATION OF THE THESIS

1.6 Organization of the Thesis

The thesis is organized as follows:

Chapter 2 describes the details of the dynamical cluster-decay model (DCM),

is a reformulation of preformed cluster decay model (PCM) for ground state decay,

which is based on the Quantum Mechanical Fragmentation Theory (QMFT ) for

binary fragmentation, uses a collective mass transfer process. DCM is a two step

process: The first step is the formation of the cluster in the compound nucleus,

followed by the second step in which preformed cluster penetrates the barrier. In

this model the preformation probability of all possible clusters within the mother

nucleus can be calculated. The temperature dependence of the proximity poten-

tial, Coulomb interaction potential, rotational energy and binding energies are also

discussed. Beside the temperature and angular momentum effects in the above men-

tioned dynamical cluster-decay model, the deformations and orientation effects of

the reaction partners and decaying products are also investigated. Details of the

nuclear potentials; one calculating using proximity theorem and other using Skyrme

energy density formalism of Vautherin and Brink is also described. Details of Wong’s

model for calculation of fusion reaction cross sections which is a special case of the

DCM with preformation probability P0=1 is also given in this chapter.

In Chapter 3, we have studied the decay of CN 176,196Pt∗, formed in

112,132Sn+64Ni reaction, within the framework of the DCM by using variety of nu-

clear proximity potentials; one derived from SEDF-based semiclassical ETF method

and other from Blocki et al. potential. It is observed that the GSkI and SSk forces

behave nearly alike , since same fragments contribute to decay process and the same

is true for SIII and Blocki et al. potential. The DCM gives an excellent fit for

196Pt∗ → 132Sn+64Ni reaction to the measured fusion-evaporation residue (ER) and

the fission cross-sections at below and above-barrier energies, with ER data need-

ing “barrier lowering” at below-barrier energies, and the fission cross-sections show
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the necessity of qf contribution at the highest two/ three energies, depending on the

Skyrme force used. Another interesting result is that there is a change of fission mass

distribution from a predominantly asymmetric to symmetric one with decrease in

the N/Z ratio of compound nucleus, independent of the choice of nuclear interaction

potential, which gives an opportunity to address the isospin effects in Pt∗ nucleus.

The fusion cross-sections are also calculated independently by using the `-summed

extended-Wong Model. Within the `-summed extended-Wong model we find that

the GSkI and SSk forces fit the total fusion cross-section data exactly, whereas SIII

force needs “barrier modification” in order to fit the data at below-barrier energies.

In Chapter 4, various versions of nuclear proximity potentials and different val-

ues of level density parameter are employed to study the entrance channel effect

in 190Pt∗ compound nuclei. On comparing the results of calculations for the two

reaction channels, it is observed that CN formation is independent of the different

entrance channel and it persists even with the use of different nuclear proximity po-

tentials and level density parameter. Beside this, the fission mass distribution of Pt

isotopes formed in 124,126,127,128,132Sn+64Ni→188,190,191,192,196Pt∗ reactions is also stud-

ied. With the neutron excess in the projectile/target, the barrier lowering (∆VB)

decreases (less negative), hence fusion hindrance also decreases which is in agree-

ment with experimental observation. In addition to this, the different proximity

potentials are also used with in the framework of `-summed extended-Wong model

for addressing the fusion hindrance phenomena. It is found that mod-Prox 1988,

having strong dependence of isospin and asymmetry of colliding nuclei, describes the

experimental data very well at above, and especially at below the Coulomb barrier

energies with smooth variation of `max(Ec.m.).

In Chapter 5, the effect of deformation and orientation on barrier height and

barrier position is studied using different types of proximity potentials for some 52

colliding nuclei with mass asymmetry parameter in range of 0 to 0.96. Various
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SECTION 1.6: ORGANIZATION OF THE THESIS

proximity potentials like Prox 77, Prox 88, Prox 00, Bass 80 and Denisov DP [31]

are used to extract barrier characteristics. These potentials cover a wide range of

barrier and have different isospin and asymmetry dependence. With the inclusion

of deformations, the barrier height and barrier position gets modified along with a

significant change in the curvature. In order to study the possible effect of these

deformation and orientation dependent proximity potentials, application is made in

the framework of Wong formula to O-, Ca- and Ni- based reactions in medium mass

region in reference to available data on fusion cross-sections at near and above the

Coulomb barrier energies. For 16O- and 48Ca-based reactions, Prox 77 gives bet-

ter comparison with experimental data as compared to other potentials around the

Coulomb barrier energies whereas for 64Ni-based reactions Prox 88 seems close to

the experimental data. At energies above the Coulomb barrier Bass 80 and Denisov

DP compete with each other. It is observed that deformation and orientation degree

of freedom plays a significant role in reaction dynamics.

In Chapter 6, we investigated the role of deformations independently on spin

saturated (spin-orbit independent) and unsaturated (spin-orbit dependent) poten-

tials which collectively gives the nuclear interaction potential derived from Skyrme

energy density formalism (SEDF). Hence the role of deformations are investigated

on spin independent and spin dependent interaction potential for a variety of near-

symmetric and asymmetric colliding nuclei leading to various isotopes of compound

nucleus Yb∗. The comparative analysis with spherical choice is also worked out.

We observe that the spin-orbit density interaction barrier-height (VJB) and barrier-

position (RJB) increase systematically with increase in number of neutrons in either

the projectile or target, for spherical systems. On allowing deformation effects with

optimum orientations, the barrier-height increases by a large order of magnitude,

as compared to the spherical case, in going from 156Yb∗ to 172Yb∗ nuclear systems,

except that for the oblate-shaped nuclei, the VJB is highest and RJB shifts towards

smaller (compact) interaction radius. The temperature and use of various Skyrme
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forces does not change the behavior of spin-orbit density dependent (VJ) and in-

dependent (VP ) interaction potentials, except for some modification in the magni-

tude. Finally, we have also calculated the fusion cross-sections of 60,64Ni+100Mo and

16O+144,148Sm reactions within framework of `-summed Wong model to address the

fusion hindrance phenomenon. Beside this, DCM is used to study the decay of CN

172Y b∗, formed in two different reactions i.e. 124Sn+48Ca and 132Sn+40Ca in order

to investigate the entrance channel effect and fusion enhancement phenomena.

Finally, Chapter 7, summarizes the overall work of the thesis. Brief notes

regarding the significance of the work and conclusion drawn from it are explicitly

given in this chapter. There is a definite scope for extension of this work in future.
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Chapter 2

Methodology

2.1 Introduction

In the present work, the dynamics of fusion-fission and associated nuclear struc-

ture effects are investigated using different nuclear interaction potential with in

the framework of dynamical cluster decay model (DCM) [1]- [10] as well as wong

model [11]- [13]. For the formation of compound nucleus, Wong model is used in

which penetration probability to cross the barrier for forming composite system is

calculated by using Hill-wheeler approximation. To investigate the nuclear disinte-

gration of excited compound nucleus into intermediate mass fragments (IMFs) and

fusion-fission (ff) production along with the process of multiple particle emission,

the Dynamical Cluster decay Model is used. The advantage of using the DCM is

that it gives the relative preformation probability of all channels through which an

excited compound nucleus can decay. This cluster preformation probability provides

a significant information about the nuclear structure of CN system and its decaying

fragments.

DCM is a two step process: The first step is the formation of the cluster in the

compound nucleus, followed by the second step in which preformed cluster pene-

trates the barrier. Here, the penetration probability P across the interaction barrier

is generally calculated by using WKB approximation. DCM is based on well known
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Quantum Mechanical Fragmentation theory, (QMFT) [14]- [27] which is based on

collective co-ordinate approach. It is only theory, given prior to experiments, that

brings out clearly the applicability of the quantum concept of probability and role of

shell effects not only for fusion reactants but also for the other related processes of

fission and cluster radioactivity. In QMFT the potential is calculated using macro-

microscopic method of Strutinsky [28]. This average two body potential successfully

explains the cold and hot fusion reaction dynamics. The QMFT is based on the fact

that the fragments are pre-born prior to the decay of the compound nucleus and

the preformation probability P0 of the decaying fragments or clusters formed in the

mother nucleus can be calculated by solving a stationary Schrödinger equation in

mass fragmentation coordinate. It is relevant to mention here that the deformation

and orientation effects of the reaction partners and decay products are explicitly

included together with temperature and angular momentum contribution in these

models.

To understand the formation and decay of nuclear systems, the precise and sys-

tematic understanding of the ion-ion interaction between the colliding nuclei is re-

quired. This thesis presents the calculations using two kind of nuclear potentials;

one calculated using proximity theorem and other using energy density formalism.

With in energy density formalism, two different functional forms of Hamiltonian

density are available, one due to Bruckner et al. [29]- [32] and other due to Vau-

therin and Brink [33] which uses the density dependent Skyrme interactions [34].

Here, the later one is used due to an advantage that it is capable of explaining and

reproducing the ground state property of large number of nuclei. The energy den-

sity formalism is used with Skyrme interaction with in an extended Thomas-Fermi

(ETF) approximations for the kinetic energies and spin-orbit terms, upto second

order in the spatial derivatives with nucleon density calculated from two parameter

Fermi density. The details of ETF method of SEDF is given in section 2.3. Finally

the Wong formula is described for estimating the fusion reaction cross-sections in

section 2.4.
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SECTION 2.2: THE DYNAMICAL CLUSTER-DECAY MODEL FOR
HOT AND ROTATING COMPOUND SYSTEMS

2.2 The Dynamical Cluster-decay Model for hot

and rotating compound systems

The dynamical cluster decay model (DCM) for hot and rotating nuclei is a refor-

mulation of the preformed cluster model (PCM) for ground-state decays in cluster

radioactivity (CR) and related phenomena [35]- [40]. The DCM is based on the

quantum mechanical fragmentation theory (QMFT) of cold fusion phenomenon in

heavy ion reactions and fission dynamics. The QMFT is worked out in terms of the

following collective variables:

(i) relative separation coordinate R between the two nuclei or, two fragments.

(ii) Mass and charge fragmentation co-ordinates [14,26] defined as

η = (A1 − A2)/(A1 + A2) [and ηZ = (Z1 − Z2)/(Z1 + Z2)]

(iii) Neck parameter ε, defined by the ratio ε = E0/E
′ ;

where E0 is the actual height of the barrier and E ′ is the fixed barrier of the two

center oscillator. ε = 0 represents a broad neck formation, whereas ε = 1 gives that

the neck is fully squeezed in, corresponding to the asymptotic region.

(iv) The multipole deformations βλi (λ=2, 3, 4... and i=1, 2) and the orientation

degrees of freedom θi(i = 1, 2) of the two deformed colliding nuclei, which in DCM

characterizes, respectively as

(i) the nucleon-division (or -exchange) between outgoing fragments, and

(ii) the transfer of kinetic energy of incident channel (Ec.m.) to internal excitation

(total excitation or total kinetic energy, TXE or TKE) of the outgoing channel,

since the fixed R = Ra (defined later), at which the process is calculated, depends

on temperature T as well as on η, i.e. R(T, η).

This energy transfer process follows the relation

E∗

CN = Ec.m. +Qin =| Qout(T ) | +TKE(T ) + TXE(T ). (2.1)

The excitation energy E∗

CN of the compound nucleus is related to the nuclear tem-
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perature T (in MeV ), through a semi-empirical statistical relation [41] as:

E∗

CN = Ec.m. +Qin =
1

a
AT 2 − T (MeV ). (2.2)

where a = 9-11 depending on the mass of the compound nucleus. Qin is the entrance

channel Q-value given by Qin = B1 +B2 −BCN where B’s are the binding energies.

Using the decoupled approximation to R- and η-motions, the DCM defines the

decay cross section, in terms of partial waves, as [42,43]

σ =
`max
∑

`=0

σ` =
π

k2

`max
∑

`=0

(2`+ 1)P0P ; k =

√

2µEc.m.

h̄2 (2.3)

where, `max is the maximum angular momentum, fixed for the light particle cross-

section approaching zero, i.e., σER(`) →0 at ` = `max and µ=mA1A2/(A1 + A2) is

the reduced mass with m as the nucleon mass. P0 is the preformation probability,

refers to η-motion and P is the penetrability, to R-motion.

The preformation probability P0 for each ` is obtained by solving the stationary

Schrödinger equation in η, at a fixed R=Ra



−
h̄2

2
√

Bηη

∂

∂η

1
√

Bηη

∂

∂η
+ V (η)



ψν(η) = Eν
ηψ

ν(η), (2.4)

The states ψν(η) are the vibrational states in the potential V (η) and are labelled

by the quantum numbers ν = 0, 1, 2.... Bηη is the mass parameter, defining the

kinetic energy term. We use here the classical mass parameters of Kröger and

Scheid [44] which is based on the hydrodynamical flow, as shown in Fig. 2.1 and

gives a simple analytical expression, whose predictions are shown to compare nicely
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ϑϑ1 ϑϑ2 

Figure 2.1: The geometry of the classical hydrodynamical model of Kröger and
Scheid for calculating the mass parameter Bηη.

with the microscopic cranking model calculations. For the Bηη mass we get,

Bηη =
AmR2

4

[

vt(1 + γ)

vc(1 + δ2)
− 1

]

(2.5)

with

γ =
Rc

2R

[

1

1 + cosϑ1

(

1 −
Rc

R1

)

+
1

1 + cosϑ2

(

1 −
Rc

R2

)]

(2.6)

δ =
1

2R
[(1 − cosϑ1)(R1 −Rc) + (1 − cosϑ2)(R2 −Rc)] (2.7)

vc = πR2
cR (2.8)

and vt = v1 + v2, is the total conserved volume. The angles ϑ1 and ϑ2 and

geometry of the model are shown in Fig. 2.1. For ϑ1 = ϑ2 = 0, δ = 0 which

corresponds to two touching spheres. Rc( 6= 0) is the radius of a cylinder of length R,

having a homogeneous flow in it; whose existence is assumed for the mass transfer

between the two spherical fragments. This formalism is generalized for deformed

nuclei by using the radii R1 and R2 for deformed nuclei, discussed latter in Eq.
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2.15.

On solving Eq. (2.4) numerically, |ψν(η)|2 gives the probability P0 of finding the

mass fragmentation η at a fixed R on the decay path.

P0(A2) ∝ |ψν(A2)|
2 (2.9)

Starting from the nuclear ground state in spontaneous fission or cluster decay,

and to have complete adiabatically, only the lowest vibrational state ν = 0 is occu-

pied. Then, the mass (or charge) distribution yield, proportional to the probability

|ψ(η)|2 (or |ψ(ηZ)|2) of finding a certain mass (or charge) fragmentation η (or ηZ) at

a position R on the decay path, when scaled to, say, mass A2 of one of the fragments

(dη = 2
A
) is given by:

Y (A2) = |ψ
(0)
R (A2)|

2 2

A

√

Bηη(A2)). (2.10)

However, if the system is excited or we allow interaction between various degrees of

freedom, higher values of ν would also contribute. These enter via the excitation of

higher vibrational states, and through the temperature dependent potential V and

masses Bij.

The possible consequences of including the excitations of higher vibrational states

is considered by assuming a Boltzmann-like occupation of excited states, such as

|ψν(η)|2 =
∞
∑

ν=0

|ψν(η)|2 exp

(

−
Eν

η

T

)

(2.11)

The penetrability P in Eq. (2.3) is calculated by the WKB integral and is given

as

P = exp





−
2

h̄

Rb
∫

Ra

{2µ[V (R) −Qeff ]}
1/2dR





 . (2.12)
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Figure 2.2: The scattering potential for 196Pt∗→195Pt+n at fixed temperature T=1.5
MeV using SIII and GSkI forces. The barrier penetration points and barrier lowering
parameter defined as ∆ VB=V (Ra)-VB is also shown for both the forces at their
respective `max value.

This means that the tunnelling begins at R = Ra and terminates at R = Rb with

V (Ra, T ) = V (Rb, T ) = TKE(T ) = Qeff for the two turning points which is also

illustrated in Fig. 2.2 for 196Pt∗→195Pt+n reaction using two Skyrme forces (SIII

and GSkI). Qeff is the effective Q-value of decay process, and the first turning point

Ra(T ) = Rt + ∆R(η, T ) (2.13)

where

Rt = R1(α1, T ) +R2(α2, T ) (2.14)

with

Ri(αi, T ) = R0i(T )[1 +
∑

λ

βλiY
(0)
λ (αi)], (2.15)

39



Figure 2.3: Schematic configurations of two axially symmetric deformed, oriented
nuclei, lying in the same plane and for various θ1 and θ2 values in the range 00 to
1800.

and

R0i(T ) = R0i(1 + 0.0007T 2). (2.16)

The values of R0i are different for different nuclear interaction potentials which

are explained later. Here λ=2,3,4... and αi is an angle that the radius vector Ri of

the colliding nuclei makes with the symmetry axis (see Fig. 2.3), measured clockwise.

∆R(η, T ) is the neck-length parameter that assimilates the neck formation effects

and also allows to define the effective barrier-lowering parameter ∆VB(`) for each `

as the difference between the actual used barrier V (Ra, `) and the top of the barrier

VB(`) for each `, by defining their difference ∆VB(`) as the effective “lowering of the

barrier” as:

∆VB(`) = V (Ra, `) − VB(`) (2.17)

Note, ∆VB for each ` is defined as a negative quantity since the actually used barrier

is effectively lowered. This is illustrated in Fig. 2.2. Thus, “barrier lowering” ∆VB

is controlled by the fitting parameter ∆R.
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The structure information of the decaying nucleus is contained in preformation

factor P0 via the fragmentation potential V (η,R, T ), appearing in Eq. (2.4).

The fragmentation potential reads as,

V (η,R, `, T ) = −
2
∑

i=1

Bi(Ai, Zi, βλi, T ) + VC(R,Zi, βλi, θi, φ, T )

+ VN(R,Ai, βλi, θi, φ, T ) + V`(R,Ai, βλi, θi, φ, T ) (2.18)

VC and V` are the temperature-, deformations- and orientations-dependent Coulomb

and angular momentum potentials, described in sections 2.2.1 and 2.2.2 respectively.

VN is the additional attraction due to nuclear interaction potential calculated either

by proximity theorem (as discussed in section 2.2.3) or by Skyrme energy density

formalism (as discussed in section 2.2.4). Bi (i=1,2) appearing in Eq. (2.18), are the

binding energies of the two nuclei, available from the experimental data of Audi-

Wapstra [45]. Wherever the experimental B’s are not available, the theoretical

binding energies of Möller et al. [46] are used. Note that within the Strutinsky

renormalization procedure [28], the binding energies contain both the macroscopic

(liquid drop part) and the microscopic (shell correction) part, which allows us to

define the binding energy B of a nucleus at temperature T as the sum of liquid drop

energy VLDM(T ) and shell correction δU(T ) i.e

B(T ) = VLDM(T ) + δUexp
(

−
T 2

T0
2

)

. (2.19)

The calculations of fragmentation potential involve all the possible decaying

fragments subsequently exhibiting idea about possible emergence of decay channels

such ER, IMF, fission etc. The T dependent liquid drop part of the binding energy

VLDM(T ) is from Davidson et al. [47], based on the semi-empirical mass formula

of Seeger [48]. The shell corrections δU in Eq. (2.19) are considered to vanish
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exponentially for E∗ ≥ 60MeV , giving T0 = 1.5 MeV . At higher excitation energies

the shell corrections vanish completely and only the liquid drop part of energy is

present. The shell corrections play an important role in determining or empirical

fitting of nuclear masses, because the nuclear masses calculated by using the smooth

liquid drop formula show large deviations with respect to the experimental data. It

means that in the experimental masses there exist deep minima at specific neutron

and/or proton numbers indicating the presence of shell structure, the so-called magic

numbers in nuclei. This characteristic behavior cannot be reproduced by the liquid

drop part alone, which means that the introduction of microscopic shell correction

in the mass formula is essential. Thus, shell corrections accounts for the removal of

deviation from the liquid drop calculations (uniform distribution of nucleons), and

are defined, within Strutinsky method [28].

In general, the microscopic shell correction, along with the liquid drop part, give

a proper description of the binding energy of the nucleus, except for some light mass

nuclei as shell corrections are not adequately known in this mass region. Henceforth

the macro-microscopic calculations of Möller et al. [46] are tabulated for Z ≥ 8 only.

Alternatively, one can use the empirical shell correction method of Myers-Swiatecki

which again is not satisfactory for light nuclei (Z ≤ 16). The authors of [42] have

modified this empirical method and estimated the shell corrections for light mass

nuclei.

2.2.1 The Coulomb potential

Coulomb potential describes the force of repulsion between two interacting nuclei

due to their charges. It acts along the line joining the two nuclei. The Coulomb

potential for two interacting spherical nuclei is given as

Vc =
Z1Z2e

2

R
(2.20)
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For deformed and oriented interacting nuclei, different authors [49]- [52] have given

different expressions. The Coulomb potential for two interacting hot, deformed and

oriented nuclei is given as [49]:

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)

]

, (2.21)

Y
(0)
λ (θi) are the spherical harmonics function.

2.2.2 Rotational Energy due to angular momentum

The rotational motion gives an additional energy due to the angular momentum `,

defined as

V` =
h̄2`(`+ 1)

2I(T )
(2.22)

with I is the moment of inertia. µ = A1A2

A1+A2

m is the reduced mass with m the

nucleon mass. I(T )= INS=µR2, is the non-sticking limit of moment of inertia. In

the complete sticking limit, the moment of inertia IS is given as,

Is(T ) = µR2 +
2

5
A1mR

2
1(α1, T ) +

2

5
A2mR

2
2(α2, T ). (2.23)

However in DCM, we use the sticking limit whereas in Wong formula (discussed in

section 2.3), non-sticking limit of moment of inertia is used.

2.2.3 The Proximity Potential for deformed, oriented nuclei

When two surfaces approach each other within a small distance of less than ∼ 2fm,

comparable with the surface thickness of interacting nuclei, or when a nucleus is at
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the verge of dividing into two fragments, then the two surfaces actually face each

other across a small gap or crevice. In both cases, the surface energy term alone

could not give rise to the strong attraction that is observed when the two surfaces

are brought in close proximity. Such additional attractive forces are called proximity

forces and the additional potential due to these forces is called the proximity poten-

tial. The various versions of proximity potentials used in present work are discussed

below:

Proximity 1977 (Blocki)

Blocki et al. [53] have reanalyzed and extended a theorem, originally due to Derya-

gin [54], according to which the force between two gently curved surfaces in close

proximity is proportional to the interaction potential per unit area between the two

flat surfaces. The original expression of Blocki based on the pocket formula was for

spherical nuclei, and is given as

VN(s0) = f(sh., geo.)Φ(s0)

= 4πR̄γbΦ(s0). (2.24)

The T-dependent proximity potential (VN) for deformed and oriented nuclei is [55]

VN(Ai, βλi, θi, T ) = 4πR̄(T )γb(T )Φ(s0(T )) (2.25)

Φ(s0) is the universal function, independent of the shapes of nuclei or the geometry

of nuclear system, but depends on the minimum separation distance s0,

Φ(s0) =











−1
2
(s0 − 2.54)2 − 0.0852(s0 − 2.54)3

−3.437exp(− s0

0.75
)

(2.26)
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respectively, for s0 ≤ 1.2511 and s0 ≥ 1.2511. Here, s0 is defined in units of b,

i.e. s0 is s0/b. This function is defined for negative (the overlap region), zero

(touching configuration) and positive values of s0. b is the diffuseness of the nuclear

surface [56],

b(T ) = 0.99(1 + 0.009T 2). (2.27)

The γ is the specific nuclear surface tension given by

γ = γ0

[

1 − ks

(

N − Z

A

)2
]

MeV fm−2 (2.28)

Here N and Z are the total number of neutrons and protons. In the present version,

γ0 and ks were taken to be 0.9517 MeV/fm2 and 1.7826, respectively.

R̄(T ) is the mean curvature radius (for details see Ref. [55]). The radius vector,

R0i for this potential is given as:

R0i =
[

1.28A
1/3
i − 0.76 + 0.8A

−1/3
i

]

. (2.29)

Proximity 1988 (Prox 88)

Möller and Nix [57] improved the mass formula by changing the value of coefficients

γ0 and ks = 1.2496 MeV.fm−2 and 2.3, respectively. This modified version was

labelled as “Proximity 1988” in 1994 by Reisdrof [58]. It is to be noted that this

set of coefficients give stronger attraction i.e. deeper pocket and includes stronger

isospin effect as compared to Prox 77.

Bass 1980 (Bass 80)

The universal function for this potential [58] is given by,

Φ(s) = [0.033exp(
s

3.5
) + 0.007exp(

s

0.65
)]−1. (2.30)
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The radius vector, R0i for this potential is same as Prox 77.

New Denisov Potential (Denisov DP)

In 2002, Denisov propose a simple analytical expression for the nuclear part of the

interaction potential VN(R) between two nuclei [59], given by

VN(r) = −1.989843R̄Φ(r −R1 −R2 − 2.65)[1 + 0.003525139(
A1

A2

+
A2

A1

)3/2

−0.4113263(I1 + I2)] (2.31)

with Ii = (Ni − Zi)/Ai. Recently, Dutt and Puri [60] used the radius formula of

Royer and Rousseau [61], given by

R0i = 1.2332A
1/3
i [1 + 2.348443/Ai − 0.151541(Ai − 2Zi)/Ai] (2.32)

in Denisov potential and named it as Denisov DP. The universal function Φ(s =

r−R1 −R2 − 2.65) is same as original Denisov [59]. Deformation and temperature

effects in all above mentioned potentials are included according to Eq. 2.15 and 2.16

respectively. For more details about other proximity potentials used in this thesis

see Ref. [60,62].

All the proximity potentials used here as shown in Fig. 2.4 are having different

isospin and asymmetry dependence. Moreover, these nuclear proximity potentials

cover a wide range of barrier characteristics and hence different barrier character-

istics modify the fusion cross-sections [62]. Henceforth it is advocated that proper

choice of nuclear proximity potential is essential for adequate description of nuclear

reaction dynamics. Alternatively, one can also estimate the nuclear proximity po-

tential by employing well known Skyrme energy density formalism and the same is

described in section 2.2.4.
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Figure 2.4: Interaction potentials calculated for 48Ca+96Zr reaction at T=0 MeV us-
ing various version of nuclear proximity potentials at optimum orientations θopt.

1 =00

and θopt.
2 =900.

2.2.4 Skyrme Energy Density Formalism in semiclassical ex-

tended Thomas Fermi approach

The energy density formalism defines the nuclear interaction potential as

VN(R) = E(R) − E(∞) (2.33)

i.e. the nucleus-nucleus interaction potential as a function of separation distance,

VN(R), is the difference of the energy expectation value E of the colliding nuclei that

are overlapping (at a finite separation distance R) and are completely separated (at

R=∞), where

E =
∫

H(~r)d~r, (2.34)
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with the Skyrme Hamiltonian density [13,33]

H(ρ, τ, ~J) =
h̄2

2m
τ +

1

2
t0

[

(1 +
1

2
x0)ρ

2 − (x0 +
1

2
)(ρ2

n + ρ2
p)
]

+
1

2

3
∑

i=1

t3iρ
αi

[

(1 +
1

2
x3i)ρ

2 − (x3i +
1

2
)(ρ2

n + ρ2
p)
]

+
1

4

[

t1(1 +
1

2
x1) + t2(1 +

1

2
x2)

]

ρτ

−
1

4

[

t1(x1 +
1

2
) − t2(x2 +

1

2
)
]

(ρnτn + ρpτp)

+
1

16

[

3t1(1 +
1

2
x1) − t2(1 +

1

2
x2)

]

(~∇ρ)2

−
1

16

[

3t1(x1 +
1

2
) + t2(x2 +

1

2
)
]

×
[

(~∇ρn)2 + (~∇ρp)
2
]

−
1

2
W0

[

ρ~∇ · ~J + ρn
~∇ · ~Jn + ρp

~∇ · ~Jp

]

−A
[

1

16
(t1x1 + t2x2) ~J

2 −
1

16
(t1 − t2)( ~J

2
p + ~J2

n)
]

.

(2.35)

Here, ρ = ρn + ρp, τ = τn + τp, and ~J = ~Jn + ~Jp are the nuclear, kinetic energy

and spin-orbit densities, respectively. m is the nucleon mass, and xj, tj (j=0,1,2),

x3i, t3i, αi, (i=1,2,3), W0, and A are the Skyrme force parameters, fitted recently by

Agrawal et al. [63, 64], denoting GSkI, GSkII, SSk, KDE0 and KDE forces. These

authors modified the earlier well known [65,66] Hamiltonian density by introducing

six additional parameters in third term (two each of x3i, t3i and αi, (i=1,2)), and

an additional last term with constant A=1 to account for tensor coupling with spin

and gradient. For the earlier fitted Skyrme forces [65,66], like SIII, SV, SkM∗, etc.,

the constants A, x3i, t3i and αi, i=2,3 are all zero, and t31=
1
6
t3, x31=x3, and α1=α.
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It is important to note here that the parameters of the new forces GSkI, GSkII, SSk,

KDE0 and KDE were determined by fitting several properties of some normal and

isospin-rich nuclei [64], and to study with the asymmetric and isospin-rich colliding

nuclei, such forces are expected to give more realistic results.

The Hamiltonian density H(~r) is a function of the nucleus density ρ(~r), kinetic

energy density τ(~r) and spin density J(~r). The total Hamiltonian density given in

Eq. (2.35) is the sum of the spin-orbit density independent Hamiltonian density

H(ρ, τ) and spin-orbit density dependent Hamiltonian density H(ρ, ~J). Then from

Eq. (2.33), we get the nuclear interaction potential

VN(R) =
∫

{

H(ρ, τ, ~J) − [H1(ρ1, τ1, ~J1) +H2(ρ2, τ2, ~J2)]
}

d~r

= VP (R) + VJ(R) (2.36)

with the spin-orbit density independent part of the interaction potential

VP (R) =
∫

{H(ρ, τ) − [H1(ρ1, τ1) +H2(ρ2, τ2)]}d~r (2.37)

and the spin-orbit density dependent interaction potential

VJ(R) =
∫

{

H(ρ, ~J) −
[

H1(ρ1, ~J1) +H2(ρ2, ~J2)
]}

d~r (2.38)

In the semiclassical ETF theory, based on SEDF, the Hamiltonian density men-

tioned in Eq. (2.35) can be written as

H(ρ, τ, ~J) = H(ρ) +H( ~J) (2.39)

where H(ρ) and H( ~J) refer to terms depending on ρ and/ or τ (τ is also a function

of ρ) and ~J , respectively. Note that, though ~J is also a function of ρ only but the
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terms that depend on ~J behave differently from those dependent on ρ and τ .

The kinetic energy density in ETF method, taken up to second order terms for

reasons of being enough for numerical convergence [67], is (q=n or p)

τq(~r) =
3

5
(3π2)2/3ρ5/3

q +
1

36

(~∇ρq)
2

ρq

+
1

3
∆ρq +

1

6

~∇ρq · ~∇fq + ρq∆fq

fq

−
1

12
ρq





~∇fq

fq





2

+
1

2
ρq

(

2m

h̄2

)2




W0

2

~∇(ρ+ ρq)

fq





2

, (2.40)

with fq as the effective mass form factor,

fq(~r) = 1 +
2m

h̄2

1

4

{

t1(1 +
x1

2
) + t2(1 +

x2

2
)
}

ρ(~r)

−
2m

h̄2

1

4

{

t1(x1 +
1

2
) − t2(x2 +

1

2
)
}

ρq(~r). (2.41)

Note that both τq and fq are each functions of ρq and/ or ρ only.

The spin ~J is a purely quantal property, and hence has no contribution in the

lowest (TF) order. However, at the ETF level, the second order contribution gives

~Jq(~r) = −
2m

h̄2

1

2
W0

1

fq

ρq
~∇(ρ+ ρq), (2.42)

also a function of ρq and/ or ρ alone.

For the composite system, ρ = ρ1 + ρ2, and the τ(ρ) and ~J(ρ) are added as

follows:

τ(ρ) = τ1(ρ1) + τ2(ρ2),

~J(ρ) = ~J1(ρ1) + ~J2(ρ2), (2.43)

with ρi = ρin + ρip, τi(ρi) = τin(ρin) + τip(ρip), and ~Ji(ρi) = ~Jin(ρin) + ~Jip(ρip).

Note that ~J is also a function of ρ alone but, as already noted above, in Eq.
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Figure 2.5: The half-density radius R0 and the surface thickness a in fm, plotted as
a function of mass number A of nuclei, each fitted to a polynomial in A. The data
are from [69,70].

(2.36 or 2.38) we still define the Hamiltonian density separately for ~J-dependent

part because the behaviors of the two parts of the potentials are different (discussed

in Chapter 6).

For nuclear density ρi, the two-parameter Fermi density (FD) distribution is

used, which is made T-dependent as [68]

ρi(zi) = ρ0i(T )

[

1 + exp

(

zi −Ri(T )

ai(T )

)]

−1

−∞ ≤ z ≤ ∞ (2.44)

with z2 = R− z1 = [R1(α1) +R2(α2) + s] − z1, and central density

ρ0i(T ) =
3Ai

4πR3
i (T )

[1 +
π2a2

i (T )

R2
i (T )

]−1. (2.45)

Then, since ρi = ρni
+ ρpi

, so for nucleon density we define

ρni
= (Ni/Ai)ρi and ρpi

= (Zi/Ai)ρi, (2.46)
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with half density radii R0i and surface thickness parameters ai at T=0, obtained

by fitting the experimental data to respective polynomials (see fig. 2.4) in nuclear

mass region A=4-238, as [69,70]

R0i(T = 0) = 0.9543 + 0.0994Ai − 9.8851 × 10−4A2
i

+4.8399 × 10−6A3
i − 8.4366 × 10−9A4

i

ai(T = 0) = 0.3719 + 0.0086Ai − 1.1898 × 10−4A2
i

+6.1678 × 10−7A3
i − 1.0721 × 10−9A4

i . (2.47)

The T-dependence in the above formulas are then introduced as in Ref. [71],

R0i(T ) = R0i(T = 0)[1 + 0.0005T 2],

ai(T ) = ai(T = 0)[1 + 0.01T 2]. (2.48)

The above mentioned nuclear proximity potentials are employed to govern the

formation and decay processes of variety of heavy ion induced reactions. The decay

channels described in section 2.2 are governed via dynamical cluster decay model

(DCM) and the formation process (fusion cross-section) are described using well

known Wong formula described below.

2.3 Wong Formula and its extension to include

explicit summation of ` effects

2.3.1 Wong formula

According to Wong [52], the fusion cross-section, in terms of angular-momentum

` partial waves, for two deformed and oriented nuclei (with orientation angles θi),
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SECTION 2.3: WONG FORMULA AND ITS EXTENSION TO
INCLUDE EXPLICIT SUMMATION OF ` EFFECTS

lying in two same planes, and colliding with center-of-mass (c.m.) energy Ec.m., is

σ(Ec.m., θi) =
π

k2

`max
∑

`=0

(2`+ 1)P`(Ec.m., θi), (2.49)

with k =
√

2µEc.m.

h̄2 , and µ as the reduced mass. Here, P` is the transmission

coefficient for each ` which describes the penetration of barrier is given by,

V `
T (R,Ec.m., θi) = VN(R,Ai, βλi, T, θi) + VC(R,Zi, βλi, T, θi) + V`(R,Ai, βλi, T, θi),

(2.50)

Using Hill-Wheeler [72] approximation of assimilating the shape of the

interaction barrier V`(R,Ec.m., θi) through an inverted harmonic oscillator

[V `
T (R,Ec.m., θi) = V `

B(Ec.m., θi) −
1
2
µω2(R − R`

B)2], the penetrability P`, in terms

of its barrier height V `
B(Ec.m., θi) and curvature h̄ω`(Ec.m., θi), is

P` =

[

1 + exp

(

2π(V `
B(Ec.m., θi) − Ec.m.)

h̄ω`(Ec.m., θi)

)]

−1

, (2.51)

with h̄ω`(Ec.m., θi), evaluated at the barrier position R = R`
B corresponding to the

maximum barrier height V `
B(Ec.m., θi), given as

h̄ω`(Ec.m., θi) = h̄
[

|d2V `(R)/dR2|R=R`

B

/µ
]1/2

, (2.52)

and, the R`
B obtained from the condition

|dV `
T (R)/dR|R=R`

B

= 0 (2.53)

Using Eqs. 2.52 and 2.53, Wong calculated h̄ω` and R`
B for the case of 16O +

238U using a diffuse well with the parameters of Viola and Sikkeland [73] and found
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that h̄ω` and R`
B are rather insensitive to `. This result justifies the following

parameterization in the region of `=0:

(i) h̄ω` ≈ h̄ω0, and (ii) V `
B ≈ V 0

B + h̄2`(`+1)

2µR0

B

2 ,

which means to assume R`
B ≈ R0

B also. In other words, both V `
B and h̄ω` are obtained

in terms of its `=0 values, with V 0
B given as the sum of nuclear proximity potential

VP and Coulomb potential VC at R = R0
B,

V 0
B = VP (R = R0

B, Ai, βλi, Ec.m., θi) + VC(R = R0
B, Zi, βλi, Ec.m., θi) (2.54)

where βλi, λ=2,3,4 are the static quadrupole, octupole and hexadecapole deforma-

tions.

Using the above two approximations, and replacing the `-summation in Eq.

(2.49) by an integral, gives the fusion cross-section [52]

σ(Ec.m., θi) =
R0

B
2
h̄ω0

2Ec.m.

ln
[

1 + exp
(

2π

h̄ω0

(Ec.m. − V 0
B)
)]

, (2.55)

Here, one may use the interaction between two deformed nuclei of radii Ri with

deformation parameters βλi and making orientation angles θi with respect to the

collision axis(as shown in Fig. 2.3). Hence, the fusion cross-section integrated over

the angles θi is obtained as

σ(Ec.m.) =

∫ π/2

θi=0
σ(Ec.m., θi)sinθ1dθ1sinθ2dθ2. (2.56)

It is important to remind here that the characteristics of only the `=0 barrier play

role in Wong formula (2.55).
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INCLUDE EXPLICIT SUMMATION OF ` EFFECTS

2.3.2 Extended Wong Model

In 2009, Gupta and collaborators [11] calculated the barrier characteristics (the

barrier height, position as well as the oscillator frequency) for the case 48Ca + 238U

(48Ca being a spherical nucleus, only the deformations of 238U comes into play)

at various `- values and noticed that angular momentum plays an important role

in changing barrier characteristics as shown in Fig. 2 of Ref. [11]. Hence, the `-

summation is carried out in expression (2.49) explicitly, for the `max determined

empirically for a best fit to the measured cross-section. In Wong formula, all the `

values are considered (however the barrier characteristics are considered for s-wave)

and hence the cross-section may overestimate the experimental data particularly at

higher incident energies. Therefore, one may opt to put an upper limit on `-values

so as to have reasonable addressal of data. The `-dependent interaction potential

V(R,T,`) also denoted as V `
T , entering Eq. 2.51 via V `

B, h̄ω` and R`
B is given by

Eq. 2.50, with moment of inertia in non-sticking limit. This procedure of explicit

`-summation works very well at above barrier energies where the fusion cross-section

σfus is measured whereas it fails to reproduce the data at sub-barrier energies and,

as in Misicu and Esbensen [74] for M3Y potential, demands modification of the

barrier, which carry out here by various ways :

(i) keeping the curvature h̄ω` same and modifying the barrier height V `
B defined as

V `
B(modified) = V `

B + ∆V emp
B ,

(ii) keeping the barrier height V `
B same and modify the curvature h̄ω` as

h̄ω`(modified) = h̄ω` + ∆h̄ωemp.

(iii)either with the use of different Skyrme forces, giving different barrier characteris-

tics in Semiclassical extended Thomas-Fermi (SEDF) approach or by using different
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proximity potentials. In this thesis, various versions of nuclear interaction potentials

are used to modify the barrier for the best fit of fusion cross-section at below barrier

region.

The main point of difference in the two models (DCM and Wong formula) is that

in Wong formula, the pre-formation probability P0=1 and penetrability is calculated

by the Hill-Wheeler approximation [72] and the same in DCM is obtained by WKB

integral. On the other hand preformation probability P0 is used to address the

formation probability of decaying fragments of CN state in DCM. As σfus=σER+σff ;

hence one may use DCM approach for treating total fusion cross-sections as well.

Therefore one may assume that DCM is a generalized form of Wong formula in which

we address individual cross-sections of various decay channels as well as the total

fusion cross-sections, whereas Wong formula handles only the fusion cross-section.

It is worth noting that `-summed Wong formula may also be named as “parabolic

approximation” or “Hill-Wheeler method”. But as `-summed Wong formula or

extended-Wong formula notation is used in published articles so in the following

chapters we use the same notation for the sake of consistency.
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Chapter 3

Use of various Skyrme forces in

fusion- fission dynamics

3.1 Introduction:

In this Chapter, the role of different Skyrme forces is investigated in reference to

fusion-fission dynamics by employing dynamical cluster-decay model (DCM) and

the `-summed Wong model, where the nuclear proximity potential is obtained by

using the semiclassical extended Thomas Fermi (ETF) approach in Skyrme Energy

Density Formalism (SEDF) under Frozen density approximation. Application of

both these models with explicit angular momentum and barrier modification effects

is made to fit the fusion excitation function for 132Sn+64Ni→196Pt∗→A1+A2 reac-

tion. In addition to this, the comparative study of pocket formula due to Blocki

et al. potential with Skyrme forces are also studied in the decay pattern of Pt∗

isotopes.

The formation and decay of a compound nucleus (CN) has been a topic of great

interest for several decades as it provides useful information regarding fusion cross-

section and its variation with incident center-of-mass energy Ec.m., the fusion excita-

tion functions. The compound nucleus, depending on its mass, disintegrates by emit-

ting multiple light particles (the evaporation residues ER), followed by fission (the
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fusion-fission). Equivalently one may also experience the competing non-compound

processes such as quasi-fission (qf) or deep inelastic collision (DIC) etc where the

projectile- and target-like fragments are seen in the decay channel without proper

equilibration at CN stage. Thus, for a compound nucleus reaction, the fusion cross-

section is defined as the sum of the fusion-evaporation cross-section σER, the fission

cross-section σfiss, and the quasi-fission cross-section σqf . In 2008, an experiment

was performed for producing the neutron-rich compound nucleus 196Pt∗ by bom-

barding radioactive 132Sn beam on 64Ni, and the σER and σfiss were measured [1].

Interestingly, at sub-barrier energies, only the ER cross-section is measured since

fission data of 196Pt∗ nuclear system was not reported. On the other hand, at the

above-barrier energies, the qf component in fission cross-sections could not be sep-

arated because of the inverse kinematics of 132Sn+64Ni reaction and beam intensity

being several orders of magnitude lower than that of the stable 112,118,124Sn-beams.

In view of the known unexpected behavior of the fusion-evaporation cross-sections at

energies far below the Coulomb barrier, i.e., the fusion hindrance seen in the coupled

channel calculations (ccc) [2,3], for some other Ni-induced reactions (58,64Ni+58,64Ni

and 64Ni+100Mo), the experimental data on 132Sn+64Ni reaction [1] offered an in-

teresting opportunity to study the fusion and fusion-fission dynamics with different

theoretical models. Here, in the following, we carry out such a study by using

the dynamical cluster-decay (DCM) of preformed clusters [4–8] and the `-summed

extended-Wong model [9, 10]. Further importance of this work is that it involves

the neutron-rich radioactive beam and the nuclear structure effects, of the incoming

nuclei and/ or decay products, are shown to influence the fusion cross-sections at

near- and below-barrier energies.

In the present study, the use of different Skyrme forces in DCM is introduced

for the first time via the nuclear proximity potential obtained [11] from semiclassi-

cal extended Thomas Fermi (ETF) approach in Skyrme energy density formalism

(SEDF) [12–14] under frozen density approximation [15]. Compared to the nuclear
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SECTION 3.1: INTRODUCTION:

proximity potential due to Blocki et al. [16], with fixed barrier height, position and

curvature, the nuclear proximity potential derived from SEDF has the advantage of

allowing the use of different Skyrme forces, having different barrier characteristics,

for introducing “barrier modification” effect for the best fit to data via different

Skyrme forces. In other words, Skyrme forces provide the flexibility for a better

comparison of data, since a large number of them are available that fit different

ground-state properties of nuclei from different mass regions.

More recently, the above said nuclear proximity potential [11], derived from

SEDF-based ETF approach [10], has also been used in the `-summed extended-Wong

model [9], at above as well as below barrier energies, for studying the ER and capture

cross-section of Ni- and Ca-induced reactions, respectively. The `-summed extended-

Wong model [9] is an extended version of Wong formula [17] where the angular

momentum effects are explicitly included and is found to contain the barrier modi-

fication effects due to `-dependent barriers. The barrier-modification or no barrier-

modification at sub-barrier energies in `-summed extended-Wong model is shown

to depend not only on the choice of Skyrme force but also on the type of reaction

under investigation. The σER of the considered Ni-based reactions (58,64Ni+5864Ni

and 64Ni+100Mo) at sub-barrier energies required different Skyrme forces for the

best fit to data. In view of above discussion the 132Sn+64Ni→196Pt∗ reaction is also

investigated via `-summed extended-Wong model [9] using the Skyrme-force-based

nuclear proximity potential [11].

In this Chapter, the comparative analysis of three Skyrme forces, namely SIII,

GSkI and SSk is explored by investigating 132Sn+64Ni reaction on DCM and `-

summed Wong model. The effect of using different Skyrme forces on ”barrier low-

ering” at sub-barrier energies in ER data is studied using DCM approach. Beside

this, the qf contribution in fission data is predicted at higher center-of-mass energies

Ec.m., which increases with decrease in barrier height due to different Skyrme forces.

Furthermore, the extended-Wong Model is applied to 132Sn+64Ni reaction showing
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different nature of fits for different Skyrme forces, i.e., just as for other Ni-based

reactions (58,64Ni+58,64Ni and 64Ni+100Mo) [10], whereas the GSkI and SSk forces fit

the data without any barrier adjustment, the force SIII needs the same for the best

fit at below-barrier energies.

One question which may come in mind that why do we have so many Skyrme

forces and whether some of them are better than the others including interaction

like that of Blocki et al.. Since stronger isospin effects are needed for tackling the

steep fall of the cross-sections at below Coulomb barrier energies [18], the recent

parameterizations GSkI and SSk provide the appropriate isospin effects, whereas

the older SIII parameterization and Blocki et al. potential are less sensitive towards

neutron-proton asymmetry and isospin effects. Also the old Skyrme force parame-

terization SIII differs from the very recent GSkI and SSk forces in their containing

the tensor coupling with spin and the gradient terms. In addition, the GSkI force

also includes the three density-dependent interactions, discussed in the next section.

The chapter is organized as follows. The calculations and discussion of results are

presented in Section 3.2. The calculations are done by considering nuclei to be in the

same plane, and deformations are included up to hexadecapole deformations (β2-β4)

with optimum orientations θopt. [19] in DCM, but the same integrated in the case

of extended-Wong Model [10]. Note that θopt. are only for quadrupole deformations

(β4=0). Finally, conclusions are given in Section 3.3.

3.2 Calculations and discussion of the results

The calculations have been done for the fusion-evaporation residues and fusion-

fission of 196Pt∗ compound nucleus using the DCM, and the total fusion cross-section

using the `-summed extended-Wong model, with nuclear proximity potential ob-

tained from SEDF-based ETF method for three illustrative Skyrme forces GSkI,

SSk and SIII, and compared with Blocki et al. potential [5]. These forces cover a

large range of the barrier characteristics (VB, RB and h̄ω). The effects of orientations
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SECTION 3.2: CALCULATIONS AND DISCUSSION OF THE
RESULTS

Figure 3.1: (a) Fragmentation potential V (A2) for the decay of compound nucleus
196Pt∗, plotted at ` = 0 and `max values, using different Skyrme forces and compared
with Blocki et al. interaction from [5]. (b) Same as for (a) but for the compound
nucleus 176Pt∗.

and deformations are included, as mentioned in the Introduction.

3.2.1 Decay of 196Pt∗ using the DCM

First of all, the fragmentation potentials V (A2) for the three Skyrme forces, com-

pared with the potential due to Blocki et al., plotted in Fig. 3.1(a) for ` = 0 and

`max cases. It is to be noticed that the forces GSkI (solid line with star) and SSk

(solid line with hollow triangle) behave nearly alike since, for both the forces, same

fragments contribute to the decay processes. Also `max values are close to each other

(see columns 3 and 4 in Table 6.1), and the potential energy minima are stronger

at the asymmetric fragments rather than the symmetric fragments. The same is

true for SIII (solid line with hollow circle) and Blocki et al. (solid line with rectan-

gle) potential, except that the later one also favors a contribution from symmetric

mass distribution (the minimum at A/2 is relatively deeper). The contribution of

asymmetric fragments for SIII force is similar to other two Skyrme forces (GSkI and

SSk), the difference being only in the magnitude. In other words, for all the four

cases, the potential energy minima are stronger at the asymmetric fragments rather
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Figure 3.2: Preformation probability P0 as a function of fragment mass Ai corre-
sponding to the fragmentation potential in Fig. 3.1(a).

than the symmetric fragments. One may also notice that at ` = 0, for all the four

interactions, the contribution of ER is more prominent as compared to the symmet-

ric or asymmetric fission fragments, whereas at ` = `max, the fission fragments start

competing with ER, the lighter fragments.

After that the role of changing the radioactive 132Sn beam to a stable 112Sn beam

have been tested by calculating the fragmentation potential for 176Pt∗, using all the

three Skyrme forces and Blocki et al. potential, as shown in Fig. 3.1(b). The inter-

esting result is that there is a noticeable change in the structure of V (A2) by adding/

subtracting 20 neutrons, i.e., the predominantly asymmetric fission distribution for

196Pt∗ changes to a predominantly symmetric one for 176Pt∗, independent of the

choice of nuclear interaction potential. Such a change in fission mass distribution

provides the possibility to study the fine-/ or sub-structure in fission products of

Pt∗ isotopes. The isospin analysis in Pt∗ nuclei is worked out in Chapter 4.

The above results from fragmentation potentials can be better understood in

terms of preformation factor P0, plotted in Fig. 3.2 as a function of A2. We notice
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SECTION 3.2: CALCULATIONS AND DISCUSSION OF THE
RESULTS

Figure 3.3: The neck-length parameter ∆R plotted as a function of Ec.m. for (a) ER,
(b) fission, and (c) qf process, using the Skyrme forces SSk (solid line with hollow
circle), GSkI (solid line with rectangle) and SIII (solid line with hollow triangle).

from Fig. 3.2 that, in the decay of 196Pt∗ at ` = `max, the contribution of asymmetric

fragment (AF) component is predominant for all the four interactions considered.

The preformation factors for GSkI (solid line with star) and SSk (solid line with

hollow triangle) forces are overlapping with each other, indicating the preformation

of the same (asymmetric and symmetric) fragments for the two forces. Interestingly

for all the interactions, the AF component is nearly the same. The calculations

are made within the fitting of one parameter, the “neck length” parameter ∆R, for

each chosen force, given in Table 6.1 and Fig. 3.3 for all the three processes of ER,

fission and qf. The use of neck-length parameter assimilates the effects of both de-

formations of decaying fragments and neck formation between them. This method

of introducing the neck length parameter ∆R is also used in the scission-point [20]

and saddle-point [21] (statistical) fission models for decay of a hot and rotating com-

pound nucleus. Generally the different ∆R values for competing decay channels are

associated with the time scale of emission of a particular channel. The ∆R in a way

modifies the first turning point of barrier penetration, referring to the actually used
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Table 3.1: The ER and fission cross-sections for 196Pt∗ system, calculated on the
DCM at different Ec.m.’s for various Skyrme forces, compared with the experimental
data [1]. The upper-limit of ER cross-section at Ec.m.=142.5 MeV, included in
Fig. 3.8, is not included here. The quasi-fission (qf) contribution in fission is also
calculated, wherever required.

Ec.m. T `max(h̄) ∆R (fm) σ (mb)
(MeV) (MeV) DCM Expt.

SSk GSkI SIII SSk GSkI SIII SSk GSkI SIII

Evaporation Residue (ER)
195.2 1.9944 108 110 120 2.271 2.173 1.481 259 259 260 259
183.7 1.8556 102 104 113 2.322 2.24 1.6753 253 251 257 251.4
175.2 1.7458 103 105 114 2.293 2.213 1.637 265 265 265 264.8
171 1.6889 101 103 113 2.275 2.197 1.625 218 219 218 218
167.2 1.6357 92 96 111 2.3794 2.274 1.643 235 235 234 234
165.5 1.6113 100 102 111 2.261 2.163 1.607 184 184 183 184
158.1 1.5004 89 92 108 2.288 2.175 1.498 70 70.2 70 70
154 1.4353 86 90 107 2.239 2.12 1.412 31.5 31.3 32 31.5
151 1.3856 82 86 106 2.159 2.033 1.247 5.08 5.03 4.87 5±1
148.1 1.3359 77 82 105 2.089 1.96 1.093 0.7 0.7 0.67 0.7±0.2

Fission and predicted Quasi-fission (qf)
195.2 1.9944 108 110 120 2.996 2.989 1.94 189.4 224 224 544

2.904 2.739 1.876 3521 3211 3181

183.7 1.8556 102 104 113 2.959 2.871 1.94 177.6 200 230 371
2.875 2.704 1.83 1941 1711 1401

175.2 1.7458 103 105 114 2.937 2.825 1.8945 208 212 230 232.9
2.682 2.515 25.21 21.21

171 1.6889 101 103 113 2.8403 2.685 1.793 142.8 141.2 139.4 138
165.5 1.6113 100 102 111 2.701 2.539 1.649 31 31.4 31.4 31.2

1symbolizes quasi-fission (qf) contribution.

barrier height and consequently introduces the concept of barrier modification which

helps us to account for the fusion hindrance effect at sub-barrier energies, something

similar to coupled channel calculations. In other words, the DCM approach is used

to address the hindrance phenomenon in terms of the ’modified shape of potential

barrier’ at sub-barrier energies in a simple way via its fitting of the neck-length pa-

rameter. The dependence of ∆R is shown in Fig. 3.3 which follows the second order

polynomial as a function of Ec.m. for SSk force and the similar trend is followed by

other forces (not shown in graph).

Fig. 3.4 shows the comparison of experimental data [1] on σER and σfiss with

DCM based calculations for the three Skyrme forces (a) GSkI, (b) SSk, and (c) SIII,
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SECTION 3.2: CALCULATIONS AND DISCUSSION OF THE
RESULTS

Figure 3.4: Comparison of experimental evaporation residue σER and fission cross-
section σfiss for 132Sn+64Ni reaction [1] with calculations made in DCM, using the
three Skyrme forces (a) GSkI, (b) SSk, and (c) SIII.

for the neck length parameter ∆R obtained in each case as plotted in Fig. 3.3.

Apparently the fits obtained are good for σER, but the fission data at the highest

two/ or three center of mass energies Ec.m. did not fit for either of the Skyrme

force. At these higher Ec.m. values, the qf process seems to compete with the fission

and the sum of these two, i.e. σfiss + σqf , fits the available data nicely. It is to

be noticed that for GSkI and SSk forces, qf content appears at highest three Ec.m.

values whereas, similar to Blocki et al. potential [5], for SIII force, it comes into

picture only at the two highest energies. In other words, for each Skyrme force, the

DCM stresses the presence of a non-compound, qf-content in fission cross-sections

at above-barrier energies.

Fig. 3.5 shows the variation of “barrier lowering” parameter ∆VB as a function of

Ec.m. for the chosen three Skyrme forces, in case of ` = `max for mass one particle, i.e.

(A2=1). It is clear from Fig. 3.5 that ∆VB increases (i.e. becomes more negative)

for below-barrier energies and its contribution increases for the force with a higher

barrier. Fig. 3.6 shows that the barrier is highest for SIII force (solid line), and

hence in Fig. 3.5 the “barrier lowering” ∆VB at sub-barrier energies is largest for

SIII force. In fact, ∆VB is another representation of the neck-length parameter ∆R.

It may be relevant to note that the hump in the values of ∆R for ER at Ec.m.=167.2
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Figure 3.5: Barrier-lowering parameter ∆VB as a function of Ec.m. for mass one
particle at ` = `max for SSk, GSkI, and SIII Skyrme forces.

Figure 3.6: Interaction potentials V (R) of 132Sn+64Ni for the three Skyrme forces
and Blocki et al. potential at fixed Ec.m. and θi values for co-planar nuclei (Φ=00).
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SECTION 3.2: CALCULATIONS AND DISCUSSION OF THE
RESULTS

MeV in both the Figs. 3.3(a) and 3.5 represents the absence of data point in fission

at this energy.

3.2.2 Fusion cross-sections for 196Pt∗ using `-summed

extended-Wong model

The fusion cross-section is the sum of ER and fission cross-sections, to which the

extended-Wong model is applicable for a best fit to determine the `max value. The

barrier characteristics (V `
B, R`

B and h̄ω`), that are extracted from the scattering

potentials at all the angles (co-planer in present study) and `-values up to `max, are

the main inputs in the Wong model. Fig. 3.6 shows the total interaction potential

for 132Sn+64Ni→196Pt∗ at fixed Ec.m. and θi’s for `=0 case. Fig. 3.7 shows the

variation of barrier height VB with Ec.m. for `=0 case of the same reaction, using

all the potentials calculated in Fig. 3.6. It is clear from Figs. 3.6 and 3.7 that

the barrier characteristics of the SIII parameterization and that of Blocki et al. are

similar, and hence the results associated with these interactions are also close to

each other. Similarly, the barrier characteristics of GSkI and SSk parameterizations

are also close to each other, and, hence, so also are their results.

Fig. 3.8(a) shows the fusion excitation function, i.e., the calculated fusion cross-

section as a function of center-of-mass energy Ec.m. for 132Sn+64Ni reaction using

the three illustrated Skyrme forces in extended-Wong model, compared with the

experimental data [1]. Apparently, the extended-Wong model calculations for GSkI

and SSk forces fit the data nicely at both above- as well as below-barrier energies, but

the SIII force does not fit the data for below-barrier energies, and hence needs the

“barrier modifications” to be included in order to fit the data. The corresponding

deduced `max values, for the best possible fits of fusion cross-sections with the three

Skyrme forces used in Fig. 3.8(a), are presented in Fig. 3.8(b). Notice that `max

as a function of Ec.m. vary smoothly for best fitted GSkI and SSk forces, but for

the SIII force, where the fit is not so good at sub-barrier energies, the `max(Ec.m.)
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Figure 3.7: Barrier height VB as a function of Ec.m. for 132Sn+64Ni, using the three
Skyrme forces SIII (solid line), GSkI (dashed line) and SSk (dotted line), and the
Blocki et al. (dashed-dot line) potential at fixed θi values for co-planar nuclei (Φ=00).

varies erratically which could certainly be smoothed by adding appropriate “barrier

lowering” or “barrier narrowing” empirically.

It may be noted that the significant difference between the predications of the

older (SIII) and the modern forces (GSkI and SSk), arises due to the different barrier

characteristics. As shown in Fig. 3.7, the Ec.m. dependence of the barrier height VB

for recent forces is ∼7 MeV lower as compared to the older SIII or Blocki et al. force.

Similar behavior is presented by the other two barrier properties (RB and h̄ω) of

these forces (not shown here). Since these barrier properties are the main ingredient

of the Wong model, so the comparison in the data is better for new Skyrme forces

with lower barriers.

3.3 Conclusions

The decay pattern of CN 196Pt∗ formed in 132Sn+64Ni reaction is investigated using

DCM where temperature, deformation and orientation effects are dully incorporated.

The fusion cross-sections are also calculated independently by using the `-summed
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SECTION 3.3: CONCLUSIONS

Figure 3.8: (a) Fusion excitation functions of 132Sn+64Ni→196Pt∗ using the
extended-Wong model, and (b) deduced `max values vs. Ec.m., using the Skyrme
forces SIII (dotted line), GSkI (solid line) and SSk (dashed line).

extended-Wong Model. Both the model calculations use the nuclear proximity po-

tential derived from SEDF-based semiclassical ETF method with densities added

under frozen-density approximation.

Within the DCM, it is found that for the chosen three Skyrme forces GSkI,

SSk and SIII, the decay process presents the same pattern for the fragmentation

potential as well as the pre-formation probability, indicating that the asymmetric

fission contributes more than the symmetric fission. For all the Skyrme forces,

the ER process contributes more at lower ` values, whereas the fission fragments

starts competing with ER as the ` value increases. However, the predominantly

asymmetric pattern changes to the symmetric one with decrease of N/Z ratio of

the CN, leading to the possibility to address the isospin effects in Pt∗ nuclei. The

reversal of behavior of fission fragments, i.e. from asymmetric to symmetric, with

decrease in N/Z ratio holds good for a variety of nuclear interaction potentials used

for studying the reaction dynamics of Pt-isotopes. Another interesting result is that

“barrier lowering” is required for ER cross-sections at sub-barrier energies, and the

fission cross-sections show the necessity of qf contribution at the highest two/ three
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energies, depending on the Skyrme force used.

The `-summed extended-Wong model fits the total fusion cross-section (sum

of ER and fission cross-sections) for the Skyrme forces GSkI and SSk, with proper

dependence of deduced `max on Ec.m., not requiring any additional “barrier lowering”

or “barrier narrowing” for a best fit to data. However, the force SIII demands barrier

modification as the corresponding deduced `max in this case varies erratically or un-

physically with Ec.m.. Interestingly, the `-summed extended-Wong model fits the

high energy fusion cross-section data nicely, without any explicit knowledge of qf

component, whereas the same can be worked out exactly in the framework of the

DCM. Note that qf component could not be separated out experimentally in this

reaction, and the prediction of qf at the highest two/ three energies calls for a further

experimental verification.

Concluding, as the reaction under study involves the neutron-rich radioactive

132Sn beam, the old Skyrme force SIII and Blocki et al. potential require barrier

modification, because in the fitting of parameters of the SIII force, the isospin effect

was not taken into the account and also Blocki et al. potential is less sensitive

towards the isospin. However, the Skyrme forces GSkI and SSk are improved with

respect to the recent experimental data, and the parameters of these forces are

determined by fitting several properties of some normal and isospin rich nuclei.

Therefore, the GSkI and SSk forces are expected to perform better for the isospin

rich colliding nuclei, like the one under investigation. In other words, the dynamics of

a system can be explained by using the appropriate Skyrme force whose parameters

are fitted for the region to which it belongs. In the next chapter we intend to explore

the isotopic dependance of Pt∗ nuclei using stable and radioactive Sn beams in order

to have further understanding regarding dynamics of Sn based nuclear reactions.
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Chapter 4

Isotopic analysis of Pt∗ nuclei

formed using stable and

radioactive Sn beams

4.1 Introduction

In previous chapter, the role of Skyrme forces and its comparison with pocket formula

has been studied in fusion-fission process. Here in present chapter, the role of various

nuclear proximity potentials and level density parameter is investigated in reference

to the entrance channel effect of CN 190Pt∗ formed in 132Sn+58Ni and 126Sn+64Ni

reactions with in the framework of DCM. Beside this deformation effects and fusion

hindrance phenomenon is also investigated within the framework of DCM [1]- [8]

and `-summed Wong model [9]- [11].

In recent years, the low-intensity neutron-rich radioactive ion beams (RIBs) have

been used quite extensively to study the reaction dynamics. Due to the excess neu-

trons in RIBs, neutron transfer reactions are supposed to influence the fusion rate

strongly and hence shed light on various ingredients of nuclear reaction dynamics

and related phenomena. In recent past numerous experiments have been performed

using the RIBs to study the evaporation residue and fusion-fission cross-sections and
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comparisons are made with the reactions involving stable beams [12,13]. Simultane-

ously significant amount of information is extracted through theoretical calculations

as well. In 2012, experiment was performed using the stable and radioactive beams

of different isotopes of Sn [14]. To observe the effect of additional neutrons on fu-

sion probability and fusion hindrance, the ER cross-sections have been measured for

chain of neutron-rich radioactive 126,127,128Sn+64Ni and 132Sn+58Ni reactions [14].

The fusion hindrance was shown to decrease with increase of neutron excess in Sn

beams.

The main aim of the work presented in this chapter is to study the reaction

dynamics of various isotopes of Pt∗, formed using stable and radioactive ion beams

of Sn with in the framework of DCM. In the process some useful information is

extracted in reference to entrance channel, barrier modification, deformations and

fusion hindrance etc. The consistency of entrance channel independence is checked,

at approximately same center-of-mass energy (Ec.m.) and same maximum value of

angular momentum (`max), using different nuclear proximity potentials i.e. Prox

1977 [15], Prox 1988 [16], mod-Prox 1988 [17], Denisov 2002 [18, 19] and level den-

sity parameters, a=A/8, A/9, A/10. The barrier characteristics change considerably

with the use of proximity potential. Henceforth, for fitting the data, different val-

ues of neck-length parameter ∆R are required. The neck length parameter (∆R)

represents the reaction time scale and is the only parameter of DCM which also

refers to the actually used barrier height and consequently to the concept of bar-

rier lowering ∆VB. On changing level density parameter from a=A/8 to A/10, ∆R

decreases which means that the barrier-lowering parameter ∆VB increases, but in

all cases same fragments are preborn during the decay process which indicates that

CN forgets its history of formation. It is also observed that at `=`max the fission

mass distribution, changes from symmetric to asymmetric one and the α- nucleus

structure starts vanishing with an increase in the N/Z ratio of the CN. The DCM

based calculations reveal that the barrier lowering parameter (∆VB) decreases as
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SECTION 4.1: INTRODUCTION

Figure 4.1: Fragmentation potentials V(A2) for the decay of 190Pt∗ formed in
132Sn+58Ni and 126Sn+64Ni reaction channel at comparable Ec.m. values using (a)
spherical and (b) deformation considered.

neutron excess in the projectile/target increases. In other words, fusion hindrance

decreases with increasing neutron in CN and is in agreement with the experimental

observation of [14].

Alternatively, extended-Wong model [9]- [11] is also used to make a possible com-

ment on the fusion hindrance. The extended-Wong model is an extended version

of the Wong formula [20], where the angular momentum effects are explicitly in-

cluded and are found to contain the barrier modification effects due to `-dependent

potential barriers.

The chapter is organized as follows. The calculations and results are presented

in Section 4.2. Finally, the conclusions drawn are discussed in Section 4.3.
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Figure 4.2: Preformation probability P0 as a function of fragment mass Ai for the
decay of 190Pt∗ formed in 132Sn+58Ni and 126Sn+64Ni reaction channels at approx-
imately same Ec.m. values for level density parameters a=A/9 using (a) spherical
and (b) deformation considered.

4.2 Calculations and Results

In section 4.2.1, the reaction dynamics of the decay of Pt∗ CN, formed with dif-

ferent Sn-beams, is studied using the DCM with spherical and deformed choice of

decaying nuclei. Then the effect of entrance channel on 190Pt∗ compound nucleus

formed in 126Sn+64Ni and 132Sn+58Ni reactions is studied where the role of different

nuclear proximity potentials and level densities are also tested. Further the effect of

increase in N/Z ratio of CN is investigated and consequently the fragmentation be-

havior and barrier modification effects are analyzed. The role of different proximity

potentials with in the `-summed extended Wong model, for the fusion cross-section

of 132Sn+58Ni reaction is studied in Sec. 4.2.2. The concept of fusion hindrance

is duly addressed in Sec. 4.2.3 in context of barrier characteristics and finally the

results are summarized in Sec. 4.3.
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Table 4.1: The ER cross-sections and relevant variables for 188,190,191,192Pt∗ system formed via 132Sn+58Ni and 124,126127,128Sn+64Ni,
calculated with the DCM at different Ec.m.’s for level density parameter a=A/9, compared with the experimental data [14].

σER (mb)
Ec.m.(MeV ) E∗

CN (MeV) T (MeV) `max(h̄) VB(` = 0) RB(` = 0) ∆R (fm) ∆VB (MeV) DCM Expt.

124Sn+64Ni → 188Pt∗ → A1+A2

183.60 66.10 1.804 117 158.12 11.886 1.785 -2.8 171 170.90±7
194.03 76.50 1.937 118 157.90 11.89 1.750 -3.015 135 136.80±6
201.29 86.70 2.062 120 157.68 11.912 1.732 -3.145 121 121.75±6
207.62 90.10 2.101 121 157.63 11.915 1.725 -3.19 113 113.80±5
211.00 93.49 2.139 121 157.55 11.921 1.734 -3.141 120 120.80±6
213.78 96.26 2.170 121 157.51 11.925 1.730 -3.178 115 116.30±5
217.87 100.36 2.215 122 157.42 11.929 1.728 -3.196 111 113.50±5

126Sn+64Ni → 190Pt∗ → A1+A2

181.7 65.9 1.792 120 157.62 12.366 1.376 -3.783 182 176.68±9
191.8 76.0 1.921 123 157.45 12.465 1.351 -4.027 178.9 178.4±8
202.0 86.2 2.044 124 157.28 12.538 1.325 -4.294 161.0 161.43±8
205.4 89.6 2.084 125 157.22 12.557 1.317 -4.374 156 157±8
212.1 96.3 2.159 126 157.08 12.59 1.306 -4.505 143.5 144.44±7.5
215.51 99.72 2.197 127 157.03 12.616 1.294 -4.624 134.9 134.42±8

127Sn+64Ni → 191Pt∗ → A1+A2

180.7 65.8 1.785 120 157.07 12.211 1.52 -2.737 181 183.04±9
190.9 76.0 1.916 123 157.08 12.291 1.45 -3.238 191 189.75±8
200.9 86.0 2.037 125 157.04 12.452 1.376 -3.849 161 162.55±7.5
204.3 89.4 2.077 126 156.99 12.519 1.357 -4.014 157 158.9±9
211.1 96.2 2.152 127 156.88 12.560 1.34 -4.189 153 152.85±8.5
214.4 99.5 2.189 128 156.82 12.598 1.318 -4.389 138 136.8±9
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Continued 1 ....... Table 4.1
σER (mb)

Ec.m.(MeV ) E∗

CN (MeV) T (MeV) `max(h̄) VB(` = 0) RB(` = 0) ∆R (fm) ∆VB (MeV) DCM Expt.

128Sn+64Ni → 192Pt∗ → A1+A2

180.10 65.97 1.782 124 156.9 12.238 1.505 -2.785 249 250.4±11
190.15 76.02 1.911 127 156.96 12.353 1.418 -3.452 202 200.9±9
200.29 86.15 2.033 128 156.84 12.469 1.376 -3.808 201 201.8±10
203.61 89.48 2.071 128 156.782 12.499 1.37 -3.879 182 184.3±8
207.00 92.87 2.109 130 156.74 12.567 1.342 -4.104 176 178.2±9
210.33 96.20 2.147 131 156.69 12.597 1.325 -4.26 164 165.5±8
214.35 100.22 2.190 132 156.62 12.621 1.315 -4.39 162 160.3±10

132Sn+58Ni → 190Pt∗ → A1+A2

166.40 66.9 1.805 120 156.57 12.494 1.315 -4.301 115 115.41±4
171.60 72.1 1.872 121 156.45 12.479 1.335 -4.149 146.4 146.18±5
177.20 77.7 1.942 123 156.35 12.502 1.332 -4.184 161.48 161.33±6
189.20 89.8 2.086 123 156.16 12.592 1.311 -4.429 160.62 160±6
194.58 95.1 2.146 126 156.07 12.629 1.305 -4.505 153.94 153.2±7
197.07 97.6 2.174 127 156.02 12.638 1.3055 -4.504 155 157±8
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SECTION 4.2: CALCULATIONS AND RESULTS

4.2.1 Decay of Pt
∗ formed using stable and radioactive Sn-

beams using DCM

In this section, the variation of fragmentation potential V(η) and preformation prob-

ability P0 is studied in order to see whether the decay of CN 190Pt∗ is dependent

or independent of its mode of formation. The barrier-lowering effect due to fusion

hindrance is also studied. Fig. 4.1 shows the calculated fragmentation potentials for

the decay of 190Pt∗, formed in 132Sn+58Ni and 126Sn+64Ni reaction at the extreme

values of angular momentum i.e. at `=0 and `max, with spherical and deformed

choice of decaying nuclei. In order to do a comparison between the two incoming

channels, the same centre-of-mass energy Ec.m. ≈ 190 MeV is chosen. At `=0h̄ , the

fragmentation potentials are quite similar for spherical and deformed choices of the

fragmentation. However at `max, the structure of potential energy surfaces changes

significantly, particularly with the inclusion of deformation and orientation effects

i.e. the fragmentation is symmetric for spherical nuclei and becomes asymmetric

when deformation effects are included.

It is clear from Fig. 4.1 that the decay pattern of CN 190Pt∗ remains similar

for both the channels, with some difference in magnitude only. It may be noted

that at `=0, the contribution of the ER is more prominent than the symmetric or

asymmetric fission fragments, which otherwise start appearing at higher `-values.

These results are in agreement with the decay of 196Pt∗ investigated using Skyrme

forces and reported in Chapter 3. Fig. 4.2 shows the calculated preformation prob-

ability for the decay of 190Pt∗ at same `max value and comparable Ec.m. values for

both the channels using spherical and deformed choices of nuclei. At `max, the pre-

formation probability curve changes from symmetric to asymmetric as we go from

spherical to deformed fragmentation. On the other hand the preformation factor

overlap each other (same fragments pre-born during the decay process) for both the

channels, which indicate that the decay is independent of the choice of the entrance

channel. This observation holds good for spherical as well as deformed choice of
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Figure 4.3: The `-summed P0, P and cross-section (σ) for the decay of 190Pt∗ as a
function of light fragment mass A2 at approximately similar Ec.m. for (a) 132Sn+58Ni
and (b) 126Sn+64Ni reactions.

Figure 4.4: Comparison of experimental evaporation residue σER for the decay of
CN 190Pt∗ formed in 132Sn+58Ni and 126Sn+64Ni reactions, with calculations made
in the DCM.
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SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.5: Fragmentation potentials V(A2) for the decay of 190Pt∗ formed in
132Sn+58Ni reaction channel at a given Ec.m.. using different proximity potentials
considered.

fragmentation. The DCM based calculations indicate that fragmentation behavior

of ER, intermediate mass fragments (IMF), heavy mass fragments (HMF) and fission

fragments is almost identical i.e. independent of the choice of entrance channel.

Figure 4.3 show the `-summed P0, P and cross-section (σ), as a function of the

fragment mass number A2 for the 126Sn+64Ni and 132Sn+58Ni channels forming the

CN at comparable E∗

c.m.=191.85 and 189.29 MeV respectively. It is relevant to men-

tion here that in DCM, the decay cross-sections in terms of the `-partial waves are

defined as the product of preformation probability (P0) and penetrability (P) for

`-value from 0 to `max. The `-summed P0 represents the sum of preformation prob-

ability of all contributing angular momentum states for a particular fragment that

is preborn during the decay process. Similarly the `-summed P means the sum of

penetrability of the particular fragment over all the `-values taken into consideration
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Figure 4.6: Total interaction potentials V(R) of 132Sn+58Ni for (a) the proximity
potentials Prox 1977, Prox 1988, mod-Prox 1988 and Denisov 2002 and (b) level
density parameters A/8, A/9 and A/10 for the case of Prox 1977, at Ec.m.=188.72
MeV for `=0 case.

during the decay process. From the Fig. 4.3, it is clear that (i) cross-sections follow

the trend of preformation probability P0, which means that structure effects are

contained only in P0, (ii) P contributes largely to magnitude and almost no struc-

ture effects except for IMF and HMF region, (iii) the summed values of P0, P and

σ over ` are almost similar for both the reactions which indicates that using Prox

1977 with level density parameter A/9, there is no significant signature of entrance

channel effects.

Figure 4.4 illustrates the DCM-calculated ER cross-section (σER) for both the

reactions, compared with the experimental data [14]. The calculated σER fits the

data nicely with in one parameter fit of ∆R which is shown in Table 4.1, at all the

reported energies. The neck length parameter (∆R) represents the reaction time

scale and is the only parameter of DCM which also refers to the actual used barrier

height and consequently to the concept of barrier lowering ∆VB. The increase in ∆R
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SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.7: Same as Fig. 4.1 but for (a) Proximity 1988, (b) mod-Prox 1988 and
(c) Denisov 2002.

means that the reaction time decreases and that, by definition, the barrier-lowering

parameter ∆VB decreases.

The entrance channel independence is further tested with the use of different

nuclear proximity potentials Prox 77, Prox 88, mod-Prox 88 and Denisov 2002. The

change of level density parameter is also exercised. Fig. 4.5 shows the decay pattern

of CN 190Pt∗ formed using radioactive beam of 132Sn on 58Ni for different proximity

potentials at `=0, keeping other variables same. The decay pattern almost remains

similar for the considered nuclear proximity potentials except some difference in

magnitude and some variation in fission region.

It is to be noted that the both symmetric and asymmetric fragments contribute

for the choice of Prox 88 and mod-Prox 88 potentials whereas other considered

potentials favor symmetric fragmentation only. Fig. 4.6(a) shows the comparison of

scattering potentials for the different nuclear proximity potentials and Fig. 4.6(b)

shows the scattering potentials for different level density parameters. It may be

noted that the proximity potentials used in Fig. 4.6(a) cover wide range of barrier

characteristics. On the other hand change of level density parameter shown in
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Figure 4.8: Same as Fig. 4.2 but for level density (a) A/8 and (b) A/10.

Fig. 4.6(b) don’t influence the barrier characteristics significantly and hence play

relatively silent role. It is observed from Fig. 4.7 that the maximum value of

angular momentum `max remains same for both the incoming channels. This result

sustains despite the use of different nuclear proximity potential, which rules out

the angular momentum dependence on entrance channel of 190Pt∗ nucleus. In other

words it is observed that the decay pattern of CN 190Pt∗ remains similar for both the

channels independent of proximity potentials used. The case of Prox 1977 is shown

in the Fig. 4.1. Since different nuclear proximity potentials corresponds to different

barrier characteristics, so different values of the neck-length parameter (∆R) are

required to fit the ER cross-section. However for both the channels same fragments

contribute to the decay process, indicating that the decay is independent of the mode

of its formation. This result is clarified further in Fig. 4.8, showing the variation of

preformation probability, that on decreasing the level density parameter from A/8 to

A/10 for both the channels, temperature increases and hence neck length parameter

(∆R) decreases for 132Sn+58Ni and 126Sn+64Ni channels but decay pattern remains

same which shows that even on changing level density parameter the decay of CN

is independent of its path of formation. The case of level density of A/9 is shown

in Fig. 4.2. It is to be noted here that change in ∆R-value for the cases of different

proximity potentials and level density parameters, leads to corresponding change

90



SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.9: Fragmentation potential V(A2) for the decay of 188,190,191,192,196Pt∗ nuclei,
plotted for `=0h̄ (below)and `max (above) values.

in the magnitude of the barrier lowering parameter (∆VB) only and overall result

remains the same.

Further the ER cross-sections is available for 124,126,127,128Sn + 64Ni reactions [14].

So these reactions are also analyzed systematically for the fission mass distribution

with the increase in the iso-spin ratio N/Z of the decaying CN as shown in Fig.

4.9 at two extreme `-values. Since, in Fig. 4.9 we have analyzed the reaction with

64Ni target, so the case of 58Ni with 132Sn is not shown here. Instead, the earlier

investigated reaction 132Sn + 64Ni [21], is shown for the sake of comparison and

analysis of isotopic dependance of Pt nuclei. It is to be noted here that all the beams

are radioactive except 124Sn, which is stable. It is evident from Fig. 4.9 that the

fragmentation potential V(A2) at `=`max, in the decay of 188Pt∗ formed from stable

beam 124Sn, both symmetric and asymmetric fission fragments do contribute. How-

ever on moving from the stable beam 124Sn case to the radioactive beam 132Sn, the

prominent contribution is from the asymmetric fission only. Such variation towards
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Figure 4.10: Barrier-lowering parameter ∆VB as a function of Ec.m. for the decay
of 190,191,192,196Pt∗ nuclei at `=`max. Inset shows the barrier modification for the
reaction of 132Sn with 58,64Ni targets.

asymmetric fragmentation with increase in neutrons in Sn beam is visible only at

higher `- values, and the fragmentation profile at `=0 do not change much. Such

a change in fission mass distribution at higher `- values, provides the possibility of

studying the fine- or sub- structure in fission products of Pt∗ isotopes. The knowl-

edge of such sub-structuring of fission fragments is of huge interest as fragments

contributing towards fission cross-sections are being identified in some recent exper-

iments. The fitted ER cross-section and relevant variables are listed in Table 4.1

along with the experimental data [14].

Figure 4.10 shows the variation of the barrier lowering ∆VB as a function of

Ec.m. for the decay of 190,191,192,196Pt∗ formed using radioactive Sn-beams and target
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SECTION 4.2: CALCULATIONS AND RESULTS

of 64Ni. Inset of the Fig. 4.10 shows the same but for the beam of 132Sn with targets

of 58,64Ni. As the neutrons are increased either in radioactive projectile beam (Sn) or

in target Ni, barrier lowering parameter ∆VB decreases. This observation is explored

in context of fusion hindrance phenomena in Sec. 4.2.3. In order to see the trend

of barrier modification for radioactive beams, the CN formed using stable Sn beam

i.e. the 188Pt∗ is not included in the discussion of Fig. 4.10. Moreover, for ER

consideration, the energetically favoured fragment is 1n in case of 188Pt∗ and 1H for

remaining cases dealt using radioactive beams.

4.2.2 Fusion cross-sections for 190Pt∗ using `-summed

extended-Wong model

Experimentally, the fusion excitation functions for radioactive 132Sn+58Ni were mea-

sured [22] at energies across the Coulomb barrier which offers an opportunity to

study the fusion hindrance phenomenon by using different proximity potentials with

in `-summed extended-Wong model. It is to be noted that out of all the other re-

action under study, the total fusion cross-section for 132Sn+58Ni is available, so

this reaction is studied using `-summed extended-Wong model. Different proximity

potentials have different barrier characteristics, which are extracted from the scat-

tering potentials. Fig. 4.6(a) shows the total interaction potential for 132Sn+58Ni

at Ec.m.=188.72 MeV for the `=0 case, using various versions of nuclear proximity

potentials. Fig. 4.11 shows the variation of barrier height VB with Ec.m. for the `=0

case of the same reaction, using four potentials used in Fig. 4.6(a) It is clear from

the Fig. 4.6(a) that the barrier characteristics, i.e., barrier height (VB), position

(RB), and frequency (h̄ω), change considerably for the use of different proximity

interactions. These potentials are considered here as they cover a wide range of

barrier characteristics. The mod-Prox 1988, having stronger isospin effects, is also

tested here. This potential corresponds to the most attractive potential, and hence

the lowest barrier, out of the four considered here.
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Figure 4.11: Barrier height VB as a function of Ec.m. for 132Sn+58Ni, using illustrated
proximity potentials.

Figure 4.12(a) shows the fusion excitation function, i.e., the calculated fusion

cross-section as a function of center-of-mass energy Ec.m. for the 132Sn+58Ni reaction

using the four illustrated proximity potentials in the extended Wong model, and are

compared with the experimental data of [22]. The Wong model calculations for mod-

Prox 1988 fit the data nicely at above as well as below the Coulomb barrier energies.

The nuclear proximity potential Prox 1977 underestimates the data at lowest two

values. The Prox 1988 potential, having comparatively stronger dependence on the

isospin and asymmetry of the reacting nuclei as compare to Prox 1977 even then fail

to fit the data at lowest point. The Denisov 2002 potential having, highest barrier,

do underestimate the experimental data at all reported energies. Figure 4.12(b)

shows the variation of deduced `max with Ec.m.. It is to be noted here that at above

barrier energies the `max is almost same for all the proximity potential considered.

The variation of `max at lower energies is not smooth; rather, there is sudden

94



SECTION 4.2: CALCULATIONS AND RESULTS

Figure 4.12: (a) Fusion excitation functions of 132Sn+58Ni→190Pt∗ using the
extended- Wong model, and (b) deduced `max values vs. Ec.m., using four prox-
imity potentials i.e. Prox 77, Prox 88, mod-Prox 88 and Denisov 2002.

increase in `max values at lower energies for Denisov 2002, Prox 77 and Prox 88.

This behavior can be smoothed by introducing the appropriate empirical barrier

modification in these potential, which is taken care in mod-Prox 1988 with the ad-

equate isospin effect and asymmetry of colliding nuclei. It is relevant to mention

here that experimental data was nicely expressed with in DCM for all proximity

considered, as the barrier modification gets introduced in natural way due to use of

neck length parameter ∆R. It is noted that the use of different proximity potentials

in DCM, lead to change in magnitude of neck-length parameter and hence barrier

modification, as consequence of this the fragmentation potential and preformation

probability gets modified. However, the Wong model is very sensitive to barrier

characteristics, since these interactions enter in the fusion cross-section formula di-

rectly, so the modification of fusion cross-section due to the change in the nuclear

proximity potential is clearly visible with in the Wong model.
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4.2.3 Fusion hindrance in Sn-induced reactions

Fusion hindrance is the unexpected behavior or steep fall of fusion cross-sections at

deep sub-barrier energies. This phenomenon in heavy- ion reactions is extensively

investigated on theoretical as well as experimental front. Recently, Misicu and

Greiner [23] showed that M3Y potential, with an additional repulsive core, nicely

describe the capture cross-sections of 48Ca- induced reactions with in Coupled chan-

nel calculations and Wong formula. Later on, Misicu and Esbensen [24] used the

same recipe of M3Y+repulsion for fusion- evaporation cross-section of Ni-induced

symmetric (58Ni+58Ni, 64Ni+64Ni) and asymmetric (64Ni+100Mo) reactions. These

Ni- induced reactions show clear signature of fusion hindrance phenomenon. The

repulsive core is used to modify the shape of inner part of potential in terms of

thicker barrier and shallower pocket. Thus the barrier characteristics were shown

to influence the fusion hindrance process significantly. In the present work, we have

addressed the fusion hindrance in Sn- induced reactions by (i) modifying the bar-

rier characteristics using the neck-length parameter (∆R) in the DCM in context

of barrier lowering (∆VB), and (ii) using a variety of proximity interactions (having

different characteristics) with in extended Wong model. This study is further im-

portant as the radioactive beams are involved which correspond to higher N/Z ratio.

In the framework of DCM, it is observed that as the neutron numbers are increased

either in radioactive projectile beam (Sn) or in target Ni, the barrier lowering pa-

rameter ∆VB decreases i.e. become less negative (see Fig. 4.10). This suggests that

the fusion probability increases with increase in neutrons in the compound nucleus.

This observation is in agreement with the experimental result of Ref. [14], and could

be useful for overall understanding of reaction dynamics involving stable and ra-

dioactive ion beams. Beside this, an application of different barrier characteristics

corresponding to different nuclear proximity potentials is made with in the extended

Wong model, to study the fusion hindrance in 132Sn+58Ni at sub-barrier energies.

It is observed in Fig. 4.12 (a) that the mod-Prox 1988 potential, having strong
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isospin dependence, explains the fusion cross-sections better than other choices of

nuclear proximity interactions. Fig. 4.12 (b) shows that at above barrier energies,

all the chosen nuclear proximity potentials yield approximately same value of `max.

As higher angular momentum states contribute above the Coulomb barrier, so the

corresponding magnitude of centrifugal potential is comparable to that of nuclear

proximity potential. On the contrary at deep sub-barrier energies, the variation

of `max is not smooth and relatively lower `-states contribute, so the magnitude of

centrifugal potential is small as compare to the nuclear potential. Thus the nuclear

proximity potentials, which depend on the isospin and asymmetry of colliding nuclei,

play a significant role in explaining fusion hindrance at sub-barrier energies. The

above results emphasize the fact that appropriate barrier characteristics are required

in any model calculation for explaining the concept of fusion hindrance and related

phenomena.

4.3 Conclusions

In this chapter, the decay of Pt∗ isotopes formed using the neutron-rich radioactive

beams of Sn is studied using the DCM. The effect of deformations and orientation

are included and the entrance channel effects in the decay of 190Pt∗ are investigated

using two different radioactive beams 126Sn+64Ni and 132Sn+58Ni. On comparing the

results of calculations for the two reaction channels at approximately similar center-

of-mass energy Ec.m. ∼ 190 MeV, it is observed that CN formation is independent of

the different entrance channel and it persists even with the use of different nuclear

proximity potentials and level density parameter. The fission mass distribution of

Pt isotopes formed in 124,126,127,128,132Sn+64Ni→188,190,191,192,196Pt∗ reactions is also

studied. It is observed that the mass distribution becomes more asymmetric with

increase in the N/Z ratio of the compound nucleus. With the neutron excess in the

projectile/target, the barrier lowering (∆VB) decreases (less negative), hence fusion

hindrance also decreases in agreement with experimental observation.
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Alternatively the fusion hindrance phenomena is also dealt with in the frame-

work of extended Wong model. The fusion excitation function have been studied for

132Sn+58Ni reaction at above and below the Coulomb barrier using different prox-

imity potentials (Prox 1977, Prox 1988, mod-Prox1988 and Denisov 2002). It is

found that mod-Prox 1988, having strong dependence of isospin and asymmetry of

colliding nuclei, describes the experimental data very well at above, and especially at

below the Coulomb barrier energies with smooth variation of `max(Ec.m.). Since the

potentials considered here differ mainly in the dependence of isospin and asymmetry

of colliding nuclei, so it is concluded that this dependence play significant role in ex-

plaining the fusion hindrance phenomena. After detailed description of dynamics of

Pt nuclei using stable and radioactive Sn beams in Chapter 3 and 4, a large number

of heavy ion reactions were investigated to explore the effect of deformations and

orientations on interaction barrier and fusion cross-sections by employing a variety

of proximity interactions. The results are discussed in Chapter 5.
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Chapter 5

Comparative analysis of proximity

potentials with deformation effects

included

5.1 Introduction

In the low energy heavy-ion collisions, fusion of colliding nuclei and related phenom-

ena has always been of central interest. The collision of two massive nuclei holds a

special place in nuclear reaction studies as a large number of nucleons are involved

in the interaction process. In this type of reactions the nuclear potential holds key

factor in deciding the fate of a colliding pair of any size. It is relevant to mention here

that the most of the colliding nuclei are deformed in nature. Hence, deformations

and orientation degree of freedom play an important role in explaining the features

of fusion dynamics. In previous chapters, role of deformations were investigated in

the decay of Pt∗ isotopes using DCM and here, the same effect is analyzed for a

variety of colliding nuclei on the fusion barrier characteristics which consequently

effect the fusion cross-sections with in the framework of Wong formula. In this chap-

ter, the nuclear part is calculated by taking different proximity potentials, based on

the proximity force theorem. These proximity potentials are the benchmark and
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backbone for majority of microscopic/macroscopic fusion models.

Recently a comparative study of fusion barriers was carried out for a number

of reactions considering asymmetric colliding nuclei to be spherical and concluded

that the potentials Prox 88, Bass 80, AW 95 and Denisov DP can reproduce the

empirical barrier heights within ∼ ±5% whereas others need ±10% to produce

the same result [1]. The comparison of different proximity potentials was carried

out by considering colliding nuclei to be spherical and the fusion cross-sections of

selected reactions were explained by Bass 80, AW 95 and Denisov DP potentials at

above barrier energies. It is relevant to mention here that the deformation effects

were not included in Ref. [1], although many of chosen reactions involve deformed

target/projectile combinations.

In the work reported in this chapter, the effect of deformation and orientations

are included for all deformed systems and have seen its influence on barrier charac-

teristics which in turn modify the fusion cross-sections. Here, 52 heavy ion reactions

are considered with asymmetry (AS=N−Z
N+Z

) lying in the range 0.02 and 0.23 and mass

asymmetry ηA between 0.0 and 0.96. The effect of deformations and “optimum” ori-

entation is studied on the barrier characteristics and it is observed that the fusion

barrier heights get improved and compare nicely with the empirical barriers (with

in ∼ ±5% except for Prox 00). The static deformations are taken from [2] along

with optimum orientations from Ref. [3]. For coplanar nuclei, the orientations are

optimized (uniquely fixed) for each pair of quadrupole deformed (prolate or oblate)

or quadrupole deformed + spherical colliding nuclei leading to cold or hot fusion

configurations. Here, the barrier characteristics are obtained for hot configuration

at optamized angles taken from Ref. [3] as the same can not be calculated for ar-

bitrary choice of orientations. There are various methods for introducing barrier

modification effect i.e. changing barrier characteristics (barrier height, barrier po-

sition and curvature) which in turn modify fusion cross-sections: (i) with the use

different Skyrme forces, since a different Skyrme forces, give different barrier charac-
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teristics in Semiclassical extended Thomas-Fermi (SETF) approach [4, 5], (ii) with

incorporation of ` dependent barriers [6], (iii) with the inclusion of deformation and

orientation [6,7]. It is worth noting here that the Prox 77 potential was extensively

used to address the above mentioned methods. Therefore the aim of present study is

to investigate the effect of deformations up to β2 and “optimum” orientation [3] on

the barrier characteristics of a variety of heavy ion reactions using various nuclear

proximity potentials i.e. Prox 77, Prox 88, Prox 00, Bass 80 and Denisov DP [1].

Further the application of these deformed potentials is exercised in context of fusion

excitation functions. In order to understand the systematic behavior of proximity

potentials we consider some illustrative 16O, 48Ca and 64Ni-based reactions (known

for fusion hindrance phenomena in coupled-channel calculations [8]), i.e. 16O+92Zr,

16O+112Sn, 16O+186W, 48Ca+154Cm, 48Ca+ 96Zr, 46Ti+64Ni, 64Ni+64Ni, 64Ni+74Ge,

64Ni+100Mo, and 132Sn+64Ni in medium mass region where the experimental data

are available on both side of Coulomb barrier. The main interest was to see, how

the different proximity potentials behave for different reactions.

It is to be noted here that out of eight reactions investigated for fusion cross-

section in Ref. [1], only two reactions i.e. 16O+112Sn and 48Ca+ 96Zr are considered

here, as in other reactions the target and projectile are spherical. From calculations

it is clear that with inclusion of deformations the barrier characteristics get modi-

fied and consequently the fusion cross-sections are improved for majority of nuclear

interaction potentials particularly at below barrier energies. It is observe that for

O- and Ca- based reactions, Prox 77 fits the experimental data nicely at sub-barrier

energies. For Ni-based reactions Prox 88 seems better at below the Coulomb bar-

rier as it includes strong isospin effects. In every case Prox 88 overestimates the

experimental data at above barrier energies as its barrier height is lowest among the

all interaction potentials. In general Bass 80 and Denisov DP compete each other

to give better comparison with the experimental data for above barrier energies. It

means at above barrier energies one may choose Bass 80 or Denisov DP whereas
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at sub-barrier energies Prox 88 in case of Ni-based reactions and Prox 77 in case

of O and Ca-based reactions. It is relevant to mention here that Wong made few

approximations in order to derive the formula for cross-section. In 2009, Gupta and

collaborators removed these approximations and carried out the actual summation

over `-values and denoted it as extended-Wong model [6]. It was observed that the

cross-section calculated using extended-Wong model approaches the Wong formula

as the maximum value of ` in former approaches infinity i.e.

σfus(extended−Wongmodel) → σfus(Wongformula),

as `max → ∞. Recently, Aguilera and Kolata [9] also used the extended Wong model

for fusion of halo and weakly bound systems. Now in context to the present calcu-

lations if one uses the extended-Wong model, then Prox 88 and other interactions

can provide better fit to the data at all energies with smooth variation of maximum

value of angular momentum `max (for more details see Ref. [6]). But for the sake of

comparison of cross section calculated using various proximity potentials, we restrict

ourself to Wong formula only.

The chapter is organized as follows. The calculations are presented in Sec. 5.2.

The calculations are done by considering various versions of proximity potentials us-

ing Wong formula [10], with effects of deformations included and orientation degrees

of freedom integrated for the co-planer [11] configuration of nuclei. The discussion

of results and conclusions are described in Sec. 5.3.

5.2 Calculations and Results

In this section, firstly the effect of deformation and orientations on fusion barrier

characteristics are studied using various nuclear proximity potentials and then an

application of these deformation dependent barriers calculated using deformed prox-

imity potentials is made in calculation of fusion cross-sections using Wong formula
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SECTION 5.2: CALCULATIONS AND RESULTS

Figure 5.1: The nuclear interaction potential is shown in (a) to (e) and corresponding
total interaction potential in (f) to (j) using Prox 77, Prox 88, Prox 00, Bass 80 and
Denisov DP, for 48Ca+96Zr reaction as a function of internuclear distance R (fm) at
T=0 MeV for both deformed and spherical choice of nuclei.

for illustrative O-, Ca- and Ni-induced reactions in order to see the possible effect

of the deformation and orientation of the nuclei.

5.2.1 Effect of deformation and orientations on barrier char-

acteristics

Fig. 5.1 (a)-(e) show the nuclear proximity potential (VP ) for 48Ca+96Zr reaction at

T=0 MeV for both spherical and deformed choice of nuclei using illustrated nuclear

potentials Prox 77, Prox 88, Prox 00, Bass 80 and Denisov DP. All these considered

nuclear potentials have different isospin and asymmetry dependence. It is clear

from upper panel of Fig. 5.1 that the nuclear proximity potential is attractive for

all the proximity potentials used and gets considerably modified with the inclusion

of deformations of nuclei. One may see from Fig. 5.1 (c) and (d) that Prox 00

and Bass 80 do not have a repulsive core at a shorter distance whereas all other

proximity potentials are attractive at long distances followed by repulsive core at

shorter internuclear distances. For the proximity with repulsive core, Prox 88 gives
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Figure 5.2: (a) Nuclear interaction potential and (b) total interaction potential for
48Ca+96Zr system at different θ2 values keeping θ1 = 00 fixed at T=0 MeV.

stronger and deeper pocket followed by Prox 77 and Denisov DP.

Now in order to obtain the fusion barrier height (VB), barrier position (RB) and

oscillator frequency (h̄ω), the Coulomb potential is added to the nuclear potential

that gives the total interaction potential. Fig. 5.1 (f)-(j) show the total interaction

potentials (VT ) which is calculated by adding Coulomb interaction to respective

proximity interactions represented in Fig. 5.1 (a)-(e). It is clear from the lower

panel of Fig. 5.1 that the barrier characteristics change significantly when the effect

of deformation is taken into account for all the proximity potentials considered in

present study. An application of these modified barrier characteristics is worked

out using Wong formula [10] in reference to available experimental data on fusion

cross-sections. Note that the pocket does not play much role and only the barrier

characteristics are important in context of Wong model calculations of fusion cross-

section. Detailed description of those results is given in Sec. 5.2.2.

The orientation θ degree of freedom also modifies the barrier parameters strongly,

as is illustrated in Fig. 5.2. It shows the variation of nuclear proximity potential (Fig.

5.2 (a)) and corresponding total interaction potential (Fig. 5.2 (b)) for 48Ca+96Zr
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SECTION 5.2: CALCULATIONS AND RESULTS

Figure 5.3: The percentage deviation of barrier height as a function of the product of
charges Z1Z2 using different versions of the proximity potential, taking deformations
up to β2 at “optimum” orientations [3].

reaction at different values of θ2 while keeping θ1 fixed at 00 at T=0 MeV for the

case of Prox 77 only. It is clear from this figure that with the change of orientation

the depth of nuclear proximity potential as well as barrier characteristics change

significantly. Thus deformation and orientation degree of freedom automatically

takes care of barrier modification effect [4–6], which can play significant role at

near- and sub-barrier energies.

After that the extensive comparative study of fusion barrier characteristics for 52

colliding nuclei with mass asymmetry in range of 0-0.96 is carried out. The reactions

are arranged in ascending order of Z1Z2 in the Table 5.1 and Table 5.2 for different

proximity potentials. Except few cases, we have mainly confined to those reactions

which involves either target or projectile or both as deformed nuclei reported in

Ref. [1]. Fig. 5.3 display the percentage difference of the fusion barrier heights

∆VB(%) as a function of the product of charges Z1Z2. The percentage difference of

the fusion barrier heights ∆VB(%) defined as

∆VB(%) =
VB

theor − VB
expt

V expt
B

× 100. (5.1)

These barrier heights are calculated by taking deformations up to β2, with “op-

timum” orientation degree of freedom. It may be noted that the position and height

of the Coulomb barrier could not be measured directly in an experiment. Therefore

the average fusion excitation functions are obtained by fitting the experimental data
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Table 5.1: Fusion barrier heights VB and positions RB with inclusion of deformation
up to β2 and “optimum” orientations [3] for the use of different proximity potentials
for 52 asymmetric systems in increasing order of ZPZT .

Reaction β21 β22 θopt.
1,2 Prox 77 Prox 88 Prox 00

VB RB VB RB VB RB
11B+27Al -0.086 -0.448 0,180 10.4 8.25 10.13 8.5 11.75 7.22
6Li+59Co -0.099 0.143 0,90 11.59 9.38 11.33 9.62 12.79 8.43
4He+164Dy 0.125 0.292 90,90 16.72 10.54 16.41 10.76 17.95 9.77
4He+209Bi 0.125 -0.008 90,180 19.52 11.13 19.19 11.62 20.85 10.79
26Mg+30Si -0.310 0 0,180 24.46 9.96 23.89 9.32 26.42 8.38
6He+238U -0.078 0.215 0,90 21.16 11.68 20.82 11.89 23.03 10.68
6Li+144Sm -0.099 0 0,180 23.28 10.79 22.84 11.02 25.08 9.98
14N+59Co -0.019 0.143 0,90 26.48 9.49 25.89 9.73 28.66 9.25
7Li+159Tb -0.086 0.271 0,90 24.5 10.59 24.05 10.82 26.6 9.71
24Mg+35Cl 0.374 -0.252 90,180 30.19 8.84 29.47 9.08 32.33 8.24
18O+64Ni 0.021 -0.087 90,180 30.49 9.78 29.85 10.01 32.83 9.05
12C+92Zr 0.01 0.053 90,90 31.69 10.14 31.04 10.37 34.12 9.38
6Li+208Pb -0.099 0 0,180 28.94 11.52 28.45 11.73 31.07 10.7
16O+72Ge 0 -0.224 0,180 35.9 9.38 35.12 9.62 38.53 8.71
16O+92Zr 0 0.053 0,90 41.8 10.23 40.95 10.48 44.45 9.62
10Be+209Bi -0.1 -0.008 0,180 38.32 11.71 37.69 11.93 41.15 10.88
19F+93Nb 0.275 0.053 90,90 48.03 10.25 47.05 10.48 50.76 9.68
12C+152Sm 0.01 0.243 90,90 46.75 10.57 45.88 10.8 49.92 9.86
18O+124Sn 0.021 0 90,180 49.16 10.93 48.26 11.18 52.19 9.97
16O+112Sn 0 0.018 0,90 50.8 10.57 49.8 10.8 53.8 9.95
27Al+70Ge -0.448 -0.241 0,180 58.65 9.23 57.37 9.46 61.22 8.85
35Cl+54Fe -0.252 0 0,180 58.93 10.01 58.97 9.45 62.92 9.54
37Cl+64Ni 0 -0.087 0,180 61.98 10.24 60.73 10.47 64.93 9.76
12C+204Pb 0.01 -0.008 0,180 57.38 11.58 56.4 11.79 60.96 10.86
37Cl+73Ge 0 -0.224 0,180 71.67 10.04 70.22 10.27 74.82 9.6
28Si+92Zr -0.478 0.053 0,90 75.71 9.77 74.13 10.00 78.48 9.43
16O+186W 0 0.23 0,90 71.22 11.07 69.98 11.28 75.17 10.45
46Ti+64Ni 0 -0.087 0,180 78.96 10.4 77.39 10.64 82.03 10.00
32S+89Y 0 0.035 0,90 78.63 10.64 77.08 10.87 81.79 10.2
36S+90Zr 0 0.035 0,90 79.29 10.84 77.77 11.07 82.55 10.39
35Cl+92Zr -0.252 0.053 0,90 86.9 10.39 85.19 10.63 89.98 10.04
28Si+120Sn -0.478 0 0,180 90.45 10.29 88.67 10.52 93.45 9.97
19F+197Au 0.275 -0.131 90,180 84.74 11.13 83.29 11.34 88.78 10.6
16O+238U 0 0.215 0,90 84.87 11.57 83.5 11.78 89.42 10.93
35Cl+106Pd -0.252 0.171 0,90 99.13 10.43 97.21 10.66 102.37 10.11
64Ni+64Ni -0.087 -0.087 0,180 98.21 10.6 96.34 10.84 101.54 10.26
58Ni+60Ni 0 0.027 0,90 99.65 10.49 96.3 10.94 101.27 10.36
48Ca+96Zr 0 0.217 0,90 97.1 11.01 95.36 11.23 100.7 10.59
40Ca+90Zr 0 0.035 0,90 99.1 10.84 97.18 11.07 102.33 10.37
28Si+144Sm -0.478 0 0,180 109.23 10.59 107.12 10.82 112.33 10.31
64Ni+74Ge -0.087 0.224 0,180 112.96 10.47 110.82 10.69 116.43 10.16
50Ti+93Nb 0 0.053 0,90 108.49 11.17 106.49 11.4 111.99 10.79
28Si+208Pb -0.478 0 0,180 135.37 11.36 133.05 11.58 139.22 11.06
64Ni+100Mo -0.087 0.244 0,90 140.93 11.09 138.42 11.32 144.76 10.78
40Ar+165Ho 0 0.293 0,90 140.34 11.45 137.96 11.67 144.89 11.05
48Ca+154Sm 0 0.27 0,90 142.5 11.63 140.15 11.84 147.07 11.22
132Sn+64Ni 0 -0.087 0,180 157.78 11.95 155.25 12.16 162.16 11.58
32S+232Th 0 0.207 0,90 160.82 11.98 158.26 12.19 166.21 11.51
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Table 1 continued...

Reaction β21 β22 θopt.
1,2 Prox 77 Prox 88 Prox 00

VB RB VB RB VB RB
40Ca+192Os 0 0.155 0,90 171.21 11.91 168.4 12.13 176.07 11.49
64Ni+208Pb -0.087 0 0,180 242.94 12.78 239.25 12.99 248.74 12.37
70Zn+208Pb 0.045 0 90,180 255.71 13.06 251.91 13.27 261.92 12.6
86Kr+208Pb 0.053 0 90,180 300.88 13.33 296.52 13.54 307.86 12.83

with the single-barrier penetration model of Wong and the relevant parameters i.e.

the barrier radius, curvature, and barrier height are extracted accordingly. There is

an improvement in the fusion barrier heights as compared to the spherical choice of

nuclei [1]. Prox 77, Prox 88, Bass 80 and Denisov DP reproduce the empirical bar-

rier heights with in ±5% approximately whereas Prox 00 comes in the approximate

range of ±10%. This shows that barriers calculated using Prox 77, Prox 88, Bass

80 and Denisov DP has accuracy up to ∼95%. More precise values of fusion barrier

heights VB (in MeV) and its position RB (in fm) and corresponding “optimum”

orientations are shown in Table 5.1 and Table 5.2.

The effect of deformation on barrier characteristics incorporated through the

use of different proximity potentials provide an interesting input to understand the

formation process in a variety of nuclear reactions and this information regarding

modification of barrier characteristics could be of extreme importance for overall

understanding of heavy ion reaction mechanism.

5.2.2 Application of various deformed proximity interac-

tions in the calculations of fusion cross-sections

It is observed in Section 5.2.1 that with the inclusion of deformation and orientations,

the barrier characteristics get modified which consequently effect the fusion cross-

sections. It is relevant to mention here that the barrier characteristics in Section

5.2.1 are shown only up to β2-deformations with in optimum orientation approach,

as one needs to keep the orientation angles same to draw comparison of different
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Table 5.2: Same as Table 5.1 but for Bass 80 and Denisov DP along with empirical
values.

Reaction Bass 80 Denisov DP Empirical
VB RB VB RB VB RB Ref.

11B+27Al 10.9 7.9 10.23 7.75 11.27 7.69 [12]
6Li+59Co 12.19 8.92 11.25 9.65 12 7.6 [13]
4He+164Dy 17.49 10.06 15.75 11.21 17.14 10.32 [14]
4He+209Bi 20.32 11.09 18.49 12.17 20.98 10.04 [15]
26Mg+30Si 24.99 8.93 24.46 9.05 24.8 9.05 [16]
6He+238U 21.7 11.42 20.13 12.19 20.28 12.5 [17]
6Li+144Sm 24.08 10.43 22.73 11.02 24.65 10.2 [18]
14N+59Co 27.19 9.25 26.58 9.42 26.13 9.6 [19]
7Li+159Tb 25.18 10.32 23.81 10.86 23.81 11.03 [14]
24Mg+35Cl 30.81 8.72 30.36 8.8 30.7 8.84 [20]
18O+64Ni 31.05 9.61 30.45 9.74 32.5 9.04 [21]
12C+92Zr 32.45 9.9 31.75 10.08 32.31 9.68 [22]
6Li+208Pb 29.7 11.22 28.29 11.74 30.1 11.00 [23]
16O+72Ge 36.64 9.2 36.07 9.3 35.4 9.7 [24]
16O+92Zr 42.52 10.06 42.08 10.13 42.00 [25]
10Be+209Bi 38.86 11.29 37.89 11.78 37.6 13.5 [26]
19F+93Nb 48.57 10.14 48.21 10.16 46.6 9.2 [27]
12C+152Sm 47.52 10.38 46.91 10.5 46.39 10.77 [14]
18O+124Sn 49.6 10.85 49.24 10.89 49.3 10.98 [28]
16O+112Sn 51.61 10.37 49.8 10.8 51.35 10.27 [29]
27Al+70Ge 58.9 9.26 58.67 9.27 55.1 10.2 [30]
35Cl+54Fe 60.76 9.64 60.7 9.59 58.59 10.14 [31]
37Cl+64Ni 62.38 10.15 62.32 10.12 60.6 10.59 [32]
12C+204Pb 58.15 11.39 57.76 11.45 57.55 11.34 [22]
37Cl+73Ge 71.98 9.98 72.03 9.92 69.2 10.6 [33]
28Si+92Zr 75.68 9.79 75.95 9.68 70.93 10.19 [22]
16O+186W 71.84 70.93 71.93 10.9 68.87 11.12 [22]
46Ti+64Ni 79.33 10.318 79.59 10.25 76.9 9.7 [27]
32S+89Y 79.17 10.51 79.5 10.45 77.77 10.3 [22]
36S+90Zr 79.65 10.74 79.85 10.68 79.00 10.64 [34]
35Cl+92Zr 87.01 10.38 87.46 10.25 82.94 10.20 [22]
28Si+120Sn 90.13 10.34 90.87 10.17 85.89 11.04 [35]
19F+197Au 84.96 11.09 85.41 10.97 81.61 11.32 [22]
16O+238U 85.4 11.45 85.88 11.37 80.81 11.45 [22]
35Cl+106Pd 99.12 10.44 99.85 10.27 94.3 11.27 [36]
64Ni+64Ni 98.18 10.58 98.8 10.46 98.1 [37]
58Ni+60Ni 98.74 10.56 99.32 10.48 96 10.26 [22]
48Ca+96Zr 96.94 10.99 95.36 11.23 95.9 11.21 [38]
40Ca+90Zr 99.59 10.69 100.32 10.59 96.88 10.53 [22]
28Si+144Sm 108.79 10.63 110.06 10.42 103.89 10.93 [22]
64Ni+74Ge 112.64 10.55 113.6 10.31 105.1 8.2 [39]
50Ti+93Nb 108.61 11.08 109.44 11.02 106.9 [40]
28Si+208Pb 134.24 11.45 136.76 11.13 128.07 11.45 [22]
64Ni+100Mo 140.4 11.07 142.23 10.85 136.5 [41]
40Ar+165Ho 140.07 11.38 142.05 11.16 141.38 11.48 [14]
48Ca+154Sm 141.89 11.6 143.94 11.35 137 [42]
132Sn+64Ni 156.74 11.94 159.51 11.63 156.0 [43]
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SECTION 5.2: CALCULATIONS AND RESULTS

Table 2 continued...
Reaction Bass 80 Denisov DP Empirical

VB RB VB RB VB RB Ref.

32S+232Th 160.76 11.85 163.93 11.55 155.73 11.18 [22]
40Ca+192Os 171.12 11.76 174.48 11.45 168.07 11.05 [22]
64Ni+208Pb 241.74 12.65 248.14 12.15 236.0 [44]
70Zn+208Pb 254.71 12.87 261.77 12.27 250.6 [44]
86Kr+208Pb 299.72 13.08 309.46 12.16 299.2 [44]

proximity interactions. However in this section to explore the effect of deformations

in reference to available experimental data on fusion cross-sections, the deformation

effects up to β4 (hexadecapole) have been incorporated, subsequently integrated

over all orientations for calculating fusion cross-sections. It is to be noted that the

β4 values for majority of chosen reactions are quite small, so this analysis should

not differ much from that of β2- considerations discussed in section 5.2.1. In this

section the sub- barrier data (or equivalently the role of coupling) is addressed

by employing a variety of nuclear interaction potentials in one dimensional barrier

penetration model (Wong formula). In Wong’s work [10], the coupling effects are

included to some extent by taking the barrier parameters from Ref. [45] which are

associated with relevant effective potential.

The scattering potential calculated for 48Ca+96Zr reaction at T=0 MeV and op-

timum orientations θopt.
1 =00 and θopt.

2 =900 is shown in Fig. 2.4, using various version

of nuclear proximity potentials i.e. Prox 77, Prox 88, Prox 00, Bass 80, Denisov

DP, CW 76 and BW 91. Here, only Prox 77, Prox 88, Denisov DP and Bass 80

are chosen for the calculations of fusion cross-section as these nuclear proximity

potentials cover a wide range of barrier characteristics. The barrier characteristics

of Prox 77 and BW 91 are approximately similar so the results are shown only for

Prox 77. In other words it is expected that the cross-sections calculated using BW

91 should not differ much from the one for Prox 77. The barrier characteristics,

and hence the corresponding fusion cross-section, of CW 76 lies in between to those

of Prox 77 and Prox 88. Since Prox 00 is giving the maximum barrier height and
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Figure 5.4: Comparison of fusion cross-sections calculated using various nuclear
proximity potentials with in the Wong formula, integrated over θi, and the ex-
perimental data for (a) 16O+92Zr [25] (b) 16O+112Sn [29] (c) 16O+186W [22] (d)
48Ca+96Zr [38] (e) 48Ca+154Sm [42] reactions, as a function of Ec.m.. The upward
arrow point out the Coulomb barrier of the reaction.

fusion cross-section is inversely proportional to barrier height, henceforth the Prox

00 underestimates the experimental data to a large extent. Therefore, cross-sections

calculations for Prox 00 are not included in the discussion. It is also clear from Fig.

5.3 that ∆VB% is bad for Prox 00 when compared with other chosen proximity in-

teractions. A large amount of experimental data are available for different reactions

however we consider illustrative 16O, 48Ca and 64Ni-based reactions from intermedi-

ate mass region to work out the comparison of different proximity interactions. The

64Ni-based reactions are taken into considerations here as they are well known for

fusion hindrance phenomena in coupled-channel calculations.
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SECTION 5.2: CALCULATIONS AND RESULTS

Fig. 5.4 (a), Fig. 5.4(b) and Fig. 5.4(c) show the fusion cross-section of the

16O-based reactions i.e. 16O+92Zr, 16O+112Sn and 16O+186W, using nuclear inter-

action potentials Prox 77, Prox 88, Bass 80 and Denisov DP, with in the Wong

formula. The Coulomb barrier energies for above reactions are indicated by the

upward arrows in Fig. 5.4. With the inclusion of deformation and orientations

effects the comparison of experimental data of fusion cross-sections and calculated

one improves for majority of proximity potentials used, specially at below Coulomb

barrier energies.

It is to be noted here that 16O+112Sn reaction was also considered in Fig. 8

of Ref. [1], and its comparison with Fig. 5.4 (b) improves significantly for all the

considered proximity potentials. In general the fusion cross-section increases with

inclusion of deformations and hence the comparison with experimental data improves

particularly at below barrier region. More specifically, Prox 77 seems to give better

results at below barrier energies and Denisov DP and Bass 80 compete with each

other at above barrier energies giving better comparison with available data and

Prox 88 having lowest barrier height, overestimates the data at all energies. The

BW 91 (not shown here) is expected to behave similar to Prox 77 and Prox 00 is not

included in this comparative analysis in view of very large barrier height observed

for this case.

Fig. 5.4 (d) and Fig. 5.4 (e) show the comparison of calculated fusion cross-

sections for Ca-based reactions with experimental data for all the proximity po-

tentials considered. For these reactions experimental data is available for above as

well as below the Coulomb barrier. Prox 77, Bass 80 and Denisov DP explain the

experimental data nicely at below barrier energies. It is clear from the comparison

of Fig. 5.4(d) for 48Ca+96Zr reaction with the one shown in Fig. 7 of Ref. [1],

that the comparison with available data improves at below barrier energies with the

inclusion of deformation and orientation effects. Thus from the above cases of O-

and Ca-based reaction, the fusion cross-sections are largely affected with the defor-

mations and orientations at below barrier energies. So these deformed proximities
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Figure 5.5: Same as Fig. 5.4 except that this shows comparison for (a) 46Ti+64Ni [27]
(b) 64Ni+64Ni [37] (c) 64Ni+74Ge [39] (d) 64Ni+100Mo [41] and (e) 132Sn+64Ni [43]
reactions.

are further tested for Ni-based reactions.

Fig. 5.5 shows the comparison of calculated fusion cross-section with experi-

mental data for Ni-based reactions. Fusion cross-section is calculated at above and

below the Coulomb barrier for 46Ti+64Ni (Fig. 5.5 (a)), 64Ni+64Ni (Fig. 5.5 (b)),

64Ni+74Ge (Fig. 5.5 (c)), 64Ni+100Mo (Fig. 5.5 (d)), and 132Sn+64Ni (Fig. 5.5

(d)) reactions. It is clear from this figure that at below barrier energies, fusion

cross-section calculated using Prox 88 is close to the experimental data with effect

of deformation included, whereas at above barrier energies, the chosen proximity

interactions explain the data reasonably well. It is important to note here that

the Ni-based reactions behave differently from O- and Ca-based reactions at below

Coulomb barrier region. For Ni-based reactions Prox 88 seems to perform better as

compared to Prox 77 or Denisov DP, which are good for the cases of O- or Ca- based
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SECTION 5.2: CALCULATIONS AND RESULTS

Figure 5.6: Cross section at each angle for 16O+92Zr, 48Ca+96Zr reaction using Prox
1977 and 46Ti+64Ni reaction using Prox 1988 at respective highest experimental
Ec.m. values.

reactions at below barrier energies. Thus, below the Coulomb barrier a stronger nu-

clear interaction like Prox 88 is preferred. It is so because the stronger isospin effects

are included in this proximity potential, which along with deformation and orienta-

tion effect, lead to the required barrier characteristics. Another point of interest here

is that for almost all the reactions considered for the study of fusion cross-section,

theoretical calculations slightly over estimate the data for above barrier energies

independent of choice of proximity potential. The problem of over estimation at

higher energies can be resolved with the use of extended-Wong model [6, 9].

It would be of further interest to study the angular dependence of fusion cross-

section of spherical/deformed target-projectile combinations. For this purpose, one

reaction each from 16O, 48Ca and 64Ni- based projectiles is chosen. As Prox 77
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performs better for 16O and 48Ca based reactions and Prox 88 responds well for

64Ni induced reactions, so the calculations are performed using relevant proximity

interactions. Fig. 5.6 shows the variation of cross-section at each angle for 16O+92Zr,

48Ca+96Zr reaction using Prox 1977 and 46Ti+64Ni reaction using Prox 1988 at

their highest experimental center-of-mass energies. These reactions have spherical

projectile and deformed target (prolate or oblate). It is worth noting that the cross-

section is maximum at θ2=00 for prolate (β2 positive) and θ2=900 for oblate nuclei

(β2 negative). For in between configurations the fusion cross-sections vary smoothly

as a function of orientation angle. Therefore, one may conclude that orientation

degree of freedom plays a significant role in the fusion-fission dynamics of heavy ion

reactions.

5.3 Conclusions

Effects of deformations and “optimum” orientations are studied for 52 heavy ion

reactions having mass asymmetry η between 0.0 to 0.96 using various nuclear prox-

imity potentials. It is observed that barrier height and barrier position get modified

considerably with the inclusion of deformations for all the nuclear proximity poten-

tial considered. The fusion barrier heights get improved (with in ∼ ±5% except for

Prox 00) and hence come closer to the empirical barriers. As an application, these de-

formation dependent nuclear potentials are used for calculating fusion cross-sections

of O-, Ca- and Ni-based reactions in medium mass region. The deformations up to

hexadecapole (β4) are used and cross-sections are integrated over all orientations for

the co-planer nuclei. The results reveal that the inclusion of deformations and orien-

tation degree of freedom improves the comparison with experimental data at below

barrier energies. For Ni- based reactions Prox 88 comes close to the experimental

data at below barrier energies as it includes strong isospin effects whereas for O and

Ca- based reactions, Prox 77 seems a better option. At above barrier energies Bass

80 and Denisov DP compete each other and are comparable with the experimental
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data. It will be of further interest to test extended-Wong model for such reactions

using various nuclear proximity potentials. It is anticipated that the overestimation

of experimental data can be resolved by using extended-Wong model. After a com-

prehensive analysis of nuclear deformations using EDF based and proximity based

nuclear interactions discussed in Chapter 3, 4 and 5. It will be of further interest to

explore the exclusive effect of deformations and excitation energies, particularly on

spin saturated and spin unsaturated nuclear interaction potential. The correspond-

ing work is carried out by analysing the dynamics of 156−172Yb∗ isotopes formed via

symmetric as well as asymmetric heavy ion reactions. The results are discussed in

Chapter 6.
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Chapter 6

Dynamics of hot Yb∗ isotopes

formed via different reaction

channels

6.1 Introduction

In previous chapters, the role of deformation and orientation effects are investigated

on nuclear interaction potential based on phenomenological models (i.e. various

proximity potentials) and semiclassical interactions based on Skyrme energy density

formalism (SEDF), and subsequently the fusion-fission cross-sections of a variety of

nuclear reactions are worked out. Here, in this chapter, firstly we study the role of de-

formations and temperature effect independently on spin-orbit density independent

and spin-orbit density dependent part which collectively gives the nuclear interac-

tion potential derived from Skyrme energy density formalism. In addition to this,

the effect of various Skyrme forces is also exercised by analyzing the fusion excita-

tion functions of 160,164Yb∗ nuclear systems formed using different target/projectile

combinations (60,64Ni+100Mo and 16O+144,148Sm). Beside this the entrance chan-

nel effects in the decay of 172Yb∗ are investigated by exploring the dynamics of

124Sn+48Ca and 132Sn+40Ca reactions, respectively involving stable and radioactive
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INTERACTIONS IN O- AND NI- BASED REACTIONS

Sn beams.

6.2 Role of spin saturated and unsaturated inter-

actions in O- and Ni- based reactions

Several microscopic and analytical nuclear interaction potentials are available [1],

where the contribution of spin-orbit density term is neglected by either studying

the spin-saturated nuclei or by considering its contribution to be extremely small.

Since nuclei with higher N/Z ratio and neutron-rich radioactive ion beams (RIBs)

are extensively used in recent experiments, it was of extreme interest to see the

role of spin-orbit density part VJ of nuclear interaction potential VN in the reaction

dynamics. The relevant details of spin saturated and spin unsaturated interaction

potential can be seen in section 2.2.4 of Chapter 2. It is relevant to mention here that

the spin-orbit part of nuclear potential is shown to contribute significantly towards

the fusion cross-sections [2].

In this section of present chapter, the nuclear interaction potential is obtained

by using Skyrme interaction in the semiclassical extended-Thomas Fermi (ETF) ap-

proach based on SEDF [3–5], under frozen density approximation [6]. The Skyrme

nucleus-nucleus interaction potential is expressed as the sum of the spin-orbit density

independent VP and the spin-orbit density dependent VJ part of the Hamiltonian

density, which in ETF approach of SEDF is a function of nucleon/ nuclear density

alone, and completely eliminates the use of single-particle wave functions. The main

motive here is to study the variation of spin-orbit density dependent VJ , spin-orbit

density independent VP and the total interaction potential VN (=VP + VJ) with

asymmetry of colliding nuclei, their deformations (β2), together with the ‘optimum’

orientations, and temperatures involved, by using different Skyrme forces having

different isospin dependence, applied to data on various isotopes of CN Yb∗ [7–9].

The deformation and orientaton effects give rise to significant changes in barrier
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characteristics. For the Skyrme force, the old SIII force having a mild spin-orbit

dependence and the very new GSkI and KDE0v1 forces of Agarwal et al. [10, 11],

having strong spin-orbit dependence are used, so we were interested to see the per-

formance of the new forces, as compared to the old established force such as SIII.

The temperature effects, in spin-orbit density dependent interaction of semiclassical

formalism, is included through the use of two-parameter Fermi density [12]. It may

be noted that the spin-orbit interaction potential is independent of the charge of

interacting nuclei, and hence the transfer of neutron or proton leads to the same

result. Applications of SIII, GSkI and KDE0v1 forces are made to calculate the

fusion cross-sections with in the `-summed extended-Wong formula [13].

Experimental data on fusion cross-sections of compound systems 160,164Yb∗,

formed in colliding near symmetric nuclei 60,64Ni+100Mo [7, 8] and asymmetric col-

liding nuclei 16O+144,148Sm [9], are obtained over a wide range of center-of-mass

energies Ec.m., spread across the Coulomb barrier. Thus, the aim is at least two-

fold: (i) to study the role of spin-density dependent interaction potential VJ for

various isotopes of 156−172Yb∗ formed by using different target/projectile combi-

nations 56−72Ni+100Mo and 16O+140−156Sm, with effects of temperature, deforma-

tions and orientation included; (ii) use of different Skyrme forces, having different

spin-orbit density dependencies, for calculating the fusion excitation function of

160,164Yb∗, where data are available [7–9], in order to investigate the performance

of these forces, particularly at below-barrier energies where the phenomenon of fu-

sion hindrance come into picture. Furthermore, using the systematics of empirically

fitted angular momentum `max for 160Yb∗ and 164Yb∗ nuclear systems, fusion cross-

sections for 156,158,162,166,168Yb∗ compound systems are also predicted. As already

noted above, fusion cross-sections are calculated with in the `-summed extended-

Wong formula [13], knowing that Wong model works well for the near and above

barrier energies, and for below barrier energies different Skyrme forces give different

qualities of fits, and hence in turn gives a best fit to data without any additional
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INTERACTIONS IN O- AND NI- BASED REACTIONS

Figure 6.1: The spin-orbit interaction potential VJ(R) at T=0 for increasing neu-
trons in the projectile/target nucleus, starting from 56Ni+100Mo, using (a) spherical
and (b) deformed nuclei, for SIII force.

parameter fitting [14]. The calculations and results are discussed in the following:

6.2.1 Spin-orbit interaction potentials for spherical and de-

formed choices of nuclei

Fig. 6.1 (a) and Fig. 6.1 (b) show the spin-orbit interaction potential for spherical

and deformed choices of nuclei, respectively, calculated by using the semiclassical

approach with Skyrme force SIII, for various 156−172Yb∗ isotopes, starting with the

target-projectile combination 56Ni+100Mo. The isotopes of Yb are formed by tak-

ing a fixed 100Mo target and varying the projectile mass number by adding two

successive neutrons to 56Ni. It is clear from Fig. 6.1 (a) that, for spherical choice

of nuclei, the barrier height VJB increases slowly with increase in number of neu-

trons of the projectile. However, on allowing deformation effects (β2 and optimum

orientations), as shown in Fig. 6.1 (b), the barrier height VJB increases systemat-

ically with enhanced magnitude, compared to spherical case, in going from 156Yb∗

to 172Yb∗ nuclear systems, except that for oblate shaped projectiles 62,64Ni (nega-
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Figure 6.2: The spin-orbit interaction potential VJ(R) at T=0 for increasing neu-
trons in the target nucleus, starting from 16O+140Sm, using (a) spherical and (b)
deformed nuclei, for SIII force. Note the difference in scale w.r.t. Fig. 6.1

tive β2 values), the barrier height and barrier distribution does not follow the usual

trend. In other words, for oblate projectiles, the barrier height VJB increases with a

relatively larger magnitude and the barrier position RJB shifts towards the smaller

interaction radius. In order to generalize this result, in Fig. 6.2, asymmetric O+Sm

reactions are considered which give rise to the same isotopes of Yb∗. Here, 16O pro-

jectile is bombarded on Sm targets by adding two successive neutrons to 140Sm. It

is clearly observed from Fig. 6.2 that the trend of variation of VJ remains the same

as in Fig. 6.1, both for spherical as well as deformed choices of nuclei, though with

a difference in the magnitude of barrier heights. Specifically, spherical spin-orbit

interaction potential exhibits lowest barrier height VJB, which systematically in-

creases for prolate-deformed nuclei and subsequently the oblate-shaped nuclei show

the highest barrier. There is an important point of difference in both the cases

(near-symmetric and asymmetric systems) that the magnitude of barrier height de-

creases in moving from near-symmetric to asymmetric system, as is clearly evident

from the comparison of Fig. 6.1 and Fig. 6.2. The barrier position for an asymmet-

ric case follows the same trend as that of near-symmetric system, i.e., for spherical
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Figure 6.3: Spin-orbit interaction barrier height VJB as a function of the mass
number of the projectile nucleus, as the target remains fixed, using semiclassical
approach with three forces SIII, GSkI and KDE0v1.

nuclei [Fig. 6.2 (a)], it shifts towards right (larger RJB) with increase in number of

neutrons, whereas with the inclusion of deformation effects it shifts towards smaller

interaction radius, leading to a more compact configuration.

The above results are independent of the choice of Skyrme forces, as is illustrated

in Fig. 6.3 for the Yb∗ isotopes using SIII, GSkI and KDE0v1 parameter sets. Fig.

6.3 shows the variation of barrier height VJB with fragment mass of the projectile.

The trend of variation in each case remains same, except for the change in magnitude.

The GSkI and KDE0v1 forces show higher barriers as compared to the SIII force,

possibly due to the fact that, in GSkI and KDE0v1 forces, there is an additional

term included due to tensor coupling with spin and gradient.

From Eq. (2.36) in Chapter 2, it is clear that the total Skyrme nucleus-nucleus

interaction potential VN(R) is the sum of spin-orbit density independent part VP (R)

(mainly attractive) and the spin-orbit density dependent part VJ(R) (mainly repul-
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sive), illustrated in Fig. 6.4 at temperatures T=0 and 2 MeV for various isotopes of

compound system Yb∗ formed in asymmetric colliding nuclei 16O+140−156Sm, using

SIII force. It is to be noticed from Fig. 6.4 (a) and (b) that the barrier height VJB

decreases with increase of temperature but the pattern of barrier distribution still

remains the same. Fig. 6.4 shows that VJ part is always repulsive, independent of

temperature effects. Note that 140Sm is oblate deformed, and hence gives the high-

est barrier. Table 6.1 shows the deformations and orientations of the interacting

nuclei. The magnitude of repulsive VJB and attractive VNB at the nuclear potential

minimum position RB are also given in Table 6.1 for SIII and GSkI forces along

with the percentage of VJB in VNB. It is clear from Table 6.1 that the magnitude

of VJB is comparatively more for GSkI force, whereas the percentage of VJB in VNB

is more for SIII Skyrme force. Note, however, that the content of VJ in VN is only

5-8% at the minimum position in VN .

The orientation degree of freedom (θi) also modifies the barrier parameters

strongly, as illustrated in Fig. 6.5 which shows the variation of spin-orbit den-

sity dependent barrier height VJB for 16O+148Sm reaction at different values of θ2,

taking θ1=00 at T=0 MeV for SIII, GSkI and KDE0v1 forces. It is clear that the

barrier height VJB is maximum at θ2 = 900 for all the three considered forces. For

the inbetween configurations, VJB varies smoothly as a function of the orientation

angle. Note that a small change in VJB and RJB produce a significant change in the

fusion cross section. Therefore, one may conclude that the spin-orbit part of nuclear

interaction, along with deformations and orientations degrees of freedom, automati-

cally takes care of the barrier modification effects and hence play the significant role

in fusion-fission dynamics of heavy-ion reactions.

128



SECTION 6.2: ROLE OF SPIN SATURATED AND UNSATURATED
INTERACTIONS IN O- AND NI- BASED REACTIONS

Figure 6.4: (a) and (b): the spin-orbit dependent interaction potentials VJ(R); (c)
and (d): the spin-orbit independent interaction potentials VP (R); and (e) and (f):
the total nuclear interaction potentials VN(R) = VP (R)+VJ(R), for isotopes of Yb∗

formed from 16O+140,142,144,146,148,150,152,154,156Sm, for deformed and oriented nuclei,
at T=0 and 2 MeV, using Skyrme force SIII.

Table 6.1: The contribution of spin-orbit density dependent part VJ in nuclear inter-
action potential VN for various isotopes of Yb∗ formed from O+Sm reactions, with
inclusion of deformation and optimum orientation, using ETF in SEDF approach.
Reaction β21 β22 θopt.

1 θopt.
2 SIII force GSkI force

16O+XSm VJB −VNB | VJB

VNB

|×100 VJB −VNB | VJB

VNB

|×100
X (%) (%)

140 0.0 -0.148 0 180 5.491 67.407 8.14 28.117 494.214 5.68
142 0.0 0.000 0 180 3.800 64.557 5.88 19.525 373.441 5.22
144 0.0 0.000 0 180 3.808 65.597 5.80 19.553 383.13 5.10
146 0.0 0.000 0 180 3.814 66.613 5.72 19.531 393.269 4.96
148 0.0 0.161 0 90 4.657 66.524 7.00 23.743 424.875 5.58
150 0.0 0.206 0 90 4.948 68.089 7.26 25.087 459.302 5.46
152 0.0 0.243 0 90 5.196 67.204 7.73 26.261 458.154 5.73
154 0.0 0.270 0 90 5.396 69.173 7.80 27.134 460.064 5.89
156 0.0 0.279 0 90 5.468 69.487 7.86 27.39 468.328 5.84
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Figure 6.5: Spin-orbit interaction barriers VJB for 16O+148Sm reaction at different
θ2 values, keeping θ1 = 00 fixed, for the three Skyrme forces SIII, GSkI and KDE0v1
at T=0 MeV.

6.2.2 Fusion cross-sections for 156−168Yb∗ using different

Skyrme forces with in framework of `-summed Wong

model

First of all, the effect of using different Skyrme forces for calculating the interaction

barriers are studied for the case of `=0 in 160Yb∗. Fig. 6.6 (a) shows the spin-orbit

density dependent interaction potential VJ(R) for 60Ni + 100Mo → 160Yb∗ reaction at

T=0 with fixed optimum orientations, using various Skyrme forces in frozen density

approximation. It is to be noticed that the Skyrme forces GSkI, SSk, KDE0v1 and

MSL0, having tensor coupling with spin and gradient term, all give higher spin-orbit

interaction barrier VJB, as compared to SIII, SLy4 and SkM∗ forces where tensor

coupling is not included. However, it is clear from Table I that the percentage

contribution of VJB in VNB is small for GSkI, as compared to SIII force, reflected

in total interaction potential shown in Fig. 6.6 (b) for the same reaction. The

interesting result is that the barrier characteristics (height, position and curvature)

are strongly influenced with the change in Skyrme forces. Remembering that the
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Figure 6.6: (a) Spin-orbit and (b) total interaction potential for `=0 case of
60Ni+100Mo reaction at fixed orientations, using various Skyrme forces.

behavior of nucleus-nucleus interaction potential VN(R) is attractive, whereas the

spin-orbit density dependent potential VJ(R) is repulsive, the barrier height VB in

total interaction potential VTotal is largest for SIII, contrary to the corresponding

VJB profile. The same result follows for 16O+144Sm→160Yb∗ reaction. As SIII force

has the highest barrier and KDE0v1 has the lowest barrier, we choose SIII, GSkI and

KDE0v1 Skyrme forces, all having different barrier characteristics, for calculating

the fusion cross sections.

Fig. 6.7 shows the calculated fusion cross sections as a function of center-of-mass

energy Ec.m. for isotopes of CN 160,164Yb∗ formed in 60,64Ni+100Mo reactions, using

the three illustrated Skyrme forces within the `-summed Wong model, compared

with the experimental data. In Fig. 6.7 (a), we compare the fusion cross-section

obtained with and without spin-orbit interaction for SIII force. This comparison

has been done for SIII force as spin-orbit contribution is more as compared to other

forces (see Table 6.1). It is clearly observed that with the addition of spin-orbit

part, cross-sections decrease by about 5-8% (specially at below barrier energies).

This means that the fusion cross-sections are not significantly affected by the inclu-
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Figure 6.7: Fusion cross section as a function of Ec.m., calculated by using the `-
summed Wong model, integrated over θi, for Skyrme forces SIII, GSkI and KDE0v1,
and compared with experimental data for (a) 60Ni+100Mo, and (b) 64Ni+100Mo
systems.

sion of spin dependent interaction. It is relevant to mention here that, the further

calculations are done with the inclusion of spin-orbit interaction term. Apparently,

the extended-Wong model calculations for GSkI and KDE0v1 forces fit the data

nicely at both the above- as well as below-barrier energies, but the SIII force shows

significant underestimation of cross section at below-barrier energies, and hence

needs barrier modifications in order to fit the data. Apparently, one could find an-

other force, with barrier properties similar to that of GSkI or KDE0v1, that would

fit the 60,64Ni+100Mo data. For the best fitted GSkI and KDE0v1 forces (GSkI force

being better in both the cases, as was also shown earlier for 164Yb [14]), the deduced

`max values vary smoothly as a function of Ec.m., but for the SIII force where the fit

is not so good at sub-barrier energies, `max(Ec.m.) varies erratically, which could be

smoothed by adding appropriate barrier lowering empirically, not carried out here

(however, see Fig. 6(c) in [14]).

Fig. 6.8 shows the fusion cross-sections for 16O+144,148Sm reactions forming

same 160,164Yb∗ isotopes, calculated by using the `-summed Wong model with the
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Figure 6.8: Same as Fig. 6.7, but for (a) 16O+144Sm, and (b) 16O+148Sm systems.

Figure 6.9: Variation of fusion cross-section with increasing neutron number of CN
Yb∗, formed from Ni+Mo reactions, using the GSkI force, at above- and below-
barrier energies.
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Table 6.2: Fusion cross-section and the maximum value of angular momentum (`max)
used for different Ni-induced reactions with 100Mo, at Ec.m. above and below the
Coulomb barrier, using Skyrme force GSkI. Note, `max for 160Yb∗ and 164Yb∗ are
the empirically fitted values.

CN N Ec.m.=123.0 (MeV) Ec.m.=149.6 (MeV)
(CN) σfus(mb) `max (h̄) σfus (mb) `max (h̄)

156Yb∗ 86 0.0002 1 158.37 36
158Yb∗ 88 0.0011 2 181.83 39
160Yb∗ 90 0.0051 3 214.32 42
162Yb∗ 92 0.0087 2 261.36 47
164Yb∗ 94 0.0088 1 300.30 51
166Yb∗ 96 0.0340 2 330.27 54
168Yb∗ 98 0.1250 3 360.95 57

Skyrme forces SIII, GSkI and KDE0v1. The important result presented by this

extended-Wong model calculation is that 16O + 148Sm reaction shows stronger

fusion-hindrance than the 16O + 144Sm reaction. Furthermore, only the KDE0v1

Skyrme force with lowest barrier height [see Fig. 6.6 (b))] fits the experimental data

of 16O+148Sm reaction, and the other two forces need some barrier modification. On

the other hand, for 16O+144Sm reaction, both GSkI and KDE0v1 forces have the

appropriate barrier characteristics and fit the data nicely, but only SIII force needs

the modification of barrier for fitting the data. Note that, since barrier properties

are the main ingredient of the Wong model, significant difference between the pred-

ications of the older SIII and the new GSkI and KDE0v1 forces arises due to their

different barrier characteristics. The comparison of data is better for new Skyrme

forces as the new forces have a stronger isospin and asymmetry dependence.

Finally, an effort is made to estimate the fusion cross-sections for 162Yb∗ and

156,158,166,168Yb∗, i.e., the missing isotope in the middle and two isotopes on either

side of 160Yb∗ and 164Yb∗ whose available experimental data [7, 8] are fitted above.
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For the fitting parameter `max, a linear interpolation/ extrapolation is carried out,

i.e., for 162Yb∗ the average of `max-values of 160Yb∗ and 164Yb∗ is taken, and for

156,158,166,168Yb∗ we choose `max with in the range of ±3 units of variation. The

`max-values and the corresponding fusion cross-sections for all the considered even

mass 156−164Yb∗ are listed in Table 6.2 at two Ec.m. energies, one above and another

below the Coulomb barrier, for use with GSkI force. The GSkI force is chosen to

predict the fusion cross-section of selected Yb∗ isotopes since it is shown in Fig.

6.7 to give a relatively better agreement with data for Ni-induced reactions. The

variation of fusion cross-section with neutron number N of Compound nucleus Yb∗,

formed using various isotopes of Ni with fixed 100Mo target at Ec.m.=123.0 MeV

(below barrier) and 149.6 MeV (above barrier), is shown in Fig. 6.9. Apparently,

the cross-sections increase almost exponentially with the increase in neutron number

of CN, for incident energies on either side of the Coulomb barrier.

6.3 Entrance channel effect in decay of 172Yb∗

formed using stable and radioactive beams

A number of experiments have been performed using radio active ion beams (RIBs)

to study evaporation residue (ER) and fusion-fission cross sections, and compar-

isons were made with reactions involving stable beams [15, 16]. Simultaneously, a

significant amount of information has been extracted through theoretical calcula-

tions as well. Recently 172Yb* compound system was populated by Kolata et al [17]

using stable and radioactive Sn-beams on Ca-targets. Fusion excitation functions

were measured at energies above and below the Coulomb barrier for 124Sn+48Ca

and 132Sn+40Ca reactions. A significant enhancement in ER cross section at below

barrier energies was observed for 132Sn+40Ca reaction. It is relevant to mention here

that the entrance channel effect is studied in chapter 4, for 190Pt∗ nucleus formed

using two different radioactive beams (i.e. 132Sn+58Ni and 126Sn+64Ni reactions).
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Figure 6.10: (a) Fragmentation potential V (A2) for the decay of 172Yb*, formed
in two different entrance channels 124Sn+48Ca and 132Sn+40Ca are compared at
comparable center of mass energy for deformed choice of nuclei at extreme `-values
using proximity formula. (b) Same as part (a) but for preformation probability.

Moreover, there was no data at comparable energies for both the entrance channels.

However, the experimental works of Kolata [17] offer an opportunity to study the

entrance channel effect on the decay of 172Yb* at comparable energies spread across

the Coulomb barrier. In this section, the entrance channel dependence in the decay

of hot and rotating 172Yb* compound system is analysed using dynamical cluster

decay model [18,19], in which nuclear interaction potential is obtained by pocket for-

mula [20]. Beside this, the fusion enhancement is also studied through the available

fusion evaporation residue cross section.

Fig. 6.10 (a) shows the fragmentation potential for the decay of 172Y b∗ compound

system formed in two entrance channels 124Sn+48Ca and 132Sn+40Ca at compara-

ble energies (i.e. Ec.m.=124.07 and 123.96 MeV respectively) around the Coulomb

barrier. It is clear from Fig. 6.10 (a) that except the change in magnitude, the

potential energy surface (PES) remains the same despite the fact that these reac-

tions have positive and negative Q-value neutron transfer. The maximum angular
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Figure 6.11: (a) Experimental ER cross section [17] is compared with the one calcu-
lated using DCM for the decay of 172Yb*, formed in two different entrance channels
124Sn+48Ca and 132Sn+40Ca at comparable Ec.m.. (b) Neck-length parameter ∆R
for the two reaction as in part (a). The deduced maximum value of angular momen-
tum at different energies for two reactions is shown in the inset. (c) Same as part
(b) but for deduced values of barrier modification ∆VB at `max.

momentum (`max) changes only by few units. It is to be noted here the Q-value of

these reactions differ by an order of around 20 MeV, and hence the corresponding

temperature also differ significantly but still the decay pattern is the same except

magnitude. It is clear from Fig. 6.10 (a) that for s-wave (`=0), the light particles

are most probable however at higher `-values the HMFs and fission fragments start

competing with LP cross section or equivalently ER component. Fig. 6.10 (b) shows

the preformation probability at the same energies as in Fig. 6.10 (a). The fragments

which are energetically more favorable, i.e. minimum in V (A2), corresponds to max-

ima in P0. Further it is clear that asymmetric and symmetric fission fragments are

equally probable. Although there is slight change in the magnitude of preformation

probability but the overall trend remains the same. The ER cross-section is the sum

of light particle channels cross-section i.e. σER =
∑4

A2=1 σ(A2). For A2=1, 2, and 3,

the energetically favored fragment in our calculations is neutron, however for A2=4,

it comes out to be 4H.

In order to study the fusion enhancement, ER cross section is fitted for the decay

of 172Y b∗ formed in different entrance channels. Fig. 6.11 (a) shows the comparison
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of experimental data [17] and the theoretical calculations using DCM. A nice fit to

the data is obtained for 124Sn+48Ca and 132Sn+40Ca reactions. The fission cross

section is one order of magnitude smaller than the ER cross section at highest

energy for maximum allowed ∆R. Fig. 6.11 (b) shows the ∆R obtained by fitting

the experimental data as shown in Fig. 6.11 (a). The variation of `max as a function

of Ec.m. are shown in inset of Fig. 6.11 (b). This figure shows that ∆R is lower for

132Sn+40Ca except at few lowest energies and `max, though do not change in large

units, but increases with Ec.m.. The step like behavior of `max at various energies

is due to the fact that `-values are integers. Fig. 6.11 (c) shows the variation of

∆VB, extracted for 1n case, as 1n is the major contributor to ER cross section.

It is clear that for 132Sn+40Ca reaction, barrier modification ∆VB (=VB-V (Ra))

decreases in magnitude as compare to that of 124Sn+48Ca. Thus the experimental

data demands the first turning point (Ra) to be more close to barrier position (RB)

in order to account for the data. It is to be noted here that at top of the barrier,

transmission is maximum and corresponds to maximum cross-section. Increasing

∆R means approaching the top of the barrier i.e. entry and exit points get closer to

each other. Thus there is some signature of fusion enhancement when variation of

∆R and ∆VB are carefully observed in reference to cross-section at lower energies.

However, if different ∆R is considered for the different regions of fragments mass

(A2) [21], then increase in ∆R does not always means increase in cross-section due to

change in relative preformation probability of various contributing fragments. The

relevant details are also listed in Table 6.3. It is also clear from the inset of Fig. 6.11

(b) that `max is few order of magnitude higher for the case of 132Sn+40Ca as compare

to 124Sn+48Ca at comparable lower energies. This shows that higher `-values are

contributing for 132Sn+40Ca reaction so there is entrance channel dependence which

is in agreement with the experimental data in which they observe that the two

reactions populate different state of compound system. Hence the entrance channel

dependence of compound system depends on the excitation energy if RIB is used in

138



SECTION 6.4: CONCLUSIONS

place of stable beam.

The ER cross-section for 132Sn+40Ca reactions are predicted at higher energies

using same ∆R as that of 124Sn+48Ca reaction, as the systematics of ∆R shows that

they almost coincide with each other at above barrier region. The deduced `max for

three reaction at various energies are also listed in Table 6.3 along with fitted and

experimental ER cross-section, neck-length parameter and barrier modification.

6.4 Conclusions

An attempt is made to study the isotopic dependence of spin-orbit density inter-

action potential in the semiclassical ETF approach for Yb∗ nuclear systems. In

addition to this, the entrance channel and fusion enhancement effects are also stud-

ied in the decay of 172Yb∗ with in the framework of dynamical cluster decay model.

Firstly, to study the isotopic effect of spin unsaturated interaction potential, we

considered nine even-mass Compound system 156−174Yb∗ formed by using the com-

binations of two different incoming systems 56−74Ni+100Mo and 16O+140−156Sm. It

is observed that the spin-orbit density dependent barrier heights are lower for spher-

ical nuclei compared to the deformed case, and that with the increase in number of

neutrons in either the projectile or the target, both the barrier height and position

increase for spherical systems. In the deformed case, however, the spin-orbit den-

sity dependent barrier of the isotope of Yb formed via oblate-shaped nuclei show

the highest barrier-height and smallest barrier-position, which for spherical nuclei

have the lowest barrier-height and largest barrier-position. On the other hand, the

prolate-shaped nuclei show barrier profile in between the spherical and oblate-shaped

nuclei. The content of spin-orbit density dependent term is found to be only 5-10%

of the spin-orbit density independent potential, and act opposite to each other (one

repulsive and another attractive), nearly independent of the inclusion of temperature

effects.

Since deformation and orientation degrees of freedom, and the use of differ-
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Table 6.3: The ER cross section and relevant variables for 124Sn+48Ca and
132Sn+40Ca, forming the same compound system 172Y b∗ are calculated using DCM
at different excitation energies. The experimental data from Ref. [17] is also listed.
The predicted ER cross-section for 132Sn+40Ca are also tabulated for above barrier
energies. The barrier modification ∆VB is for 1n channel at `=`max.

Ec.m. T `max ∆R ∆VB (`=`max) σER (=
∑4

A2=1 σ(A2) )
(MeV) (MeV) (h̄) (fm) (MeV) (mb)

DCM Expt.

124Sn+48Ca → 172Y b∗ → A1+A2 (Qin=-73.191 MeV)
109.90 1.412 107 1.190 -7.059 1.97 2.04
112.23 1.455 107 1.310 -5.833 10.2 9.92
116.20 1.526 107 1.470 -4.445 60.5 60.0
119.80 1.588 108 1.593 -3.580 182 182.36
124.07 1.658 108 1.640 -3.321 260 261.36
128.30 1.724 109 1.690 -3.034 380 382.60
132.49 1.787 109 1.731 -2.833 503 502.50
136.68 1.849 110 1.737 -2.803 528 529.83
140.87 1.908 111 1.760 -2.683 608 609.62
145.10 1.966 112 1.773 -2.619 658 659.99
149.30 2.022 113 1.783 -2.569 707 708.88
156.28 2.114 114 1.804 -2.478 784 781.80
163.29 2.197 115 1.751 -2.769 541 539.74

132Sn+40Ca → 172Y b∗ → A1+A2 (Qin=-52.136 MeV)
108.59 1.745 110 1.210 -6.952 3.37 3.62
110.90 1.779 111 1.290 -6.103 10.10 10.43
113.28 1.815 111 1.370 -5.345 26.70 25.01
115.62 1.848 111 1.430 -4.829 50.50 49.17
116.94 1.867 112 1.480 -4.396 83.70 85.76
119.14 1.898 112 1.530 -4.050 132 131.12
120.26 1.914 112 1.570 -3.784 185 185.05
121.62 1.933 112 1.572 -3.780 186 187.63
122.65 1.947 112 1.611 -3.537 256 257.88
123.96 1.964 112 1.620 -3.489 267 268.48
126.20 1.995 112 1.665 -3.228 379 379.13
127.34 2.010 113 1.667 -3.202 382 384.36
130.90 2.056 113 1.695 -3.05 463 463.32
132.00 2.070 113 1.718 -2.936 535 536.19
135.59 2.116 113 1.727 -2.907 564 566.23
140.87 2.181 114 1.760 -2.7306 6741 -
145.10 2.231 114 1.773 -2.693 6941 -
149.30 2.281 114 1.783 -2.663 7131 -
156.28 2.360 115 1.804 -2.571 7651 -

1symbolizes predicted ER cross-section.
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ent Skyrme forces, change the barrier characteristics significantly, so the effects

of including the same is tested in the calculation of fusion excitation function of

60,64Ni+100Mo and 16O+144,148Sm reactions within framework of `-summed Wong

model. The interesting result is that the new forces GSkI and KDE0v1 perform bet-

ter than the old Skyrme SIII force. Use of different Skyrme forces, having different

barrier characteristics, suggests that the choice of proper Skyrme force is essential

for addressing the data in below-barrier energy region, and hence the associated

fusion-hindrance phenomenon. Apparently, for a careful choice of the Skyme force,

a stronger isospin and asymmetry dependence is required for data at sub-barrier en-

ergies. Finally, fusion cross-sections are predicted for various isotopes of Yb∗ (with

A=156,158,162,166,168), using the systematics of already measured cross-sections

for 160Yb∗ and 164Yb∗ nuclei.

Further the DCM is used to study the decay of CN 172Y b∗ formed with stable and

radioactive ion beam of Sn in order to investigate the entrance channel effect. The

experimental data of evaporation residue (ER) cross section, available at above as

well as below barrier energies, is fitted by varying the neck length parameter (∆R).

The deformation is included up to β2 along with hot optimum orientation. The

decay pattern of 172Y b∗ formed in 124Sn+48Ca and 132Sn+40Ca and corresponding

preformation probability, maximum angular momentum (`max), ∆R and barrier

modification (∆VB) are studied for the entrance channel dependence and fusion

enhancement at comparable center-of-mass energy (Ec.m.). It is also observed that

there is decrease in ∆VB, i.e. increase in fusion probability for 132Sn+40Ca, which

lead to fusion enhancement at sub barrier energies. Thus increase in N/Z ratio affect

the yield significantly at low energies. The predictions are made for ER cross section

for 132Sn+40Ca at above barrier energies.

After having detailed qualitative and quantitative analysis of fusion-fission dy-

namics using phenomenological (proximity theorem based) and semiclassical (SEDF

based) nuclear interactions and their subsequent dependence on nuclear deforma-
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tions, orientations, angular momentum, excitation energies, spin orbit potential etc.

in Chapter 3-6, we summarize and conclude our results in the next chapter. A brief

scope for future extension of this work is also described for further progress in the

related area of fusion fission dynamics and associated nuclear structure effects.
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Chapter 7

Summary and outlook

In this thesis, the `-summed Wong formula and Dynamical Cluster Decay Model

(DCM) have been exploited respectively to address the formation and decay process

of heavy ion collisions at low energy region. The DCM is based on well known

Quantum Mechanical Fragmentation Theory (QMFT)and has been developed to

study the decay of hot and rotating compound nuclei (CN), including the effects

of deformation and orientation degree of freedom of outgoing fragments/ nuclei. In

DCM, fragments are required to be preformed with certain probability P0 before

penetrating the interaction barrier. Thus, the cluster preformation probabilities

contain the structure effects of the CN, which provides the possibility of studying

the fine or sub-structure in fission products. The DCM is worked out in terms of

only one parameter, the neck-length parameter represents the reaction time scale

and also refers to the actual used barrier height and consequently to the concept of

barrier lowering ∆VB which tackles the fusion hindrance/enhancement phenomena.

For the fusion reactions, the `-summed Wong formula is shown to be the same as

the dynamical cluster-decay (DCM) model expression with a condition of fragment

Preformation P `
0=1 for all the angular momentum ` values.

An overview of relevant status of fusion-fission and related aspects have been

discussed in Chapter 1. A broad classification of heavy ion reactions and various
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approaches to handle the nuclear interactions are described in addition to the outline

of thesis in this chapter. The details of the methodology used i.e the dynamical

cluster decay model and `-summed wong formula is discussed in Chapter 2 with

nuclear interaction potential obtained from various proximity potentials as well as

from Skyrme energy density formalism. The mothodology has been employed to

address the fusion-fission dynamics governed via heavy ion collisions at low energy

region.

Understanding of nucleus-nucleus interaction potential is quite crucial in the

study of the heavy-ion reactions. For that the various nuclear proximity potentials

are used in this thesis to understand the nuclear reaction dynamics. Firstly, in

Chapter 3 the use of different Skyrme forces in DCM via the nuclear proximity

potential obtained from semiclassical extended Thomas Fermi (ETF) approach in

Skyrme energy density formalism (SEDF) under frozen density approximation is

applied to study the fusion-fission dynamics of 132Sn+64Ni→196Pt∗ reaction at below

as well as above the Coulomb barrier energies. Within the DCM, it is found that for

the chosen three Skyrme forces (GSkI, SSk and SIII) and Blocki et al. potential, the

decay process presents the similar pattern for the fragmentation potential as well

as the pre-formation probability, indicating that the asymmetric fission contributes

more than the symmetric fission. The DCM fits the experimental data for σER, but

the fission data at the highest two/ or three center of mass energies Ec.m. could not

be addressed for either of the nuclear interaction potential. At these higher Ec.m.

values, the quasi fission (qf) process seems to compete with the fission and the sum

of these two, i.e. σfiss + σqf , fits the available data nicely. The role of changing the

radioactive 132Sn beam to a stable 112Sn beam is also studied which shows that the

asymmetric fission fragments contribute for 196Pt∗ which changes to a symmetric one

for 176Pt∗, independent of the choice of nuclear interaction potential. In addition

to this, an application of `-summed Wong formula with explicit angular momentum

and barrier modification effects, arising due to the use of different Skyrme forces
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is made to fit the fusion excitation function for above mentioned reaction. It is

observed that out of the three illustrated Skyrme forces i.e SIII, GSkI and SSk, the

last two forces are able to fit the data with smooth variation of `max with centre of

mass energy. However, SIII force gives underestimation of reported data at near and

below barrier energies, which calls for barrier modification effects and hence justifies

the use of different Skyrme interaction in reference to heavy ion induced reaction

dynamics. The deformation and temperature effects and dully incorporated in the

formation and decay analysis of 196Pt∗ nucleus.

In addition to the dynamics of 196Pt∗ formed in 132Sn + 64Ni reaction via `-

summed wong formula and DCM approach by employing nuclear interactions based

on SEDF, an attempt is made to analyze the entrance channel effects in 190Pt∗ CN

formed via different target and projectiles in addition to comprehensive study on the

dynamics of various isotopes of Pt∗ produced by stable and radioactive beams. For

the purpose various proximity potentials (i.e. Prox 77, Prox 88, mod-Prox 88 and

Denisov 2002) and level density parameters are used and the results are discussed

in Chapter 4. In order to do a comparison between the two incoming channels, the

same centre-of-mass energy Ec.m. ≈ 190 MeV is chosen. It is observed that for both

the channels same fragments contribute to the decay process, indicating that the

decay is independent of the mode of its formation. This observation holds good for

spherical as well as deformed choice of fragmentation and it persists even with the use

of different nuclear proximity potentials and level density parameter. Beside this the

fission mass distribution of Pt∗ isotopes is investigated and consequently the barrier

modification is estimated to account for the phenomena of fusion hindrance. With

the neutron excess in the projectile/target, the barrier lowering (∆VB) decreases (less

negative), hence fusion hindrance also decreases in agreement with experimental

observation. Alternatively the fusion hindrance phenomena is also dealt with in the

framework of extended Wong model. The fusion excitation function are also studied

for 132Sn+58Ni reaction at above and below the Coulomb barrier using different

proximity potentials. It is found that mod-Prox 88 fits the data nicely at above as
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well as below the Coulomb barrier energies whereas other potentials require barrier

modification in explaining the fusion hindrance phenomena.

After carrying out an extensive work on formation and decay path of Pt isotopes

using variety of nuclear interactions, by employing deformation, orientation, temper-

ature, angular momentum etc effects wherever applicable, a further attempt is made

by investigating the barrier height and barrier positions of some 52 colliding nuclei

with mass asymmetry parameter in range of 0 to 0.96 (i.e. smaller to superheavy

nuclear systems) within framework of wong formula. Various proximity potentials

i.e. Prox 77, Prox 88, Prox 00, Bass 80 and Denisov DP are used to extract bar-

rier characteristics and the results are discussed in Chapter 5. It is observed that

barrier height and barrier position get modified considerably with the inclusion of

deformations for all the nuclear proximity potential considered. The fusion barrier

heights get improved (with in ∼ ±5% except for Prox 00) and hence come closer

to the empirical barriers. As an application, these deformation dependent nuclear

potentials are used for calculating fusion cross-sections of O-, Ca- and Ni-based re-

actions in medium mass region in reference to available data on fusion cross-sections

at around and above the Coulomb barrier energies. For Ni- based reactions Prox 88

comes closer to the experimental data as compared to other potentials whereas for

O and Ca- based reactions, Prox 77 seems a better option at below and near barrier

energies. At above barrier energies Bass 80 and Denisov DP compete each other and

are comparable with the experimental data. It is concluded that the deformation

effects play significant role to address the data at near barrier energies.

It is important to note that so far the role of deformations, orientations and

excitation energies etc. is investigated in reference to nuclear potential derived via

various promity theorems and SEDF based interactions to address fusion-fission and

related dynamics. It is of further interest to investigate the exclusive role of deforma-

tions and temperature effects independently on spin-saturated and spin-unsaturated

interactions which collectively governs the nuclear potential in the semiclassical ETF

approach. The results are discussed in Chapter 6 for a variety of colliding nuclei
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by considering symmetric and asymmetric reaction partners. This exercise is made

for nine even-mass 156−174Yb∗ isotopes formed via two different incoming systems

56−74Ni+100Mo and 16O+140−156Sm, using both the spherical and deformed choice of

nuclei. It is observed that, for spherical choice of nuclei, the barrier height increases

slowly with increase in number of neutrons in the projectile or the target. However,

on inclusion of deformation effects with in optimum orientations, the barrier height

increases significantly with increase in neutrons in the projectile/target and the vari-

ation is systematic, except that for oblate shaped projectiles where the barrier height

and barrier distribution show different profile. In other words, for oblate projectiles

the barrier is highest and the barrier position shifts towards smaller interaction ra-

dius, independent of the choice of Skyrme forces. The content of spin-orbit density

dependent term is found to be only 5-10% of the spin-orbit density independent

potential, and act opposite to each other (one repulsive and another attractive),

nearly independent of the inclusion of temperature effects. Since deformation and

orientation degrees of freedom, and the use of different Skyrme forces, change the

barrier characteristics significantly, hence the effects of including the same is tested

in the calculation of fusion excitation function of 60,64Ni+100Mo and 16O+144,148Sm

reactions within framework of `-summed Wong model, which shows that the new

forces GSkI and KDE0v1 respond better than the old SIII force. Further the decay

of Yb nuclei, formed in Ca-based reactions which involves stable and radioactive

beams of Sn, is studied with in the framework of DCM. The decay pattern of 172Y b∗

formed in 124Sn+48Ca and 132Sn+40Ca reactions, and corresponding preformation

probability, maximum angular momentum (`max), neck length parameter (∆R) and

∆VB are studied for the entrance channel dependence and fusion enhancement at

comparable Ec.m.. It is observed that there is decrease in ∆VB, i.e. increase in

fusion probability for 132Sn+40Ca, which lead to fusion enhancement at sub barrier

energies. Thus increase in N/Z ratio affect the yield significantly at low energies.

It is worth noting that the above mentioned work has the potential of getting
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extended to other mass regions such as neutron/proton halo nuclei and super-heavy

synthesis for better understanding of the reaction dynamics and associated nuclear

structure effects. The use of various Skyrme forces within energy density formal-

ism (EDF) is also being extended with the inclusion of higher order deformations

within planar and non-coplanar approach, to understand the heavy ion collisions

and related dynamical aspects. Beside this, various nuclear interaction potentials

can be explored with in the framework of collective clusterization process to account

for ground state and excited state decay mechanism of variety of nuclear reactions.

The present work involves to investigate the formation and decay of compound nu-

cleus and hence it would be of further interest to understand the non-compound

nuclear mechanism, particularly the ones associated with radioactive ion beams.
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