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ABSTRACT

The collision between a heavy ion projectile and a target nucleus may lead
to the formation of compound nucleus (CN) as well as non-compound
nucleus (NCN). Hence it can not be directly concluded that in what
manner the final products of a nuclear reaction would be formed. In
addition to this fact another thing worth noting is that we also can'’t easily
get an idea of the decay process(es) involved in a reaction i.e. whether the
system which we have obtained from the reactants decays giving
compound nucleus contribution or it decays giving Non-Compound
Nucleus(NCN) contribution. Not only this, another case is where the decay
can be from CN nucleus as well as NCN simultaneously for a single
system under consideration. Measurement of fission products and
evaporation residues in general provide a comprehensive picture of the
process subsequent to collision between projectile and target nucleus. In
order to investigate various decay mechanisms in ?°Neyo+ **Tay; reaction
forming *°’Bigs system, the ER, fission cross-section data obtained from
experimental results have been studied. In order to have detailed
knowledge of the changes that may occur when the deformation effects
are included the given system i.e. “*'Bi has been studied explicitly for the
deformed and spherical cases. The theoretical study of the decay of **'Bi
system through DCM model for deformed case gave the information that
reported cross-section of the lighter particles is similar as that of the
theoretically calculated one. But, the fission cross-section support the idea
of contribution from NCN channel as the value for it could not match with
reported value. Further the spherical case also revealed the similar results
except for the fact that the expected contribution from NCN comes out to
be more than that from the deformed case.



Chapter — 1

INTRODUCTION

1.1 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 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. Just as close connection between theory and
experiment had proved fruitful for atomic physics, the same connection comes to
work well in the study of nucleus. This can be supported from the fact that as the
German physicist Otto Hahn and Fritzstrtsman in 1938 had made the unexpected
and unexplained discovery that uranium atom can be split in two approximately
equal halves, when bombarded with neutrons. No sooner, in the beginning of
1939, in United States a fierce race to confirm experimentally the so-called
fission of the nucleus began after the news of the German experiments and their
explanation had become known. Finally it was Bohr who did the path breaking
work with his younger American colleague John Archibald Wheeler at Princeton
University to explain fission theoretically. The consistent efforts on the
experimental and theoretical fronts finally led to the current understanding of a
nucleus and the atom. 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.

1.2 Heavy lon Nuclear Reactions

A nuclear reaction is described by identifying incident particle/nucleus with
specific associated incident energy, target nucleus, and reaction products. In
order for a nuclear reaction to occur, the nucleons in the incident particle or
projectile must interact with the nucleon in the target. Thus the energy must be
high enough to overcome the natural electromagnetic repulsion between the
protons. This energy barrier is called “Coloumb barrier”. The demarcation of
energy is done through this barrier. If the energy is below the barrier, the nuclei
will bounce off each other.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 particles 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 particle accelerators techniques have made possible high



energy beams of not only protons, deuterons and alpha particles but also heavy
ions, to produce nuclear reactions. Highly efficient and precise detector
technology, to observe nuclear phenomena, is available. 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. They are used to measure the properties of nuclear
forces and related aspects. Reactions that exchange energy or nucleons are
helpful in finding the binding and excitation energies, quantum numbers of
energy levels and transition rates between levels. The nuclear reactions can also
be categorized on the basis of energy of projectiles, as low, intermediate and
high energy reactions. Projectiles with energies < 10 MeV/nucleon and >400
MeV/nucleon cause low and high energy nuclear reactions respectively.
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
ourselves to low energy nuclear reaction dynamics 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 Compound Nucleus
formed in low energy nuclear reactions. There are many types of nuclear
reactions but they may be divided roughly into two groups called

1. Compound nuclear reaction
2. Direct reaction

1.3 Compound Nuclear Reaction:-

In this group the bombarding particle is captured by the target nucleus to form an
intermediate state-The COMPOUND NUCLEUS. The subsequent decay of this
intermediate state is largely independent of mode of formation. Thus a given
compound nucleus may be formed by different reactions but the probability of a
certain type of final state is only dependent upon amount of excitation energy.
The most obvious evidence for long lived intermediate state in nuclear reaction is
the strongly resonant nature of nuclear cross- section. Listing all types of nuclear
reactions in table 1.1

Tablel.1. Showing various types of reactions and information provided by them.

S.No. | Nuclear reaction Information obtained
1. Nucleon- nucleon scattering Fundamental nuclear force
2. Elastic scattering of nuclei Nuclear size and interaction




potential

3. Inelastic scattering to excited | Energy level location and
states guantum numbers

4. Inelastic  scattering to the | Giant resonances
continuum (vibrational modes)

5. Fusion reactions Astrophysical processes

6. Fission reaction Properties of liquid drop model

7. Compound nuclear formation Statistical properties of the nucleus

In broad terms nuclear reactions can be categorized 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. Hence, before talking explicitly about few of the above mentioned
compound nuclear reactions we need to have an insight of the formation of
Compound Nucleus(CN) , as well as its existence

1.4 Compound Nucleus (CN)

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.

CN formation is a reaction in which two nuclei combine into a single excited
nucleus, this excited nucleus lives for a relatively long time and “forgets” how it
was formed. In a compound nucleus its observed that for a short range or abrupt
sided potential there exist quasi-bound or virtual single particle states which
have positive energy. A long range potential like the coulomb potential has no
such states. The positive energy projectile particle is momentarily trapped in one
of the single particle virtual states. Through collision with nucleons inside the
nucleus it shares its energy with them, raising some of them into excited states
and itself dropping into one of these states by virtue of the energy it loses. This
is the formation of the many particle excited state which is the compound
nucleus. At this stage all memory of the original mode of excitation is lost.

At a later time a decay possibility occurs when the energy of excitation is once
more concentrated in a single or few particle virtual state. In the evolution of the
many particle excited states several such fleeting decay configurations may
occur before one of them is realized and the products separate out. A CN is
observed to undergo two different kinds of processes:-

(a) It subsequently decays by emission of particles and y-ray to form evaporation
residues.
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(b) It may undergo fission if excitation energy is higher than fission batrrier.

vitual bbound
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MNuclear
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Fig.1.1 Nuclear levels in a compound nucleus

The statistical nature of the process teaches us about the average properties of
excited state of complex nuclei. The energy of these long-lived states is defined
to a few eV and if we apply the uncertainty relation dE.dt ~h we can see that this
implies a lifetime of 10°s which is very long compared to the time a nucleon
takes to transverse a nucleus ~ 10%?s. The time scale of the order of 107 sec,
can be measured through neutron clock. A method in which the number of
neutrons emitted prior to fission are counted as an indicator of how much time
has passed before the fission takes place. These measurements demonstrate
that fission is a slow process (about 50-100 times slower) as compared to the
expected time scale. These measurements are indicative of the time taken for
the nucleus to “re-arrange” itself in preparation to dividing into two smaller
pieces. In a heavy-ion reaction there is also a considerable formation time (time
for the projectile to get assimilated with the target to form the compound
nucleus). The compound nuclei (CN) formed in low-energy heavy-ion reactions
are highly excited and carry large angular momentum. The compound systems
so formed decay by emitting multiple light particles, LPs (n, p, a ) and y-rays.

For light compound systems with Acy » 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 Acy << 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
y-rays emissions, just in contrast to decay process of light compound systems.

11
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Fig.1.2 Time scale of compound nucleus
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.After gaining this information regarding compound nucleus we can
surely move ahead discussing two of the compound nuclear reactions- the fission
and the fusion reactions.

1.5 Nuclear Fission
One of the most interesting phenomena in Nuclear Physics with far reaching
consequences is the fission of atomic nuclei.

) neutron
fission
@ product
' / neutron
d— d
neutron \\
target .
nucleus \ ﬁ fission
product
) neutron

Fig. 1.3 Neutron strikes the target nucleus to give fission product

It is the Division of a heavy atomic nucleus into two fragments of roughly equal
mass, accompanied by the release of a large amount of energy which is the
binding energy of the subatomic particles. The sum of the masses of these
fragments is less than the original mass. This 'missing’ mass (about 0.1 percent
of the original mass) has been converted into energy according to Einstein's
equation. Fission can occur when a nucleus of a heavy atom captures a neutron,
or it can happen spontaneously.

12


http://encyclopedia2.thefreedictionary.com/nucleus
http://encyclopedia2.thefreedictionary.com/mass
http://encyclopedia2.thefreedictionary.com/binding+energy
http://encyclopedia2.thefreedictionary.com/subatomic+particle

The energy released in the fission of one uranium nucleus is about 50 million
times greater than that released when a carbon atom combines with  oxygen
atoms in the burning of coal. The energy appears as kinetic energy of the
fragments, which converts to thermal energy as the fragments collide in matter
and slow down.

Fission also releases two or three free neutrons. The free neutrons can bombard
other nuclei, leading to a series of fissions called a chain reaction. An
interesting thing to be noticed is that when a slow moving neutron strikes a
heavy nucleus like Uranium it breaks up into two fission fragments. The puzzling
feature of this nuclear reaction is how a nucleus consisting of more than 200
protons and neutrons could split into two pieces with so little provocation. This is
analogous to breaking a huge rock by a feather touch. The answer was given by
Neils Bohr in 1939, in his theory where he likened the nucleus to a liquid drop.
While the Bohr-Wheeler theory touched the essence of the fission problem,
modern research shows that the visioning nucleus behaves more like a drop of
honey rather than a drop of water. These developments came about as the
scientists began measuring fission time scales.

Nuclear fission has been exhaustively studied in past few decades and a large
amount of experimental data for various visioning systems has been generated.
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 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. Heavy ions (HI) have been used increasingly as projectiles to study the
fission of CN for a wide range of fissility Z%/A, excitation energy and angular
momentum. Studies on the effect of these parameters on various fission
observables have provided deeper insights into the mechanisms of fission. Apart
from this it has also been possible to study mechanisms of HI reaction such as
transfer reaction and various other NCN processes through fission observables.

In general, the HI induced fission reactions, fission events consist of an
admixture of events of 2 types

e Fission following the formation of fully equilibrated CN which relaxes in
all degrees of freedom.

e Fission of a NCN which is composite system which has equilibrated in
all degrees of freedom except K degree of freedom, where K is projection
of angular momentum (I) on the symmetry axis identified as fission axis.

13
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The formation of compound nucleus — the complete fusion and the non
compound nucleus- the incomplete fusion is governed by the angular momentum
limitation in the entrance channel.

e The collision trajectories with { < £ are trapped in the pocket in the
entrance channel potential leading to fusion.

e On the other hand, for the collision trajectories with £ > {.;, pocket in the
entrance channel potential vanishes, and therefore such trajectories will
lead to non compound nucleus processes such as deep inelastic
collisions (DIC) and incomplete fusion reaction (ICF).

Understanding the break-up mechanism and its impact on nuclear reaction
dynamics is essential. A major consequence of break-up is that a rich scenario of
reaction pathways arise such as events where

e Not all the resulting breakup fragments might be captured by the target,
termed incomplete fusion (ICF),

e The entire projectile is captured by the target, called complete fusion (CF),
and

e None of the breakup fragments are captured, termed no- capture breakup
(NCBU).

Fission following the NCN formation may have contribution of large number of
reaction mechanisms. These reaction mechanisms in collision between two
nuclei mainly depend on the entrance channel parameter, namely beam energy
and mass asymmetry. The mechanisms are:

e Fast Fission- Where we have composite system with zero fission barrier .

e Quasi- Fission- Having composite system with fission barrier  shape
more compact then entrance contact configuration

e Pre-equilibrium fission- Occurring in a time scale comparable to
characteristic relaxation time in K degree of freedom when fission barrier
height becomes comparable to the temperature of the composite system.

e Incomplete Fusion- It's observed in reaction involving highly fissile
actinide as one of collision parameters.

The NCN processes mainly constitute transfer and ICF processes . While
transfer reactions start occurring at beam energy around the coloumb barrier ,
the ICF reactions are expected to occur at beam energy where the pocket in the
entrance channel interaction potential disappears. The contribution from NCN
fission results in deviation of fission angular anisotropy from statistical theory
calculation and suppression in formation of evaporation residue.

The relative probabilities of fission events following CN and NCN can be
obtained by considering a fused composite system with angular momentum
Ifand temperature T. If £ is larger than rotational liquid drop model limit (RLDM)
IR-PM for vanishing fission barrier, no compound nucleus will be formed and
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composite system will undergo fast fission with unit probability. If £ is less than
{RPM “fission barrier height the Be(f,K = 0) is calculated first. The corresponding
fission probability per unit time can then be obtained making use of the Bohr-
Wheeler transition state theory [1]. Thus assumed that only those composite
systems that survive fission for a time longer than the characteristic K
equilibration time 1 result in the formation of a fully equilibrated compound
nucleus which subsequently undergoes fission, while all fission events taking
place in a time less than T carry a memory of the entrance channel K distribution
and have angular distributions characteristic of the type (ii) events i.e. NCN type.

[2].

One of the important observation in early studies was discovery of
asymmetric mass distribution in low energy fission of majority of actinides. This
was explained by incorporating shell correction to liquid drop model fission
barrier. With increase in excitation energy E, asymmetry in mass distribution
decreases and at higher excitation energy symmetric mass distribution is
observed. This has been explained as a result of gradual decrease of shell
effects with increasing excitation energy. Though combination of shell effect and
liquid drop model can explain basic feature of nuclear fission , there are certain
aspects that are far from being completely understood and hence nuclear fission
continues to be an important area of research.

1.6 Nuclear fusion

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 mechanism of fusion of two heavy ions has been
extensively investigated. The motivation for such studies is to understand the
effect of entrance channel parameters, viz., energy, angular momentum and
mass asymmetry, on the fusion process.

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

15



fusion of heavy ions considerably. For a system with large Z;Z, 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 static fusion model, fusion process is viewed as the problem of crossing
the barrier in the one-dimensional interaction potential between the two heavy
ions [3,4]. The inclusion of deformation and orientation effects of the colliding
nuclei leads to lowering of its barrier height. 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 extensively to establish the effect of deformation and orientation on
fusion reactions [5]-[13]. It is important to note that when deformed and oriented
nuclei collide, the fusion barrier height varies leading to the barrier height
distribution around the spherical Coulomb barrier. Fusion can be considered as
the most dissipative of heavy ion reaction processes, where the initial relative
kinetic energy and angular momentum of the projectile is converted into intrinsic
excitation energy and angular momentum of the fused system. When two heavy
nuclei approach each other to distances closer than certain critical value, all
those | values for which there exists a pocket in the potential energy as a function
of the distance of separation, the nuclei can fuse leading to a compound nucleus
formation. The total fusion cross section is given by,

However, identification of the fusion process with trapping of the composite
system into the potential pocket becomes uncertain, when heavier projectiles are
used and at higher bombarding energies. Even after being trapped, the
composite system may evolve towards symmetric fragmentation, without forming
a true compound nucleus (CN) instead forming non compound nucleus (NCN).

1.7 Importance of fusion-fission reaction:

It has been possible to explore and investigate the dynamics of large shape
changes in nuclear system by studying fusion-fission reactions. Beyond this,
these reactions also proved to be of great importance from point of
understanding the stability and production of heavy nuclei for extending the
periodic table.

These aspects of the compound and the non compound nucleus can further be
supported through various studies. For example [14] in *°0 + ®®Zn and *'Cl + *°Sc
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reactions the comparison of experimental excitation functions with the
theoretically calculated excitation functions of proton emission (pxn) products
namely "°Rb and "®Rb revealed that the experimental cross-sections agree well
with the calculated cross-sections in both the systems indicating that these ERs
are formed purely by complete fusion of projectile and target.

The experimental cross-section of an emission channel (“’Kr) deviate from the
calculated cross-section in the case of'°0 + ®®Zn while it is well-reproduced in
the case of 3'Cl + *Sc system. The mismatch between the experimental and
calculated excitation functions has been considered to be due to contribution of
NCN process in those channels. The excess cross-sections over what is
expected from the compound nucleus process has been computed for each
channel, at each beam energy, to obtain an estimate of the total non-compound
cross-section as a function of beam energy for both the systems. With the
support of this example , talking about the contribution from NCN which may
involve any of the processes such as DIC, ICF,QF etc., we can say that the
%NCN cross-section gradually increases with beam energy for system °0 +
®Zn , whereas it remains practically invariant for *’Cl + *Sc system in the beam
energy range studied[14].

This may be due to the fact that the transfer channels mainly contribute to NCN
processes in 3'Cl + *Sc  system, while for the system 0 + ®zn | incomplete
fusion (ICF) processes, in the form of a and 2a emission channels are observed.
The analysis of experimental fusion and NCN cross-section in terms of static
fusion model as well as sum rule model have revealed that NCN processes start
competing with complete fusion process at |- value much below the vanishing |-
pocket for mass asymmetric entrance channel.[14]
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Figure 1.4 Percentage non-compound nucleus (NCN) processes in both the
systems as a function of excitation energy[14].
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1.8 Fusion Hindrance:

It is interesting to note that in the reaction of a heavy target-projectile
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. Suppression in formation of evaporation residue,
anomalous fission fragment angular distribution and broadening in fission
fragment mass distribution are taken as signatures of fusion hindrance.
Investigation of fusion hindrance requires measurement of fission fragment
angular distribution and evaporation residue cross-sections in systems with
varying entrance channel mass asymmetry.

Heavy ion fusion is not only affected by deformation and relative orientations of
the 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 [15], [16]. 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.

Berriman et al [17] reported fusion hindrance based on the measurement of
evaporation residue cross-section. Observation of fusion hindrance is attributed
to the lower entrance channel mass asymmetry ags. (Businaro-Gallone critical
mass asymmetry) However, fusion hindrance is observed to be much higher than
that expected on the basis of pre-equilibrium fission model [18]. According to this
model angular distribution is expected to deviate from the statistical theory for the
reaction systems with a < ags. Measurement of fission fragment angular
distribution shows that experimental anisotropies are consistent with statistical
theory and significantly lower than those calculated using fusion suppression
data from evaporation residue measurement. This disagreement indicate that
result of measurement of fission fragment angular distribution and evaporation
residue cross-section don’t corroborate for reaction systems with small ZpZ+.[19]
Studies of the interaction between heavy ion projectiles and heavy target nuclei
have proven very useful in developing an understanding of the dynamics of
nuclear matter at low energies. The outstanding characteristic of heavy ion
collisions at energy close, and even below, the Coulomb barrier is the interplay
between several channels (or several degrees) of freedom. A brief introduction of
the various reaction mechanisms of the NCN has been mentioned in the previous
section. Here we shall explain few amongst all those mechanisms which are
most probable to occur so far as NCN is concerned. These mechanisms are
ICF,DIC,QF.

1.9 Incomplete Fusion (ICF)

It can be explained to be a natural extension of fusion process for those collisions
for which angular momentum limits the formation of complete fusion. The CF is
said to occur when entire projectile fuses with target nucleus. While, only a part
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of projectile fuses with target nucleus in case of ICF and unfused fragment
continues to move in forward cone with almost projectile velocity. The linear
momentum transfer in the ICF reaction is less than that in CF , resulting in lower
range of the evaporation residue formed in the ICF reaction .In recent years,
incomplete fusion (ICF) of light heavy ions (A < 16) has been intensively
investigated at energies = 4-7 MeV/nucleon , where only complete fusion (CF) is
supposed to be dominant. The main motivation of ICF studies is to explore the
effect of various entrance channel parameters, such as;

(i) Projectile energy,

(i) Mass-asymmetry of interacting partners, and

(i) Driving angular-momenta.

In addition to that, some outstanding issues related ICF are to examine the
possibility to produce high spin states via ICF and the localization of {-values. In
view of the above issues, experiments have been performed to measure
excitation functions (EFs), forward recoil ranges (FRRs), and spin-distributions
(SDs) of heavy reaction products.

1.10 Influence of ICF on CF

It may be pointed out that, it is not possible to directly obtain the relative
contributions of CF and ICF from the measurement of excitation functions (EFs).
Therefore, indirect methods are used to deduce ICF contribution. In most of the
a-emitting channels, a significant enhancement in the cross-sections over the
theoretical predictions can be observed. Assuming this enhancement as a
contribution of ICF (since PACE4 don’t predict ICF), the percentage fractional
ICF (Fice ) can be deduced as a function of projectile energy and mass-
asymmetry of interacting partners (Fig.1.5). In general, Ficr increases with
projectile energy for the given projectile target combination. The value of Ficr
also increases with mass-asymmetry. Therefore, it can be inferred that, not only
mass-asymmetry of interacting partners but also the projectile structure effect
should be taken into account while predicting the Ficr .

1.11 Fractional linear momentum transfer in ICF

Kinematically, CF and ICF products can be disentangled on the basis of recoll
velocity of the reaction products, depending upon the degree of linear momentum
transfer (puwr ) from projectile to the target nucleus. For ICF, p.yr may be given
as,

mec

PLMT =
P proj

Where Py is the linear momentum of fused fraction of projectile and Py is the
full linear momentum of projectile. Maximum p ur in CF is supposed to give
maximum recoil velocity to the reaction products, and relatively less recoil
velocity in ICF. Consequently, the radio-nuclides populated via small p.yr (ICF
products) are expected to show relatively smaller absorption depth in the
stopping medium as compared to the entire LMT populations (CF products). The
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profile of FRRs can be resolved into two Gaussian peaks figure 1.6 (a) revealing
the presence of more than one LMT components On the basis of observed most
probable range(R » ), it can be inferred that the residues **'Re produced via a
emitting channel have contributions from both CF and ICF processes. This
implies fractional momentum transfer in ICF. Fig.1.6 (b) shows, the relative
contributions of CF and ICF in the production of **'Re (a or 2p2n) at = 76, 81, 87
MeV. The CF (fusion of *°0) contribution decreases with projectile energy, while

the ICF (fusion of *C) contribution is found to increase with projectile energy.
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Fig.1.6(a, b) showing CF and ICF results taken from [22]

So far none of the proposed model of ICF give a quantitative estimate of the
cross-section of transfer reaction/ ICF reaction in heay ion reaction and in given
energy range. The sum rule model of wilezynski et al [20], which takes into
account the transfer/ break-up Q value for the calculation of cross-section for
different channels gives a semi-quantitative explanation of NCN process.
According to Morgenstern systematics [21], there is a threshold for ICF reaction
at V/C= .06+.02, where V, is the velocity of lighter fragment and for the same
value, ICF cross-section are more for a mass asymmetric system as compared to
symmetric system [22].

1.12 DIC (Deep inelastic collision)

A nuclear reaction in which two nuclei interact strongly, dissipating sizable
amounts of energy and exchanging energy and nucleons, while their surfaces
overlap for a brief period corresponding to a partial rotation of the intermediate
dinuclear complex. Also known as relaxed peak process; strongly damped
collision. Heavy ion induced transfer reaction are usually considered to fall into
two categories:

e Quassi —elastic(QE) processes on one hand are characterized by small

energy transfer with one nucleon transfer reactions being a typical
example . These processes are dominant for grazing collisions.
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e Deep inelastic collisions(DIC) occur for more central collisions where
interaction time is longer and subsequently more energy and particles are
exchanged.

QE collision dominate transfer reaction introduced by light heavy ions at energies
not too high above barrier while DIC collision are observed mainly in reactions
induced by heavier projectiles.

The time-scale of deep inelastic collisions is shorter than the compound nucleus
life-time, but long enough for the exchange of significant number of nucleons
between the target and the projectile. The DIC product masses are close to the
mass of the projectile and target. The kinetic energy spectra of the products
formed in deep inelastic collisions extend up to the exit channel Coulomb barrier
starting from the beam energy. At very high energy DIC should dominate due to
prevalence of coulomb repulsion over nuclear attraction and impossibility of CN
formation .In such a case the reaction mechanism depends on n-n potential at
constant distance , frictional force at thin region .

The occurrence of DIC in heavy ion reaction has led to development of
Dynamical Model, which describes DIC as well as fusion in a unified way.
In this model, two heavy ion fuse if there is a pocket in the entrance channel one
dimensional interaction potential and a given trajectory (sol. of equation of
motion) ends up into the pocket of entrance channel potential. Deep inelastic
collisions of heavy ions are characterized by features that are intermediate
between those of comparatively simple quasielastic, few-nucleon transfer
reactions and those of highly complex compound-nucleus reactions. These deep
inelastic or damped collisions often occur for heavy-ion reactions at center-of-
mass energies less than 5 MeV per nucleon above the Coulomb barrier. During
the brief encounter of the two nuclei, large amounts of kinetic energy of radial
and orbital motion can be dissipated. On separation, the final total kinetic
energies of the two reaction fragments can be well below those corresponding to
the Coulomb repulsion of spheres, indicating that the fragments are highly
deformed in the exit channel, as is known to be the case for fission fragments.
With the discovery of the deep-inelastic scattering process, two new important
aspects of nuclear dynamics were brought into play, namely the time scale and
large angular momenta, both of which are associated with the angular velocity of
the system.

1.13 Quassi- Fission

The term quasi-fission refers to fully damped processes with a substantial net
mass transfer between the two interacting nuclei. Such processes are distinct
from complete fusion-fission processes by failing to produce a completely fused
system inside the fission barrier. In the fusion reactions involving deformed nuclei
the quasi-fission and fusion-fission are in competition. 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
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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 [23],[24]. The terms like gentle fusion and
hugging fusion have been coined theoretically [25], which correspond to typical
shapes (prolate, oblate and higher multipoles) of deformed nuclei along with their
relative orientations. In the quasi fission process one finds large mass
rearrangements between the interacting heavy ions occurring on a short time
scale. The two nuclei may initially be captured by the nuclear potential, rather
than fusing, and they almost always separate after transfer of mass to the lighter
nucleus. More recently, the discovery of quasi-fission conceptually bridges
between the deep-inelastic scattering processes, for which the energy dissipation
is the main aspect, the reaction partners get into close contact to exchange many
particles without altering their average mass and charge and the compound
fission processes, where the dissipation of energy is complete. Nucleon transfer
between the nuclei in a DNS (dinuclear system) is statistical in nature , and there
is a possibility that the system may form a compound nucleus.

LPs

~D—O—0

ompound nucleus

Fusion-Fission/

Vg Pacecacssacess R oW |
. R N e Q, Fusion-Cluster decay
V(Rj) I

Groyind state O
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R(fm)

Fig. 1.7 Schematic diagram for dynamics of the colliding nuclei playing around
Coulomb as well as nuclear interaction potential [23].

An alternative to that process is the break-up of the system into two fragments
guasi-fission. The experimental signatures of this process are the large widths of
mass distributions and enhanced angular anisotropy, incompatible with
compound nucleus. Fission can inhibit fusion by many orders of magnitude.
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Understanding this inhibition may hold the key to forming more super-heavy
elements.

1.14 Quasi Fission and Fusion

They have the common property to be described as an evolution of the DNS
(dinuclear system) which is formed in the entrance channel during the capture
stage of the reaction, after dissipation of the kinetic energy of the collision. One
can assume that the decay of the DNS which evolves in mass asymmetry
coordinate predestines the charge and mass distributions of the quasi fission
products. With the quasi-fission process, we have the opportunity to study the
nuclear dynamics in terms of the interplay between reaction time, energy
dissipation, and angular momentum, as well as the relations to the complete
fusion- fission and deep-inelastic scattering processes. For system with large
coloumb repulsion in the entrance channel(symmetrical system) DIC has been
reported as major non-compound nucleus channel .Where as for system with
higher entrance channel mass asymmetry, ICF has been reported to be
dominant non-compound nucleus channel. In such system DIC has been
observed at high beam energies.

In the present work we look forward to study the decay of **'Bi formed in
*Ne+''Ta reaction at E/A =9 Mev. In the experimental observation [26] it has
been observed that there is a significant contribution of ICF in this nuclear
system and ER data and fission data is available. It might be of interest to apply
the Dynamical Cluster Decay model on this nuclear system at reported energy to
understand the decay mechanism of ?°’Bi formed in Ne induced reaction. The
details of the model are given in chapter 2 and the DCM results are presented in
chapter 3.
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Chapter - 2

METHODOLOGY

2.1 An Introduction to DCM

The work presented in this thesis deals with the study of heavy ion reaction
dynamics using the Dynamical Cluster-decay Model (DCM). This model 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. Note that DCM is a reformulation of PCM for
compound nuclei (CN) .Both PCM and DCM originate from the Quantum
Mechanical Fragmentation Theory, (QMFT) which, in binary fragmentation, uses
a collective mass transfer processes. This model gives method of calculating the
fragmentation potentials. Collective potentials and kinetic energy part of the
Hamiltonian are discussed, together with the solution of the stationary
Schrodinger wave equation. In DCM, decay of excited compound nuclei is
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. 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, a

useful information which is missing in the statistical fission models.

The DCM, worked out in terms of the collective coordinates of mass asymmetry
n= Al-A2/A1+A2 and relative separation R respectively gives the nucleon-
division between the outgoing fragments ,and the transfer of kinetic energy of
incident channel (Ecm) to internal excitation (total excitation or total kinetic
energy ,TXE or TKE) of the outgoing channel. This energy transfer process can

be calculated with the help of equation
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Ecn =EcmtQin = 1Qoul+ TKE(T)+TXE(T) (2.1)

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

Eiy = T AT? — T(Mev)

DCM defines the decay cross section ,in terms of partial waves using the

decoupled approximation to R and n—motions [1]-[3] as

P
k _ [lapEc m)
e

;o =Zigo ol =5 Xig,(21 + 1)PoP

(2.2)
Where P, ,the preformation probability refers to n-motion and P, the penetrability
to the R- motion The structure information of the CN enters the model via
preformation probability P, (also known as spectroscopic factor )of the fragments

given by the solution of stationary Schrodinger equation in n at the fixed R=R,,

oo 1 o , .
{ ZJB—W%\/B—W%WR(U,T)}W (m) =E"w" (1) 03
with v =0,1,2,3,....referring to the ground state and excited state solution . R; is
the first turning point of the penetrability path shown in figure 2.1 for the different
f -values . The potential V (R,) acts like an effective Q-value, Q. , for the decay
of the hot CN at temperature T, to two exit-channel fragments observed (T=0),
defined by
Qert (T) = B(T) = [ BL(T = 0) + Bu(T = 0)]

= TKE(T) =V (Ra(T)) (2.4)
with B’s as the respective binding energies.
The above defined decay of a hot CN into two cold (T=0) fragments, via Eq.(2.4),
could apparently be achieved only by emitting some light particle(s) (LPs), like n,
p, a, or y-rays of energy. By defining Qe (T) as in EqQ. (2.4), in this model we treat
the LP emission at par with the heavy fragments, called intermediate mass

fragments (IMFs) emission.
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Thus, in this model a non-statistical dynamical treatment is attempted for not only
the emission of IMFs but also of multiple LPs, understood so-far only as the
statistically evaporated particles in a CN emission. It may be reminded here that
the statistical model (CN emission) interpretation of IMFs is not as good as it is
for the LP production [4-9].

2.2 The Scattering Potential V (R)

For a fixed n i.e for a given target projectile (A1;A2) combination, the scattering
potential V (R) in Eq. (2.3) 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, 8 =VcZ,Bx 6, T)+ Vp(Ai, B, 6, T)
+ Vi (RA;, B, 0, T)

For spherical-plus-deformed nuclear collisions, only one orientation angle 0 is
enough, referring to the rotationally-symmetric deformed nucleus. ®=0° for co-
planar nuclei. For the decay of the hot compound nucleus, we use the postulate
of first turning point
Ra=R+AR(T) Where Ri=R;+R; (2.5)

AR(T) is the neck length parameter that assimilates the neck formation effects.
This method is introducing a neck length parameter similar to that used in
scission point [4] and saddle point [5],[6]statistical fission model. The R; are

radius vectors which are also made temperature dependent can be calculated as

Ri(a;) =R, |:1+ ZﬂAiY/I(O) (o )}

(2.6)
1/3 —-1/3 >
With Rg(T) =1.28%: -0.76 + 0.8%:  x (1 + 0.0007T?), (2.7)
In terms of Qe (T), the second turning Ry, satisfies (see Fig. 2.1)
V (Ra,d) =V (Rp, £) = Qe (T,£) = TKE(T). (2.8)
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With the {-dependence of R, defined by

V(Raf) = Qe (TA=0), (2.9)
which means that the R,, is the same for all £ -values, and that V (Ra, ) acts like
an effective Q-value, Qes (T, {), given by the total kinetic energy TKE(T). Then,

using (2.8), Ry(f) is given by the £ -dependent scattering potentials, at fixed T .

201gj at £ =0 value. The

Such a potential is illustrated in Fig.2.1 *°Ne+®*'Ta—
second turning point Ry is marked for the { = Oh case of R; = Ry + AR(T). The

decay path for the { -values begins at R = R,.

350

4 i 201 -
Spherical case VNe + 87 —2'Bi—= A + A
300 - 10 73 83 1

2

E,_, =162.08MeV

250 T=2.436MeV
A R=1.708 fm

200

V (Mev)

1507 (=0n

100 -
Rb

N Y

T 1 1 1 T T 1
o 12

1 14 16 18 20 22 24

50 R
N

a
T | v
8

t
T T

(o]

0 2 4 6
Range (fm)

Fig.2.1. Scattering Plot for 2°Ne+'®'Ta—?"'Bi reaction

2.3 The Fragmentation potential V (n)
The collective potential energy or the fragmentation potential can be given by
V(n,R)

v=" T2, Bi(Ai i phi) + Ve(R,Zi,BAi Bi,0) + Vp(RAi BN i) +
V, (R, B, B, )
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(2.10)
The fragmentation potential V (n), appearing in equation (2.10) is calculated at a
fixed distance R = R1 + R2 + ®R for consideration of deformed and oriented
reaction product. Here A=2,3,4... and q; is an angle that the radius vector Ri of the

colliding nuclei makes with the symmetry axis.

2.4 The Proximity Potential for deformed, oriented and coplanar

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. [10] have reanalyzed and extended a theorem, originally due to
Deryagin [11], according to which the force between two gently curved surfaces
in close proximity is proportional to the interaction potential per unit area between
the two flat surfaces. The original expression of Blocki based on the pocket
formula was for spherical nuclei, and is given as

Vp (So) = 41 R ybd(so). (2.11)

@ (sp) is the universal function, independent of the shapes of nuclei or the
geometry of nuclear system, but depends on the minimum separation distance

_(—1/2(s, — 254)% — (5, — 2.54)°
®(s0) = { —%.43?91{13 [—SDXE'-?E') (2.12)
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respectively, for sp < 1.2511 and sp = 1.2511. Here, s; is defined in units of b, i.e.
Sp is so/b. This function is defined for negative (the overlap region), zero (touching
configuration) and positive values of sq. For a fixed R, the minimum distance sg
for spherical nuclei is defined as
ss=R-Ri1-R; (2.13)
where R = 1.07AY3(i=1,2). b is the diffuseness of the nuclear surface given by
b=[11/2V3In9]10-90 (2.14)
where tio-90 is the thickness of the surface in which the density profile changes
from 90% to 10%. The value of b ~1 fm. The y is the specific nuclear surface
tension given by
y = 0.9517[1-1.7826(N-Z/A)’] Mev fm™ (2.15)
R’ is the mean curvature radius of the reaction partners, characterizing the gap,

which for spherical nuclei is given by

R=R,R,/R; +R; (2.16)

2.5 The Coulomb potential
Coulomb potential describes the force of repulsion between two interacting nuclei
due to their charges. It acts along the line joining the two nuclei. The Coulomb
potential for two interacting spherical nuclei is given as

Ve = 717,/ R (2.17)
For interacting deformed and oriented nuclei, different authors [12]-[16] have
derived it differently. In this thesis work, we have started with Coulomb potential

of Wong [15], given for two non-overlapping charge distributions, having

guadrupole deformations only, i.e.,

- Z| ‘_7.-_.-|"-_ll '[} I';Q Z| Z-‘g-.f'.") 2 oy \ 3 _ A

—+ ( ‘_:;) (—Zlﬁth ) i f?;,-ilirr_,- ) [i‘_;,f’_; (cost, .} -
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In this expression, the quadrupole-quadrupole interaction term, proportional to
B21B22, is neglected since it has a short-range character. For nuclei lying in the
same plane we have generalized it to include the higher order deformations (A =

3, 4...), obtaining

| EyZpe? 2 M
Ve (Zi, B 60, T) = R(T) +37212,€° Laim1z (22+1)R(T)A*1
2 (o)
[B2: + 82,1, (0)] (2.18)

(o)
with ¥, (6)) is the spherical harmonic function.

2.6 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 investigate the role of shell effects in the fusion, fission . 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 energy surfaces. The QMFT is worked out in terms of the
following collective coordinates:

() Relative separation coordinate R between the two nuclei or, in general, two
fragments(or, equivalently, the length parameter A=L/2R,, with L as the length of
the nucleusand Ry as the radius of an equivalent spherical nucleus).

(i) Mass and charge fragmentation co-ordinates [17],[18],[19], defined by the

mass and charge-asymmetry coordinates as

n Al — f‘lz 0 Zl - ZQ
= ) M 7z =
A z (2.19)
Similarly, the neutron asymmetry coordinate [20],
e — .-"\"FI — 1'\"2
W=
(2.20)
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can also be used, but it is sufficient to treat only two of them as dynamical co-

ordinates since they are related as

A N
n= an + qni\:.

(2.21)
Here A=Al + A2, Z=2721+ 2722 and N = N1 + N2, Ai, Zi and Ni (i = 1; 2) are,
respectively, 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 n are
0 < n< 1, and thus allows a unified description of a few-nucleon or multi-nucleon
(a cluster) transfer, a large-mass transfer, the complete fusion (n = 1) of nuclei
and the symmetric (n= 0), asymmetric and super-asymmetric fission of a nucleus
or compound nucleus. The nz coordinate gives the associated charge distribution
effects.
(iif) The deformation co-ordinates BA; (A,=2,3,4... and i=1,2) of the colliding nuclei
or fragments.
(iv) The orientation degrees of freedom 6; (i=1,2) of the deformed nuclei.
(v) Azimuthal angle ® between the principal planes of the two colliding nuclei.
(vi) Neck parameter €, defined by the ratio €=E(/E’ for the interaction region (R
<R1 + R2). Ri (i=1, 2) is the radius of the two nuclei. Here, Ey is the actual height
of the barrier and E’ is the fixed barrier of the two center oscillator. € = 0
represents a broad neck formation, whereas € = 1 gives that the neck is fully

squeezed in, corresponding to the asymptotic region (R = R1 + R2).
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Figure 2.2: Schematic configurations of two (equal/unequal) axially symmetric
deformed, oriented nuclei, lying in the same plane and for various ©; and ©,
values in the range 0° to 180°. The ©'’s are measured in anti-clockwise from the

colliding axis and the angle a’s in clockwise from the symmetry axis.

2.7 Solution of the Schrédinger Equation and the fragments

Preformation Probability (Po)

Once the Hamiltonian is established, the Schrdodinger equation in mass
fragmentation co-ordinate n can be solved. On solving numerically, | Y(n)|* gives
the probability PO of finding the mass fragmentation n at a fixed R on the decay
path.

PO(A2)=|y" (A2)[? (2.22)

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 n
motion. Therefore, the potential is minimized in the neck and deformation
coordinates 31 and 32 at each R and n values. Starting from the nuclear ground
state in spontaneous fission or cluster decay, and to have complete adiabaticity,

only the lowest vibrational state V= 0 is occupied. Then, the mass (or charge)
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distribution yield, proportional to the probability [w©(n)|? or | y©(n,)|? of finding
a certain mass (or charge) fragmentation n (or n Z) at a position R on the decay

path, when scaled to, say, mass A2 of one of the fragments (d n =2/A) is given

by:

2

Y (Ay) = [0 (Ay)

(2.23)
However, if the system is excited or we allow interaction between various
degrees of freedom, higher values of v would also contribute. These enter via the
excitation of higher vibrational states, and through the temperature dependent
potential V and masses Bjj The effect of adding temperature on potential V and
masses Bij is to reduce the shell effects in them, resulting finally in the liquid drop
potential VLDM and smoothed (averaged) masses B for the systems to be very
hot. Apparently, cold fission means taking both the potential V and masses Bj
with full shell effects included in them and hot fission means using the VLDM and
smoothed (averaged) masses Bj. Note that we are dealing here with a directly
measurable quantity, the mass (or charge) asymmetry, which works dynamically
as mass (or charge) transfer coordinate. Thus, the calculated yields Y (Ai) (or Y
(Zi)) are directly comparable with experiments. It may be stressed that there is no
free parameter in these calculations. The nuclear shape, once minimized in the
neck and deformation coordinates B1 and B2 at a given R (=Rsadqie), remains

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

2.8 Penetration Probability P:

Penetrability P measures the capability of fragments nucleus to penetrate the

potential barrier generalized during compound nucleus formation.

2.9 Assault Frequency vg:

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

is the assault frequency vy defined as,E;
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Vo=V/ Ro =V(2 E2/u)/ Ry (2.24)
where RO is the radius of parent nucleus and E2 = 1/2uv? is the kinetic energy of
the emitted cluster. Since both the emitted cluster and the daughter nucleus are
produced in the ground state, the entire positive Q-value is the total kinetic
energy (Q = E1 + E2) available for the decay process, which is shared between

two fragments, such that for the emitted cluster
= A
E2 = ()0 (2.25)

and, E1=Q - E2 is the recoil energy of the daughter nucleus.
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Chapter — 3

RESULTS and DISSCUSIONS

As it has been discussed in chapter—1 that collision between a heavy ion
projectile and a target nucleus leads to the formation of compound nucleus
(CN) as well as non-compound nucleus (NCN) or in other words it can be
said that the formation of CN in such kind of reactions is not the only
possibility, instead the reaction products may also have the contribution from
NCN channel. Hence it can not be directly concluded that in what manner the
final products of a nuclear reaction would be formed. The solution to this
problem is not straight forward and hence needs to be handled with care.
Measurement of fission products and evaporation residues in general provide
a comprehensive picture of the process subsequent to collision between
projectile and target nucleus. However a sizeable amount of non-compound
nucleus components like Incomplete Fusion (ICF), Deep Inelastic
Collision(DIC), Quasi-Fission(QF) etc., is observed more so at higher
energies and for asymmetric reaction partners.

In order to investigate various decay mechanisms in 2°Nejo+ ' Ta;3 reaction
forming **'Bigs system, the ER, fission and ICF etc., have been measured in a
very recent experiment [1] at E ;,=180 Mev It will be of interest to study the
decay **'Big; and investigate the possibility of non compound nucleus
contribution from processes as DIC, ICF,QF along with compound nucleus
contribution through ER and fission. First of all we convert E 4, into Ecm as
DCM calculations govern the later parameter in calculations. The center of
mass energy (Ec.m.) corresponding to this lab energy has been calculated
through the relation given by

Ecm= [AT/ (AP+AT) ]* Elab

The center of mass energy obtained from this relation is Ec,=162.08 MeV for
ELap=180 MeV. Also it may be notified that for the above reaction, energy per
nucleon i.e. E/A ~ 9 Mev, thus indicating that all the calculation have been
done at the low energy, which is the most widely studied energy range in
context of nuclear dynamics and related aspects. For system ?*’Bigs, we have
calculated cross- sections of the fission product and evaporation residue for
both the spherical and deformed cases in order to find the CN as well as NCN
nucleus contribution. As it is well known fact that deformations and
orientations play significant role in the decay and formation processes of a
nuclear system, so we will present the DCM results with deformation effects
included in order to draw comparison with experimental observations.
However, towards the end we shall show the mass fragmentation and related
aspects with spherical choice as well so as to access the amount and effect
of deformation in this decay of **'Bigs nuclear system.
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The total experimental evaporation residue(ER) cross-section formed via CN
is reported to be 92 mb. With the aim of fitting this number (the ER cross-
section) through our calculations based on the DCM model we tried to find
that neck length parameter (AR) value which could nearly fit the experimental
data. After trying a number of arbitrary values of AR,we found that AR=1.246
fm gives a cross-section comparable to the reported data. It is relevant to
mention here that AR is the only parameter of model. Although it has been
taken so as to fit the experimental data but recent investigation of DCM show
that this free parameter seems to have a clear dependence on excitation
energy of compound nucleus state. Besides this, in very recent findings it has
been shown that the neck length parameter accounts for an important aspect
of barrier modification for Ni induced reactions [2]-[5].

5| Deformed system

20 183 _— 2010 +
Ne, + “Ta = Bigz—=— A+ A

10 2

D
1

E__=162.08MeV

“a
b-'3 T=2.436MeV
S A R=1.246fm
S )
3 5 6 =6,,_00,,_,
()]
2 lone = 139
O
14
0- MAX\\
-~ - r - r r r+ - T + + T * * 1
40 60 80 100 120 140

Angular Momentum(/)

Fig.3.1 Variation of o_p as a function of angular momentum ARgr=1.246 fm.

From o p(cross-section of lighter particles) vs {(angular momentum) behavior
shown in fig. 3.1 its observed that o,p,—0 at £=139. This demonstrates the
fact that fuvax is decided at a point where lighter particle cross-section become
negligibly small. So we take fvax =139 at Ecm=162.08 MeV and AR=1.246
fm.
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Fig 3.2 Graph for preformation probability at ARgr=1.246 fm

Fig 3.2 shows the preformation probability as a function of fragment mass for two
extreme cases of angular momentum i.e. = 0 and £ = { o« It can be clearly seen
from this figure that at {=0 light particles are more prominent and fission
fragments are largely suppressed. Whereas with increase in {-value particularly
at {= fnha fission fragments start competing with the lighter particles. The
fragments in mass range A2=60-83 seem to be contributing for fission processes.
The fission cross-section corresponding to fragment mass A2=60-83 of the
fragments is observed to be equal to 290 mb, whereas experimentally reported
value of Ojission fOr this reaction is 486 mb. Hence fore DCM calculations clearly
indicate that perhaps some competing process is contributing in total cross-
section as reported in experiment [1]. It may be kept in mind that cross-sections
are calculated at neck-length parameter AR=1.246 fm which is more significant
for ER calculations. Also it is well established that ER and fission processes can
occur at different time scales and hence it will be of interest to look out for

42



maximum allowed AR value and check the fission cross-section across that value
of neck-length parameter. The maximum allowed value of AR is 1.750 fm which
has been decided on the basis that concept of penetration across the barrier is
not violated.

350
Deformed system
20 183 201~ - -
3007 Ne + " Ta  —=Big=A +A,
EC - =162.08MeV
= 250 T=2.436MeV
b3 A R=1.750fm
>
200 -
1504  ¢=0h
1 R R
T a b
] AR
100 T T T T \'I \w \‘ T T T T T T T T
6 8 10 12 14 16 18 20

R(fm)

Fig 3.3 Scattering plot for *’Ne+*'Ta—> Bi** reaction ARfission=1.750 fm

The allowed value of AR is checked though the scattering plot which is the
variation of total potential V=V +V+V, with the nuclear range R shown in fig 3.3.
Our calculations reveal that even for maximum allowed AR (AR= 1.750 fm in this
case). The DCM fission cross-section fall short of reported experimental data. It
may be noted that a particular value of AR is allowed only if R; < Rg . Here R,=
Ri1+ R+ AR and Rg is the position corresponding to maximum barrier height. Or
we can also say that AR is allowed if Rt+ AR< Rz . The maximum angular
momentum (f) for this Ar comes out to be 134 and the dominant fission
fragments are almost the same as for the earlier case i.e. from A2=60 to 82. The
fmax Value for AR=1.750 fm is shown in fig.3.4.
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Fig 3.4 Graph for maximum angular momentum for ARyission=1.750 fm

The preformation probability as a function of fragment mass at AR=1.750 fm is
shown in fig 3.5. The comparison of fig 3.5 with 3.2 tells us that with change in
AR there is very negligible change in the prominent fission fragments i.e.
potential energy surfaces (PES)are almost identical in fig 3.2 and 3.5. However
there us significant change in the magnitude of preformation probability. This
enhanced preformation probability at AR=1.750 fm enables us to increase DCM
fission cross-sections upto 468 mb. It is worth noting that this number is still short
from referred experimental data by approximately 18 mb. So there seems to be
definite scope of some competing Non-Compound Nucleus(NCN) contribution in
decay of **'Bi formed in Ne induced reaction at Ec . =162.08 MeV. Although a
significant improvement is seen in Oission Value but still it comes out to be much
lower than experimentally reported data. Therefore DCM calculations clearly
support the experimental observations that *°Neio+'*Ta;z—?*'Bigs— Ai+A,
reaction seems to have some competing decay process along with ER and
fission. Concluding the results from the above calculations at both AR’s we can
say that at AR=1.246 the ogr matched totally with the experimental value but
Orission did not. Infact, the value for experimental oyssion cOuld not be achieved even
at maximum allowed AR=1.750 fm.
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Fig 3.5 Same as fig 3.2, but at ARyissjon=1.750 fm

Therefore DCM calculations clearly predict the need of competing NCN
contribution in decay of *Nej; +®¥Ta;3—>?"Bigz— Ai+A, reaction. The
fragmentation potentials for two selected values of AR are shown in figure 3.6.
One may clearly see that with change in AR from 1.246 fm to 1.750 fm although
we find significant change in magnitude of potential, but the behavior of potential
energy surfaces remains almost identical. It may be recalled that this change in
the magnitude of fragmentation potential is responsible for enhancement in
preformation probability reported in fig 3.2 and 3.5. After studying all about
deformed system we tried to trace out the changes that could be observed when
spherical fragmentation is taken into account. Carrying the foregoing process the
value of AR at which oggr could be fitted was at ARgr=1.708 fm and /nax at this
AR is 131.
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Fig 3.6 Fragmentation potential at Iyax for two different AR values .

For same AR value the oOsssion for the fragments given by preformation graph
shown in fig. 3.7 viz A2=88-98, was found to be 102.3 mb. This made sure
that AR must be made exceedingly high to fit the required experimental value
with spherical consideration. Another point to be noticed in figure 3.7 is that
behavior of mass fragmentation changes from asymmetric to near symmetric
with exclusion of deformation effects. By comparing fig 3.5 and 3.7, the
amount and extent to which deformations are important in the decay of 2°1Bi83
formed in ?°Ne1o+*®Ta;3 reaction, can be easily accessed.
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Fig.3.7 Graph for preformation probability for ARggr=1.708 fm

We further tried to fit the experimental fission data by taking maximum
possible AR value i.e. AR=2 fm within spherical consideration. It may be
noted that AR > 2 fm does not make sence in reference to the range of
proximity effects. But even for this value of AR=2 fm we could not match our
results with the experimental data, on the contrary Oyssion Obtained from these
calculations comes out to be 181.5 mb which is extremely small as compared
to the deformed choice of fragmentation. However both the choices i.e.
spherical and deformed indicate the possibility of non- compound nucleus
effects in the decay of 2°*Bi formed in ?°Ne +''Ta reaction.
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Fig. 3.8 Graph for preformation probability ARfission=2.000 fm

Figure 3.9 shows the scattering plot as a function of nuclear range for deformed
and spherical choice of fragmentation. The reported role of deformation
described in figures 3.5 and 3.7 can also be accessed from this comparison.
Clearly the barrier modification i.e. the change in position and height of potential
barrier is reported for the decay of 2°'Bi formed in “°Ne;o +**Taz; reaction. As the
ARspn  is taken as most probable neck length parameter in reference to
experimental data (which is comparable t0 ARgeformed ), SO there is a definite
chance of improvement in this plot which can be done after having idea about the
NCN contribution within DCM approach.
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Fig 3.9 Scatering plots for both deformed and spherical fragments.

It is important to note that effects of deformation are quite evident in the
decay  of ?®'Bi and the mass fragmentation changes from asymmetric to
symmetric for deformed and spherical choice of fragmentation respectively.

Summarizing all these results, we can say that the discrepancy in
experimentally observed and the theoretically calculated value of Ofission drew
us to the conclusion that apart from compound nucleus contribution there is
also a significant non compound nucleus contribution in the decay of **'Bi
nucleus. Interestingly NCN component seems relatively weak with inclusion of
deformation effects as compared to that for spherical case. It will be of further
interest to see the content of NCN in order to find its origin in Incomplete
Fusion (ICF), Deep Inelastic Collision(DIC), Quasi-Fission(QF) channel within
DCM formation.
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