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Abstract

Inclusion of various channels into coupled-channel calculations is highly success-

ful in interpreting experimental sub barrier fusion cross sections. The statistical-

model is used to explain the basic features of composite system de-excitation

in the above Coulomb barrier energies. However, in 12C-induced reactions with

182,186W targets, measured fusion cross sections are significantly lower than those

predicted by various theoretical models and by fusion systematics (Rajagopalan

et al., Phys. Rev. C 25, 2417 (1982) and Delagrange et al., Nucl. Phys. A

429, 173 (1984)). To study the fusion cross sections for reactions forming 194Hg,

196Hg and 198Hg compound nuclei, we have measured the evaporation residue

(ER) cross sections for 12C+182,184,186W systems at energies below and near the

Coulomb barrier. The experiment was carried out at Inter University Accelerator

Centre (IUAC), New Delhi using 12C beams. The measured fusion cross sections

are compared with coupled-channel and statistical model calculations. Coupled-

channel calculations with the coupling of static deformation effects of target

nuclei, and using the selected potential parameters for 12C+182W reaction very

well explains the measured fusion cross-sections for 12C+182,184,186W reactions in

the sub-barrier energy region. However, deviations from the measured cross sec-

tions have been noticed at higher excitation energies for 12C+184,186W reactions.

The statistical model calculations with compound nucleus formation probability,

PCN = 1 and fission barrier scaling parameter, kf = 0.96 describes our measured

evaporation residue as well as measured fission cross sections from literature.

vii



From these results, we can conclude that the previously reported disagreement

between measured and calculated fusion cross sections for 12C+182,186W reactions

could be due to the missing of evaporation residue events in their detection sys-

tem.

In addition, a systematic analysis was performed for the reactions forming

180−198Hg compound nuclei, which shows the dependence of quasifission processes

on entrance channel mass asymmetry and effective fissility parameter. Additional

experiments with reactions leading to the formation of the Hg compound nuclei

with entrance channel mass asymmetry 0.1-0.3 and effective fissility parameter

0.63-0.70 are needed to confirm these findings.

viii



Chapter 1

Introduction

The availability of various heavy ion beams from different accelerator facilities

all over the world and the development of new spectrometers have given a new

impetus to the field of nuclear reaction dynamics. Measured fusion excitation

functions for light and medium-heavy nuclei were successfully explained by the

predictions of the well-known Wong’s formula [1]. In the heavier mass region, the

reaction mechanism is no more a simple process. The energetic heavy ions carry

a large amount of angular momentum in the entrance channel, as a consequence,

the fission saddle point lies outside the barrier and leads to non-compound nu-

clear processes like quasifission, fast fission, etc. The reaction dynamics are

closely linked to the nuclear structure of the participating species and are still a

fascinating research topic.

1.1 Classification of heavy ion reactions

Reactions induced by projectiles heavier than an alpha particle are considered

to be heavy ion-induced reactions. For understanding the reaction dynamics,

structural properties of nuclei etc, scattering, fusion reactions, transfer reactions,

and Coulomb excitation were employed. The mechanisms of the heavy ion

induced reactions can be classified based on the classical impact parameter,

angular momentum, and entrance channel parameters. An example of the

1



classification of the reactions as a function of impact parameters is shown

in Fig. 1.1. The associated de-Broglie wavelength in heavy ion collisions is

much smaller compared to the dimensions involved, so the concept of classical

trajectory is valid in heavy ion collisions.

  

bgr

b

Grazing collision

Fusion

Deep inelastic collision

Distant collision

Figure 1.1: Different processes involved in heavy ion collisions as a function of
impact parameter.

In the semi-classical approach, the impact parameter, b is defined as the perpen-

dicular distance between the projectile velocity direction and the center of the

target nucleus. The minimum value of the impact parameter at which nuclear

forces are negligible in comparison with the Coulomb interaction is called the

“grazing impact parameter”, bgr and the dominant collision process is quasielas-

tic reactions. In the quasielastic process, a small fraction of the kinetic energy

gets converted into internal excitation energies, which include inelastic excita-

tions and transfer reactions. If the impact parameter is very large (b > bgr) the

collision process is dominated by elastic (Rutherford) scattering, and the reac-

tion partners get excited due to the Coulomb repulsion. If the impact parameter,

2



b < bgr the nuclear interaction overcomes the Coulomb repulsion and are usually

known as deep inelastic collisions (DIC). In such collisions, a considerable quan-

tity of kinetic energy and angular momentum are transferred from the relative

motion to the intrinsic excitations of the colliding ions. Though considerable

mass and energy exchange may have occurred, the collision partners hold their

identities, and the reaction leads to fragments that may be identified as target-

like or projectile-like. The head-on collisions lead to the fusion of the projectile

and the target nuclei and form a composite system. The fused composite system

equilibrates in all degrees of freedom and forms the intermediate state known as

the compound nucleus (CN). The formed CN is in a highly excited state and it

decays by the emission of light particles or fission. During the fusion processes,

the available kinetic energy is completely turned into the intrinsic excitation en-

ergy of the CN, and all the angular momenta can be converted into the spin of

the fused nuclei.

The type of reaction that may occur between two heavy nuclei can be related

to the entrance channel angular momentum [2]. The impact parameters b are

related to the relative angular momenta, `, of the entrance channel by the semi-

classical relation,

` =
b

λ̄
(1.1)

where λ̄ is the reduced wavelength. The angular momentum limits for the re-

action components are determined from a sharp cutoff model. This approach

have some inconsistency, in reality, the angular momentum limits to the various

reaction categories are not sharp. In Fig. 1.2, we show various reaction mecha-

nisms as a function of angular momentum. The nuclear reactions do not occur

above a certain angular momentum, `max, above which the collision processes

are dominant with Coulomb excitation (CE) and elastic (EL) processes. Various

types of damped reactions may occur between the angular momentum `f and

`max values. In this type of reaction, the collision partners preserve their identity,

3



Figure 1.2: Schematic illustration of the ` dependence of the partial cross section for
compound nucleus (CN), fusion-like (FL), damped (D), quasielastic (QE), Coulomb
excitation (CE) and elastic (EL) processes. The long-dashed line represents the ge-
ometrical partial cross section. Vertical dashed lines represent the extensions of the
various ` windows in a sharp cutoff model.

even though considerable mass and energy exchange may have occurred between

the target and projectile nuclei, and the reaction products may be identified as

target-like or projectile-like.

Below a certain angular momentum `f , the trajectory of the system is influ-

enced by a conditional saddle in the internuclear potential energy surface [2].

The conditional saddle is a saddle at frozen mass asymmetry. The conditional

saddle point is not a true saddle since the potential energy there is not station-

ary in the mass asymmetry coordinate. The unconditional or fission saddle is

a stationary point for all coordinates in the potential surface. The conditional

saddle could have a considerable influence on the reaction trajectory. Since mass

asymmetry is a slowly evolving parameter, the conditional saddle causes a con-

siderable increase in the reaction time. This allows both the evolution of the

system to shapes that no longer describe separate nuclei and a relaxation of the

mass asymmetry [2]. The formed composite system is termed as “mononucleus”

by Swiatecki [3]. Mononucleus is a nuclear configuration without a pronounced

4



neck, trapped inside the conditional saddle.

Effective fissility parameter χeff is related to repulsive and attractive forces in

the entrance channel, which is proportional to the ratio of the electric repul-

sion to the nuclear attraction for di-nuclear configurations. Blocki et al. [4] has

defined the effective fissility parameter as

χeff =
(Z2/A)eff
(Z2/A)crit

(1.2)

where

(Z2/A)eff =
4ZPZT

A
1/3
P A

1/3
T

(
A

1/3
P + A

1/3
T

) (1.3)

and

(Z2/A)crit = 50.883

[
1− 1.782612

(
N − Z
A

)2
]

(1.4)

For heavy systems, having (Z2/A)eff sufficiently large, the fusion cross section

measurements may be influenced by the dynamical entrance-channel effects, and

the “mononucleus” reactions may not be identical to the compound nucleus reac-

tions. In terms of the entrance channel angular momentum, the “mononucleus”

reactions outside the fission saddle occur between angular momenta `f and `crit

and are termed as fusion-like (FL) processes.

The compound nucleus reactions occur at angular momenta less than `crit. For

light systems with sufficiently small (Z2/A)eff , and at a low ` value, the condi-

tional saddle will not affect the trajectories, and all “mononucleus” reactions are

compound nucleus reactions. For light systems with sufficiently small (Z2/A)eff

value, the values of `f and `crit are the same, which means all mononucleus

reactions are compound nucleus reactions.
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1.2 Heavy ion fusion reactions

When two heavy ions approach each other, they experience strong Coulomb re-

pulsion due to the positive charge of the nuclei and an attractive nuclear force. In

addition to the Coulomb and nuclear potentials, a repulsive centrifugal potential

also contributes to the total effective potential. The total effective potential can

be written as,

V = VC + VN + VCent (1.5)

where VC is the repulsive Coulomb potential,

VC =


1.438ZPZT

r
r > RC

1.438ZPZT

2RC
(3− r2

R2
C

) r < RC

(1.6)

RC is the charge radius.

VN is the attractive nuclear potential in the entrance channel. Woods-Saxon

parametrization for the nuclear potential is

VN =
−V0

1 + exp((r −R0)/a)
(1.7)

V0 is the depth parameter of the Woods-Saxon potential, R0 is the radius pa-

rameter and a is the surface diffuseness parameter.

VCent is the repulsive centrifugal potential

VCent =
h̄2`(`+ 1)

2µr2
(1.8)

The competition between the repulsive Coulomb potential and the attractive

nuclear potential produces a barrier called fusion barrier with an energy pocket

inside it. Due to the effects of repulsive centrifugal force at higher angular mo-

menta, the barrier height will increase and decrease the depth of the energy

pocket.
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Fusion is the process of amalgamation of two or more nuclei to form a single

heavier nucleus. Fusion is possible only when the system overcomes the Coulomb

barrier. After overcoming the Coulomb barrier, the projectile-target system gets

captured or trapped inside the attractive potential pocket. Capture is the first

step towards the fusion process. During the reaction, nucleons are exchanged

between the target and projectile, which results in the transfer of energy and an-

gular momentum from the relative motion to the intrinsic degrees of freedom of

the composite system [2]. The fused composite system equilibrates in all degrees

of freedom, such as energy, shape, and N/Z ratio, and forms an intermediate

system called the compound nucleus (CN). If the nucleus does not hold together

long enough to equilibrate in all degrees of freedom, it does not reach statistical

or thermal equilibrium, so the fusion process is inherently a slow process [5].

The compound nuclear lifetime lies between 10−19 s and 10−16 s, which is longer

than the time required for the incident particle to travel across the diameter of

the target nucleus, i.e., about 10−22 s. Depending upon the incident energy of

the projectile, the formed compound nucleus has a certain amount of excitation

energy and a broad angular momentum distribution. The kinetic energy of the

projectile is converted into the excitation energy and angular momentum of the

compound nucleus. The excited CN decays to the ground state by the emis-

sion of several particles called fusion evaporation or fusion-fission. The decay of

formed CN is independent of its mode of formation [6]. In the fusion evaporation

process, the excited CN decay by the emission of light particles such as neutron,

proton, alpha, and γ ray, which leads to the formation of a cold residual nucleus.

The bound residual nucleus is called evaporation residue (ER). The mass of the

ER is slightly lower than that of the compound nucleus. For a lighter system,

the dominant decay mode is evaporation. Hence, ERs are the unambiguous sig-

natures of CN formation. When the compound nucleus is medium heavy, the

fission process competes strongly with the evaporation of particles in each stage

of the evaporation process. So, the total fusion cross section (σfus) is given by

7



the sum of the ER cross section (σER) and fission cross section (σfiss).

σfus = σER + σfiss (1.9)

In addition to the excitation energy and angular momentum, the decay mode is

governed by the statistical properties of nuclei. A schematic representation of

compound nucleus formation and its decay is shown in Fig. 1.3.

Projectile Target

Dinuclear system

Compound nucleus

Fusion-EvaporationFusion-Fission

Figure 1.3: Schematic representation of the compound nucleus formation and decay.
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In a fusion-fission process, the compound nucleus splits up into two or more.

These fission fragments are repelled from each other by a repulsive Coulomb force.

As a result, total kinetic energy is independent of the initial compound nucleus

excitation energy. Therefore, the excitation energy of the fission fragments is

proportional to the compound nucleus excitation energy [7]. The excited fission

fragments decay via emission of particles and γ rays. These emitted particles

are called “post-scission” particles and the particles emitted before the scission,

i.e., during the fission process by the fissioning nucleus, are called “pre-scission”

particles. Fission takes over the particle evaporation at higher energies and

angular momenta. In the case of heavier nuclei, the CN decay competes with

the fission.

The ER cross section can be written as the product of capture cross sections

(σcap), CN formation probability (PCN), and the survival probability (Wsur)of

the completely fused system against fission.

σER = σcapPCNWsur (1.10)

PCN is the probability that the di-nuclear system crosses the inner fusion barrier

and forms the CN. Wsur is the survival probability of the completely fused

system against fission. In the case of mass asymmetric systems, especially for

fusion reactions with light and medium nuclei, the compound nucleus formation

probability is close to unity (PCN ≈1). For heavier systems, depending upon

the energy, angular momentum, mass asymmetry of the entrance channel, etc,

after capture processes the composite system may evolve either towards a fully

equilibrated CN or re-separates before achieving complete equilibration. These

non-equilibrated processes are known as the non-compound nuclear fission

(NCNF) processes.

9



1.3 Non-compound nuclear fission processes

Non-compound nuclear fission (NCNF) processes are the major obstacles to the

formation of superheavy elements (SHE). The NCNF processes will occur at

higher excitation energies and angular momenta. At higher excitation energies

for reactions using heavier projectiles, the conditional saddle is higher than the

unconditional saddle, and the system needs additional energy (extra push) to

pass this saddle. After crossing the conditional saddle, the system equilibrates

in all degrees of freedom except shape. Because of the dissipative losses incurred

during this stage, the system fails to pass the unconditional inner saddle and

moves toward re-separation. The CN formation processes occur below `crit and

it cannot carry too much angular momentum. Ngô et al. [8] described the results

of a dynamical model for dissipative heavy ion collisions which showed that a

fused trajectory can lead either to a compound nucleus or to a NCNF processes.

According to Ngô et al. [9], there are four types of dissipative reactions in heavy

ion collisions, such as deep inelastic collision, fast fission, quasifission (QF), and

pre-equilibrium fission. Fast fission, quasifission (QF) and pre-equilibrium fission

come under the category of NCNF processes.

Pre-equilibrium fission: Ramamurthy and Kapoor [10] proposed the concept

of pre-equilibrium fission process to explain the anomalous angular anisotropies

observed in many heavy ion fusion-fission reactions. According them, a compos-

ite system that has equilibrated in all degrees of freedom except the K degree

of freedom, where K is the projection of the total angular momentum J on the

nuclear symmetry axis, will re-separate in a very short interval of time. The

main difference between CN fission and pre-equilibrium fission is that in the lat-

ter case the K degree of freedom is not equilibrated and the fission occurs before

8 × 10−21 seconds.

Fast fission: Fast fission processes are dominant at higher beam energies and

the systems with greater fissility. The fission barrier of the composite system

decreases with an increase in angular momentum values and vanishes at certain

` values which may be lower than `crit. Hence the composite system cannot

10



Figure 1.4: Schematic illustration of fusion-fission, quasifission and deep inelastic
scattering in a heavy ion reactions.

get trapped inside the fission barrier and gets separated into fission-like frag-

ments [11]. This process appears as a kind of delayed deep inelastic process.

The reaction time for this process, which is of the order 10 −21 to 10 −20 s.

Quasifission: In terms of reaction time scales, quasifission bridges the gap be-

tween deep inelastic collisions and CN formation, which originates due to the

compact saddle point configuration of the system compared to the contact con-

figuration. The difference between fusion-fission, quasifission, and deep inelastic

scattering in a heavy ion reactions are shown as a schematic in Fig. 1.4.

The competition between complete fusion and quasifission processes is influenced

by entrance channel properties such as the charge product of the projectile and

target (ZPZT ), the deformations of the colliding partners, and the entrance chan-

nel mass asymmetry (α = AP−AT

AP +AT
, where AP and AT are the mass numbers of

projectile and target respectively). The highest of all conditional saddle point is

called Businaro-Gallone saddle point [12] and the corresponding mass asymme-

try is called Businaro-Gallone critical mass asymmetry, (αBG), ie., a point where

potential is maximum for a given fissility. According to the Businaro-Gallone [12]

criterion, Quasifission (QF) appears for systems with α < αBG.
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The experimental signatures of quasifission includes a strong mass-angle cor-

relation, broadened fragment mass widths, larger angular anisotropies and a

reduction in the ER cross sections [13]. From the analysis of a large data set

of mass-angle distributions of fission-like fragments obtained in heavy ions reac-

tions, du Rietz et al. [14] found that QF appears for the reactions with mean

fissility parameter χm > 0.68 and QF becomes dominant at χm > 0.765. The

mean fissility is a linear combination of compound nucleus fissility χCN and the

effective fissility χeff and given by [14],

χm = 0.75χeff + 0.25χCN (1.11)

1.4 Motivation of the present work

Heavy ion fusion reaction is a complex many-body process. Considerable exper-

imental and theoretical efforts has been received in the field of heavy ion fusion

reactions. Heavy ion fusion studies can provide important insights into the re-

action dynamics and decay properties of excited compound nuclei (CN) [15–24].

Evaporation residue (ER) measurement is a powerful method for studying fusion

processes in mass asymmetric projectile-target systems. Fission fragments must

be taken into account when calculating total fusion cross sections and under-

standing the dynamics of the CN de-excitation. The statistical-model framework

has been used to describe the de-excitation of the composite system, such as the

emission of light particles and γ-rays with competition from the fission processes.

Even though the fundamental concepts of composite system de-excitation are rel-

atively well understood by statistical model calculations, some fission fragment

angular anisotropies and ER measurements have been found to deviate from sta-

tistical model calculations [25–27].

Experimental fusion cross section in comparison with coupled-channel calcula-

tions would provide information regarding the effect of projectile/target defor-

mations as well as the coupling of the inelastic channels to the fusion process. At
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the higher excitation energy, the one-dimensional barrier penetration model (1D-

BPM) explains nuclear fusion quite reasonably. However, 1D-BPM fails to repro-

duce the enhanced sub-barrier fusion cross sections. The enhanced sub-barrier

fusion cross sections were found to be due to the coupling of the internal degrees

of freedom, such as static deformation of the collision partners, collective surface

vibrations and transfer channels [28]. Tunneling through a multidimensional po-

tential barrier successfully explains the observed experimental sub-barrier fusion

enhancement [15].

The experimental observation of an asymmetric fission of 180Hg [29] led to study

of the fission of Hg nuclei both theoretically and experimentally [30–43]. Andreev

et al. [36] calculated the mass distributions for fission of different Hg isotopes

using the improved scission-point model and compared the results with the ex-

perimental data [44]. They found that the mass distribution is quite asymmetric

for 180Hg and 184Hg. For 188Hg the asymmetry is less pronounced. In the case of

192,196Hg and 198Hg the mass distribution looks more symmetric but with a dip

on the top. Their calculated mass distributions of fission fragments for induced

fission of 180,184,188,192,196Hg shown in Fig. 1.5.

Prasad et al. [32] observed mass asymmetric fission in neutron deficient 182Hg

nuclei populated by heavy ion fusion. They suggested that the observed asym-

metric fission in 182Hg and its absence in 195Hg is due to the difference in the

dynamical evolution of 182Hg and 195Hg CN. Hg nuclei exhibit structural changes

as one goes from neutron deficient 180Hg to relatively neutron rich 198Hg nuclei.

Kozulin et al. [30] studied the dependence of the symmetric and asymmetric fis-

sion of 180,182,183Hg and 178Pt nuclei as a function of excitation energy and isospin.

They found that the existence of a well deformed proton shell at Z ≈ 36 and less

deformed proton shell at Z ≈ 46 as responsible for the new type of asymmetric

fission. Bogachev et al. [31] observed that proton numbers play a stabilizing role

in the asymmetric fission of excited pre-actinide nuclei. Also, they found that

the yield of symmetric fission for 190Hg, formed in the 36Ar+154Sm reaction, is

lower than for 180Hg, formed in the 36Ar+144Sm reaction, at the same excitation

13



Figure 1.5: Calculated mass distributions of fission fragments for induced fission
of 180,184,188,192,196Hg with bombarding energies of 10 MeV (solid lines) and 30 MeV
(dashed lines) above the corresponding Coulomb barriers for spherical nuclei (Repro-
duced from [36]).
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energies of CN at the saddle point. Kozulin et al. [45] observed a large contri-

bution (more than 70%) of quasifission (QF) in the case of 68Zn+112Sn reaction.

However QF was not observed in the case of 36Ar+144Sm reaction forming the

same CN [33, 43, 46]. du Rietz et al. [14] analyzed large set of experimental

mass-angular distributions of fission-like fragments and found that the threshold

value for the QF appearance for composite systems with ZCN = 80 is ZPZT =

1450±100 (where ZCN , ZP and ZT are the atomic number of the CN, projectile

and target respectively). Also, they reported that QF appears for the reactions

with mean fissility parameter χm > 0.68 and QF becomes dominant at χm >

0.765. In the case of 68Zn+112Sn, the value of χm (0.695) and the ZPZT (1500)

are close to the threshold values for the onset of the QF processes. So such a large

contribution of QF was unexpected. Kaur et al. [47] measured ER cross sections

for 48Ti+140,142Ce reactions forming 188,190Hg CN, to understand the influence of

neutron shell closure of target nuclei on CN formation. They observed that the

effects of shell closure in the target nucleus on fusion cross sections is negligible.

Further, they found no evidence of QF processes in the 48Ti+140,142Ce systems.

Sikkeland et al. [48] have measured the fission excitation function for 12C+182W

reaction. Andersen et al. [49] measured fission cross sections and fission angular

distributions for 12C+182,183,184,186W reactions. Rajagopalan et al. [50] measured

evaporation residues (ER), fission fragments (FF), and charged particle emis-

sion for the systems 12C+182W, 19F+175Lu, 20Ne+174Yb and 40Ar+154Sm forming

194Hg at excitation energies ranging from 57 to 195 MeV. In the case of 12C+182W

reaction, the measured fusion cross sections overestimated by calculations based

on systemics and various theoretical models. However, measurements with heav-

ier projectiles, 19F, 20Ne, and 40Ar, all show reasonable agreement with the cal-

culated cross sections. This discrepancy in the case of 12C+182W was attributed

to missing ER events due to small recoil energies in their detection system. Fur-

thermore, Rajagopalan et al. have shown that non-equilibrium mechanisms have

a bigger role in the ER cross sections in the case of 12C and 19F in comparison

to 40Ar induced reactions.
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Delagrange et al. [51] used a time-of-flight setup to measure the ER events in

12C+181Ta and 12C+182,186W reactions to investigate the inconsistency between

measurements and calculations. Their measurements observed similar cross sec-

tions as Rajagopalan et al. [50]. Also, Delagrange et al. measured fission cross

sections for 12C+182,186W reactions in the 56-87 MeV excitation energies. They

observed a significant difference in the fission yield of 194Hg CN in comparison

to 198Hg compound nuclei at E∗ = 82 MeV (σfiss = 536±52 mb for 194Hg and

σfiss = 166±68 mb for 198Hg). One of the explanations given for this discrep-

ancy is that it is caused by the competition between evaporation of neutrons

and fission. Stokstad et al. [26] reported lower values of the fusion cross sec-

tions for 40Ar+144,148Sm at higher excitation energies compared to 40Ar+154Sm,

which formed 184,188,194Hg respectively. They suggested that the lowering of the

cross sections for 40Ar+144,148Sm could be a result of the dynamic effects such as

deformation or orientation of the target nuclei before fusion or the distortion of

the target nucleus in the Coulomb field of the projectile.

Miller et al. [52] reported that the probability of 1H and 4He evaporation from

194Hg CN increases rapidly with energy and appears to protect the system from

fission. Rajagopalan et al. [50] confirmed that most 1H and 4He are evaporated

prior to fission. Alexander et al. [53] have unfolded the effects of excitation

energy and spin on the decay of 194Hg CN. They suggested that at higher exci-

tation energies (E∗ >98 MeV), the competition between fission and evaporation

is highly sensitive to the relative values of the level densities. In order to study

the spin dependence of dissipation effects in fission, Hui et al. [54] measured ER

excitation function in coincidence with γ-ray multiplicity for the 19F+175Lu re-

action forming 194Hg CN. Their measurements show that there is no dissipation

effects in the pre-saddle region of the fission processes.

Calculated fusion cross sections based on various theoretical models and sys-

tematics showed large deviation with respect to measured cross sections for

12C+182,186W reactions [50, 51] in the laboratory energy range 77 to 167 MeV.

However, fusion cross section measurements with heavier projectiles forming
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194Hg CN follow the fusion systematics [50]. This necessitated measuring the

ER cross sections for 12C+182,184,186W forming 194,196,198Hg nuclei to study the

observed discrepancies between the measurements and predicted cross sections.

1.5 Present study

Large deviations in fusion measurements for 12C+182,186W, from calculations

based on various theoretical models and by fusion systematics is reported by

Rajagopalan et al. [50] and Delagrange et al. [51]. However, other reactions

using heavier projectiles leading to the formation of the same CN agree cal-

culations based on various theoretical models and by fusion systematics. This

scenario demanded us to measure the ER cross sections for 12C+182,184,186W form-

ing 194,196,198Hg nuclei. Rajagopalan et al. [50] and Delagrange et al. [51] carried

out the investigations in the energy range 77 to 167 MeV in the laboratory en-

ergy frame for 12C+182,186W reactions. Due to the small kinetic energy of the

ERs, no data for near and below the Coulomb barrier energies were available in

either measurement. For the first time, we are measuring the fusion-evaporation

residues for the reactions 12C+184W and we are extending the ER measurements

for 12C+182,186W over a wide range of excitation energies, to understand the

fission-evaporation competition.

The current study was undertaken to address the fusion dynamics in the 12C-

induced reactions and compare them with the coupled-channel and statistical

model calculations. In order to study the effects of target/projectile defor-

mation effects on fusion cross sections, the measured fusion cross sections for

12C+182,184,186W are compared with the coupled-channel calculations. To under-

stand the detailed compound nuclear decay processes, we have carried out the

statistical model calculations for these reactions.

The other aspect of this thesis is to study the variation of probability of com-

pound nucleus formation (PCN) with the effective fissility parameter (χeff )

and the entrance-channel mass asymmetry (α) and to look for any system-
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atic, that may follow the Hg CN. We performed statistical model calcula-

tions for 90Zr+90−96Zr [55–57], 40Ar+144−154Sm [26], 124,130,134Te+58,64Ni [58],

14N+181Ta [59], 19F+175Lu [54] and 86Kr+99−104Ru [60] reactions, in addition

to our measurements for 12C+182,184,186W, to obtain a detailed analysis of the

decay properties of the neutron deficient as well as neutron-rich Hg CN.

1.6 Plan of the thesis

The aim of this thesis is to investigate the dynamics of heavy ion fusion at energies

below and near the Coulomb barrier in the 12C-induced reactions. A mass spec-

trometer was used to measure the evaporation residues for the 12C+182,184,186W

reactions. The measurements ranged from 12 % below to 45 % above the

Coulomb barrier energies. The measured fusion cross sections are compared

with coupled-channel and statistical model calculations.

A general introduction and literature survey of the present thesis are described in

Chapter 1, Chapter 2 gives a brief review of theoretical models that are relevant

to this work. In Chapter 3, we discuss the experimental setup, detectors, and

electronics used in the present measurements. In Chapter 4 we present the data

analysis and obtained cross sections compared with coupled-channel calculations

and statistical model calculations. Chapter 5 deals with the systematic analysis

to explore the variation of fusion probability with mass asymmetry and effective

fissility parameters. In Chapter 6, we present a summary of the thesis and the

scope of future works.
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Chapter 2

Theoretical models

The study on nuclear reactions is concerned with complex many-body quantum

mechanical systems. Different models are required for predicting as well as inter-

preting the experimental results. The standard way to address the influence of

nuclear structure on heavy ion fusion reactions is the coupled-channel approach.

The statistical model is one of the most successful model to understand decay

of the compound nucleus. In this chapter, we describe the coupled-channel and

statistical model used in the present thesis work.

2.1 One-dimensional barrier penetration model

Generally, the fundamental features of the nuclear reactions are explained in

terms of an interaction that depends on the separation of the center of mass of

the projectile and target. The fusion barrier referred to as the total potential

possesses a maximum at a distance where the repulsive and attractive forces

balance each other [1]. According to the one-dimensional barrier penetration

model (1D-BPM), if the nuclei have sufficient energy to overcome the Coulomb

barrier, the nuclei are to be captured and fused. Within this 1D-BPM the fusion

cross section (σfus) at an energy E can be written by a summation over partial
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waves [2],

σfus = πλ̄2
∞∑
`=0

(2`+ 1)T`(E)P`(E) (2.1)

where λ̄ is the asymptotic wave length, T`(E) is the transmission coefficient for

the partial wave of angular momentum `, P`(E) the fusion probability for the

penetrating wave, and E is the energy in center of mass frame. For energies above

the Coulomb barrier, many models use the sharp cutoff approximation, where

fusion will occur below a certain angular momentum `crit(E) and T`(E)P`(E) will

be

T`(E)P`(E) =

1, for ` ≤ `crit(E)

0, for ` > `crit(E)

which reduces Eq. 2.1 to the classical formula in the limit of `crit(E) >> 1

σfus = πλ̄2(`crit(E) + 1)2 ' πR2
B

(
1− VB

E

)
(2.2)

where VB is the barrier height and RB is the radial separation.

Fusion is possible only when the system has sufficient energy to overcome the

Coulomb barrier. For energies above the Coulomb barrier, the T`(E)P`(E) will

have a value of 1, while for energies below the Coulomb barrier, T`(E)P`(E) = 0.

However, at energies below the Coulomb barrier, quantum mechanical tunneling

is responsible for the fusion processes. The values of T`(E) are calculated from a

given real potential and P`(E) are taken to be unity. The ` dependent potential

can be approximated near its maximum by a parabola of curvature h̄ω`. The

transmission coefficient T`(E) for each partial wave can be written by the Hill-

Wheeler formula [3],

T`(E) =
1

1 + exp[2π(V (R`)− E)/h̄ω`]
(2.3)
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where V (R`) is the interaction barrier for the `th partial wave. The frequency,

ω` is related to the effective potential V(r,`) by

ω` =

∣∣∣∣∣ 1µ d2V (r, `)

dr2

∣∣∣∣∣
1/2

Rl,`cr

(2.4)

Assumed that the radial separation R`, and the curvature of the barrier, h̄ω` are

insensitive to `. Hence,

V (R`) ∼= VB +
h̄2`(`+ 1)

2µR2
B

(2.5)

and

h̄ω` = h̄ω0 (2.6)

Using above approximation and replacing the summation in Eq. (2.1) by an

integral one can obtain the Wong formula [4] for σfus,

σfus =
R2
Bh̄ω0

2E

[
1 + exp

{
2π

h̄ω0

(E − VB)

}]
(2.7)

For E>> VB this equation reduced to

σfus = πR2
B(1− VB

E
) (2.8)

and for E<< VB

σfus =
R2
Bh̄ω0

2E
exp

[
2π

h̄ω0

(E − VB)

]
(2.9)

From Eq. 2.7, it is clear that the σfus depends on the quantities, the barrier

height VB, radial position RB, and the curvature of the potential barrier h̄ω. The

1D-BPM successfully described fusion cross sections for light nuclei and medium-

heavy nuclei [1, 5]. However, sub-barrier cross sections for heavier systems show

an enhancement in comparison to 1D-BPM predictions [1]. Coupled-channel
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formalism is needed to describe the enhanced sub-barrier cross sections [6–9].

2.2 Coupled-channel formalism

The failure of 1D-BPM to explain the sub-barrier fusion cross section enhance-

ment compared to the predictions from 1D-BPM leads to more microscopic de-

scription by incorporating the physical processes that influence fusion processes.

Dasso et al. [7, 8] provided a formal basis for the effects of inelastic excitations

and transfer reactions on sub-barrier fusion cross sections based on the well-

known coupled-channel formalism. Through this approach, they showed that

sub-barrier fusion enhancement is the consequence of coupling of the relative

motion of the colliding nuclei to several nuclear intrinsic motions.

The total wave function can be expanded in terms of the channel states φν

ψ(+) =
∑
ν

χν(r)

r
φν (2.10)

where r is the separation between the center of mass of the two nuclei and (+)

sign indicates the incoming wave. The wave function ψ(+) should satisfies the

Schrödinger equation

[H0 + V ]ψ(+) = Eψ(+) (2.11)

where H0 is the Hamiltonian for intrinsic and relative motion and V is the inter-

action energy

d2χν
dr2

+
2µν

h̄2

[
Eν − V eff

ν (r)χν
]

=
2µν

h̄2

∑
n 6=ν

V coup
νn (r)χn (2.12)

This is the coupled equations for the radial distorted wave functions, where

V eff
ν (r) =

h̄2`ν(`ν + 1)

2µνr2
+ < φν | V | φν > (2.13)
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and

V coup
νn (r) =< φν | V | φn >, ν 6= n (2.14)

µν is the reduced mass, `ν is the partial wave and Eν is the relative energy for a

given channel ν.

Dasso et al. [7, 8] solved the coupled equations using the ingoing-boundary con-

ditions. They considered the entrance channel ν = 1 and N additional channels

which couple to it. In additions to that they assumed the couplings to the

bound-state Vcoup are similar for each channel and neglected the cross-channel

couplings. From Eq.2.12, one can observe that the waves in the N excited chan-

nels are equivalent to one another. Thus, the (N + 1) coupled equations can be

replaced by

d2χ1

dr2
+

2µ

h̄2

[
E − V eff

]
χ1 =

2µ

h̄2

√
NV coupχ̃ (2.15)

d2χ̃

dr2
+

2µ

h̄2

[
E − V eff

]
χ̃ =

2µ

h̄2

√
NV coupχ1 (2.16)

These equations can be solved by introducing

χ1 = 1
2

[χ+ + χ−]

χ̃ = 1
2

[χ+ − χ−]

d2χ±
dr2

+
2µ

h̄2

[
E − (V eff

±
√
NV coup)

]
χ± = 0 (2.17)

Then, the total transmitted flux is

T = T1 + T̃ = 1
2

[T+ + T−]

where T± is the flux transmitted by the potential Veff ±
√
NV coup.

In the classical limit the coefficients T± are step functions changing from zero to

one at energies equal to the barrier heights VB ±
√
NV coup

B . When the coupling
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is included

T =


1, E > V eff

B +
√
NV coup

B

1
2
, V eff

B −
√
NV coup

B < E < V eff
B +

√
NV coup

B

0, E < V eff
B −

√
NV coup

B

(2.18)

The coupling between different channels lead to the modification of the potential

barrier. When the coupling between channels is taken into account, the step

function is smoothed due to quantum mechanical effects. The coupling spreads

the energy range over which T varies from zero to one by the amount 2
√
NV coup

B

with respect to the limit of no coupling. The coupling to the intrinsic degrees of

freedom cause the potential energy landscape to become multidimensional, with

multiple minima and maxima. The total transmission is the sum of the trans-

mission coefficients of each barrier. Tunneling through the multi-dimensional

barrier explains the sub-barrier enhancement in fusion cross sections.

2.3 Coupled-Channel code CCFULL

As stated in the previous section, the influence of nuclear structure on heavy ion

fusion reactions is studied in the coupled-channel approach. To study the sub-

barrier fusion, simplified coupled-channel codes such as CCFUS [10], CCDEF [11,

12] and CCMOD [13] or realistic coupled-channel code CCFULL [14, 15] have

been used. The parent codes of CCMOD, CCFUS and CCDEF, calculate the

cross sections using the Wong’s formula [4]. Wong’s formula does not take `

dependence of the barrier curvature or radius into account. CCMOD use the

modified Wong’s formula by replacing the barrier radius RB as

RE = RB − aln
[
1 + 2

(E − VB)

VB

]
(2.19)

CCFULL is a coupled-channel code, which calculates fusion cross sections and

the mean angular momenta of the CN under the influence of couplings between

the relative motion and nuclear collective motions [16]. CCFULL directly inte-
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grates coupled second-order differential equations using the modified Numerov

method. The coupled-channel equations are solved by imposing the incoming

wave boundary condition (IWBC) and a barrier penetrability is calculated for

each partial wave. The program CCFULL includes the couplings to full order

and thus it does not introduce the expansion of the coupling potential. For

heavy ion reactions, to reduce the dimension of the coupled-channel equations

with full space, one can replace the angular momentum of the relative motion in

each channel with the total angular momentum (J), which is called no-Coriolis

approximation/iso-centrifugal approximation. The program CCFULL employs

the no-Coriolis approximation. Then the coupled-channel equations are given by

[
− h̄

2

2µ

d2

dr2
+
J(J + 1)h̄2

2µr2
+ V

(0)
N (r) +

ZPZT e
2

r
+ εν + E

]
ψν(r)+

∑
m

Vνm(r)φm(r) = 0

(2.20)

where εν is the excitation energy of the given channel ν. Vνm are the matrix

elements of the coupling Hamiltonian, which in the collective model consist of

Coulomb and nuclear components. V
(0)
N is the nuclear potential in the entrance

channel. In the program, the Woods-Saxon parametrization is used for nuclear

potential.

As already mentioned, CC equations are solved by IWBC. The boundary condi-

tions are

φν(r) −→ Tνexp

(
−i
∫ r

rmin

kν(r
′)dr′

)
, r ≤ rmin (2.21)

φν(r) −→ H
(−)
J (kνr)δν,0 +RνH

(+)
J (kνr), r > rmax (2.22)

where kν(r) is the local wave number for the channel ν

kν(r) =

√
2µ

h̄2

(
E − εν −

J(J + 1)h̄2

2µr2
− VN(r)− ZPZT e2

r
−Nνν(r)

)
(2.23)

H
(−)
J and H

(+)
J are the incoming and the outgoing Coulomb functions, respectively.

The solution of the coupled-channel equations with these boundary conditions is
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given by

φm(r) =
∑
ν

Tνχνm(r) (2.24)

χνm(r) is the wave function of the mth channel. At r = rmax, χνm can be

expressed by a superposition of the incoming and outgoing Coulomb waves as

χνm(r) = CνmH
(−)
J (kmr) +DνmH

(+)
J (kmr) r → rmax (2.25)

The coefficients Cνm and Dνm are

Cνm =
H

(+)(i−1)
Jm χ

(i+1)
νm −H(+)(i+1)

Jm χ
(i−1)
νm

H
(+)(i−1)
Jm H

(−)(i+1)
Jm −H(+)(i+1)

Jm H
(−)(i−1)
Jm

(2.26)

and

Dνm =
H

(−)(i−1)
Jm χ

(i+1)
νm −H(−)(i+1)

Jm χ
(i−1)
νm

H
(−)(i−1)
Jm H

(+)(i+1)
Jm −H(−)(i+1)

Jm H
(+)(i−1)
Jm

(2.27)

The transmission coefficients and inclusive penetrability are given by

Tν =
(
C−1

)
ν0

(2.28)

PJ(E) =
∑
ν

kν(rmin)

k0

|Tν |2 (2.29)

The fusion cross section and the mean angular momentum of compound nucleus

are

σfus(E) =
∑
J

σJ(E) =
π

k2
0

∑
J

(2J + 1)PJ(E) (2.30)

< l > =
∑
J

JσJ(E)/
∑
J

σJ(E) (2.31)

respectively.
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2.3.1 Coupling matrix elements

If we consider a rotational nucleus as a target, having quadrupole and hex-

adecapole deformations, the nuclear coupling Hamiltonian can be obtained by

changing the target radius in the nuclear potential to a dynamical operator

R0 → R0 + Ô = R0 + β2RTY20 + β4RTY40 (2.32)

where RT is parametrized as rcoupA
1/3
T , and β2 and β4 are the quadrupole and hex-

adecapole deformation parameters of the deformed target nucleus, respectively.

The nuclear coupling Hamiltonian is thus given by

VN(r, Ô) =
−V0

1 + exp((r −R0 − Ô)/a)
(2.33)

The matrix elements of the coupling Hamiltonian between the |ν >= |I0 > and

|m >= |I ′0 > states of the rotational band of the target can be obtained by

diagonalizing the matrix Ô, whose elements are given by

ÔII′ =

√
5(2I + 1)(2I ′ + 1)

4π
β2RT

 I 2 I ′

0 0 0

2

+

√
9(2I + 1)(2I ′ + 1)

4π
β4RT

 I 4 I ′

0 0 0

2

(2.34)

Then the nuclear coupling matrix elements are

V (N)
νm =

∑
α

< I0|α >< α|I ′0 > VN(r, λα)− V (0)
N (r)δν,m (2.35)

Hagino et al. [17] found that the second order coupling in the Coulomb interaction

causes no visible effects to the fusion cross sections. Therefore, CCFULL use the

linear coupling approximation for the Coulomb coupling. The matrix elements
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of the Coulomb coupling form factor are then given by

V (C)
νm =

3ZPZT
5

R2
T

r3

√
5(2I + 1)(2I ′ + 1)

4π

(
β2 +

2

7

√
5

π
β2

2

) I 2 I ′

0 0 0

2

+
3ZPZT

9

R4
T

r5

√
9(2I + 1)(2I ′ + 1)

4π

(
β4 +

9

7
β2

2

) I 4 I ′

0 0 0

2

The total coupling matrix element is given by the sum of V
(N)
νm and V

(C)
νm .

In the case of a vibrational nuclei, the operator Ô in the nuclear coupling Hamil-

tonian is given by

Ô =
βλ√
4π
RT (a†λ0 + aλ0) (2.36)

where λ is the multi-polarity of the vibrational mode, a†λ0 is the creation operator

and aλ0 is the annihilation operator of the phonon. The matrix element of this

operator between the phonon state |ν > and the phonon state |m > is given by

Ôνm =
βλ√
4π
RT (
√
mδν,m−1 +

√
νδν,m+1) (2.37)

The nuclear coupling matrix elements are calculated according to Eq. 2.35.

The Coulomb coupling matrix elements of the vibrational degrees of freedom are

V (C)
νm (r) =

βλ√
4π

3

2λ+ 1
ZPZT e

2 R
λ
T

rλ+1
(
√
mδν,m−1 +

√
νδν,m+1) (2.38)

Transfer reactions with positive Q-values would lead to an increase in the trans-

mission, as a consequence, enhancement in the sub-barrier fusion cross sections

compared to 1D-BPM predictions. Beckerman et al. [18] observed the influence

of couplings to transfer channels on 58Ni+64Ni fusion cross sections for the first

time. The coupling to pair transfer channels with positive Q values has the

largest influence on the sub-barrier fusion cross sections, whereas the coupling to

single-nucleon transfer channels has a smaller impact. Because the form factors

for single-nucleon transfer, F1N(r) ∝ exp(−r/a), are long ranged, whereas the

35



pair-transfer form factor, F2N(r) ∝ exp(−2r/a), which is short range and pro-

portional to the square of single-nucleon transfer form factors [5].

The program CCFULL have an option to include a pair-transfer coupling be-

tween the ground states. It uses the macroscopic coupling form factor given by

Dasso et al. [19, 20],

Ftrans(r) = Ft
dV

(0)
N

dr
(2.39)

where Ft is the coupling strength.

2.4 Statistical model

In fusion processes a projectile and target fuse together and equilibrate in all

degrees of freedom and form a composite system called the compound nucleus

(CN). The decay of excited CN is completely independent of its entrance chan-

nel [21]. Statistical model assumes that possible decay channels are equally likely

to be populated. The description of a nuclear reaction in terms of the decay of

an equilibrium system in which phase relations can be neglected is called the

‘Statistical Model’. A quantitative formulation of the statistical model was first

proposed by Weisskopf [22]. The statistical model is one of the most successful

models to understand fusion-fission or fusion-evaporation reactions. The de-

excitation or cooling of the CN, including competition from the fission process,

explained by statistical evaporation calculations [23].

The probability per unit time for the CN at excitation energy E∗ to emit particle

n into a energy interval between ε and ε+dε is [24, 25]

P (ε, E∗)dε =
(2Sn + 1)Mnεσn(ε, U)ρn(U)dε

π2h̄3ρC(E∗)
(2.40)

where Mn, and Sn, are the mass and spin of particle n. The level density of

the CN at excitation energy E∗ is ρC(E∗), the level density of the residual nu-

cleus at excitation energy U is ρn(U) and σn(ε, U) is the inverse reaction cross
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sections. The inverse reaction cross sections are the cross sections for the for-

mation of the CN when particle n is incident upon the excited residual nucleus.

The difference between the total reaction cross sections and the cross sections

for CN formation is usually ignored (direct-interaction contribution is small), so

σn(ε, U)=σn(ε) [24].

The relative yields of different particles and the emission spectrum of any par-

ticular particle can be described by,

Nn(ε) = C(2Sn + 1)Mnεσn(ε)ρn(U) (2.41)

where Nn(ε) is the number of particles of type n emitted per unit energy inter-

val, and C is a constant which is the same for all emitted particles and emission

energies. Eq. 2.41 is often called an evaporation equation [24]. In Eq. 2.40 and

2.41 the level density and the reaction cross sections do not have dependence

on angular momentum. Angular-momentum dependence on compound nuclear

decay has been discussed by Wolfenstein [26], Hauser and Feshbach [27], Ericson

and Strutinski [28] and Douglas and MacDonald [29].

The formation of CN and its decay of the various intermediate states are un-

correlated. The cross section for the formation of a particular product is given

by [30],

σ =
πλ̄2

(2I1 + 1)(2I2 + 1)

|I1+I2|∑
S1=|I1−I2|

∞∑
l=0

Tl1

|l1+S1|∑
J=|l1−S1|

ΓbJ
ΓTJ

(2J + 1) (2.42)

where ΓbJ is the width for decay to the product of interest and ΓTJ is the

total width. In case of the medium-mass nuclei at excitations well above the

neutron-binding energy, neutron emission is the dominant decay process and its

probability is slightly affected by angular momentum, in this case ΓbJ/Γ
T
J does

not depend strongly on the spin of the CN [30]. The symbols I1 and I2 represent

the spins of target nucleus and projectile respectively and S1 is the channel spin

S1 = |I1 + I2|. The spin of the compound nucleus J = |l1 + S1|.
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As discussed, the CN loses its memory of the entrance channel and leads to

decay, which is governed by phase space. A dominating part of the phase space

in a nuclear reaction is the density of levels in the residual nucleus. The nuclear

level densities increase with excitation energy. When the excitation energy is

increased, the spacing between the levels is considerably decreased compared

to near the ground state. The level density has an exponential increase with

excitation energy. Most considerations of the nuclear level density at elevated

energies have been based on Fermi gas models. The nuclear level density as a

function of excitation energy E∗ and angular momentum J can be written as [30],

ρ(E∗, J) = (2J + 1)exp

[−(J + 1
2
)2

(2σ2)

]
ρ(E∗) (2.43)

The quantity ρ(E∗) depends only on excitation energy and is approximately

equal to the density of states with J=0. σ2 is the spin-cutoff parameter, which

may depends on excitation energy and angular momentum.

2.5 Statistical model code: HIVAP

The de-excitation of the formed compound nuclei is described in the framework

of the statistical model. Several computer codes CASCADE [31], PACE4 [32],

HIVAP [33, 34], etc are successful in modeling the statistical decay. The code

PACE4 uses Monte Carlo procedure to determine the decay sequence of an ex-

cited nucleus. In PACE4, the transmission coefficients (T`) for light particle emis-

sion are obtained by an optical model calculation and in subsequent stages of de-

excitation which are obtained by extrapolation. Also, a fission decay mode added

using a rotating liquid drop fission barrier routine. At each stage of de-excitation

PACE4 calculate angular momentum projection, this enables the determination

of the angular distribution of the emitted particles. For efficiency calculations,

the dominant ER channels were simulated using PACE4 for 12C+182,184,186W re-

actions, at all measured energies.

The statistical model code CASCADE calculate T` exactly for every de-
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excitations. The inclusion of friction in the fission motion results in a modi-

fication of the normal Bohr-Wheeler expression [35], this modifications to the

fission decay width has been incorporated into the CASCADE statistical model

code.

HIVAP (Heavy Ion VAPorisation statistical-evaporation model) is a statisti-

cal model code used to calculate cross sections from heavy ion fusion reac-

tions [33, 34, 36]. The HIVAP code includes the statistical de-excitation of the

excited compound nucleus through neutron, γ-ray, and charged particle emis-

sion as well as fission. The HIVAP code makes use of conventional statistical

decay theory, which considers ER production processes as two-step processes, i.e.,

1) compound nucleus formation and 2) it’s entirely independent of subsequent

de-excitation by nuclear fission and/or emission of light particles and γ rays.

Further, HIVAP code incorporates new insights into level density calculations,

interaction barriers, ground-state masses and shell-effects, and fission barriers.

In HIVAP code, fusion mechanism is assumed to occur whenever the projectile-

target system overcomes the interaction potential barrier calculated from Bass’s

global nucleus-nucleus potential [37]. To estimate the cross sections at the sub-

barrier region, the WKB (Wentzel-Kramer-Brillouin) approximation is used to

evaluate the transmission coefficients. Coupled-channel effects are taken into ac-

count phenomenologically through the use of fluctuating barrier [34, 38], which

may be necessary at near and sub-barrier energies. To phenomenologically pa-

rameterize this barrier distribution, a Gaussian distribution cut-off at both ends

after five standard deviations has been employed.

Level density parameters, fission barriers, and masses are the main sensitive pa-

rameters used in the second de-excitation stage. Both the fission barriers and

the nuclear level density are influenced by the ground-state shell effects, which

are calculated by subtracting the empirical [39] and liquid drop masses [40]. Ac-

cording to Reisdorf’s macroscopic description, the nuclear level densities in fission

and evaporation channels are provided by ratios of level densities af/an ≥ 1, due

to the different nuclear shapes at the saddle point (fission) and equilibrium state
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(light-particle and γ-emission) [33, 34]. The influence of shell effects is included

by an energy backshift in the level density parameter a. Shell effects is washed

out with increasing energy.

For the level density HIVAP uses,

ρ(E, J) =
1

24

(
h̄

2θ

) 3
2

(2J + 1)a
1
2U−2

J exp
[
2(UJ)

1
2

]
(2.44)

where UJ = (E −Er(J) + P ) and θ is the moment of inertia. Er(J) is the yrast

energy of either the equilibrium configuration or the saddle-point configuration.

Er(J) =
h̄2J(J + 1)

2θ
(2.45)

The pairing correction P was obtained from experimental odd-even mass fluctu-

ations and the level density parameter a can be written as

a = ã
(

1 +
[
1− e

−E
Ed

]
δWg.s./E

)
(2.46)

where ã is the macroscopic value of a and the expression in brackets describes

the fading influence of the ground-state shell correction energy δWg.s. on the level

density, the damping constant Ed being 18 MeV.

At energies well above the fusion barrier, fission has a significant influence on

the production cross sections of ERs. The HIVAP calculation is determined

by the fission barrier scaling factor (kf ) of the liquid drop (LD) fission barrier

(BLD
f ) [41], which modify the fission barrier as

Bf (l) = kfB
LD
f + δWg.s. (2.47)

The Reisdorf and Schädel parameters [34] are the standard set of parameters

used for this calculation in HIVAP code, which is listed in Table 2.1. Using the

Reisdorf and Schädel parameters, the results of HIVAP calculations agree well
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Table 2.1: Reisdorf and Schädel Parameter set [34], used for the statistical model
calculations.

Variable Description Value

LEVELPAR Scale parameter for the level density 1.153

AF / AN Level density ratio parameter value 1

BARFAC Scale parameter for the fission barrier 1

EDAMP Shell effect damping energy (MeV) 18.0

DELT Nuclear pairing correction energy (MeV) 11.0

V0 Initial value of the nuclear potential (MeV) 70.0

R0 Nuclear radius parameter (fm) 1.12

D Fuzziness in the nuclear radius parameter (fm) 0.75

Q2 Nuclear quadrupole moment (fm2 ) 1050

CRED Scale parameter for the interaction barrier 1.0

SIGR0 Fluctuation of the interaction barrier (% of R0) 3.0

SIGR0 Integration limits in (SIGR0) for barrier fluctuations 5.0

XPUSH Extra push theory threshold fissility parameter 0.7

APUSH Slope coefficient from extra push theory 18.0

FPUSH Angular momentum coefficient from extra push theory 0.75

with the measured ER cross sections for hot fusion reactions [34]. These set of pa-

rameters phenomenologically reproduces many of the experimental super heavy

element production cross sections obtained with actinide targets [34]. Patin [42]

altered the Reisdorf and Schädel input parameters for HIVAP to model the exper-

imental results of cold fusion reactions more accurately. This parameters set were

called the Patin parameters. Modifications to the standard input parameters of

the HIVAP code explained the fusion cross sections for other reactions [38, 42].

41



Bibliography

[1] M. Dasgupta, D. J. Hinde, N. Rowley, and A. M. Stefanini, Annu. Rev.

Nucl. Part. Sci 48, 401 (1998).

[2] L. C. Vaz, J. M. Alexander, and G. Satchler, Physics Reports 69, 373 (1981).

[3] D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953).

[4] C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).

[5] B. B. Back, H. Esbensen, C. L. Jiang, and K. E. Rehm, Rev. Mod. Phys.

86, 317 (2014).

[6] R. Broglia, C. H. Dasso, S. Landowne, and G. Pollarolo, Phys. Lett. B 133,

34 (1983).

[7] C. H. Dasso, S. Landowne, and A. Winther, Nucl. Phys. A 407, 221 (1983).

[8] C. H. Dasso, S. Landowne, and A. Winther, Nucl. Phys. A 405, 381 (1983).

[9] C. H. Dasso, S. Landowne, and A. Winther, Nucl. Phys. A 432, 495 (1985).

[10] C. H. Dasso and S. Landowne, Comput. Phys. Commun. 46, 187 (1987).

[11] M. Dasgupta, A. Navin, Y. K. Agarwal, C. V. K. Baba, H. C. Jain, M. L.

Jhingan, and A. Roy, Nucl. Phys. A 539, 351 (1992).

[12] J. Fernndez-Niello, C. H. Dasso, and S. Landowne, Comput. Phys. Commun.

54, 409 (1989).

[13] J. O. Newton, R. D. Butt, M. Dasgupta, D. J. Hinde, I. I. Gontchar, C. R.

Morton, and K. Hagino, Phys. Rev. C 70, 024605 (2004).

[14] K. Hagino, N. Rowley, and A. T. Kruppa, Comput. Phys. Commun. 123,

143 (1999).

42



[15] K. Hagino and N. Takigawa, Prog. Theor. Phys 128, 1061 (2012).

[16] K. Hagino, Sub-barrier fusion reactions (2022), 2201.08061.

[17] K. Hagino, N. Takigawa, M. Dasgupta, D. J. Hinde, and J. R. Leigh, Phys.

Rev. C 55, 276 (1997).

[18] J. A. Becker, N. Roy, E. A. Henry, M. A. Deleplanque, C. W. Beausang,

R. M. Diamond, J. E. Draper, F. S. Stephens, J. A. Cizewski, and M. J.

Brinkman, Phys. Rev. C 41, R9 (1990).

[19] C. H. Dasso and A. Vitturi, Phys. Lett. B 179, 337 (1986).

[20] C. H. Dasso and G. Pollarolo, Phys. Lett. B 155, 223 (1985).

[21] N. Bohr, Nature 137, 344 (1936).

[22] V. F. Weisskopf and D. H. Ewing, Phys. Rev. 57, 472 (1940).

[23] P. Paul and M. Thoennessen, Annu. Rev. Nucl. Part. Sci. 44, 65 (1994).

[24] D. Bodansky, Annu. Rev. Nucl. Sci 12, 79 (1962).

[25] T. Ericson, Advances in Physics 9, 425 (1960).

[26] L. Wolfenstein, Phys. Rev. 82, 690 (1951).

[27] W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).

[28] T. Ericson and V. Strutinski, Nucl. Phys. A 8, 284 (1958).

[29] A. Douglas and N. MacDonald, Nucl. Phys. A 13, 382 (1959).

[30] T. D. Thomas, Annu. Rev. Nucl. Sci 18, 343 (1968).

[31] F. Phlhofer, Nucl. Phys. A 280, 267 (1977).

[32] A. Gavron, Phys. Rev. C 21, 230 (1980).

43



[33] W. Reisdorf, Z. Phys. A 300, 227 (1981).
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Chapter 3

Experimental Details

3.1 Introduction

In this chapter, we describe the accelerator facility, the experimental setup, de-

tectors, electronics, measurements, and other experimental facilities used in the

current work. In the present study, we have measured the ER cross sections

for 12C+182,184,186W reactions forming the 194,196,198Hg compound nuclei. The

measurements were carried out using 12C beams provided by 15 UD tandem

accelerator at Inter-University Accelerator Centre (IUAC), New Delhi. An ener-

getic primary 12C beams is bombarded on thin isotopically enriched 182,184,186W

targets. To separate the ERs from the unwanted reaction products and unre-

acted primary beams we use a recoil separator, Heavy Ion Reaction Analyzer

(HIRA). HIRA separate ERs from the beam background and transferred them

to its focal plane (FP). A two-dimensional position-sensitive multi-wire propor-

tional counter detector (MWPC) was used to detect ERs at the HIRA’s focal

plane.

3.2 15 UD tandem accelerator

The 15 UD Pelletron accelerator at IUAC [1, 2], is an electrostatic tandem accel-

erator. A tandem accelerator is a combination of two Van de Graff accelerators.
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The Pelletron accelerator column is installed in a vertical configuration in an

insulating tank of length 26.5 m and diameter 5.5 m, filled with SF6 insulating

gas. It is capable of accelerating ion beams of all stable nuclei, from proton

to uranium, except inert gases, up to an energy of about 200 MeV depending

upon the ions. A high-voltage terminal is situated at the center of the vertical

accelerating tank. It can be charged to a high potential that can be varied from

4 to 15 MV. The portion above the terminal is called the low energy section

and the portion below the terminal is called the high energy section. Resistor

based voltage grading system is used to maintain a potential gradient from the

top of the tank to the terminal, and subsequently from the terminal to the bot-

tom. Earlier the accelerator had corona based voltage grading system to define

the potential [3]. Use of shorting rods and change of insulating gas pressure are

the only options in a corona-based system to generate large changes in terminal

potential. With the use of this resistor-based voltage gradient system, voltage

stability of the accelerator has improved and no shorting rods are used now for

generating variations in terminal voltages. The terminal has thirty modules,

15 on each side. Each module can hold a potential difference of ∼ 1 MV. The

schematic diagram of the accelerator is shown in Fig. 3.1.

There is an ion source, Multi Cathode Source of Negative Ions by Cesium Sput-

tering (MC-SNICS) [4], at the top of the pelletron for the production of negative

ions. Earlier, NEC made single sample SNICS ion source (Source of Negative

Ion by Cesium Sputtering) was used for the production of negative ions, but

at present, it is being operated with MC-SNICS to produce beams with higher

currents and to deliver beams without a delay to the users [4]. The negative ions

emerging from the ion source are pre-accelerated up to ∼300 keV in Ion Source.

The pre-accelerated ions are focused and are mass analyzed using the 90◦ bending

injector magnet. After focusing and mass selection using a 90◦ bending injector

magnet, injecting them into the low energy accelerating section and gain energy
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Figure 3.1: Schematic representation of 15 UD Pelletron accelerator at IUAC, New
Delhi.

(in MeV).

Eint = (E0 + V ) (3.1)

where E0 is the energy of the ion gained in pre-acceleration and V is the terminal

potential in MV. The injected ions are driven down towards the high voltage

terminal in the center due to the high voltage terminal. The accelerated negative

ions pass through a stripper at the terminal. The stripper can be a very thin

carbon foil or a small volume of gas. When the negatively charged ions pass

though the stripper, they lose electrons, and consequently, the positive ions will

be in different charge states. The charge state distribution of these ions depends

upon the energy of the ions being accelerated. These positive ions are repelled

by the positive terminal and they move from the terminal to the bottom of the

tank due to the negative potential gradient. The ions with a particular charge

state are selected using a 90◦ bending dipole magnet called an analyzer magnet.
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Energy gained by the ions after emerging out of the tank is given by

Efinal = [E0 + V (1 + q)] (3.2)

In the high energy dead section, there is a second stripper assembly. This will

aid further stripping and result in a greater charge state and thus more energy.

When both strippers are used during acceleration, final energy is given by,

Efinal = E0 + V (1 + (0.4 ∗ q1) + (0.6 ∗ q2)) (3.3)

where q1 and q2 are the ion charge states. After departing the tank, the ions

are bent 90◦ by the analyzer magnet. Also, this magnet helps in the selection

of ion energy. Using the switcher magnet, these beams are then switched to

the pre-selected beamline among the many beamlines (experimental area). The

entire machine is controlled by a computer and operated from the control room.

IUAC pelletron accelerator can provide both DC and pulsed beams, depending

on the experimental requirements. The pulsing system’s components are based

on the principles of ion velocity modulation and electrostatic or magneto-static

deflection. A chopper, a buncher, and a Traveling Wave Deflector (TWD) make

up the pulsing system. These components are installed in the pre-acceleration

stage, between the injector magnet and the tank top. The chopper uses a pair of

plates in which a radio frequency field is applied to cut off the beam at regular

intervals. TWD determines the repetition rate of the beam pulses by select-

ing and eliminating these pulses at regular intervals, and the buncher bunches

these chopped beam pulses by compressing them in time. The effective current

intensity of the beam is reduced as a result of this deviation.

3.3 Heavy Ion Reaction Analyzer (HIRA)

A Recoil Mass Spectrometer (RMS) or recoil separator is an instrument used

for beam rejection and mass analysis of the reaction products in a nuclear re-
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action [5]. Placed at zero degrees with respect to the beam, RMS’s are capable

of separating and rejecting the beam-like particles from nuclear reaction prod-

ucts and dispersing heavy residues of fusion reactions according to m/q (mass

to charge) along the focal plane. It is working under the principle of dispersion

of ions in electric and magnetic fields. An ideal recoil separator should have

a large solid angle of acceptance, large mass dispersion, good mass resolution,

no energy dispersion at the final point, large energy and mass acceptances, and

large transmission efficiency.

Heavy Ion Reaction Analyzer (HIRA) [6] is a recoil mass spectrometer. The

electromagnetic configuration selected for HIRA is QQ-ED-M-MD-ED-QQ, a

schematic diagram of HIRA is shown in Fig. 3.2 and a photograph of the HIRA

is shown in Fig. 3.3, where Q stands for the quadrupole doublet, ED for the

electrostatic dipoles, MD for the magnetic dipole, and M for the multipoles.

The ion-optical parameters of ED-MD-ED combination of HIRA are unique and

quite different from other existing recoil mass spectrometers. The HIRA has an

energy acceptance of ±20%, mass acceptance of ±5%, acceptance of 1-10 msr

(variable), mass dispersion of 0-10 mm %(variable) and mass resolution is 1/300

(typical).

In the case of heavy ion-induced complete fusion reactions, HIRA rejects primary

beam particles and transfer reaction products, and it transports the ERs to the

FP and disperses them as per mass to charge ratio (m/q) values. The overall

length of HIRA from the target chamber to the focal plane chamber is ∼ 8.8

m. One of the main features of the HIRA is the ability to rotate around a fixed

axis. The entire spectrometer is installed on a platform that can rotate with

the help of a motor about the vertical axis passing through the target and beam

axis on a curved monorail. The HIRA can be rotated from angles -15◦ to +40◦

maintaining a very high vacuum.

HIRA is the first RMS with a feature that allows the primary beam to be removed

without scattering from the anode of the first electrostatic dipole. To do this, a

horizontal slot (of 15 mm) is cut out at the center of the second half of the anode
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Figure 3.2: A schematic diagram of Heavy Ion Reaction Analyzer (HIRA). Q, ED,
M, and MD stand for magnetic quadrupole, electrostatic dipole, magnetic multipole,
and magnetic dipole, respectively.

Figure 3.3: A complete view of Heavy Ion Reaction Analyzer (HIRA) setup [7],
where the beam enters from the right side, it goes to the focal plane, situated on the
left.
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plate in ED1. This slot permits scattered beam particles to be caught on a beam

catcher behind ED1 and lowers the focal plane background. The electric dipole

(ED) effectively rejects beams by taking advantage of the significantly differing

electrical rigidities of the beam particles and reaction products. The electrostatic

deflector consists of two coaxial cylindrical plates, one of them serves as an anode

and the other as a cathode. If the energy of the positive ions entering the energy

filter is too high, the radial electric field will not deflect them enough, and they

will collide with the anode plate. When the energy is low, the ions are more

deflected and collide with the cathode plate. When a particle enters the field, it

experiences an electrostatic force,

qE =
mv2

ρ
(3.4)

or

Eρ =
mv2

q
=

2T

q
(3.5)

where E is the electric field between deflector plates, m is mass, v is velocity, q

is charge state and T is the kinetic energy of the particle. The quantity Eρ is

called electric rigidity.

The magnetic dipole (MD) does the m/q (m=mass of products and q=charge

state) selection. When the ions entering the perpendicular magnetic field of

uniform flux density B, it will follow a circular path, with radius ρ.

qvB =
mv2

ρ
(3.6)

or

Bρ =
mv

q
=
p

q
(3.7)

where Bρ is the magnetic rigidity.

There is a multipole (M) between ED1 and MD. It helps to achieve energy achro-
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maticity at the focus plane by reducing angle and energy-dependent aberrations.

To reduce the mass-dependent ’focal plane tilt/curvature’ aberration there is a

superimposition of suitable sextupole and octupole fields on the quadrupole field

of the exit quadrupole doublet.

Using the combination of electric dipole and magnetic dipole, the particles can

be separated based on their m/q ratio and follows well-defined trajectories. The

ions having different m values and the same m/q ratio will be focused at the

same point at the detector plane. This is called m/q ambiguity. For example, if

the isobaric nuclei (same mass number but different atomic numbers) have the

same energy and same charge state will have identical trajectories. Such ions are

therefore not separated by the spectrometer. It can be resolved by the Time Of

Flight (TOF) method.

3.4 Detection system

HIRA separates ERs from high beam background and unwanted reaction prod-

ucts. Detection of the particle of our interest is very important in an experiment.

Interaction of particles with matter can be used to detect and identify those par-

ticles. In the present experiment, ERs from complete fusion evaporations are the

particles of interest to detect. Detectors that can provide both position and en-

ergy information can be used to identify these reaction products. For the current

ER measurements, we have used two silicon surface barrier detectors (monitor

detectors) in the target chamber and a multi-wire proportional counter (MWPC)

is at the focal plane.

3.4.1 Silicon Surface Barrier Detector (SSBD)

For the present experiments two SSBD (monitors) were placed in the target

chamber to measure the elastically scattered beam particles. These detectors,

each with an active area of 50 mm2 with a collimator diameter of 1 mm, were

placed at ±15◦ relative to the beam axis for beam normalization and also for
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beam monitoring.

3.5 Multi-Wire Proportional Counters

Multi-Wire Proportional Counters (MWPC) was invented by Georges Charpak

in 1968 [8]. At very low gas pressure, MWPCs are highly suitable to detect

heavy ionizing particles. The MWPC consists of thin parallel and equally

spaced anode wires centered between two cathode planes. The separation

between the plane of the anode wires and the cathode plane is usually a few

millimeters. Depending on the intended mode of operation, the chamber is filled

with a suitable mixture of gases. The MWPC provides us with high detection

efficiency, fast rise time, gain, and also good position resolution.

Figure 3.4: Schematics of the multi-wire proportional counter.

When the particle interacted with the gas medium, it gets ionized and the pro-

duced electrons will drift toward an anode wire. Secondary electrons are gen-

erated due to the inelastic collisions of these primary electrons with the gas

molecules. Further inelastic collisions can cause an “electronic avalanche” or

“charge multiplication”. The electron avalanche is rapidly collected by the anode

wires and the positive ions move in the opposite direction toward the cathode.
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Figure 3.5: Photograph of the multi-wire proportional counter.

The MWPC is said to be “position sensitive” if it is possible to decode which of

the wires the signal originated on. The operating parameters such as gas pres-

sure, voltages on electrodes etc. can be adjusted to make it sensitive to heavier

particles.

For the current measurements, a two-dimensional position-sensitive MWPC with

an active area of 15 cm× 5 cm was placed at the focal plane of the HIRA to detect

the ERs [9]. The MWPC used in the present experiment has four electrode ge-

ometry, Cathode, X position electrode, anode, and Y position electrode. Fig. 3.4

shows a schematic of the detector geometry. Electrodes are wireframes, made up

of gold-plated tungsten wires with an interwire spacing of 1.27 mm. X position

frame has 120 wires and the Y position frame has 40 wires. The inter-electrode

gap is 3.2 mm. A mylar foil of thickness 0.5 µm was used as the entrance win-

dow of the MWPC, which separated the gas volume (2-3 mbar isobutane) of

the MWPC from the vacuum inside the HIRA. The MWPC has a total of six

output signals, cathode, anode, two X position signals X-left (XL) and X-right

(XR) from both ends of the X position electrode and two Y position signals Y-up

(YU) and Y-down (YD) from the two ends of Y position electrode. Photograph
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of the MWPC used for the present measurements is shown in Fig. 3.5.

3.6 Electronic setup

The block diagram of the electronic setup used in the present experiment is

shown in Fig. 3.6. The MWPC has total of six output signals, which are pro-

cessed through a pre-amplifier before reaching the amplifier. Before applying

the four position signals to a constant fraction discriminator (CFD), the sig-

nal needs a reasonable amplification. After pre-amplification, all four position

signals are amplified through an 8-channel variable gate amplifier (VGA). The

anode is the fastest signal, so it is taken as the timing start. The cathode signal

gives the energy loss (4E) information instead of total energy. Both the signals,

anode and cathode and four position signals are processed through CFD. The

delayed CFD outputs, anode, and four positions signal are fed to time to digital

converter (TDC). A delayed anode signal was used as a trigger for TDC. The

Monitor detector signals (ML and MR) were processed through pre-amplifiers,

and amplifiers and were given to the analog to digital converter (ADC). Af-

ter the pre-amplification, the signal, ML, and MR, processed through IUAC’s

custom-made spectroscopic amplifier, which is not only shaped the signals but

also provides the timing signals (NIM). These timing signals and MWPC anode

were logical OR-ed using a logic fan-in and fan-out unit. Further, all the timing

signals (anode and all the position signals) are fed to the gate and delay gen-

erator(GDG) and this signal was used as the master gate for the ADC. Also,

cathode signals from CFD and ML and MR signals from the spectroscopic am-

plifier are fed to the ADC. For the TOF set-up, anode signal is taken as start

and the signal from the traveling wave deflector (TWD) as the stop. The signal

coming from the TWD is of the form TTL, it will convert into NIM signals and

be fed to the time to amplitude converter (TAC). The TAC output was also fed

to the ADC.
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Figure 3.6: The schematic diagram of the electronics and data acquisition system
used in the ER measurements.

3.7 Experimental Details

The measurements of 12C+182,184,186W performed using pulsed carbon beam

with pulse separation 8 µs at 52-58 MeV, 4 µs at 60-72 MeV and 500 ns at

76-84 MeV. The targets used were 182,184,186W with the thickness 70, 100 and 100

µg/cm2 on carbon backing 20, 35 and 25 µg/cm2 respectively. The enrichment

for the 182,184,186W targets were 91.6, 95.2 and 94.0 % respectively. The targets

were mounted on a target ladder, which contains four slots, three for targets

and one for quartz crystal. The targets were mounted on the target ladder in

such a way that the carbon backing faces the beam first. The quartz crystal

was used for viewing the beam spot using a CCD camera and TV monitor. The

beam was first tuned on the quartz crystal mounted on the target ladder. After

successful tuning of the beam on quartz, W targets were introduced in the beam
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position for ER measurements. Two silicon surface barrier detectors (monitors)

were placed in the target chamber, one on each side of the beam direction, to

measure the elastically scattered beam particles for normalization and absolute

cross section determination. Inside view of target chamber shown in Figure 3.7.

Figure 3.7: Inside view of target chamber with target ladder.

A carbon charge reset foil with a large surface area and a thickness of 10 µg/cm2

was placed 10 cm downstream of the target to reset the charge state of ERs to

statistical distribution after possible internal conversion processes. The HIRA [6]

separated ERs from the beam background and transported them to its focal

plane (FP). The magnetic field values of HIRA were optimized for maximum

transmission in each energy. For single beam energy, several exit channels are

populated. However, HIRA is configured for the most dominant channel. HIRA

magnetic fields were optimized by scanning the charge state, energy, and mass of

the most probable ERs, for 12C+184,186W reactions at 64 MeV beam energy and

for 12C+182W reaction at 84 MeV beam energy, which are listed in Table. 3.1.
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Table 3.1: HIRA magnetic fields values, and charge state, energy, and mass of the
most probable ERs, for 12C+184,186W reactions at 64 MeV beam energy and for
12C+182W reaction at 84 MeV beam energy.

System
Magnetic Field
(T)

Energy of ERs
(MeV)

Mass of ERs
(amu)

Charge
State of
ERs

12C+182W 0.70116 4.50 191 7+

12C+184W 0.81446 3.05 194 5+

12C+186W 0.81191 3.00 196 5+

The field values for other energies were scaled from the optimized values. For

these experiments, the solid angle of acceptance for HIRA was kept at 5 msr. A

two-dimensional position-sensitive MWPC was used at the HIRA’s focal plane

to detect ERs [9]. To separate the ERs from the beam-like particles, TOF was

set up between the anode of the MWPC and the radio frequency (RF) of the

beam pulsing system.
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Chapter 4

Data Analysis and Results

4.1 Introduction

In the case of 12C+182,186W reactions, the calculated fusion cross sections based

on various theoretical models and systematics showed a large deviation with

respect to the measured cross sections in the laboratory energy range 77 to

167 MeV [1, 2]. To study ERs for the reactions forming 194,196,198Hg, we have

measured the evaporation residue cross sections for 12C+182,184,186W reactions

at below and near the Coulomb barrier energies using HIRA spectrometer [3]

as explained in Chapter 3. In this Chapter, we discuss the data analysis for

these measurements and compare obtained cross sections with coupled-channel

calculations and statistical model calculations.

4.2 Data analysis

The data were collected on an event by event basis, with each event containing

information of the time of flight of ERs, positions and energy loss of the ERs

in the MWPC. Timing and energy-loss signals from the MWPC at the focal

plane (FP) of the spectrometer, along with the position data obtained from

the wire grids using a delay line technique were processed using a CAMAC

based data acquisition system. The data is analyzed in offline mode using the
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software CANDLE [4]. HIRA separated ERs from majority of the high intense

beam background and transported ERs to the FP. Also, some other reaction

products (other than fusion products) and primary beam particle may reach the

FP. To identify the ERs at the focal plane of the separator, we have created

two dimensional spectrum of energy loss (4E) in MWPC versus time of flight

(TOF), X-positions versus TOF and X-position vs 4E. This method can be

used to distinguish evaporation residues from beam-like particles. Figs. 4.1 -

4.3 shows the spectrum with 4E versus time of flight (TOF), X-positions versus

TOF, and X-position versus4E for the 12C+182W reaction at Elab = 70 MeV. At

this measurement HIRA set for the most probable ER energy 3.75 MeV, charge

state 6+ and mass 192 amu and the magnetic field 0.74869 T. These coincidence

spectra were used to extract ER yields. The rectangular gate in the Figs. 4.1

- 4.3 show the ER events selected. The experimental data were normalized by

dividing the ER counts (YER) by the elastic scattering counts in the forward-

angle normalization detectors (Ymon). The total ER cross sections was extracted

using Eq. 4.1.

σER =
YER
Ymon

(
dσ

dΩ

)
Ruth

Ωmon
1

εHIRA
(4.1)

where εHIRA is the average transmission efficiency of HIRA and ( dσ
dΩ

)Ruth is the

differential Rutherford-scattering cross sections in the laboratory system, which

is calculated using the equation

(
dσ

dΩ

)
Ruth

= 1.296

(
ZPZT
Elab

)2
[

1

sin4 θ
2

− 2

(
AP
AT

)2
]

(4.2)

where ZP and ZT are the atomic numbers of the projectile and the target,

respectively and θ is the monitor detector angle with respect to the beam

direction. AP and AT are the masses of the projectile and targets respectively.
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Figure 4.1: Two dimensional plot between 4E and TOF of events recorded at the
focal plane of HIRA for 12C+182W reaction at 70.0 MeV. The rectangular gate in the
figure shows the ER events selected.
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Figure 4.2: Two dimensional plot between X-position and TOF of events recorded
at the focal plane of HIRA for 12C+182W reaction at 70.0 MeV. The rectangular gate
in the figure shows the ER events selected.
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Figure 4.3: Two dimensional plot between X-position and 4E of events recorded at
the focal plane of HIRA for 12C+182W reaction at 70.0 MeV. The rectangular gate
in the figure shows the ER events selected.

Apart from the experimental observables, transmission efficiency of the recoil

separator is an important factor in an experiment. Transmission efficiency of the

recoil mass spectrometer is the ratio of ERs reached at the focal plane to the

total number of ERs produced at the target site. The transmission efficiency of

the recoil mass spectrometer can be measured directly using the γ- coincidence

method or it can be estimated [5]. In the case of weak evaporation channels,

γ- coincidence method can not be employed effectively due to very low intensity

of γ- rays. Also, measuring efficiencies for all exit channels of each Elab will be

a tedious task and not practicable. A Monte Carlo code developed by Nath et

al [6], and compared the measured efficiencies for many cases and they found to

be in agreement. We relied on this code for efficiency calculation of recoil mass

spectrometer, HIRA. TERS generates the realistic values of ER displacement,

angular distribution, charge state distribution, energy distribution etc, event by

event and calculates the ER trajectories through the HIRA by first-order ion

optical transfer matrices [5].

63



The transmission efficiency of HIRA depends on several factors like entrance

channel mass asymmetry, beam energy, exit channel of interest, target thickness,

angular acceptance of the HIRA, reference particle settings of the HIRA, and

size of the FP detector. Among these parameters, the target thickness, angu-

lar acceptance of the HIRA, entrance channel mass asymmetry, and size of the

FP detector remain unchanged throughout the experiment, while the rest of the

parameters change [5]. The transmission efficiency of HIRA would be different

for each Elab. For a single beam energy, several exit channels are populated in

the fusion reactions. However, HIRA field values were set for the most domi-

nant channel. The magnetic field values of HIRA were optimized for maximum

transmission in each energy. HIRA magnetic fields were optimized by scanning

the charge state, energy, and mass of the most probable ERs, for 12C+184,186W

reactions at 64 MeV beam energy and for 12C+182W reaction at 84 MeV beam

energy. The field values for other energies were scaled from the optimized values.

For 12C+182,184,186W reactions, the relative population for all ER channels was

calculated using the statistical model code PACE4 [7–9]. The code was run for

100000 events at each energy for each particular reaction. Only evaporation

channels with relative yield greater than 1% of total fusion cross sections were

considered for efficiency calculations. The efficiency of HIRA is calculated for

all these evaporation channels. The transmission efficiency for a given energy is

calculated by taking the weighted average of all efficiencies over total ER, which

has been used to calculate ER cross sections. The estimated error in HIRA

efficiency is ≈10% for 12C+182,184,186W reactions. For estimating the statistical

errors in cross sections, we have extracted the
√
N
N

in focal plane detector as well

as monitor detectors, where N is the total number of events detected in the de-

tector. The errors due to uncertainties in the target thickness is not included in

the listed errors.

In Fig. 4.4, we show the measured ER cross sections for the 12C+182,184,186W

reactions as a function of center-of mass energy. Also, the measured ER cross

sections for the 12C+182,184,186W reactions are listed in Table 4.1 - Table 4.3. The
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Figure 4.4: Measured ER cross sections for the 12C+182,184,186W reactions.

Table 4.1: Measured evaporation residue cross sections (σER) for 12C+182W reac-
tion. The quoted errors include the statistical error plus the error in the estimation
of transmission efficiency.

12C+182W
Elab Ec.m E∗ σER δσER
(MeV) (MeV) (MeV) (mb) (mb)

52 48.69 32.63 0.26 0.05
54 50.57 34.50 3.33 0.50
56 52.45 36.38 20 3
58 54.33 38.26 69 9
60 56.20 40.14 127 16
62 58.08 42.02 202 26
64 59.96 43.90 346 45
66 61.84 45.77 461 60
68 63.72 47.65 502 69
70 65.59 49.53 733 145
72 67.47 51.41 1022 136
76 71.23 55.16 1007 174
80 74.98 58.92 1256 265
84 78.74 62.67 1252 231
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Table 4.2: Measured evaporation residue cross sections (σER) for 12C+184W reac-
tions. The quoted errors include the statistical error plus the error in the estimation
of transmission efficiency.

12C+184W
Elab Ec.m E∗ σER δσER
(MeV) (MeV) (MeV) (mb) (mb)

52 48.67 34.79 0.39 0.07
54 50.55 36.67 5.35 0.70
56 52.44 38.56 37 5
58 54.32 40.44 99 12
60 56.20 42.32 194 24
62 58.08 44.20 320 40
64 59.96 46.08 593 74
66 61.84 47.96 619 77
68 63.72 49.84 743 93
70 65.60 51.72 903 109
72 67.48 53.60 1018 129
76 71.24 57.36 1373 234
80 75.00 61.12 1575 298
84 78.75 64.87 1637 276

Table 4.3: Measured evaporation residue cross sections (σER) for 12C+186W reac-
tions. The quoted errors include the statistical error plus the error in the estimation
of transmission efficiency.

12C+186W
Elab Ec.m E∗ σER δσER
(MeV) (MeV) (MeV) (mb) (mb)

52 48.73 37.18 0.39 0.10
54 50.61 39.06 9.15 1.34
56 52.50 40.94 49 7
58 54.38 42.82 136 17
60 56.26 44.70 260 34
62 58.14 46.58 390 48
64 60.02 48.46 616 78
66 61.90 50.34 778 99
68 63.78 52.23 937 120
70 65.66 54.11 1267 156
72 67.54 55.99 1229 152
76 71.30 59.75 1639 290
80 75.06 63.51 1659 273
84 78.83 67.27 1925 332
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quoted errors in Table 4.1 - Table 4.3 include the statistical error plus the error

in the estimation of transmission efficiency. In order to account for energy loss,

energy loss corrections were applied to both the carbon backing and the target’s

half-thickness with the assumption that the projectile-target interaction occurs

in the middle of the target. Ec.m. in Table 4.1-Table 4.3 is the energy in center of

mass frame after energy loss corrections. For calculating excitation energy (E∗)

Q-values are taken from [10].

4.3 Coupled-channel calculations

The measured ER cross sections for the 12C+182,184,186W reactions were analyzed

using coupled-channel calculations to investigate the effect of coupling of dif-

ferent excited states of the target nuclei in the sub-barrier energy region. The

coupled-channel code CCFULL calculates fusion cross sections and the mean an-

gular momenta of the CN under the influence of couplings between the relative

motion and nuclear collective motions [11, 12].

Fusion cross section is the sum of ER cross section (σER) and fission cross

section (σfiss). Statistical model [13–15] calculations have carried out for

12C+182,184,186W reactions in the laboratory energy range 52-84 MeV and ob-

served that the calculated fission cross sections are negligibly small in the this

energy region. At 84 MeV lab energy, the estimated fission cross sections is

to be 6%, 4% and 2% for 12C+182W, 12C+184W and 12C+186W respectively.

In these reactions, fission become significant only at very high excitation en-

ergies [1, 2, 16, 17]. Considering these, in the measured energy range, we

can equate capture cross sections (σcap), fusion cross sections as well as σER

(σcap ≈ σfus ≈ σER). Hence, the fusion cross sections calculated using CC-

FULL [11, 12, 18] directly compare with the measured ER cross sections.

67



4.3.1 12C+182W reaction

In the CC calculations the Woods-Saxon parametrization of the nuclear poten-

tial is used. In the current calculations, we have used the depth parameter of

the Woods-Saxon potential V0, the radius parameter r0, and the diffuseness pa-

rameter a0 as 72.0 MeV, 1.15 fm and 0.70 fm respectively. These parameters are

obtained by a systematics analysis. First, we have reproduced the measured fu-

sion cross section for 16O+176,180Hf forming 192,196Hg CN [19], using the potential

parameters V0 = 86.6 MeV, r0 = 1.15 fm and a0 = 0.70 fm, selected from that

of the nearest systems 16O+186W [20] and 16,18O+181Ta [21]. By scaling only

the depth parameter, V0 of 16O+176,180Hf reactions from 86.6 MeV to 72.0 MeV,

we were able to reproduce the measured cross sections for 12C+182W reaction at

energies above the Coulomb barrier. CC calculations using this potential param-

eters along with measured fusion cross sections are shown in Fig. 4.5. From this

figure it is clear that the 1D-BPM calculations successfully explain the measured
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Figure 4.5: Measured fusion cross sections along with CC calculation for the
12C+182W reaction.
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fusion cross sections at higher excitation energies. However, it fails to repro-

duce the fusion cross sections at below the Coulomb barrier energy region. It

is known that the sub-barrier fusion cross sections are influenced by coupling

of projectile and/or target deformations. In CC calculations, we have included

the deformations, quadrupole and hexadecapole deformations, for 182W nucleus,

which reproduce the experimental sub-barrier measurements, where the projec-

tile is assumed to be inert. The used parameters of the static quadrupole and

hexadecapole deformations are β2 = 0.251 [22] and β4 = – 0.066 [23] respec-

tively, for the 182W target. Also, the excitation energy of the first 2+ state, 0.100

MeV [22], in the ground state rotational band of the target nuclei used in the

CCFULL calculations. For the second and higher excited states, the excitation

energy and couplings are often assumed to be those achieved within the coupling

scheme. From Fig. 4.5, it is clear that CC calculations with the inclusion of tar-

get deformation effects explain the measured fusion cross section for 12C+182W

reaction.

4.3.2 12C+184W reaction

For 12C+184W reaction, we have used the same potential parameters of 12C+182W

reaction V0 = 72.0 MeV, r0 = 1.15 MeV, and a0 = 0.70 fm. The measured fusion

cross sections and CCFULL calculations are shown in Fig. 4.6. From this figure

it is clear that using these potential parameters, the CC calculations explain the

measured cross sections at higher excitation energies.

In order to explain the observed sub-barrier measurement, we have included the

quadrupole and hexadecapole deformation of 184W nucleus into the CC calcula-

tions. Using quadrupole deformation parameter (β2) of 0.262 [22] and hexade-

capole deformation (β4) of – 0.093 [23] of 184W nucleus, we have calculated the

excitation functions of 12C+184W reaction.

From Fig. 4.6, we can observe that CC calculations with the static deformation

effects of 184W nucleus show reasonable agreement with the measured fusion

cross section in the entire excitation energy. However, calculations show a slight
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Figure 4.6: Measured fusion cross sections along with CC calculation for the
12C+184W reaction.

deviation at higher excitation energies.

In order to explain this observed deviations at higher excitation energies, we

have used a different potential parameters, V0 = 105 MeV, r0 = 1.15 fm and a0

= 0.71 fm for the reaction 12C+184W. However, with the use of these potential

parameters, CC calculations over predict the measured fusion cross sections at

sub-barrier energies.

4.3.3 12C+186W reaction

CC calculations were employed for 12C+186W reaction with the potential

parameters V0 = 72 MeV, r0 = 1.15 fm and a0 = 0.70 fm. For including

the deformation effects of 186W nuclei in CC calculations, we have taken into

account their quadrupole (β2 = 0.226 [22]) and hexadecapole (β4 = – 0.095 [23])

deformation parameters in the CCFULL calculations. The results of CC

calculations along with the measured fusion cross sections are shown in Fig. 4.7.
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Figure 4.7: Measured fusion cross sections along with CC calculation for the
12C+186W reaction.

CC calculation with static deformation of the target nucleus reproduces the sub-

barrier fusion cross sections quite well. Overall, CC calculations show reasonable

agreement with the measurements for 12C+186W reaction. Similar in the case

of 12C+184W reaction, CC calculations for 12C+186W reaction also shows slight

deviations at higher excitation energies. If one uses a different potential, V0 =

115 MeV, r0 = 1.16 fm, and a0 = 0.73 fm for 12C+186W reaction, CC calculations

show good agreement with the measured fusion cross sections at higher excita-

tion energies. With the use of these potential parameters, CC calculations over

predict the measured fusion cross sections at sub-barrier energies. In Fig. 4.7,

CC calculations with these modified potentials are also shown.

CC calculations is quite successful in describing the effects of static deformation

and vibrational degrees of freedom in sub-barrier fusion cross section enhance-

ment. However, the exact role of transfer channels is in sub-barrier fusion cross
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section is not understood completely [24]. Kohley et al [25] observed that there is

no noticeable enhancement in 132Sn+58Ni and 130Te+58,64Ni fusion cross sections,

even though they have positive Q-value neutron transfer (PQNT) channels.

The 12C+186W reaction is having a positive transfer Q-value of 0.177 MeV for

the -2n transfer reaction. All the other neutron transfer reactions have nega-

tive Q-values. Without the inclusion of the effects of PQNT channel, the fusion

cross sections for 12C+186W reaction shows a reasonably good agreement with

the CC calculations at sub-barrier energies. i.e., the PQNT have no effects on

the observed sub-barrier fusion cross sections of 12C+186W reaction.

4.4 Statistical model calculations

The compound nucleus is a very complex many-body system, and its decay is

described by statistical evaporation models. To study the detailed de-excitation

processes of 194,196,198Hg compound nuclei, we have carried out statistical model

calculations for 12C+182,184,186W reactions. The statistical model code HIVAP

(Heavy Ion VAPorisation statistical-evaporation model) [13–15] was used to in-

vestigate the de-excitation of the formed compound nuclei. HIVAP code takes

into account the competition between various decay channels, such as neutron,

proton, and α-particle evaporation, gamma-ray emissions, and fission. The

HIVAP code using the standard set of Reisdorf and Schädel parameters is suc-

cessful in the prediction of fusion reaction cross sections [14]. To explain the

measured ER cross sections for 12C+182,184,186W reactions we have modified some

of the parameters which are related to nuclear potential and fission barrier.

Level densities and nuclear masses are the main input parameters required to esti-

mate the fission barrier. According to Reisdorf’s macroscopic description [13, 14],

the nuclear level densities in fission and evaporation channels are provided by ra-

tios of level densities af/an ≥ 1, due to the different nuclear shapes at the saddle

point (fission) and equilibrium state (particle emission). For mass asymmetric

systems, fission is significant only at energies well above the fusion barrier. At
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these high energies, fission has a significant influence on the production cross

sections of ERs. The HIVAP calculation is primarily determined by the fission

barrier scaling factor (kf ) of the liquid drop (LD) fission barrier (BLD
f ) [26], which

modify the fission barrier as

Bf (l) = kfB
LD
f + δWg.s. (4.3)

in which δWg.s. is the ground state shell correction.

The potential parameters used for HIVAP calculations for 12C+182,184,186W are

V0 = 72 MeV, r0 = 1.12 fm and D = 0.62 fm. Simultaneous analysis of fission

and ER cross sections for 12C+182,184,186W reactions allow us to obtain the value

of fission barrier. The fission cross sections for the systems 12C+182,184,186W were

taken from literatures [1, 2, 16, 17]. Delagrange et al. [2] measured fission cross

sections for 12C+182,186W reactions in the 56-87 MeV excitation energies. At E∗

= 82 MeV, they observed a significant difference in the fission yield of 194Hg

CN in comparison to 198Hg compound nuclei, σfiss = 536±52 mb for 194Hg and

σfiss = 166±68 mb for 198Hg. This discrepancy might be attributed to the com-

petition between evaporation of neutrons and fission. The HIVAP calculations

with kf = 0.96 show good agreement with the measured fission cross sections

for 12C+182,184,186W reactions. From the HIVAP calculations, at E∗ = 82 MeV,

we obtained σfiss = 521 mb for 194Hg CN and σfiss = 209 mb for 198Hg CN.

This means our statistical model calculations with kf = 0.96 for 12C+182,184,186W

reactions explains measured fission cross sections from literature [1, 2, 16, 17].

To explain the sub-barrier measurements we have considered the static deforma-

tion effects of tungsten nuclei in statistical model calculations, we have taken into

account their quadrupole moment Q2=650, 616 and 593 fm2 [22] respectively

for 182,184,186W nuclei. These calculations reasonably explained the measured ER

as well as fission cross sections [1, 2, 16, 17]. Comparison of statistical model cal-

culation with the measured ER cross sections for 12C+182,184,186W reactions are

shown in Figs. 4.8 - 4.10 respectively, where solid circles are the present measure-
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ments and solid lines are corresponding HIVAP calculations. In the inset figures,

we show the fission cross sections available in literature and their comparison

with the calculations.

Figure 4.8: Experimental ER and fission excitation functions for 12C+182W reaction
along with HIVAP calculations. The fission cross sections from literature [1, 2, 16, 17]
and the corresponding HIVAP calculations shown in inset figures.

From Figs. 4.8, 4.9 and 4.10, it is clear that the statistical model calculations with

fission barrier scaling factor, kf = 0.96 for 12C+182,184,186W reactions explains

our measured ER as well as measured fission cross sections from literature [1, 2,

16, 17]. Usually, in the case of an asymmetric system, the excitation functions

at high energies describe with the variation of kf . When the ER and fission

excitation functions are fairly in agreement with the calculations with the same

parameter values of the nuclear potential and kf (fission barrier scaling factor)

across the whole range of excitation energy, the CN formation probability is

usually assumed to be unity in the case of an asymmetric system [27]. The

HIVAP calculations using the same parameter values of the nuclear potential

and kf explain the measured ER excitation functions in the entire energy region
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Figure 4.9: Experimental ER and fission excitation functions for 12C+184W reaction
along with HIVAP calculations. The fission cross sections from literature [17] and the
corresponding HIVAP calculations shown in inset figures.

Figure 4.10: Experimental ER and fission excitation functions for 12C+186W reac-
tion along with HIVAP calculations. The fission cross sections from literature [2, 17]
and the corresponding HIVAP calculations shown in inset figures.
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for 12C+182,184,186W reactions. This leads to the conclusion that the non-

compound nuclear fission (NCNF) processes are not affecting the ER production

of 12C induced reactions forming 194,196,198Hg CN. In the entire energy region, the

measured ER and fission cross sections show reasonably good agreement with the

statistical model calculations without including the dissipation or viscosity ef-

fects. This indicates the absence of dissipative effects in ER cross sections in

these reactions.

4.5 Comparison with the nearby systems

Non-compound nuclear fission (NCNF) processes are usually not expected in

reactions induced by 16O and projectiles lighter than 16O. However, a recent

comprehensive study suggests that the NCNF may also play a role in 16O-

induced reactions [28]. In order to have a better understating of the entrance

channel effects on the ER cross sections, ER measurements of additional systems

that produce the 194−198Hg CN and others close to these nuclei, A = 194-198,

are considered for comparison with the present work. To explore the effects

of the entrance channel, we compared the reduced cross sections (σ̃ = σER

πR2
B

,

where RB is the Bass [29] barrier radius) of 194,195,196,198Hg CN formed by

various projectile-target combinations, as shown in Fig. 4.11. If one compares

12C+182,184,186W reactions, no noticeable effects on the sub-barrier enhancement

due to the addition of four neutrons (182W to 186W) is seen. In this figure,

at higher excitation energies, 19F+175Lu reaction, forming 194Hg CN, shows a

significant reduction in reduced cross sections, which has been attributed to the

increase in the level density parameter ratio [30].

Fig. 4.12 shows a comparison of reduced cross sections of 194,196,198Hg CN

with the reactions forming CN close to Hg nuclei. A comparison of present

measurements with neighboring systems does not show any significant effect

of the entrance channel mass asymmetry over the entire energy range. For all

reactions considered, the reduced cross sections are comparable at both below
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and above the barrier energy regions. When compared to the ER measurements

of the 12C+181Ta reaction reported by Crippa et al. [31] and Babu et al. [32],

the measurements by Delagrange et al. [2] show smaller cross sections at

higher excitation energies. This can be attributed to missing of ER events in

Delagrange et al. [2] detection system due to its small recoil energy.

4.6 Discussion

In order to get more information from experimental findings about compound-

nucleus reactions for the present systems, we have compared the measurements

with coupled-channel and statistical model calculations. The coupled-channel

calculations without coupling reproduced the measured data quite well at higher

excitation energies. We have accounted for the static deformation effects of the

targets to reproduce the reported sub-barrier cross sections. In order to explain

the measured sub-barrier cross sections, we have included the quadrupole (β2)

and hexadecapole (β4) deformations of the target nuclei in the CC calculations.

Using the static deformations effects of the 182,184,186W targets, CC calculations

explain the fusion cross sections for 12C+182,184,186W reactions, where the pro-

jectile is assumed to be inert. Overall, our measurements for 12C+182,184,186W

reactions show reasonably good agreement with the CC calculations. We could

not see any discrepancy between measurements and the calculated cross sections.

Also, based on Fig. 4.4, one can conclude that the addition of four neutrons (182W

to 186W) has no discernible effect on the observed sub-barrier measurements. Our

study shows that coupled-channel calculations with the coupling of inelastic ex-

citation channels and static effects of target nuclei provide a reasonably good

description of all measurements.

The statistical model calculations with fission barrier scaling parameter, kf

= 0.96 reproduced the measured fission cross sections of the 12C+182W reac-

tion [1, 2, 16, 17]. Furthermore, corresponding ER cross sections from statistical
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Table 4.4: Comparison of present measurements for 12C+182,186W reactions with
Rajagopalan et al. [1] and Delagrange et al. [2].

Elab

(MeV)
Present work
σER (mb)

Rajagopalan [1] Delagrange [2]
σER
(mb)

σfiss
(mb)

σfus
(mb)

σER
(mb)

σfiss
(mb)

σfus
(mb)

12C+182W

76 1007±174 - - - - - -
77 - 545±10 23±8 568±10 - 37.6±3.5 -

80 1256±265 - - - 475±50 51.2±5.6 526±50

12C+186W

80 1659±273 - - - 350±50 11.6±0.27 362±50

model calculations agree fairly well with the measured ER excitation functions.

We successfully explained the fission and ER cross sections using the same kf

value of 0.96 for 12C+182,184,186W. Without taking into account the dissipation or

viscosity effects, the measured ER and fission cross sections for the whole energy

area show good agreement with the statistical model calculations. Therefore, we

can conclude that there is no evidence of a dissipative effect in ER measurements

in the studied energy region.

ER and fission cross sections for 12C+182,186W reactions were measured by Ra-

jagopalan et al. [1] and Delagrange et al. [2]. Their measured and calculated

fusion cross sections show discrepancy in 77-167 MeV laboratory energy range.

Therefore, the fusion cross sections obtained in our experiments and calculations

are of immediate interest for their comparison with the measurements by Ra-

jagopalan et al. [1] and Delagrange et al. [2]. In Figs. 4.13, 4.14, and Table 4.4

we compare the measured fusion cross sections for 12C+182,186W reactions with

the measurements performed by Rajagopalan et al. [1] and Delagrange et al. [2].

Also, in these figures, we have shown the present statistical model calculations

along with the calculations based on systematics [1, 2].
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From Fig. 4.13 and Table. 4.4, it is clear that the fusion cross sections measured

by Rajagopalan et al. and Delagrange et al. are smaller by a factor of ∼

2 compared to our measurements for 12C+182W reaction. Our statistical

model calculation for the 12C+182W reaction is in agreement with the cross

sections obtained by Rajagopalan et al. [1, 2] using systematics. Moreover,

their calculations for the 12C+182W reaction show good agreement with our

measurements.

Delagrange et al. [2] measured ER and fission cross sections for 12C+186W

reaction. In Fig. 4.14, we have compared the measurements and calculations

by Delagrange et al. with our measurements and calculations for 12C+186W

reaction. From Fig. 4.14 and Table. 4.4, it is clear that the fusion cross sections

measured by Delagrange et al. are smaller by a factor of ∼ 5 compared to

our measurements for 12C+186W reaction. Our calculation using the statistical

model for the 12C+186W reaction is in agreement with the calculation by

Delagrange et al. [2], which is also in agreement with our measurements.
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Chapter 5

Study of Quasifission processes

in 180−198Hg compound nuclei

5.1 Introduction

In this Chapter, we discuss about the systematic analysis carried out to study

the dependence of entrance channel mass asymmetry and effective fissility pa-

rameters on quasifission processes. For this systematic analysis, we have carried

out statistical model calculations for the reactions forming 180−198Hg compound

nuclei. The aim of this chapter is to summarize the effects of entrance channel

mass asymmetry and effective fissility parameters on quasifission processes in

180−198Hg CN.

Quasifission is one of the main obstacle for the superheavy elements (SHE) pro-

duction and investigation of theoretically predicted island of stability [1–5]. Fu-

sion reactions have been used in the majority of heavy element synthesis [6–8].

For the heavy ion fusion processes, the cross sections for producing a heavy ER

can be written as

σER = Σσcapture(Ecm, J)PCN(E∗, J)Wsur(E
∗, J) (5.1)

where σcapture(Ecm, J) is the capture cross sections at the center of mass
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energy Ec.m. and spin J, PCN is the fusion probability and Wsur is the survival

probability of the CN against fission.

When projectile-target system overcomes the Coulomb barrier and it will reach

the point of contact, which is described by the capture cross sections. The

capture cross section can be calculated with a coupled-channel approach [9].

The masses of the touching nuclei and on their deformation at the point of

contact have significant effect on the further evolution of the system. The fused

system evolves from the touching configuration to CN in competition with non-

compound nuclear fission (NCNF) processes, which is described by the fusion

probability (PCN). PCN is the probability that the di-nuclear system crosses

the inner fusion barrier and forms the CN. In the case of a mass asymmetric

system, especially for fusion reactions dealing with light and medium nuclei,

the compound nucleus formation probability is close to unity (PCN ≈1). The

formed CN de-excited either by emission of light particles or by fission, which

is described by the survival probability. The survival probability of the formed

compound nucleus can be estimated using well established formalisms [10].

The fusion probability is the least known quantity and it is difficult to measure

and to calculate. In this chapter, we discuss the dependence of the variation

of PCN with the entrance-channel mass asymmetry and the effective fissility

parameters for 180−198Hg CN. In the case of heavy system leading to a SHE,

the production cross sections are dramatically reduced due to the presence of

quasifission (QF) [11–16]. In heavy ion reactions, the fusion processes depends

on many factors, such as the product ZPZT (where ZP and ZT are the proton

numbers of projectile and target), deformations of projectile and target, and the

mass asymmetry (α = (AT -AP )/(AT + AP ), where AT and AP are the target

and projectile masses respectively) of the projectile-target combinations.

According to the entrance-channel mass asymmetry criterion, QF is observed

in systems where the entrance-channel mass asymmetry is smaller than the

Businaro-Gallone mass asymmetry (αBG, a point where potential is maximum

for a given fissility [17]). The Swiatecki’s [18] macroscopic-microscopic model
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calculations show that the ZPZT threshold value for the appearance of QF is

1600. However, the onset of QF was observed even for a lower values ZPZT ≈

800 [19].

Kozulin at al. [20] observed a large contribution (more than 70%) of quasifission

(QF) in the case of 68Zn+112Sn reaction. However QF was not observed in the

case of 36Ar+144Sm reaction forming the same CN, 180Hg [21–23]. du Rietz

at al. [24] analyzed large set of experimental mass-angular distributions of

fission-like fragments and found that the threshold value for the QF appearance

for composite systems with ZCN = 80 is ZPZT = 1450±100 (where ZCN , ZP and

ZT are the atomic number of the CN, projectile and target respectively). Also,

they reported that QF appears for the reactions with mean fissility parameter

χm > 0.68 and QF becomes dominant at χm > 0.765. In the case of 68Zn+112Sn,

the value of χm (0.695) and the ZPZT (1500) are close to the threshold values for

the onset of the QF processes. Such a large contribution of QF was unexpected.

Kaur at al. [25] measured ER cross sections for 48Ti+140,142Ce reactions forming

188,190Hg CN, to understand the influence of neutron shell closure of target nuclei

on CN formation. They observed that the effects of shell closure in the target

nucleus on fusion cross sections is negligible. Further, they found no evidence of

QF processes in the 48Ti+140,142Ce systems.

As mentioned, the mean fissility parameter for the 68Zn+112Sn reaction, χm

= 0.695, is just above the threshold value (0.68) for the presence of QF

processes. When compared to the 36Ar+144Sm reaction, the changes in the

entrance channel properties are not so drastic to cause such a large contri-

bution of QF in the 68Zn+112Sn reaction. The main difference between these

two reactions is the entrance-channel mass asymmetry parameter (α), which

drops from 0.60 for 36Ar+144Sm to 0.24 for 68Zn+112Sn reaction. Kozulin at

al. [20] suggested that the influence of the entrance-channel mass asymmetry

on QF processes is much stronger than previously assumed. To explore the

dependence of the fissility parameter and the entrance-channel mass asymmetry

on the QF processes, we have studied even-even Hg CN from 180Hg to 198Hg. In
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addition to that two odd-even nuclei namely 185Hg and 195Hg also are considered.

5.2 Systematic analysis for 180−198Hg CN

We performed statistical model calculations for 40Ar+144−154Sm [26],

48Ti+140,142Ce [25], 19F+175Lu [27], 16O+176,180Hf [28], 90Zr+90−96Zr [29–31],

86Kr+99−104Ru [32], 124,130,134Te+58,64Ni [33], and 14N+181Ta [34] reactions, in ad-

dition to our ER measurements of 12C+182,184,186W reactions, forming 180−198Hg

CN. At energies higher than 100 MeV excitation energy, the competition be-

tween fission and evaporation is even more complex. Also, due to the paucity

of experimental cross sections for other reactions forming Hg CN at these high

energies, we limit our calculations to excitation energies below 100 MeV.

For the calculations, the standard set parameters, ie., Reisdorf and Schädel pa-

rameters [35] were used. Among this standard set of parameters, we varied the

parameters of the nuclear potential to explain the measured ER cross sections.

In addition, we considered the effects of static deformation of the target on fusion

probabilities below the threshold. The static quadrupole moment for odd-even

nuclei (181Ta and 99Ru) have been approximated by averaging the corresponding

values in neighboring even-even nuclei. We have performed statistical model cal-

culations by varying fission barrier scaling factor kf for majority of the asymmet-

ric systems and able to find suitable values which can simultaneously reproduce

the experimental fission and ER cross sections. In HIVAP calculations, the kf

= 0.88 for 180Hg to 190Hg CN and 0.96 for 192−198Hg CN were used. Also, the

same kf was used for neighboring reactions where no fission measurements are

available. To explain the measured ER excitation functions of less asymmetric

systems, we varied the CN formation probability (PCN) from unity. The devia-

tion of PCN from unity indicates the presence of QF or other NCNF processes.

The results of the HIVAP calculations, as well as the measured cross sections for

180Hg to 188Hg CN are shown in Figs. 5.1(a)-(f) and for 190Hg to 198Hg CN are
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shown in Figs. 5.2(a)-(f), where solid points represent experimental cross sections

and lines represent HIVAP calculations. From Figs. 5.1(a)-(c), it is clear that the

calculated ER cross sections for the reactions forming 180,182,184Hg nuclei show

slight deviation at below barrier energies in comparison with the measurements.

This may be due to the approximations included in the coupling effects of the

HIVAP calculations at these lower excitation energies. The entrance channel

properties, ZPZT , entrance-channel mass asymmetry (α), the mean fissility pa-

rameter (χm), effective fissility parameter (χeff ) and CN formation probability

(PCN) for the reactions leading to the formation of 180−198Hg CN are listed in

Table 5.1.

Table 5.1: The entrance channel properties and PCN for the reactions leading to
the formation of 180−198Hg.

Reaction CN ZPZT α χm χeff PCN Ref
90Zr+90Zr 180Hg 1600 0.0 0.714 0.714 0.35 [29–31]
90Zr+92Zr 182Hg 1600 0.011 0.710 0.710 0.48 [31]
90Zr+94Zr 184Hg 1600 0.022 0.705 0.705 0.50 [29]
40Ar+144Sm 184Hg 1116 0.565 0.613 0.583 1 [26]
86Kr+99Ru 185Hg 1584 0.070 0.699 0.697 0.50 [32]
90Zr+96Zr 186Hg 1600 0.032 0.701 0.701 0.48 [31]
124Te+64Ni 188Hg 1456 0.319 0.673 0.665 0.60 [33]
130Te+58Ni 188Hg 1456 0.383 0.684 0.680 0.70 [33]
86Kr+102Ru 188Hg 1584 0.085 0.693 0.692 0.60 [32]
40Ar+148Sm 188Hg 1116 0.574 0.609 0.580 1 [26]
48Ti+140Ce 188Hg 1276 0.489 0.644 0.627 1 [25]
48Ti+142Ce 190Hg 1276 0.495 0.642 0.626 1 [25]
86Kr+104Ru 190Hg 1584 0.095 0.690 0.689 0.65 [32]
16O+176Hf 192Hg 576 0.833 0.484 0.415 1 [28]
12C+182W 194Hg 444 0.876 0.440 0.358 1 This work
19F+175Lu 194Hg 639 0.804 0.495 0.431 1 [27]
40Ar+154Sm 194Hg 1116 0.588 0.604 0.577 1 [26]
14N+181Ta 195Hg 511 0.856 0.462 0.388 1 [34]
12C+184W 196Hg 444 0.878 0.439 0.358 1 This work
16O+180Hf 196Hg 576 0.837 0.482 0.415 1 [28]
12C+186W 198Hg 444 0.879 0.438 0.357 1 This work
134Te+64Ni 198Hg 1456 0.354 0.662 0.656 1 [33]
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Figure 5.2: Measured ER cross sections along with statistical model calculations
as a function of E∗ for the reactions forming 190Hg to 198Hg CN. Solid symbols are
the experimental data and lines are the HIVAP calculations. In panels b and e, in
the case of 16O+176,180Hf reactions, instead of σER we have taken the measured σfus
from literature [28].
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5.3 Dependence of QF on entrance channel pa-

rameters

As mentioned, QF is the main mechanism hindering the formation of heavy

and superheavy elements using fusion processes. The dependence of the QF

and CN formation mechanisms on the entrance channel properties is one of the

experimental tasks to predict the trends in cross sections. There have been a

number of systematics on PCN using various approaches for both hot and cold

fusion reactions [36–45].

To explore the variation of PCN with the entrance-channel mass asymmetry α,

and the effective fissility parameter χeff , we have plotted PCN as a function of

α and χeff , as shown in Fig. 5.3 and Fig. 5.4 respectively. In these figures, the

red points represent the 12C+182,184,186W reactions.
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Figure 5.3: The variation of PCN with the entrance-channel mass asymmetry (α).
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Figure 5.4: The variation of PCN with the effective fissility parameter (χeff ).

In Fig. 5.3, 124,130Te+64,58Ni [33] reactions forming 188Hg CN show a significant

deviation of PCN as a function of α compared to the other data set. However,

124,130Te+64,58Ni [33] reactions, which show large deviation in Fig. 5.3, do not

show such large deviation of PCN as a function of χeff in Fig. 5.4. Based on

Fig. 5.3 and Fig. 5.4, we can conclude that reactions having χeff ≥0.64, show

presence of QF. If one considers entrance channel mass asymmetry, α ≤0.2 will

show QF. Our systematic analysis for 180−198Hg CN clearly shows the dependence

of QF on α and the χeff . However, additional experiments with reactions leading

to the formation of the Hg CN are needed to confirm these findings. Especially,

the measurements of the reactions with mass asymmetry 0.1-0.3 and effective

fissility parameter 0.63-0.70 are needed for better understanding.
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Chapter 6

Summary and Outlook

The study of reaction dynamics and decay properties of excited compound nuclei

in heavy ion fusion reactions at energies close to the Coulomb barrier has drawn

a lot of attention in recent years. Entrance channel parameters and structural

properties of the projectile and/or target have a significant impact on fusion

processes at near-barrier energies. The one-dimensional potential barrier pene-

tration model (1D-BPM) is quite successful to explain the measured fusion cross

sections at above barrier energies. At energies below the barrier, where quan-

tum effects are prominent, the dynamics become more complex and it can be

well explained by coupled-channel calculations, which include the coupling of

low-lying states and the static deformation and/or vibrational degrees of free-

dom of participating nuclei. The statistical model framework has been used to

explain the de-excitation of the composite system with the inclusion of fission

processes. Though the fundamental concepts of composite system de-excitation

are relatively well understood by statistical model calculations, some discrepan-

cies and/or ambiguities remain [1–3].

Calculated fusion cross sections based on various theoretical models and sys-

tematics showed a large deviation with respect to measured cross sections for

12C+182,186W reactions in the laboratory energy range 77 to 167 MeV [4, 5].

However, fusion cross section measurements with heavier projectiles forming

194Hg compound nucleus follow the fusion systematics. Also, lack of evapora-
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tion residue cross section measurements in the below and near the Coulomb

barrier region for 12C+182,184,186W reactions, forming 194,196,198Hg compound nu-

clei, demands evaporation residue measurements.

Using a recoil mass spectrometer, we measured the evaporation residue excitation

functions for 12C+182,184,186W reactions leading to the formation of 194,196,198Hg

compound nuclei at energies 12% below to 45% above the Coulomb barrier. The

experiments were conducted at the Inter-University Accelerator Centre (IUAC)

in New Delhi, using pulsed 12C beams with energies ranging from 52 to 84 MeV

provided by the 15UD Pelletron Accelerator. These pulsed 12C beams with pulse

separation 8 µs at 52-58 MeV, 4 µs at 60-72 MeV and 500 ns at 76-84 MeV were

bombarded on 182,184,186W targets with thicknesses 70, 100 and 100 µg/cm2 with

carbon backing of 20, 35 and 25 µg/cm2 respectively. The enrichment for the

182,184,186W targets were 91.6, 95.2 and 94.0 % respectively.

Two silicon surface barrier detectors (monitors) were placed in the target cham-

ber, one on each side of the beam direction, to measure the elastically scattered

beam particles for beam monitoring and absolute cross sections determination.

A carbon charge reset foil with a large surface area and a thickness of ∼10

µg/cm2 was placed 10 cm downstream of the target to reset the charge state of

evaporation residues. The Heavy Ion Reaction Analyzer (HIRA) [6] separated

evaporation residues from the beam like background and transported them to

its focal plane. For these experiments, the solid angle of acceptance for HIRA

was kept at 5 msr. A two-dimensional position-sensitive multi-wire proportional

counter with an active area of 15 cm× 5 cm was used at the HIRA’s focal plane

to detect ERs [7]. To separate the evaporation residues from the beam-like parti-

cles, a time of flight was set up between the anode of the multi-wire proportional

counter and the radio frequency signal of the beam pulsing system.

In order to investigate the effects of coupling of different excited states of the

target nuclei in the sub-barrier energy region we have analyzed measured cross

sections for the 12C+182,184,186W reactions using coupled-channel calculations. In

the CC calculations the Woods-Saxon parametrization of the nuclear potential
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is used. In the current calculations, the depth parameter of the Woods-Saxon

potential V0, the radius parameter r0, and the diffuseness parameter a0 are 72.0

MeV, 1.15 fm and 0.70 fm respectively. Coupled-channel calculations with the

coupling of static deformation effects of target nuclei, and using these poten-

tial parameters, explains the measured fusion cross sections for 12C+182,184,186W

reactions in the sub-barrier energy region. However, deviations from measured

cross sections have been noticed at higher excitation energies for 12C+184,186W

reactions. Comparing 12C+182W, 12C+184W and 12C+186W reactions, we could

not observe any noticeable effects on the sub-barrier enhancement due to the

addition of four neutrons in the compound nuclei, 194,196,198Hg.

To study the detailed de-excitation processes of 194,196,198Hg compound nuclei,

we have carried out statistical model calculations for 12C+182,184,186W reac-

tions. The potential parameters used for the statistical model calculations,

for 12C+182,184,186W reactions, are V0 = 72 MeV, r0 = 1.12 fm and D = 0.62

fm. Simultaneous analysis of fission and evaporation residue cross sections for

12C+182,184,186W reactions allow us to obtain the value of fission barrier. The

fission cross sections for the systems 12C+182,184,186W were taken from litera-

ture [4, 5, 8, 9]. The statistical model calculations with probability of compound

nucleus formation, PCN = 1 and the fission barrier scaling parameter, kf = 0.96

describes our measured evaporation residue as well as measured fission cross sec-

tions (from literature). From these results, we can conclude that the previously

reported disagreement between measured and the calculated fusion cross sections

for 12C+182,186W reactions [4, 5] could be due to the missing evaporation residue

events in their detection systems. We find no role of dissipative effects in the

competition between fission and evaporation of 12C+182,184,186W reactions in the

measured energy region.

To explore the variation of compound nucleus formation probability, PCN , with

the entrance-channel mass asymmetry and the effective fissility parameter, we

have carried out a systematic analysis for the reactions forming 180−198Hg com-

pound nuclei. Our systematic analysis for 180−198Hg compound nuclei shows the
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dependence of quasifission processes on entrance channel mass asymmetry and

effective fissility parameter. The probability of forming a compound nucleus

PCN , correlates with the effective fissility parameter, χeff and entrance channel

mass asymmetry α. Based on this systematic analysis, we can conclude that

reactions forming 180−198Hg compound nuclei, having effective fissility parameter

(χeff )≥0.64, show the presence of quasifission. If one considers entrance channel

mass asymmetry, α ≤0.2 will show quasifission.

6.1 Future plan

Calculated mass distributions for fission of different Hg isotopes by Andreev et

al. [10] show large variation as one goes from neutron deficient 180Hg to relatively

neutron-rich 198Hg nuclei. Their calculations using the improved scission-point

model show the quite asymmetric mass distribution for 180Hg and 184Hg. For

188Hg, the asymmetry is less pronounced. In the case of 192,196Hg and 198Hg the

mass distribution looks more symmetric but with a dip on the top. Therefore it

would be interesting to explore the transition from asymmetric to symmetric fis-

sion in fusion measurements, especially mass asymmetric fission following heavy

ion fusion reactions.

Developed systematic analysis for 180−198Hg compound nuclei, shows the depen-

dence of quasifission processes on entrance channel mass asymmetry and effective

fissility parameter. Additional experiments with reactions leading to the for-

mation of the Hg compound nuclei with entrance mass asymmetry 0.1-0.3 and

effective fissility parameter 0.63-0.70 are needed to further exploring the finding

from our systematic analysis.
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Recommendations

Production of superheavy elements using different projectile-target combi-

nations and investigation of predicted island of stability are leading topics in

contemporary nuclear physics. Quasifission process is the one of the important

mechanism that prevents the formation of superheavy element in the heavy

ion fusion reactions. Also, due to the low production rate of superheavy

elements, it is very important to understand the initial conditions that favor

the production of superheavy elements. Study of heavy ion fusion is important

for understanding the nuclear reaction mechanism and get a clear picture of

the most important entrance channel parameters that influence the quasifission

process.

To study the reaction dynamics of 12C induced reactions forming 194,196,198Hg

compound nuclei, we have measured the evaporation residue cross sections for

12C+182,184,186W reactions. The measured fusion cross sections are compared

with coupled-channel and statistical model calculations. Coupled-channel and

statistical model calculations explain the measured cross sections for these

reactions. Also, to explore the dependence of quasifission process on entrance

channel parameters we have carried out a systematic analysis for the reactions

forming 180−198Hg compound nuclei. These results will allow one to predict the

compound nucleus formation probability for many compound nuclei of Hg. This

can be extended to superheavy element synthesis.
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