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Abstract

The work presented in this thesis deals with the study of heavy ion reaction dynamics

using the Dynamical Cluster-decay Model (DCM). DCM is used to study the decay of

excited (hot and rotating) compound systems formed in low energy heavy ion reactions,

including the deformations and orientations degrees of freedom for reactants/products.

To study the ground state decays, the exotic cluster radioactivity, we have used the Pre-

formed Cluster-decay Model (PCM), which also includes the deformation and orientation

effects of daughter and cluster nuclei. Both DCM and PCM are based on Quantum Me-

chanical Fragmentation Theory (QMFT).

Chapter 1 outlines a brief introduction to the experimental and theoretical stud-

ies related to heavy ion reaction dynamics and the process of cluster radioactivity. An

overview of current status of the related research in nuclear physics and various models

have been discussed in this chapter. The role of angular momentum, excitation energy,

entrance channel effects together with the effects of deformations and orientations in the

fusion-fission process have been discussed briefly.

Chapter 2 gives the details of the methodology used in this thesis. Brief overview

of the QMFT is given. The methods of calculating the fragmentation potentials, collec-

tive potentials and kinetic energy part of the Hamiltonian are discussed, together with

the solution of the stationary Schrödinger wave equation. The details are given for the

effect of deformed and oriented nuclei in the proximity, Coulomb and angular momen-

tum potentials. The PCM, which has been used for the calculations of decay half-lives

of radioactive nuclei to various clusters formed in 208Pb-daughter cluster radioactivity,

1



is given. Here also the deformation and orientation effects of daughter and clusters are

duly incorporated. Finally, the DCM which is used to calculate the decay properties such

as decay cross sections, kinetic energies etc. of compound nuclei have been discussed in

detail.

In Chapter 3, the temperature dependent binding energies are calculated, which is

highly significant keeping in mind the temperature dependence of collective potential used

in DCM, to study the decay of excited compound systems. We have refitted the bulk α(0)

and neutron proton asymmetry aa constants, in the Seeger’s semi-empirical mass formula

at T=0, for all available isotopes of the periodic table upto Z=118. These constants are

then used to calculate the temperature dependent liquid drop energies, in reference to the

work of Davidson et al., which itself is based upon Seeger’s semi-empirical mass formula.

In Chapter 4, the entrance-channel effects in the decay of hot and rotating compound

nucleus 48Cr∗, formed in symmetric 24Mg+24Mg and asymmetric 36Ar+12C reactions, are

studied as collective clusterization process, for emissions of both the light particles (LPs)

as well as the intermediate mass fragments (IMFs), with in the dynamical cluster-decay

model (DCM). We find that the little differences observed in the decay of equilibrated

compound nucleus 48Cr∗, formed in the two entrance channels with about the same ex-

citation energy, are not in variance with the Bohr’s independence hypothesis. In other

words, the present study confirms the entrance-channel independence of the decay of com-

pound nucleus 48Cr∗ formed due to different target-projectile combinations with similar

excitation energies. The collective clusterization process is shown to contain the complete

structure of the measured fragment cross sections as well as average total kinetic energies.

In Chapter 5, based on the extended PCM to include the deformation and orien-

tation degrees of freedom, the phenomenon of cluster radioactivity have been studied.

This work has been carried out to investigate the possible role of deformed and oriented

nuclei besides well established shell effects in cluster radioactivity. For the purpose we

have chosen only those cluster decays for which daughter is always spherical and doubly

2



magic (N = 126, Z = 82) 208Pb. The chosen deformed parents are 222Ra, 226,228Th, 230U ,

231Pa, 232,234U , 236,238Pu and 242Cm with corresponding observed clusters as 14C, 18,20O,

22Ne, 23F , 24,26Ne, 28,30Mg and 34Si, respectively. Variance in both the key quantities of

PCM, the preformation probability P0 and penetrability P of clusters with and without

invoking deformation and orientation effects has been discussed. The calculated decay

half-lives for all such cluster-decays are in good comparison with measured values.

In Chapter 6, the decay of 246Bk∗ nucleus, formed in entrance channel reactions

11B+235U and 14N+232Th at different incident energies, is studied by using the dynami-

cal cluster-decay model (DCM) extended to include the deformations and orientations of

nuclei. The main decay mode here is fission. The other (weaker) decay channels are the

light particles evaporation (A≤4) and intermediate mass fragments (5≤A≤20). All decay

products are calculated as emissions of preformed clusters through the interaction barri-

ers. The calculated fission cross sections σfiss, taken as a sum of the energetically favoured

symmetric and near symmetric fragments (ACN/2 ± 7 and A=106-110 plus complemen-

tary fragments) show an excellent agreement with experimental data at all experimental

incident c.m. energies for both the reactions, except for top three energies in the case of

11B+235U reaction. The disagreement between the DCM calculations and data at higher

incident c.m. energies for the 11B+235U entrance channel is associated with the presence

of additional effects of non-compound, quasi-fission (qf) component, in contradiction with

the measured anisotropy effects which indicate the other entrance channel 14N+232Th to

contain the non-compound nucleus contribution. The prediction of two fission windows,

the symmetric fission (SF) and near symmetric or heavy mass fragments (HMFs), sug-

gests the presence of fine structure of fission fragments, which also need an experimental

verification. The only parameter of model is the neck length parameter 4R whose value

is shown to depend strongly on limiting angular momentum, which in turn depends on

the use of sticking or non-sticking moment of inertia for angular momentum effects.

Finally, in chapter 7, we summarize the results of this work.
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Chapter 1

Introduction

Understanding the fundamental nature of matter was an exclusive pursuit of scientists

for a long time, almost two hundred years ago. It got great impetus, with the pioneering

discoveries of radioactivity and electron during the last decade of 19th century. Since

then the microscopic world of atomic nucleus has been explored intensively. This study

is named as nuclear physics. In an atom, nucleus is very small, dense region, sitting at

its centre, consisting of nucleons (protons and neutrons). The nucleus is a little, positive

center that makes up very little of the actual atom but plays an instrumental role in

its properties and applications. It is quite an interesting story as to how the atomic

nucleus was first discovered, by E. Rutherford in 1911, and perceived. The discovery of

the Rutherford-Bohr model of the atom was followed by the advent of quantum mechanics

developed by numerous physicists like de Broglie, Schrödinger, Heisenberg, Pauli, Dirac

and others. The consistent efforts on the experimental and theoretical fronts finally led

to the current understanding of a nucleus and the atom.

In an atomic nucleus, neutrons (neutral particles) and protons (positively charged

particles) are held together by a strong nuclear force. Though information on exact

nature of this force is still limited and not established analytically, like for the Coulomb

force, much progress has been made towards its phenomenological understanding. Various

models and theories have been proposed to understand the static and dynamic properties

of the atomic nucleus. A light nucleus can contain hundreds of nucleons and with some

approximations it can be treated as a classical system, rather than a quantum-mechanical
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one, resulting into the liquid-drop model (macroscopic approach). It is assumed that the

nucleus has an energy which arises partly from surface tension and partly from electrical

repulsion of the protons. This model is able to reproduce many features of nuclei, including

the general trend of binding energy per nucleon with respect to mass number, as well as

the phenomenon of nuclear fission and fusion. But it fails to explain why nuclei with

certain numbers of neutrons and protons (the magic numbers 2, 8, 20, 28, 50, 82, 126, ...)

are particularly stable. Also it doesn’t account for the different shapes of atomic nucleus.

The problem related to magic numbers can be understood using the nuclear shell model

(microscopic approach). This model uses the Pauli’s principle for describing the structure

of the nucleus in terms of energy levels or shells. Some other properties of the nuclei,

which can not be explained by above mentioned models can be explained with a unified

approach of these two models, called collective or unified model. In this model, nucleus is

considered to consist of a core and extra core particles with the core being treated as inert

or like a liquid drop. Over the years, in order to keep pace with the rapid accumulation

of experimental data, nuclear models are being developed and have become integral part

in the development of nuclear physics.

1.1 Cluster radioactivity

The radioactive nuclear decay studies have contributed immensely to the understanding

of nuclear phenomena and properties in general, and nuclear structure in particular. The

phenomenon of Cluster radioactivity, CR, which is the spontaneous emission of fragments

heavier than alpha particle, is now established, since its theoretical prediction in the early

1980 [1] and experimental confirmation in 1984 [2]. It occupies an intermediate position

between α - radioactivity and fission, making bridge between these two extreme processes

and differ not only in decay mechanisms but also in properties of emitted fragments. The

cluster decays of different radioactive nuclei have been observed by many experimental

groups around the world some of which include 14C, 18,20O, 23F , 22,24,26Ne, 28,30Mg and

32,34Si. All these cluster decays in trans-Lead region have a closed shell daughter, i.e.

daughter nucleus is always 208Pb or it’s neighbor. Consequently, one may presume that
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the nuclear shell structure play very significant role in cluster radioactivity. It is expected

that together with shell effects, the nuclear deformations and orientations of nuclei might

also play important role in CR. A systematic study in this direction could resolve various

issues in cluster radioactivity domain of nuclear physics like the limit of CR and onset of

fission, and search for new region of CR.

In the present work, the Preformed Cluster-decay Model (PCM) [3]-[6] is used to study

the 208Pb-daughter cluster radioactive decay. The role of deformations and orientations

is investigated besides shell structure in cluster radioactivity in the ground state decay

of deformed 222Ra and other actinide parents. PCM gives a decent estimation of decay

half-life T(1/2) (or the decay constant, λ). The PCM is based on the well known Quan-

tum Mechanical Fragmentation Theory (QMFT) [7],[8]. It is relevant to mention here

that the QMFT has been used, advanced and extended by the Chandigarh (India) and

Frankfurt (Germany) groups for the last over three decades. It is a unified description of

the otherwise two inverse processes, the nuclear fusion and nuclear fission. The QMFT

was first given for fission (including cluster radioactivity) and then extended to heavy ion

collisions. On the basis of this theory, the cold formation of heavy/super heavy elements

was predicted which got experimental confirmation later. Moreover, the fission mass- and

charge distribution yields, together with ground state exotic cluster decay is very well

explained by it. Here the binary fragmentation is considered as a collective mass trans-

fer process, where different fragments are produced with different quantum mechanical

probabilities.

1.2 Heavy ion reactions

Since the first experimental demonstration of nuclear reaction process by Rutherford in

1919, experimental techniques in the field of nuclear physics have improved immensely.

Formerly, in the study of nuclear reactions projectiles used were basically the alpha parti-

cles from natural radioactive substances. Also, the discovery of neutron in 1932 caused an

impetus in the nuclear reaction experiments. Low energy neutrons can easily penetrate

Coulomb barrier and cause nuclear reactions. Later on, the advent of highly advanced
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particle accelerators techniques have made possible high energy beams of not only pro-

tons, deuterons and alpha particles but also heavy ions, to produce nuclear reactions.

Highly efficient and precise detector technology, to observe nuclear phenomena, is avail-

able. Fast computational methods further aided in precise and accurate measurements of

cross sections and angular distribution of the disintegration products in the experiments.

As a result, lot of experimental data related to different nuclear phenomena have become

available. Nuclear reactions induced by heavy ions have become the principal tool in

nuclear physics research.
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Figure 1.1: A nuclear (Z-N) landscape, the chart of bound as well as unbound nuclear
systems. (courtesy: http://www.anl.gov/.../070608 nuclear landscape-200.jpg)

In the last few decades, nuclear reactions have played a significant role in the discov-

ery of many nuclei away from the valley of stability. The valley of stability (Figure 1.1)

comprises bound/ stable nuclear systems in the Z-N landscape, popularly known as “nu-

clear landscape”, a chart plotted as a function of proton number Z and neutron number

N. It is relevant to mention here that 7-8 thousand combinations of proton and neutron
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are possible (between neutron and proton “drip lines”, beyond which nuclear binding is

zero) of which our knowledge is restricted to 2-3 thousand only. In other words, number

of stable nuclei is very small (shown by black squares) in comparison to large number of

possible unstable nuclei. The existence of stable/bound nuclei depends on the sensitive

balance between repulsive Coulomb forces and attractive, short range nuclear forces.
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Figure 1.2: Schematic diagram for various multipole deformations in nuclei. For quadru-
pole deformations, there are two choices i.e. nuclear matter rotates on short axis (oblate)
and on long axis (prolate).

Much of current research in nuclear physics relates to the study of nuclei under extreme

conditions such as high spin and excitation energy. Nuclei may also have extreme shapes,

the higher multi-pole deformations, βλ(λ= 2, 3, 4) as shown in Figure 1.2 or extreme

neutron-to-proton ratios. Experiments can create such nuclei, using artificially induced

fusion or nucleon transfer reactions, employing ion beams from an accelerator. 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.
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All these experimental facilities coupled with theoretical developments, are leading to a

better and better understanding of the nucleus and nuclear forces.

A nuclear reaction is described by identifying incident particle/nucleus with specific

associated incident energy, target nucleus, and reaction products. Nuclear reactions can be

categorized broadly into two types, namely Fusion reactions and Fusion-Fission reactions.

These two processes play an important role in the production of new elements, their

further studies and applications, etc. For successful formation of heavy nuclei, deep

understanding of fusion-fission process of the compound nucleus formed in heavy ion

reaction is essential. The study of heavy ion induced reactions has been directed toward

this aim since the dream of super heavy elements was seen in the late sixties of last

century.

Fusion is a process in which two nuclei are brought together to form a compound

nucleus (CN). A substantial energy barrier, due to mutual repulsion between the two

nuclei, opposes the fusion reaction. This barrier consists of the Coulomb and the nuclear

potentials. However, the long range Coulomb repulsion between the nuclei is offset by

stronger, but short range, attractive nuclear force. Then, the problem is to bring the

nuclei sufficiently close so that the Coulomb barrier can be crossed over, say, via tunneling.

Hence, the two nuclei are required to collide with sufficient kinetic energy to overcome

their mutual electrostatic repulsion (or fusion threshold barrier) and subsequently to bring

into effect the role of strong but short range attractive nuclear force. In other words, the

simplest picture of fusion is that of quantum tunneling through a one dimensional barrier

formed by the long range Coulomb potential, the centrifugal potential and the short range

nuclear potential. It means that the knowledge of interaction potential, forming barrier,

between two nuclei is extremely important in order to have a systematic study of a nuclear

reaction.

The inclusion of deformation and orientation effects of the colliding nuclei leads to

lowering of its barrier height [9]-[13]. This means that the interaction potential and hence

the fusion cross-sections are largely influenced by the nuclear structure effects of the target

and projectile nuclei and their relative orientations. The collisions between deformed as

well as oriented nuclei have been studied theoretically and experimentally to establish the
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effect of deformation and orientation on fusion reactions [9]-[13], [14]-[17]. According to

these studies when deformed and oriented nuclei collide, the fusion barrier height varies

leading to the barrier height distribution around the spherical Coulomb barrier (Figure

2, [11]). Figure 1.3 shows a schematic configuration of two (equal/ unequal) axially

symmetric deformed, oriented nuclei, lying in the same plane (φ = 00), for various θ1 and

θ2 values in the range 00 to 1800. Rest of the details of Figure 1.3 are given in chapter 2.
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Figure 1.3: Schematic configurations of two (equal/ unequal) axially symmetric deformed,
oriented nuclei, lying in the same plane and for various θ1 and θ2 values in the range 00

to 1800. The θ’s are measured in anti-clockwise from the colliding axis and the angle α’s
in clockwise from the symmetry axis.

A detailed study [11] based upon Quantum Mechanical Fragmentation Theory
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Figure 1.4: Schematic diagrams for deformed nuclei ((a),(b) oblate and (c),(d) pro-
late only) with corresponding optimum orientations along collision axis for “cold, elon-
gated”((a), (d)) or “hot, compact”((b), (c)) configurations, from Table 1 [11].

(QMFT) by Gupta and collaborators shows that the interaction barrier (height as well

as its position) is greatly affected by deformed and oriented colliding nuclei. This study

gives the optimum orientations for fusion of deformed nuclei based on the quadrupole

deformations alone and also investigated the role of hexadecupole deformation in fusion

reactions. The optimum orientations are given for “cold, non-compact” and “hot, com-

pact” fusion configurations corresponding to largest interaction radius/lowest barrier and

smallest interaction radius/highest barrier, respectively. The details can be seen in Table

1 of [11]. However a schematic diagram is illustrated in Figure 1.4, only for prolate-prolate

and oblate-oblate deformed colliding nuclei along collision axis for both “cold, elongated”

and “hot, compact” configurations.

In heavy systems, the heavy ion fusion probability depends on the charge product

Z1Z2 of projectile and target nuclei. When this charge product approaches ∼ 1800,

the probability of fusion shows a rapid decrease with increase in Z1Z2 [14] due to large

Coulomb repulsion. It is interesting to note that in the reaction of a heavy target-projectile
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combination, leading to heavier compound system, the crossing of a fusion barrier doesn’t

guarantee the formation of a CN. However, the system must overcome the saddle point of

compound nucleus, which is located inside the fusion barrier between the heavy target and

projectile. This hindrance in the fusion process is named as “extra-push” phenomenon and

causes significant loss in the kinetic energy. But it has been observed that the favorable

compact shape results more easily into CN rather than an elongated touching shape.

Here, the favorable compact shape means that the distance between the mass centers of

target-projectile at touching should be less than the distance of centers of the nascent

fission fragments at the fission saddle point. Hence, the relative distance between the

mass centers of two colliding nuclei, with respect to saddle point, affects the fusion of

heavy ions considerably.

For a system with large Z1Z2 product the contact point usually exists outside the

saddle point. But in the fusion of deformed and relatively oriented nuclei the scenario

is changed as at touching the distance between mass centers of massive reactants rely

on the orientation of the deformed nuclei. It means that the fusion reaction starting

from compact touching point results in higher fusion probability than the fusion starting

from distant touching point. Thus the fusion process is greatly affected by the relative

orientations of the deformed nuclei. In the fusion reactions involving deformed nuclei

the quasi-fission and fusion-fission are in competition [15]. In the quasi-fission process,

incoming nuclei in a reaction do not loose its identity during the formation of CN and

as a result such a non-equilibrated CN decays into fragments which are nearly the same

as in the entrance channel i.e. projectile and target like fragments. Several experimental

studies show that the collision with tip to tip of deformed projectile-target nuclei lead to

quasi-fission and the side collisions results in fusion-fission [14],[15]. The terms like gentle

fusion and hugging fusion have been coined theoretically [10], which correspond to typical

shapes (prolate, oblate and higher multipoles) of deformed nuclei along with their relative

orientations. It is relevant to mention here that the nuclear structure and orientations

of the approaching heavy ions seem to affect the mutual long range Coulomb interaction

[18], [19] as well as the short range nuclear potential [9],[20].

Heavy ion fusion is not only affected by deformation and relative orientations of the
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reactants but also takes into account the nuclear shell structure of projectile and target

nuclei. The shell closure of colliding nuclei plays a significant role in the sub-barrier fusion

process [17], [21]. It indicates no fusion hindrance for the colliding nuclei with nuclear

shell closure structure. The target and projectile with this type of structure makes a

compact touching shape and produces an equilibrated compound nucleus.

The nuclear reactions can also be categorized on the basis of energy of projec-

tiles, as low, intermediate and high energy reactions. Projectiles with energies ≤ 10

MeV/nucleon and ≥ 400 MeV/nucleon cause low and high energy nuclear reactions re-

spectively. Whereas the in between energy range corresponds to the intermediate energy

reactions. In low energy reactions average/mean nuclear force field acting between the

two nuclei dominate in comparison to high energy reactions where direct nucleon-nucleon

interactions takes place. In intermediate energy reactions both the aspects play their role.

However, in the present study we have confined ourself to low energy nuclear reaction dy-

namics only. The present state of art experimental facilities lead to better understanding

of nuclear forces with formation of heavy nuclei away from valley of stability. Moreover,

one can explore various aspects of nuclear structure and dynamics “at extremes” and thus

gain a deeper insight via study of decay products of CN formed in low energy nuclear

reactions.

The compound nuclei (CN) formed in low-energy heavy-ion reactions are highly excited

and carry large angular momentum (Figure 1.5). The compound systems so formed

decay by emitting multiple light particles, LPs (n, p, α) and γ-rays. For light compound

systems with ACN ∼ 40 - 80, the light-particles (LPs) emission is always accompanied

by intermediate mass fragments, the IMFs (with 2 < Z < 10 and 5≤A≤20). In this

mass region the IMFs contribution is very small of the order of 5-10%, in comparison

to LPs contribution. However, for the heavy nuclear systems ACN ∼ 200, the most

probable decay mode of the compound nucleus is fission/ heavy mass fragments (HMFs)

(20≤A≤A/2), due to its instability against centrifugal repulsion, with small contribution

from neutrons and γ-rays emissions, just in contrast to decay process of light compound

systems. Then there are other processes which may contribute to decay products, e.g.,

orbiting, deep-inelastic and quasi-fission, etc., depending upon the reaction conditions.
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Figure 1.5: Schematic diagram for dynamics of the colliding nuclei playing around
Coulomb as well as nuclear interaction potential.

The decay of excited CN formed in heavy ion reactions is affected by the maximum

value of angular momentum it can support without fissioning, which in turn depend

upon energy of incident projectiles. It is relevant to mention here that value of angular

momentum extracted experimentally, is based on the moment of inertia (calculated in

non-sticking limit (i.e. INS = µR2)) [22]. It means that fragment emission is punctual. In

our recent study we find that sticking limit is more appropriate for the proximity potential

(nuclear surface ≤ 2 fm apart) which consequently results in to large limiting value of

angular momentum [23].

In order to study the decay of a hot and rotating compound system (i.e. having angular

momentum, 6̀=0 and temperature, T 6= 0), we have used the Dynamical Cluster-decay

Model (DCM) of Gupta and collaborators [23]-[30] which is a reformulation of PCM [3]-[6]

for ground-state decays (i.e. `=0 and T=0). In DCM, decay of excited compound nuclei is
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studied as a collective clusterization process for emissions of the LPs, as well as the IMFs

and HMFs, in contrast to the statistical models in which each type of emission is treated

on different footing. It is relevant to mention here that a statistical Hauser-Feshbach (HF)

analysis (LILITA or CASCADE codes) is used to study LPs decay. It’s other versions

are used to study IMFs/HMFs/fission decay of CN formed in different mass regions like

BUSCO code [31] for 2 <Z≤20, extended HF Scission-Point Model [32] and saddle-point

“transition-state” fission model [33] for A < 80, GEMINI code based on Moretto’s fission

model [34] fo r A > 100 . Another advantage of using the DCM is that the structure effect

of CN is also included via the preformation of the fragments with relative probabilities,

before penetrating the interaction barrier, an useful information which is missing in the

statistical fission models.

It is relevant to mention here that the DCM has been applied successfully to study the

decay of compound nuclei formed in light mass (56Ni∗) and intermediate mass (116Ba∗)

region [24]-[29]. In the present work, the decay of light and heavy mass CN 48Cr∗ and

246Bk∗ respectively have been studied, using DCM, formed in different entrance channels

at different centre-of-mass energies Ec.m.. The results for the same are very well compared

with the available experimental data. The role of excitation energy, entrance channel

effects together with the effects of deformations and orientations in the fusion-fission

process have been investigated extensively.

1.3 Organization of thesis

The thesis is organized as follows.

Chapter 2, gives details of the Preformed Cluster-decay Model (PCM) and the Dy-

namical Cluster-decay Model (DCM). In PCM and DCM the two contributing factors, the

pre-formation probability P0 of the decaying fragments and their penetrability P across

the nuclear interaction barrier describes the decay of nuclei in ground and excited states,

respectively. The deformation and orientation effects are duly incorporated in PCM as

well as in DCM. These are applied to study the spontaneous cluster radioactivity process
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and the decay of hot and rotating compound nucleus formed in heavy ion reactions, respec-

tively. The DCM treats the CN decay of light particles LPs, intermediate mass fragments

IMFs and heavy mass fragments HMFs or symmetric fission SF on equal footings, in

contrast to statistical models which uses the HF analysis for LPs and binary fission for

all other processes.

In Chapter 3, as a first step to be able to use the DCM, for studying the decay of

excited compound nucleus, the T-dependent binding energies are obtained. This is es-

sential because the collective potentials used in DCM are T-dependent. The temperature

dependent liquid drop energies are calculated in reference to the work of Davidson et

al. [35] which itself is based upon a well established Seeger’s [36] semi-empirical mass

formula. In view of the available large amount of data on ground state binding ener-

gies, we have refitted the bulk α(0) and neutron proton asymmetry aa constants, in the

Seeger’s semi-empirical mass formula at T=0, for all available isotopes of the periodic

table upto Z=118. The ground state binding energies are fitted within 0-1.5 MeV, where

T-dependence is given by Davidson et al. (see Figure 3.1 taken from ref. [35]).

In Chapter 4, the entrance-channel effects in the decay of hot and rotating com-

pound nucleus 48Cr are studied, formed in a symmetric 24Mg+24Mg and very asymmetric

36Ar+12C reaction, using the DCM. The role of angular momentum is investigated ex-

tensively in the reaction dynamics. The calculations for this low mass CN are done

with spherical considerations for the nuclei in the reaction process. This study confirms

the entrance-channel independence of the decay of compound nucleus 48Cr∗ formed via

different target-projectile combinations with similar excitation energies as per Bohr’s hy-

pothesis. The calculated results are compared nicely with the available experimental data

for both the reactions. [37],[38].

In Chapter 5, the role of deformations and orientations of nuclei is studied, for the

ground state decays of heavier nuclei. These effects are duly incorporated in PCM for in-

vestigating the cluster radioactive decays of parents, which are mostly deformed, namely

222Ra, 226,228Th, 230U , 231Pa, 232,234U , 236,238Pu and 242Cm. The respective observed clus-

ters are 14C, 18,20O, 22Ne, 23F , 24,26Ne, 28,30Mg and 34Si. Note that in PCM, not only

the shapes of parent, daughter and cluster are important, but also the shapes of all other
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possible fragmentations of the decaying parent are important via the calculation of pre-

formation factor P0. The interesting feature of the study is that in all the chosen cluster

decays, the daughter nucleus is always the spherical 208Pb having double shell closure

(N = 126, Z = 82). The role of deformations and orientations is investigated, besides

shell structure. The Q-value of these decays show interesting structure corresponding to

measured decay half-lives, as expected, further emphasizing the role of shell structure.

The calculated decay half-lives for all such cluster-decays are in good agreement with

measured values [5]. The potential energy surface for the fragmentation process in the

ground state decay of parent nucleus changes significantly with the inclusion of deforma-

tion and orientation effects. We observe variance in both the key quantities of PCM, the

preformation probability P0 and penetrability P of clusters with and without invoking

deformation and orientation effects.

In Chapter 6, the DCM is applied to a heavier nuclear system, the 246Bk∗ decay, formed

in similar entrance channel reactions 11B+235U and 14N+232Th at various incident centre

of mass energies, Ec.m.. The DCM used include the deformations and orientations of

nuclei. The role of temperature, angular momentum and both the entrance channels has

been discussed extensively. The decay of 246Bk∗, formed in both the channels, favoures

symmetric mass distributions. This is mainly a fusion-fission decay. The additional effects

of non-compound, quasi-fission (qf) component, is shown to be present for the 11B+235U

entrance channel at higher incident c.m. energies, in contradiction with the measured

anisotropy effects which indicate the other entrance channel 14N+232Th to contain the

non-compound nucleus contribution. The angular momentum and its dependence on

the choice of sticking or non-sticking moment of inertia in the calculations has been

discussed. The calculated and measured [39] decay cross sections are shown to be in

excellent agreement at all Ec.m. for both the entrance channels.

Chapter 7, summarizes the overall work of the thesis. Brief notes regarding the sig-

nificance 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

The main aim of this work is to study the heavy ion reaction dynamics, especially the dis-

integration of excited compound nucleus using the dynamical cluster decay model(DCM)

[1]-[7]. It is important to note that deformations and orientation effects of the reaction

partners and decay products are explicitly included together with temperature and angu-

lar momentum contribution in this model. The ground state/spontaneous cluster decay

of radioactive nuclei have also been undertaken within the preformed cluster decay model

(PCM) [8]-[16] again having deformations and orientation effects of the clusters as well

as daughter nuclei included in it. Note that DCM is a reformulation of PCM for com-

pound nuclei (CN) whose details are given in sections 2.4 and 2.5, respectively. In turn,

both PCM and DCM originate from the Quantum Mechanical Fragmentation Theory,

(QMFT) [17]-[30] (section 2.2), which, in binary fragmentation, uses a collective mass

transfer process.

In QMFT the potential is calculated using macro-microscopic method of Strutinsky

[31]. This average two body potential successfully explains the cold and hot fusion reaction

dynamics. This theory is based on the fact that the fragments are pre-born prior to the

decay of the compound nucleus. The quantum mechanical 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. Once the
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clusters are formed, their penetration probability P across the interaction barrier can be

calculated by using the WKB approximation. The calculations of preformation probability

P0 and penetration probability P are discussed in section 2.2.7 and 2.3, respectively. The

assault frequency, ν0, with which the preformed cluster bombard the barrier in ground

state decay is discussed in section 2.4.

2.2 Quantum Mechanical Fragmentation Theory

The QMFT [17]-[30] is a unified description of two body channels in both fusion and

fission processes. Here the quantum mechanical concept of probability is utilized to inves-

tigate the role of shell effects in the fusion, fission and cluster radioactivity. In QMFT ,

nuclear dynamics is explained by the mass parameters defining the kinetic energy of the

system while the static properties of nuclear system are determined by the potential en-

ergy surfaces. The QMFT is worked out in terms of the following collective coordinates:

(i)Relative separation coordinate R between the two nuclei or, in general, two fragments

(or, equivalently, the length parameter λ = L/2R0, with L as the length of the nucleus

and R0 as the radius of an equivalent spherical nucleus).

(ii)Mass and charge fragmentation co-ordinates [17],[18],[29], defined by the mass and

charge-asymmetry coordinates as

η =
A1 − A2

A
; ηZ =

Z1 − Z2

Z
(2.1)

Similarly, the neutron asymmetry coordinate [18],

ηN =
N1 −N2

N
, (2.2)

can also be used, but it is sufficient to treat only two of them as dynamical co-ordinates

since they are related as

η =
Z

A
ηZ +

N

A
ηN . (2.3)
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Here A = A1 + A2, Z = Z1 + Z2 and N = N1 + N2. Ai, Zi and Ni (i = 1, 2) are, respec-

tively, the mass number, the charge number and the neutron number of two fragments.

A, Z and N are respectively the mass number, charge number and neutron number of

the compound system. The limiting values of η are 0 ≤ |η| ≤ 1, and thus allows a unified

description of a few-nucleon or multi-nucleon (a cluster) transfer, a large-mass transfer,

the complete fusion (|η| = 1) of nuclei and the symmetric (η = 0), asymmetric and

super-asymmetric fission of a nucleus or compound nucleus. The ηZ coordinate gives the

associated charge distribution effects.

(iii)The deformation co-ordinates βλi (λ=2,3,4... and i=1,2) of the colliding nuclei or

fragments.

(iv)The orientation degrees of freedom θi (i=1,2) of the deformed nuclei (see Fig. 1.3).

(v)Azimuthal angle φ between the principal planes of the two colliding nuclei.

(vi)Neck parameter ε, defined by the ratio ε = E0/E
′ for the interaction region (R <

R1 + R2). Ri (i=1, 2) is the radius of the two nuclei. Here, 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 (R ≥ R1 + R2).

In terms of these collective coordinates and their velocities, the collective Hamiltonian

can be written as

H = K(R, β, ε, η, ηZ ; Ṙ, β̇, ε̇, η̇, η̇Z) + V (R, β, ε, η, ηZ). (2.4)

Here β is taken as βλ1 and βλ2 with λ=2,3,4...., K refers to the kinetic energy and V to

the collective potential energy. For fixed β and ε, the potential V (η, ηZ , R), minimized in

the ηZ co-ordinate gives the Schrödinger wave equation, in terms of mass parameters η

and relative separation R co-ordinates, as

H(η,R)ψ(η,R) = E(η,R)ψ(η,R) (2.5)
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with the Hamiltonian,

H(η, R) = K(η) + K(R) + K(η, R) + V (η) + V (R) + V (η, R) (2.6)

The mass parameters Bij, defining the kinetic energy term K in the above Eqs. (2.4)

and (2.6) are either the consistently calculated cranking masses using the Asymmetric

Two-Center Shell Model (ATCSM) or the classical hydrodynamical masses, which are

shown to have good agreement with microscopic cranking calculations.

The coupling term of the kinetic energy K(η, R), proportional to ∂2

∂η∂R
, can be ne-

glected, since the coupled cranking masses are very small [17],[18] (BRη ¿ (BRRBηη)
1/2

and BRηZ
¿ (BRRBηZηZ

)1/2 ). Same is true for the coupling term of potential energy

V (η, R). Therefore, in a decoupled approximation [30], the Schrödinger equation (2.5)

can be solved using the Hamiltonian:

H = − h̄2

2
√

Bηη

∂

∂η

1√
Bηη

∂

∂η
− h̄2

2
√

BRR

∂

∂R

1√
BRR

∂

∂R
+ V (η) + V (R). (2.7)

For decoupled Hamiltonian (2.7), Schrödinger wave equation (2.5) can be separated for

the two co-ordinates η and R as follows,


− h̄2

2
√

Bηη

∂

∂η

1√
Bηη

∂

∂η
+ V (η)


 ψν(η) = Eν

ηψν(η) (2.8)

and [
− h̄2

2
√

BRR

∂

∂R

1√
BRR

∂

∂R
+ V (R)

]
ψν(R) = Eν

Rψν(R) (2.9)

with

ψ(η,R) = ψ(η)ψ(R) (2.10)

and

E = Eη + ER (2.11)

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

quantum numbers ν = 0, 1, 2....
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In the following subsections, we first discuss the various terms of Schrödinger wave

equations (2.8) and (2.9) and then give the solution of Eq. (2.8) for the determination of

preformation probability P0 ∝ |ψ0(η)|2 in the ground state.

2.2.1 The Scattering Potential V (R)

For a fixed η i.e for a given target projectile (A1, A2) combination, the scattering potential

V (R) in Eq. (2.9) is defined as the sum of the temperature, deformations and orientations

dependent Coulomb potential, proximity potential and angular momentum dependent

potential, i.e.

V (R, `, T ) = Vc(R,Zi, βλi, θi, φ, T ) + Vp(R,Ai, βλi, θi, φ, T )

+ V`(R,Ai, βλi, θi, φ, T ) (2.12)

For spherical-plus-deformed nuclear collisions, only one orientation angle θ is enough,

referring to the rotationally-symmetric deformed nucleus. φ=00 for co-planar nuclei.

2.2.2 The Fragmentation potential V (η)

The temperature dependent collective potential energy or the fragmentation potential

V (η, R, T ) can be given by

V (η,R, `, T ) = −
2∑

i=1

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

+ Vp(R,Ai, βλi, θi, φ, T ) + V`(R,Ai, βλi, θi, φ, T ) (2.13)

The fragmentation potential V (η), appearing in equation (2.8) is calculated at a fixed

distance R = R1 + R2 + δR for consideration of deformed and oriented reaction product

with

Ri(αi, T ) = R0i(T )[1 +
∑

λ

βλiY
(0)
λ (αi)], (2.14)

and

R0i(T ) = (1.28A
1/3
i − 0.76 + 0.8A

−1/3
i )× (1 + 0.0007T 2). (2.15)
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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. 1.3). In terms of Süssmann central radii Ci,

R = C1 + C2 + δC fm with Ci = Ri(1 − b2

R2
i
). The diffuseness of the nuclear surface i.e.

the surface thickness b, is given by Eq. (2.22).

Further, in Eq. (2.13), within the Strutinsky renormalization procedure [31], we have

defined the binding energy B of a nucleus at temperature T as

Bi(Ai, Zi, βλi, T ) =
2∑

i=1

VLDM(Ai, Zi, T ) +
2∑

i=1

δU exp

(
−T 2

T 2
0

)
. (2.16)

Here, VLDM(Ai, Zi, T ) is the liquid drop part of the binding energy and δU , the shell

corrections. VLDM(Ai, Zi, T ) is calculated by using the T-dependent liquid drop model

energy VLDM of [32], with its constants at T=0 re-fitted in Chapter 3 to give the recent

experimental binding energies [33] and calculated binding energies [34] (only for those

nucleides for which experimental data is not available). The “empirical” shell corrections

δU are of Ref. [35]. The detailed description for VLDM and δU with their temperature

dependence is given in Chapter 3. The shell corrections δU in Eq. (2.16) are considered to

vanish exponentially for E∗
CN ≥ 60 MeV , giving T0 = 1.5 MeV [36]. 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 masses. 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

[31] method as

δU = U − Ũ (2.17)
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where, U =
∑

ν Eν2nν is the sum over all occupied single particle states and

Ũ = 2

λ̃∫

−∞
Eg̃(E)dE. (2.18)

is the average energy for uniform distribution. In general, the microscopic shell correction,

together with the liquid drop part, gives a proper description of the binding energy of

the nucleus. This method, however, does not give a proper description of light mass

nuclei. The difficulty is the inadequacy of shell model for very light nuclei. For this

reason, the macro-microscopic calculations of Möller et al. [34] are tabulated for Z ≥ 8

only. For Z ≤ 8, one could alternatively use the empirical shell correction method of

Myers-Swiatecki [35] which again is not very satisfactory for light nuclei (Z ≤ 16). Gupta

and collaborators have modified this empirical method and obtained a better description

of the shell corrections for the light as well as heavy mass region, i.e, 1 ≤ Z ≤ 118 [2].

The nuclear temperature T (in MeV ) is related to the excitation energy E∗
CN of the

compound nucleus, through a semi-empirical statistical relation as:

E∗
CN =

1

9
AT 2 − T (MeV ). (2.19)

2.2.3 The Proximity Potential for deformed, oriented and co-

planar 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 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. Blocki et al. [37]

have reanalyzed and extended a theorem, originally due to Deryagin [38], according to

which the force between two gently curved surfaces in close proximity is proportional
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to the interaction potential per unit area between the two flat surfaces. The proximity

potential [39] for hot deformed nuclei is given as

Vp(Ai, βλi, θi, T ) = 4πR̄(T )γb(T )Φ(s0(T )). (2.20)

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
)

(2.21)

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. s0, distance of closest approach defined in Fig.

1.3, depends on deformations and orientations of reactants/products (explained later in

this section). b is the diffuseness of the nuclear surface given by

b =
[
π/2

√
3 ln 9

]
t10−90

,

where t10−90 is the thickness of the surface in which the density profile changes from 90%

to 10%. The value of b∼1 fm. However, temperature dependent b is given as

b(T ) = 0.99(1 + 0.009T 2) (2.22)

The γ is the specific nuclear surface tension given by

γ = 0.9517

[
1− 1.7826

(
N − Z

A

)2
]
MeV fm−2 (2.23)

R is the mean curvature radius of the reaction partners and is described in the following

for deformed and oriented nuclei.

Fig. 1.3 shows a schematic configuration of two (equal/ unequal) axially symmetric

deformed, oriented nuclei, lying in the same plane (φ = 00), for various θ1 and θ2 values
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in the range 00 to 1800. θi is the angle of orientation, defined as an angle between the

symmetry axis and the axis of collision, with it’s rotation measured in anti-clockwise

direction from the axis of collision. αi is an angle between the symmetric axis and the

radius vector Ri(αi, T ) of the colliding nuclei, measured in clockwise direction from the

symmetry axis of the nucleus.

For the axially symmetric shapes, the nuclear radius parameter (to all higher multipole

orders λ=2,3,4,....) is given by Eqs. (2.14) and (2.15). In terms of the radii of curvature

Ri1 and Ri2 in the principal planes of curvature of each of the two nuclei (i=1,2) at the

points of closest approach (defining s0 in Fig. 1.3), the mean curvature radius R̄ for

deformed, oriented nuclei is given by

1

R̄2
=

1

R11R12

+
1

R21R22

+
[

1

R11R21

+
1

R12R22

]
sin2φ

+
[

1

R11R22

+
1

R21R12

]
cos2φ. (2.24)

Here, φ is the azimuthal angle between the principal planes of curvature of two nuclei (for

co-planar nuclei φ=00). The four principal radii of curvature are

Ri1(αi) =
[R2

i (αi) + R′
i
2(αi)]

3/2

R2
i (αi) + 2R′

i
2(αi)−Ri(αi)R′′

i (αi)

Ri2(αi) =
Ri(αi)sinαi

cos(π/2− αi − δi)
. (2.25)

where, R′
i(αi) and R′′

i (αi) are the first and second order derivatives of Ri(αi) with respect

to αi, respectively. For the derivation of the radius of curvature Ri1, see [40], and it

follows from Fig. 2.1, and Ref. [41], that Ri2 = h/cosωi, with h = Ri(αi)sinαi and

ωi = π/2− αi − δi. Also, for n to be a normal vector

tanδi = −R′
i(αi)

Ri(αi)
. (2.26)

Note that Ri1(αi) = Ri2(αi), respectively, for α1 = 00 or 1800 and α2 = 1800 or 3600. For

a configuration of deformed, oriented nuclei, the minimum distance s0 (Fig. 1.3) in Eq.
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Figure 2.1: An axially symmetric (quadrupole) deformed and oriented nucleus, showing
the nuclear radius parameter R1(α1) and the geometry associated with the principal radius
of curvature R12(α1).

(2.21) is

s0 = R−X1 −X2 (2.27)

with the projections Xi along the collision Z-axis given as

X1 = R1(α1)cos(θ1 − α1)

X2 = R2(α2)cos(180 + θ2 − α2) (2.28)

with the minimization conditions on s0,

∂s0

∂α1

=
∂s0

∂α2

= 0, (2.29)
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resulting in

tan(θ1 − α1) = −R′
1(α1)

R1(α1)

tan(180 + θ2 − α2) = −R′
2(α2)

R2(α2)
. (2.30)

Comparing Eqs. (2.26) and (2.30), we get

δ1 = θ1 − α1

δ2 = 180 + θ2 − α2, (2.31)

to be used in Eq. (2.25). Thus, for the given θ1 and θ2, X1 and X2 are obtained for

the angles α1 and α2 satisfying the minimization conditions Eq. (2.30). From a detailed

study [39], based upon QMFT by Gupta and collaborators, the optimum orientations are

given for “cold, non-compact” and “hot, compact” fusion configurations corresponding to

largest interaction radius/lowest barrier and smallest interaction radius/highest barrier

respectively. The details can be seen in Table 1 of [39]. These optimum orientations have

been used in the present study for cluster radioactive decay and for the decay of heavy

excited CN.

Note that the conditions Eq. (2.30) refer to perpendiculars (normal vectors) at the

points P1 and P2. In other words, if the distance s0 were to be shortest, the perpendicular

conditions Eq. (2.30) must be used which would apparently give equations Eq. (2.28) for

Xi.

The eq. (2.20) is valid for zero (touching configuration) and positive values of s0, but

is also used for negative s0. As the two nuclei overlap (s0 < 0), a crevice is formed and, in

an adiabatic approximation, the system adjusts its shape parameters such that the two

colliding nuclei form a single indented body in the form of a single hyperboloid of one

sheet with a hyperboloidal crevice, as shown in Fig. 2.2 (a). For such a necked system,

shown in Fig. 2.3 (b), following Blocki et al. [37], the proximity potential is obtained by
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Figure 2.2: (a) Schematic representation of a hyperboloid of revolution in one sheet. (b)
Sample nuclear shape formed in two center shell model.

Gupta and collaborators [13],[42] as

VP (s0) = πγb2Φ1(s0 = 0)
(c2

1 + c2
2 − 2ε2)

(z2
1 + z2

2)
(2.32)

where Φ1(s0 = 0)=-2.0306 is the first moment of the universal function Φ at s0 = 0, and

ci, zi and ε are the shape parameters in Fig. 2.2 (b). Apparently, for two equal nuclei,

z1 = z2 and c1 = c2.

2.2.4 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 [39]

for two interacting hot, deformed and oriented nuclei is given as

Vc(Zi, βλi, θi, T ) =
Z1Z2e

2

R(T )
+ 3Z1Z2e

2
∑

λ,i=1,2

Rλ
i (αi, T )

(2λ + 1)R(T )λ+1
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Y
(0)
λ (θi)

[
βλi +

4

7
β2

λiY
(0)
λ (θi)

]
, (2.33)

with Ri from Eq. (2.14). Y
(0)
λ (θi) are the spherical harmonics function.

2.2.5 Rotational Energy due to angular momentum

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

as

V`(R,Ai, βλi, θi, T ) =
h̄2`(` + 1)

2Is(T )
(2.34)

with I(T )=INS=µR2, is the non-sticking limit of moment of inertia with µ = A1A2

A1+A2
m as

the reduced mass. m is the nucleon mass. In the complete sticking limit, the moment of

inertia I is given as,

Is(T ) = µR2 +
2

5
A1mR2

1(α1, T ) +
2

5
A2mR2

2(α2, T ). (2.35)

with Ri from Eq. (2.14). However, for the relative separation of interest here, we use the

sticking limit. It is relevant to mention here that value of angular momentum extracted

experimentally, is normally based on the moment of inertia calculated in non-sticking

limit (i.e. INS = µR2)) [43]. It means that fragment emission is punctual. In our

study, however, we find that sticking limit is more appropriate for the proximity potential

(nuclear surface ≤ 2 fm apart) which consequently results in much larger limiting value

of angular momentum [7].

2.2.6 Classical Hydrodynamical Mass Parameters

The kinetic energy part of the Hamiltonian in Eq. (2.8) enters through the mass para-

meters Bηη. We use here the classical hydrodynamical mass parameters of Kröger and

Scheid [44]. The model of Kröger and Scheid is based on the hydrodynamical flow, as

shown in Fig. 2.3. This model gives a simple analytical expression, whose predictions are

shown to compare nicely with the microscopic cranking model calculations. For the Bηη
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mass we get,

Bηη =
AmR2

4

[
vt(1 + γ)

vc(1 + δ2)
− 1

]
(2.36)

with

γ =
Rc

2R

[
1

1 + cos ϑ1

(
1− Rc

R1

)
+

1

1 + cos ϑ2

(
1− Rc

R2

)]
(2.37)

δ =
1

2R
[(1− cos ϑ1)(R1 −Rc) + (1− cos ϑ2)(R2 −Rc)] (2.38)

vc = πR2
cR (2.39)

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

 

ϑϑ1 ϑϑ2 

Figure 2.3: The geometry of the classical hydrodynamical model of Kröger and Scheid for
calculating the mass parameter Bηη.

of the model are shown in Fig. 2.3. 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. We have generalized this formalism for deformed nuclei by using the radii R1

and R2 for hot deformed nuclei, given by Eq. (2.14).
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2.2.7 Preformation Probability P0

Once the Hamiltonian Eq. (2.7) is established, the Schrödinger equation in mass frag-

mentation co-ordinate η can be solved. On solving Eq. (2.8) 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 (2.40)

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 ε and deformation coordinates β1 and β2 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 ν = 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 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)). (2.41)

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 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 (aver-

aged) masses B̄ij 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 B̄ij. The possible consequence

of such excitations are included here by assuming a Boltzmann like occupation of excited

states

|ψ(η)|2 =
∞∑

ν=0

|ψν(η)|2 exp

(
−Eν

η

T

)
(2.42)

Note that we are dealing here with a directly measurable quantity, the mass (or charge)
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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 ε and deformation coordinates β1 and β2 at a given R (≈ Rsaddle),

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

2.3 Penetration Probability P

For R-motion, instead of solving the Schrödinger Eq.(2.9), Gupta and collaborators used

the WKB approximation to calculate the penetration probability P. For each η-value,

the potential V (R) for R ≥ Rt is calculated by using Eq.(2.12) and for R < Rt it is

parameterized simply as a polynomial of degree two in R, as

V (R) =





a1R + a2R
2 for R0 ≤ R ≤ Rt

Vc + Vp + V` for R ≥ Rt

(2.43)

A typical scattering potential, for 232U→208Pb+24Ne is shown in Fig. 2.4. This is cal-

culated by using Eq. (2.12) for the case of `=0. The path of the penetration and the

related quantities are shown. The constants ai (i = 1, 2) occurring in the polynomial, are

determined by using the following boundary conditions.

1. At R = R0, V (R) = Q

2. At R = Rt, V (R) = V (Rt)

In order to avoid the use of undetermined part of the potential, i.e., V (R0 ≤ R ≤ Rt), the

first (inner) turning point Ra is chosen at the touching configuration, Ra= Rt, and the

outer turning point is taken at Rb to give the Q-value of the reaction, i.e., V (Rb) = Q.

This means that the transmission probability P consists of three contributions

1. The penetrability Pi from Rt to Ri,

2. the (inner) de-excitation probability Wi at Ri and

38



9 12 15 18 21

60

70

80

90

100

Q(MeV)

V(R
a
)

R
a
= R

t R
i R

b

Wi

Pb

Pi

232U --> 208Pb + 24Ne 

V
 (M

eV
)

R (fm)
Figure 2.4: The scattering potentials for the 24Ne cluster decay of parent nucleus 232U
daughter being 208Pb i.e. 232U→208Pb+24Ne, with characteristic quantities marked in it.

3. the penetrability Pb from Ri to Rb

giving the penetration probability as

P = PiWiPb. (2.44)

The shifting of first turning point from Rt to R0 gives the penetrability calculations similar

to Shi and Swiatecki [45] for spherical nuclei, which is known not to fit the experimental

data without the adjustment of assault frequency. Following the excitation model of M.

Greiner and W. Scheid [46], the de-excitation probability Wi is given as

Wi = exp(−bEi) (2.45)
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This means that the de-excitation process is restricted to only a single transition. If the

parameter b were allowed to depend on Ri, it should then become a process of multiple

de-excitation and proceed as step-like process. For a heavy cluster decay into the excited

states of the daughter nucleus the b = 0 is assumed [46], which means

Wi = 1, (2.46)

so that,

P = PiPb, (2.47)

where Pi and Pb are calculated by using WKB approximation, as

Pi = exp


−2

h̄

Ri∫

Ra

{2µ[V (R)− V (Ri)]}1/2dR


 (2.48)

and

Pb = exp


−2

h̄

Rb∫

Ri

{2µ[V (R)−Q]}1/2dR


 . (2.49)

Here Ra and Rb are, respectively, the first and second turning points. This means that

the tunnelling begins at R = Ra and terminates at R = Rb, with V (Rb) = Q-value for

ground state decay.

The integrals of the Eqs.(2.48) and (2.49) are solved analytically by parameterizing the

above calculated potential V (R), as follows:

V (R) =





a1R + a2R
2, R0 ≤ R ≤ Rt,

V (Rt) + m(R−Rt), Rt ≤ R ≤ Rm,

VB − 1
2
k(R−RB)2, Rm ≤ R ≤ Rh,

V (Rh)− c1
R−Rh

R
, Rh ≤ R ≤ Ri,

V (Ri)− c2
R−Ri

R
, Ri ≤ R ≤ Rb,

(2.50)

For a polynomial of degree higher than two, analytical solutions of WKB integrals

could not be obtained. The polynomial equation above is true for any inner turning

point and hence Rt could be chosen empirically at any point on the polynomial part, as
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was shown by Kumar and Gupta [13]. Equation (2.50) means that, the first part of the

potential from R0 to Rt (or Remp) is a polynomial of degree two in R, the second part

from Rt to Rm is a straight line of slope ′m′, the top part between Rm and Rh being an

inverted harmonic oscillator and the rest from Rh to Ri and Ri to Rb are the Coulomb

potentials of the type 1/R. Finally, VB and RB give the height and position of the barrier.

The analytical solution for the integrals are obtained as

∫ Rt

Rb

V (R)dR =
∫ Rt

Rm

V (R)dR +
∫ Rm

Rh

V (R)dR +
∫ Rh

Ri

V (R)dR +
∫ Ri

Rb

V (R)dR (2.51)

For different components of Eq.(2.47), we have

Pi = exp[−2

h̄

√
2µ{

√
a2

2
[t1(t

2
1 − L2)

1
2 − t2(t

2
2 − L2)

1
2

−L2(cosh−1(
t1
L

)− cosh−1(
t2
L

)]

+
2

3
(

Rm −Rt

V (Rm)− V (Rt)
)[(V (Rm)− V (Ri))

3
2 − (V (Rt)− V (Ri))

3
2 ]

− 1√
2k

[VB − V (Ri)][Θ2 − 1

2
sin2Θ2 −Θ1 +

1

2
sin2Θ1]

+
√

C1RhRi[Θ3 − 1

2
sin2Θ3]}] (2.52)

with

a1 =
R0(Q− V (Rt))

Rt(Rt −R0)
, a2 = − a1

R0

, t1 = Rt − 1

2
R0, t2 = Remp − 1

2
R0

L2 =
1

4
R2

0 + Rt(Rt −R0)

[
Q− V (Ri)

Q− V (Rt)

]

Θ1 = cos−1 Rm −RB√
α2

, Θ2 = cos−1 Rh −RB√
α2

, Θ3 = tan−1
(

Ri −Rh

Rh

)1/2

α2 =
2

k
[VB − V (Ri)]
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k =
2{[(VB − V (Rm)]1/2 + [VB − V (Rh)]

1/2}2

(Rm −Rh)2
, C1 = Ri

(V (Rh)− V (Ri))

Ri −Rh

and

Pb = exp
[
−2

h

√
2µ

√
C2RiRb

{
Θ4 − 1

2
sin 2Θ4

}]
(2.53)

with

Θ4 = tan−1
[
Rb −Ri

Ri

]1/2

,

C2 =
Rb[V (Ri)− V (Rb)]

Rb −Ri

.

Substituting these values in Eqs. (2.48) and (2.49) we get Pi and Pb. Further substituting

Pi and Pb in Eq. (2.47) we get the probability of penetration or the tunnelling probability,

P .

2.4 The Preformed Cluster-decay Model for ground

state decay of nucleus

After the establishment of exotic cluster decay [47] many theoretical models were advanced

[8],[9],[45], [48]-[51]. In general, these theoretical attempts were made to understand this

process in terms of nuclear α decay or nuclear fission. These models fall into two main cat-

egories. i) Unified fission models (UFM), and ii) Preformed cluster-decay models (PCM).

In the UFM , the cluster decay is dealt simply as a barrier penetration problem, where

as in the PCM it is considered to happen in two steps as mentioned in section 2.1. Pre-

formed Cluster Model of Gupta and [8]-[16] has been developed by adopting the Gamow’s

theory of α-decay. Here, instead of a square well potential, a more realistic nuclear po-

tential, the nuclear proximity potential, is used and also a preformation probability P0

is associated with each of the emitted cluster. In Gamow’s theory of α-decay [52], the

preformation probability for α-decay is assumed to be unity, since only α-cluster is consid-

ered. In PCM , preformation probability is different for different clusters and it decreases

with the increasing size of the cluster. It is relevant to mention here that theoretically the

preformation probabilities for all the possible clusters can be obtained in PCM , whereas,
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in the other model due to Blendowske et al. [49],[53] the preformation probabilities are

calculated for the cluster mass of up to only A = 16.

The decay constant in the PCM of Gupta and collaborators is defined as,

λ = P0ν0P. (2.54)

The corresponding half life is given by:

T 1
2

=
ln2

λ
. (2.55)

PCM here gives the ground state description (`=0 and T =0) of the decay of parent

nuclei, with deformation and orientation effects of daughters and clusters included in it.

P0 is preformation probability of the cluster giving the probability of the formation of the

cluster within the mother nucleus, which is also shown to carry the effects of deformations

and orientations of outgoing fragments. For a pure Coulomb potential and P0 = 1, the

above equation (2.54) will give the Gamow factor ‘λG’. Thus, in contrast to the unified

fission models, the clusters in PCM are considered to be preformed with probability P0,

at a relative separation measured in terms of co-ordinate R before the penetration of

the potential barrier. Here ν0 is the impinging frequency with which the cluster hits the

barrier, defined in terms of its velocity v as,

ν0 =
v

R0

, (2.56)

where R0 is the radius of parent nucleus. In terms of the kinetic energy E2 of the emitted

cluster, v = (2E2/µ)1/2. Since both the emitted cluster and the daughter nucleus are

produced in the ground state, the entire positive Q-value is equal to total kinetic energy

(Q = E1 + E2) available for the decay process. This kinetic energy is shared between

two fragments and the energy of emitted cluster is thus E2 = A1

A
Q giving ν0 in terms of

Q-value as

ν0 =
(2Q/A2)

1/2

R0

(2.57)

and, E1 = Q− E2 is the recoil energy of the daughter nucleus.
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In equation 2.54, P is the penetration probability that gives the probability of pene-

tration of the barrier formed by the outgoing deformed and oriented fragments.

2.5 The Dynamical Cluster-decay Model for hot and

rotating compound nucleus

The dynamical cluster decay model (DCM) [1]-[7] for hot and rotating nuclei (i.e. angular

momentum 6̀=0 and temperature T 6=0) is a reformulation of the preformed cluster model

(PCM) of Gupta and collaborators for ground-state decays (`=0 and T=0) in cluster

radioactivity (CR) and related phenomena [8]-[16]. Like PCM , DCM is also based

on the dynamical (or quantum mechanical) fragmentation theory of cold phenomenon

in heavy ion reactions and fission dynamics. In DCM, besides the temperature and

angular momentum effects in the decay of excited compound nuclei, the deformation and

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

heavy excited CN for which deformations of the decay products seem to play significant

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

η = A1−A2

A1+A2
and relative separation R, respectively, give

(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. It may be

noted that the fixed decay point 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 is

defined by the following equation (see Fig. 2.5).

E∗
CN + Qout(T ) = TKE(T ) + TXE(T ). (2.58)

The CN excitation energy E∗
CN= Ec.m. + Qin is related to temperature T (in MeV) as

given by Eq.(2.19).

Using the decoupled approximation to R- and η-motions, the DCM defines the CN
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Figure 2.5: The scattering potential for the decay 246Bk∗ →123In+123Cd at temperature
T=1.45 MeV and different l-values formed in 11B+235U reaction. However, the decay
path, defined by V (Ra, `) = Qeff (T, `) for each `, in this figure is shown to begin at
Ra = Rt + ∆R, fixed for the `=0h̄ case.

decay cross section, in terms of partial waves, as [1]-[7]

σ =
`c∑

`=0

σ` =
π

k2

`c∑

`=0

(2` + 1)P0P ; k =

√
2µEc.m.

h̄2 (2.59)

where, P0, the preformation probability, refers to η-motion and P, the penetrability, to R-

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

dynamical collective mass motion of preformed clusters or fragments through the barrier.

The structure information of the CN enters the model via the preformation probabilities

P0 (also known as the spectroscopic factors) of the fragments given by the solution of

stationary Schrödinger equation in η, at the fixed R=Ra, the first turning point of the
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penetration path shown in Fig. 2.5 for different `-values,

{− h̄2

2
√

Bηη

∂

∂η

1√
Bηη

∂

∂η
+ V (R, η, T )}ψν(η) = Eνψν(η), (2.60)

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

For the decay of a hot CN , we use the postulate for the first turning point

Ra(T ) = Rt + ∆R(T ) (2.61)

where

Rt = R1 + R2 (2.62)

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

method of introducing a neck length parameter is similar to that used in both the scission-

point [54] and saddle-point [55], [56] statistical fission models. The Ri are radius vectors,

given by Eqs.(2.14) and (2.15).

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 in g.s. (T=0),

defined by

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

= TKE(T ) = V (Ra(T )) (2.63)

with B’s as the respective binding energies.

The above defined decay of a hot CN into two cold (T=0) fragments, via Eq.(2.63),

could apparently be achieved only by emitting some light particle (s) (LPs), like n, p, α,

or γ-rays of energy

Ex = B(T )−B(0) = Qeff (T )−Qout(T = 0)

= TKE(T )− TKE(T = 0) (2.64)

which is zero for the g.s. decay, like for exotic CR. Note that the second equality in Eq.
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(2.64) is not defined for a negative Qout(T = 0) system since the negative TKE(T=0)

has no meaning. Apparently, Eq. (2.64) w.r.t (2.63) suggests that the emission of light-

particles starts early in the decay process. The exit channel fragments in Eq. (2.63)

are then obtained in the ground-state with TKE(T=0), as can be seen by calculating

E∗
CN − Ex:

E∗
CN − Ex = −Qout(T ) + TKE(T = 0) + TXE(T ). (2.65)

The excitation energy TXE(T) (not treated here) is used in, the secondary emission of light

particles from the fragments which are otherwise in their ground states with TKE(T=0)

in the radial motion. Thus, by defining Qeff (T ) as in Eq. (2.63), 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 interpretation of IMFs is not as good as it is for the LP production

[54]-[59].

In terms of Qeff (T ), the second turning Rb satisfies (see Fig. 2.5)

V (Ra, `) = V (Rb, `) = Qeff (T, `) = TKE(T ). (2.66)

with the `-dependence of Ra defined by

V (Ra, `) = Qeff (T, ` = 0), (2.67)

which means that the Ra, given by Eq. (2.67), 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 (2.66), Rb(`) is given by the `-dependent scattering potentials,

at fixed T is given by Eq.(2.12), which is normalized to the exit channel binding energy

BL(T ) + BH(T ). Such a potential is illustrated in Fig. 2.5, for 246Bk∗ →123In+123Cd,

at different `-values. The second turning point Rb is marked for the ` = 0h̄ case of

Ra = Rt + ∆R(T ). Note that as the `-value increases, the Qeff (T )-value (=TKE(T))
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increases and hence V (Ra, `) increases, since the decay path for all the `-values begins at

R = Ra.

Finally, the `c-value in Eq. (2.59) 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

`c = Ra

√
2µ[Ec.m. − V (Ra, ηin, ` = 0)]/h̄, (2.68)

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 [55, 60].
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Chapter 3

Relevance and need of temperature

dependent binding energies

3.1 Introduction

The experimental techniques have improved with time and lot of experimental data related

to different nuclear phenomena has become available. In the last about three decades,

reactions induced by heavy ions have become the principal tool in nuclear physics research.

It has led to phenomenological studies of atomic nuclei, which resulted in better and

better understanding of related concepts. A significant amount of information is available

regarding synthesis of new heavy and superheavy nuclei, study of the radioactive and

chemical properties of new nuclei and their isotopes, production of nuclei far from the

beta-stability line, formation and decay of exotic nuclear system, etc. Presently a lot of

work is being done on the dynamics of nuclear system at extreme composition, excitation

energy, angular momentum, nuclear deformation, etc. In brief the study of nucleus at

higher excitation energies carries lot of information, which in turn could be extremely

useful for the better understanding of nuclear properties.

The recently developed Dynamical Cluster Decay Model (DCM) [1] - [7], is used to

study heavy ion reactions at relevant temperature, angular momentum, deformation and

orientation, etc. It is relevant to mention here that this model has been applied success-

fully to study the decay of compound nuclei formed in light (48Cr∗, 56Ni∗), intermediate
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(116Ba∗) and heavy (246Bk∗) mass region [1] - [7]. The fragmentation potential consists

of the macroscopic liquid drop energy VLDM besides Coulomb potential, proximity poten-

tial and rotational energy. Therefore, in order to investigate the dynamics of a excited

nuclear system, the knowledge of temperature dependence of macroscopic part of nuclear

potential becomes essential. This temperature dependent liquid drop potential can be

calculated as suggested by Davidson et al. [8]. The predictions of this model find its

basis in the well established semi-empirical mass formula of Seeger [9]. Although Seeger’s

formula was quite successful in explaining the available literature of its time (1961) but

our knowledge regarding the understanding of nuclear properties has grown, consequently

the constants used in this model need major revival in order to meet the present day

requirements.

Since our aim here is not to fit the constants of LDM, but to include the temperature

dependence explicitly on the the recent binding energies. Therefore, we have fitted only

the bulk α(0) and neutron proton asymmetry aa constants of Seeger’s formula at T=0.

This refitting of model parameters is extremely useful in view of availability of enormous

amount of binding energy data [10],[11]. This work has been partly done upto Z=56 in

[1],[2], for experimental data provided at that time [12]. But we have refitted the bulk

α(T) and neutron protron asymmetry aa constants in reference to improved experimental

data [10]. In the present work we have not only improved upon previous fittings, but also

have extended the same to Z=118. The domain of this work has been further extended

for neutron deficient and neutron excess nuclides (for which experimental binding energies

are not available). For these neutron deficient/neutron excess nuclei we have made calcu-

lations in reference to the theoretical binding energies made available by Möller-Nix [11].

These fitted constants have been successfully used in the recent calculations to study the

decay of heavy compound nucleus 246Bk∗ [7] formed in heavy ion reactions at different

incident centre of mass energies for two entrance channels 11B+235U and 14N+232Th.

The methodology followed to fit the available binding energies, is presented in section

3.2. The calculations and fitting results are given in section 3.3. Finally, the results are

summarized in section 3.4.
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3.2 Temperature dependent binding energies

The binding energy B of a nucleus at temperature T has been defined, within the Struti-

nsky renormalization procedure, 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

)
. (3.1)

3.2.1 Liquid drop energies and their temperature dependence

The T dependent liquid drop part of the binding energy VLDM(T ) is taken from Davidson

et al. [8], based on the semi-empirical mass formula of Seeger [9], as

VLDM(A,Z, T ) = α(T )A + β(T )A
2
3 +

(
γ(T )− η(T )

A
1
3

)(
I2 + 2 | I |

A

)

+
Z2

R0(T )A
1
3

(
1− 0.7636

Z
2
3

− 2.29

[R0(T )A
1
3 ]2

)
+ δ(T )

f(Z, A)

A
3
4

,

(3.2)

where

I = aa(Z −N), aa =1.0,

and, respectively, for even-even, even-odd, and odd-odd nuclei,

f(Z, A) = (−1, 0, 1).

Note, in Appendix of [1] and Eq. (8) of [2], aa=0.5, instead of unity.

For T = 0, Seeger [9] obtained the constants, by fitting all even-even nuclei and 488

odd-A nuclei available at that time, as

α(0) = −16.11MeV, β(0) = 20.21MeV,

γ(0) = 20.65MeV, η(0) = 48.00MeV,

with the pairing energy term

δ(0) = 33.0MeV,
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from Ref. [13]. Evidently, these constants need to be re-fitted since a large amount of

data has become available [10],[11] particularly for neutron-rich nuclei. The newly fitted

constants give binding energy within < 1.5 MeV of experiments.
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Figure 3.1: The coefficients of the semiempirical mass formula (Eq. 3.2), β(MeV),
γ(MeV), η(MeV) and δ(MeV) as a function of the temperature T(MeV) from Davidson
et al. [8].

The T -dependent constants in Eq. (3.2) were obtained numerically by Davidson et al.

[8] for the available experimental information on excited states of 313 nuclei in the mass

region 22 ≤ A ≤ 250 by determining the partition function Z(A,Z, T ) of each nucleus in

the canonical ensemble and making a least squares fit of the excitation energy

Eex(A,Z, T ) = VLDM(A,Z, T )− VLDM(A,Z, 0)
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to the ensemble average

Eex(A,Z, T ) = T 2 ∂

∂T
lnZ(A,Z, T ).

The α(T ), β(T ), γ(T ), η(T ) and δ(T ) thus obtained are shown in Figure 3.1 from Ref. [8]

for T ≤ 5.5 MeV , extrapolated linearly for higher temperatures. For the bulk constant

α(T ), instead, an empirically fitted expression to a Fermi gas model is used, as

α(T ) = α(0) +
T 2

15
.

Also, the δ(T ) is constrained to be positive definite at all temperatures, with δ(T >

2MeV ) =0. Finally, the analytical form used for R0(T ) is

R0(T ) = 1.07(1 + 0.01T )

.

3.2.2 Shell corrections and their temperature dependence

For the shell corrections δU in Eq. (3.1), we use the empirical formula of Myers and

Swiatecki [14]. For spherical shapes,

δU = C

[
F (N) + F (Z)

(A/2)
2
3

− cA
1
3

]
(3.3)

where

F (X) =
3

5


M

5
3
i −M

5
3
i−1

Mi −Mi−1


 (X −Mi−1)− 3

5

(
X

5
3 −M

5
3
i−1

)
(3.4)

with X = N or Z, Mi−1 < X < Mi and Mi as the magic numbers 2, 8, 14 (or 20), 28,

50, 82, 126 and 184 for both neutrons and protons. The constants C = 5.8 MeV and

c = 0.26. In this work, we use the magic number 14, referred as MS14 parameterization.

The temperature dependence of shell corrections δU is obtained as given in equation 3.1.
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3.3 Calculations

In Table 3.1 we have given the fitted constants for the experimental binding energies [10]

and the theoretical binding energies [11] (only for neutron excess and neutron deficient

nuclide for which experiment data is not available). The constants chosen to be fitted

are the bulk constant α(0), working as an overall scaling factor, and the proton-neutron

asymmetry constant aa, controlling the curvature of the experimental parabola.
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Figure 3.2: The mass excess ∆M(= MA−A = NMn +ZMp +B(Z, N)−A) in MeV as a
function of neutron number N for Z=97, calculated by using the experimental data (solid
circle) [10] and theoretical data (open circle) [11], with newly fitted constants (cross and
down open triangle) and calculated with the 1961 Seeger’s constants [9] (hollow square).

The role of these refitted constants is depicted in Figure 3.2 for Z=97 nuclides. The
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Figure 3.2 shows the excellent agreement between the present fits (cross and down open

triangle) corresponding to experimental data of [10] (solid circles) and theoretical data

[11] (open circle), respectively. The fits are obtained between 0-1.5 MeV of the available

binding energies (experimental and theoretical). In Figure 3.2 the calculated binding

energies using Seeger’s constants are also shown (hollow square), stressing the requirement

and extent of fitting.

3.4 Summary

The model parameters, bulk constant α(0) and the proton-neutron asymmetry constant

aa of Seeger’s formula at T=0 are refitted in view of availability of a larger data set for

binding energies. These fitted constants can be used in order to understand the dynamics

of excited nuclear systems. Since our aim here was simply to include the T-dependence on

experimental binding energies, and not to obtain the new parameter set of VLDM , we have

re-adjusted simply the bulk constant α(0) and the proton-neutron asymmetry constant

aa to obtain Bexpt within < 1.5 MeV. The temperature dependences of the constants of

VLDM in equation 3.2 are shown in Figure 3.1 from [8].
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Table 3.1: Re-fitted bulk α(0) and proton-neutron asymmetry aa constants for Seeger’s
liquid drop energy for 1 ≤ Z ≤118, to the experimental (combinations without and with
star as super-script upto Z=7 and Z ≥ 8 respectively) and theoretical binding energies
(only for those combinations for which experimental data is not available having Z ≥ 8,
given here without any super-script).

Z N α(0) aa Z N α(0) aa Z N α(0) aa

1 2 -15.85 0.100 5 14 -12.92 0.400 10 (8,13)∗ -15.89 0.500
3 -16.93 0.120 6 2 -12.95 0.010 (9-12)∗,(15-18)∗ -16.16 0.910
4 -13.37 0.100 3,11 -14.81 0.100 (19-22)∗ -16.22 0.882
5 -13.57 0.120 4,9 -15.65 0.100 (23,24)∗ -16.29 0.876
6 -11.49 0.100 5,7 -16.53 0.100 25,26 -16.25 0.856

2 1 -15.18 0.100 8 -15.92 0.100 27 -16.25 0.848
2 -16.11 0.100 10 -15.09 0.100 28 -16.25 0.839
3 -16.90 0.300 12,13 -15.04 0.800 29 -16.25 0.833

4,5 -14.23 0.300 14 -14.83 0.800 30 -16.25 0.826
6 -13.12 0.100 15,16 -14.99 0.800 31 -16.25 0.815
7 -12.87 0.100 7 3 -14.27 0.200 11 (7,8)∗ -15.91 0.920
8 -11.37 0.200 4 -15.12 0.530 (9,21,23)∗ -16.21 0.861

3 0 -09.73 0.100 5,9 -16.20 0.800 (10-13)∗ -16.27 0.865
1,4,5 -16.67 0.100 6 -16.53 0.800 14∗ -16.06 0.800

2 -17.00 0.100 7 -16.75 0.800 (15-20,22,24)∗ -16.18 0.865
3 -18.43 0.990 8 -16.35 0.800 (25,26)∗ -16.21 0.852
6 -13.70 0.980 10,11,15 -15.90 0.940 27,28 -16.21 0.833
7 -14.37 0.400 12,13 -15.70 0.890 29 -16.27 0.832
8 -13.16 0.100 14 -15.68 0.940 30 -16.27 0.825
9 -12.99 0.100 16 -15.97 0.940 31 -16.27 0.815

4 1 -12.37 0.010 17,18 -16.10 0.930 32 -16.27 0.809
2 -14.45 0.100 8 4∗ -14.00 0.940 33 -16.27 0.801
3 -16.12 0.800 5∗ -15.30 0.940 12 7∗ -15.70 0.967
4 -17.05 0.980 (6,10,11,13)∗ -15.93 0.940 8∗ -15.86 0.958
5 -16.70 0.600 (7,8)∗ -16.24 0.500 (9,10)∗ -16.07 0.920
6 -15.50 0.800 (9,15,16)∗ -16.17 0.950 (11-13)∗ -16.23 0.842
7 -15.23 0.500 (12,14)∗ -15.85 0.940 (14-26)∗ -16.18 0.842
8 -14.24 0.100 (17,19,20)∗ -16.09 0.895 (27,28)∗ -16.18 0.835
9 -14.04 0.100 18∗ -16.01 0.895 29 -16.33 0.837
10 -13.28 0.010 21,22 -16.19 0.898 30 -16.03 0.792
11 -12.96 0.100 23,24 -16.38 0.895 31 -16.03 0.785
12 -12.23 0.100 25,26 -16.19 0.867 32,34,35 -16.09 0.773

5 1 -13.10 0.100 9 5∗ -15.19 0.800 33 -16.03 0.776
2 -14.53 0.100 (6,12,13)∗ -15.78 0.500 13 8∗ -15.95 0.950
3 -16.43 0.100 (7,8,10,11,15,16,18)∗ -16.17 0.910 (9,10)∗ -16.10 0.930
4 -16.65 0.600 9∗ -16.30 0.900 (11-19)∗,(25-28)∗ -16.26 0.842
5 -17.16 0.100 14∗ -15.95 0.900 (20-24)∗ -16.22 0.845
6 -16.57 0.600 (17,19,20)∗ -16.17 0.895 29∗ -16.41 0.850
7 -16.30 0.100 (21,22)∗ -16.17 0.880 30 -16.11 0.799
8 -15.33 0.100 23-26 -16.25 0.866 31 -16.11 0.787
9 -15.12 0.100 27 -16.25 0.855 32 -16.11 0.771
10 -14.40 0.100 28 -16.25 0.846 33-36 -16.00 0.763
11 -14.10 0.100 29 -16.25 0.839 37,38 -16.08 0.764
12 -13.41 0.100 10 6∗ -15.22 0.500 14 8∗ -15.95 0.965
13 -13.10 0.100 (7,14)∗ -15.70 0.500 (9,10)∗ -16.04 0.932
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Z N α(0) aa Z N α(0) aa Z N α(0) aa

14 (11,12)∗ -16.17 0.965 18 36-41 -16.21 0.745 23 (26-30)∗ -16.39 0.792
(13-20,27,28)∗ -16.27 0.839 42,43,47-49 -16.21 0.741 (31-42)∗ -16.40 0.768

(21-26)∗ -16.23 0.841 44-46 -16.21 0.739 43-50 -16.25 0.729
(29,30)∗ -16.31 0.836 19 10 -16.17 0.830 51-53 -16.19 0.718

31 -16.09 0.776 11,12 -16.20 0.787 54-56 -16.21 0.717
32-35 -16.05 0.762 (13-21)∗ -16.49 0.899 57-60 -16.19 0.712
36,37 -16.09 0.762 (22-28)∗ -16.36 0.813 24 14 -16.30 0.765
38 -16.09 0.758 (29-32)∗ -16.37 0.779 15,16 -16.38 0.765

39,40 -16.09 0.754 (33-36)∗ -16.44 0.783 17 -16.44 0.765
15 8 -16.10 0.970 37-42,45-48 -16.21 0.740 (18-25,42,43)∗ -16.45 0.770

(9-14)∗ -16.31 0.939 43,44,49,50 -16.21 0.738 (26-29)∗ -16.40 0.795
(15-24)∗ -16.40 0.893 51 -16.21 0.734 (30-41)∗ -16.42 0.774
(25-28)∗ -16.12 0.783 20 10 -16.17 0.834 44-46,59-62 -16.17 0.706
(29-31)∗ -16.11 0.762 11 -16.17 0.806 47-51 -16.21 0.720
32-36 -16.11 0.762 12 -16.17 0.771 52,53 -16.17 0.710
37,38 -16.09 0.754 13 -16.17 0.718 54-58 -16.17 0.708
39-42 -16.09 0.749 (14-21)∗ -16.49 0.899 25 15,16 -16.38 0.758

16 8 -16.11 0.955 (22-30)∗ -16.37 0.789 17,18 -16.48 0.780
9 -16.11 0.907 (31-34)∗ -16.43 0.783 (19-26)∗ -16.46 0.760

(10-14)∗ -16.31 0.925 (35-37)∗ -16.49 0.789 (27-44)∗ -16.42 0.768
(15-24)∗ -16.40 0.893 38-49 -16.22 0.735 45,46 -16.43 0.761
(25-28)∗ -16.31 0.828 50,51 -16.22 0.732 47-52 -16.21 0.715
(29-30)∗ -16.22 0.775 52,53 -16.17 0.723 53-59 -16.17 0.706
(31-33)∗ -16.25 0.773 21 11,12 -16.17 0.770 60-64 -16.17 0.704
34-38 -16.11 0.751 13,14 -16.29 0.770 26 16-18 -16.44 0.765

39 -16.20 0.758 (15-21)∗ -16.47 0.795 (19-26)∗ -16.47 0.770
40-44 -16.20 0.755 (22,23,31,33,35-39)∗ -16.43 0.779 (27-45)∗ -16.43 0.768

17 8 -16.11 0.914 (24-30,32,34)∗ -16.36 0.774 46∗ -16.47 0.770
9,10 -16.17 0.864 40-50 -16.23 0.733 47 -16.40 0.750

(11-14,22-28)∗ -16.32 0.822 51,52 -16.23 0.729 48-62 -16.17 0.702
(15-21)∗ -16.46 0.893 53-55 -16.17 0.718 63-66 -16.17 0.700
(29-30)∗ -16.27 0.775 22 12 -16.25 0.790 27 17 -16.50 0.782
(31-34)∗ -16.35 0.778 13,14 -16.25 0.765 18,19 -16.50 0.761
35-40 -16.20 0.755 15 -16.25 0.700 (20-27)∗ -16.48 0.755
41,42 -16.20 0.747 (16-23)∗ -16.44 0.775 (28-46)∗ -16.44 0.767
43,44 -16.20 0.745 (24-30)∗ -16.39 0.803 (47,48)∗ -16.47 0.767
45,46 -16.20 0.743 (31-41)∗ -16.39 0.768 49,50 -16.42 0.750

18 9 -16.17 0.864 42-46,49-51 -16.24 0.729 51-62 -16.18 0.701
10,11 -16-170.811 47,48 -16.24 0.731 63-69 -16.18 0.700

(12-14)∗ -16.40 0.893 52,53 -16.17 0.717 28 18 -16.50 0.774
(15-19)∗ -16.46 0.893 54-56 -16.17 0.715 19 -16.50 0.760
(20-25)∗ -16.43 0.899 57,58 -16.17 0.712 (20-29,46-48)∗ -16.48 0.769
(26-28)∗ -16.25 0.775 23 13,14 -16.17 0.721 (30-45)∗ -16.45 0.770
(29-31)∗ -16.35 0.785 15,16 -16.44 0.790 (49,50)∗ -16.22 0.702
(32-35)∗ -16.35 0.772 (17-25)∗ -16.45 0.768 51-55 -16.22 0.702
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Z N α(0) aa Z N α(0) aa Z N α(0) aa

28 56-60 -16.21 0.702 35 63-74 -16.42 0.707 40 (43-46)∗ -16.64 0.805
61-71 -16.21 0.700 75,76 -16.37 0.703 (47-66)∗ -16.59 0.730

29 19-22 -16.54 0.750 77-80 -16.40 0.704 71,72,78-81 -16.51 0.708
(23-30)∗ -16.51 0.720 81,82 -16.40 0.702 73-77 -16.53 0.714
(31-44)∗ -16.51 0.790 83-86 -16.40 0.700 82,83 -16.53 0.709
(45-51)∗ -16.44 0.751 36 27-32 -16.64 0.702 84-87 -16.53 0.707
52-55 -16.24 0.700 (33-38)∗ -16.63 0.652 88-97 -16.24 0.674
56-73 -16.23 0.700 (39-48)∗ -16.59 0.799 41 33-39 -16.73 0.708

30 21-23 -16.55 0.740 (49-64)∗ -16.49 0.719 (40-42,70-72)∗ -16.70 0.747
(24-33)∗ -16.52 0.700 65-73 -16.44 0.706 (43,44,66-69)∗ -16.67 0.746
(34-40)∗ -16.52 0.794 74-76 -16.44 0.709 (45-51)∗ -16.64 0.794
(41-53)∗ -16.40 0.730 77-79 -16.49 0.713 (52-65)∗ -16.59 0.728
54-57 -16.28 0.700 80-84 -16.15 0.672 73-80 -16.51 0.708
58-75 -16.26 0.700 85-88 -16.15 0.674 81-84 -16.51 0.705

31 22-24 -16.56 0.720 37 29-33 -16.66 0.702 85-87 -16.51 0.704
(25-33)∗ -16.57 0.749 (34-39)∗ -16.65 0.740 88-99 -16.26 0.674
(34-45)∗ -16.53 0.789 (40-48)∗ -16.60 0.799 42 35-39 -16.74 0.711
(46-53)∗ -16.41 0.727 (49-65)∗ -16.51 0.720 40 -16.71 0.711
(54,55)∗ -16.44 0.727 66-72 -16.45 0.705 (41,42,72,73)∗ -16.72 0.748
56-63 -16.30 0.700 73-78 -16.45 0.708 (43,44,68-71)∗ -16.69 0.748
64-77 -16.28 0.700 79-84 -16.17 0.672 (45-54)∗ -16.66 0.788

32 23-25 -16.58 0.720 85,86 -16.16 0.672 (55-67)∗ -16.60 0.728
(26-33)∗ -16.58 0.749 87-91 -16.17 0.674 74-80 -16.53 0.709
(34-45)∗ -16.55 0.795 38 30-34 -16.68 0.702 81-89 -16.53 0.705
(46-57)∗ -16.41 0.719 (35-39)∗ -16.67 0.735 90-102 -16.28 0.674

58 -16.34 0.701 (40-42,64-67)∗ -16.63 0.742 43 36-38 -16.75 0.704
59-80 -16.32 0.701 (43-54)∗ -16.58 0.748 39-41 -16.73 0.709

33 24-26 -16.60 0.720 (55-63)∗ -16.57 0.734 (42,43,70-72)∗ -16.73 0.755
(27-34)∗ -16.60 0.750 68-71 -16.47 0.705 (44,45)∗ -16.70 0.748
(35-46)∗ -16.56 0.798 72-79 -16.47 0.708 (46-54)∗ -16.66 0.787
(47-59)∗ -16.44 0.721 80-85 -16.21 0.673 (55-69)∗ -16.61 0.728
60-76 -16.38 0.707 86-87 -16.21 0.674 (73-75)∗ -16.72 0.748
77-80 -16.34 0.702 88-93 -16.19 0.674 76-80 -16.55 0.711
81,82 -16.34 0.700 39 31-36 -16.70 0.702 81-88 -16.55 0.707

34 25-30 -16.60 0.701 (37-40)∗ -16.68 0.747 89-103 -16.30 0.674
(31-36)∗ -16.60 0.700 (41-43)∗ -16.64 0.805 104 -16.30 0.675
(37-46)∗ -16.57 0.797 (44,45,63-69)∗ -16.59 0.730 44 37,38 -16.77 0.704
(47-60)∗ -16.46 0.721 (46-62)∗ -16.57 0.730 39-42 -16.73 0.709
61-73 -16.37 0.701 70,71,81 -16.50 0.708 (43,44,75,76)∗ -16.73 0.748
74-77 -16.37 0.703 72-80 -16.51 0.712 (45,46,72-74)∗ -16.71 0.747
78-84 -16.11 0.675 82-86 -16.22 0.672 (47-56)∗ -16.68 0.788

35 26-31 -16.62 0.700 87-95 -16.22 0.674 (57-71)∗ -16.62 0.728
(32-37)∗ -16.62 0.760 40 32-37 -16.72 0.702 77-79 -16.57 0.712
(38-46)∗ -16.58 0.799 (38-40)∗ -16.70 0.760 80,81 -16.57 0.710
(47-62)∗ -16.48 0.722 (41,42,67-70)∗ -16.68 0.747 82-90 -16.57 0.707
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44 91-103 -16.32 0.674 48 106-115 -16.39 0.677 53 53,54 -16.83 0.685

104-106 -16.33 0.676 49 43-46 -16.82 0.678 (55-60)∗ -16.82 0.885
45 38-40 -16.76 0.674 47 -16.80 0.695 (61-68)∗ -16.80 0.798

41-43 -16.74 0.674 (48-51,78)∗ -16.78 0.752 (69-81)∗ -16.72 0.725
(44,45)∗ -16.74 0.700 (52-64)∗ -16.75 0.789 (82-91)∗ -16.70 0.713

(46,47,75-77)∗ -16.72 0.746 (65-77)∗ -16.67 0.727 92-98 -16.64 0.700
(48-57)∗ -16.69 0.787 (79-86)∗ -16.67 0.718 99-109 -16.66 0.701
(58-74)∗ -16.63 0.727 87-97 -16.61 0.704 110-118,123-126 -16.49 0.680
78-80 -16.57 0.710 98-102 -16.39 0.673 119-122 -16.48 0.680
81-91 -16.57 0.706 103-105 -16.41 0.677 54 49-52 -16.87 0.600
92-93 -16.59 0.707 106-117 -16.42 0.679 53,54 -16.85 0.600
94-103 -16.35 0.676 50 44-46 -16.84 0.639 55 -16.84 0.600
104-108 -16.35 0.677 47,48 -16.82 0.600 (56-60)∗ -16.84 0.889

46 40-42 -16.77 0.684 (49-52)∗ -16.80 0.990 (61-68)∗ -16.81 0.799
43-44 -16.76 0.689 (53-64)∗ -16.76 0.798 (69-83)∗ -16.74 0.726

(45,46)∗ -16.76 0.710 (65-77)∗ -16.68 0.725 (84-93)∗ -16.71 0.712
(47-48,76-78)∗ -16.73 0.746 (78-81)∗ -16.68 0.719 94-97 -16.66 0.700

(49-61)∗ -16.71 0.780 (82-87)∗ -16.68 0.715 98-113 -16.67 0.700
(62-75)∗ -16.64 0.727 88-97 -16.63 0.706 114,125-128 -16.51 0.680

79 -16.59 0.711 98-102 -16.43 0.676 115-124 -16.50 0.680
80-91 -16.59 0.707 103-106 -16.44 0.679 55 51-53 -16.88 0.600
92-94 -16.59 0.705 107-119 -16.43 0.679 54,55 -16.87 0.600
95-105 -16.40 0.680 51 46-49 -16.84 0.639 56 -16.86 0.600
106-110 -16.35 0.676 50,51 -16.82 0.630 (57-63)∗ -16.85 0.889

47 41,42 -16.79 0.684 (52-59)∗ -16.80 0.885 (64-71)∗ -16.83 0.797
43-45 -16.77 0.690 (60-65)∗ -16.77 0.797 (72-76,92-96)∗ -16.73 0.713

(46,81-83)∗ -16.78 0.746 (66-78)∗ -16.69 0.724 (77-91)∗ -16.71 0.712
(47-49,78-80)∗ -16.75 0.745 (79-88)∗ -16.69 0.717 97-115 -16.68 0.700

(50-62)∗ -16.72 0.780 89-95 -16.64 0.706 116-124 -16.53 0.682
(63-77)∗ -16.65 0.726 96-100 -16.64 0.704 125-130 -16.53 0.681
84-93 -16.59 0.705 101-106 -16.64 0.702 56 52-54 -16.90 0.600
94-95 -16.57 0.701 107-111 -16.45 0.679 55,56 -16.88 0.600
96-101 -16.39 0.677 112-121 -16.43 0.678 57 -16.87 0.600
102-105 -16.34 0.672 52 47-50 -16.86 0.680 (58-62)∗ -16.87 0.890
106-113 -16.39 0.679 51,52 -16.84 0.630 (63-71)∗ -16.84 0.797

48 42-44 -16.80 0.678 (53-59)∗ -16.81 0.885 (72-76,93-97)∗ -16.75 0.713
45,46 -16.78 0.695 (60-66)∗ -16.78 0.796 (77-92)∗ -16.73 0.712

(47-49,80-82)∗ -16.77 0.745 (67-79)∗ -16.70 0.723 98-120 -16.70 0.700
(50-63)∗ -16.74 0.786 (80-90)∗ -16.69 0.713 121-131 -16.54 0.681
(64-79)∗ -16.66 0.725 91-98 -16.64 0.702 132,133 -16.54 0.680
(83,84)∗ -16.67 0.720 99-109 -16.64 0.700 57 53-56 -16.91 0.600

85-88,93-96 -16.61 0.705 110,111,123,124 -16.48 0.680 57,58 -16.89 0.600
89-92 -16.58 0.702 112-122 -16.47 0.680 59 -16.88 0.600
97-100 -16.39 0.674 53 48-50 -16.86 0.600 (60-62)∗ -16.87 0.735
101-105 -16.41 0.678 51,52 -16.85 0.685 (63-74)∗ -16.85 0.789

65



Z N α(0) aa Z N α(0) aa Z N α(0) aa

57 (75-81)∗ -16.77 0.727 62 61,62 -17.00 0.600 66 (72-77)∗ -17.00 0.930
(82-98)∗ -16.70 0.698 63-64 -16.98 0.826 (78-85)∗ -16.92 0.768
99-117 -16.71 0.701 65 -16.96 0.826 (86-91)∗ -16.84 0.700
118-132 -16.54 0.680 (66-76)∗ -16.95 0.859 (92-107)∗ -16.86 0.709
133-135 -16.55 0.680 (77-85)∗ -16.86 0.747 108-124 -16.87 0.713

58 55,56 -16.93 0.600 (86-103)∗ -16.78 0.700 125-129 -16.80 0.701
57 -16.92 0.600 104-106 -16.80 0.705 130-150 -16.53 0.664

58-60 -16.91 0.600 107-122 -16.80 0.707 151-155 -16.52 0.664
(61,62,97-99)∗ -16.89 0.736 123-134 -16.64 0.684 67 69,70 -17.01 0.826
(63-66,90-92)∗ -16.87 0.746 135-146 -16.44 0.661 71,72 -17.01 0.826

(67-76)∗ -16.86 0.788 63 62 -17.01 0.826 (73-78)∗ -17.00 0.930
(77-89)∗ -16.77 0.720 63,64 -17.00 0.826 (79-87)∗ -16.93 0.768
(93-96)∗ -16.80 0.720 65,66 -16.98 0.826 (88-93)∗ -16.85 0.700
100-119 -16.74 0.703 (67-74)∗ -16.96 0.889 (94-108)∗ -16.88 0.712
120-128 -16.57 0.682 (75-84)∗ -16.90 0.777 109-123 -16.90 0.718
129-137 -16.37 0.661 (85-104)∗ -16.79 0.699 124-129 -16.81 0.701

59 56-58 -16.95 0.600 105-109 -16.81 0.706 130-135 -16.58 0.669
59-61 -16.93 0.600 110-120 -16.81 0.708 136-153 -16.56 0.666

(62-69)∗ -16.91 0.850 121-131 -16.65 0.685 154-157 -16.56 0.667
(70-80)∗ -16.86 0.772 132-148 -16.45 0.661 68 70 -17.05 0.826
(81-92)∗ -16.76 0.710 64 64 -17.01 0.826 71,72 -17.03 0.826
(93-100)∗ -16.75 0.702 65,66 -17.00 0.826 73,74 -17.01 0.826
101-118 -16.78 0.708 67,68 -16.98 0.826 (75-80)∗ -17.00 0.870
119-130 -16.59 0.683 69 -16.97 0.826 (81-84)∗ -16.91 0.724
131-139 -16.40 0.663 (70-75)∗ -16.97 0.889 (85-109)∗ -16.89 0.712

60 58-60 -16.97 0.600 (76-85)∗ -16.91 0.773 110-123 -16.91 0.718
61,62 -16.95 0.600 (86-105)∗ -16.81 0.701 124-130 -16.83 0.703
63 -16.92 0.600 106-112 -16.82 0.706 131-156 -16.59 0.668

(64-76)∗ -16.92 0.834 113-120 -16.82 0.708 157-159 -16.58 0.668
(77-86)∗ -16.82 0.735 121-134 -16.67 0.685 69 72,73 -17.04 0.881
(87-91)∗ -16.75 0.702 135-150 -16.48 0.662 74,75 -17.00 0.708
(92-101)∗ -16.75 0.699 65 65,66 -17.02 0.826 (76-85)∗ -16.99 0.820
102-119 -16.79 0.708 67,68 -17.00 0.826 (86-95)∗ -16.91 0.720
120-130 -16.61 0.684 69,70 -16.99 0.826 (96-110)∗ -16.90 0.712
131-141 -16.42 0.663 (71-76)∗ -16.99 0.930 111-124 -16.92 0.719

61 59,60 -16.99 0.600 (77-85)∗ -16.91 0.767 125-131 -16.85 0.705
61,62 -16.97 0.600 (86-103)∗ -16.82 0.699 132-157 -16.60 0.668
63,64 -16.95 0.600 (104-106)∗ -16.82 0.702 158-161 -16.59 0.668

(65-77)∗ -16.93 0.840 107-115 -16.85 0.711 70 73,74 -17.04 0.778
(78-85)∗ -16.84 0.745 116-121 -16.83 0.709 75 -17.01 0.642
(86-102)∗ -16.75 0.695 122-134 -16.68 0.686 76,77 -17.00 0.786
103-105 -16.79 0.705 135-153 -16.52 0.665 (78-87)∗ -17.00 0.813
106-118 -16.79 0.707 66 67,68 -17.02 0.826 (88-108)∗ -16.91 0.711
119-128 -16.62 0.684 69,70 -17.01 0.826 (109-111)∗ -16.90 0.711
129-144 -16.43 0.662 71 -16.99 0.826 112-123 -16.93 0.720
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70 124-131 -16.860.705 76 (96-100)∗ -17.020.743 81 160-165 -16.850.686
132-164 -16.650.672 (101-120)∗ -16.980.720 176-185 -16.950.694

71 75 -17.030.603 121-136 -16.920.706 186-188 -16.960.694
76-78 -17.030.910 137-142 -16.720.671 82 93-95 -17.140.845

(79-88)∗ -17.000.797 143-152 -16.720.672 (96-106)∗ -17.110.786
(89-113)∗ -16.930.717 153-163 -16.730.674 (107-133)∗ -17.020.716
114-124 -16.950.723 164-166 -17.020.705 134-143 -17.000.712
125-130 -16.870.706 167-170 -17.030.705 144-159 -16.860.685
131-163 -16.660.672 171-177 -16.800.683 160-165 -16.870.687
164-166 -16.650.672 77 85,86 -17.090.845 166-188 -16.860.685

72 77-80 -17.030.845 (87-94)∗ -17.060.780 189-191 -16.860.684
(81-93)∗ -17.000.770 (95-105)∗ -17.020.740 83 95,96 -17.140.845
(94-116)∗ -16.940.718 (106-122)∗ -16.980.718 97-100 -17.150.845
117,118 -16.950.721 123-138 -16.930.706 (101-113)∗ -17.080.747
119-131 -16.880.706 139-143 -16.730.671 (114-135)∗ -17.030.717

132-134,148-152-16.680.672 144-150 -16.730.672 136-140 -17.010.713
135-147,153-164-16.670.672 151-167 -16.810.683 141-154 -16.880.686

165-168 -16.780.683 168-179 -16.770.680 155-193 -16.860.684
73 78,79 -17.050.845 78 87 -17.100.845 84 97-98 -17.160.845

80,81 -17.040.845 (88-97)∗ -17.080.798 99-101 -17.170.845
(82-93)∗ -17.010.772 (98-105)∗ -17.050.755 102,103 -17.180.845
(94-117)∗ -16.950.719 (106-124)∗ -16.990.718 (104-115)∗ -17.100.751

118 -16.890.704 125-140 -16.940.706 (116-136)∗ -17.040.717
119-133 -16.890.706 141-150 -16.740.671 137-140 -16.900.685
134-136 -16.900.706 151-166 -16.820.683 141-152 -16.900.686
137-160 -16.680.672 167-182 -16.760.678 153-156 -16.900.687
161-167 -16.790.683 79 88,89 -17.110.845 157-171 -16.900.688
168-170 -16.790.684 (90-98)∗ -17.090.801 172-193 -16.890.686

74 80-83 -17.060.845 (99-106)∗ -17.060.759 194,195 -16.890.685
(84-96)∗ -17.020.762 (107-126)∗ -16.990.715 85 99,100 -17.180.845
(97-118)∗ -16.970.723 127-136 -16.970.711 101-103 -17.190.845
119-134 -16.900.706 137-164,171-184-16.830.684 104,105 -17.200.845
135-152 -16.700.672 165-170 -16.840.686 106,107 -17.210.845
153-162 -16.700.673 80 90 -17.120.845 (108-116)∗ -17.110.751
163-173 -16.900.693 (91-103)∗ -17.090.783 (117-138)∗ -17.050.718

75 81-84 -17.070.845 (104-111)∗ -17.050.743 139-149 -16.910.685
(85-97)∗ -17.030.766 (112-130)∗ -16.990.713 150-154,194-197 -16.910.686
(98-102)∗ -16.970.716 131-139 -16.980.711 155-188 -16.910.688
(103-119)∗ -16.970.721 140-163,168-186-16.840.684 189-193 -16.920.688
120-136 -16.910.706 164-167 -16.850.686 86 100-102 -17.200.845
137-151 -16.710.672 81 92-94 -17.130.845 103-105 -17.210.845
152-161 -16.710.673 (95-106)∗ -17.080.765 106-108 -17.220.845
162-175 -16.880.691 (107-131)∗ -17.010.716 (109-120)∗ -17.130.753

76 83-85 -17.080.845 132-140 -16.990.712 (121-125,132)∗ -17.020.700
(86-95)∗ -17.060.795 141-159,166-175-16.850.685 (126-131,133-142)∗ -17.020.706
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86 143-152 -16.92 0.684 89 182-189 -16.90 0.684 92 190,191 -16.99 0.690

153-162 -16.93 0.688 190-192 -16.90 0.683 192-194 -16.99 0.689
163-189 -16.92 0.688 193-197 -16.90 0.682 195-197 -16.99 0.688
190-193 -16.92 0.687 198-202 -16.90 0.681 198-201 -16.99 0.687
194-197 -16.92 0.686 203-206 -16.90 0.680 202-205 -16.99 0.686
198-200 -16.92 0.685 90 108-113 -17.25 0.830 206-209,212 -16.99 0.685

87 102-106 -17.20 0.845 114,115 -17.26 0.830 210,211,213 -16.99 0.684
107-109 -17.23 0.845 116,117 -17.27 0.830 93 113-118 -17.25 0.800

110 -17.24 0.845 118 -17.29 0.834 119-123 -17.26 0.800
111 -17.25 0.845 (119-126)∗ -17.16 0.751 124-126 -17.27 0.800

(112-117)∗ -17.14 0.759 (127-148)∗ -17.05 0.700 127 -17.28 0.800
(118-129)∗ -17.09 0.728 149-154,172-176 -17.06 0.702 128,129 -17.29 0.800
(130-145)∗ -17.01 0.700 155-171 -17.06 0.703 130,131 -17.31 0.800
146-153 -16.95 0.688 177-181 -17.07 0.703 (132-140,146-151)∗ -17.09 0.700
154-163 -16.95 0.690 182-189 -16.92 0.685 (141-145)∗ -17.10 0.701
164-189 -16.95 0.691 190-192 -16.92 0.684 152-155 -17.09 0.701
190-192 -16.90 0.685 193-196 -16.92 0.683 156-186 -17.10 0.705
193-195 -16.90 0.684 197-202 -16.92 0.682 187-189 -17.00 0.691

196-199,201 -16.90 0.683 203-205 -16.92 0.681 190-192 -17.00 0.690
200,202 -16.90 0.682 206-209 -16.92 0.680 193-195 -17.00 0.689

88 104-107 -17.23 0.845 91 109-115 -17.26 0.830 196-199 -17.00 0.688
108,109 -17.24 0.845 116,117 -17.27 0.830 200-203 -17.00 0.687
110,111 -17.25 0.845 118,119 -17.29 0.834 204-206 -17.00 0.686
112,113 -17.26 0.845 120 -17.30 0.832 207-212 -17.00 0.685

(114-120)∗ -17.15 0.755 (121-129)∗ -17.17 0.751 213-215 -17.00 0.684
(121-130)∗ -17.10 0.728 (130-149)∗ -17.06 0.699 94 115-119 -17.26 0.801
(131-146)∗ -17.02 0.699 150-155,177-187 -17.07 0.702 120-123 -17.27 0.801
147-153 -16.96 0.687 156-166,169-175 -17.07 0.703 124-127 -17.28 0.800
154-160 -16.96 0.689 167,168 -17.07 0.704 128,129 -17.30 0.803
161-164 -16.96 0.690 188-190 -16.93 0.685 130,131 -17.31 0.800
165-189 -16.96 0.691 191-193 -16.93 0.684 132,133 -17.33 0.800
190,191 -16.92 0.686 194-196 -16.93 0.683 (134-153)∗ -17.11 0.701
192-195 -16.92 0.685 197-203 -16.93 0.682 154-158 -17.10 0.701
196-199 -16.92 0.684 204-209 -16.93 0.681 159-187 -17.11 0.705
200-202 -16.92 0.683 210,211 -16.93 0.680 188,189 -17.00 0.690
203,204 -16.92 0.682 92 111-117 -17.27 0.827 190-192 -17.00 0.689

89 106-111 -17.24 0.834 118-121 -17.28 0.820 193-195 -17.00 0.688
112,113 -17.26 0.845 122,123 -17.31 0.830 196-199 -17.00 0.687

114 -17.27 0.845 124 -17.31 0.820 200-203 -17.00 0.686
115 -17.28 0.845 (125-128,134-137)∗ -17.09 0.704 204-207 -17.00 0.685
116 -17.29 0.845 (129-133)∗ -17.09 0.707 208-215 -17.00 0.684

(117-127)∗ -17.15 0.749 (138-150)∗ -17.08 0.700 216-218 -17.00 0.683
(128-147)∗ -17.04 0.701 151-154 -17.08 0.701 95 117-123 -17.27 0.800
148-169 -17.05 0.703 155-185 -17.08 0.703 124-127 -17.28 0.800
170-181 -16.96 0.690 186-189 -16.99 0.691 128,129 -17.29 0.800
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95 130,131 -17.31 0.800 97 193,194 -17.03 0.689 99 217-226,228,229 -17.05 0.684

132,133 -17.33 0.800 195-197 -17.03 0.688 100 126-129 -17.32 0.802
134,135 -17.35 0.800 198-201 -17.03 0.687 130,131 -17.34 0.802

(136-150)∗ -17.12 0.700 202-205 -17.03 0.686 132,133 -17.35 0.802
(151-154)∗ -17.13 0.704 206-210 -17.03 0.685 134,135 -17.37 0.802
155-185 -17.14 0.709 211-220 -17.03 0.684 136,137 -17.39 0.804
186-188 -17.01 0.691 221-224 -17.04 0.684 138,139 -17.41 0.805
189,190 -17.01 0.690 98 123-127 -17.30 0.800 140,141 -17.43 0.807
191-193 -17.01 0.689 128,129 -17.31 0.800 (142-154)∗ -17.21 0.710
194-197 -17.01 0.688 130,131 -17.33 0.803 (155-160)∗ -17.22 0.714
198-200 -17.01 0.687 132,133 -17.35 0.805 161-166 -17.18 0.706
201-204 -17.01 0.686 134,135 -17.37 0.806 167-170 -17.18 0.709
205-208 -17.01 0.685 136,137 -17.39 0.807 171-186 -17.18 0.710
209-217 -17.01 0.684 138 -17.38 0.800 187-189 -17.05 0.690
218-220 -17.01 0.683 (139-153)∗ -17.18 0.707 190-192 -17.05 0.689

96 119-124 -17.28 0.800 (154-158)∗ -17.18 0.709 193-195 -17.05 0.688
125-129 -17.29 0.800 159-165 -17.17 0.709 196-198 -17.05 0.687
130,131 -17.32 0.801 166-187 -17.17 0.710 199-201 -17.05 0.686
132,133 -17.34 0.803 188-190 -17.05 0.692 202-207 -17.05 0.685
134,135 -17.36 0.803 191-193 -17.05 0.691 208-218,227 -17.05 0.684

136 -17.37 0.800 194,195 -17.05 0.690 219-226,228-231 -17.07 0.685
(137,154-156)∗ -17.15 0.707 196-198 -17.05 0.689 101 128,129 -17.33 0.800

(138-153)∗ -17.15 0.705 199-201 -17.05 0.688 130,131 -17.34 0.800
157-186 -17.15 0.709 202-205 -17.04 0.686 132,133 -17.36 0.803
187-189 -17.02 0.691 206-211 -17.04 0.685 134,135 -17.37 0.801
190,191 -17.02 0.690 212-227 -17.04 0.684 136,137 -17.39 0.803
192-194 -17.02 0.689 99 125-129 -17.31 0.800 138,139 -17.40 0.801
195-197 -17.02 0.688 130,131 -17.33 0.800 140,141 -17.42 0.802
198-200 -17.02 0.687 132 -17.34 0.800 142,143 -17.44 0.803
201-204 -17.02 0.686 133,134 -17.35 0.800 (144-155)∗ -17.22 0.710
205-208 -17.02 0.685 135,136 -17.37 0.801 (156-161)∗ -17.22 0.712
209-217 -17.02 0.684 137,138 -17.39 0.802 162-166 -17.21 0.711
218-222 -17.02 0.683 139,140 -17.42 0.807 167-186 -17.21 0.714

97 121-127 -17.29 0.800 (141-154)∗ -17.19 0.707 187-189 -17.07 0.692
128,129 -17.30 0.800 (155-159)∗ -17.19 0.709 190,191 -17.07 0.691
130,131 -17.32 0.801 160-166 -17.18 0.709 192,193 -17.07 0.690
132,133 -17.34 0.802 167-180 -17.18 0.711 194-196 -17.07 0.689
134,135 -17.36 0.803 181-187 -17.05 0.692 197-199 -17.07 0.688
136,137 -17.38 0.803 188-191 -17.05 0.691 200-203 -17.07 0.687

(138,155-157)∗ -17.16 0.707 192,193 -17.05 0.690 204-211 -17.07 0.686
(139-154)∗ -17.17 0.708 194,195 -17.05 0.689 212-220,227-233 -17.07 0.685
158-166 -17.16 0.709 196-199 -17.05 0.688 221-226 -17.07 0.684
167-186 -17.15 0.709 200-202 -17.05 0.687 102 130,131 -17.35 0.802
187-189 -17.03 0.691 203-207 -17.05 0.686 132,133 -17.36 0.800
190-192 -17.03 0.690 208-216,227 -17.05 0.685 134,135 -17.38 0.802
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Z N α(0) aa Z N α(0) aa Z N α(0) aa
102 136,137 -17.39 0.800 104 165-167 -17.26 0.716 107 144,145 -17.46 0.800

138,139 -17.40 0.800 168-187 -17.26 0.719 146,147 -17.47 0.800
140,141 -17.42 0.800 188-191 -17.09 0.690 148,149 -17.49 0.802
142,143 -17.44 0.802 192,193 -17.09 0.689 150,151 -17.50 0.800
144,145 -17.45 0.800 194-196 -17.09 0.688 152 -17.51 0.800

(146-162)∗ -17.27 0.723 197-199 -17.09 0.687 (153-168)∗ -17.33 0.729
163-167 -17.22 0.711 200-205 -17.09 0.686 169 -17.30 0.721
168-182 -17.22 0.714 206-216,227 -17.09 0.685 170-182 -17.30 0.723
183-188 -17.07 0.691 217-226 -17.09 0.684 183-192 -17.12 0.690
189,190 -17.07 0.690 228-235 -17.09 0.684 193-195 -17.12 0.689
191-193 -17.07 0.689 105 136,137 -17.40 0.800 196-198 -17.12 0.688
194,195 -17.07 0.688 138,139 -17.41 0.800 199-203 -17.12 0.687
196-199 -17.07 0.687 140,141 -17.43 0.802 204-211,226 -17.12 0.686
200-203 -17.07 0.686 142,143 -17.44 0.800 212-225,227-232 -17.12 0.685
204-212 -17.07 0.685 144,145 -17.45 0.800 108 142,143 -17.45 0.802
213-236 -17.07 0.684 146,147 -17.47 0.801 144,145 -17.46 0.800

103 132,133 -17.37 0.803 148,149 -17.49 0.803 146,147 -17.48 0.802
134,135 -17.38 0.803 (150-165)∗ -17.30 0.725 148,149 -17.49 0.802
136,137 -17.39 0.800 166,167 -17.27 0.717 150,151 -17.50 0.800
138,139 -17.41 0.803 168-186 -17.27 0.720 152,153 -17.52 0.802
140,141 -17.42 0.800 187-191 -17.10 0.690 154 -17.53 0.802
142,143 -17.44 0.803 192-194 -17.10 0.689 (155-169)∗ -17.33 0.727
144,145 -17.45 0.800 195-197 -17.10 0.688 170-183 -17.32 0.725
146,147 -17.47 0.802 198-201 -17.10 0.687 184-193 -17.13 0.690

(148-163)∗ -17.27 0.721 202-208 -17.10 0.686 194-195 -17.13 0.689
164-166 -17.25 0.716 209-218,227-234 -17.10 0.685 196-199 -17.13 0.688
167-170 -17.24 0.716 219-226 -17.10 0.684 200-203 -17.13 0.687
171-188 -17.24 0.717 106 138,139 -17.42 0.800 204-218,220-223,225-226 -17.13 0.686
189-190 -17.08 0.690 140,141 -17.43 0.800 219-224,227-231 -17.13 0.685
191-193 -17.08 0.689 142,143 -17.44 0.800 109 144,145 -17.47 0.803
194-196 -17.08 0.688 144,145 -17.46 0.802 146,147 -17.48 0.803
197-199 -17.08 0.687 146,147 -17.47 0.800 148,149 -17.49 0.802
200-205 -17.08 0.686 148,149 -17.49 0.802 150,151 -17.51 0.803

206-215,227 -17.08 0.685 150,151 -17.50 0.800 152,153 -17.52 0.803
216-226 -17.08 0.684 (152-165)∗ -17.33 0.731 154 -17.53 0.803
228-236 -17.08 0.684 (166-167)∗ -17.33 0.731 155 -17.34 0.724

104 134,135 -17.39 0.804 168-186 -17.29 0.722 (156-162)∗ -17.34 0.727
136,137 -17.40 0.804 187-191 -17.11 0.690 (163-170)∗ -17.33 0.726
138,139 -17.41 0.801 192-194 -17.11 0.689 171-183 -17.33 0.726
140,141 -17.43 0.804 195-197 -17.11 0.688 184-194 -17.14 0.690
142,143 -17.44 0.801 198-201 -17.11 0.687 195-197 -17.14 0.689
144,145 -17.46 0.804 202-209 -17.11 0.686 198-200 -17.14 0.688
146,147 -17.47 0.801 210-233 -17.11 0.685 201-209 -17.14 0.687

148 -17.48 0.801 107 140,141 -17.43 0.800 210-218,222-227 -17.14 0.686
(149-164)∗ -17.30 0.727 142,143 -17.45 0.802 219-221 -17.15 0.688
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Z N α(0) aa Z N α(0) aa
109 228-230 -17.14 0.685 113 198-201 -17.18 0.689
110 146,147 -17.48 0.800 202-221 -17.18 0.688

148,149 -17.49 0.800 222-226 -17.18 0.687
150,151 -17.50 0.800 114 155-170 -17.39 0.730
152,153 -17.52 0.802 (171-175)∗ -17.35 0.722
154-156 -17.35 0.725 176-182,188-190 -17.38 0.729

(157-164)∗ -17.35 0.728 183-187 -17.38 0.730
(165-172)∗ -17.34 0.727 191-197 -17.19 0.690
173-187 -17.34 0.727 198-201 -17.19 0.689
188-194 -17.15 0.690 202-221 -17.19 0.688
195-197 -17.15 0.689 222-225 -17.19 0.687
198-201 -17.15 0.688 115 157-171 -17.40 0.731

202-211,218-223 -17.15 0.687 (172-176)∗ -17.35 0.720
212-217,224-227 -17.15 0.686 177-181 -17.39 0.730

228,229 -17.15 0.685 182-189 -17.39 0.731
111 148,149 -17.49 0.800 190-197 -17.20 0.690

150,151 -17.51 0.804 198-215 -17.20 0.689
152 -17.51 0.800 216-224 -17.20 0.688

153-160 -17.36 0.726 116 159-167 -17.41 0.731
(161-164)∗ -17.37 0.733 168-172 -17.41 0.733
(165-172)∗ -17.35 0.728 (173-176)∗ -17.42 0.740
173-183 -17.35 0.727 177-179 -17.41 0.733
184-188 -17.16 0.689 180-189 -17.40 0.732
189-197 -17.16 0.690 190-197 -17.21 0.690
198-207 -17.16 0.688 198-219 -17.21 0.689
208-225 -17.16 0.687 220-223 -17.21 0.688
226-228 -17.16 0.686 117 161-171 -17.42 0.733

112 150,151 -17.51 0.802 172,173,176 -17.42 0.735
152-164 -17.37 0.726 (174,175)∗ -17.42 0.739

(165-173)∗ -17.35 0.726 177-181 -17.41 0.733
174-188 -17.36 0.728 182-189 -17.41 0.734
189-195 -17.17 0.690 190-198 -17.22 0.690
196-199 -17.17 0.689 199-222 -17.22 0.689
200-213 -17.17 0.688 118 163-174,176 -17.44 0.739
214-224 -17.17 0.687 (175)∗ -17.42 0.739
225-227 -17.17 0.686 177-181 -17.43 0.737

113 153-164 -17.38 0.728 182-188 -17.42 0.736
165-169 -17.37 0.727 189-194 -17.23 0.690

(170-174)∗ -17.35 0.724 195-197 -17.23 0.687
175-188 -17.37 0.729 198-221 -17.23 0.689
189-197 -17.18 0.690
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Chapter 4

Decay of the hot and rotating

compund nucleus 48Cr at E∗CN ≈60

MeV

4.1 Introduction

The compound nucleus 48Cr∗ is produced in a symmetric 24Mg+24Mg [1] as well as very

asymmetric 36Ar+12C reaction [2], using different center-of-mass energies (Ec.m.=44.4 and

47.0 MeV, respectively), such that the excitation energy E∗CN (= 59.4 and 59.5 MeV, re-

specively) is nearly the same. This nucleus offers as an ideal example for studying the

entrance-channel effects, since it belongs to the well established mass region 40≤ACN ≤80

of fusion-fission phenomenon, and has also the observed data showing additional non-

statistical reaction mechanisms, like the resonances, deep-inelastic or orbiting processess

associated with such effects [3],[4]. According to the independence hypothesis of Bohr

[5], the excitation process leaves the compound nucleus (formed with fixed angular mo-

mentum and excitation energy) in a sufficiently complex state that the subsequent decay

is statistical and independent of the formation process. The statistical model analysis

in terms of the transition-state model (TSM) [6], applied to the above mentioned data,

shows [1],[2] that the mass and kinetic energy distributions are better reproduced for the

symmetric-channel 24Mg+24Mg than that for the asymmetric-channel 36Ar+12C. For the
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asymmetric channel, the calculated mass asymmetry is lower than that of the data, possi-

bly due to the non-statistical processes. The entrance-channel effects are also found to be

present in heavy compound systems (ACN ∼160) [7]-[10], which are understood in terms

of the increased fusion/ formation times for more symmetric channels due to the added

nuclear dissipative effects in the calculations [11],[12].
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Figure 4.1: The scattering potential for the decay 48Cr∗ →42Sc+6Li at temperature
T=3.43 MeV and different l-values.

In this work, we study for the first time the entrance channel effects in the decay

of 48Cr∗, formed via the symmetric and very asymmetric entrance channels, using the

dynamical cluster-decay model (DCM) of Gupta and collaborators [13]-[19]. Another

interest of this study is the extension of the application of DCM to the decay of a fur-

ther lighter compound nucleus; the lightest compound system studied so far on DCM is

56Ni∗. Light compound nuclei formed in low-energy (E/A ≤ 10 MeV/nucleon) heavy-ion

reactions are highly excited and carry large angular momenta. The compound systems
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Figure 4.2: Fragmentation potential for the decay of 48Cr∗ at T=3.43 MeV, R = Ct +∆R
(∆R=1.10 fm), and at different l-values.

so formed decay by emitting multiple light particles (n, p, α) and γ-rays,. For light

compound systems with ACN≤40, the light-particles (LP) emission is always accompa-

nied by intermediate mass fragments, the IMFs (with 2 < Z < 10 and 5≤A≤20), whose

contribution, though small of the order of 5-10%, is to be included in the compound

nucleus fusion cross sections. The temperature and spin dependent potentials must also

be mass-asymmetry dependent. Therefore, the structure effects of the compound system

also become important. DCM is a decent dynamical treatment to the decay of hot and

rotating compound nuclei. It is based on a collective clusterization process for emissions

of the LPs, as well as the IMFs, in contrast to the statistical models in which both type

of emissions are treated on different footings. Moreover, the structure effect of compound
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nucleus is also included via the preformation of the fragments with relative probabilities,

before penetrating the interaction barrier, an useful information which is missing in the

statistical fission models.
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Figure 4.3: The summed up preformation probability P0 for the LPs and IMFs, shown
as a function of l (h̄) for the decay of compound system 48Cr∗ formed in the symmetric
24Mg+24Mg channel.

Like 56Ni∗, 48Cr is also a negative Q-value (Qout) system and would decay only if it is

produced in heavy ion reactions with enough compound nucleus excitation energy, such

that

E∗
CN =| Qout(T ) | +TKE(T ) + TXE(T ). (4.1)

Here E∗
CN = Ec.m. + Qin and, TXE(T ) and TKE(T ) are the total excitation energy and

total kinetic energy of the decay fragments, respectively. Such a distribution of E∗
CN is

shown in Fig. 4.1. The Q-value of the entrance (incoming) channel Qin=15.0 and 12.5
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Figure 4.4: Same as for Fig. 4.3, but for penetration probability P.

MeV, respectively, for 24Mg+24Mg and 36Ar+12C reactions. The temperature T=3.43

MeV for the two reactions, obtained by using the expression given by eq. 2.19. Experi-

mental data for both the symmetric (24Mg+24Mg) and asymmetric (36Ar+12C) reactions

are available for both the LPs and IMFs mass yields and average TKE [1],[2]. The LP and

IMF emission cross section, estimated in these experiments, are respectively 1065±65 mb

and 150 mb for 24Mg+24Mg reaction, and 1215±67 mb and 25 mb for 36Ar+12C reaction.

The total fusion cross section is then the sum of this cross section due to the LP emission

and the fission-like IMF emission cross section.

The decay of compound nucleus 48Cr∗ formed in 24Mg+24Mg and 36Ar+12C reactions

is presented in section 4.2. The idea of the calculations is to look for the entrance-channel

effects, if any. However, role of angular momentum in the decay of light mass compound

nucleus 48Cr∗ is also investigated explicitly. The calculations to study the decay of this
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light mass compound nucleus are done with spherical considerations for the decaying

fragments in the reaction process, for both the reactions. Our results are summarized in

the Section 4.3.

0 8 16 24 32 40 48
10-20

10-15

10-10

10-5

100

28

26

15
0

 ( )

T=3.43 MeV
R= 1.10 fm

48Cr*--->A
1
+A

2

Pr
ef

or
m

at
io

n 
Pr

ob
ab

ili
ty

 P
o

Fragment mass A
2

Figure 4.5: Preformation probability P0 as a function of fragment mass Ai for the decay
of 48Cr∗, calculated by using the fragmentation potential of Fig. 4.2.

4.2 Calculations

The total or critical angular momentum of the compound system formed depends on

the entrance-channel mass asymmetry ηin and the entrance-channel c.m. energy Ec.m.

(Eq. 2.68), which are different for the symmetric and asymmetric entrance-channels so as

to obtain nearly the same compound nucleus excitation energy E∗CN . For 48Cr∗ system,

lc=28 and 26h̄, respectively, for the symmetric 24Mg+24Mg and asymmetric 36Ar+12C
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Figure 4.6: Penetration probability P as a function of fragment mass A2 for the decay of
48Cr∗.

entrance-channels.

Fig. 4.2 gives the calculated fragmentation potential for the decay of 48Cr∗ into various

mass fragments (LPs and IMFs) at T=3.43 MeV of the experimental data, and different l-

values. We notice that the structure of the potential energy surface does not change much

in going from l=26 (the lc-value for 36Ar+12C) to 28h̄ (the lc-value for 24Mg+24Mg), even

though the characteristic behaviour of the fragmentation potential for LPs and IMFs are

different at the lower versus higher l-values. At lower l-values, the LPs are energetically

more favourable (lower in energy), whereas the same is true of IMFs at higher l-values.

This result is further illustrated in Figs. 4.3 and 4.4, respectively, for the summed up

preformation probability P0 and penetration probability P, for the case of lc=28h̄. The
∑

P0 is larger for LPs at lower l’s whereas it is larger for IMFs at higher l’s. The
∑

P ,
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Figure 4.7: The (decay) barrier heights for the decay of 48Cr∗ into various fragments (LPs
and IMFs), calculated at different l-values.

however, becomes larger for IMFs only for l >26h̄, the lc-value for the symmetric-channel

case.

The calculated P0 as a function of fragment mass is shown in Fig. 4.5 for different

l-values. Comparing Figs. 4.3 and 4.5, we notice that, though the summed up P0 does not

change much, its magnitude as a function of fragment mass shows a considerable change,

for both the LPs and heavy mass fragments (20 ≤ A2 ≤ 24), when l-value is changed

by two units in the neighbourhood of lc. However, these results of the entrance-channel

effects in P0 are contrary to the behaviour presented by penetrability P in Fig. 4.6, i.e.,

the P (A2) does not change much by changing lc by two units. In the following, we look

for the consequences of these results for the cross-sections.
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In Fig. 4.7, we have plotted the (decay) barrier heights VB(A2, l) for 48Cr∗. We

find that, in agreement with the earlier fission barrier calculations of Royer [20], for low

spins the VB decreases, and hence the decay probability increases, with the increase

of mass asymmetry (i.e. for LPs), whereas the same for higher spins increases with

the increase of mass asymmetry. Interestingly, this result remains the same for lc=26

and 28h̄, i.e. is independent of whether the compound nucleus 48Cr∗ is formed from

symmetric 24Mg+24Mg or asymmetric 36Ar+12C channel. Figure 4.8 shows the calculated

cross-sections for the decay of compound nucleus 48Cr∗, formed via the two entrance-

channels 24Mg+24Mg and 36Ar+12C, into the LPs, the σLP (equivalently, σevr in the
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Figure 4.9: Variation of P0 with `, for both the LPs and even-A,N = Z IMFs, using the
fragmentation potentials in Fig. 4.2.

language of statistical model), and IMFs, σIMF , and their sum, the total cross-section

σTotal. The summed up cross-sections for l = lmax are also shown here as a legend, where

LPs=1-4 and IMFs=5-24. The following results are evident: (i) As expected, the lower l-

values contribute only towards σLP and at higher l-values the fission-like σIMF also starts

to contribute. (ii) The σLP becomes zero at the same lmax=25h̄ for the two entrance

channels, a few units lower than the lc-values. This result is a first clear signature of the

independence of entrance-channel effects. In view of this result, we have presented our

results in this figure up to lmax only, and in the following also we sum up the angular

momentum l-values up to lmax, instead of lc.

Figure 4.9 shows the variation of P0 with ` for the energetically favored LPs and the

even-A, N = Z IMFs (the contribution of the energetically unfavored odd-A IMFs being

small at all `
′
s. We notice that, whereas P0 decreases for LPs with an increase of `, it
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Figure 4.10: Variation of P with `, for both the LPs and even-A,N = Z IMFs, using the
scattering potentials of Fig. 4.1. For protons, there is no barrier at any ` value and hence
P = 1.

increases for IMFs as ` increases and then starts to decrease at a large ` value. P0(`)

shows that the behavior of all LPs is different from that of the IMFs. Also, for heavier

IMFs (A≥16), P0 is almost zero for `≤20 h̄. The P0 for all the LPs becomes zero at the

`=25h̄. In Fig. 4.10 (P as a function of `), the P
′
s for LPs are also large. P = 1 for

proton emission since there is no barrier corresponding to all `-values. But for `≤15 h̄

the penetrabilities are nearly zero for all IMFs. Thus, for the penetrability P also, the

behavior of LPs differs from those of the IMFs. These results for the cross sections (Fig.

4.8) means that the lower ` values contribute mostly to the LP cross section σLP and that

the higher ` values (`>20 h̄) contribute to the fission-like IMFs production cross section

σIMF , also evident from the (decay) barrier heights VB(A2, l) (Fig. 4.7).

Table 4.1 shows the lmax-summed up results of our calculated σLP , σIMF and σTotal,
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compared with the experimental data [1, 2] and the transition-state model (TSM) cal-

culations [1, 2] for the two entrance-channels. Here, we take for LPs, the A2=1-4 (as

above), and for IMFs, as observed in experiments, A2=6-24 and their complimentary

heavy fragments. For asymmetric-channel 36Ar+12C, the A2=8 is not observed and hence

is not included here too. Also presented in Table 4.1 are the results of another calculation

where Ra(η) or ∆R(η) are calculated from Qeff (see Fig. 4.11 for Ra(A2)). We find in

Table 4.1 that the fits for DCM are of the same quality as for TSM, and it is nearly

difficult to choose between the ∆R and ∆R(η) results for DCM, though the constant ∆R

seems to work better on the whole. Another important result that follows from Table

4.1 is that the differences in the numbers for all the three cross-sections due to the two
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Table 4.1: The decay cross-sections for LPs (A2=1-4), IMFs (as observed in experi-
ments, i.e., A2=6-24 and their complimentary heavy fragments, excluding A2=8 in case
of asymmetric-channel) and the Total, calculated on DCM for ∆R=1.10 and ∆R(η) (in
fm) for lmax=25h̄ and compared with TSM calculations and experiment data [1, 2].

Reaction σLP (mb) σIMF (mb) σTotal(mb)

DCM TSM Expt. DCM TSM Expt. DCM TSM Expt.

∆R ∆R(η) ∆R ∆R(η) ∆R ∆R(η)

24Mg+24Mg 1247 789 1100 1065±65 135 46 132† 150 1382 835 1232 1215±65

36Ar+12C 1179 746 970 1215±67 119 12 30 25†† 1298 758 1000 1240±67

† This number is stated to be 112 mb in [1], but from their Fig. 6, we get it as 132 mb.
†† Determined from Fig. 4 of [2].

entrance-channels are very small, and are of the same order as in experiments. Note that

the large differences in the case of IMFs are due the fact that different fragments are ob-

served in the two reactions. In other words, we find a reasonably good entrance-channel

independence for the decay of 48Cr∗ formed in asymmetric or symmetric reactions.

As a further check on the DCM predictions, we have plotted in Figs. 4.12 and 4.13,

the mass spectrum for IMFs, for the two entrance channels 24Mg+24Mg and 36Ar+12C,

respectively, compared with the TSM and experimental data [1, 2]. The data is grouped

in the same way, as in experiments, and the average values plotted. Since the DCM

does not include the non-compound nucleus effects, as expected [18], its results are good

only for light fragments (Z < 9). Also, no effects of secondary light-particle emission are

included in DCM, though these effects are known to be small [2] and are included in TSM

calculations. In Fig. 4.12, 8Be is also included for DCM though it was not accessible in

experiments. Considering all these points and the comparisons in Table 4.1, the DCM

predictions could be termed as in reasonably good agreement with the data. Since 12C

yield is observed to be maximum in both the reactions, we have also attempted to fit this

yield via ∆R, the only parameter in DCM. We get an improved fit for ∆R=1.30 fm, but

then the other cross-sections get over-estimated.
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Figure 4.12: The calculated σIMF on DCM for decay fragments of 48Cr∗ formed in sym-
metric entrance-channel 24Mg+24Mg, compared with the TSM and experimental data.

Finally, the calculated average TKE,

TKE(A2) =
lmax∑

l=0

σl(A2)

σ(A2)
TKE(l, A2);

with σ =
∑

l σl, is compared with the experimental data and TSM results [1, 2] in Fig.

4.14 for both the entrance channels. Apparently, our fits are as good as for TSM, but for

lmax < lc-values, and for the asymmetric-channel for two different lmax-values. However,

this has always been the case for DCM predictions of average TKE [17], not evident why.

4.3 Summary

The entrance channel effects are studied and the dynamical cluster-decay model (DCM)

applied for the first time to the decay of a light compound nucleus 48Cr∗ formed in sym-
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metric 24Mg+24Mg and asymmetric 36Ar+12C reactions, at incident energies Ec.m.=44.4

and 47.0 MeV, respectively, but with same excitation energy E∗
CN ≈60 MeV. The emission

of both the LPs and IMFs is treated on the same footing. Though some of the characteris-

tic quantities of the model do show entrance channel effects, the calculated cross-sections

are found to be entrance-channel independent for the decay of the compound nucleus

48Cr∗.

Both the preformation factor and penetrability, as a function of angular momentum,

behave differently for the LPs and the IMFs. The same result is also evident from the

variation of both σLP and σIMF with angular momentum. The lower ` values contribute

mostly to the LP cross section σLP and that the higher ` values contribute to IMFs

production cross section σIMF .

The calculated decay cross-sections for different fragments (the LPs and IMFs) are

found to contain the complete structure of the experimental data and are in reasonably

good agreement with it, particularly for the IMFs of mass A ≤ 20. The calculated aver-

89



10

20

30

40
(a)

TKE(
max

= 23 )

24Mg+24Mg---> 48Cr*--->A1+A2

E
c.m.

= 44.4 MeV
T=3.43 MeV
R= 1.10 fm

c
= 28

 Expt.
 DCM
 TSM

TK
E 

(M
eV

)

4 6 8 10 12 14 16 18 20 22 24 26
0

10

20

30

(b)

TKE (
max

= 20 )

36Ar+12C---> 48Cr*--->A1+A2

E
c.m.

= 47 MeV
T=3.43 MeV
R= 1.10 fm

c
= 26TKE (

max
= 14 )

Fragment Mass A2

Figure 4.14: The average total kinetic energy TKE, calculated on DCM and compared
with the TSM and experimental data, for the decay of compound system 48Cr∗ formed in
(a) symmetric 24Mg+24Mg and (b) asymmetric 36Ar+12C entrance-channel.

age kinetic energies (TKEs) are also comparable with experimentally measured average

TKEs.

90



Bibliography

[1] A.T. Hasan, S.J. Sanders, K.A. Farrar, F.W. Prosser, B.B. Back, R.R. Betts, M.

Freer, D.J. Henderson, R.V.F. Janssens, A.H. Wuosmaa and A. Szanto de Toledo,

Phys. Rev. C 49 1031 (1994).

[2] K.A. Farrar, S.J. Sanders, A.K. Dummer, A.T. Hasan, F.W. Prosser, B.B. Back,

I.G. Bearden, R.R. Betts, M.P. Carpenter, B. Crowell, M. Freer, D.J. Henderson,

R.V.F. Janssens, T.L. Khoo, T. Lauritsen, Y. Liang, D. Nisius, A.H. Wuosmaa, C.

Beck, R.M. Freeman, Sl. Cavallaro and A. Szanto de Toledo, Phys. Rev. C 54 1249

(1996).

[3] A.H. Wuosmaa, R.W. Zurmühle, P.H. Kutt, S.F. Pate, S. Saini, M.L. Halbert and

D.C. Hensley, Phys. Rev. C 41 2666 (1990).

[4] S.P. Barrow, R.W. Zurmühle, D.R. Benton, Y. Miao, Q. Li, P.H. Kutt, Z. Liu, C.

Lee, N.G. Wimer and J.T. Murgatroyd, Phys. Rev. C 52 3088 (1995).

[5] N. Bohr, Nature (London) 137 344 (1936).

[6] S.J. Sanders, Phys. Rev. C 44 2676 (1991) .

[7] A. Ruckelshausen, R.D. Fischer, W. Kühn, V. Metag, R. Mühlhans, R. Novotny,
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Chapter 5

Role of deformations and

orientations in the 208Pb-daughter

cluster radioactivity

5.1 Introduction

Cluster radioactivity is the spontaneous emission of fragments, heavier than alpha parti-

cles, from heavier nuclei and is an established phenomenon since its theoretical prediction

in the early 1980 [1] and experimental confirmation in 1984 [2]. The ground state cluster

decays of different nuclei in trans-lead region have been observed by many experimen-

tal groups around the world, which include 14C, 18,20O, 22Ne, 23F , 24,26Ne, 28,30Mg and

32,34Si. It is well established that these decays find their origin in the closed shell effects

of daughter nuclei (208Pb or its neighboring nuclei), understood via various theoretical

studies including Preformed Cluster-decay Model (PCM) of Gupta and collaborators [3]-

[5]. It means that the shell structure of the daughter nucleus or the Q-value (B.E.parent -

(B.E.daughter + B.E.cluster)) of the reaction is the key factor in the cluster decay process.

In the present work, we intend to investigate the role of deformation and orientation

of decaying nucleus and emitted fragment(s) in the ground state decay of parent nuclei,

using Preformed Cluster-decay Model (PCM) of Gupta and collaborators. The study

is confined to only those clusters in which daughter formed is always a 208Pb which is
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spherical due to its being a double closed-shell nucleus (Z = 82, N = 126). It is relevant

to mention here that all the parents (222Ra, 226,228Th, 231Pa, 230,232,234U , 236,238Pu and

242Cm) and their respective emitted clusters (14C, 18,20O, 23F , 22,24,26Ne, 28,30Mg and

34Si) in to 208Pb daughter decays considered here are deformed, except for 26Ne and 34Si

which are spherical. Also all parent nuclei are prolate deformed whereas clusters 14C, 23F ,

24Ne, 30Mg are oblate deformed and clusters 18,20O, 22Ne, 28Mg are prolate deformed.

Another interesting point to be noted here is that all the parent nuclei chosen here for

studying cluster decay have almost same N/Z ratio. Experimentally measured decay half

lives are given in the ref. [4] for all the cluster decays studied here.

It is relevant to mention here that the first theoretical study of including deformation

effects of clusters on WKB penetrability have been carried out by Gupta et al [6],[7] using

the double folded Michigan-3 Yukawa (M3Y) potential for a spherical daughter and a

quadrupole deformed emitted cluster. A similar study was carried out later on, account-

ing for the deformation of the daughter nucleus as well as including higher multipole

deformations [8]. However in these studies the effects of orientation degrees of freedom in

the cluster decay process are not included explicitly. Moreover, the empirically calculated

preformation probability P0, used in these works, do not contain the effects of deformation

and orientations of clusters and daughters. In the present study we include all such effects

in the 208Pb-daughter cluster radioactivity.

The Dynamical Cluster-decay Model (DCM) of Gupta and collaborators have been

recently developed successfully, with deformation and orientation effects of nuclei included

in it, for studying the decay of excited compound nucleus ( 6̀=0 and T 6= 0)) formed in

heavy ion reactions [9]. Basically, DCM is an extension of PCM of Gupta et al. [3]-[5]

for studying ground state decays (i.e. `=0 and T=0), which itself is based on the well-

known Quantum Mechanical Fragmentation Theory (QMFT) [10],[11]. PCM is extended

to include deformation and orientation effects of decay fragments [12],[13]. In PCM, we

consider the preformation probability P0 of the decaying fragments and their penetrability

P across the nuclear interaction barrier which, together with the contribution of barrier

assault frequency ν0, allows defining the decay half-life T1/2 as in equation (2.55), or

the decay constant λ, equation (2.54). It has been shown explicitly that the inclusion
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of deformation and orientation effects of the decaying fragments in the fragmentation

potential changes the potential energy surface PES quite significantly. As a consequence

of this the relative preformation probability P0 for all the fragments changes in the ground

state decay of parent nuclei. Similarly, the scattering potential (barrier position as well as

its height) is also modified with deformation and orientation effects of outgoing fragments

thereby affecting tunneling through barrier and penetrability P. We have used the ground

state binding energies and deformation of nuclei as given by Möller-Nix [14]. For the

ground state decay of parent nuclei we have considered optimum orientation for cold

process from reference [15] i.e. deformed daughter and cluster in an elongated, non-

compact configuration.

Section 5.2 gives our calculations for ground state decays of the chosen parent nuclei.

Finally, the results are summarized in Section 5.3.

5.2 Calculations

Figure 5.1 shows the fragmentation potentials for the parent nucleus 232U , for cases of

spherical (β2=0), quadrupole deformations alone (β2), and the quadrupole, octupole,

hexadecapole deformations (β2, β3 and β4) taken into account for all the possible frag-

ments. We find that the inclusion of deformation and orientation effects in the fragmenta-

tion potential change the potential energy surface (PES) quite significantly. As a result,

the relative pre-formation probability P0 for all the fragments changes accordingly. For

example, the observed cluster 24Ne is at the minimum in the fragmentation potential for

only the spherical case. For the case of quadrupole deformations alone (β2 only) 22Ne

and 28Mg are found to compete with 24Ne (but the 22Ne has a smaller penetrability P

in comparison to that for 24Ne). However, the 28Mg seems equally favoured for which

only the upper limit of T1/2 is measured experimentally. But, in case of higher multipole

deformations (β2, β3, β4), clusters other than 24Ne, i.e., 24F and 24O are largely favoured

for the mass A=24 cluster (though these clusters (both 24F and 24O) are prohibited

by penetrability P). Moreover, deeper minima are found corresponding to other clusters

which are not experimentally observed. This anomalous behaviour may be due to the
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deformations (β2, β3 and β4), taken into account for all possible clusters.

use of extrapolated higher multi-pole deformations (the β4-values) from [14], as only the

24Ne cluster decay is so far observed in the ground state decay of 232U . In this study we

have made calculations only for experimentally observed clusters in the 208Pb-daughter

cluster radioactivity. Therefore, due to this anomalous behaviour of higher multipole de-

formation, we will mainly compare our results with the choice of quadrupole deformations

alone (β2) and spherical (β2=0) considerations, except, in one case of 14C cluster decay of

222Ra, where the comparison with measured half life time becomes good only with inclu-

sion of the higher multi-pole deformations. It is relevant to mention here that an earlier

study [8] shows if daughter is spherical then the choice of quadrupole deformations alone

(β2) can reproduce the experimental value without taking into account higher multipole

deformations.
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Figure 5.2 gives the scattering potential for 24Ne cluster decay of 232U , for cases of

each spherical (β2=0), quadrupole deformations alone (β2) and quadrupole, octupole,

hexadecapole deformations (β2, β3 and β4). It shows that the barrier position as well

as height are modified with the inclusion of deformation and orientation effects of the

cluster 24Ne (β2 = -0.215, β3 = 0 and β4 = 0.155). The penetration path is considered to

begin at R=Rt+4R (4R=0 in this case, the only free parameter of the model), which is

different in each case thereby affecting the tunneling penetrability P.

A comparison between measured and calculated log10T1/2-values for the choice of

quadrupole deformations alone (β2) and spherical (β2=0) considerations is shown in Fig-

ure 5.3(a). In Figure 5.3(b) the Q-values of the all observed clusters are plotted as a

function of cluster mass. The structure seen here corresponding to log10T1/2-values in

Figure 5.3(a), emphasizes again the well observed role of shell effects played in the phe-

nomenon of cluster radioactivity. Moreover, the comparison of calculated and measured

values of log10T1/2, for the two choices of deformed and spherical fragments of parent nu-
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Figure 5.3: (a) Comparison of measured values of log10T1/2 for cluster decays 14C, 18,20O,
22Ne, 23F , 24,26Ne, 28,30Mg and 34Si of parents 222Ra, 226,228Th, 230U , 231Pa, 232,234U ,
236,238Pu and 242Cm respectively having daughter 208Pb in each case, with the calculated
log10T1/2 for cases of spherical (β2=0), quadrupole deformations alone (β2) and quadru-
pole, octupole, hexadecapole deformations (β2, β3 and β4). (b) Q-values of the cluster
decays.

clei, points out the important role being played by deformed and oriented nuclei besides

the role of well established shell effects. We observe that for almost all the cluster decays

the comparisons become good with the choice of deformed and oriented nuclei, except

for few heavier cluster decays. The heavier clusters may follow the experimental data

if improved values of hexadecapole deformation β4 are made available. The generalized

orientation considerations may further add to the cause. Table 5.1 and 5.2 summarizes

the above results and characteristic quantities in our calculations for the cluster decay of

parents 222Ra, 226,228Th, 230U , 231Pa, 232,234U , 236,238Pu and 242Cm. The results for all

the three choices are compiled here in these tables i.e. for spherical (β2=0), quadrupole
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Table 5.1: Half-life times and other characteristic quantities for cluster decay of par-
ent nuclei having daughter nuclei 208Pb in each case, using the Preformed Cluster-decay
Model (PCM) of Gupta and collaborators , extended to include deformation and orienta-
tion effects of decaying fragments [12],[13]. The calculations and comparisons have been
made for cases of spherical (β2=0), quadrupole deformations alone (β2) and quadrupole,
octupole, hexadecapole deformations (β2, β3 and β4). The results are compared with
the experimental data given in [4]. The impinging frequency is nearly constant, with
ν∼1021s−1 for each case.

Parent Cluster Ra QM.N. PCM Expt.

Half-lives (log10T1/2) Half-lives

β2 β2,β3,β4 Sph. (log10T1/2)
222Ra 14C Rt+1.26 32.47 15.89 11.20 17.36 11.01
226Th 18O Rt 47.55 20.73 23.00 >15.3
228Th 20O Rt+0.50 45.91 20.40 21.72 20.87
231Pa 23F Rt+0.25 50.81 27.38 09.28 28.73 >24.61
230 U 22Ne Rt 61.69 19.41 01.27 26.15 >18.2
232 U 24Ne Rt 62.03 22.88 11.19 24.04 21.05
234 U 26Ne Rt+0.50 58.65 26.49 16.15 28.00 25.06
236Pu 28Mg Rt 78.75 17.11 24.68 21.67
238Pu 30Mg Rt+0.50 76.82 21.87 32.57 24.77 25.70
242Cm 34Si Rt 95.78 21.47 33.96 23.59 23.24

deformations alone (β2), and the quadrupole, octupole, hexadecapole deformations (β2,

β3 and β4). The experimental results for logT1/2 are given here for comparisons. The

Q-value for each cluster decay is also given here along with the fitted 4R values in few

cases, in remaining cases 4R is zero. One can clearly see here that β2 alone gives decent

comparisons with the experimental data among all the three choices. However, with the

higher multipole deformations (β2-β4) included, the log10T1/2 is underestimated, possibly

due to the in-appropriate calculated β4 values, except in one case of 14C cluster decay

of 222Ra, where the comparison with measured half life time becomes good only with

inclusion of the higher multi-pole deformations. This result have been reported earlier

also [12].
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Table 5.2: The comparisons have been made for the preformation probability P0 and
penetration probability P of clusters in 208Pb daughter cluster radioactive decay of the
parent nuclei calculated using PCM, for the cases of quadrupole deformations alone (β2),
quadrupole, octupole, hexadecapole deformations (β2, β3 and β4) and spherical (β2=0).

Parent Cluster PCM

Preformation Probability P0 Penetration Probability P

β2 β2,β3,β4 Sph. β2 β2,β3,β4 Sph.
222Ra 14C 1.88x10−20 9.16x10−16 6.54x10−22 1.59x10−18 1.59x10−18 1.55x10−18

226Th 18O 3.59x10−23 9.29x10−08 2.42x10−25 1.13x10−20 9.03x10−21

228Th 20O 8.44x10−23 9.99x10−01 4.20x10−24 1.12x10−20 1.06x10−20

231Pa 23F 1.05x10−26 4.13x10−09 3.27x10−27 9.61x10−24 3.06x10−23 1.39x10−24

230 U 22Ne 5.61x10−23 8.52x10−08 2.40x10−28 1.48x10−19 1.36x10−16 6.28x10−21

232 U 24Ne 1.03x10−25 5.51x10−15 8.64x10−26 2.87x10−20 2.63x10−19 2.38x10−21

234 U 26Ne 1.15x10−26 2.52x10−16 3.56x10−28 6.70x10−23 6.70x10−23 6.70x10−23

236Pu 28Mg 6.62x10−22 6.32x10−17 6.56x10−28 2.55x10−18 6.92x10−20

238Pu 30Mg 3.24x10−26 2.55x10−36 2.74x10−28 9.47x10−19 2.42x10−19 1.42x10−19

242Cm 34Si 1.52x10−25 4.94x10−38 1.14x10−27 4.85x10−19 4.85x10−19 4.85x10−19

5.3 Summary

We find that the calculated decay half-lives using the PCM, for the cluster-decay observed

in 208Pb daughter cluster radioactivity process, are in good agreement with the measured

data, with inclusion of deformation and orientation effects. In PCM, both P0 and P are

shown to be modified with the inclusion of deformation and orientation effects. Moreover,

unlike P, the value of P0 is not only affected by the shapes of parent, daughter and

cluster, but also due to the shape of all other possible fragmentations of the decaying

parent. The study clearly points out the role of deformations and orientations in the

cluster radioactive decays. The role of higher multipole deformations (β3,β4), however,

crucial for 14C cluster decay of 222Ra, needs a closer look on extrapolation process of β4

values along with generalization of orientation degree of freedom, before reaching at any

discrete conclusion. In the present study we find that calculated logT1/2 values are in

better agreement with the measured data even for the choice of β2 alone. We notice an

important role played by the deformations and orientations in cluster formation process

besides known shell closure effects.
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Chapter 6

Decay of 246Bk∗ formed in reactions

of 11B+235U and 14N+232Th at low

energies

6.1 Introduction

A compound nucleus (CN) formed in low energy heavy ion reactions, in general, decays by

emitting multiple light particles (n, p, α) and γ-rays resulting in the evaporation residue

(ER) cross section, and is accompanied by a small (5-10%) component of so-called inter-

mediate mass fragments (IMFs) of masses 5≤A≤20 and charges 2 < Z < 10 for both the

light (ACN ∼40-80) and medium mass (ACN >100) compound systems. The production

of IMFs in light compound nuclei is best understood in the extended Hauser-Feshbach

(EHF) formalism of the BUSCO code [1] or the EHF method based on scission-point

picture [2], and in medium mass nuclei as binary decay in the statistical fission model of

Moretto [3]. For the lighter compound nuclei (ACN <80), another fission model [4], called

the saddle-point transition-state model, has also been successfully used. Apparently, in

the above stated formalisms, the emission of light particles (LPs) is calculated within

the Hauser-Feshbach method [5]. Alternatively, in the dynamical cluster-decay model

[6]-[14], Gupta and collaborators treated both the LPs and IMFs on equal footings as the

dynamical collective mass motions of preformed clusters through the barrier. The model
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is applied to both the light and medium mass systems, namely, the 48Cr∗, 56Ni∗ and 116Ba∗

nuclei. In heavier CN (ACN >200), like the 246Bk∗ nucleus studied here, the main decay

mode is (symmetric and near symmetric) fission which in DCM can be considered as an

extreme case of IMFs, the heavier mass fragments (HMFs), observed together with or

without the LPs and IMFs. In other words, all the processes of ER (LPs), IMFs as well

as fission, or a combination of these, or any one of them alone as a dominant mode, can

occur in different mass regions of the Periodic Table. In addition, there can be effects of

non-compound nucleus decays, like the pre-equilibrium fission, quasi-fission (qf) or deep

inelastic collisions (DIC), etc., occuring mostly at higher incident center-of-mass (c.m.)

energies.

The compound nucleus 246Bk∗ formed in 11B+235U and 14N+232Th reaction channels at

sub- and near-barrier energies [15, 16] is highly fissile and decays almost totally by fission.

Thus, fusion cross sections are nearly the same as the measured fission cross sections,

which makes 246Bk∗ an ideal case to study the compound nucleus fusion-fission process in

heavy mass nuclei formed in low energy heavy ion reactions. Furthermore, the measured

fission fragment anisotropies in these experiments [15, 16] show the entrance channel

effects for the anisotropy values of 11B+235U being consistent, but that of 14N+232Th

anomalous, with respect to the statistical saddle-point model [4, 17]. In other words,

a non-compound nucleus component seems to be present in the fusion cross section for

14N+232Th reaction. In this paper, we look for the dynamics of this effect with respect

to different entrance channels of similar mass asymmetry on the basis of the dynamical

cluster-decay model [6]-[14].

The effects of deformations and orientations of decay fragments are included in the

calculations. Application of the model to fusion-fission of 246Bk∗ is discussed in Section

6.2. This is a positive Q-value (Qout) system. Finally, Section 6.3 gives a summary of our

results. Interestingly, in contrast to the results of experiments mentioned above, at higher

incident c.m. energies we find the contributions of quasi-fission process in the decay of

246Bk∗ formed due to 11B+235U rather than due to 14N+232Th incoming channel. In other

words, the calculations on DCM show the decay of 246Bk∗ formed via 14N+232Th reaction

as an almost pure CN decay.
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6.2 Calculations
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Figure 6.1: The fragmentation potential as a function of the light fragment mass A2

for the decay of 246Bk∗, formed in 11B+235U reaction at Ec.m.=70.6 MeV (equivalently,
T=1.45 MeV), calculated at two extreme `-values.

As already mentioned above, fission cross sections for the decay of 246Bk∗, formed

in 11B+235U and 14N+232Th reactions, have been measured [16] at various Ec.m., which

represent the sole contribution to the total fusion cross section (σExpt
fus = σExpt

fiss ). No

contribution due to the emission of LPs (A ≤ 4), IMFs (4 ≤ A ≤ 20) or non-compound

qf processes are explicitly recorded.

Figure 6.1 shows the calculated fragmentation potentials for the decay of 246Bk∗

(formed in 11B+235U reaction at Ec.m.=70.6 MeV or T=1.45 MeV) at two extreme `=0

and `max-values, using quadrupole deformations and optimally oriented hot configurations
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Figure 6.2: Same as for Fig. 6.1, but for the preformation probability P0.

according to Table 1 of Ref. [18]. `max=142h̄ is fixed for σLPs →0 (see Fig. 6.4). We

note that the LPs and IMFs are favored (lower in energy) at `=0, but at higher `-values

the symmetric and near-symmetric fragments become more favored. At `=142h̄, a strong

minima is obtained for symmetric fragments A=116-123, denoted as the symmetric fission

(SF) window of mass ACN/2 ± 7. Also, another minima is seen in the immediate neigh-

bourhood of the SF window, corresponding to heavy mass fragments A=106-110, referred

to as the HMFs window. Thus, a sum of the SF and HMFs windows in Fig. 6.1 gives the

(total) fission of compound nucleus. Since the reported fission cross sections correspond

to assumed symmetric mass division only [16], without actually identifying the fragments,

the presence of a new HMFs window, in addition to the SF window, allows us to look for

the fine- or sub-structure of the fission of 246Bk∗ (see Fig. 6.8).
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Figure 6.3: Same as for Fig. 6.1, but for the penetration probability P.

The above result of a favored asymmetric to a favored symmetric division with increase

in `-value is also depicted in Fig. 6.2 for the preformation factor P0(A2), and in Fig. 6.3 for

the penetration probability P(A2). In Fig. 6.3, we notice that, at higher `-value, P→1 (its

highest value) for the symmetric fragments. P is very small for the emission of LPs, and

also tends to zero for 17B fragment (so also for 18B) which occurs as a strong minimum in

the fragmentation potential of Fig. 6.1 or as a maximum in the preformation probability

of Fig. 6.2. In the following, we shall see that major contribution to fission (equivalently,

fusion) cross section arises from the SF window, and that the HMFs window contributes

to a maximum of ∼ 5% and that too only for the first few higher c.m. (top three) energies.

Furthermore, we shall see that the entrance channel also plays its role in terms of the quasi-

fission contributing, at higher c.m. energies, due to the 11B+235U reaction and not due
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to 14N+232Th reaction. Thus, in our calculations, respectively, for the case of negligible

or zero contributions from LPs and IMFs, σCal
fus = σHMF + σSF + σqf = σCal

fiss + σqf ,

to be compared with experimentally measured σExpt
fus (=σExpt

fiss ). Apparently, the quasi-

fission component is obtained empirically [19] as the difference between the experimentally

measured and our calculated fission comoponents, i.e., σqf = σExpt
fiss − σCal

fiss.
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Figure 6.4: Variation of σA=123, the cross section for symmetric fission fragment of mass
A=123, and the summed up cross section for LPs (A=1-4), the σLPs, as a function of the
angular momentum ` for the decay of 246Bk∗ (formed in 11B+235U reaction at T=1.45
MeV) up to point where σLPs →0.

Figure 6.4 presents the calculated cross section as a function of angular momen-

tum for the LPs (A=1-4 summed) compared with the same for symmetric fragment

A=ACN/2=123 alone, up to `max=142 h̄ where the σLPs(`) goes to zero. We note that

the contribution of light-particles cross section σLPs, summed up to `max (given in the
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braces of the legend), is almost zero compared to the cross section of symmetric fragment

alone.
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Figure 6.5: The `-summed fragment preformation factor P0, the penetrability P and the
decay cross section σ, with summation over ` = `max = 142 h̄, as a function of light mass
fragment A2, for the decay of 246Bk∗.

Figure 6.5 shows the `=`max-summed preformation factors P0, the penetrability P

and the cross section σ, as a function of the light fragment mass A2. First, we note

that the `-summed P is almost constant (∼10-50) as a function of A2, except for 1n

where its value is ∼100. Hence, P contributes only to the magnitude but not to the

structure of the cross section. On the other hand, the `-summed P0 shows an interesting

structure with maximum preformation factor for SF and HMFs windows. This happens

because of the inversion process noted in the fragmentation potential (Fig. 6.1) from a

favoured asymmetric to favoured symmetric as ` increases, or, as is shown in Figure 6.2,
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equivalently, for P0(A2) plotted for some `-values. Apparently for ` > `max, only the

very heavy (SF and HMFs) fragments contribute. Thus, in terms of the cross sections in

Figure 6.5, we note that, instead of the complete mass spectrum like in 48Cr∗, here the

very light and the very heavy mass parts of the spectrum are shown to be of interest.
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Figure 6.6: The calculated σCal
fus, σCal

fiss (=σSF + σHMFs), empirical σqf and σLPs on DCM
for the decay of compound nucleus 246Bk∗ formed in 11B+235U reaction at various Ec.m.,
compared with experimental data [16] on σExpt

fus (≡ σExpt
fiss ).

Figure 6.6 gives a comparison of our DCM calculated fission cross sections σCal
fiss

(=σSF + σHMFs, hollow squares) at different center-of-mass energies, with the experi-

mental data [16] on σExpt
fiss (≡ σExpt

fus , filled circles) for 11B+235U reaction channel. The

same result is also presented in Table 6.1 along with other calculated quantities and fitted

parameters. With in one parameter fit, the comparison is clearly very good, except at the

highest three energies. This discrepency is associated with the presence of a significant
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non-compound, quasi-fission contribution at these three energies. This is explicitly calcu-

lated on DCM (P0=1) for the best fit to the empirically estimated σqf (=σExpt
fiss − σCal

fiss),

also shown in Fig. 6.6 as open down-triangles. The sum of our calculated fission compo-

nent σCal
fiss and quasi-fission σqf is plotted here as σCal

fus (open up-triangles) which shows an

excellent comparison with experimental fusion cross section σExpt
fus (≡ σExpt

fiss ). Apparently,

the quasi-fission cross section contributes only for the top three energies, and is negligibly

small at all lower energies. We have also listed in Table 6.1, and plotted in Fig. 6.6, our

calculated σLPs contribution which is also negligibly small at all energies, and decreases

with decreasing c.m. energies in agreement with an earlier study [20].
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Figure 6.7: Same as for Fig. 6.6, but for 14N+232Th reaction.

For the incident channel 14N+232Th, our results on DCM are presented in Fig. 6.7

and Table 6.2, compared with the experimental data of Ref. [16]. The important result
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is that 14N+232Th is a pure CN reaction, showing no quasi-fission contribution, in dis-

agreement with the anisotropy results of Behera et al. [16]. Hence, a further experimental

check of this result is called for. For the calculated fission cross section, however, the two

contributing windows (SF and HMFs) show nearly the same fine- or sub-structure effect,

depicted in Fig. 6.8 for both the incoming channels. Here, peak 2 corresponds to fragment

mass A=108 for the first three highest energies of channel 11B+235U and for only the first

highest energy of channel 14N+232Th, and to fragment mass A=109 for the rest of the

energies in both channels since the peak shifts between A=108 and A=109. Peak 1

corresponds to fragment mass A=122. The peaks for the two windows are marked, for

example, in Fig. 6.2. An experimental verification of such a sub-structure of fission yields

would also be interesting.
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Finally, we look at the only free parameter of the model, the length parameter 4R

and its connection to `max-value due to the use of the sticking or non-sticking moment

of inertia. All the calculations presented above are for the sticking moment of inertia IS

where `max is fixed for σLPs →0, and is found to decrease slowly with decreasing Ec.m.

(see Tables 6.1, 6.2, and Fig. 6.9). Fig. 6.9 gives the variation of 4R with Ec.m. for

fission (dotted line with solid squares) and quasi-fission (dotted line with hollow circles)

in the case of entrance channel 11B+235U, and for fission alone for the entrance channel

14N+232Th since the quasi-fission component is zero in this later case. We observe that

4R increases with increasing Ec.m. for both the processes, showing a similar behaviour in

the case of fission for the two entrance channels (the two straight line fits have nearly the

same slope). The interesting result is that fission occurs earlier (4R larger) than quasi-

fission, and that qf is simply an additional contribution to fusion cross-section rather

than a competing process of the type observed in, for example, 48Ca induced reactions on

deformed actinides for the synthesis of superheavy nuclei [21].

Next, as an illustrative case, we use for quasi-fission the non-sticking moment of inertia

INS and find that for a similar fit as above for IS, `max decreases considerably (`max=31

and 23h̄, respectively, for Ec.m.= 70.6 and 49.0 MeV, instead of 142 and 137h̄) but then

4R increases significantly (see solid line with crosses in Fig. 6.9(a)), approaching almost

the value for fission for use of IS (the dashed line with solid squares in Fig. 6.9(a)). The

interesting result is that for qf, nearly the same 4R(Ec.m.) variation is obtaned for IS

at `max=66h̄ (solid line with open circles in Fig. 6.9(a)) as is obtained above (solid line

with crosses) for INS at about half the `max-value. The `max=66h̄ match exactly the value

given by the finite-range liquid drop model (FRLDM) for mass A=246 compound nucleus

(see Fig. 1 in [22]). For heavy ion collisions, however, we consider the sticking moment of

ineria as more appropriate, which involves a larger limiting value for ` and hence a smaller

neck length parameter 4R. Also, the data on TKE favours the use of IS, as compared to

INS (see Fig. 7 in [6]).
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Figure 6.9: (a) The fitted parameter 4R for fission (dotted line with solid squares) and
quasi-fission (dotted line with hollow circles) decays of the CN formed in 11B+235U reaction
as a function of Ec.m., and (b) the same for fission decay in the case of reaction 14N+232Th.
Straight line fits 4R = 0.162 + 0.016Ecm and 4R = 0.018 + 0.014Ecm, respectively, for
11B+235U and 14N+232Th are also shown as solid lines.

6.3 Summary

In this paper, we have studied the decay of 246Bk∗ formed in reaction channels 11B+235U

and 14N+232Th at different center-of-mass energies. The results of the DCM calculations,

using hot (compact) configurations for quadrupole deformed nuclei, are compared with

the experimental data [16]. Our calculations clearly demonstrate that, independent of the

entrance channel, the decay of 246Bk∗ in to symmetric and near-symmetric fragments are

highly favoured over the light particles (LPs) and intermediate mass fragments (IMFs), in

particular at higher angular momentum `-values. At ` = `max, the preformation factor P0
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is large and penetration probability P approaches unity for all the symmetric and near-

symmetric fragments. Thus, the main contribution to decay cross section comes from

the fusion-fission fragments which consist of the symmetric fission (SF) window of mass

ACN/2± 7 and a heavy mass fragments (HMFs) window of A=106-110 (and complemen-

tary fragments) in the immediate neighbourhood of the SF window. Interestingly, the

prediction of two windows suggest a fine- or sub-structure of observed fission fragments,

not yet analyzed experimentally.

For the entrance channel 11B+235U, the DCM calculations are in good agreement with

the experimental data for all c.m. energies, except for the highest three energies. Allowing

a contribution from the non-compound quasi-fission (qf) process, makes the comparison

very good at all the experimental energies. The cross section for qf, σqf , is significant for

only the top three energies. For the 14N+232Th entrance channel, however, contrary to

the experimental observations (of anisotropy), the non-compound nucleus (quasi-fission)

contribution is zero, i.e., the DCM calculated σCal
fiss (=σSF + σHMFs) match the measured

fission cross section σExpt
fiss (≡ σExpt

fus ) almost exactly without invoking any quasi-fission

contribution. Note, however, that there is a parameter (the length parameter 4R) to be

fitted in this model, which shows a simple linear dependence on the incident c.m. energy,

with an almost constant slope for both the entrance channels. The role of sticking versus

non-sticking moment of inertia for the limiting angular momentum `max is also studied,

which results in an increase of 4R for the lower `max-value of INS used in experiments.
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Table 6.1: The decay cross sections for LPs, σLP , the symmetric fission (SF) window
(A=ACN/2±7), σSF , the heavy mass fragments (HMFs) window (A=106-110, and their
complementary fragments), σHMFs, and the quasi-fission (qf) component, σqf , and their
sums σCal

fiss (=σSF + σHMFs) and σCal
fus (=σqf + σCal

fiss), calculated on DCM for different
Ec.m. for 246Bk∗ formed in 11B+235U reaction, compared with the experimental fusion (≡
fission) cross-sections [16], σExpt

fus (≡ σExpt
fiss ).

DCM DCM (P0=1) DCM Expt

Ec.m. E∗
CN T `max 4R σLP σCal

fiss(mb) 4R σqf σCal
fus σExpt

fus

(= σCal
fiss + σqf )(≡ σExpt

fiss )

(MeV)(MeV)(MeV) (h̄) (fm) (mb) σSF σHMFs Sum (fm) (mb) (mb) (mb)

70.6 55.9 1.449 142 1.28009.06×10−21080.11 50.46 1130.571.167 310.93 1441.50 1440±138

68.7 54.0 1.424 142 1.28009.29×10−21125.76 51.80 1177.561.133 214.44 1392.00 1390±128

66.8 52.0 1.398 141 1.28009.03×10−21115.45 46.23 1161.681.000 44.33 1206.01 1200±112

64.9 50.1 1.372 140 1.17601.11×10−21017.71 14.54 1032.250.943 20.35 1052.60 1030±72

63.0 48.2 1.346 140 1.14705.62×10−3 954.51 10.62 965.13 0.887 9.64 974.77 960±95

61.0 46.3 1.320 140 1.13003.82×10−3 761.18 8.41 769.59 0.828 4.08 773.67 772±54

59.1 44.4 1.293 140 1.11712.91×10−3 621.96 7.31 629.27 0.775 1.81 631.08 630±40.0

57.2 42.5 1.266 140 1.09401.75×10−3 461.40 5.32 466.73 0.724 0.85 467.58 465±33

55.3 40.6 1.237 139 1.05405.41×10−4 269.36 2.70 272.06 0.672 0.36 272.42 270±20.0

53.4 38.7 1.208 139 1.01306.94×10−5 130.88 1.06 131.94 0.620 0.17 132.11 132±14.0

51.5 36.8 1.179 137 0.99401.70×10−5 54.78 0.35 55.13 0.572 0.07 55.20 54.6±5.3

49.0 34.3 1.139 137 0.94703.51×10−7 7.20 0.03 7.23 0.507 0.03 7.26 7.00±2.0
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Table 6.2: Same as for Table 6.1, but for the reaction 14N+232Th, and without the quasi-
fission (qf) component.

DCM Expt

Ec.m. E∗
CN T `max 4R σLP σCal

fiss(mb) σExpt
fiss (≡ σExpt

fus )

(MeV) (MeV) (MeV) (h̄) (fm) (mb) σSF σHMFs Sum (mb)

86.4 60.9 1.511 142 1.2360 3.45×10−2 782.04 41.24 823.29 823±40

82.5 57.0 1.463 142 1.1410 5.05×10−3 641.49 10.73 652.21 650±26

79.9 54.4 1.429 142 1.1255 3.65×10−3 510.35 9.79 520.14 518±24

78.0 52.5 1.404 141 1.1110 2.58×10−3 369.47 7.48 376.95 380±53

76.1 50.6 1.379 141 1.0860 1.41×10−3 285.02 5.45 290.48 290±27

74.2 48.7 1.353 140 1.0640 7.57×10−4 211.12 3.46 214.58 214±11

72.2 46.8 1.327 140 1.0200 1.51×10−4 108.27 1.47 109.74 111±07

70.4 44.9 1.300 140 0.9950 3.20×10−5 54.35 0.64 55.00 54±04

68.5 43.0 1.273 139 0.9700 5.77×10−6 19.69 0.17 19.85 20.3±2
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Chapter 7

Summary

In this thesis, we have studied the possible decay modes of various nuclear systems. The

reaction dynamics of hot and rotating light as well as heavier compound systems at low

energies have been studied extensively. The phenomenon of cluster radioactivity has also

been investigated for the possible effects of oriented nuclei besides well established role of

closed shells in the process. The preformed cluster-decay model (PCM) is used for this

purpose. For the dynamics of excited compound systems, we have used the dynamical

cluster decay model (DCM), including the deformations and orientations of nuclei. The

DCM is an extension of PCM for the decay of excited nuclei.

An overview of the current status of research in the related aspects of nuclear physics

and various models have been discussed in Chapter 1, specifically pertaining to heavy ion

reaction dynamics and the process of cluster radioactivity. For successful formation of

heavy nuclei, deep understanding of fusion-fission process of a compound nucleus formed

in heavy ion reaction is essential. Nuclear shapes, i.e., the deformations and orientations

of nuclei, during fusion reactions change the interaction barrier (its height as well as po-

sition) thereby affecting the dynamics of reaction process. In the fusion of deformed and

oriented nuclei, the distance between mass centers of massive reaction partners relies on

the orientation of the deformed nuclei. The compound nucleus (CN) is normally in an

excited state depending upon the energy of reaction partners. It looses this excitation

energy in various ways, depending upon the mass of CN formed. The role of angular mo-

121



mentum, excitation energy, entrance channel effects, together with the effects of deformed

and oriented nuceli, are also significant in the process.

As a first step towards applying the DCM, for studying the decay of excited compound

nucleus, we have carried out an extensive work for obtaining the temperature T-dependent

binding energies. The T-dependent binding energy B of a nucleus is given as the sum of

T-dependent liquid drop energy VLDM(T ) and shell correction δU(T ). The macroscopic

liquid drop energy VLDM of the reaction partners or decaying fragments plays an important

role in the the collective potentials used in DCM. All the potentials (Coulomb, proximity

and the centrifugal) are temperature dependent and also include the effects of deforma-

tions and orientations of the interacting nuclei. So, temperature dependence of liquid drop

energy VLDM(T ) is essential, which has been calculated by using the T-dependent liquid

drop model of Davidson et. al., based on the well established semi-empirical mass formula

of Seeger. Large amount of data has become available since the inception of Seeger’s for-

mulae in 1961, which needed a revival now. In an effort towards this direction, we have

refitted, the bulk α(0) and neutron proton asymmetry aa constants of Seeger’s formula

at T=0. The fitted constants are compiled in Table 3.1. Here the deformation effects in

VLDM and in shell correction δU are also included to some extent since we essentially use

the experimental binding energies split into two contributions (VLDM and δU), and then

temperature dependence is included explicitly. This work will surely help to reformulate

the liquid drop energy in context of present day understanding i.e. refitting of all the

constants and their temperature dependence.

As a first application, we have used the DCM to study the entrance-channel effects

in the decay of hot and rotating CN 48Cr, formed in a symmetric 24Mg+24Mg and very

asymmetric 36Ar+12C reaction at Ec.m.=44.4 and 47.0 MeV, respectively. In this work,

we took the shapes of nuclei as spherical, assuming the role of deformed nuclei being

prominent in the heavy mass region. The decay of a hot and rotating CN, formed in

light heavy-ion reactions, consists of multiple light particles, LPs (n, p, α and γ-rays)

or evaporation residue and intermediate mass fragments, IMFs (with 2 < Z < 10 and
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5≤A≤20) emission. In DCM, both the LPs and IMFs in the decay of 48Cr∗ are treated

identically as the dynamical collective mass motion of preformed fragments or clusters

through a barrier, i.e. quantum mechanical tunneling of clusters that are considered pre-

born with different probabilities before they actually penetrate the barrier. Thus, the

cluster preformation probabilities contain the structure effects of the CN, that are found

to be important in the description of the measured yields in the experiments under study.

Both the LPs and the IMFs, though treated on same footing, have different characteris-

tics. At lower l-values, the LPs are energetically more favourable, whereas the same is

true of IMFs at higher l-values. Also P0 as function of `-values shows that the behavior of

all LPs is different from that of the IMFs. The lower ` values contribute mostly to the LP

cross section σLP and that the higher ` values contribute to IMFs production cross section

σIMF . Thus role of angular momentum is quite significant in the reaction dynamics of

excited compound system.

Though some of the characteristic quantities of the model do show entrance channel

effects, the calculated cross-sections are found to be entrance-channel independent for

the decay of the compound nucleus 48Cr∗. The σLP becomes zero at the same lmax=25h̄

for the two entrance channels, indicating channel independence. This study confirms the

entrance-channel independence of the decay of compound nucleus 48Cr∗ formed due to

different target-projectile combinations with similar excitation energies. The measured

decay cross-sections are in good agreement with the experimental data (Table 4.1). The

calculated TKE also reproduces the experimental data, though at an ` < `c-value. The

calculations are worked out in terms of only one parameter, the neck-length parameter

4R, that depends on the total kinetic energy of the fragments TKE(T) at given temper-

ature T of the CN. Note that the 4R is taken to be η-dependent, whereas the average

4R (= 1.10 fm, taken in this study) assimilates the effects of both the deformations (if

any) and η dependence. The calculations have been done for both the choices i.e. 4R(η)

and 4R (given in Table 4.1). It is nearly difficult to choose between the ∆R and ∆R(η)

results for DCM, though the constant ∆R seems to work better on the whole.
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Next, we look for the role of deformations and orientations of nuclei, first for the

ground state decays of heavier nuclei. These effects are duly incorporated in PCM for

investigating the cluster radioactive decays of parents which are deformed. Our study per-

tains to the spontaneous cluster decays of deformed 222Ra and heavier actinide parents.

The interesting feature of the study is that in all the chosen cluster decays, the daugh-

ter nucleus is always the spherical 208Pb. The role of deformations and orientations has

been investigated besides the shell closure effects. For the ground state decay of parent

nuclei we have considered optimum orientations for deformed daughters and clusters in

elongated, non-compact (cold) configuration. The calculated decay half-lives for all such

cluster-decays are in good agreement with measured data. Both the key quantities of

PCM, the preformation probability P0 and penetrability P, show noticeable changes with

and without invoking deformation and orientation effects as shown in Table 5.2. We find

that results are reasonably good for quadrupole deformations (β2) while with inclusion of

higher multipole deformations (β3, β4) the results become anomalous, possibly due to the

extrapolations used in extracting higher multi-pole deformations.

It is almost established that a light compound nucleus, CN (ACN ∼40-80) formed in

low energy heavy ion reactions, decays by emitting LPs, and is accompanied by a small

(5-10%) component of so-called IMFs. We have obtained equivalently small contribution

of IMFs in comparison to LPs in decay of 48Cr∗. As a further application of DCM we

have applied it to investigate the reaction dynamice of heavier CN (ACN >200) for which

fission is prominent. In order to do that, next, we have chosen to apply the DCM to a

heavier nuclear system 246Bk∗ (formed in similar entrance channel reactions 11B+235U

and 14N+232Th, at different Ec.m.), where the deformation and orientation effects are al-

most indispensable. These calculations have been done using quadrupole deformations

and optimally oriented hot (compact) configurations for decaying products. The main

decay mode here is (symmetric and near symmetric) fission which in DCM have been

taken as an extreme case of IMFs, the heavier mass fragments, HMFs (ACN/2 ± 7 and

A=106-110 plus complementary fragments, taken in this case), observed together with

or without the LPs and IMFs. In addition, there can be effects of non-compound nu-
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cleus decays, like the pre-equilibrium fission, quasi-fission (qf) or deep inelastic collisions

(DIC), etc., occuring mostly at higher incident center-of-mass (c.m.) energies. We note

that the LPs and IMFs are favored (lower in energy) at `=0, but at higher `-values the

symmetric and near-symmetric fragments become more favored. At `=142h̄, a strong

minima is obtained for symmetric fragments ACN/2± 7 (SF Window) and corresponding

to heavy mass fragments A=106-110 (and complementary fragments), referred to as the

HMFs window. This result of a favored asymmetric to a favored symmetric division with

increase in `-value is also shown by the preformation factor P0. Penetrability, P is very

small for the emission of LPs. The `-summed preformation factors P0, the penetrability

P and the cross section σ, shows that P contributes only to the magnitude but not to the

structure of the cross section. On the other hand, the `-summed P0 shows an interesting

structure with maximum preformation factor for SF and HMFs windows. We find that

major contribution to fission (equivalently, fusion) cross section arises from the SF win-

dow, and that the HMFs window contributes to a maximum of ∼ 5% and that too only

for the first few higher c.m. (top three) energies (Table 6.1).

We see that entrance channel also plays its role in terms of the quasi-fission contri-

bution specifically at higher c.m. energies, due to the 11B+235U reaction in contradiction

with the measured anisotropy effects which indicate the other entrance channel 14N+232Th

to contain the non-compound nucleus contribution. In our calculations, for the case of

negligible or zero contributions from LPs and IMFs, calculated fusion cross-sections are

given as sum of HMF cross-sections σHMF , SF cross-sections σSF and quasi-fission cross-

sections σqf i.e. σCal
fus = σHMF +σSF +σqf = σCal

fiss+σqf , to be compared with experimentally

measured fusion cross-sections σExpt
fus (=σExpt

fiss ). The quasi-fission component is obtained

empirically as the difference between the experimentally measured and our calculated

fission comoponents, i.e., σqf = σExpt
fiss − σCal

fiss. As given in Table 6.1, the quasi-fission

cross section contributes only in case of 11B+235U reaction and for the top three energies

only, and is negligibly small at all lower energies. Also, the calculated σLPs contribution

is negligibly small at all energies, and decreases with decreasing c.m. energies. For the

calculated fission cross section, the two contributing windows (SF and HMFs) show nearly
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the same fine- or sub-structure effect for both the entrance channels. An experimental

verification of such a sub-structure of fission yields could be extremely interesting.

In these calculations the fitted values of 4R (Table 6.1 and 6.2) are not shown to be

an average 4R value, unlike for the light CN 48Cr∗. The reason for the same is that

for light CN studies we assumed spherical shapes of the fragments, but for heavier CN

246Bk∗ the deformation effects are indispensable and the value of Rt will not only depend

upon deformation of complementary fragment but also on its orientation as well, which is

not the case with 48Cr∗. For 246Bk∗, the value of 4R (neck length parameter) is shown

to depend on limiting angular momentum, which in turn depends on the use of sticking

or non-sticking moment of inertia for angular momentum effects. All the calculations

presented in Tables 6.1 and 6.2 are for the sticking moment of inertia IS where `max is

fixed for σLPs →0, and is found to decrease slowly with decreasing Ec.m.. We observe

that 4R increases with increasing Ec.m. for both the processes (fission and quasi-fission),

showing a similar behaviour in the case of fission for the two entrance channels (the two

straight line fits have nearly the same slope). The interesting result is that fission occurs

earlier (4R larger) than quasi-fission, and that qf is simply an additional contribution to

fusion cross-section rather than a competing process of the type observed in, for example,

48Ca induced reactions on deformed actinides for the synthesis of superheavy nuclei. As

an illustrative case, we use for quasi-fission the non-sticking moment of inertia INS and

find that for a similar fit as for IS, `max decreases considerably (`max=31 and 23h̄, respec-

tively, for Ec.m.= 70.6 and 49.0 MeV, instead of 142 and 137h̄) but then 4R increases

significantly. The interesting result is that for qf, nearly the same 4R(Ec.m.) variation

is obtained for IS at `max=66h̄ as is obtained for INS at about half the `max-value. The

`max=66h̄ match exactly the value given by the finite-range liquid drop model (FRLDM)

for mass A=246 compound nucleus. For heavy ion collisions, however, we consider the

sticking moment of ineria as more appropriate, which involves a larger limiting value for

` and hence a smaller neck length parameter 4R.

Finally, it is relevant to mention here that the experimental studies have started an-
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alyzing the role of orientation degrees of freedom for deformed nuclei in the measured

fusion-fission cross-sections, though the use/identification of the actually polarized (or

oriented at a particular angle) nuclei is still to be realized. Such studies will help explore

the yet unknown landscapes in order to approach towards the “island of stability” and to

extend the periodic table further.
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