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Abstract
In this work, the effects of projectile energy and entrance channel mass-asymmetry on
incomplete fusion reaction in 2C + %8Te, 2C + !pr 12C + 1°Tph, 1°0 + 1¥7e, 0 + *°Th and
%0 + 81T, projectiles + targets systems at ~ 3-9 MeV/nucleon were studied. Cross sections of
various reaction products populated via complete and incomplete fusion of **C projectile with
128Te, pr and ™ Tb-targets and *°O projectile with **Te, ™°Tb and '*!Ta targets were
calculated using the reaction model code PACEA4. The predicted cross sections were compared
with experimentally measured data from EXFOR database. For a representative non a-emitting
(*2C, 4n) channel from a representative in **C + ™°Tb system, experimentally measured cross
sections agreed with PACE4 prediction for level density parameters K=10. For the same level
density parameters a representative o-emitting (*2C, a3n) from a representative in 2C + *Te
projectile + target system, the experimentally measured cross sections are higher than the PACE4
predicted. The observed difference is attributed to the contribution of incomplete fusion
following the prompt break-up of the projectiles into a-clusters. An attempt was made to deduce
the contribution of incomplete fusion reactions from presently investigated projectile and target
systems. It was found that the incomplete fusion fraction, in general, increases with the increase
in projectile energy. Furthermore, the result indicated that at the same normalized relative
velocity, the incomplete fusion fraction is higher for mass-asymmetric projectiles and targets

systems.



Abbreviations

ICF: Incomplete Fusion

CF: Complete Fusion

Vce: Energy Coulomb Barriers
BUF: Break-up Fusion

PEP: Promptly Emitted Particles
MSD: Multi-step Direct

o;cr (total): Total incomplete fusion cross sections
Eqp: Energy of Laboratory
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Ar: target mass number
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CHAPTER ONE

1. INTRODUCTION
For the past few decades, several efforts have been put forward by both experimental as well as
theoretical nuclear researchers to study complete fusion and incomplete fusion (ICF) reaction
dynamics [1-7]. Incomplete fusion (ICF) is used as a valuable tool in comprehensive reaction
dynamics, and it is associated with the phase of nuclear interaction, thus acting as a crucial
intermediary in shedding light on the transition from one body mean field at lower energy to two
body nucleon-nucleon interactions at higher energies [5]. Experimental studies show that the ICF
process predominantly occurs at energy above the coulomb barrier (Vcg) [2, 5]. Experimentally,
Britt and Quinton first observed ICF reaction [6] following projectiles *2C, °0, and *N break-up
into alpha-cluster in an interaction with the target nuclei. Moreover, [7] provided remarkable
information on ICF dynamics by the measurement employing the charged particle gamma

coincidence technique.

Incomplete fusion depends on various parameters such as the coulomb effect [1, 8], deformation
parameter, entrance channel mass asymmetry [9], projectile energy, etc. In the past, several
dynamical models have been proposed to explain the mechanism of ICF reactions. The break-up
fusion model of Udagawa and Tamura [10] based on Distorted Wave Born Approximation
formalism explained ICF in terms of the break-up of the projectile in the vicinity of the target
nuclear field. Wilczynski et al. [11] SUMRULE model proposed that the various ICF channels
are localized in the angular momentum (£)-space above the critical limit of angular momentum
(Lerit) for the CF to occur. CF reactions occur where the angular momentum imparted to the
system 1is less or equal to {cit [12]. In a sharp cutoff approximation, the probability of CF is
assumed to be unity for £ less or equal to £t and expected to be zero for £ > Lg; [13], whereas at
relatively higher projectile energies and finite values of the impact parameters, CF gradually
gives way to ICF. Further dynamical models, like the exciton model [14], the hot spot model
[15], the promptly emitted particles model [16], and the multistep direct reaction model [17],
have been proposed to explain ICF dynamics. These entire models have been able to explain ICF
dynamics at energy above 10MeV/nucleon. Various research groups have previously



investigated incomplete fusion reaction properties using different projectile-target systems and

energy ranges.

Pushpendra et al. [12] studied the underlying aspects of incomplete fusion by the spin
distribution of the *°0 + *®Tm system at 5.6 MeV/nucleon. The study found that the measured
normalized production yields of fusion-evaporation xn/axn-channels generally agree with the
PACEA4 predictions. Further, the results showed that products from the complete fusion reactions
are strongly fed over a broad spin range, while evaporation residues from the incomplete fusion

process are found to be less populated in the lower spin states, which are strongly hindered.

F. K. Amanuel et al. [2] Investigated the influence of incomplete fusion on the complete fusion
of **C-induced reactions at ~ 4-7.2 MeV/nucleon. It was found that for a-emitting channels
populated in the interaction of *C+%*Nb, *C+°°Co, and *2C+°°Cr projectile-target systems, the
experimentally measured excitation functions were higher than the prediction of the theoretical
model. Furthermore, it was found that the estimated incomplete fusion fraction, which represents
the relative contribution of ICF to the total fusion reactions, is sensitive to the projectile energy
and mass asymmetry of the entrance channel.

Ali et al. [18] studied the dynamics of incomplete fusion in ?’Ne+ *°Tb systems; the study
showed that the presence of significant ICF, resulting from the break-up of ®Ne into 0 + *He,
2C+ ®Be and ®Be + *C, involves partial momentum transfer, leading to small recoil ranges
where one of the fragments undergoes fusion with the **°Tb target nucleus. Moreover, it was
found that the estimated incomplete fusion fraction, which represents the relative contribution of
ICF, is influenced by the function of various entrance channel parameters, such as mass

asymmetry, coulomb factors, deformation parameters, and zeta parameters.

Kaur et al. [19] recently studied the reaction dynamics involved in the interaction of **C-
projectile with '®'Ta-target near the coulomb barrier. Results showed that for non o-emitting
channels populated in the interaction of the ?C + ®'Ta system, the theoretical predictions using
PACE4 agreed with the experimentally measured cross-section values. However, for a-emitting
channels, enhancements on the experimentally measured cross sections over the PACE4

predictions were observed. It was confirmed that the observed enhancement for the a-emitting



channel is attributed to the contribution of ICF reactions. Further in the study, a 7.7%

contribution to the ICF reaction was found.

Much work has been done on studying ICF reactions for various target nuclei over a wide range
of energy. However, reasonable comparative studies on ICF have been confined to beam
energies greater than 10 MeV/nucleon. Furthermore, precise and robust modeling of ICF
processes is still lacking, especially at relatively low bombarding energies = 3-9 MeV/nucleon
and for a few projectile-target systems. The present study seeks to contribute to addressing the
gaps identified above; we study the effects of projectile energy and entrance channel mass-
asymmetry on ICF reaction of **C + '#Te, *2C + *'pr, 2C + 1*°Tb, °0 + ¥*°Te, °0 + ™*Th and
180+181Ta projectiles + targets systems at =~ 3-9 MeV/nucleon. For theoretical prediction, PACE4
code with 100,000 decay events was used. Furthermore, the Morgenstern [20] systematic was

used to separate the ICF reaction cross-section contribution.

1.1.0Objective

1.1.1. General objective
e To study the association between incomplete fusion and projectile energy and

entrance channel mass-asymmetry in some *2C/*®0-induced reactions

1.1.2. Specific objective
> To select values of sensitive input parameters that reproduced the measured data
for representative non-o emitting channels.
» To deduce the contribution of incomplete fusion cross-sections

» To calculate the contribution of incomplete fusion fraction



CHAPTER TWO
2. THEORETICAL BACKDROUND OF NUCLEAR REACTION

2.1.Nuclear reaction
Nuclear reaction is described by identifying the incident particle, target nucleus and reaction
products. It formed when two nuclei, or a nucleon and a nucleus, come together in such close
contact that they interact through the strong force. Thus the energy must be high enough to
overcome the natural electromagnetic repulsion between protons. If energy below the barrier, the
nuclei will bounce off each other. Consider reaction represented by:
SHH2X 52X 4D e e e e (21D,

In which only the proton emerges. Here ;X is the target nucleus and “,X" is its isotope (perhaps
unstable) with one more neutron. The * denotes a possible excited state [21]. A low energy alpha
particle from naturally radioactive materials is to bounce off target atoms and measure the size of
the target nuclei (Rutherford Experiment’s).
In nuclear reaction particle can collide and share energy using electromagnetic waves. However
the rule must be followed during value of energy, mass and charge are not lost. So, whenever
their exchange of energy, mass, or charge comes into play to make sure everything stays in
balance. Conservation law in nuclear reaction are a set of laws and relationships that establish
how quantity are conserved in nuclear interaction; the law of conservation of mass and energy,
the law of momentum conservation, the Baryon number conservation, the lepton number
conservation and the charge conservation [22]. However, quantities like magnetic dipole
moments and electric quadrupole moments of the reacting nuclei which depend upon the internal
distribution of mass, charge and current within the nuclei are not conserved [23].
Total relativistic energy conservation in basic reaction given by [24]:

myc? + T, + mec? + T, =myc® + Ty, + myc? + Ty -------- (2.2).
Where, T, kinetic energy, in low energy relativistic approximation T=1/2mv% m’s, are rest
masses. C is speed of light.
The reaction Q value, in analogy with radioactive decay Q values, defined as the initial mass
energy minus the final mass energy:

Q = (minitial _7”final)c2 = (mx tmg - my _7”b)c2 """"" (2-3)-

4



It is the same as the excess kinetic energy of the final products:
Q = Tfinat ~Tinitiar =Tp + Ty = Tq — Ty ---------- (2.4).

The condition of Q value can be positive, negative or zero. Positive Q value (mpitiar > MfinaOF
Trinat >Tinitiar) the reaction is exoergic or exothermic, and nuclear mass or binding energy
released as kinetic energy of the final products. Negative Q value (Minitiai < Mginar OF Trinar
<Tinitiar) the reaction is endoergic or endothermic, and initial kinetic energy is converted into
nuclear mass or binding kinetic energy. The change in mass and energy can be related by
expiration from special relativity, E=mc? any change in kinetic energy of the system of reacting

particles must be balanced by an equal change in its rest energy ref[24].

2.2.Nuclear Reaction Mechanisms
Nuclear reaction mechanisms are classified into three based on interaction time, interacting
particles and their relative energy. These are direct reaction, compound nucleus reaction and pre-
equilibrium reaction. Those processes combine to give the inelastic cross-sections and all the
other non-elastic reactions.
2.2.1. Direct Reaction
Direct reaction occurs when reaction passes from the initial to final state in a single state [28] in
the time the projectile takes to traverse the target nucleus (~102? s). In this reaction, the
projectile may interact with a nucleon; a group of nucleons or with the whole nucleus and
emission takes place immediately. We write a reaction thus:

A+c->B+d+Q or A(ccd)B—————————— (2.5).
A is the target, c is the projectile, B the residual, d is the ejectile and Q is the “Q value”. Each
possible combination of particles is referred to as a partition. Further, within a partition we may
specify the state of excitation of each nucleus. Such a pair of nuclei each in a specific state is
known as a channel. Each partition can in principle consist of many channels. Thus the
combination A + c¢ are known as the entrance channel (both nuclei are in their ground states).
The various possible sets of products B and d in their specific excitation states constitute the exit
channels.
Some classes of direct reactions are;
(1) Elastic scattering. In elastic scattering the internal states of projectile (c) and target (A) in
equation (2.5) are unchanged and Q =0. It is also written as: A (a, a) A.

5



(2) Inelastic scattering. Usually, this term is applied to a reaction where A is left in an excited
state, i.e. B = A* and therefore Q = — Ey, a, is then emitted with reduced energy and the reaction
is written as: A (a, a") A*. For complex projectiles a may be excited instead of the target or both
c and A may be left in excited states (mutual excitation).

(3) Transfer reactions. Here B # A and ¢ # d, there has been a rearrangement (transfer) of
nucleons between target and projectile. Two sub-groups conventionally defined in terms of the
projectile:

Stripping — a nucleon or nucleons is transferred from the projectile to the target.

Pickup — a nucleon or nucleons is transferred from the target to the projectile.

(4) Breakup. This is no longer a simple two-body process but (usually) a three-body one:
A(a,ax=b + c)A i.e. a, is excited to a “state” (either a resonance or the continuum) above
the emission threshold for particle ¢ (a, is considered to consist of particle ¢ bound to core b) ref
[28].

Direct reactions are widely used as a tool to study nuclear interactions and nuclear reaction
dynamics. A proper quantum mechanical treatment has been developed for single-step reactions.
Comparison between measured and calculated observables such as total and differential cross
sections as well as angular distributions of the products is used to deduce information about the
properties of the reactions and interacting nuclei. The nuclear structure of nuclei in the entrance

and exit channel has a direct impact on direct reaction dynamics.

2.2.2. Compound nucleus reaction

Several nuclear reactions take place by the capture of a projectile to form a compound nucleus in
an excited energy state which consequently decays by particle emission. In the time between its
formation and decay all memory of its mode of formation is lost, since the excitation energy is
shared statistically among its constituent nucleons [27]. The formation and decay process are
thus independent of each other. Nuclear reactions with not very high kinetic energy of colliding
particles, at least up to 10 MeV, proceed in two stages through the mechanism of a compound
nucleus.

The first stage of the reaction is the absorption of the bombarding particle by the target-nucleus
and the production of an intermediate, or compound, nucleus. The compound nucleus is always

highly excited because the absorbed particle brings both its kinetic energy and the bond energy



of the absorbed nucleons into the produced nucleus. The last component of the excitation energy
is equal to the bond energy difference of the new nucleons in the compound nucleus and in the

original particle if this particle is compound, as, for example, o particle.

The second stage of the reaction is the decay of the compound nucleus with the emission of this
particle. The original particle may always be such a particle, and here again the original nucleus
is formed, and scattering is observed instead of nuclear reaction. Scattering with the production
of a compound nucleus is called resonance scattering in distinction from potential scattering
without production of a compound nucleus. Possible ways of the decay of the compound nucleus

are called channels of nuclear reaction. For example compound nucleus given [29] below;

The index (") meaning that the compound nucleus has some energy excess. Due to many
complicated nucleon motions takes place the nucleus F*®* has lost memory of the entrance
channels.

Compound nucleus reactions are more important at low energies, and remain a fruitful source of
information about nuclear structure. In recent years, however, it has been found that there is not
such a sharp division between compound nucleus and direct reactions; it is possible for particles
to be emitted after the first direct interaction but long before the attainment of statistical

equilibrium characteristic of compound nucleus reactions.

2.2.3. Pre-Equilibrium Reaction

When hot liquid drop cools off by emitting one or more particle, the pre-equilibrium reaction
(pre-compound reaction) to occur after the first stage of direct reaction is over but in relatively
few collisions the compound nucleus evaporates long before the thermal equilibrium is reached.
Their time scale is intermediate between the very fast direct reactions and the relatively slow
compound nucleus reactions. Direct evidence for pre-equilibrium reactions is provided by the
energy spectra of particles at relatively high energy particles. They show conspicuous deviation
from the Maxwell distribution expected from compound nucleus reactions and by the presence of

peak from the excitation of low lying energy level due to direct reactions ref [23].



2.3. Heavy-ion reaction

This reaction refers to a nuclear reaction involving the collision of two heavy nuclei, typically
heavier than protons and neutrons. Its interest with its roots in the quest to extend the periodic
table beyond the elements that can be synthesized using neutrons and light charged particles and
heavy actinide targets. Heavier beams of carbon, oxygen, and beyond were needed to reach this
new boundary via the heavy ion fusion process in which the beam and target nuclei provided the
protons and neutrons to the new element [30]. These reactions often occur at high energies and
can lead to the formation of compound nuclei, particle emissions, and various nuclear processes.
B. B. Back et.al.[30] describes heavy-ion fusion reactions in terms of coupled-channels
calculations. The major goal of these calculations is to provide a consistent description of all
reaction channels including fusion, elastic and inelastic scattering, and transfer reactions.

Fusion reactions involve the merging of two heavy nuclei to form a single, heavy nucleus. This
process requires overcoming the coulomb repulsion between the positively charged nuclei, and
typically occurs at high temperatures and energies. This reaction is classified in to complete and
incomplete fusion reactions.

In elastic scattering, the colliding heavy ion interacts and exchange energy and momentum, but
without any nuclear reactions occurring. The nuclei retain their initial identities and trajectories.
In inelastic scattering, the colliding heavy ions undergo a nuclear excitation or de-excitation
process. This results in the emission of photons or the transfer of energy and angular momentum

between the nuclei, altering their internal structure.

2.3.1. Complete Fusion Reaction

It formed when projectile completely fuses with the target nucleus, forming a highly excited
compound system which may further decay via emitting the light nuclear particles and/or y-rays
subsequently during its de-excitation at equilibrium stage. In this fusion full equilibrium before
decay is not required so it might differ from compound nucleus formation. It is the summation of
direct complete fusion and indirect complete fusion (J. Rangel et al.) [31]. CF occurs where the
angular momentum imparted to the system is < {¢ [32]. In sharp cut-off approximation the
probability of CF is assumed to be unity until £ = €, and expected to be zero for £ > {; while at
relatively higher projectile energies and at finite values of impact parameters, CF gradually gives
way to ICF.



2.3.2. Incomplete Fusion Reaction

ICF reaction refers to a type of nuclear reaction in which the projectile nucleus collides with the
target nucleus, but only a fraction of the projectile nucleus fuses with the target nucleus. During
an ICF reaction, some nucleons from the projectile nucleus are transferred to the target nucleus,
leading to the formation of a compound nucleus, however the remaining part of the projectile
nucleus retain its identity and continuous to move forward without fully merging with the target
nucleus. Experimentally separate ICF from CF is unambiguously challenged (Avinash Agarwal
et al.) [33] So combination of theoretical with experiment is may be separate the ICF component
from CF events.

ICF can occur due to several factors of entrance channel parameters [33], including the energy
and momentum of the colliding nuclei, the nuclear structure and colliding nuclei, and the specific
interaction between the projectile and target nuclei. This phenomenon is interest in nuclear
physics, as it provides insight in to the dynamics of nuclear reactions, the transfer of nucleons

between nuclei, and the factors that influence the fusion reaction.

2.3.2.1. Incomplete fusion reaction models

To understand the reaction dynamics of ICF process various dynamical model have been
developed and tested. Those theoretical models have been used to fit experimental data of ICF at
projectile energy above 10 MeV/nucleon. Those models are; SUMRULE model, Break-up fusion
model, promptly emitted model, hot spot model, fermi jet model, multistep direct reaction model,
exciton model, overlap model and etc.

2.3.2.1.1. Promptly emitted particle model

PEP model ref [16] refers to a theoretical framework describing the timely release of particle in a
given systems. It is also called fermi jet models (Bondorf et al. 1979) [36], it impression is that
nucleons with sufficiently high momentum in either nucleus might just jet through the single-
particle well of the other nucleus [37]. In this model is assumed that some of the interacting
nucleons fail to fully equilibrate during the collision, leading to the emission of particles
promptly after the initial interaction.

At whatever, a mutual interface area is established between the interacting nuclei, nucleons can

be transferred from one nucleus to the other. The nucleons that are transferred from the donor to



the recipient have their intrinsic Fermi velocities in the donor system and therefore these
nucleons would have a different velocity in the recipient system, the change coming from the
relative velocity (v,.;). In the recipient system, therefore, the transferred nucleons treated as

classical point particles would move with a velocity

Where, v, is the intrinsic velocity of the transferred nucleons in the donor system (the subscripts
a, and b refer to the donor nuclei recipient nuclei respectively). The transfer of nucleons from
one nucleus to the other is governed by the evolving barrier geometry. The kinetic energy of

these particles in the recipient system is then given by:

Ep =m0, = Eq + Erey + 2CoS03EqErey w.ovoovoevecccci. (2.8).

. 1 1 . . .
Where m is the nucleon mass, Ea:Emv(f, Erezzgmvrzez and o-is the angle between the intrinsic

velocity v, and relative velocity(v,..;). The “extra' energy gained by the transferred particle is
compensated by the recoil loss suffered by the donor system. This is because the remnant donor
system with A-1 nucleons travels after the transfer with a reduced relative velocity which is a

consequence of the momentum conservation.

after __ before_ Vg

v =v,,; /(A L) e (2.9).

rel

before

Where, v*/°" is reduced relative velocity, v"<;

ol is the relative velocity of the A-nucleon

system just before the emission. The probability of PEP emission for a certain impact parameter
is given by:

Pogp =[ dt [ dA [ dvgPWNWp)e A ovovoeeeeeeooeeeeeeeeee (2.10).
Where, A refers to the mutual interface area, n(v,) is the local one-sided flux of nucleons
passing through the mutual interface, d is the distance traversed by the prospective PEP inside
the recipient and e_d//l is the absorption factor, A being the mean free path. The total PEP
emission cross section is then given by:

0 =21 [0 BADPpp oo @2.11).
Where, b, is the grazing impact parameter, One can, however, divide the total cross section in

two components, one coming from the compound reaction and the other coming from deep

inelastic (and quasi elastic components) as:



Frequently for deep inelastic processes there is only a small contribution to the total PEP
emission cross section. Though the deep inelastic events involve peripheral or nearly peripheral
collisions and therefore have a large geometrical factor. Those equation (2.7 — 2.12) pertains to
the PEPs resulting from nucleons transferred from donor nuclei to recipient nuclei.

Obviously, those PEPs resulting from transfer from recipient nuclei to donor nuclei can be
treated as similar manner and in fact all the formula hold also for those if the subscripts a and b

are interchanged.

Factor that affect the PEP model of incomplete fusion dynamics are; projectile energy, target
nucleus properties, angular momentum, excitation energy, spin orbit interaction and collective
motion. Understanding and modeling these factors collectively contribute to a more
comprehensive representation of the PEP model of incomplete fusion dynamics.

Limitation of PEP model of incomplete fusion dynamics are; simplified assumptions, empirical
nature, incomplete consideration of reaction mechanisms, limited predictive power, nuclear
structure effect, energy dependence, complexity of nuclear reaction and need of experimental
validation. While the PEP model of incomplete fusion dynamics provides valuable insights, we
should be aware of its limitations and use it sensibly, considering the specific conditions and

nuclei for which it has been validated.

2.3.2.1.2. Break-up fusion model

This model considers the interaction between complete and incomplete fusion, providing insights
into the dynamics of nuclear reactions. It defines ICF in terms of the break-up of the projectile in
the nuclear force field of the target nucleus followed by fusion of one of the fragments with the
target (Udagawa and Tamura et.al) ref [10]. It uses complex theoretical frameworks and
numerical simulation rather than a single formula. Distorted Wave Born Approximation
(DWBA) is a widely used theoretical approach that considers the breakup of the incident
projectile into different channels during the collision. BUF model involve solving complex sets
of differential equations, considering the interaction potentials and incorporating the effect of
nuclear structure, angular momentum and other relevant parameters.

BUF model of incomplete fusion dynamics depends on many factors; projectile energy, angular

momentum, nuclear structure, reaction mechanism, impact parameter, nuclear shell effect, cross
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section and mass asymmetry. Those factors collectively contribute to the complexity of
incomplete fusion dynamics and the breakup fusion model aims to account for their interplay to
describe the outcomes of nuclear reactions involving incomplete fusion.

The limitation of BUF model for incomplete fusion dynamics are; sensitivity to the model
parameters, assumption about reaction mechanism, complexity of nuclear reactions, limited data
for validation, influence of angular momentum, mass asymmetry effects, quantum tunneling and
resonances. Despite these limitations, breakup fusion models provide valuable insights and are
essential for understanding incomplete fusion dynamics. Researchers continually work to refine
these models and address their limitations through improved theoretical approaches and

experimental data collection.

2.3.2.1.3. SUMRULE model
The original sum rule model (OSRM) was proposed by Wilczynski et al. ref [11] to combine CF
and ICF into a single framework. The model has been successfully utilized in explaining the
experimentally observed cross section in the beam energy of around 10 MeV/nucleon. This
model enabled us to calculate absolute cross section of i, reaction channel, which is given as:

o (i) = mA2yimax(2¢ + )N, T,()PG) — —————— — — (2.13).
Where 4 is the reduced de Broglie wavelength, {max IS the maximum angular momentum.

The reaction probabilityP (i), for the i, reaction channel (including CF), is proportional to the

ground state Q-value ( [Qgs() - Qc(i)]/T) where T is a parameter, Q.(i) is change in the

Coulomb interaction energy and Qg44(i) is ground state Q-value. Due to the transfer of charge
Q. (i) is given by:

Qc(D) = qc(z] 2] — ZPziM) 2 o (2.14),
Where Z,", Z,"™ and Z,', Z," are the atomic numbers of the constituents of the di nuclear system
before and after the transfer of charge, and g, is a parameter. Each of the CF and ICF processes
are viewed as forming di nuclear systems. This di nuclear system consists of the projectile and
the target before the reaction takes place. After the fusion, the di nuclear system becomes an
ejectile and the compound nucleus (target + captured fragment).
The limiting angular momentum [;;,,, (i) is defined as [34]:

liim (i) = (mass of projectile/mass of captured fragment) £ (target + captured fragment).
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The main feature of original sum rule model is the generalized concept of angular momentum.
The quantity critical angular momentum ({;) iS an important ingredient and is calculated by the
balance of nuclear and Coulomb forces when the target and captured fragment are at the sum of
their half-density radii. The weakness of this model is does not involve the energy dependence of

the projectile. To fill this gap the modified sum rule model was proposed [35].

2.3.2.1.4. Multi-step direct reaction model

Multi-step direct (MSD) reaction model ref [17] is a theoretical framework used to describe
certain nuclear reactions, it consider the reaction occurring in multiple steps, involving
intermediate states of the nuclear system. It helps to provide a more detailed and nuanced
understanding of nuclear reactions, especially in cases where the direct interaction involves
multiple steps. It has been applied to study incomplete fusion reactions, where the incident
particle does not fully merge with the target nucleus but leaves it in an excited state.

Factor affecting the MSD reaction model are; incident particle characteristics, target nucleus
properties, angular momentum transfer, excitation energy, deformation effect, spin orbit
interaction, projectile structure, nuclear shell effect, and emission channel and energy
conservation. Understanding and modeling these factors collectively contribute to a more
comprehensive representation of the multi-step direct reaction model in incomplete fusion
dynamics.

Limitation of multistep direct (MSD) reaction model are; complexity and computational
demands, assumption and approximations, limited predictive power, sensitivity to model
parametrizes, experimental challenge, influence of couplings, energy dependent limitation and
incomplete description of nuclear structure. When we use this model we should be mindful of
these limitations and use the model judiciously, considering its strengths and weakness in

specific nuclear reaction.

2.3.2.1.5. Overlap Model

This model [38] depends on nuclear forces acting, because of their short range, mostly on that
part of a nucleus which overlaps between target nucleus and the nucleons removed from the
projectile. The forces can be considered either macroscopically, particularly as friction forces, or

microscopically as the interaction between nucleons causing target-nucleon projectile-nucleon
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collisions. The effects of both forces increase with energy, macroscopic force being proportional
to the velocity, microscopic decreasing with energy in favor of few particle capture, and that an
ejectile is produced by collisions whose impact parameter decreases indefinitely as the projectile
velocity increases. Obviously the high energy range is the proper domain for geometric models
such as the abrasion mechanism, for detailed formula and calculation ref [38].

Some similarity and deference between overlap and SUMRULE model ref [37] are; both models
confronting with data, they give similar predictions at some moderate bombarding energies up to
20 MeV, however at 35 MeV the models differ, and the experiment clearly favor’s the overlap
model. Both models also imply definite and easily calculable angular-momentum transfers. Their
difference on the excitation functions, the excitation function of overlap model reproduce the
measured cross sections of fast forward-emitted fragments rise steeply and then level off
approaching the geometric limit. The onset energies rise with increasing mass loss, from few-
nucleon stripping to the massive transfer (Ne, o). However contradict the sum-rule model with
its inverted ordering of onset energies-from fusion over incomplete fusion, (Ne, a), to less and

less complete fusion and the fall-off of cross sections at higher energies.

2.3.2.1.6. Exciton model

This model ref [14] is a theoretical framework that is used to explain incomplete fusion reaction
based on the concept of exciton, which are quasi particle that represent the collective behavior of
excited number states. In this model the interacting nuclear system is treated as a collection of
excitons, where each exciton corresponding to a specific exciton mode of the system. The
incomplete fusion reaction is then described as the transfer of one or more excitons from the
projectile to the target nucleus.

This model assumes that the nuclear system can be divided into two parts; the core and the
valence nucleons. The core is the tightly bound nucleons in the nucleus while the valence
nucleons are more loosely bound and can be transferred between the colliding nuclei. During an
incomplete fusion reaction, the valence nucleons are transferred from the projectile to the target

nucleus, forming an excited compound nucleus.
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2.3.2.1.7. Hotspot model

This model ref [15] is a theoretical framework that based on the concept of the formation of a
localized in the colliding nuclei during the reaction. The colliding nuclei form a compound
nucleus for a brief moment, this compound nucleus is characterized by localized region of
increased density and excitation energy, referred to as the hotspot, this hotspot is formed due to
the strong interaction between nucleons and their clustering with the nucleus.

In this model, incomplete fusion reactions occur when the incoming projectile nucleus collides
with the target nucleus to form the compound nucleus, while the remaining part of the projectile
nucleus passes away. The incomplete fusion process is influenced by factor such as the projectile
energy, the collision impact parameter and property of the colliding nuclei.

When it comes to explaining ICF reaction this model have some limitations those are; simplified
assumptions, lack of microscopic details, neglect nuclear structure effects and limited
applicability.

2.4. Nuclear Reaction Cross Sections

Cross sections are the probability that a certain reaction will occur between two particles for a
given set of parameters. Basically, a cross section can be roughly thought of as a target, like one
at a bombardment range. The probability that a reaction will occur is analogous to the probability
of a random bullet hitting its target. The reaction cross-section can be visualized as an effective
area around the nucleus such that if the incident particles cross that area, a nuclear reaction takes
place, otherwise not. This area is also known as effective area. It is not exactly same as the
geometrical area(pr2), where r is the radius of the nucleus. This effective area could be larger,
smaller or equal to the geometrical area of the nucleus. Thus, nuclear cross-section is a measure
of the probability that bombarding particles at a particular energy would interact with the target
[25]. There are two kinds of cross sections, microscopic and macroscopic. Microscopic Cross
section refers to cross sections of neutrons reacting with a specific atom, like the isotope U%®.
While macroscopic cross section gives a description how neutrons interact with bulk materials

such as concrete, water, steel, etc. Both cross section are determined experimentally by;

Where, AP being the change in probability that a reaction occurs for a given change in

penetration distance Ad, Na is Avogadro’s number, M is the atomic (molecular) mass, p is the
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density, and o is the cross section of being measured. Cross sections have units of area and are
given in units of m? or barns (where 1 barn = 10 m?) [26]. Detail of compound nucleus

reaction cross section is stated in section 3.2 of this thesis.

2.4.1. Partial Wave Analysis

Method of partial wave analysis can be used to solve 3D scattering problems with spherically
symmetric scattering potentials. Such a potential, V (r), depends only on the radial distance r
=/x% + y2 + z2 and not on direction. This typically describes a situation where a point particle
or spherically-symmetric object sits at the coordinate origin, r = 0, and is bombarded by incident
particles. At distances of separation larger than the range R of the potential the projectile can be
described by a plane wave moving along the z-axis, which is then scattered in the spherically

symmetrical potential V (r).

Let us consider Schrédinger equation given by:

_h2—> N —~ —
Z—HV2 YAV (Y @)=EYPT) oo (2.16).
The general solution of equation 2.16 is given by:

V) = Y im ComRit (M) Yim (0, @) oo (2.17).

Where, Ry, (r)is radial part of wave function and Y;,,,(6, ¢)is angle part of wave function. Since
V/(r) is central; the system is symmetrical about the Z-axis. The scattered wave function must not
depend on the azimuthal angleg: i.e. m=0 thus, angle part of wave function becomes=P;cos6, S0

the equation (2.17) becomes:

Y1, 0)=X120 R ()P (coSO) ..o, (2.18).

Where, Ry (r)obeys the following radial equation:

[i_l_ K2 — 1(1+1)

dr? r2

| CRuED=2Z V) R D) (2.19).

At large value of r, the scattering potential is effectively zero. Then equation (2.19) becomes:
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(55 + K2) (Ria(r)=0 oo (2.20).

General solution of equation (2.20) is given by linear combination of the spherical Bessel and

Neumann functions:
Rkl(r): AL]l(kr) + Blnl(kr) ................................................... (221)

Where, J;(kr) and n;(kr) are Bessel function and Neumann function respectively and their

asymptotic form are given in equation (2.22) and (2.23).

; _
J,(kr) - W ............................... (2.22).

_
n,(kr) - — %T/Z) ............................. (2.23).

Let, we substitute equation (2.22) and (2.23) into (2.21), we get asymptotic form of radial

equation.
sin(kr-17/,) cos(kr-17/,)

Rkl (T) - Al o — Bl P A ACALRITTETTETETATEEE (224)

Since, r=0, the solution of radial equation (2.20) is vanish; thus R;;(r) must be finite at the
origin. We introduce the phase shift §; to achieve the regular solution near the origin by

rewriting equation (2.21):

Ry (r) = C[cos(6)) ji(kr) —sin(§)ny(kr)]..coooiiiiiin, (2.25).
We have Al = ClCOS6l andBl = —ClSin6l Cl = \/Alz + Blz 6[ = tan_1 (Bl/Al) .

Using equation (2.25) we can write asymptotic limit of the scattered wave function of equation
(2.18) as:

sin(kr—17/,+6)

Y(r, 8) = X120 a;P;(cosB) P

e (2.26).
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This wave function (2.26) is known as a distorted plane wave, which differs from a plane wave
_i\l,ikr i61 _ il —ikr —i6l
by the phase shift §;. Since, sin(kr — l”/z + 61) = [( [yee ve ¢ ]/Zi equation

(2.26) can be rewrite as:

ikr . ikr .
Y(r,0) - — ;?Zfio a,ite”%P,(cosh) + %Zf‘;o a,(—i)'e’tP/(cosO) ................. (2.27).

i

We can also write scattering wave function as:

Y(r,0) = X2, it (2L + 1)j,(kr)P,(cosB) + £(8) e;i .................................. (2.28).
By comparing equation (2.27) and (2.28) we get:
a; = QI+ 1)iter (2.29).
By substituting equation (2.29) into (2.27) we get:

e ikr

2ikr

had ikr &
W(r,0) - — Z(zz + 1)i2'P,(cos0) + eikTZ(zz + 1)il (=) e?iP,(cosh) ... (2.30).
=0 =0

2

T

Let, as equate equation (2.28) and (2.30) and multiply the whole by factor, —— we get:

f8) = B2 £ () = £ Xi20(2L + 1)e™tsind P, (cos6) ................. (2.31).

Where, f;(0) is partial wave amplitude, Know we can obtain the differential cross sections from
equation (2.31):

Z—g =|f(0)]* = k_122?i12??=1(21 + 12" + 1)ei(6l_51’) sinlsinl'P;(cos@)P; (cosh) ... (2.32).

Although, the total reaction cross sections can be given as:

Tdo T 2n ™
o=| —dQ= f If(H)IzsianHf do = 271[ |f(8)|*sin6do
o dQ 0 o o
ZANAN i(61=8,1) o . i .
= FZ Z(Zl + D)2 + 1)e" % sind;sindy f P,P;sinfdo ... ... .....(2.34).
1=0 I'=0 0
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Let, as use the relation of fon P,(cosO)P; (cosO)sinfdl = [(le—ﬂ)] &;7, we can obtain the partial

cross sections corresponding to the scattering of particles in various angular momentum states.

o= ) o, = Z(Zl + 1)sin%6; e vev ver e o (2.35)

o0
=0 =0

E

Equation (2.35) is represents partial cross section of scattering particles in various angular

momentum states.
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CHAPTER THREE

3. FORMULATION AND PACE4 CODE

Calculations based on theoretical nuclear reaction models play a very significant role in the
development of reliable reaction cross-section data. In this work, excitation function calculations
were performed using PACE4 reaction model codes. This chapter explains PACE4 and the
Hauser-Feshbach formulation.

3.1. PACE4

The code PACE [39] is the fusion evaporation code of a modified version of JULIAN - the
Hillman Eyal evaporation code. PACE4 (Projection Angular-momentum Coupled Evaporation
version 4) uses a Monte-Carlo code coupling angular momentum to determine the decay
sequence of an excited compound nucleus using the statistical Hauser-Feshback formula.

The advantage of this code is that it has a user-friendly interface in the MS Windows system,
where the user can enter information directly in dialogs, in which the explanation for each
parameter is displayed. The entered information is written in files with the extension "in™ and is
compatible with the previous versions. Its calculation provides correlations between various
quantities, such as particles and y rays or angular distribution of particles. It also provides the
ability to have an event-by-event trace back of the entire decay sequence from the CN system
into any one of the exit channels [40].

Theoretical data were generated by entering some variable input parameters (like exciton
number, level density, etc.) and the energy ranges of the projectile obtained from experimental
data of EXFOR into the software package known as computer code, PACE4. The selected
computer code was run to find an optimized input parameter value that should cover the entire
energy spectrum.

The equilibrium state components of the cross-section are primarily affected by level density
parameter (a) ref [2], in this code (a) calculated from the expression a = A/K MeV—1, where A is
the nucleon number of a compound system, and K is an adjustable constant, which may be varied
to match the experimental data. The experimentally measured EFs were compared with PACE4

predictions for different level density parameter values for representative evaporation residues in
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some *?C/ 0 induced reaction systems produced only via the CF processes. In this work, by

running this computer code, the value of K that matches with experimental data was selected.

3.2. Hauser-Fechbach Formulation

The formulation of Hauser-Fechbach theory gives the cross-section of reactions that pass through
a large number of compound nucleus states [27]. The initial form of Hauser-Fechbach's theory is
based on the Bohr independence hypothesis. Bohr hypothesis permits the cross-section to be
written as the product of two factors: the cross-section g, for the formation of the compound

nucleus and the probability Pg that it will decay into the channel g [47] and is given by:

The compound nucleus formation cross section for a particular orbital angular momentum is

given by:

Where, & reduced wavelength, T,=1- |S,|? is the transmission coefficient in the a-channel and
S, is elements of matrices.
For the CN formation, the partial cross-section o; related to the individual angular momentum (£)
values at particular incident energy is also given by:

Op =TAP (20 + L)Tp oo (3.3)

Where the transmission coefficient (T) is taken to be:

T,=[1 + exp(l‘l$]-1 = (3.4)

Let we use the reciprocity theorem that relates a cross-section to its inverse:

ReOap=REOGR oveerveeeeiieeieies (3.5)
Here, @ and S refer to time-reversed states. The combination of equations (3.1), (3.2), and (3.5)
gives that:

TaPp=TpPs ..oovovoeeic (3.6)

Meanwhile, this is true for all channels a andf, so equation (3.6) can be written as:

. ‘= ;—Z e (3.7)

Where A is constant, P is probability and so it can be written as:
YaPa=AYaTu=1 i (3.8)
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From equations (3.7) and (3.8), we can also write the probability of outgoing channel g as:

—a7.— B
Pp=ATg= Sg e (3.9
Therefore, by combining equations (3.1), (3.2), and (3.9), we get:
5 TaTp
Oap= A% ST, e (3.10)

Equation (3.10) is called Hauser-Feshbach formula in its simplest form. It gives the cross-section
of a compound nucleus reaction from a single incident channel a to a single outgoing channelf,
for a particular angular momentum ¢ in the absence of spin. However, if the interacting particles
have spin, the expiration for the cross section must include the appropriate spin weighting
factors. The extended formula consists of the possibility that branching ratios vary with J; the

spin of the compound nucleus [47] is given by:

Ya,8TaaT
Y (2] +1) ; - B i (3.11)
y.cley

Tab™ m
Here, a,,is the cross section for the reactionA(a, b)B. Where, a, is bombarding particle, A-target
particle, b-emitted particle, and B-residue. J is the compound nucleus's total angular momentum,
and © denotes the parity. I;- Spin of the target and I, - spin of the projectile. T,, - Transmission
coefficient for the entrance channel, a angular momentum in this channel, T,z - transmission
coefficient in the exit channel, and B denotes the angular momentum in the exit channel. % -
Reduced wavelength of the incident particle.
In this work, after we calculated the excitation function using PACE4, ICF cross-section for
individual a-emitting channels that points towards the presence of ICF process in the formation

of all evaporation residues were calculated as:

O1CF= Opxp™ OCF +++vrvrrernesnrnrnenennnn (3.12)
The total ICF cross-section for a given system was determined using the relation:
O-ICF(TOtaI) = Z O-ICF(indiVidual) ............................ (313)

To see the correlation between ICF andE;,;, a comparison of o;qg(total) versus E;,;, for each
system and a comparison of ocr (total) versus Ejp/Vcs and Ficr (%) versus Ep/Veg for all
systems under investigation were considered. Ejq, obtained from EXFOR data, and the effect of

Coulomb barriers (Vcg) were calculated as:

_ ZpZ
VCB_A;/3P+AT;/3 o (3-14)
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To see the correlation between ICF and entrance channel mass-asymmetry, the comparison of the

percentage of incomplete fusion fraction (Ficr) versus normalized relative velocity (vrel/c) for

all systems under investigation was considered. Where Ficr and Ve were calculated as:

Ficr = gz—;f; """""" (3.15)
T e (3.16)
Where [ is the reduced mass of the system, were calculated as: [ = :TP:Z; ----- (3.17)
Ec.m. is the center-of-mass energy, was calculated as: Eqp = ,4TA+,4PElab ------------ (3.18)
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CHAPTER FOUR

4. RESULT AND DISCUSSION
In this chapter, the contribution of incomplete fusion reactions from **C + %Te, 2C + *pr, 2C
+ 9Tb, 1°0 + Te, %0 + ™°Tb and *°0 + ®Ta projectiles + targets systems were induced up to
106 MeV. Excitation functions various residues populated in the interactions of **C + **®Te, **C
+ 14pr, 2C + 9T, 1°0 + B0Te, %0 + 9T, and 1°0 + '¥'Ta projectiles + Targets systems were
predicted theoretically using the statistical reaction model code PACE4, which doesn't take ICF
contribution into account. We selected the PACE4 code in the theoretical prediction because, in
the past, this code has been very successful in investigating reaction mechanisms for heavy ion-
induced reactions [39]. In PACE4 code, the sensitive input parameter, the level density a, which
primarily impacts the equilibrium state components of a reaction cross section, was calculated
from the expression a = A/K MeV™, where A is the number of nucleons in the composite nucleus
(projectile + target), and K is an adjustable constant, which can be varied to match experimental
data. In this work, a representative channel not populated by ICF from the respective systems
was selected to select the best-fitted level density parameter value from the respective systems,
and a comparison was made with the experimental data. The experimental cross-section data for
possible residues populated in °C + *2Te, 2C + *!pr, 12C + ¥*°Th, 0 + Te, 0 + *Th, and

180 + 81T reactions are available in the EXFOR database [41-46].

To show the best-fitted level density value selection processes, we present a representative
¥Th(*2C, 4n)*’Lu channel not populated by the ICF process from the '2C + ™°Tb system.
Figure 4.1 displays the experimentally measured and theoretically predicted (K=8, 10, 12 values)
excitation function of **’Lu populated in the interaction of ?C with *°Th. As can be seen from
Figure 4.1, the predicted excitation functions corresponding to the level density parameter K=10
in general reproduced satisfactorily experimentally measured one. We consistently followed the

same approach for the remaining projectiles + target systems.
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Figure 4.1: Experimentally measured and theoretically calculated EFs for residue *'Lu
populated via the CF channels of (*2C, 4n) in the **C + ™Tb system within the energy range ~
55-87 MeV.

4.1. Deduction of incomplete fusion cross-sections

4.1.1. *?C-induced reactions

a) °C + *®Te system

In 2C + Te system **Ba, **'Ba and **'Te residues are populated through CF and ICF
respectively via (**C, o3n), (**C, a5n) and (**C, odpn) channels. Figure 4.2 displays the
theoretical excitation functions and the measured EFs for a representative (**C, a3n) channel
populated via CF and ICF reactions in *2C + '?®Te. As seen from this figure, the experimentally

measured EF is higher than the prediction of PACE4. The observed difference between the two
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cross sections is attributed to the contribution of ICF (a;cr (“°Ba) = Gexperimentat — Fpacka SiNCe

the PACE4 code doesn't consider ICF reaction.
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Figure 4.2: Theoretical excitation functions along with the measured EFs for a representative

(12C, a3n) channel populated via CF and ICF reactions in 12C + 1287,

To find the contribution of the total ICF cross-section, oicr, in the *2C + '?*Te system, we sum

up individual residue ICF contribution, which is the difference between experimental cross-

section and PACE4 prediction.

_ 133 131 131
201cr= 01cr(TBa) + 0cp (T Ba) + 0ycp (T TeE)

Figure 4.3 shows the deduced total ICF cross-section, Xo;qr, and projectile energy. As can be

seen from this figure, the total incomplete fusion reaction cross-section in the **C + *®Te system

increases with projectile energy.
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Figure 4.3: Deduced total ICF cross-section versus projectile energy in **C + *®Te system.

b) C + 'Pr system

Similarly, in the *2C + Pr system, **®€u, *°sm, *3pm, **"Eu, *°Eu, **Sm, **2Sm ***Nd,
YINd, *Pm, *Pm, and **Pm residues are populated via CF and ICF reactions. The
deduced total, incomplete fusion cross section is drawn in Figure 4.4 as a function of
projectile energy. It may be observed from this figure that the deduced ICF cross-section, in
general, increases with projectile energy, which is expected to increase as the break-up
probability of the incident projectile significantly increases with projectile energy.
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Figure 4.4: Deduced sum of ICF cross-section in *C + **'Pr system as a function of

projectile energy.

c) C +°Tb system

In 2C + ™Tb system ***Tm, **Tm, '**Ho and ‘**°Ho residues are populated via CF and ICF
reactions via (**C, o2n), (**C, a4n), (**C, 202n) and (**C, 2a3n) channels respectively. The
deduced total, incomplete fusion cross section is drawn in Figure 4.5 as a function of projectile
energy. As can be seen from this figure, as projectile energy increases, the contribution of ICF

also increases.
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Figure 4.5: Deduced total ICF cross-section in *C + °Th system as a function of

projectile energy.

4.1.2. **0O-induced reactions
In *°0-induced projectile + target systems, we also follow the same procedures and approach we
used for *2C-induced reactions in selecting the best-fitted level density parameter values and

deductions of ICF cross-section for individual channel and projectile + target systems.
a) °0 + ¥ Te system

In 0 + °Te system 1Xe, *Xe and *°Ce residues are populated respectively through (*°0,
3a3n), (160, 3an) and (160, a3n) channels. These reaction channels are populated through CF
and ICF reaction during the interaction of °0 projectile with ***Te-target. Figure 4.6 shows the
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sum of the deduced ICF cross-section for the °0 + *°Te system. As can be seen from Figure 4.6,

as projectile energy increases, the contribution of ICF also increases.
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Figure 4.6: Deduced total ICF cross-section in *°0O + *°Te system as a function of projectile

energy.
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b) °0 + *Th system

Similarly, in 0 + *Tb system *"Lu, *®Lu, ***Tm and **"Yb residues are populated through
(160, a4n), (160, a3n), (160, 2an) and (160, ap3n) channels respectively. These reaction channels
are populated through CF and ICF reactions during the interaction of the '°O projectile with the
°Th target. Figure 4.7 shows the deduced total ICF cross-section, Zo;-r, along with the
projectile energy. This figure shows that the total incomplete fusion reaction cross-section in the

180 + 139Tp system increases with projectile energy.
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Figure 4.7: Deduced total ICF cross-section in **0 + °Tb system as a function of projectile

energy.
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c) °0 + ®Ta system

In the same way, in °0 + ®'Ta system ?Au, **Au and *°Au residues are respectively
populated through (*°0, on), (*°0, 2n) and (*°0, a3n) channels. These reaction channels are
populated through CF and ICF reactions during the interaction of the '°0 projectile with the
81Ta-target. Figure 4.8 shows the deduced total ICF cross-section, So;cr, along with the
projectile energy. As can be seen from this figure, the total, incomplete fusion reaction cross-

section increases with projectile energy in the *°0 + #'Ta system.
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Figure 4.8: Deduced total ICF cross-section in *°0O + *°Te system as a function of projectile

energy.
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In general, as Figure 4.9 shows, the total incomplete fusion reaction cross section in **C + ?®Te,
12C + ¥pr, 12C + 197, %0 + 107, %0 + °Th, and °0 + ''Ta projectiles-targets systems,

increases with normalized projectile energy.

12 128
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Figure 4.9: Deduced total ICF cross-section in *2C + *#Te, *2C + !pr, 12C + 9T, 0 + 130T,

%0 + 9Tb and *°0 + *8'Ta systems as function of normalized projectile energy.

4.2. The relative contribution of incomplete fusion

In this section, we tried to deduce the relative contribution of the incomplete fusion reaction on
all fusion reactions using a quantity called incomplete fusion fraction, Ficg, Which represents the
relative contribution of incomplete fusion cross section (Xa;-r) from total fusion cross section

(Orotai=20crt Zojcr). The percentage incomplete fusion contribution, Fice (%), is deduced

using the following equation.
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Ficr (%) = —ZF 5 100 ..eeeeeeeen.. (4.1)

Yocrt+2Zoicr

To see the correlation between projectile energy on ICF reaction, the value of the percentage

incomplete fusion fraction, Ficr (%) for 2C + ?®Te, 2C + *'pr, 1°0 + *°Te, 0 + »*°Th, and *°0

+ 181Ta projectile-target systems were plotted as a function of normalized projectile energy (Eab
ZpZT

IVcg), Eian Vcp Used to absorb the impact of the coulomb barrier (Vcg :—A) from different
T

projectile-target systems.

Figure 4.10 shows the percentage ICF fraction, Ficr (%), as a function of normalized projectile

energy, Ejan /Veg, for presently investigated projectile + target systems.

As the figure shows for both *2C and *°O-induced projectile + targets systems, the contribution of

incomplete fusion generally increases with an increase in the normalized projectile energy.
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Figure 4.10: Percentage ICF fraction, as a function of normalized projectile energy for *2C +
128Te, 12C + Mpr, 1°0 + 130Te, 180 + °Th, and *°0 + #Ta systems.

AT)

Furthermore, in this work, to see the impact of entrance channel mass-asymmetry (M, = y—y)
T P

on the ICF reaction, the deduced values of Ficr (%) are plotted as a function of normalized

relative velocity (Vrel/c). Vrel/c is used here to absorb the difference in coulomb barrier between
different projectile-target systems and is given by:

Vretf = [MEemVen) L 4.2)
pc

Ecm represents the center of mass energy, Ecy = Ep, and p is the reduced mass of the

ey
AT+Ap
Ap AT

system, p ==
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Figures 4.11, 4.12, and 4.13 displayed a graph of the percentage ICF fraction, Ficr (%) versus

normalized relative velocity, "¢/ for three paired 12C + %°Th — 12C + %Te, 12C + 159Tp _ 12C +

“pr and 0 + 9Tb — 0 + '8'Ta projectile-target systems that have at least one the same

normalized projectile energy points so that we can obtain a clear association between Fce and

entrance channel mass-asymmetry. Mass asymmetry (M, :ﬁ) of 1°C + °Th, 2C + 1%Te,
T P

2c + ¥pr, %0 + ™Th and °0 + "®'Ta projectiles + targets systems are ~ 0.9298amu,

0.9143amu, 0.9216amu, 0.9068amu and 0.9188amu respectively.

Figure 4.11 shows that at v,.,; = 0.044c, the percentage of incomplete fusion fraction are =~ 55.6
and 45.1 for ?C + ¥°Tb and *C + *Te systems respectively, Also, at v,,; =~ 0.066¢c, the
percentage of incomplete fusion fraction of *2C + **°Tb system and *2C + *®Te system are ~ 79.9
and 45.3 respectively. This figure show that percentage of incomplete fusion fraction of **C +
19Th (Ma=0.9298amu) system is higher than *2C + ®Te (Ma~0.9143amu) system.

Similarly, figure 4.12 show that at the same relative velocity, percentages of incomplete fusion
fraction are ~ 79.9 and 34.4 for *?C + ™Tb (Ma=0.9298amu) and **C + ?Pr (0.9216amu)
systems respectively. It indicated that percentage of incomplete fusion fraction is higher for mass

asymmetric projectile + target system.

In the same way, figure 4.13 show that at the same relative velocity (=0.03¢c, 0.045¢ and 0.05c),
percentage of incomplete fusion reaction of *°0 + *®'Ta (0.9188amu) system is higher than *°0 +
1%°Th (0.9068amu) system.

As can be seen from these figures, the contribution of ICF reaction at the same relative velocity
(vertical lines), in general, is higher for the mass-asymmetric system than the symmetric system.
Furthermore, the result suggested that the probability of ICF reaction is higher for a mass-

asymmetric system, which is consistent with the findings of Morgenstern et al. [20].
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Figure 4.11: Percentage ICF fraction versus normalized relative velocity for 2C + **°Tbh — 12C +

128Te pair of systems.
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Figure 4.12: Percentage ICF fraction versus normalized relative velocity for *?C + **°Tb — *2C +
1Py pair of systems.
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CHAPTER FIVE

5. SUMMARY AND CONCLUSION
In the present work, to study the incomplete fusion reaction correlation with projectile energy
and mass asymmetry, the excitation functions of a-emitting and non-a-emitting channels in °C +
128Te, 2C + ¥pr, 2C + 9T, 0 + BTe, %0 + Y*°Tb and 0 + '®'Ta systems have been
examined in the framework of statistical model code PACE4 at ~ 3-9 MeV/nucleon. For a
representative non-a-emitting (*’C, 4n) channel from a representative in *?C + ™°Tb system,
experimentally measured cross sections agreed with PACE4 prediction for level density
parameters K=10. For the same level density parameters a representative a-emitting (**C, a3n)
channel from a representative in 2C + *Te projectile + target system, the experimentally
measured cross sections are higher than the PACE4 predicted. The observed difference is
attributed to the contribution of incomplete fusion following the prompt break-up of the

projectile into a-clusters.

It was found that the incomplete fusion reaction generally increases with increasing projectile
energy. Furthermore, the results indicated that at the same normalized relative velocity,

incomplete fusion fraction is higher for mass-asymmetric projectile + target systems.

Thus, an incomplete fusion reaction is sensitive to the projectile energy and the entrance channel

mass-asymmetry.
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Data Tables

1. ?C+'%*Te system

Energy | **Ba(a3n) BTBa(as5n) BITe(adpn) Yorr | Zoick | Ew/Ves
(MeV) | Gexpr | Ocr OicF | Oexpr | OCF OicF | Oexpr | OCF oice | (Mb) | (mb)
(mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb)

PACE4 PACE4 PACE4

K=10 K=10 K=10
42.2 0.08 | - 0.08 | - - 4.4 - 44 | 448 |4.48 |0.991
57.7 7.8 6.97 0.83 | - - 4.9 - 4.9 127 |5.73 | 1355
70.8 43.6 | 36.4 7.2 0.73 | 0.0116 |0.72 | 222 |- 22.2 | 66.53 | 30.12 | 1.663
82 37.6 | 10.5 271 |71 15.8 - 309 |- 309 | 756 |58 1.926

Table 1.1; experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (oc)

and calculated ICF cross section of ***Ba, **'Ba and **'Te residues along with Zo1¢, Zoice and Eja/Ves.

Energy | VielC | Ficr
(MeV)

42.2 - 1
57.7 0.045 | 0.451
70.8 0.066 | 0.453
82 0.079 | 0.767

Table 1.2 Normalized relative velocity and incomplete fusion reaction of **C+'%Te system.
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2. 2C + *Pr system

Energy | **Pm (202n) “®Eu (a3n) “Ey (a2n) 2Sm (ap6n)
(MeV) Oexpr | OCF OicF Oexpr | OCF Oicr Oexpr | OCF OicF Oexpr | OCF OicF
(mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb)
PACE4 PACE4 PACE4 PACE4
K=10 K=10 K=10 K=10
77.4 15 10.3 4.7 124 | 152 - 45 3.58 41.42 | - - -
85.5 31 8.62 22.38 | 119 | 59.9 59.1 |19 0.289 18.71 | - - -
93.8 45 2.06 4294 | 75 8.86 66.14 | - - - - - -
106.1 | 45 0.656 44,341 | 45 431 40.69 | 21 7.81 13.19 | 23 0.088 2291

Table 2.1 Experimentally measured production cross sections (Gexyr), Theoretically reproduced cross section (oc)

and calculated ICF cross section of **Pm, ***Eu, **Eu and **2Sm residue in *2C+"*'Pr system.

Energy | **Sm (ap4n) 2Nd (2ap2n) TINd (2op3n) 2Pm (2a3n)
(MeV)
Gexpr | OCF OicFk | Oexpr | OCE OicF Gexpr | OCF OicF Oexpr | OCF OicF
(mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb)]|(mb) | (mb)
PACE4 PACE4 PACE4 PACE4
K=10 K=10 K=10 K=10
7774 | - - - - - - - - - - -
85.5 12 0.74 11.26 | - - - - - - 24 15.8 8.2
93.8 19 18.9 0.1 - - - - - - 23 27.9 -
106.1 | 49 62.9 - 23 1.47 2153 | 13 4.7 8.3 36 125 235

Table 2.2 Experimentally measured production cross sections (Gexr), Theoretically reproduced cross section (ocg)

and calculated ICF cross section of ***Sm, **Nd, ***Nd and **?Pm residue in *2C+"'Pr system.
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Energy | ***Pm (2an) Sm (op3n) %°Sm (ap2n) Eu (a6n)
(MeV) Gexpr | OCF Oicr Oexpr | OCF OicF Gexpr | OcF OicF Gexpr | OCF Gicr
(mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) |(mb) | (mb) | (mb)|(mb) | (mb)

PACE4 PACE4 PACE4 PACE4
K=10 K=10 K=10 K=10

77.74 23 0.475 22.525 | - - - 7 5 2 -

85.5 12 0.171 11.829 | 12 11.6 0.4 8 4.17 3.83 -

93.8 - - - 19 17.9 11 - - - 23 0.098 22.90

106.1 - - - 49 5.03 4397 | - - - 65 71.2 -

Table 2.3 Experimentally measured production cross sections (Gexyr), Theoretically reproduced cross section (cc)

and calculated ICF cross section of ***Pm, ***Sm, ***Sm and **Eu residue in *C+*'Pr system.

Energy | *®Eu (an) o1 | Zoi1ck Eian/Veg | VielC | Fice
(MeV) | Geqr | Ock oice | (mb) | (mb)
(mb) | (mb) | (mb)
PACE4
K=10

7774 |5 0.17 483 | 219 | 75421 |1.64 0.068 | 0.344

85.5 17 151 15.49 | 254 | 151.203 | 1.81 0.078 | 0.595

93.8 - - - 204 | 133.182 | 1.99 0.087 | 0.653

106.1 | - - - 304 | 218.43 | 2.25 0.098 | 0.718

Table 2.4 Experimentally measured production cross sections (Gexyr), Theoretically reproduced cross section (cc)

and calculated ICF cross section of ***Eu along with Zo7¢ ,Z0\cr, Eja/Ves, Viel/C and Fice.
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3. 2C+™°Tp system

Energy | ™ Tm(02n) " Tm(a4n) "™ Ho(202n)
(MeV) Gexpr GcF OICcF Gexpr OcF OIcF Gexpr OcF OIcF
(mb) | (mb) (mb) (mb) (mb) (mb) (mb) | (mb) (mb)
PACE4 PACE4 PACE4
K=10 K=10 K=10
5851 | 13.66 | 7.3 6.36 - - - - - -
61.37 | 16.65 | 12.2 4.45 - - - - - -
62.63 | 19.61 | 11.3 8.31 1 - 1 - - -
65.49 | 17.45 | 113 6.15 8 0.0138 | 7.9862 | - - -
67.24 | 1252 | 8581 3.71 22 0.0757 | 21.9243 | - - -

69.15 | 10.16 | 6.71 3.45 58.41 0.455 57.955 | 1.37 | 0.141 1.229

72.24 | 8.76 4.27 4.49 108.17 | 3.91 104.26 | 4.49 | 0.483 4.007

7497 | 821 2.39 5.82 129.68 | 13.8 115.88 | 6.25 | 0.587 5.663

77.77 | 8.98 0.848 8.132 202,54 | 325 170.04 |75 0.576 6.924

79.62 | 9.98 0.817 9.163 189.9 45.2 144.7 6.34 | 0.817 5.523

8242 | 12.04 | 0.264 11.776 | 211.26 | 67.5 143.76 | 5.31 | 0.924 4.386

84.44 | 17.79 | 0.199 17.591 | 204.1 80.8 123.3 4.5 0.522 3.978

87.31 | 18.9 0.363 18.537 | 212.23 | 90.3 12193 | 2.1 0.506 1.594

Table 3.1 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (c¢r) and

calculated ICF cross section of **Tm, **Tm and '**Ho residues in **C+'**Tb system
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Energy | **Ho(203n) Yorr | Zoier | Ew/Ves | VielC | Fice

(MeV) | Gexpr | Ocr GicF (mb) (mb)
(mb) | (mb) | (mb)

PACE4

K=10
5851 |- - - 13.66 | 6.36 1.156 0.027 | 0.466
61.37 | - - - 16.65 | 4.45 1.213 0.035 | 0.267
62.63 | - - - 2061 | 9.31 1.238 0.038 | 0.452
65.49 | - - - 25.45 | 14.14 | 1.294 0.044 | 0.556
67.24 | - - - 3452 | 25.63 | 1.329 0.048 | 0.742
69.15 | - - - 69.94 | 62.63 | 1.367 0.051 | 0.895
72.24 - - - 121.42 | 112.67 | 1.428 0.056 | 0.928
74.97 | 2.37 | 0.0607 | 2.309 | 146.51 | 129.67 | 1.482 0.06 | 0.885
7777 | 542 | 0.196 | 5.224 | 224.44 | 190.32 | 1.537 0.065 | 0.848
79.62 | 5.71 | 0.408 |5302 |211.93|165.1 | 1.574 0.067 | 0.779
82.42 | 6.45 | 0.864 | 5586 | 235.06 | 165.51 | 1.629 0.07 | 0.704
8444 |7.89 |14 6.49 | 234.28 | 151.36 | 1.669 0.073 | 0.646
87.31 |6.09 | 221 3.88 | 239.32 | 145.94 | 1.725 0.077 | 0.61

Table 3.2 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (c¢r) and

calculated ICF cross section of **°Ho residue along with Zote, Zoice. Ejan/Ves, Viel/c and Fice in 2C+9Th system.

4. ?C+%¥'Ta system

Energy | ®Ir(03n) ¥Re(20n) BRe(202n)
(MeV) | Gexpr | Ocr Gicr Gexpr | OCF GicF | Oexpr | OCF Oicr
(mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb) | (mb)

PACE4 PACE4 PACE4

K=10 K=10 K=10
82.5 43 8.49 3451 | 10 - 10 57 0.161 56.84

Table 4.1 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (oc) and

calculated ICF cross section of **Ir, ®*Re and *®Re residues in *?C+'¥'Ta system.
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Energy 182Re(2a3n) 201 | XOicF Elab/VCB Vre|/C Ficr

(MeV) | Gexpr | Ocr GicF (mb) | (mb)
(mb) | (mb) | (mb)
PACE4
K=10
82.5 25 0.183 24.817 | 135 | 126.16 | 1.497 0.065 | 0.93

Table 4.2 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (c¢r) and

f 182

calculated ICF cross section of **?Re residue along with Zote , Zoicr. Ejan/Ves, Viel/c and Fce in 2C+''Ta system.

5. %0+%%Te system

Energy | “Xe(3a3n) *Xe(3an) *Ce(a3n)
(MeV) Gexpr GOcr OIcF Gexpr Gcr OIcF Oexpr | OCF OicF
(mb) | (mb) (mb) | (mb) | (mb) (mb) | (mb) | (mb) (mb)
PACE4 PACE4 PACE4
K=10 K=10 K=10
61.3 8 - 8 5.1 - 5.1 - - -
67.1 12 - 12 30 - 30 107 | 18.9 88.1
83.2 180 | - 180 | 34 0.0193 | 33.98 | 89 22.4 66.6
90.1 320 | - 320 | 80 - 80 183 | 6.76 176.27

Table 5.1 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (o) and

calculated ICF cross section of **'Xe, **Xe and **'Ce residue in **0+**°Te system.
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Energy | Zote | Zoicr | E/Ves | VielC | Fice
(MeV) | (mb) | (mb)

61.3 131 | 131 1.12 - 1

67.1 149 | 130.1 | 1.22 0.027 | 0.87

83.2 303 | 280.58 | 1.52 0.054 | 0.93

90.11 | 583 | 576.27 | 1.64 0.062 | 0.99

Table 5.2 Xo1F, ZGICF, Elab/VCB, Vre|/C and Fice in 160+130Te system

6. *0+°Tb system

Energy | " Lu(a3n) ®*"Lu(a4n) T Tm(02n)
(MeV) | Gexpr | Ocr OicF Gexpr | OCF OicF Oexpr | OCF OIcF
(mb) | (mb) (mb) | (mb) | (mb) (mb) | (mb) | (mb) (mb)
PACE4 PACE4 PACE4
K=10 K=10 K=10
75.2 3 3.58 - - - - - - -
78.7 12 13.4 - - - - 1.93 | 0.0824 | 1.8476
83.2 57 30.4 266 |5 1.23 3.77 | 7 0.113 6.887
87.2 69 40.3 28.7 | 46 11 35 28 0.0488 | 27.9512
89.6 87 39.7 473 | 59 23.9 351 |31 0.0308 | 30.9692
94.6 145 | 24.7 120.3 | 118 | 62.1 55.9 |49 0.0182 | 48.9818

Table 6.1 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (o) and

calculated ICF cross section of **®Lu, **'Lu and **°Tm residues in **0+"°Tb system.
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Energy | *"Yb(ap3n) Yot | Zoicr | Eiw/Ves | VilC | Ficr

(MeV) | Gexpr | Ocr GicF (mb) | (mb)
(mb) | (mb) (mb)
PACE4
K=10
75.2 - - - 3 - - - -
78.7 - - - 13.93 | 1.85 1.2 0.03 | 0.13

83.2 9 0.0451 | 8.9549 | 78 46.21 | 1.27 0.04 | 0.59

87.2 28 0.237 27.763 | 171 11941 | 1.33 0.045 | 0.698

89.6 49 0.701 49.299 | 226 162.67 | 1.37 0.05 |0.72

94.6 21 2.65 118.35 | 333 243.53 | 1.44 0.055 | 0.73

Table 6.2 experimentally measured production cross sections (Gexp), theoretically reproduced cross section (c¢) and

167

calculated ICF cross section of **”Yb residue along with Zore ,Zoice, Eja/Ves, ViellC and Fice in *°0+°Th system.
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7. 0+"®'Ta system

Energy | “Au(o2n) A u(a3n) %2 Au(an)
(MeV) | Gexpr | Ocr(Mb) | oice Gexpr | OCF OicF Oexpr | Ocr(Mb) | Oicr
(mb) | PACE4 | (mb) (mb) | (mb) (mb) | (mb) | PACE4 | (mb)
K=10 PACE4 K=10
K=10
80 - - - - - - 2 0.00171 | 1.998
85 - - - 8 4.2 3.8 10 - 10
87 2 0.3 1.7 6 6.36 - 12 0.00461 | 11.995
88 2 0.344 1.656 | 23 6.34 16.66 | 31 0.00997 | 30.99
933 3 0.1 2.9 20 7.16 12.84 | 46 0.114 45.886
97 14 0.0474 13.526 | 40 4.23 35.77 | 63 0.363 62.637
99 22 0.00845 | 2199 |21 3.13 17.87 | 50 0.338 49.662

Table 7.1 experimentally measured production cross sections (Gexpr), theoretically reproduced cross section (o) and

calculated ICF cross section of **Au, *°Au and *?Au residue in °0+'*'Ta system.

Energy | Zotr | Zoicr Ei/Ves | VielC | Ficr
MeV) | (mb) | (mb)

80 2 1.998 1.12 0.017 | 0.999
85 18 13.8 1.19 0.031 | 0.767
87 20 13.695 | 1.22 0.035 | 0.685
88 56 49.306 | 1.23 0.037 | 0.88
93 69 61.626 | 1.30 0.045 | 0.893
97 117 | 111.933 | 1.36 0.05 | 0.957
99 93 89.522 | 1.39 0.053 | 0.963

Table 7.2 ZGTF, ZGICF, Elab/VCB, Vre|/C and FICF in 16O+ 81Ta SyStem.
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