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                                                       Abstract 

 In view of present day developments in the domain of theoretical nuclear physics, it is 

extremely important & essential to study the nuclear dynamics and related aspects at 

the extreme conditions of temperature, angular momentum, & energies in reference to 

recent advances in the field of experimental nuclear physics. One of the important 

aspects in this category is the fusion hindrance. Fusion hindrance in pre-actinide region 

is currently an active area of investigation as majority of nuclei in this mass region 

respond to this kind of mechanism. We have investigated the fusion hindrance in the 

decay of 204Po formed in 16O+188Os reaction using the Dynamical Cluster decay Model 

(DCM). We have calculated the evaporation residue and Fission cross section in 

reference to available experimental data. As expected investigated nuclear reaction 

does not lead to fusion hindrance at the selected range of incident energies. 

                               

 

 

 

 

 

 



 

6 
 

 

 

                                                  CONTENTS 

Certificate            3 

Acknowledgement          4 

Abstract            5  

CHAPTER-1 INTRODUCTION        9 

1.1 Discovery of nuclear fission       10 

1.2 Experiments to confirm the idea of nuclear fission     11 

1.3 Nuclear fission         11 

1.4 Fission explained with the help of liquid drop model    13 

1.5    Energy released in nuclear fission       15 

 1.6   Compound nucleus formation and its decay     17 

1.6.1 Compound nucleus mechanism        17 

1.7    Non compound nucleus        18 

1.8    Fusion hindrance in heavy elements      20 

1.9    Stability of nucleus         21 

2.0   References          25 

CHAPTER -2 METHODOLOGY 

2.1   Introduction of DCM          28 

2.2   DCM for hot and rotating compound nucleus     29 



 

7 
 

2.2.1 Postulates of first turning point       31  

2.2.2 The second turning point         32 

2.3   Overview of potentials        34 

2.3.1 The proximity potential        34 

2.3.2 The coulomb potential        34 

2.3.3 The angular momentum potential       35 

2.4    Classical Hydrodynamical Mass Parameter     36 

2.5    Preformation Probability P0         38 

2.6   Penetration Probability P        39 

2.7   Assault Frequency 39         0ט 

2.8   References           40 

CHAPTER -3 Results and Discussions 

3.1 Introduction          44 

3.2 Results and discussions        45 

3.3 References            52 

 

                                                      

 

 

 

 



 

8 
 

 

                                                            

                                        List of Figures 

Fig.1.1 Isotopes of Hydrogen, Helium, Lithium and Sodium 

Fig.1.2 Nuclear Fission Process 

Fig.1.3 Potential barrier and Compound nucleus formation 

Fig.1.1 Competing decay processes 

Fig. 1.5 Decomposition of a nucleus into two fragments 

Fig. 1.6   Potential barrier as a function of relative separation between fragments  

 Fig.2.1. Scattering Plot for 16O+188Os → 204Po reaction 

Fig.2.2. The geometry of classical hydrodynamical model for calculating mass    

parameter Bηη 

Fig. 3.1 Fragmentation potential as a function of fragment mass 

Fig. 3.2 Variation of Preformation probability as the function of mass fragments (A2) 

Fig. 3.3 Penetrability as the function of fragment mass number at ℓ=0ћ and ℓ=132ћ  

Fig. 3.4 Scattering Potential as a function of nuclear range 

Fig. 3.5 Neck length parameter as a function of ECM 

 Fig. 3.6 Cross sections as a function of ECM 

                                                         

                                                              

 



 

9 
 

 

 

        

 

                                                        

CHAPTER 1 

 

INTRODUCTION 

 

 

 

 

 

 

 

 

 

 



 

10 
 

 

 

INTRODUCTION 

Ernest Rutherford discovered that protons (positively charged particles) situated in the 

nucleus of the atom along with negatively charged electrons orbiting around the nucleus 

that makes the atom. After discovering the protons, there was one problem that the 

physicists couldn't explain why several elements weighed different amounts. In 1932, 

James Chadwick, discovered the neutron, a third subatomic particle [1]. Neutrons have 

no charge and they share space with protons in the nucleus of the atom. While the 

number of protons and electrons is always the same for any given element. For 

example carbon, there are always 14 protons and 14 electrons but there can be 

different numbers of neutrons. This explained why carbon could weigh different 

amounts, even though it was essentially the same element. These different weights of 

atoms are known as isotopes. 

                                                        

Figure 2.1 Isotopes of Hydrogen, Helium, Lithium and Sodium 
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1.1 Discovery of Nuclear Fission 

Initially, the Scientists began using particle accelerators to bombard the nuclei of atoms 

in the hopes of splitting atoms and creating energy. They achieved very little success 

because the early particle accelerators shot out protons and alpha particles and they 

both are positively charged. Even at high speeds, these particles were easily repelled 

by the positively charged nuclei, and the likes of Rutherford, Albert Einstein and Niels 

Bohr felt that harnessing atomic power was close to impossible. 

This changed when Italian physicist Enrico Fermi thought to use neutrons for 

bombardment in 1934. Since neutrons have no charge, they can hit an atom's nucleus 

without being repelled. Shortly thereafter, Enrico Fermi and his associates in Italy 

undertook an extensive investigation of the nuclear reactions produced by the 

bombardment of various elements with this uncharged particle [2]. In particular, they 

observed (1934) that at least four different radioactive species resulted from the 

bombardment of uranium with slow neutrons. These newly discovered species emitted 

beta particles and were thought to be isotopes of unstable “transuranium elements” of 

atomic numbers 93, 94, and perhaps higher [3]. There was of course, intense interest in 

examining the properties of these elements. Hahn and Strassmann published a 

scientific paper showing that small amounts of barium (element 56) were produced 

when uranium (element 92) was bombarded with neutrons. It was very puzzling to them 

how a single neutron could transform element 92 into element 56?        

 Lise Meitner suggested a helpful model for such a reaction. One can visualize the 

uranium nucleus to be like a liquid drop containing protons and neutrons. When an extra 

neutron enters, the drop begins to vibrate [4]. If the vibration is violent enough, the drop 

can break into two pieces. Meitner named this process "fission" because it is similar to 

the process of cell division in biology. It takes only a small amount of energy to start the 

vibration which leads to a major breakup. 

 

http://www.britannica.com/EBchecked/topic/204747/Enrico-Fermi
http://www.britannica.com/EBchecked/topic/549165/slow-neutron
http://www.britannica.com/EBchecked/topic/41745/atomic-number
http://science.jrank.org/pages/748/Barium.html
http://science.jrank.org/pages/4636/Neutron.html
http://science.jrank.org/pages/1322/Cell-Division.html
http://science.jrank.org/pages/885/Biology.html
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1.2 Experiments to confirm the idea of nuclear fission 

The two experiments were done by the Scientists to confirm the idea of nuclear fission. 

(1) In one experiment, a thin sheet of uranium was placed inside a cloud chamber.  

A cloud chamber is a device in which vapour trails of moving nuclear particles 

can be seen and photographed. When it was irradiated by neutrons, 

photographs showed a pair of tracks going in opposite directions from a 

common point in the uranium. Clearly, a nucleus had been photographed in 

the act of fission. 

(2) In other experiment they used a Geiger counter, which is a small, cylindrical tube 

that produces electrical pulses when a radioactive particle passes through it. 

For this experiment, the inside of a modified Geiger tube was lined with a thin 

layer of uranium. When a neutron source was brought near it, large voltage 

pulses were observed, much larger than from ordinary radioactivity. When the 

neutron source was taken away, the large pulses stopped. A Geiger tube 

without the uranium lining did not generate large pulses. Evidently, the large 

pulses were due to uranium fission fragments. The size of the pulses showed 

that the fragments had a very large amount of energy.     

In early experiments the uranium is bombarded with slow neutrons and it was rapidly 

established that the rare isotope uranium-235 was responsible for this phenomenon. 

The more abundant isotope uranium-238 could be made to undergo fission only by fast 

neutrons with energy exceeding 1 MeV. The nuclei of other heavy elements, such as 

thorium and actinium, also were shown to be fissionable with fast neutrons; and other 

particles, such as fast protons, deuterons, and alphas, along with gamma rays, proved 

to be effective in inducing the nuclear reactions. 

1.3 Nuclear Fission 

In nuclear physics, nuclear fission is a nuclear reaction in which the nucleus of an atom 

splits into smaller parts, often producing free neutrons and lighter nuclei, which may 

http://www.britannica.com/EBchecked/topic/619171/uranium-235
http://www.britannica.com/EBchecked/topic/202321/fast-neutron
http://www.britannica.com/EBchecked/topic/202321/fast-neutron
http://www.britannica.com/EBchecked/topic/202321/fast-neutron
http://www.britannica.com/EBchecked/topic/258913/heavy-element
http://en.wikipedia.org/wiki/Nuclear_physics
http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Atomic_nucleus
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Atomic_nucleus
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eventually produce photons (in the form of gamma rays). Fission of heavy elements is 

an exothermic reaction which can release large amounts of energy both as 

electromagnetic radiation and as kinetic energy of the fragment [5]. For fission to 

produce energy, the total binding energy of the resulting elements has to be higher than 

that of the starting element. Fission is a form of nuclear transmutation because the 

resulting fragments are not the same element as the original atom. The figure 1.2 shows 

the nuclear fission. 

 

                                      Figure1.3 Nuclear Fission Process 

 

Nuclear fission can occur without neutron bombardment, as a type of radioactive decay. 

This type of fission is called the spontaneous fission and it is rare except in a few heavy 

isotopes. In nuclear reactions, a subatomic particle collides with an atomic nucleus and 

causes changes to it. Nuclear reactions are thus driven by the mechanics of 

bombardment, not by the relatively constant exponential decay and half-life 

characteristic of spontaneous radioactive processes. 

For inducing fission, one has to provide energy to the nucleus, so that its parts can 

overcome the fission barrier, or form a compound nucleus where the barrier is 

diminished or eliminated 

 

http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/Exothermic_reaction
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Binding_energy#nuclear_binding_energy
http://en.wikipedia.org/wiki/Nuclear_transmutation
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Spontaneous_fission
http://en.wikipedia.org/wiki/Exponential_decay
http://en.wikipedia.org/wiki/Half-life
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Photofission: In photofission high energy photons induce fission in the heavier elements 

γ+ (Z,A) → (Z,A)* → (Z1,A1) + (Z2,A2) +neutrons 

-proton induced fission 

p+ (Z,A) →p+ (Z,A)* → (Z1,A1) + (Z2,A2)+neutrons 

-neutron induced fission 

n+ (Z,A) →(Z,A+1)* → (Z1,A1) + (Z2,A2)+neutrons 

1.4 Fission explained with the help of liquid drop model 

Fission process can be explained with help of liquid drop model. The incident neutron 

combines with the nucleus to form highly energetic compound nucleus. Its extra energy 

is partly the kinetic energy of the neutron but largely the added binding energy of the 

incident neutron. This energy appears to initiate a series of rapid oscillations in the drop, 

which tend to distort the spherical shape so that the drop may become ellipsoidal in 

shape. The surface tension forces tend to make the drop return to its original spherical 

shape, while the excitation energy tends to distort the shape still further. If the excitation 

energy is sufficiently large, the drop may attain the shape of a dumb-bell. Thus, there is 

a threshold energy required to distort the nucleus so that the nucleus cannot return to its 

initial stage.  When the distortion produced is not pronounced enough to get the nucleus 

beyond the critical point, the ellipsoid will return to the spherical shape with the 

excitation energy being liberated in the form of γ-rays and we have a radiative capture 

rather than fission. 
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      Figure1.4 Potential barrier and Compound nucleus formation 

The figure 1.3 shows schematically the shape of the barrier as a function of the 

deformation or fragment separation for different values of the atomic mass number (A).  

A great many nuclear reactions are known. Nuclear fission differs importantly from other 

types of nuclear reactions in that it can be amplified and sometimes controlled via a 

nuclear chain reaction. In such a reaction, free neutrons released by each fission event 

can trigger yet more events, which in turn release more neutrons and cause more 

fission. 

The chemical element isotopes that can sustain a fission chain reaction are called 

nuclear fuels, and are said to be fissile. The most common nuclear fuels are 235U and 

239Pu (the isotope of plutonium with an atomic mass of 239). These fuels break apart 

into a bimodal range of chemical elements with atomic masses centering near 95 and 

135 u (fission products). In a nuclear reactor or nuclear weapon, the overwhelming 

majority of fission events are induced by bombardment with another particle, a neutron, 

which is itself produced by prior fission events.    

  A nuclear chain reaction occurs when one nuclear reaction causes an average of one 

or more nuclear reactions, thus leading to a self-propagating number of these reactions. 

Several heavy elements, such as uranium, thorium, and plutonium, undergo both 

http://en.wikipedia.org/wiki/Chain_reaction
http://en.wikipedia.org/wiki/Neutrons
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Isotopes
http://en.wikipedia.org/wiki/Nuclear_fuel
http://en.wikipedia.org/wiki/Fissile
http://en.wikipedia.org/wiki/Uranium-235
http://en.wikipedia.org/wiki/Plutonium-239
http://en.wikipedia.org/wiki/Plutonium
http://en.wikipedia.org/wiki/Atomic_mass
http://en.wikipedia.org/wiki/Fission_products
http://en.wikipedia.org/wiki/Nuclear_reactor
http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Uranium
http://en.wikipedia.org/wiki/Thorium
http://en.wikipedia.org/wiki/Plutonium
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spontaneous fission, a form of radioactive decay and induced fission, a form of nuclear 

reaction. Elemental isotopes that undergo induced fission when hit by a free neutron are 

called fissionable and the isotopes that undergo fission when hit by a thermal, slow 

moving neutron are also called fissile. A few particularly fissile and readily obtainable 

isotopes   (235U and 239Pu) are called nuclear fuels because they can sustain a chain 

reaction and can be obtained in large enough quantities to be useful. All fissionable and 

fissile isotopes undergo a small amount of spontaneous fission which releases a few 

free neutrons into any sample of nuclear fuel. Such neutrons would escape rapidly from 

the fuel and become a free neutron, with a half-life of about 15 minutes before they 

decayed to protons and beta particles.  

Not all fissionable isotopes can sustain a chain reaction. For example, 238U, the most 

abundant form of uranium, is fissionable but not fissile. It undergoes induced fission 

when impacted by an energetic neutron with 1 MeV of kinetic energy. There are few  

neutrons produced by 238U fission are energetic enough to induce further fissions in 

238U, so no chain reaction is possible with this isotope. Instead, bombarding 238U with 

slow neutrons causes it to absorb them (becoming 239U) and decay by beta emission to 

239Np which then decays again by the same process to 239Pu. That process is used to 

manufacture 239Pu in breeder reactors. Since plutonium-239 is also a fissile element 

which serves as fuel.  

Fissionable, non-fissile isotopes can be used as fission energy source even without a 

chain reaction. Bombarding 238U with fast neutrons induces fissions, releasing energy 

as long as the external neutron source is present. This is an important effect in all 

reactors where fast neutrons from the fissile isotope can cause the fission of nearby 

238U nuclei, which means that some small part of the 238U is "burned-up" in all nuclear 

fuels, especially in fast breeder reactors that operate with higher-energy neutrons. 

1.5 Energy released in Nuclear Fission 

The typical fission events release about two hundred MeV of energy for each fission 

event. The  chemical oxidation reactions (such as burning coal or TNT) release at most 

a few eV per event, so nuclear fuel contains at least ten million times more usable 

http://en.wikipedia.org/wiki/Spontaneous_fission
http://en.wikipedia.org/wiki/Radioactive_decay
http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Nuclear_reaction
http://en.wikipedia.org/wiki/Neutron
http://en.wikipedia.org/wiki/Fissionable
http://en.wikipedia.org/wiki/Thermal_neutron
http://en.wikipedia.org/wiki/Fissile
http://en.wikipedia.org/wiki/Nuclear_fuel
http://en.wikipedia.org/wiki/Free_neutron
http://en.wikipedia.org/wiki/Half-life
http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Beta_particle
http://en.wikipedia.org/wiki/Beta-decay
http://en.wikipedia.org/wiki/Breeder_reactor
http://en.wikipedia.org/wiki/Electronvolt
http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Oxidation
http://en.wikipedia.org/wiki/Coal
http://en.wikipedia.org/wiki/Trinitrotoluene
http://en.wikipedia.org/wiki/Electronvolt
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energy than does chemical fuel. The energy of nuclear fission is released as kinetic 

energy of the fission products and fragments, and as electromagnetic radiation in the 

form of gamma rays. In a nuclear reactor, the energy is converted to heat as the 

particles and gamma rays collide with the atoms that make up the reactor and its 

working fluid is usually water or occasionally heavy water. 

When a uranium nucleus fissions into two daughter nuclei fragments, an energy of 

~200 MeV is released. For uranium-235 (total mean fission energy 202.5 MeV), typically 

~169 MeV appears as the kinetic energy of the daughter nuclei, which fly apart at about 

3% of the speed of light, due to Coulomb repulsion. Also, an average of 2.5 neutrons 

are emitted with a kinetic energy of ~2 MeV each (total of 4.8 MeV). The fission reaction 

also releases ~7 MeV in prompt gamma ray photons. 

This energy amounts to about 181 MeV, or ~ 89% of the total energy. The remaining ~ 

11% is released in beta decays which have various half-lives, but begin as a process in 

the fission products immediately and in delayed gamma emissions associated with 

these beta decays. For example, in uranium-235 this delayed energy is divided into 

about 6.5 MeV in betas, 8.8 MeV in antineutrinos (released at the same time as the 

betas), and finally, an additional 6.3 MeV in delayed gamma emission from the excited 

beta-decay products (for a mean total of ~10 gamma ray emissions per fission, in all). 

Now the important point which comes in mind is that, from where does this huge 

amount of energy comes? 

In the section above we described what happens when a 235U atom fissions. One can 

consider the following equation as an example:  

235U + 1n0   2 1n0 + 92Kr + 142Ba + Energy  

The mass seems to be the same on both sides of the reaction. So it becomes a puzzle 

to resolve the source of this energy. In other words, it seems that no mass is converted 

into energy. However, this is not entirely correct [6]. The mass of an atom is more than 

the sum of the individual masses of its protons and neutrons, which is what those 

numbers represent. Extra mass is a result of the binding energy that holds the protons 

http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/Heat
http://en.wikipedia.org/wiki/Working_fluid
http://en.wikipedia.org/wiki/Water
http://en.wikipedia.org/wiki/Heavy_water
http://en.wikipedia.org/wiki/Uranium
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Coulomb%27s_law
http://en.wikipedia.org/wiki/Gamma_ray
http://en.wikipedia.org/wiki/Electromagnetic_waves
http://en.wikipedia.org/wiki/Antineutrino
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and neutrons of the nucleus together. Thus, when the uranium atom is split, some of the 

energy that held it together is released as radiation in the form of heat. Because energy 

and mass are one and the same, the energy released is also mass released. Therefore, 

the total mass does decrease a tiny bit during the reaction.  

1.6 Compound nucleus formation and its decay 

When a projectile and target come into close contact during a nuclear reaction they form 

a combined system in which the nucleons interact strongly with each other. Expect 

when this intermediate system is light, the energy carried in from the entrance channel 

is usually not invested in one or a few degrees of freedom, i.e. in single particle or 

collective excitations (this would correspond to direct processes) but is shared more or 

less stochastically among many complicated configurations. Once this happens, it takes 

a long time on a nuclear scale until the energy is concentrated again in some 

configuration of nucleons from which a transition to an open final channel can take 

place [7].  

1.6.1 Compound nucleus mechanism 

It was Neil Bohr (1936) who found a suitable approach to the theory of such reactions 

by introducing the concept of a compound nucleus. In compound nucleus mechanism 

there are two steps: 

(1) In first step, the incident particle is absorbed by the nucleus, forming an 

intermediate stage called compound nucleus which remains for a long time (~ 

10-16 sec). During this time the kinetic energy of the incident particle is shared 

among all the nucleons. All memory of the incident particle and the target is 

lost. The compound formed is always in a highly excited unstable state. At 

this stage the statistical equilibrium is reached and the average number of 

excited degrees of freedom becomes constant.  

(2) In the second step, the emission takes place through statistical fluctuations from 

the equilibrium, through the exit channels. This may be understood as a 

statistical evaporation of nucleons or light particles. The angular distributions 
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of compound nucleus reactions are completely isotropic or symmetric about 

90o in the C-M frame. 

The compound nucleus is highly excited. It also carries an angular momentum equal to 

the sum of the angular momentum of the relative motion in the entrance channel and 

the spins of the initial collision partners. The excitation energy and the angular 

momentum of the compound nucleus are eventually released via decay into smaller 

fragments. For compound nuclei at energies corresponding to incident laboratory 

energies E< 10 MeV per nucleon of the fusing projectile (these are the energies in 

which we are mainly interested in the following discussion) we distinguish two main 

decay schemes : 

 Evaporation, i.e. emission of light particles like neutrons, protons, α-particles and so 

on. There remains a bound residual nucleus called evaporation residue of a slightly 

lower mass than the compound nucleus. The particle evaporation process is generally 

accompanied by γ-emission, which has to be taken into account in the energy and 

angular momentum balance. The evaporation residue contains all the nucleons 

originally present in the compound nucleus except the few evaporated ones. 

 Fission: where the compound nucleus splits into two halves of more or less equal size. 

This process is accompanied by evaporation of light particles out of the fissioning 

nucleus, and similarly the fission fragments will generally decay further by evaporation. 

The emitted particles are called pre-scission and post-scission particles, respectively. 

1.7 Non-compound Nucleus 

However depending on the reaction conditions and energies involved, one may observe 

other competing decay probabilities where compound nucleus formation does not takes 

place. Such decays are called non compound nucleus decays. The incomplete fission 

(ICF), Deep inelastic collisions (DIC) and Quassi fission (QF) etc fall in this category. In 

recent times lot of work has been done to access the NCN contribution in the decay of 

heavy ions formed in different mass regions.      
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  For lighter systems evaporation predominates. The rate of production of evaporation 

residues is then a measure of the fusion cross section (fusion- evaporation). For 

medium-heavy systems evaporation components competes with the fission process. 

For heavy systems fission is the dominant mode of decay of the compound nucleus. For 

highly fissile systems, the fusion cross section is generally determined by the fission 

cross section (fusion-fission), as the evaporation residue or other competing NCN 

components are negligible small. 

In general it is the sum of the measured cross sections for these two main modes of 

decay i.e. ER and Fission which yields the magnitude of the fusion cross section. In 

order to verify that a compound nucleus has indeed been formed in the process, further 

evidence (relating to the momenta of the evaporation residues, the angular distribution 

of the emitted particles, or the angle between the fission fragments) must be adduced to 

identify a given reaction as a compound reaction. At projectile energies E ~ 10 MeV per 

nucleon incomplete fusion starts to compete with complete fusion, i.e. processes like 

pre-equilibrium particle emission and projectile break-up occur which lead to an 

incomplete transfer of linear momentum. 

                                          

                          Figure 1.5 Competing decay processes[8] 
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It is relevant to mention here that the presence of non compound nucleus decay gives 

rise to a phenomenon known as Fusion hindrance as the compound nucleus formation 

is denied at the cost of NCN decay. This kind of fusion hindrance has been observed in 

the decay of majority of pre-actinide nuclear systems. It may be noted that concept of 

fusion hindrance or barrier modification can be addressed via neck length parameter 

(∆R), the only parameter of DCM (discussed in chapter 2). This feature of DCM beside 

its utility related to prediction of ER, fission and NCN component in different mass 

region, put it in the selected list of models regarding nuclear dynamics and nuclear 

structure investigation. 

1.8 Fusion hindrance in heavy elements 

The Synthesis of a super-heavy element (SHE), which is made by heavy ion fusion 

reactions, is an important and exciting issue for nuclear physics [9] Because the decay 

properties of the SHE give information on the shell effects of nucleus, without which 

such a heavy nucleus could not exist due to overwhelming repulsive Coulomb force. It is 

generally accepted that the production of evaporation residues comprises of two 

separate processes, the fusion between two interacting nuclei (entrance channel) and 

the survival against fission in the course of the deexcitation process (exit channel). The 

former process is successfully described by a coupled channel model for projectile-

target combinations with Z1Z2 ≤1300. On the other hand, in heavy systems (Z1Z2 

>1300), the formation of a compound nucleus is hindered. This is caused by the friction 

generated between the interacting two nuclei in the course of fusion process. The 

friction force decreases the kinetic energy of the nuclei, which hinders a complete 

fusion. To drive the system to the compound nucleus, an additional bombarding energy 

is needed above the Coulomb barrier to compensate for the energy loss by friction, 

which is called extra-extra-push energy (EXX) [9]. Fusion hindrance may be related to 

the contact point of the interacting two nuclei relative to the fission saddle point of the 

compound nucleus, from the consideration that the necessary condition for forming a 

compound nucleus is the dynamical trajectory to pass inside the fission saddle point on 

the potential energy surface. Simple consideration for the fusion process using two 

spherical nuclei tells that the distance between mass centers at the contact point 
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expands for heavy systems, which would result in large fusion hindrance. However, 

even for systems having Z1Z2 values larger than 1300, the compact configuration may 

be achieved by using a prolately deformed target. So the Z1Z2 product need to be 

considered with caution depending on reaction condition and shape of nuclei involved in 

the reaction. Fusion hindrance in the pre-actinide region is currently an active area of 

investigation in the field of heavy ion reactions. Suppression in the evaporation residue 

cross section [10–14], anomalous fission fragment angular distribution [15–20], and 

broadening in the fission fragment mass distribution [21] are considered as signatures 

of fusion hindrance or NCN fission. Asymmetric fission due to the contribution from NCN 

fission has also been reported [22, 23]. In the present work we have studied the decay 

of a pre actinide nucleus 204Po formed in 16O+188Os reaction. As ZPZT is quite low for this 

reaction so it extends an ideal case to look out for non availability of non compound 

nucleus component in this reaction. 

1.9 Stability of nucleus 

The most important quantity determining the stability of a nucleus is its energy as 

compared to the energies of any two component nuclei into which it may be subdivided 

(we consider only the decomposition into two fragments; the stability against 

disintegration into more than two fragments is generally greater). It may be noted that 

more than two fragments can be formed in a nuclear reaction but generally it happens 

at larger value of incident energy. 

Figure 1.5 shows schematically a nucleus A and its decomposition into two fragments 

A1 and A2 at contact. Because of the short range of the nuclear forces, we may assume 

that there is Coulomb repulsion but no nuclear attraction between the fragments in this 

configuration. If all systems are in their ground state, we have for the difference 

between the energy of the separated fragments (equal to the sum of the internal 

energies of the fragments ( A1 , Z1) and ( A2 ,Z2) plus the coulomb energy VC  at contact) 

and the energy of the nucleus ( A,Z) is                                     

B = B(A1,Z1 ; A2,Z2) 

= E (A1,Z1 ) + E (A2,Z2) + Vc(A1,Z1 ; A2,Z2) – E (A,Z) 
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where A = A1 +A2, Z = Z1 + Z2, E(Ai ,Zi) is the internal energy of the nucleus (Ai ,Zi) and 

the coulomb energy of the fragments in contact  at the radius RC is given by 

VC(A1,Z1;A2,Z2) = Z1Z2e
2/RC                                

 

Fig. 1.5 Decomposition of a nucleus into two fragments 

The quantity B is the energy released when the two fragments in contact from the 

nucleus (A,Z), which we call the compound nucleus. Conversely, it is the internal energy 

above the ground state level which the compound must have in order to ascend the 

height B defined by the energy of the two decay products at contact as shown in fig. 1.6. 

For B >0 the compound nucleus is stable and for B < 0, it is unstable  

 

 

Fig. 1.6   Potential barrier as a function of relative separation between fragments  
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For the calculation of ground state energy E (A, Z) one may use of Bethe-Weizsacker 

liquid drop formula in the form proposed by Myers and Swiatecki  

                     

Here we introduce the volume energy   

                        

the surface energy  

 

                                  

 

and coulomb energy  

                                       

The coefficients in these equations have the values av =15.67 MeV, as = 18.56 MeV, 

ro=1.204 fm and a = 0.546 fm. 

The energy released B = B (A, Z, α) or the energy needed for a spilt-up into a system of 

fragments ( A1 , A – A1) (calculated from above equations for different compound nuclei 

i.e. for different values of A)  as a function of the asymmetry parameter α = A1/A 

The three regions of stability of compound nucleus can be distinguished 

1.  If A > 120,the value of B(α) is larger for α = ½ and low for α ~ 0; the decay to 

fragments with very different masses (α<< 1) are energetically favored. The daughter 
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nuclei are a light nucleus (n, p, α,…….) and a heavy one with a mass slightly less than 

that of the mother nucleus. The light nucleus is called the evaporated particle and the 

heavy fragment, the evaporation residue. A compound reaction in which the compound 

nucleus decays in this very asymmetric fashion is called a fusion – evaporation reaction. 

2. For 120 < A < 300 symmetric final configurations are favoured. A compound reaction 

terminating in a near symmetric decay is called fusion-fission reaction. 

3. For A > 300, the compound nucleus is unstable even in its ground state. In reactions 

where the value of total mass lies in this region the compound nucleus does not have 

the time to equilibrate so as to decay afterwards by the energetically favoured 

symmetric fission. Instead, the di-nuclear complex in the entrance channel immediately 

goes over into the final two- body configuration. One speaks here of a capture or fast 

fission process because the projectile is only captured briefly without forming a 

compound nucleus and the intermediary system decays more rapidly than in normal 

fission. 

In this work we shall concentrate mainly on the issue of fission dynamics pvelaing ER 

and fission. However a parallel interest will be explore the possibility of NCN component 

in decay of nucleus under investigation. Beside this, an effort will be made to look out 

for the possible role of deformation and orientations in the decay of nucleus formed in 

the region A~200. 
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DYNAMICAL CLUSTER DECAY MODEL 

The dynamical cluster-decay model (DCM) is developed for the decay of hot and 

rotating compound nuclei (CN) formed in low-energy heavy-ion reactions.  The model is 

a non-statistical description for the decay of a compound nucleus (CN) to light particles, 

intermediate mass fragments, fusion-fission and quasi-fission (equivalently, capture) 

processes. The quasi-fission or capture is the non-compound nucleus contribution, 

determined empirically. The deformations and orientation degrees of freedom (for 

compact orientations) of the incoming nuclei and of out-going nuclei/fragments are also 

included. 

The model is worked out in terms of only one parameter, namely the neck-length 

parameter, which is related to the total kinetic energy TKE (T) or effective Q value 

Qeff(T) at temperature T of the hot CN and is defined in terms of the CN binding energy 

and ground-state binding energies of the emitted fragments. The emission of both the 

light particles (LP), with A≤4, Z≤2, as well as the complex intermediate mass fragments 

(IMF), with 4<A<20, Z>2, is considered as the dynamical collective mass motion of 

preformed clusters through the barrier. 

2.1 Introduction 

A comprehensive study of various types of emission from the ground state as well as 

excited states of compound nucleus (CN) formed in low energy reaction is important, as 

it gives information about the nuclear structure aside the underlying nuclear forces .At 

low energies and average nuclear force field acts between decaying fragments which in 

turns ensure possibility of more than one decay path .This average nuclear force field is 

largely influenced by entrance channel, angular momentum  and the temperature 

consideration along with contribution of deformed and orientation effects. An extensive 

study of these nuclear properties lead to a better understanding  of reaction dynamics of 

rare nuclear species that make the unexplored part of the nuclear chart, called exotic 

nuclei. 
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 The main aim of the work is to study heavy ion reaction dynamics especially the decay 

of excited compound nucleus using the dynamical cluster decay model(DCM) [1]-[9].It is  

important to note that deformation and orientation effects of the reaction partner and 

decay products are explicitly included along with temperature and angular momentum 

contribution in this model. The ground state cluster decay of radioactive nuclei have 

also been undertaken with in the preformed cluster decay model [10]-[18].Again having 

deformation and orientation effects of the cluster as well as daughter nuclei included in 

it.  

This model is a two step model 

(a) First step is quantum mechanical preformation probability P0 of the decay products 

or cluster formed in the mother nuclei 

(b)Second step is the penetration of the fragments/ clusters through the interaction 

barrier 

 The   P0 based on QMFT is also discussed here in section 2.5. Penetration probability 

P is given in section 2.6. These two crucial parameters (P0 and P) have been developed 

and used [9],[17],[18],[22],[23], to  incorporate the deformation effects of oriented nuclei. 

The assault frequency, 0ט   with which the preformed cluster tries to tunnel the barrier in 

the ground state decay is discussed in section 2.7     

 

2.2 The Dynamical Cluster Decay Model (DCM)  

      For Hot and Rotating Compound Nucleus   

The dynamical cluster decay model (DCM) [1]-[9] for hot and rotating nuclei (i.e. angular 

momentum and temperature both not equal to zero) is a reformation of the preformed 

cluster model of Gupta and collaborators for ground state decay (ℓ =0,t=0) in cluster 

radioactive (CR) and related phenomena [10]-[18] like PCM, DCM is also based upon 

the dynamical (or quantum mechanical) fragmentation theory of cold phenomena in 

heavy ion reaction and fission dynamics. In DCM, besides the temperature and angular 
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momentum effects in the decay of excited compound nuclei, the deformation and 

orientation effect of the decay products are also taken care, especially in the decay of 

heavy excited CN for which the deformation of the decay product seems to play 

significant role. The DCM, worked out in terms of the collective coordinates of mass 

asymmetry η=  and relative separation R respectively gives  

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

(ii). The transfer of kinetic energy of incident channel (Ecm) to internal excitation 

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

It may be noted that the fixed decay point R = Ra (defined later), at which the 

process is calculated depends upon temperature T as well as on  η (i.e. R(T, 

η)) .This energy transfer process can be calculated as follows with the help of 

Fig 2.1  

=    Ec.m + Qin  =  IQoutI + TKE(T) + TXE(T)                                         (2.1) 

 

The CN excitation  is   related to temperature T (in MeV) and is given by  

 .   

  

Using the decoupled approximation to R and η–motions, the DCM define the  

decay cross section ,in terms of partial waves, as[3]-[9]  ;                               

   k                                         (2.2) 

 

Where Po the preformation probability refers to η-motion and P, the 

penetrability to the R- motion, discussed in section 2.3.7 and 2.4 respectively. 

Here the complex fragments (both light and heavy fragments) are treated as 

the dynamical collective mass motion of preformed cluster or fragments 

through the barrier .The structure information of the CN enters the model via 

preformation probability Po (also known as spectroscopic factor) of the 

fragments given by the solution of stationary Schrödinger equation in η at the 
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fixed R=Ra, the first turning point of the penetrability path shown in figure 

2.1for the different ℓ -values. 
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with  =0,1,2,3,….referring to the ground state and excited state solution . 

  2.2.1 Postulate of first turning point 

 For the decay of the hot compound nucleus, we use the postulate of first turning point 

                 Ra=Rt+∆R(T)                                                                            (2.4) 

Where 

              Rt=R1+R2                                                                                                      (2.5)                   

∆R(T) is the neck length parameter that assimilates the neck formation effects. This 

method is introducing a neck length parameter similar to that used in scission point [24] 

and saddle point [25-26] statistical fission model. The Ri are radius vectors which are 

also made temperature dependent can be calculated as  









  )(1)( )0(

0 iiiii YRR  



                                                                   (2.6)     

with 

              R0i (T) = 1.28   − 0.76 + 0.8 × (1 + 0.0007T2),                                   (2.7) 

 

The corresponding potential V (Ra) acts like an effective Q-value, Qeff, for the decay of 

the hot CN at temperature T, to two exit-channel fragments observed ing.s. (T=0), 

defined by 

               Qeff (T) = B(T) − [ BL(T = 0) + BH(T = 0)] 

                          = TKE(T) = V (Ra(T))                                                                    (2.8) 

with B’s as the respective binding energies. 
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The above defined decay of a hot CN into two cold (T=0) fragments, via Eq. (2.8), could 

apparently be achieved only by emitting some light particles (LPs), like n, p, α, or γ-rays 

of energy 

By defining Qeff (T) as in Eq. (2.8), in this model we treat the LP emission at par with the 

heavy fragments, called intermediate mass fragments (IMFs) emission. Thus, in this 

model a non-statistical dynamical treatment is attempted for not only the emission of 

IMFs but also of multiple LPs, understood so-far only as the statistically evaporated 

particles in a CN emission. It may be reminded here that the statistical model (CN 

emission) interpretation of IMFs is not as good as it is for the LP production [24–29]. 

2.2.2 The second turning point 

In terms of Qeff (T), the second turning Rb satisfies (see Fig. 2.1) 

       V (Ra, ) = V (Rb, ) = Qeff (T, ) = TKE(T).                                                        (2.9) 

with the  -dependence of Ra defined by 

                      V  = Qeff (T,  = 0),                                                                   (2.10) 

which means that the Ra, given by Eq. (2.4), is the same for all  -values, and that V(Ra, 

) acts like an effective Q-value, Qeff (T, ), given by the total kinetic energy TKE(T). 

Then, using (2.9), Rb ( ) is given by the  -dependent scattering potentials, at fixed T as 

                   V (R, T, ) = Vc(Zi, β λi, θi, T) + Vp(Ai, β λi, θi, T) 

                                      +  (R,Ai, βλi, θi, T)                                                           (2.11) 

 

which is normalized to the exit channel binding energy BL(T) + BH(T). Such a potential is 

illustrated in Fig. 2.1,  16O+188Os → 204Po at ℓ =0 value. The second turning point Rb is 

marked for the  = 0ħ case of Ra = Rt + ∆R(T). The decay path for the  -values begins 

at R = Ra. 
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             Fig.2.1. Scattering Plot for 16O+188Os → 204Po reaction 

 

         The collective fragmentation potential V(R,η,T) in Eq. (2.11) is calculated 

according to the Strutinsky method by using the T-dependent liquid drop model energy 

VLDM of [30], with its constants at T=0 re-fitted [3, 4] to give the recent experimental  

binding energies given by  [31], and again refitted [9] to give  the recent experimental 

binding energies [32] and calculate binding energies [33] (only for those nuclides for 

which experimental data is not available. the “empirical” shell corrections δU  are of Ref. 

[34] (In the Appendix of [3] and Eq. (8) of [4], aa=0.5, instead of unity). Then, including 

the T-dependence also in Coulomb, nuclear proximity, and  -dependent potential in 

complete sticking limit of moment of inertia, we get 
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where the T-dependent terms Vc, VP and are defined as follows. 

 

2.3 Overview of potentials 

2.3.1 The proximity potential:-  

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 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 nuclear proximity potential. The 

proximity potential for hot deformed nuclei is [33-34] (see section 2.3.3) 

              Vp(Ai, βλi, θi, T) = 4πR (T)γb(T)Φ(s0(T))                                              (2.13) 

2.3.2 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                                                        (2.14)     

For interacting deformed and oriented nuclei, different authors [19-21] have derived it 

differently. In this thesis work, we have started with Coulomb potential of Wong [21], 

given for two non-overlapping charge distributions, having quadrupole deformations 

only, i.e.,  
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                   (2.15)    

                                                      

In this expression, the quadrupole-quadrupole interaction term, proportional to β21β22, is 

neglected since it has a short-range character. For nuclei lying in the same plane we 

have generalized it to include the higher order deformations (λ = 3, 4...), obtaining 

           

                                                                                 (2.16)  

With Ri from eq (2.32 ) (Өi)  are the spherical harmonic function with the radius 

vector given by Eq. (2.6) and surface thickness parameter 

                              b (T) = 0.99(1 + 0.009T2).                                                     (2.17) 

2.3.3 The angular momentum potential 

                      (R,Ai, βλi, θi, T) =                                                          (2.18) 

with the moment-of-inertia,  

                     Is(T) = µR2 + A1mR1
2(α1, T) + A2mR2

2(α2, T). 

Further, in Eq. (2.12), within the Strutinsky renormalization procedure, we have defined 

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) + δU exp( )                                                  (2.19) 
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The T dependent liquid drop part of the binding energy VLDM(T) is from Davidson et al. 

[30], based on the semi-empirical mass formula of Seeger [35]. For the shell correction 

δU in Eq. (2.19), since there is no microscopic shell model known that gives the shell 

corrections for light nuclei, we use the empirical formula of Myers and Swiatecki [34].  

                      The mass parameters Bηη(η), representing the kinetic energy part in Eq. 

(2.3),are the smooth classical hydro-dynamical masses [36], for  ּ00 = 2טּ =1ט and Ri 

taken as temperature dependent. 

 Finally, the c-value in Eq. (2.6) is the critical -value, in terms of the bombarding energy 

Ec.m. The reduced mass µ and the first turning point Ra of the entrance channel ηin, 

given by  

                           = Ra√ (2µ[Ec.m. − V (Ra, ηin,  = 0)])/ħ                                          (2.20) 

or, alternatively, it could be fixed for the vanishing of fusion barrier of the incoming 

channel, called fus, or else the -value ( max) where the light-particle cross section σLP 

→ 0. This, however, could also be taken as a variable parameter [25, 37]. 

 

2.4 Classical Hydrodynamical Mass Parameters 

   The kinetic energy part of the Hamiltonian enters through the mass parameters. We 

use here the classical mass parameters of Kroger and Scheid [36]. The model of Kroger 

and Scheid is based on the hydro-dynamical flow, as shown in Fig. 2.2. This model 

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

with the microscopic cranking model calculations. For the Bηη mass we get 
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 Fig.2.2. The geometry of classical hydrodynamical model for calculating                      

mass  parameter Bηη 

                             

                                                                  (2.21)              

With                              (2.22) 

[(1-cos ט1ּ  )+( 1 - cos ּ2ט)]                                                                       (2.23)   

      vc = π2R2
cR                                                                                                     (2.24) 

and   vt = v1+v2, is the total conserved volume. The angles and 1טּ 2 and geometry of 

the model are shown in Fig. 2.3. For ּ0 =  ,0 = 2 = 1ט which corresponds to two 

touching spheres. Rc (is not equal to 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. We have generalized this formalism for deformed nuclei by 

using the radii R1 and R2 for deformed nuclei. 
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2.5 Preformation Probability P0 

Once the Hamiltonian Eq. (2.25) is established, the Schrödinger equation in mass 

fragmentation co-ordinate η can be solved. On solving Schrodinger wave equation 

numerically, | ψv(η)|2 gives the probability P0 of finding the mass fragmentation η  at a 

fixed R on the decay path. 

           P0 (A2) = |ψv(A2)|2                                                                            (2.25)                                                  

       For fission studies, like the spontaneous fission and fission through the barrier, the 

motion in R at the saddle point is adiabatically slow as compared to the η motion. 

Therefore, the potential is minimized in the neck and deformation coordinates ß1 and 

ß2 at each R and η values. Starting from the nuclear ground state in spontaneous 

fission or cluster decay, and to have complete adiabaticity, only the lowest vibrational 

state  = 0 is occupied. Then, the mass (or charge) distribution yield, proportional to the 

probability  

| ψ(0)(η)| 2 or  | ψ(0)(ηz)|
2  of finding a certain mass (or charge) fragmentation η  (or η Z) at 

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

(d η =2/A) is given by: 

                                                     (2.26)           

 

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

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

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

masses Bij  The effect of adding temperature on potential V and masses Bij is to reduce 

the shell effects in them, resulting finally in the liquid drop potential VLDM and 

smoothed (averaged) masses Bij for the systems to be very hot. Apparently, cold fission 

means taking both the potential V and masses Bij with full shell effects included in them 

and hot fission means using the VLDM and smoothed (averaged) masses Bij. The 

possible consequence of such excitations are included here by assuming a Boltzmann 

like occupation of excited states   
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                                          (2.27)                                   

Note that we are dealing here with a directly measurable quantity, the mass (or charge) 

asymmetry, which works dynamically as mass (or charge) transfer coordinate. Thus, the 

calculated yields Y (Ai) (or Y (Zi)) are directly comparable with experiments. It may be 

stressed that there is no free parameter in these calculations. The nuclear shape, once 

minimized in the neck and deformation coordinates ß1 and ß2 at a given R (=Rsaddle), 

remains fixed for both the mass and charge distributions of fission or decay fragments. 

2.6   Penetration Probability P 

Penetrability P measures the capability of fragments nucleus to penetrate the potential 

barrier generalized during compound nucleus formation. 

2.7 Assault Frequency 0ט 

For the cluster decay studies in the following section, another quantity of interest is the 

assault frequency 0ט defined as,  

= 0ט                    =                                                                                     (2.28) 

where R0  is the radius of parent nucleus and E2 = 1/2µv2 is the kinetic energy of the 

emitted cluster. Since both the emitted cluster and the daughter nucleus are produced 

in the ground state, the entire positive Q-value is the total kinetic energy (Q = E1 + E2) 

available for the decay process, which is shared between two fragments, such that for 

the emitted cluster 

                                                                                                             (2.29)  

and,  E1 = Q - E2   is the recoil energy of the daughter nucleus. 
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3.1 Introduction 

The decay of heavy nuclear systems under the extreme condition of temperature, 

angular momentum etc has been of great interest in recent years. The availability of 

Radioactive nuclear beam has made it possible to investigate the nuclear structure and 

related properties in the new prospective and many new interesting concepts regarding 

the formation and decay of nuclear system has creped in. One of the important aspects 

in this category is the fusion hindrance. It is of upmost importance to investigate the 

fusion hindrance and its possible applications in reference to nuclear dynamics and 

related properties. Fusion hindrance in pre-actinide region is currently an active area of 

investigation in the field of heavy ion reactions. In the fusion hindrance, many collision 

trajectories lead to fission without reaching compound nucleus stage. These fission 

events are termed as noncompound nucleus (NCN) fission fragments. Suppression in 

the evaporation residue cross section [1-5], anomalous fission fragment angular 

distribution [6-11], and broadening in the fission fragment mass distribution [12, 13] are 

some of the possible signatures of fusion hindrance or NCN fission. Beside this some 

work has been done of asymmetric fission contributions coming from non compound 

nucleus states or related processes. The observed fusion hindrance in general is 

attributed to the lower entrance channel mass asymmetry (α) for these reaction systems 

compared to the Businaro-Gallone critical mass asymmetry (αBG). However, a 

measurement of fission fragment angular distribution in the reactions 19F + 197Au and 

24Mg + 192Os give contradictory result and do not show any significant contribution from 

noncompound nucleus fission. This observation was consistent with the pre-equilibrium 

fission model which predicted a small contribution from noncompound nucleus fission 

for these reaction systems. Therefore, the concept of fusion hindrance perhaps needs 

more investigation and understanding at least in the less fissile systems in the pre-

actinide region. 

 In order to lode out for such aspects we hereby study the decay of 204Po84 formed in 

16O + 188Os reaction over a wide range of energies. The ZPZT value for the reaction 16O 

+ 188Os is much lower than the onset of fusion hindrance. For the reaction 16O + 188Os, 

measurements have been carried out at Elab = 84, 89, 94, 99 MeV [14] 
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3.2 Results and discussion 

In order to investigate the decay of 204Po84 formed in 16O + 188Os  reaction we have used 

Dynamical cluster decay model(DCM).The Dynamical cluster model is extremely 

successful in expanding various aspects of nuclear structure and dynamics related 

aspects related to ground state and excited state decays.  

In the present work we have calculated ER and fission cross section at four reported 

energies for the decay of 204Po formed in 16O + 188Os reaction. The DCM cross section 

comparison with Experimental data and other used parameters are given in Table 3.1. It 

is important to note that experimental data is fitted within one free parameter (∆R), 

known as neck length parameter. As the experimental data was available individually for 

ER and fission so it has been fitted individually by taking appropriate ∆R values reported 

in table 3.1, the cross section are summed upto ℓ =ℓmax  where reported ℓmax  values are 

chosen at a point where σER→0. As it is clear from table 3.1 the ∆R values are larger for 

ER as compared to that for fission. The results are discussed in fig. 3.5 the possible 

explanation is provided. Also, ℓmax for ∆R used to fit ER and slightly on lower side as 

compared to that for fission. 

 

ELAB ECM ℓMAX   

for  

ER(ћ) 

∆R 

for 

ER 

ℓMAX for 

Fission 

(ћ) 

∆R for 

Fission 

σER 

(DCM) 

σFISSION 

(DCM) 

σCF  

(DCM) 

σCF  

(EXP) 

84 77.411 123 1.8 132 0.98 222 53.4 275.4 285 

89 82.019 123 1.86 132 1.1 331 171.6 502.6 499 

94 86.627 108 1.908 108 1.39 321 384 705 691 

99 91.235 124 1.85 129 1.5 276 570 846 863 

 

Table 3.1 DCM calculated and Experimental cross sections for decay of 204Po     

Fig. 3.1 shows the fragmentation potential as a function of fragment mass at the 

extreme ℓ values i.e. ℓ =0 and ℓ = ℓmax. The sharp minima at 17B shows the preference for 
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this cluster. However later in fig. 3.3 it has been shown that the penetrability of this 

cluster is extremely small so the dip at 17B should not be taken so seriously. From fig. 

3.1 it is clear that at ℓ =0 ER are more prominent whereas with increase in ℓ-value the 

fission fragments start competing with ER. 
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                      Fig. 3.1 Fragmentation potential as a function of fragment mass 

 

Figure 3.2 shows the preformation graph for fission at T=1.494MeV and ∆R = 0.98fm. 

The preformation probability is the probability of formation of fragment and it reveals 

much needed structure information. The fragment mass distribution for the decay of 

204Po formed in 16O + 188Os channel is asymmetric in nature. Within the contributing 

fragments (asymmetric peak) there seems a double hump structure which gives rise to 

possibility of substructure among fission fragments. 
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 Fig. 3.2 Variation of Preformation probability as the function of mass    fragments (A2) 

 

The Preformation graph is ploted at ℓ=0ћ and ℓmax=132ћ.  The fragments corresponding 

to ℓmax=132ћ contributing to fission decay are 65-72 and 80-87.  

Figure 3.3 shows the penetrability as the function of fragment mass number, calculated 

at ℓ=0ћ and ℓ=132ћ and Delta R= 0.98 fm and T=1.494MeV. One may observe that 

penetrability of 17B is negligibly small so preferential decay of 17B (visible in fig. 3.1 and 

3.2) gets ruled out completely due to extremely small value of Penetrability. The 

penetrability is calculated by using WKB approximation which depends on entry and exit 

points across the barrier as shown in fig. 3.4 
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  Fig. 3.3 Penetrability as the function of fragment mass number at ℓ=0ћ and ℓ=132ћ  

 

Fig. 3.4 shows the scattering potential behavior as a function of nuclear dimensions. In 

scattering graph, the first turning point of the penetrability path is at R= Ra and the 

second turning point Rb is marked for the ℓ= 0ħ case of Ra = Rt + ∆R(T). The decay path 

for the  -values begins at R = Ra. 
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         Fig. 3.4 Scattering Potential as a function of nuclear range 

 

Fig. 3.5 shows the behavior of neck length parameter ∆R as a function of centre of 

mass energy ECM for Evaporation Residue and Fission. The value of Delta R for 

Evaporation Residue is more than the Delta R of Fission which simply mean that ER 

occurs first followed by fission process. Therefore fig. 3.5 gives an exhibition of different 

time scales at which ER and fission processes take place. 
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                          Fig. 3.5 Neck length parameter as a function of ECM 

 

Now, we compare the cross section calculated by DCM Model and experimental cross 

section. The total Fusion cross-sections are plotted at four different energies ELAB= 84, 

89, 94 and 99 MeV. Cross –section calculated by DCM model has very small deviation 

from Experimental cross-section and hence the results presented in this document are 

of extreme importance in reference to decay path of 204Po84 nucleus. The individual 

calculated cross-sections corresponding to ER and Fission processes are also shown in 

figure 3.6. As we are able to fit the available experimental data with ER and fission 

contributions of possibility of non compound nucleus contribution in the decay of 204Po 

formed in 16O+188Os reaction is completely ruled out. Therefore the reaction under 

investigation doesn’t lead to Fusion hindrance at the selected range of incident 

energies. It will be of further interest to take simultaneous ∆R values for ER and fission 

and then see the effect on Potential energy surfaces formed for 204Po84 nucleus. 
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                                  Fig. 3.6 Cross sections as a function of ECM 
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