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ABSTRACT

In view of present day developments in the domain of nuclear physics, it is extremely
important & essential to study the nuclear properties and related phenomena at the
extreme conditions of temperature, angular momentum & energies in order to respond
the exotic experimentations being conducted & planned in near future. In order to meet
such challenges, it becomes extremely essential to update the standard of theoretical
computations in order to make meaningful predictions in the related field. In the last six
decades since the discovery of nuclear fission, extensive theoretical and experimental
investigations have been carried out to understand the various aspects of fusion-fission
dynamics. One of the important feature in the domain of fission fusion in the concept &
importance of entrance channel effects. It is therefore important to account for the
entrance channel properties of target and projectile in order to study the fusion-fission
dynamics.

Keeping this in mind, | have investigated the entrance channel effects in decay of %Sr*
formed in '°0+%Zn (Asymmetric) and *'Cl+"Sc (Symmetric) reactions. It is well
established fact that the parameters which result in entrance channel effects are the
barrier distribution, angular momentum anisotropies, mass asymmetry and nuclear
deformations. The barrier distribution is due to presence of range of nuclear potentials
across barrier and vibrations associated with projectile and target nucleus. Variation in
angular momentum distribution results in different fission products. The deformations
present in nuclear shapes results in different cross sections for interacting nucleus of
target and projectile. Mass asymmetry factor also result in different type of fission
fragments on decay of compound nucleus.

For the present study, | have used Dynamical Cluster Decay Model (DCM), which is a
very vibrant model to account for nuclear fission dynamics in general & nuclear structure
in particular. Our calculations clearly indicate that the entrance channel effect is

extremely important parameter in deciding fission dynamic of a compound nucleus.
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CHAPTER 1
INTRODUCTION

Entrance channel effect in nuclear fission means decay of compound nucleus
could be dependent or independent of it's mode of formation. There are
numerous factors associated with interacting projectile and target on which
formation and fission of compound nucleus depend. The statement that
‘compound nucleus forgets its history of formation’ gets violated for some
observed reaction mostly in heavy mass region. The parameters which result in
entrance channel effect are barrier distribution, angular momentum anisotropies,
mass asymmetry and nuclear deformations. Barrier distribution is due to
presence of range of nuclear potentials across barrier and vibrations associated
with projectile and target nucleus. Variation in angular momentum distribution
results in different fission products. Deformations present in nuclear shapes
results in different cross sections for interacting nucleus of target and projectile.
Mass asymmetry factor also result in different type of fission fragments on decay
of compound nucleus.

All parameters which result in entrance channel effect can be studied by using
dynamical cluster decay model (DCM) beside many statistical and non statistical
models. The Entrance Channel effects are observed to be more common for
heavy nuclear system because barrier distribution angular anisotropy, mass
asymmetry, deformation and orientation of nuclear systems plays prominent

role.

1.1Recent Studies in Fusion-Fission Reactions

Nuclear fission in which nucleus divides into two fragments is one of the most
interesting processes involving large scale collective nuclear motion. In the last
six decades since the discovery of nuclear fission, extensive theoretical and
experimental investigations have been carried out to understand the various
aspects of this process. With the availability of the heavy ion accelerators in the
sixties, there was added impetus in the study of dynamic of large shape changes



in nuclear system through the investigation of the nucleus-nucleus collision
involving fusion of two nuclei followed by the fission process. This study in
nuclear physics is termed as nuclear macrophysics; encompass various aspects
dealing with the static mechanism of the nuclear system. Fusion-fission path are
generally governed by the potential energy, impact parameter and the
bombarding energy above the coulomb barrier. The dynamical evolution of a
nuclear many body system can be described in terms of suitable collective
coordinates which are coupled to intrinsic degrees of freedom by means of
dissipative process. In light of the various investigations since early eighties, it is
now well established fact that there is large scale damping of collective modes in
heavy ion induced fission reactions, which result in large dynamical evolution in
the decay process of nuclear system. Study of onset of the nuclear damping,
signaling the transition from order to chaos in nuclear system is very important in

order to understand the behavior of many body systems.

In the recent years, there have been many experimental
observations which suggest possible occurrence of non-equilibrium modes of
fission such as quasi fission, fast fission and a new mode called pre-equilibrium
fission corresponding to partial equilibration of certain degrees of freedom during
the heavy ion induced fission process. It is seen that these non-equilibrium
processes occur in the heavy fissile system at all energies including sub barrier
and near barrier. These non-equilibrium fission modes arises from the
characteristics features of the potential landscapes in the multidimensional
surface corresponding to the coordinate of deformation, mass asymmetry and
neck degree of freedom and the dynamics underlying the large scale collective
motion during the fission process. [1]

1.2 Compound Nucleus and Non-Compound Nucleus Formation
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The fission of an atomic nucleus is a unique process in which a nuclear collective
motion sets involving all nucleons in the nucleus and a large number of nucleons
are eventually transported across the fission barrier. The possible decay modes of
a compound nucleus are depicted in fig.1.1.
A nucleus splits into two
fragments during fission process
and exhibit variety of shapes
while transporting from
equilibrium configuration to that
of scission configuration. The
instant at which the elongated
heavy nucleus Dbreaks into
separate piece is called the
scission point, and the two heavy
pieces of nuclear matter formed
instantaneously at scission are
called primary fragments. The
primary fragments sometimes
called pre neutron figments
(Hoffman and Hoffman 1974),[2]
are usually at high excitation Fig.1.1Decay of CMinto ER, FF and MCN process

energy and cool down

predominantly by neutron evaporation followed by y-ray emission.

Fragments which no longer emit neutrons and finally de-excites by y -ray
emission are called secondary fragments. Unstable secondary fragments decay
by p-emission until a stable nucleus formation take place. Fission cross sections
of highly excited compound nuclei and pre-scission multiplicities of neutrons, light
charged particles, and GDR y- rays have been measured in the past to investigate
the dynamics of fission. It is now established from all these studies that the
measured values of pre-scission multiplicities of light particles and y-rays are can
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be measured with fare degree of accuracy. In general, it is almost established that
contribution of fission fragments in light mass region is negligible in comparison to
ER contribution whereas the trend is almost reverse in heavy mass region where
fission process become a prominent decay channel. The enhancement in the
number of the pre-scission neutrons (and other light particles and y rays)
immediately points to a slowing down of the fission process compared to the
statistical model fission rate as given by Bohr Dynamical models. In other words
there is a healthy competition between the ER, FF and QF process throughout the
periodic table. During last two decades experimentalists have been seen
immensely interested to investigate nuclear reaction dynamics at the extreme
condition of temperature, angular momentum, deformations and orientations etc.
The main purpose is to investigate the unexplored features of nuclear properties
in general and nuclear forces in particular. As a consequence of this, it become
almost essential to study the decay process of highly excited nuclear system
formed in heavy ion reaction in order to meet the experimental observation and to
make future predications.

In a dynamical model, the fission process is viewed as that of a
Brownian particle in a viscous fluid. The degree of enhancement of pre-scission
neutron multiplicity therefore depends on the strength of nuclear viscosity or the
dissipative property of the nuclear bulk.
The pre-scission neutrons can be emitted at different stages of the fusion fission
process. If fission is considered as a quasi stationary diffusion process over the
fission barrier, a transient time is required for the system to build up a quasi
stationary probability flow over the barrier. During this transition time, the fission
process is inhibited though neutrons can be emitted. Thus the neutrons emitted
during the transient time partially account for the enhancement of pre-scission
multiplicity of neutrons. Thus more neutrons can be emitted in the dynamical
model of fission than as predicted by the statistical model. This description
however applies until the compound nucleus (CN) crosses the saddle point
(saddle point is a point where nuclear system is about to explode). Beyond the
saddle point, neutron evaporation from the CN can still continue till it reaches the
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scission point. These saddle-to-scission neutrons make an additional contribution
to the pre-scission neutron enhancement. These different stages of neutron
emission however become effective only after a fully equilibrated CN is formed.
[2,3,4]. In heavy-ion induced fusion reactions, the di-nuclear system that is
formed in the entrance channel subsequently involves toward the compound
nuclear system. The time scale of energy equilibration in the di-nuclear system is
known to be much faster than the time scale of full equilibration. It is therefore
possible that the energetically equilibrated di-nuclear system can emit neutrons
before the fully equilibrated CN is formed. Thus the neutrons emitted during the
CN formation time also contribute to the number of pre-scission neutrons. It is
evident that the multiplicity of the formation-time neutrons depends on the
entrance channel dynamics of the projectile-target system. Another competing
process is a compound nucleus evolution is Quasi fission, where fragments keep
their identity intact and hence the product remains same/similar to the reactants of
the reaction.

1.3 Entrance Channel Effect

It is almost established that in addition to normal fission a fraction of fission events

arises from a new reaction channel known as Preequilibrium fission events.
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Fig.1.2 Differential cross-section as a function of angular momentum [L]
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In case of Preequilibrium fused composite system become more compact than the
fission saddle point, and fragments separated by the thermal diffusion over the
barrier heights.

The collective degree which has lethargic relaxation in relation to
compound nucleus equilibrium time is responsible for tilting of entrance channel
reaction plane characterized by K-quantum number (explain K-quantum number).
A memory of entrance channel plane will result in large fragment anisotropies
measured in a number of heavy-ion-induced fission reactions. Therefore
Preequilibrium contribution can be estimated from a study of the fragments
anisotropies. The entrance channel mass/charge asymmetry in a heavy ion fusion
reaction is continuously varied in order to investigate qualitative change in a
fusion path. Compound nucleus formation is in general viewed from a critical
symmetry criteria, as shown by the Businaro—Gallons critical asymmetry analysis
which indicate that system having symmetries less than critical symmetry show
deviation from the predication of standard statistical theory of fission fragment
angular distributions. Boron, carbon, oxygen and fluorine induced fission of
thorium have indeed revealed such a discontinuity in the entrance channel. Direct
evidence for lethergetic relaxation of the tilting mode in heavy ion reaction has
also come from the measurement of angular distribution for charge—separated
fission like fragments.

Preequilibrium fission as described above is the additional limitation to compound
nucleus formation over and above dynamical limitation if any, to reach the
unconditional saddle point .Since the pre equilibrium fission fragment has also
have large anisotropy ,as that for quasi fission events, so the differential fission
cross section do not unambiguously identify fraction of fission following compound
nucleus formation quasi fission and pre equilibrium fission. Therefore all attempts
to deduce compound nucleus cross section from differential fission cross section
without considering account of pre equilibrium contribution in general lead to
misinterpretations. Such discrepancies are however, compensated to some extent

in form of extra push energies. The fig 1.2 above shows collected cross section
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for compound nucleus for different partial waves in *°Ar+2°®Pb reaction at Ecn
=172Mev[11].

Preequilibrium fission take place after the passage over unconditional fission
saddle point, a reduced equilibrium fission fraction does not signal a dynamical
limitation to reach the saddle point. A detailed analysis of fragment angular
distribution data in heavy ion induced fission reactions, is in progress to see
whether the inclusion of preequilibrium fission, results in same compound

nucleus as deduced from evaporation residue measurements or not.

1.4 Unexpected Entrance Channel Effect in Fission Process

In heavy/super heavy nuclear systems, prediction of absolute cross sections
without extrapolation from nearby experimental cross sections is very challenging.
This is due to extreme complexity of the process, and the very low probability of
evaporation residue (ER) cross-section. The probability distribution of reaction
outcome is extremely sensible to slight change in reaction condition and there
exist healthy competition among quasi-fission and fusion-fission processes.
Because of the very low yields of heavy elements, it is difficult and time-
consuming to make detailed and systematic experimental studies for the
reactions. However, such studies for reactions forming less fissile nuclei are more
feasible, and can give valuable information on the dynamical processes occurring
during the fusion of two nuclei. This information on dynamical process will also be
relevant to reactions forming super-heavy elements.

The fusion—fission cross-section can conceptually be divided into three parts.
In reality the three parts are not independent of each other, but are still sufficiently
distinct to constitute a useful framework for discussion. These three points are
discussed below:
The cross section for contact of the two colliding nuclei must be determined.
Contact may be defined as a configuration where complex nuclear reactions
between the two nuclei become highly probable. [5]
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(A) For light systems, cross section is at a radius inside the peak in the potential
barrier (capture barrier, or fusion barrier), and automatically leads to a compact
compound nucleus.

(B) For collisions of heavier nuclei, cross section must be multiplied by the
probability (less than unity) of reaching a compact shape inside the unconditional
fission barrier. Collisions of heavier nuclei which do not achieve this compact
shape contribute to the quasi-fission or deep-inelastic yield. For composite nuclei
achieving a compact shape, the yield of the evaporation residues is determined by
the probability of surviving fission decay from this compact configuration. The
identity of the nuclei reaching the compact shape will be dependent on particle
evaporation during the dynamical phase. Thus the evaporation residue (ER)
formation cross section may be written:

0 er(E" 1) = O contact (E*,, EC) . Pcompact (E*, £, EC) . Psun (E*, {) (1)

Where 0 contact (E*,I, EC) is the cross section for capture, for excitation energy E*

of the heavy nucleus with angular momentum fh, and in general depends on
specific entrance channel (EC)conditions. P compact (E*, £, EC) is probability of
passing to a compact shape.[7,8]

P sun(E™E) =[1-Psis (E"1) ]
The survival probability against fission from the compact shape. It is re-
emphasized that in reality, the nucleus will cool by evaporation during the

transition to the compact shape, so the latter two factors are not independent.

Pcompact (E*, £, EC) is complementary to the probability of quasi fission Pqr(E*,
L,EC), namely P compact + P oF = 1. To maximize the heavy nucleus survival cross
section, the product of all three factors must be maximized. As in heavy element
synthesis, the physical processes associated with the entrance channel can make
it impossible to simultaneously maximize all three factors individually. So, when
we include effect of entrance channel cross section for evaporation residue will
P compact Will not have its maximum value. The P ¢ompact + P oF = 1 [7,6]can be

written as P oF = 1- P compact. There will be more chances of decay by quasi
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fission which clearly mean that presence of quasi fission result in hindrance of

evaporation residue.

1.5 Role of the Entrance Channel Dynamics on the Evaporation
Residue Formation

The comparison of the capture and fusion cross sections of nuclear reactions
leading to the same compound nucleus shows a dependence of the reaction
mechanism on the shell structure and mass asymmetry of the projectile-target
pair. This allows us to determinate favorable conditions for the synthesis of super
heavy elements, production of nuclides far from the region of stability in heavy
ion collisions. The capture of the projectile by the target is calculated as a trap of
the system into pocket of the nucleus-nucleus potential after dissipation of the
kinetic energy and orbital angular momentum of the relative motion. Friction and
mass coefficients are found by calculation of the evolution of the coupling term
between the relative motion of nuclei and the intrinsic excitation of nucleons and
nucleon exchange in Di-nuclear system DNS [9]. The complete fusion being
considered as the transformation of the di nuclear system into compound nucleus
is calculated statistically. The dependence of the excitation function of
evaporation residues on the mass asymmetry of the colliding nuclei is connected
with the formation of the same compound nucleus with different angular
momentum distribution. One may that the yield of evaporation residues in the
mass asymmetric reactions is significantly larger in comparison with the more
symmetric reactions due to the smallness of the intrinsic fusion barrier and larger
quasi fission barrier.

Measurements of evaporation residues cross section for reactions leading to the
same compound nuclei can be explained by the difference in the excitation
functions of capture and fusion, as well as by the difference in survival
probabilities of the excited compound nucleus. The models based on the
dinuclear system concept (DNS) can be used to reveal reasons causing the
strong decrease in the fusion cross section for a massive system or for a more

mass symmetric reactions. The decrease of fusion probability, in these cases,
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occurs due to increasing of contribution of quasi fission process. Calculations
based on the DNS concept showed [9,10] that the peculiarities of the entrance
channel are important to describe or interpret the experimental data obtained in
reactions of massive nuclei. The study of the role of entrance channel in
formation of evaporation residue products reveals that the angular momentum
distribution of compound nucleus is defined by dynamics of capture and fusion
stages of reaction. Both the experimental and theoretical studies are needed to
be are elevated to account for optimal conditions for the synthesis of new super
heavy elements. The effect of the entrance channel peculiarities in formation of
evaporation residues is recognized by the partial capture and fusion cross

sections studies

Evaporation
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: - —
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Fig.1.3 Description of Formation and decay of the nuclear system

1.6 Parameters which Results in Entrance Channel Effect are:

1.6.1 Entrance Channel Barrier Distribution
1.6.2 Entrance Channel Mass Asymmetry

1.6.3 Angular Distribution of Fission Fragments
1.6.4 Deformations in Nuclear Shapes

1.6.1 Entrance Channel Barrier Distribution

It is well-established that in collisions of heavy nuclei, there is not a single
potential barrier, but a distribution of barrier energies, where D(E) is defined as

18



the probability of encountering a barrier of energy E, and can be determined
directly from experimental capture cross sections closely-spaced in energy .The
barrier distribution depend on following factors of interacting nuclei

(a)The distribution can be understood classically in the case of statically deformed
nuclei, where different orientations of the deformation axis with respect to the
incident projectile result in potential barriers at different radii, this result in energy
difference for different orientation of target and projectile.

Lase:l Case:ll g \

Targe!

9

Projectile

O

Propectle

Frovecife

Targel \
} Targe!

Fig 1.4 Interaction of target and projectile at entrance channel

Two different cases for the injection of the projectile at the tip and flattened side
of the target. It is relevant to mention here that head on collision [3]
Case: | Resultin relatively large cross section than side collision
Case: Il The fusion hindrance in side collision can be overcome via well known
extra push energies.
Case: lll The fusion of the projectile colliding on the surface of the deformed target
up to a critical angle generates QF. The orientated distribution of projectile target
combination in general result in barrier distribution .Barrier distribution become
shallow and as a result fusion probability gets enhanced by significant amount.
Strongly-coupled collective vibrations and multi-nucleon transfer can also give
rise to broad barrier distributions. The concept of the barrier distribution can be
extended Dby the cases where the intrinsic motion of interacting nuclei carries a
finite excitation energy Coupled-channels calculations have shown that the fusion
barrier distribution, i.e. d® (Ec)/dE?, is very sensitive to the details of the channel
couplings, To observe their sensitivity to the couplings, the excitation function of
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fusion cross sections has to be measured with high precision at small energy
intervals. Recently experiments has shown that the barrier distribution is indeed a
sensitive quantity to the channel couplings [8].It show the effects of couplings due
to static deformations and associated rotational motions, vibrational degrees of
freedom, and transfer reactions, in a way much more apparent than in the fusion
excitation function itself. These high precision data have, thus enabled a detailed
study of the effects of nuclear collective excitations on fusion reactions, and have
generated a renewed interest in heavy-ion sub barrier fusion reactions [8].

Typically, the width of the barrier distribution is between 5% to 10% of the mean
barrier energy. Although these different barriers effect all reaction processes, if we
particularly have capturing of (or fusion, for lighter systems). In general for light
nuclear system quasi-fission is not present the entire mass inside the potential
barrier lead to an equilibrated compound nucleus. It is possible to identify the sum
of the fission and evaporation residue yields with passage inside the capture
barriers, and the term fusion barrier distribution is appropriate in this regime. For
heavier systems, though the two nuclei may be captured inside the potential
barrier, they are likely to re-separate after energy damping and mass-exchange

(deep inelastic or quasi- fission processes).
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Fig1.5 Decay before equilibrium of compound nucleus. The capture barrier
distribution for '°0+2%U
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In heavy/ super heavy nuclei formation, the entrance-channel model describes the
capture cross sections, and so we refer to the capture barrier distribution. It is
important to note here that the capture cross section is only one of the factors
which effect the ER cross section. Therefore it becomes extremely essential to
have systematic study of entrance channel effects in order to calculate barrier
probability for a compact nucleus formation. The capture barrier probability
distribution for '®0 + #*®Urection is as shown in Fig.1.5. The presences of the wide
capture barrier distributions which necessarily occur during the collision of two
heavy nuclei constitute a significant element in interpretations or predictions of
cross sections for reactions forming heavy/super-heavy nuclei. In general,
reactions at energies below the uncoupled potential barrier occur not through
tunneling through that barrier, but by passage over a lower barrier, which is
encountered with a probability defined by the barrier distribution. In the language
of Myers and Swiatecki those collisions which actually lead to very heavy nuclei
are almost certainly “unshielded”, the capture barrier having been below the
bombarding energy. The fact that there is almost no potential pocket for the
uncoupled barrier will surely influence the extent and probability of finding barriers
at energies lower than the uncoupled barrier. To maximize ER cross sections, not
only the weights (probabilities) of these lower barriers be maximal, but the
elongation of the composite nucleus at contact, after passing the potential barrier,

should also be as small as possible.

1.6.2 The Entrance Channel Effect Due To Mass Asymmetry
We take mass of target A;and mass of projectile as A, then we write a as:

a = (Ai — Ap)/(At + Ap).
It is further known that the fusion paths followed by two composite systems with
o<agg and a> agg , Where agg is the critical Businaro-Gallone mass asymmetry
are quite different are chosen to form the same CN. Though a substantial amount
of work has been done in the past on the measurement of multiplicity of pre-

scission neutrons, the number of experimental investigations focusing on the role
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of entrance channel mass asymmetry in pre-scission neutron multiplicity is rather
limited.[7,8]

The pre-scission neutron multiplicity by populating 2*3Cf through two different
entrance channels lying on either side of the critical Businaro-Gallone mass
asymmetry and found more pre-scission neutrons from the system '°O + 2%Th
(a<agg) than from "B + 2*’Np (a>apg).In the resent work, we have measured the
pre-scission neutron multiplicity from 0 + ™'Ta (a = 0.837) and "°F +'"®Hf
(a = 0.807) reactions lying on the two sides of the Businaro-Gallone point
(agg = 0.814). The measurements are made at different laboratory energies,
which are chosen such that the *'TI compound nucleus is formed at the same
excitation energies in the two reactions. [7,8,11]

The dynamical calculations show that the formation time for the compound
nucleus for the symmetric system is relatively larger as compared to the
asymmetric system.However,dynamicals effects leads to formation of temperature
equilibrated intermediate di-nuclear complex, this temperature balancing is due to
emission of high energy neutrons.

V ,

—— e R

Fig1.6 Mass transfer in collision
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During collision of target and projectile there is transfer of mass between them to
form a compound nucleus. This can be explained with the help of classical model
for the mass tensor of the kinetic energy in heavy-ion collisions. The model is
based on the hydro dynamical flow picture and allows one to calculate analytic
expressions for the masses of the relative motion and transfer of mass.

In the simplest representation this model can be treated as follows .The two
nuclei are assumed to be spheres if they are separated, and connected semi
sphere if they have overlapped their shape is shown in figure1.6.

The relative distance R = z1 — z,, between the centres at
zy and z» and the mass asymmetry coordinate i = (V1 — V,,)/V, where V is the
total conserved volume and V| and V, the volumes on the left and right sides of
the plane through the neck. For the mass flow we assume a homogeneous flow
in the volume V, with velocity Z’;, in V> with Z',, and in V, with V1. The volume V,
is the cylindrical inner region bounded by the centres of the semi spheres and the
neck with radius R. The velocities are referred to a system where the plane
through the neck is fixed. Then the transfer velocity n' is related to Vr

V1= (RV/2V,) nf
The kinetic energy results after subtraction of the centre-of-mass (CM) energy as

T = 1/2Bgr R? + Br.RN +1/2B ;4 n?
Brr = 1/4M(1-n?)
By = M/A4R?(V/Vo-1)

Here M is the total mass and V, = TRR?,.

The mixed mass Bg, is small (Bry< (Br, Brr)"? ) .

This model is simple enough to give comprehensive expressions for the transfer
mass, but it is also realistic enough to yield qualitative agreement with hydro

dynamical and microscopic calculations.
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1.6.3 Entrance Channel Effect in Fission Fragment Angular
Distribution

An approximate expression[4] for fission anisotropy is given by

A=(+ <8?5) /4K?
where < £2 > is the mean square angular momentum K?= (Jew/h®)T where
Jett IS the effective moment of inertia at the saddle point and T is the
saddle point temperature.

b Separakion
'-.' a®is

Fig. 1.7 Depending upon entrance channel Mass asymmetry the composite
system may decay before K equilibrium

In Fig.1.7 the < 2> values determined from fitting the fusion/fission
excitation functions are plotted as a function of the compound nucleus
excitation energy values for the two different systems investigated. It can be
seen from the Fig. 1.7 [5,13,14]

It can be seen from the figure1.8 that at similar excitation energy values,
the measured anisotropies for '“N+?**Th case are larger than that for
""B+2%U. From Fig. 1.8, it is observed that the corresponding < > values

for "N+%%2Th are always less than that for "B+ 2%°U

in the range of
excitation energies plotted. The above result implies an entrance channel

effect at these excitation energies.
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Fig.1.8 The mean square angular momentum < £ ?> derived from fit to fission

excitation function

One may expect 'B+?*°U system to show normal behavior with respect to
SSPM. ltis not known a priori whether "N + ?**Th, will show normal or
anomalous behavior. In both the cases anisotropies were calculated on the
basis of SSPM.As mentioned above, the required spin distribution of the
compound nucleus. Thus the results clearly indicate that between 40MeV
and 60 MeV of excitation energy there is a possibility of entrance channel
effect for''B + 2°U and "N + ?**Th channel.

1.6.4 Entrance Channel Effect and Deformation

In many respects spherical nuclei are exceptional, as the vast majority of nuclei
are deformed. Many nuclei are only slightly non-spherical, and so can still be well
described by spherical nuclear models. However, for nuclei with a mass number
Ain the range 150 < A < 200 and A > 220 deformation can no longer be ignored.
Most nuclei, however, tend to be deformed because their shells are only partially
filled. The most commonly encountered shapes are elongated (prolate) or
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flattened (oblate); these shapes can change from one nucleus to its neighbour by
adding or removing a proton or neutron. In some cases it is sufficient to
rearrange the protons or neutrons within the same nucleus to change its shape.
The same nucleus can therefore assume different shapes corresponding to
states of different energy. The entrance channel effects can emerge when we
transport from two body shape to one body shape. A selected shape sequence is
depicted in fig1.8 below. Mathematically, these quasi molecular shapes
correspond to two joined elliptic lemniscatoid assuming volume conservation.
Analytic formulae are avail-able for the main shape-dependent functions: volume,
surface, distance between mass centers and moment of inertia. Similar compact
shapes have been also adopted to determine the energy of super heavy nuclei.
For the exit channel these shapes implicitly suppose that the particle is rather

formed at the surface of the parent nucleus.[3,6]

Fig1.9 Selected shape sequence to simulate the transition from two body to
one body shapes and alpha decay path the nuclei are spherical

For moderately asymmetric reactions double-hump potential barriers stand
and fast fission of compact shapes in the outer well is the main exit channel.
Very asymmetric reactions lead to one hump barriers which can be passed
only with an energy much higher than the ground state energy of the
compound system. Then, only emission of several neutrons or an alpha
particle can stabilize the nuclear system and allows reaching a ground state.

The formation of heavy/super heavy elements via almost symmetric
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reactions is a rare process. For heavy systems, with large coulomb
repulsion, there is a dramatic reduction of the true fusion probability, which
serves as a obstacle in formation of super heavy elements. Because of high
probability of fission, obtaining detailed information about this effect is very
hard task. We can study only those nuclei which survive fission. The
classical way of studying collision results that higher barrier correspond to
contact of the projectile with the flattened side of prolate target which initially
result in a compact di-nuclear system .Conversely the lower barrier
corresponds to contact with tip which is giving an elongated di-nuclear
system.

Synthesis of a heavy element, which is made by heavy ion fusion reactions,
is an important and exciting issue for nuclear physics. Because the decay
properties of the heavy ion give information on the shell effects of nucleus,
without which such a heavy nucleus could not exist due to overwhelming
repulsive Coulomb force. It is generally accepted that the production of
evaporation residues comprises of two separate processes, the fusion
between two interacting nuclei (entrance channel) and the survival against
fission in the course of the de-excitation process (exit channel). The former
process is successfully described by a coupled channel model for projectile-
target combinations with Z;Z, ~ 1800. On the other hand, in heavy systems
(£122 >1800), the formation of a compound nucleus is hindered. This is
caused by the friction generated between the interacting two nuclei in the
course of fusion process. The friction force decreases the kinetic energy of
the nuclei, which hinders a complete fusion. To drive the system to the
compound nucleus, an additional bombarding energy is needed above the
Coulomb barrier to compensate for the energy loss by friction, which is called
extra-extra-push energy (EXX).The extra push energy becomes more

significant for heavier target projectile combination.
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CHAPTER 2
METHODOLOGY

2.1 Introduction

A comprehensive study of various types of emission from the ground state as
well as excited states of compound nucleus (CN) formed in low energy reaction
is important, as it gives information about the nuclear structure aside the
underlying nuclear forces .At low energies and average nuclear force field acts
between decaying fragments which in turns ensure possibility of more than one
decay path. This average nuclear force field is largely influenced by entrance
channel, angular momentum and the temperature consideration along with
contribution of deformed and orientation effects. An extensive study of these
nuclear properties lead to a better understanding of reaction dynamics of rare
nuclear species that make the unexplored part of the nuclear chart, called exotic
nuclei.

The main aim of the work is to study heavy ion reaction dynamics
especially the decay of excited compound nucleus using the dynamical cluster
decay model (DCM)[1]-[9]. It is important to note that deformation and orientation
effects of the reaction partner and decay products are explicitly included along
with temperature and angular momentum contribution in this model. The ground
state cluster decay of radioactive nuclei has also been undertaken with in the
preformed cluster decay model [10]-[18]. Again having deformation and
orientation effects of the cluster as well as daughter nuclei included in it. Details
of DCM and PCM are given in the section 2.2 and 2.6 respectively both of which
stem from the Quantum Mechanical Fragmentation Theory, (QMFT)[19]-[32]
which in binary fragmentation, uses a collective mass transfer process.

This model is a two step model, where the first step is quantum
mechanical preformation probability Py of the decay products or cluster formed
in the mother nuclei and the second step is the penetration of the fragments/
clusters through the interaction barrier. The Py based on QMFT is also discussed
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here in section 2.3.7. The details for penetration probability P are given in section
2.4.These two crucial parameters (Po and P) have been developed and used [9],
[17], [18], [33,] [34], to incorporate the deformation effects of oriented nuclei. The
assault frequency, [1p with which the preformed cluster tries to tunnel the barrier

in the ground state decay is discussed in section 2.5

2.2 The Dynamical Cluster Decay Model (DCM) For Hot and
Rotating Compound Nucleus

The dynamical cluster decay model (DCM) [1]-[9] for hot and rotating nuclei (i.e.
angular momentum and temperature both not equal to zero) is a reformation of
the preformed cluster model of Gupta and collaborators for ground state decay
(£ =0,t=0)in cluster radioactive (CR)and related phenomena [10]-[18] .Like PCM
and DCM is also based upon the dynamical (or quantum mechanical)
fragmentation theory of cold phenomena in heavy ion reaction and fission
dynamics .In DCM, besides the temperature and angular momentum effects in
the decay of excited compound nuclei ,the deformation and orientation effect of
the decay products are also taken care, especially in the decay of heavy excited
CN for which the deformation of the decay product seems to play significant role.
The DCM, worked out in terms of the collective coordinates of mass asymmetry

A, _ A

A

= and relative separation R respectively gives:

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

The transfer of kinetic energy of incident channel (E¢y) 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 = R, (defined later),at which the
process is calculated depends upon temperature T as well as on n (i.e.R(T,
n)) .This energy transfer process can be calculated as follows with the help of
Fig 2.1
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Ecy= Ecm+ Qin = 1Qoul + TKE(T) + TXE(T)
The CN excitationE:y; is related to T (in MeV) and is given by

" 1 i ¢ "
Ecy = —q_ﬁlT' — T(Mev) .

Using the decoupled approximation to R and n—motions, the DCM define the
decay cross section ,in terms of partial waves, as[3]-[9] ;

k= |[=—5—i0 =L 0l = X%, (2l + 1)PoP (2.2)

Where P, ,the preformation probability refers to n-motion and P, the penetrability
to the R- motion, discussed in section 2.3.7 and 2.4 respectively .Here the
complex fragments (both light and heavy fragments) are treated as the dynamical
collective mass motion of preformed cluster or fragments through the barrier .The
structure information of the CN enters the model vai preformation probability P,
(also known as spectroscopic factor )of the fragments given by the solution of
stationary Schrédinger equation in n at the fixed R=R,, the first turning point of
the penetrability path shown in figure 2.1for the different £ -values .

o9 1 9
- — —+ V., T) " () =E"w" (1) (2.3)
{ 2\/Bmz an\/Bﬂﬂ 877 }

with v=0,1,2,3,....referring to the ground state and excited state solution .

For the decay of the hot compound nucleus, we use the postulate of first turning
point
Ra=R+AR(T) (2.4)

Where

Ri= Ri+R2 (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 [35] and saddle point [36],[37]statistical fission model. The R; are
radius vectors which are also made temperature dependent can be calculated as

R, (&) =R, {1 + Zﬂﬁiyl(()) (&, ):| (2.6)
A
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with
Roi(T) = 1.284%° — 0.76 + 0.84 " *x (1 + 0.0007T?), (2.7)
The corresponding potential V (R,) acts like an effective Q-value, Qg, for the

decay of the hot CN at temperature T, to two exit-channel fragments observed in
g.s. (T=0), defined by
Qeft (T) = B(T) = [ BL(T = 0) + Bu(T = 0)]
= TKE(T) = V (Ra(T)) (2.8)
with B’s as the respective binding energies.
The above defined decay of a hot CN into two cold (T=0) fragments, via Eq.(2.8),
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 Eqg. (2.8), in this model we treat the LP emission at par
with the heavy fragments, called intermediate mass fragments (IMFs) emission.
Thus, in this model a non-statistical dynamical treatment is attempted for not only
the emission of IMFs but also of multiple LPs, understood so-far only as the
statistically evaporated particles in a CN emission. It may be reminded here that
the statistical model (CN emission) interpretation of IMFs is not as good as it is
for the LP production [35 — 40].

In terms of Qe (T), the second turning Ry, satisfies (see Fig. 2.1)

V(Ra, 1) =V (Ro, I) = Qe (T, T) = TKE(T). (2.9)
with the |I-dependence of R, defined by
V (Ra,l) = Qe (T, I = 0), (2.10)

which means that the R,, given by Eq. (2.4), is the same for all I -values, and that
V (Ra, 1) acts like an effective Q-value, Qe (T,!), given by the total kinetic
energy TKE(T). Then, using (2.9), Ry(!) is given by the [-dependent scattering
potentials, at fixed Tas
V (R, T,1)=Vc(Z, B 6i, T) + Vp(Ai, B ai 6, T)
+V, (RA;, Br, 6, T) (2.11)

which is normalized to the exit channel binding energy B (T) + Bu(T).
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Fig2.1 Scattering Plot for '°0+%Zn — #Sr A+ A, at! =59 h

Such a potential is illustrated in Fig.2.1, '°0+%Zn — %8r, at different ! -values.

The second turning point Ry is marked for the ! = Oh case of R, = Ry + AR(T).
Note that as the ! -value increases, the Qe (T)-value (TKE(T)) increases and

T

hence V (Ra, ! ) increases, since the decay path for all the ! -values begins at R
= R..

The collective fragmentation potential V (R, n, T) in Eqg. (2.11) is calculated
according to the Strutinsky method by using the T-dependent liquid drop model
energy Vipw of [41], with its constants at T=0 re-fitted [3, 4] to give the recent
experimental binding energies given by [42], and again refitted [9] to give the
recent experimental binding energies[43] and calculate binding energies[44] (only
for those nuclides for which experimental data is not available. the “empirical”
shell corrections 6U are of Ref. [45] (In the Appendix of [3] and Eq. (8) of [4],
a,=0.5, instead of unity). Then, including the T-dependence also in Coulomb,
nuclear proximity, and ! -dependent potential in complete sticking limit of moment

of interia , we get

F _T:‘\. )
V(R T) = Z Vios (A2, T) + ) [SUilexp|—= )+ Vi(Z, 85,6, T)
i=1 ) 1=1 AL
T 1'-".-]-_. I.."'l;. G}_‘.‘. a; [ Tl:l
+V(R.B;,.0,,T) (212)

where the T-dependent terms V., Vp and V; are defined as follows: The proximity
potential for hot deformed nuclei is [33],[34] (see section 2.3.3)

Vo(Ai, Byi, 81, T) = 41R (T)yb(T)®(so(T)) (2.13)
and, the Coulomb Potential (see section 2.3.4)
(2.16)
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z.Z.8"

Vc 1:23.' E'T) - %-j[' _Ezizfe: T". 1.2 74

v, (6,)|B + BT, (6)] (2.14)
with the radius vector given by Eq. (2.6) and surface thickness parameter
b(T) = 0.99(1 + 0.009T?). (2.15)

The angular momentum potential, (see section 2.3.5)

B 1i1+1

V (RA, By 61, T) = —— (2.16)

21s(T)

with the moment-of-inertia,
Is(T) = pR® +=AimR%(ay, T) + ZA;mR22(a, T).

Further, in Eq. (2.12), within the Strutinsky renormalization procedure, we have
defined the binding energy B of a nucleus at temperature T as the sum of liquid
drop energy Vipm(T) and shell correction dU(T) i.e

=72

B(T) = Viom(T) + 08U exp(—=) (2.17)

The T dependent liquid drop part of the binding energy VLDM(T) is from
Davidson et al. [41], based on the semi-empirical mass formula of Seeger [46].
For the shell correction dU in Eq. (2.17), since there is no microscopic shell
model known that gives the shell corrections for light nuclei, we use the empirical
formula of Myers and Swiatecki [45].

The mass parameters By,(n), representing the
kinetic energy part in Eq. (2.3),are the smooth classical hydrodynamical masses
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[47], given by Eq. (2.60) (in the section 2.3.6) for ;= . =0° and R; taken as
temperature dependent.
Finally, the I c-value in Eq. (2.6) is the critical |-value, in terms of

the bombarding energy Ec ., the reduced mass p and the first turning point R, of

the entrance channel n;,, given by
. = RaV (2W[Ecm. - V (Ra, Nin,! = 0)])/P (2.18)
or, alternatively, it could be fixed for the vanishing of fusion barrier of the

T

incoming channel, called ks, or else the I-value (Imax) Where the light-particle
cross section Op — 0. This, however, could also be taken as a variable

parameter [36,48].

2.3 Quantum Mechanical Fragmentation Theory

In QMFT [19]-[32], the essential quantities for the description of the nuclear
dynamics are the potential energy surfaces and the mass parameters defining
the kinetic energy of the system while the static properties of nuclear system are
determined by the potential energy only. The QMFT is worked out in terms of the
following collective variables:

(1) 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 nucleus and Ry as the radius of an equivalent spherical
nucleus).

(2) The deformation co-ordinates Bx (A=2,3,4.... and i=1,2) of the colliding
nuclei.

(3) The orientation degrees of freedom ©; ( i= 1,2) of the deformed nuclei(fig.
2.2)

(4) Azimuthal angle ® between the principles planes of the two colliding nuclei.

(5) Neck parameter ¢, defined by the ratio € =E(/E’ for the interaction region
(R < R1+R2, R (i=1,2) is the radius of the two nuclei);

Where E, is the actual height of the barrier and E’ is the fixed barrier of the

two centre oscillator. € = 0 represents a broad neck formation, whereas ¢= 1
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gives that the neck is fully squeezed in, corresponding to the asymptotic region
(R > R1+R2).
(6) Mass and charge fragmentation co-ordinates[19],[20],[31].

R(oey)

|

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 [’ s in clockwise from the symmetry axis.

For two body channels, the mass and charge fragmentations for separated
nuclei/fragments are defined by the mass and charge-asymmetry coordinates as

A, _A, z,_Z,

n=—- Nz=

- - (2.19)

similarly, the neutron asymmetry coordinate [20]
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Ny _N,

NN = (2.20)

B
¥

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

ordinates since they are related as

n= i n. + Er;_\; (2.21)
Here A=A+ Ap, Z=2Z1+Z, and N=N1+N>. A;, Ziand N; (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 nucleus 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. In terms of these collective coordinates and their velocities, the collective

Hamiltonian can be written as( taking 8 to stand for By and B2 (A=2,3,4....))
H= K(s,B.n..Rn4.,R B.1,€)+ V(s Bn.,Rn) (2.22)

For the compound nucleus formation, the neck parameter €=0 is assumed, since
once the neck formation starts between the two colliding nuclei, then fission
phenomenon takes place, i.e. excited compound nucleus will proceed towards
the disintegration process.

For the potential V(n, nz ,R), minimized in the nz coordinate, Schrédinger wave
equation in terms of mass parameters n and relative separation R co-ordinate

can be written as:
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H(n ,R)¥(n .,R) = E(n,R) ¥(n ,R) (2.23)
With the Hamiltonian,
H(n ,R) = K(n)+ K(R)+K(n ,R)+V(n)+V(R)+V(n ,R) (2.24)

Here, K refers to the kinetic energy and V to the collective potential energy. The
mass parameters Bj Defining the kinetic energy term K in the above Egs.(2.24)
and (2.26) are either the consistently calculated cranking masses using the
Asymmetric shell model (ATCSM) or the classical hydrodynamic masses, which
are shown to have good agreement with microscopic cranking calculations. The
coupling term of the kinetic energy K (n,R), proportional to %/(d,9r), is neglected
here, since the coupled cranking masses are very small [19],[20] (Bg,
<<(BrrBm)"? and Bryz << (BrrBnznz)"?). Same is true for the coupling term of
potential energy V (n,R). Therefore, in a decoupled approximation [32], the
Schrodinger equation (2.25) can be solved for which the Hamiltonian takes the
form:

1 3 P 4 1
H= — ——

ai +v(n)+v(R) (2.25)
R

Fil

For decoupled Hamiltonian (2.7), Schrédinger wave equation (2.23) can be

separated for the two co-ordinates n and R as follows,

L L2 um|vem = Epvem (2:26)

2. [Byy 8y fByy 8y

[:_2: P “(RJ] ¥P(R) = ER¥*(R) (2.27)
With w(n.R) = w(nw(R) (2.28)
E = Eq+Er (2.29)

The states W'(n) are the vibrational states in the potential V(n) and are labeled
by the quantum numbers v=0,1,2......

In the following subsections, we first discuss the various the various terms of
schrodinger wave equations (2.26) and (2.27) and then give the solution of Eq.
(2.26) for the determination of preformation probability P ~¢ [w°(n)[%.
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2.3.1 The Scattering Potential V(R)

For a fixed n i.e. for a given outgoing fragment (A4,A2) combination, the scattering
potential V(R) in Eqg. (2.27) is defined as the sum of the deformations,
orientations dependent coulomb potential, proximity potential and angular
momentum dependent potential, i.e.

V(R) =V¢ (R, Z;, Bai, 6i, P)+Vp(R, Ai, Bai, 8, D)+ Vi (R, A, Bai, 6, P) (2.30)

2.3.2 The Fragmentation potential V(n)

The collective potential energy or the fragmentation potential V(n,R), appearing
in equation (2.8) is calculated as,
v (n.R) = :

27-, Bi(Ai Zi BAl) + Ve(R.Zi,BAi, 8, @) + Vp(RAI,BALBi, @) +
V, (R, Ai, BAi, Bi, @)

(2.31)

Here B; (i=1,2) are the binding energies of the two nuclei, available from the
experimental data of Audi-wapstra [43]. Wherever the experimental B’s are not
available, the theoretical binding energies of Moller et al.[44] are used. Note that
the binding energies contain both the macroscopic (liquid drop part) and the
microscopic (shell correction part).

The fragmentation potential V (n) is calculated at a fixed distance
R=R{+R2+0R or R=C{+C,+ 8C fm, with C; (i=1,2) as the sussmann central radii
related to the radius vector R; as Ci= Ri(1 — b%/R?) with

Ri=Ra[1+Z, 821 ¥, (ai) ], (2.32)
and

Ro = 1.2847°-0.76 + 0.847"° (2.33)

Here A=2,3,4.... and q; is an angle that the radius vector R; of the colliding nuclei
makes with the symmetry axis(fig.2.2) the diffuseness of the nuclear surface (l.e.
the surface thickness) b = 0.99 fm. The charges Z; are fixed by minimizing the

potential V (n) in the nz coordinate at each n value.
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For the study of excited systems, where the nuclear temperature effects also

come into picture, the fragmentation potential at fixed R is
V (N, T) = Zi21-Viom(ALZi, T) +Z72,-8U exp(=T?/T?0)+ Ve(Zi, Brs 61, @, T)
+ Vp(Ai, Bui, 65, @, T) +V7 (A, Bai, 61, @, T) (2.34)

Here, Viowm (A, Zi, T) is the liquid drop part of the binding energy and dU, the
shell corrections. Note that the calculation of fragmentation potential involves all
the possible decay channels and the number of all such possible decay channels
becomes more and more with the increasing mass of the mother nucleus. The
nuclear temperature T (in MeV ) is related to the excitation energy E_,; of the

compound nucleus, through a semi-empirical statistical relation as:
Eiy = 1/10AT?2—T (MeV ) (2.35)

The shell corrections dU in Eq. (2.34) are considered to vanish exponentially for
Ei, 260 MeV , giving To = 1.5 MeV . At higher excitation energies the shell
corrections vanish completely and only the liquid drop part of energy is present.
The shell corrections play an important role in determining or empirical fitting of
nuclear masses, because the nuclear masses calculated by using the smooth
liquid drop formula show large deviations with respect to the experimental
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 [49] method
as

su=U- U (2.36)

where, U = X, E,, 2n,, is the sum over all occupied single particle states and
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E

U= [ _EG(E)dE (2.37)

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 Moller et
al. [44] are tabulated for Z = 8 only. For Z < 8, one could alternatively use the
empirical shell correction method of Myers-Swiatecki [38] 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 [4].

2.3.3 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. [50] have reanalyzed and extended a theorem, originally due to
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Deryagin [51], 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 (s0) = 4TTRY b ®(so). (2.38)

d(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, — 2.54)° — (s, — 2.54)°
P(s0) = ‘{ . - g (Sk \ ’
- L —3.437exp (—5,/0.75)

(2.39)

respectively, for sp < 1.2511 and sp = 1.2511. Here, sy is defined in units of b, i.e.
So is se/b. This function is defined for negative (the overlap region), zero (touching
configuration) and positive values of so. For a fixed R, the minimum distance sg

for spherical nuclei is defined as

So = R - R1 - Rg (240)
where R = 1.07A"3(i=1,2). b is the diffuseness of the nuclear surface given by
b=[1'r/2\/3ln9] t10-90 (2.41)

where tip-g90 is the thickness of the surface in which the density profile changes
from 90% to 10%. The value of b ~1 fm. The vy is the specific nuclear surface
tension given by
y = 0.9517[1-1.7826(N-2/A)*] Mev fm? (2.42)
R’ is the mean curvature radius of the reaction partners, characterizing the gap,
which for spherical nuclei is given by
R =R{R2/Ry + Rz (2.43)

2.3.4 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
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potential for two interacting spherical nuclei is given as

Ve = Z1Z:6% R (2.44)
For interacting deformed and oriented nuclei, different authors [54]-[58] have
derived it differently. In this thesis work, we have started with Coulomb potential

of Wong [57], given for two non-overlapping charge distributions, having

qudarupole deformations only, i.e.,

o 1/2 e
_ ZlZ-'Jr'l_ 9 : ZJ Z-)E"" — 5 . ’ .
V., = 2 2 R2(cx;) B Pa(cos6;)

‘ " (anr.) ( s ).,._l SIS vl

] .2 2 =
+ (_i) (‘ij’?( ) ; R2(cv;) [5 Pg(mmaé}] N
= (2.45)

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

Rf{drfi

(2A+1)R(T)4H1

V.(Z; B8, T) = BEZ 1+ 37,7, 5, .,

2 yrlo
Bz’.:’ + lg._:.tj}}_ (E) (246)
With Ri from eq (2.32 )¥”(©) are the spherical harmonic function.

2.3.5 Rotational Energy Due to Angular Momentum

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

define as
v, =25 (2.47)
with | = pR?, is the non-sticking limit of moment of inertia with as the p = ;il, m

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

of inertia | is given as,
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| = uR:+2/5A1mR’, +2/5A.mR?, (2.48)

with Rifrom Eq. (2.32). 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 based upon moment of inertia limit. [59]

2.3.6 Classical Hydrodynamic Mass Parameters

The kinetic energy part of the Hamiltonian in Eq. (2.26) enters through the mass

parameters. We use here the classical mass parameters of Kroger and Scheid
[47]. The model of Kroger and Scheid is based on the hydrodynamic 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 Bnnmass we get

AmR2 vit{1 +
4 Bnn=—-I i
R. .\ vel + vels
= R,
— - P Uz /?(\ — (2.49)
R(f 7 AN
'\ J/ With
Re 1
Y == :R[:-—c‘osil (l
- — R
(2.50)
0= :1?[(1 - cos 1)+( 1 - cos 2)]
(2.51)
Ve = TR%R (2.52)
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Fig. 2.3 The geometry of classical hydrodynamic model for calculating mass

parameter By,

and Vv, = Vi+V,, is the total conserved volume. The angles , and . and

geometry of the model are shown in Fig. 2.3. For ,= ,=0, 0 = 0 which
corresponds to two touching spheres. Rc(is not equal to 0) is the radius of a
cylinder of length R, having a homogeneous flow in it; whose existence is
assumed for the mass transfer between the two spherical fragments. We have
generalized this formalism for deformed nuclei by using the radii R1 and R2 for

deformed nuclei, given by Eq. (2.32).
2.3.7 Solution of the Schrodinger Equation and the Fragments

Preformation Probability P,

Once the Hamiltonian Eq. (2.25) is established, the Schrddinger equation in
mass fragmentation co-ordinate n can be solved. On solving Eq. (2.26)
numerically, | w'(n)|? gives the probability Po of finding the mass fragmentation n
at a fixed R on the decay path.

Po(A2)=|yp" (A2)[? (2.53)
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 B1 and B2 at each R and n values. Starting from the nuclear ground
state in spontaneous fission or cluster decay, and to have complete adiabaticity,

47



only the lowest vibrational state v= 0 is occupied. Then, the mass (or charge)
distribution yield, proportional to the probability | ¢(n)|zor | p©(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:

YV (As) = |9 (Az)|? ;1 VB (A2)). (2:54)

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 Bij The effect of adding temperature on
potential V and masses Bijis to reduce the shell effects in them, resulting finally in
the liquid drop potential Viom and smoothed (averaged) masses Bij for the
systems to be very hot. Apparently, cold fission means taking both the potential V
and masses Bij with full shell effects included in them and hot fission means using
the Viom and smoothed (averaged) masses Bi. The possible consequence of
such excitations are included here by assuming a Boltzmann like occupation of
excited states

- (2.55)
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 ( =Rsaddie), remains fixed for both the mass

and charge distributions of fission or decay fragments.

2.4 Penetration Probability P

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

potential barrier generalized during compound nucleus formation
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2.5 Assault Frequency [y
For the cluster decay studies in the following section, another quantity of interest
is the assault frequency o defined as,E-

v V@2
RO RO
where Rois the radius of parent nucleus and E2 = 1/2uv2is the kinetic energy

o (2.56)

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

E2 = ()Q (2.57)

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

Entrance Channel Effect in ®Sr* Using Dynamic Cluster Decay
Model

3.1 DCM Results

The decay of the #Sr* nucleus, formed in entrance channel reactions '°0+%°Zn
and ¥Cl+*Sc at different incident energies, is studied by using the Dynamical
Cluster Decay model (DCM) extended to include the deformations and
orientations of nuclei. The data is available for quasi fission (preformation
probability Po=1) and evaporation residue (A,<4) process for this nuclear system.
The decay fragments are calculated as emissions of preformed clusters through
the interaction barriers. The DCM calculations for asymmetric '®O + ®Zn at
different Ecn values as shown in table 3.1.This table shows the data for
®*0+%Zn channel at different center of mass energies i.e at different
temperatures. The DCM calculated [2-10] cross section is formed to be at good
agreement in the available experimental data. The AR and {nax values are also
given for drawing comparative study with *’Cl+**Sc channel.
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Ecm(Mev) | Temperature | E xperimental DCM

(MeV) ONCN Ocn | Onen | Ocn ARnen | ARen | fmax
50.5768 2.435 | 164410 | 857 | 165 862 | 1.283| 1.59|°’
54.6768 2532 | 214+9| 981 | 222|977.5048 | 1.203 | 1.631 | *°
58.8768 2625 | 228+11 | 1079 | 225 | 1075.29| 1.269 | 1.67 | ©
62.9768 2708 | 324+13 | 1157 | 324 | 1160.611 | 1.374 | 1.688 | °°
67.0768 2793 | 304+11 | 1219 | 302| 1217 | 1.425 | 1.644 | °/
71.1768 2.873 | 308+16 | 1240 | 308 | 1232.467 | 1.445| 1.73|°’
76.1768 2970 | 319+19 | 1255 | 317 | 1258.3| 1.471 | 1.508 | °7

Table 3.1 Comparison of DCM calculated ocy and onen for °0+%6Zn reaction
channel in the experimental data [1]

Ecm(Mev) | Temperature | g xperimental DCM
(Mev) ONCN OcN | ONeN | OcN ARnen | ARen | fmax
60.0825 2.577 | 3415 354 | 33.1 358 1.51 1.449 54
64.3825 2.669 | 5115 540 | 51.7 537 | 1.335|1.6105 57
68.7825 2.760 | 6617 690 | 66.9 696 | 1.393| 1.602 57
73.1825 2.847 | 104112 | 824 |102.0| 823.4| 1.603 | 1.678 55

Table 3.2 comparison of DCM calculated ocy and onen for 3Cl+*°Sc  reaction
channel in the experimental data [1]

The result of relatively symmetric entrance channel ®’Cl+**Sc are given in table
3.2. Table 3.2 shows DCM result for by *’Cl+**Sc channel of different center of
mass energies i.e different temperatures along with experimental data. Clearly
DCM calculations are found to be in good agreement with experimental data. The
AR and £« values are given for the reason stated above.

The comparative behavior in Table 3.1 and 3.2 clearly indicate that the fraction of
total reaction cross section in *0+%Zn where as the *'Cl+**Sc channel gives

mainly compound nucleus products. In other words quasi fission is more
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predominate in '*0+%Zn channel as compared to *CIl+**Sc reaction channel.

More predominate mode of fission is by evaporation residue formation.
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Fig.3.1 Fragmentation Potential as a function of fragment mass A, for '°0+%¢Zn—

825, A4+Ao reaction.

In fig.3.1 the behavior of fragmentation potential with fragmentation mass
number 1 < A> < 81 is shown at E.,, = 62.9768 MeV, T=2.708 MeV, AR= 1.688
fm for '® O+%¢Znrection at two extreme £ values. An a- nuclear structure is
evident at both angular momentum values as expected. At {=0  Evaporation
Residue process seem to be dominant where as higher {-values ({ =lmax=59h)
fission/Quasi fission seems to be competing with Evaporation residue process
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Fig.3.2 Preformation Probability as a function of fragment mass A, for

1604%6Zn— #3r*— A +A, reaction.

In Fig.3.2 Preformation Probability Py is plotted as a function of fragmentation
mass for '®0+%Znchannel for same parameter as taken in Fig3.1. Preformation
Probability Po at £ =0h is higher for 0<Ay<4(light particles) as compared to
symmetric and near symmetric fragments. On the contrary we find that
probability become prominent for symmetric and near symmetric fragments as
compared to light particles. The interesting feature of the study is that behavior

shift from asymmetric fragments to symmetric fragment with increase in {- values.
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Penetration Probability P
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Fig.3.3 Penetration Probability as a function of fragment mass A, for

1604%67n — 823 — A,+A, reaction.

Penetrability P measures the of capability of fragments nucleus to penetrate the
potential barrier generalized during compound nucleus formation. Variation of
penetration probability P with fragmentation mass Ax is given for system'®O +
®Zn reaction channel. The penetrability shows interesting structure for the lower
{ &intermediate mass fragment at {=0value, and become almost constant for high

mass fragments. On the contrary penetrability remain almost constant for high {-
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Fig. 3.4 Summed up cross section, Penetratibility, Preformation Probability as a

function of fragment mass Az for '°0+%°Zn— %Sr*— A;+A; reaction.

Fig. 3.4 shows summed up graph from £ =0 h and {= {a= 59h for penetrability P,
Preformation P, and cross section as a function fragmentation mass A,.We
observe that preformation probability (open square) shows interesting structure
with cross section (dark circle), On the contrary Penetrability seems to be
contributing largely to magnitude and plays a silent role regarding structure

expect for few fragments in intermediate mass region.
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Fig 3.5 Fragmentation Potential as a function of fragment mass A, for

3Cl+*Sc— #Sr*— A+A, reaction.

In fig3.5 shows the fragmentation potential as a function of fragmentation mass
number 1 < A, < 41 shows that at £ = Oh and { .= 57h, E.m=64.38 MeV,
T=2.669 MeV, AR= 1.610 fm for *’Cl+*Sc channel. An a- nuclear structure is
obtained at both angular momentum just like '®*0+%Zn channel shown in Fig
3.1with only exception that variation become relatively smooth in '®0+%¢Zn
channel . Here also Evaporation residue is prominent at { = Oh where as at
higher {-values(fmax=57h) heavier mass fragments also start competing in the
evaporation residue process.
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Fig.3.6 Preformation Probability as a function of fragment mass A, for

37C1+%Sc—s 83 — A;+A, reaction.

In Fig.3.6 Preformation Probability Py is plotted with fragmentation mass for in
37Cl+*Sc reaction channel. Preformation Probability Py at ¢ = Oh is higher for
0<A.<4 and then it shows a deep minima near symmetric fragments. On the
contrary at {nax = 57h we get enhanced probability for symmetric/near symmetric
fragments as compared to light of intermediate mass fragments. It is observed
clearly that variation shown in Fig.3.6 is almost similar as that for Fig.3.2
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Fig. 3.7 Penetrability as a function of fragment mass A, for ¥’Cl+*°Sc— %2Sr*—

A1+A, reaction.

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

potential barrier generalized during compound nucleus formation. Variation of

penetration probability P with fragmentation mass A; is given for system® Cl+*°Sc

reaction channel. The penetrability shows interesting structure for the lower ¢

&intermediate mass fragment at {=0Ovalue, and become almost constant for high

mass fragments. On the contrary penetrability remain almost constant for high {-

Value, Emax=57h.
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Fig 3.8 Summed up cross section, Penetratibility, Preformation Probability as a

function of fragment mass A, for ¥’Cl+**Sc — 82Sr*— A;+A, reaction.

Fig 3.8 shows summed up graph from £ =0 h and {= £,,.x= 57h for penetrability P,
Preformation P, and cross section as a function fragmentation mass A.. We
observe that preformation probability (open square) shows interesting structure
with cross section (dark circle), On the contrary Penetrability seems to be
contributing largely to magnitude and plays a silent role regarding structure

expect for few fragments in intermediate mass region.
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Fig.3.9 Fragmentation Potential as a function of fragment mass A; for '°0+%¢Zn
— 828, As+A; and ¥ Cl+*Sc — #Sr*— A+A; reactions.

Fig.3.9 shows at £ =0 h the potential for both the reaction channels is almost
identical, where as at higher f-values { = Imax=59h for '°0+°6Zn & £ = fmax=57h
for ¥’Cl+*Sc reaction channel. We find interesting variation in fragmentation
potential especially for light and intermediate mass fragments. Two systems
leading to same compound nucleus #Sr*shows different fragmentation potential
for two different entrance channels. So fission dynamics of compound nucleus
seems to be influenced by entrance channel possibly because of difference in
angular momentum value £ = Imax. It is relevant to mention here that fmax is
decided by monitoring the variation of light particles (A> < 4) cross section as
function of angular momentum. fmax is chosen at the point where light particle
cross section becomes negligible.
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Fig.3.10 Preformation Probability as a function of fragment mass A, for

1804%6Zn — 823r*— A;+A, and *’Cl+**Sc — %Sr*— A +A, reactions.

Fig.3.10 We have plotted Preformation Probabilty P, as a function of

Fragmentation mass for '®0+%Zn & °Cl+**Sc channels. The comparative

behavior clearly indicate that Preformation Probability is identical at £ =0 h.

However at £ = Imax we find a significant variation in formation .Probability

especially for lower& intermediate mass fragments. This result will play an

important role in establishing entrance channel effect for #Sr* nuclear system.
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Fig.3.11 Penetrability as a function of fragment mass A; for '°0+%°Zn — #Sr*—
As+Az and *’Cl+*°Sc — %2Sr*— A;+A; reactions.

Fig.3.11 shows that {=0h chances of penetration are less for high mass
fragments '°0+%Zn system as compared t0®'Cl+*Sc system. On the contrary
penetration Probability for '*0+%Zn channel shows comparative enhancement
for lower and intermediate mass fragments. Interestingly at higher f-values
(Bmax=59h for’®0+%°Zn & tna=57h for *’Cl+**Sc channel).There is no variation i.e
both entrance channels show almost identical penetrabililty. This clearly indicate
penetrability seems to be contributing in magnitude being almost structure

independent.
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180+5%8Zn reaction channel.[1] for'®0+%6Zn reaction channel.[1]

Fig. 3.12(a) & 3.12(b) show variation of CN cross section & NCN cross section
respectively for '°0+%Zn channel. Our DCM collected cross section gives
excellent agreement with experimental data at all reported excitation energy

values.
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Fig.3.13(b) Comparison of DCM non
compound nucleus Cross section
with available experiment data
for*’Cl+*Sc reaction channel.[1]

Fig.3.13(a) & 3.13(b) show variation of CN cross section & NCN cross section

respectively for ®’Cl+**Sc channel. Our DCM collected cross section gives

excellent agreement with experimental data at all reported centre of mass energy

values.
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Fig.3.14 Variation of AR with the function of Em for '°0+%6Zn — %Sr*— A +A;

and *’Cl+*Sc — %Sr*— A,+A;reactions.

Fig.3.14 gives variation of AR(CN) with E., for both channels. It is observed that
with AR remain almost constant as a function of E¢.m for **0+%6Zn channel where
it increase with increase in En, for relatively symmetric channel ¥Cl+*Sc. It is
relevant to me here that AR is the only parameter of model and plays an
important role in deciding decay path of nuclear system formed in heavy ion

reaction.
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Fig 3.15 %NCN is plotted as a function of Ecn(excitation energy) as mentioned in
Fig 4 of [1]

Calculated %NCN contribution is very much in agreement with the experimental
data.
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CHAPTER 4
SUMMARY AND CONCLUSIONS

Our understanding regarding formation & decay of a compound nucleus has
grown significantly in view of exotic experimentation & advanced theoretical
developments. Although nuclear dynamic depends heavily on temperature,
energy, angular momentum, deformation etc. But another important and
equivalent process is the domain of fusion fission dynamics is the concept of the
entrance channel effects.

It is therefore extremely interesting & important to investigate that whether the
decay path in nuclear process is entrance channel dependent or channel
independent. In order to investigate such problem we have studied the entrance
channel effect on the #Sr* nuclear system formed by two different reactions. Our
calculation clearly indicate that the fragmentation potential & preformation gets
influenced by the choice of entrance channel at higher value of angular
momentum {nax Which is a possible indication that decay process might be
dependent on the formation channel. On the contrary penetration probability
don’t show such channel dependence at higher angular momentum, although a
little variation is seen in the penetration path at £=0.

In this work we have studied the entrance channel effects in ®*Sr* nucleus
system formed in an asymmetric channel '®0+%Zn and symmetric channel
37Cl+*Sc.Entrance channel effect in nuclear fission means decay of compound
nucleus could be dependent or independent of its mode of formation. Initial state
of target and projectile decide the rate of fission dynamics after the formation of
compound nucleus. The Entrance Channel effects are observed to be more
common for heavy nuclear system because barrier distribution angular
anisotropy, mass asymmetry, deformation and orientation of nuclear systems
play prominent role in the heavy mass region. But such effects are also observed
in intermediate & light nuclear system.

As reported in experimental study '®°0+%Zn entrance channel gives relatively
more non compound nucleus cross section as compared to *’Cl+*Sc,which

clearly mean that ®Sr* seem to have entrance channel dependence .We have
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carried out systematic study on the decay of #Sr* formed in two extreme reaction
and observe that entrance channel effect can be established using DCM
calculations in agreement with experiment.

Our dynamical cluster decay model (DCM)[2-10] dependent evaporation residue
and Quasi fission cross section are found to be in close agreement with
experimental cross section at all reported energies. In DCM we have three
important factors Preformation P,, Penetrability P, Assault frequency [Jo.
Preformation measures the probability of formation of compound nucleus when
collision of target and projectile take place. Penetrability is tendency to cross the
potential barrier and undergo fission. Assault frequency measures the rate of
collisions undergoing with n the compound nucleus.

The only parameter of the model is neck length value AR, which is taken as a
fitting parameter, so the variation of AR as a function if incident energy carries a
useful information.

The variation of AR as a function of E.» remains almost constant for '°0+%2zn
where as it varies almost linearly with E¢n for *’Cl+**Sc channel, which again
could be taken as possible indication of entrance channel dependence for ®Sr*
nucleus.

The comparative behavior studied for %2Sr* nuclear system formed in two
complementary entrance channel an asymmetric channel '°0+%Zn and
symmetric channel *’Cl + *°Sc clearly indicate that the entrance channel does
effect the decay process of this nucleus. The &nax values (fmax =59 h for '°0+%°Zn
& Imax =57 1 for ¥’Cl+*°Sc) seems to be playing important role in decay process
of #Sr* nuclear system. It is important to recall that the £ is decided on the
basis of variation of evaporation residue cross section (ogr) as a function of
angular momentum i.e We vary cross section as a function of angular momentum

& Imax limit when the ogr become zero or negligibly small.
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