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Chapter 1

Introduction

Heavy-ion reactions are crucial tools in nuclear physics for understanding the
internal structure and characteristics of the nucleus. The developments of ac-
celerators and thereby the availability of heavy-ion beams helped the physicist
to understand the complex heavy-ion reaction dynamics and the nuclear struc-
ture. Heavy-ion fusion reactions are significant as they are the most successful
mechanisms for super-heavy element (SHE) production. In fusion reactions, a
projectile-target system fuse together and a complex composite system called
compound nuclei (CN) is formed [1]. The fused system, thus formed is a very
intricate many-body system that can disintegrate via several pathways. The
intricacies occur due to the dramatic changes in the fusion dynamics with the
increasing mass, energy, and angular momenta of the heavy-ion. The studies on
SHE production resulted in the discovery of various non-compound nuclear fission
(NCNF) reaction mechanisms, such as pre-equilibrium emission fast-fission [2, 3]
and quasi-fission [4, 5], which reduce the probability of complete fusion. Differ-
ent dynamical and statistical models have been proposed to understand these
nuclear processes in different energy regimes. Contributions from heavy-ion re-
actions have introduced several factors which will affect super-heavy element
production. Still, a comprehensive understanding of the factors affecting super-
heavy element production is missing.

CNs produced in the mass region of ~ 200 have shown NCNF reactions, even



in a highly asymmetric combination of a projectile-target system. The existence
of CN formation along with NCNF in the A a~ 200 region makes this mass region
an active research topic. A comprehensive idea of the reaction mechanisms in
the A ~ 200 regions will be helpful while studying the fusion hindrances in SHE
production [6, 7].

1.1 Nuclear Reactions and their classification

In heavy ion fusion, attractive nuclear and repulsive Coulomb and centrifugal
forces will come into play when two nuclei come closer. The presence of these
opposing forces produces a barrier and a potential pocket inside it. The projectile
can fuse and decay via various modes if it has sufficient energy to overcome the
repulsive barrier. The decay mechanisms involved in heavy ion reactions depend
on the mass, energy, and angular momentum of colliding nuclei.

Classically these collisions can be described in terms of the impact parameter
(b), which is the perpendicular distance between the center of force and the
incident beam direction. The concept of classical trajectory is valid in heavy
ion collisions as the associated De Broglie wavelength is much smaller than the
dimensions involved. Different processes involved in nuclear interaction as a
function of impact parameter is depicted in Fig. 1.1.

Various direct reactions can be identified based on the impact parameters.
When the impact parameter is too large, such collisions are known as distant col-
lisions. In distant collisions, the projectile-target system is within the range of
nuclear forces for a short time (< 10722 s). In such situations, elastic scattering
is the most dominant scattering mechanism. As the most peripheral collisions
(larger value for impact parameter), the angular momentum transfer associated
with such collisions are higher than in other collisions. When impact parameter
b ~ by (the grazing impact parameter), the grazing collisions sets in. Nuclei
begin to experience nuclear interactions in such collisions. In grazing collisions,

quasi-elastic reactions begin to dominate. Quasi-elastic reactions include inelas-



[Inelastic scattering  Projectile

______ & transfer reactions] @
‘ ----------------- =
b -

Figure 1.1: Collision categorization schematics based on impact parameter.

tic excitations, break-up reactions and transfer reactions. In transfer reactions,
one or more nuclei are transferred between the projectile and the target. When

the impact parameter is further reduced from b,,, deep inelastic scattering (DIS)

grs
occurs. During DIS, a significant fraction of kinetic energy and angular mo-
mentum are converted to internal excitations. Also, projectile nuclei keep their
identity up to a net exchange of a few nucleons even though a large amount of

energy transfer occurs. Central collisions result in the fusion of the projectile

with the target and form a composite system called the compound nucleus.

1.2 Compound nucleus formation and decay
mechanisms

Head-on collisions of the projectile and the target lead to a highly excited com-

posite system called compound nucleus (CN). Each nucleon in the projectile and



target is involved in CN-type reactions. Through several collisions, the nucleons
of the colliding partners share total kinetic energy, angular momentum and mass.
The angular momentum transfer associated with head-on collisions is lower than
in other collisions with higher impact parameters. The average increase in energy
of nucleons is not enough to free them from the nucleus. Thus, the formed com-
posite system takes a long time (107'8- 1071 s) to equilibrate. This thermally
equilibrated composite system loses its memory of how it was formed and de-
excite to the ground state either by the emission of particles (neutron, protons,
alphas, etc.) and gamma rays or by fission [8, 9]. Neutron emission is the most
probable decay mechanism for asymmetric systems at lower energy and angular
momentum [8]. Residual nuclei left after the particle emission were referred to as
evaporation residue (ER), an entity almost identical to CN. Neutron emission is
the most probable decay mode, even for highly proton-rich CN. Thus heavy-ion
reactions act as an excellent tool to search for stable or nearly stable super-
heavy elements [10]. Often, due to its high excitation energy and fissility, the
equilibrated CN reaches a mass-symmetric contact configuration through shape
oscillations and eventually goes by binary fission [9]. Compound nucleus forma-
tion generally dominates in low and medium-energy heavy mass systems, where
the projectile has a small chance of escaping from the composite system.
Another unique characteristic of CN-type reactions is the transfer of a
large amount of angular momentum to CN even at lower impact parameters.
Such angular momentum transfer even occurs at higher energies. In such
high energies, merely passing through the fusion barrier does not guarantee
the formation of CN. At such high energy and angular momentum, nuclear
force fails to provide necessary centripetal forces [10]. The possible potential
pocket can also vanish at such a high angular momentum and the system will
not have enough time to equilibrate before re-separation. This leads to the
evolution of an elongated, completely unstable nuclear entity called a di-nuclear
system (DNS) [11, 12]. Before complete equilibration, DNS, which retains a

considerable memory of its formation, breaks into the same configurations of
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Figure 1.2: A schematic diagram of the CN produced during a heavy-ion fusion process.

the incident particle and is known as quasi-fission (QF) [11, 13, 14]]. Fast fission
(FF) [2, 3] is another process that dominates at higher energies. Processes such
as QF, FF, etc., are known as non-compound nuclear fission (NCNF), as no
CN is produced during these processes. They generally act as hurdles to the
production of super-heavy elements. A dramatic change in reaction mechanism
occurs for collisions with charge product ZpZp >1600 [15]. In the case of
reactions with massive nuclei, the DNS and compound nuclei break down into
two parts. A splitting of DNS is called quasi-fission, while that of CN is called
fusion-fission. The difference between fusion-fission, fast-fission and quasi-fission
processes is schematically demonstrated in Fig. 1.2. After capture the composite
system passes through many stages before forming a CN. The intermediate
steps involved in heavy-ion fusion are so high in numbers, that they can only be

handled using statistical models.

All the reactions described in terms of impact parameters (Fig. 1.1) can



Figure 1.3: Schematic illustration of the angular momentum dependence of the partial cross-
section for CN nucleus (CN), fusion like(FL), deep inelastic (DI), quasi-elastic (QE), Coulomb
excitation (CE), and elastic (EL) processes.

also represent in terms of angular momentum transfer associated with each of
them. In Fig. 1.3, the spin distribution (do/df) of various reactions is shown as
a function of angular momenta. The areas below different curves represents the
corresponding cross-sections. The elastic scattering being the most peripheral
collision, angular momentum ¢ associated with such collisions will be the highest.
Grazing collisions generally lead to inelastic scattering and nucleon exchange re-
actions and are termed quasi-elastic reactions in Fig. 1.3 and the corresponding
maximum possible angular momentum as £,,,,. DIS results from the contact
collisions and is related to an intermediate value of angular momentum equiva-
lent, ¢p. Being the most head-on collision (lowest value of impact parameter),
CN-type reactions possess the lowest value for angular momentum transfer £.,.;;.
Momentum transfer for slightly more peripheral collisions leads to fusion-like or

quasi-fission reactions and associated angular momentum as /;.



1.3 Nucleus-nucleus interaction in A ~ 200 re-
gion

In heavy-ion collisions, two opposing forces came into action, the repulsive
Coulomb interaction between the positively charged nuclei and the short-range
attractive nuclear force. These two opposing forces constitute a barrier with a
potential pocket. Another term contributing to the barrier height is the repulsive
centrifugal force formed from the angular momentum of the heavy nuclei. The
height of the barrier is known as fusion barrier height. The barrier is termed
as one-dimensional barrier, as the nucleus-nucleus separation is the only degree
of freedom (Refer Fig. 2.1 for the potential energy curves of the forces involved
in the collision process). Depending on the energy they possess, the colliding
ions may overcome or pass through this barrier. When the ions pass over or
penetrate this barrier, it gets captured inside the potential pocket, and fusion is
said to have occurred. At higher energies, with the increase in angular momen-
tum, the centrifugal force increases, thereby reducing the depth of the potential
trap. Beyond a specific value of angular momentum, called critical angular mo-
mentum, the energy pocket vanishes and the system, after capture, re-separates
immediately before complete equilibration. With further angular momentum,
non-compound nucleus processes and other inelastic processes begin to domi-

nate.

1.3.1 Fusion at below and around the Coulomb barrier

Classically, the probability of the system to overcome the barrier is taken as one
at energies above the Coulomb barrier and zero below the Coulomb barrier [16].
Therefore, classically there should be no fusion below the barrier energies. How-
ever, Sikora et al. [17] observed a considerable amount of fusion cross-sections in
this classically forbidden region [17, 18]. This was explained through fusion via
quantum mechanical tunneling [16]. The first experimental proof for quantum

mechanical tunneling originates from a-decay [19, 20]. The quantum mechanical



tunneling successfully explained the experimental fusion cross-sections induced
by a low-energy light projectile below and above the Coulomb barrier region by
considering the radial motion being the only degree of freedom [16]. The model
is known as the one-dimensional barrier penetration model (1D-BPM). However,
for systems with heavy projectiles, the experimental fusion excitation function
below the Coulomb barrier was found to overestimate the 1D-BPM by several
orders of magnitude [21, 22].

The enhancement in experimental fusion cross-section with respect to the
1D-BPM demands a new form of potential, including more microscopical prop-
erties of the colliding systems and the relative motion of nuclei. Studies on
below-barrier fusion cross-section associated this enhancement with the collective
modes of the interacting nuclei [21]. The measured fusion cross-sections of many
heavy-ion reactions were explained by including internal degrees of freedom and
the relative motion of the colliding nuclei. Measurements for 16Q+144:150,152,154Gp,
reactions showed a large variations in fusion enhancement with respect to 1D-
BPM in sub-barrier fusion cross-sections with increasing neutron number [23, 24].
A similar kind of large variation in enhancement (with respect to 1D-BPM) with
an increase in neutron number is also exhibited by the fusion cross-sections of
A0 Ay 144,148, 154G reactions. The enhancement in below barrier fusion cross-
sections of these sets of reactions was attributed to the difference in deformations
of the target nuclei. Compared with the spherical '4*Sm nuclei, the Coulomb bar-
rier changes when the projectile approaches a deformed nuclei [15]. Accordingly,
fusion cross-sections in the below-barrier energy region also changes. Several
studies verified the effects of the deformation of target and projectile on below-
barrier fusion enhancement [25-28].

Experimental studies by Beckerman et al. [29-31] on the fusion cross-sections
for the ®Ni +°°Ni, ®®Ni 4 %4Ni, and %*Ni + %*Ni reactions showed an additional
below-barrier fusion enhancement in ¥Ni + %Ni fusion cross-section, even after
including the inelastic excitations in the coupling. Among these systems, only

®Ni + 5Ni have a positive Q-value for transfer reaction. Positive Q-value for



neutron transfer indicate that no external energy is needed to transfer a neutron
from one nucleus to other. The importance of neutron transfer with positive
Q-values on nuclear fusion originates from the fact that neutrons are insensitive
to the Coulomb barrier and therefore they can start being transferred at larger
separations before the projectile is captured by target-nucleus. Therefore, it is
generally thought that the sub-barrier fusion cross section will increase because of
the neutron transfer. Further, for neutron transfer with positive Q-value, the ki-
netic energy of reaction system may increase, leading to fusion enhancement too.
For the above reasons, the effect of positive Q-value neutron transfer (PQNT) on
fusion, especially at sub-barrier energies, becomes an important topic of interest.
Several studies on systems with PQNT channel showed a fusion enhancement
in the below-barrier energy region [32-36]. Thus in the presence of couplings,
the single fusion barrier was transformed into a distribution of barriers. The
barrier energies and probabilities are characteristic of the couplings and can be
correlated with the configurations of nuclei in contact. Stelson et al. [37] pro-
posed a model, wherein the neutron transfer may start at distances far away
from the barrier distance itself, which creates a neck between the colliding nu-
clei. This neck formation reduces the barrier and causes fusion enhancement.
From the fusion cross-section, the barrier distribution can be obtained by twice
differentiating the product of energy and fusion cross-section with respect to the

energy [15].

1.3.2 Non-compound nuclear fission processes

If the intermediate composite system does not get enough time to equilibrate in
mass and energy, it can not equilibrate in all degrees of freedom. Fast-fission
or quasi-fission like non-compound nuclear fission processes begin to dominate
in such cases. Such processes are common in systems with ZpZr > 1600. This
can be considered as a decay mechanism for very heavy composite systems. The
potential pocket formed inside the barrier becomes shallow at higher energy

and angular momentum. For heavy composite systems, mere passage inside



the fusion barrier is insufficient to ensure CN formation. A model for nuclear
amalgamation suggested by Swiatecki et al. [11, 12] predicted a dramatic change
in reaction mechanism for collisions with charge product Z,7Z; > 1600. Below
this threshold, passage inside the fusion barrier guarantees compound nucleus
formation. Above this value, extra energy was needed to push the system to a
more compact configuration. In the liquid drop model (LDM), potential energy
surfaces describes the shapes of the nuclear configuration during CN formation
and its decay by three variables. They are (a) the relative distance between the
nuclei, (b) neck thickness and (c) mass-asymmetry. The saddle point is obtained
on this potential energy surface by allowing all these three degrees of freedom to
vary. This saddle point is called an un-conditional saddle point (or Bohr-Wheeler
saddle point). However, the di-nuclear system (DNS) formed will have a definite
mass asymmetry in reactions. Hence, the potential energy surface seen by the
DNS at the time of projectile target contact can be calculated by freezing the
mass asymmetry. The resulting saddle point is the conditional saddle point for
that particular configuration. The maximum value of all conditional saddle point
configurations is known as Businaro-Gallone (BG) point, and the corresponding
mass-asymmetry is known as BG mass-asymmetry (apg). The corresponding
barrier is the conditional (fixed mass asymmetry) fission saddle point. Those
systems trapped inside the conditional saddle point and outside the fission barrier
are expected to undergo quasi-fission like the NCNF process. The possibility of
a system to trap inside the conditional saddle point mainly depends on the
elongation of the nuclei undergoing collision and a higher charge product [15].
Depending on the configuration of the system, those systems trapped inside the
conditional saddle point need an additional extra-extra-push energy to attain a
more compact configuration [38]. The dissipative nature of nuclear interactions
included in Swiatecki’s model made it require extra energy to push the nuclear
system to a more compact conditional saddle point configuration[11, 12].
Quasi-fission [11, 12] is a major obstacle in extending the limit of the periodic

table of elements to super-heavy regions. There has been general agreement that
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entrances channel mass asymmetry a = (A, and A, are projectile and tar-
get masses, respectively), charge product of projectile and target (ZpZr), mean
fissility of the CN (x,,), static deformation and relative orientation of the reac-
tion partners are the factors affecting quasi-fission. Experimental signatures of
quasi-fission include anomalous behavior of fission fragment, angular anisotropy,
mass angle correlation, broadened fusion-fission mass distribution and reduction
of ER cross-section. This qualitative understanding of quasi-fission evolved from
many experiments using various probes.

QF-like NCNF processes are generally observed in ZpZp values around 1600.
Several systems with ZpZr values around 700 showed the presence of QF even in
a very asymmetric systems [39-47]. Studies on the ER excitation function mea-
surements of 2%22'Ac compound nuclei reported the presence of quasi-fission
(QF) in '®O-induced reactions [40]. ?!Ra compound nucleus showed a marked
suppression in ER formation for very asymmetric combinations of colliding nu-
clei [41-43]. Corradi et al. [46, 47] observed fusion suppression effect in very
asymmetric reactions leading to a pre-actinide nucleus 2'3Fr. Signatures of QF
is also observed in reactions forming less fissile ?!Rn [39, 44], 2%2Po [45] and
202Ph (48] nuclei with close mass asymmetry in the reaction entrance channel.
All the reactions mentioned above have ZpZp around 700. All of them belong to
a compound nuclei with mass number in Aa 200 regions. This means that apart
from the dominant fusion mechanisms, QF is observed in systems with smaller
charge products also. Studies in systems with compound nuclei mass A ~ 200
regions will help us to explore more factors affecting fusion hindrance. Thus a
comprehensive idea on factors affecting QF will make the super heavy element

production more easier.

1.4 Present study

The competing reaction mechanisms in the A ~ 200 areas are the focus of the

current study. We measured the cross-sections of heavy-ion fusion at an en-
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ergy close to and near the Coulomb barriers. Two studies are included in this
thesis to investigate the reaction mechanism in ~ 200 regions. Through our
measurements, we address the entrance channel behavior of the fusion process
at near-barrier energies and other competing reaction mechanisms which hinder
fusion. It also includes a detailed investigation of the role of the positive-neutron
transfer Q-value and the quadruple deformation parameter of colliding partners
on the below-barrier fusion enhancement. For these purposes, the following re-
actions and methods are taken into consideration.

Evaporation residue measurements of ''804'¥1Ta

Evaporation residues are the valid signatures of CN formation. They are very
sensitive probes to study the fusion phenomenon. Any inhibition in the complete
fusion process will lead to suppression in ER cross-sections. Based on mass
asymmetry «, and its critical value at Businaro-Gallone point (apg), one expects
QF in O+!81Ta (o < apg) reaction as compared to 1°O+®'Ta (a > apg).
Considering two reactions, where the presence and absence of quasi-fission were
expected are taken and compared with nearby systems. Statistical model analysis
are done on the system which form the same compound nuclei to find the starting
point of quasi-fission.

Evaporation residue measurements of '8Q4- 182184186y

Fusion dynamics are affected by the nuclear structure and neutron transfer chan-
nels of the colliding nuclei [22]. Existing theoretical models have already estab-
lished the role of nuclear deformation and vibration through the coupling of
inelastic excitations in theoretical models [49]. However, a comprehensive un-
derstanding of the role of neutron transfer channels in fusion enhancement re-
mains incomplete. It was identified that reactions with positive Q-values transfer
channel (PQNT) channels play a vital role in sub-barrier fusion cross-section en-
hancement [50]. However, many systems with positive Q-value neutron transfer
(PQNT) channels do not exhibit a below-barrier fusion enhancement. Hence,
more investigations are needed to find the role of the positive Q-value of neu-

tron transfer in fusion enhancement below the Coulomb barrier energy region.
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In order to study the effect of positive transfer Q-value on fusion enhancement,
we have performed the ER measurements of ¥Q4-182184186\Y reactions, which
have positive 2n-transfers Q-values. One of the main objectives of this work is
to compare the ER cross-section with nearby systems, 1604182184186\ [51 52]

which have negative Q-values for 2n-transfer.

1.5 Outline of the thesis

This thesis is organized as follows. After a general introduction to heavy-ion re-
actions, a detailed description on the classification of heavy-ion reactions is given
in Chapter 1. Chapter 2 deals with the theoretical models used to analyze the
experimental cross-sections of the present study. Chapter 3 covers the experi-
mental set-up used for conducting the experiments. It includes a brief description
of the mass spectrometer, solid-state detectors, electronics set-up, and data ac-
quisition. Two sets of heavy-ion reactions to study the competing mechanisms
in the A ~ 200 region are reported in Chapters 4 and 5. These chapters includes
the description about the experimental set-up, the data-analysis performed, de-
tails of Coupled channel and statistical model calculations, comparison of these
calculations with our experimental data and their possible implications. The

assumption from the study of two sets of reaction are summarised in Chapter 6.
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Chapter 2

Theoretical models

The measurements in this thesis involve fusion reactions induced by low-energy
medium-heavy projectiles on a heavy target, which forms CN in the A =~ 200
regions. Different statistical and dynamical models are required for predicting
as well as interpreting the experimental results. In this thesis, for theoretical
interpretation of the experimental fusion cross-section microscopic model codes
like HIVAP [1, 2] and macroscopic model codes like CCFULL [3-5] were used. Also,
for efficiency calculations we make use of codes like TERS and [6, 7], PACE [8] in
our thesis. The theoretical aspects of the various models and codes utilized in

the present work are described in this chapter.

2.1 Compound nucleus formation

The heavy-ion fusion is the process of combining two nuclei into a single fully
equilibrated compound nucleus. When a heavy-ion interacts with another heavy-
ion, both the nuclei experience mutual Coulomb (Viey), nuclear (V) and
centrifugal (Vie,:) interactions, resulting in the formation of the fusion barrier.
According to classical theory, for heavy-ion fusion to occur, the projectile’s energy

must be sufficient to surpass the fusion barrier.
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Figure 2.1: Curves in the panel (a) shows the dependence of Coulomb, nuclear, centrifugal
and total potential energy on relative distances between the nuclei. Curves in the panel (b)
shows the change in the potential energy curve with an increase in angular momentum. Above
graphs are for the reaction '#O-+'31Ta.

Total potential (V(r)) experienced by the projectiles and target while ap-

proaching each other is given by

V(1) = Voou(r) + Vaua(r) 4+ Veent(r)

(2.1)

The Coulomb potential is calculated assuming the nucleus to be point charges

and the distance r as the distance between the centers of nuclei. Vi, is inversely

proportional to distance, showing a smooth variation with distance. The smooth

variation of Vi, with internuclear separation r is shown as dashed lies in Fig.

2.1(a). For a given projectile-target combination, the Coulomb potential energy

is given by
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ZpZre? r2
(3 - R_2> forr <R,

lﬁgoul(r) = (2.2)

2
@ forr > R,

Zp and Zr are projectile and target atomic numbers, respectively. The nuclei

are expected to be a uniformly charged sphere of radius, R, , and it is defined as
Re=ro(A}2+ A%, ro =12 fm (2.3)

where Ap and Ar respectively are the mass numbers of the projectile and target.
On the other hand, nuclear potential, V,,,(r) is effective at short distances (few

fm) between the two nuclei and is represented by a Woods-Saxon form as

—Vo

Vel (1) = ———=—
1+ e$p(TO)

(2.4)

where Vj is the depth of the potential well, rg is the radius parameter and a is

the diffuseness. The centrifugal part is given by

R0+ 1)

‘/cent (’I") - (25)

2pur?

where /¢ is the relative angular momentum quantum number and p is the reduced

ApAr

mass of the projectile-target system, which is given by u= Yy

2.1.1 Fusion above the Coulomb barrier

The fusion between the two nuclei occurs when the projectile overcomes the
Coulomb barrier and enters the potential well, shown in Fig. 2.1(a). For £ =0, the
peak value of the potential is called the Coulomb barrier. The respective values

of Vand rare called the barrier height (V) and barrier radius (Rg) of the fusion
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Figure 2.2: Schematic diagram for determining the classical cross-section of trajectories.

barrier. When the angular momentum increases, the potential becomes shallower
and gradually disappears. Hence, the angular momentum effect reduces the size
of the energy pocket by setting an upper angular momentum limit (¢..;)for
forming a CN. The shape of the potential with increasing angular momentum
is shown in Fig. 2.1(b). Thus classically, the projectile may either fuse to the
target or scatter by it, depending on its energy. In the presence of these nuclear
and Coulomb fields, the projectile with energy E and impact parameter b will
experience an effective potential Vj(r)
b2

V() = V() + B 2.6
When the impact parameter become the grazing impact parameter (by,.) colliding
partners start feeling the nuclear interaction. b, is slightly higher than the

distance between the centers of the projectile and the target. The radial distance
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at that point is known as barrier radius (Rp) and the corresponding effective
potential is known as barrier potential (V). At impact parameter, b > b, the
projectile will be scattered by the potential, and at b < b,, projectile fuses with

the target. In this case, Eq. 2.6 can be rewritten as

2

E=Vg+ ER“”’;‘ (2.7)
B

After rearranging the Eq. 2.7, we get

by = Ry (1 - %) (2.8)

The trajectories entering through area 2mwbdb will fuse if b < b, (as shown in Fig.
2.2). Thus the fusion cross-section will be equal to 2wbdb where db varies from 0

to by,
O fus = szr (2.9)

Substituting Eq. 2.8, in Eq. 2.9, we obtain the fusion cross-section as

0 tus(E) = TR, <1 - %) (2.10)
Classically orbital angular momentum ¢ can be expressed as

C=rxp=bp (2.11)
But, p = V2mE, substituting this value of p in above equation

{=bV2mE (2.12)
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Quantum mechanically orbital angular momentum can be expressed as L = ht.

On equating the value of ¢, we get

W = bV2mE (2.13)

Vo2mE

=10 .

— bk (2.14)

where k is the wave number. Then grazing angular momentum /g4, can be ex-

pressed as
Loy = bgrk (2.15)

All partial waves with ¢ < £, will undergo fusion and that with ¢ > ¢, will be
scattered by the potential.

The transmission coefficient can be written as

1 if <1,
T(0) = (2.16)

0 if >4,

T'(¢) can be expressed in terms of the action integral S-function in elastic scat-

tering as
T) =1—1S? (2.17)

where Sy is the S-function in elastic scattering, which is defined as

S, = \/2:‘;/M S = B)dr (2.18)

S-function related to the reflection co-efficient 1, by the relation, n, = |.S,|?
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At particular energy, the partial fusion cross-section is given by

h?

2uk

op = (26 + 1)T5(E) (2.19)

In quantum mechanics, the total cross-section is obtained by summing the con-

tributions from all the partial cross-sections.

o0

7h?
(2 DT,(E 2.2
QMEZ 0+ 1)Ty( (2.20)

To obtain total fusion cross-section quantum mechanically, we have to limit the

angular momentum to a limiting value that is £,

h2 Lyr

2aE (20 + 1)T,(E) (2.21)

=0

O fus =

After applying the value of transmission coefficient 7,(F) in this equation, we
obtain the total fusion cross-section as

h?

5;Eegr(l +0,) (2.22)

O fus =

in the classical limit for £, >> 1 Eq. 2.22 become

h’ T e _ e
uE 9 k2

O fus =

= Ty, (2.23)

when, the b < by, does not ensure fusion, and CN’s stability is influenced by its
angular momentum. If the angular momentum involved is much higher than the
critical value of angular momentum /., it results in fission. That is b < by,
(¢ < 4,) a necessary but not a sufficient condition for fusion to occur. Thus,
a necessary condition for the impact parameter for fusion is that the impact

parameter is smaller than the critical value of the impact parameter (be.i). It
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relates with the critical value of angular momentum (¢.,;;) by the equation be.;; =
lerit/k. Thus for impact parameter values by, < b, fusion is ensured by by, value,
whereas for by, > b fusion is ensured by b.;; value. Thus fusion cross-section

based on impact parameter can be represented as

wb2, if by < Do
O fus = (2.24)

7b2., i by > beri

crit
Here,

bovit = b _ Loral” (2.25)

k? 2uF
The density overlap of the interacting nuclei is another factor that influences
fusion, in addition to the impact parameter and angular momentum. Therefore,
if adequate density overlap is not ensured, the collision does not guarantee the
CN formation, even if the impact parameter is less than the cut-off limit. As a

result, if the relative distance between the interacting nuclei is smaller than a

critical distance, then only the interaction will lead to fusion.

2.1.2 Fusion below the Coulomb barrier - One dimen-

sional barrier penetration model

Classically, fusion in below-barrier energies is forbidden, that is, 7, = 0. How-
ever, considerable amount of fusion cross-section were observed in below-barrier
energies [9, 10]. It was explained by invoking the concept of quantum mechani-
cal tunnelling [11, 12]. At below-barrier energies, quantum effects play a major
role in explaining the fusion cross-section. Solving the radial equation fusion
cross-section in below-barrier energies can be obtained.

For the motion of a particle of mass i in a spherically symmetric potential
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V(r), the radial part of the time-independent Schrédinger equation in spherical

polar coordinates can be written as,

00+ 1)R°

Prld,,d

o ) |er) + [E— V() - 2|9 =0 (2.26)
On re-arranging the Eq. 2.26

1d,,d ’

ﬁ@(ﬁ%wm + Z[E = Vi(r)]o(r) =0 (2.27)

Where V,(r) nucleon-nucleon interaction potential obtained from Eq. 2.1 for
angular momentum /¢, which is given by

00+ 1)n°

Vilr) = V) + =

(2.28)

The radial Schrodinger equation can be obtained by substituting ¢ = /r and

wave-number k7 (r) = %[E — Vi(r)] in Eq. 2.28 it become

dQ@Z)g(T’)
dr?

+ k() =0 (2.29)

The total fusion cross-section is obtained by summing over all partial waves
below /..;;. The potential is considered to be slightly parabolic near the barrier

to calculate the fusion cross-section [11-14].

7h?
= ——(2 1T, 2.
O fus QME( C+ 1T, (2.30)

Hill-Wheeler expression of the transmission coefficient 7 [14] can be expressed

as

T, = (1-+ exply (Vi ) (2.31)
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V, represents the barrier height in MeV for the ¢*" partial wave, w, the vibra-
tional frequency of the harmonic oscillator in the parabolic potential and hwy
defines the corresponding barrier curvature. We obtain the fusion cross-section

by substituting the new transmission coefficient value in Eq. 2.20.

_ RZBh(JJO
2F

2T

0 fus(E) In [1 + exp <h

(- VB))] (2.32)

which is the 1D-BPM equation. Where Rg, Vg, and hwy are the barrier radius,
height and curvature at /=0, respectively. Expression for fusion cross-section for

above and below-barrier energies are shown below

mR%(1 - VB/E) if £ >> Vg
O fus = (233)

%exp[g—;;(ﬁ? — VB)] it E << Vp

In the above model, fusion cross-section depends only on a single parameter,
that is, the radial separation r, hence the above model is termed as 1D-BPM. 1D-
BPM satisfactorily explained the fusion cross-sections of light mass nuclei[15].
However, measured heavy-ions fusion cross-sections were enhanced compared
with 1D-BPM in the sub-barrier energy region [16, 17]. The interpretation using
inert, spherical nuclei reacting through a one-dimensional potential was inade-
quate to explain heavy-ion fusion cross-sections. This led to a study on other
internal degrees of freedom, such as static deformation, inelastic and transfer cou-
pling, all of which play a significant role in the fusion reactions at near barrier
energies [17]. Thus 1D-BPM is improved by adding the channel couplings effects
to explain the observed experimental fusion cross-sections. Also, at near barrier
energies, the angular momentum associated with heavy-ion fusion reactions was

reported to extend to very high values over 1D-BPM predictions.
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In 1-DBPM, the incoming nuclei face a single barrier of a certain height, the
tunneling that provides a corresponding fusion cross-section. However, it was
established that coupling with internal degrees of freedom, such as static defor-
mation, vibrational states of colliding nuclei, neutron transfer, neck formation,
etc., increases fusion cross-section in sub-barrier energies. Consider two colliding
nuclei, among which the target is deformed. In that case, the barrier height will
depend on the orientation of the colliding nuclei. Suppose the nuclei approach
through the symmetry axis of prolate nuclei. In that case, the height of the
fusion barrier decreases, and the fusion cross-section increases; along with the
perpendicular direction, fusion barrier increases and the cross-section decreases.

Similarly, coupling with other degrees of freedom will change the barrier
height and, in turn, changes the fusion cross-sections. Thus coupling with various
internal degrees of freedom will lead to a distribution of barriers. This spread
in the barrier can explain the enhancement in fusion excitation function in the
sub-barrier region. Coupled channel calculation successfully incorporated all the

internal degrees of freedom and the relative motion of the colliding nuclei [18-20].

2.2 Coupled Channel model

In coupled channel (cc)model, the relative motion of the colliding nuclei is cou-
pled to the internal degrees of freedom of the many-body system. The total wave
function can be expanded in terms of the channel states. The effects of internal
degrees of freedom on sub-barrier fusion can be studied by solving the coupled

channel equation [3, 4]. For this, a radial Schrodinger equation was formed.

B2 d2 J(J + 1R
[ ST+ DR +V )+

B Z0Zre?
241 dr? 2pur? r

ten=B|Un(1)+ D" Vam (1) (r) = 0

(2.34)
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Where rradial component of the coordinate of the relative motion, V]\(,O) nuclear
potential in the Woods-Saxon parametrization, €, excitation energy of the n”
channel, F incident energy in the center of the mass frame, and V,,, matrix
elements of the coupling Hamiltonian. Here VJSO) the nuclear potential can be

represented as

—V

V(O) _
N 1+ exp(—’”_aRO)

(2.35)

By imposing the boundary conditions of incoming and outgoing waves [21,
22] in coupled Hamiltonian, Dasso et al. [19, 23] solved the coupled channel
equations. While solving the coupled channel equations, it was assumed that
the couplings to the ground state are similar for each channel, and the cross
channel couplings were neglected. Solution of coupled channel equation can be

written as the linear combinations of channel states 1,,.

Solutions of coupled channel equation shows that, the coupling of intrinsic
degrees of freedom with the relative motions of the colliding nuclei splits the
potential into many barriers. The total transmission is the sum of the trans-
mission coefficients of each barrier. The increased transmission through lower
barriers leads to the enhancement of cross-section at sub-barrier energies. How-
ever, the effect of channel coupling is not very significant at energies well above

the Coulomb barrier.

2.2.1 CCFULL- A coupled channel code

All these aspects of coupled channel models explained above are incorporated

in the coupled channel code cCrULL [3, 4]. It is a FORTRAN-77 code that
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calculates the fusion cross-section and mean angular momentum of the CN in a
heavy-ion collision. The CCFULL code have the option to incorporate the vibra-
tional, rotational and transfer degrees of freedom along with the relative motion
of the colliding nuclei while calculating the fusion cross-sections. In CCFULL, the
effect of internal degrees of freedom is incorporated through a coupling matrix

O. The coupling will make changes in the radial vector Ry as follows

The coupling matrix element for different coupling in CCFULL is discussed be-

low.

2.2.2 Vibrational Coupling

Matrix formalism offers a reliable and straightforward method for determining
the coupling matrix elements [17]. The nuclear coupling Hamiltonian operator

O for vibrational coupling is given by

O = P Rual, + axo) (2.39)

Var

Here af\o and a,g are the creation and annihilation operators and A is the mul-

tiplicity of the vibrational mode. Matrix element corresponding to the Hamilto-

nian operator is given by

B
Var

Omn = RT(\/ﬁém,n—l + \/mém,n—kl) (239)

" raw and n* column of the Hamiltonian opera-

Here O,,, is the element in m'
tor. [, is the deformation corresponding to a particular mode of vibration. Ry

represents the radius of the target nuclei. If we are considering the vibrational
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state of the projectile nuclei for coupling, correspondingly, Ry will be replaced

by Rp (projectile radius).

Rotational Coupling

In rotational coupling, the target or projectile orientations are incorporated in
the coupling Hamiltonian. The rotational coupling can be incorporated into the
Hamiltonian through a dynamical operator. Change in the radius in the nuclear

potential by the dynamical operator is given below
Ry — Ro+ O = Ry + ByRrYao + BuRrYao (2.40)

here (5, B4 are the quadrupole, hexadecapole deformation parameters of the
target and Ry = rcoupAlT/ 3, Thus, the potential in the nuclear Hamiltonian is

given by,

Vi (r,0) = Yo (2.41)
1+ exp(—T_Rcf_O)

The same method can be applied to deformed projectiles also. Then the term

Rt in the above equation will be replaced by Rp

Transfer Coupling

Transfer coupling can be incorporated into coupling Hamiltonian through a mi-
croscopic transfer coupling form factor. Microscopic coupling form factor corre-

sponding to the transfer coupling is given by,

PATASY
dr

Ftrans<7n) = Ft (242)
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here Fj is the coupling strength and V,,(0) is the nuclear interaction potential.
CCFULL can couple one pair of transfer channels between the ground states of
the colliding nuclei at a time [3]. For the microscopic transfer coupling form-
factor estimation, in principle, the transfer cross-section and hence the transfer
probability measurements are needed [24, 25]. Instead of computing the transfer
couplings form factor on a micro-scale, the strength parameter in the form factor
is modified. One presumption for this strategy is that the strength of a transfer
reaction is concentrated in a single state with a distinct Q-value among the

distribution of Q-value [3, 25]

2.3 Statistical models

In the fusion of lighter nuclei, a compound nuclei is formed when projectile
overcome the Coulomb barrier. In heavy-ion fusion, hot rapidly rotating CN de-
excite excess energy and angular momentum via evaporation of light particles like
neutrons, protons, a-particle, and v-rays or via fusion-fission. The CN divides
into two fragments of almost identical size during fission. Evaporation of nucleons
occurs concurrently with this process also. The method of evaporation and
fission will continue until the excitation energy is less than the particle separation
energy. After this, the decay process is taken up by ~-ray emission. If the energy
and angular momentum possessed by the colliding nuclei are very high, then
after capture the excited di-nucleus undergo non-compound nuclear process.
Statistical models (SM) can be used to model the decay of an equilibrated
nucleus. The statistical model calculations were based on the assumption that
all of the decay channels are equally likely. Even though the number of nucleons
is finite for a nucleus, their numerous possible configurations and decay modes
make it statistically promising one, even at the lowest excitation energies.

The capture cross-section (0.,) for the formation of CN for highly asymmet-
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ric light systems can be obtained by measuring fusion evaporation cross section
(0pr) and fusion-fission cross sections (opp). In the case of heavy compound
nucleus formation, other contributions like quasi-fission cross-section (ogr), fast-
fission cross-sections (o fqst—fiss), €tc. have to incorporate in total capture cross-

section.

Ocap = OER + OFF + OQF + Ofast—fiss (2.43)

For asymmetric systems, of,s = 0gpr + Opp

Ocap = O fusion + oQF + O fast—fiss (244)

According to the CN hypothesis, the di-nuclear system travels a lengthy dynam-
ical pathway and re-separating into fragments before equilibrating in all degrees
of freedom. The corresponding fission is termed as non-compound nuclear fission
process. The CN which de-excites via particle evaporation or y-ray emission and
survives fission, ends up as various evaporation residues (ER). Formation of these
ERs depends on the capture probability (0.q,), CN formation probability (Pcy)

and its survival probability against fission (Wy,.,). ER cross-section is given as

OER = OcapPCNWsurv (245)

While explaining the ER excitation function, any reduction in ER cross-section
from the standard statistical model predictions is generally attributed to the
presence of NCNF. Studying these effects is important, since it is a factor af-
fecting the survival of the super heavy elements. Any value of Poy < 1 can be
considered as the presence of NCNF processes. For very asymmetric combina-

tions of reaction partners, Poy is taken as one. Pgy started to deviate from
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unity for systems with high value of symmetry.
The inputs of the statistical model code, crucial in further discussions in the

thesis are described in the following subsections.

2.3.1 Fission barrier

In statistical model computations, the fission barrier is an essential parameter.
The reaction dynamics are greatly influenced by the height and width of this
barrier. In fusion processes, especially those involving heavier projectile-target
combinations, overcoming the Coulomb barrier isn’t enough to produce a CN;
the system also has to overcome the fission barrier after capture.

In the liquid drop model (LDM) [26], the nucleus is assumed to be a uniformly
charged incompressible liquid drop. The nucleus possesses surface energy (E?)
equivalent to the surface tension of the liquid. Opposing forces like surface
tension and Coulomb repulsion (E?) of the liquid drop together form the fission
barrier. Extensive work has been carried out [26, 27] using LDM to find the
saddle point shape and energies. The most widely used expression for fission

barrier height using the LDM model is

0.38(0.75 — x) for 1/3 < x < 2/3
By = (2.46)

0.83(1 — x)? for2/3 <y <1

here yx is the fissility parameter given by y = 2%)3

In LDM, the angular momentum of the nucleus is not considered, in-order
to incorporate the effect of angular momentum in the fission barrier, Cohen
et al. [27] introduced the Rotating Liquid Drop Model (RLDM). The RLDM

estimates symmetric fission barrier heights as a function of angular momentum.

In addition to surface and Coulomb forces, RLDM incorporates centrifugal force,
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which favors nucleus break-up due to its significant moment of inertia. RLDM
introduces a method to estimates fission barrier heights. Though it overestimates
the fission barrier in Aa200 mass region. To overcome the drawbacks in LDM
and RLDM, Sierk et al. [28] introduced a microscopic model of rotating nuclei,
which is known as a rotating finite range model (RFRM). In RFRM, the surface
energy was replaced by Yukawa-plus-exponential nuclear energy. This model
explained the experimental fission barrier most satisfactorily for nuclei in A ~
200 mass region [28].

In SM calculations, by including the shell correction in the liquid-drop nuclear

mass, the fission barrier By(¢) was estimated using the equation given below
By(€) = kyBfP (€) + Wy, (2.47)

Here W is the shell correction term, BfD liquid drop model fission barrier and
k¢ fission barrier scaling factor. Shell correction is obtained by the difference
between the experimental and the LDM masses (Meyp: -Mppa). The LDM
fission barrier was obtained from the FRLDM potential [29], and the ground-

state shell corrections were taken from the work of Myers et al. [30].

2.3.2 HIVAP - Statistical model code

Reisdorf developed a statistical model code HIVAP [1], to model the cross-section
measured in the formation of super-heavy elements. Reisdorf et al. [2] improved
HIVAP by the incorporation of fission into the de-excitation step as well as by
the new insights into level density calculations, interaction barriers, ground-state
masses, shell-effects, and fission barriers. The HIVAP code is a modular code that
can be used in a multitude of situations. Because of this, a detailed list of the
parameters used must be kept to distinguish the results of one parameter set

from another. For a specific section of the Chart of Nuclide a particular set
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of parameters were used in the HIVAP code, this make cross-section predictions
of corresponding region more accurate. The standard set of parameters used
in this description of the HIVAP code is referred to as the Reisdorf and Schadel
parameters[1]. Among the various input parameters to the HIVAP code, the cross-
section calculations are most sensitive to the choice of the fission barrier By and
ar/an, the ratio of the level density parameters at the saddle point.

An overview of the calculations in the HIVAP code used in this thesis is as fol-
lows. The input parameters for HIVAP were set same as Reisdorf and Schadel pa-
rameters [1, 2]. Compound nucleus formation is considered as separate from the
de-excitation step. Fusion occurs when the projectile-target system passes the
interaction barrier, which is calculated using the Bass interaction potential [31].
Below the barrier, a WKB (Wentzel-Kramer-Brillouin) approximation is made to
estimate barrier penetration. The fusion barrier in HIVAP is allowed to fluctuate
using a Gaussian function with a user-defined standard deviation. For systems
with charges product ZpZr <1600 the fusion barriers calculated using HIVAP is
compatible with experimental fusion barrier within 1 % [32].The de-excitation
of the excited compound nuclei is calculated using the following sources: liquid
drop masses, level density calculations [1], level density ratios [33], and fission
barriers [27]. Invaluable source of information regarding the description of the
calculation loop and the various parameters and their associated meanings are
available in the Refs. [1, 2]. The standard set of parameters used in this thesis

referred to as the Reisdorf and Schadel parameters and are given in Table 2.3.2.

2.3.3 PACE4

The PACE-4 is a statistical model evaporation code that stands for Projection

Angular-momentum Coupled Evaporation (Version 4) [8]. The code is based on
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Variable Description Reisdorf’s Our
parameters parameters

LEVELPAR Scale parameter for 1.153 1.16
the level density

AF / AN Level density ratio 1 1.1
parameter value

BARFAC Scale parameter for 1 varying
the fission barrier

EDAMP Shell effect damping energy (MeV) 18 18.5

DELT Nuclear pairing correction 11 0.
energy (MeV)

Vo Value of the nuclear 70 75
potential (MeV)

RO Nuclear radius parameter (fm) 1.12 1.1177

D Fuzziness in the nuclear 0.75 0.75
radius parameter (fm)

Q2 Nuclear quadrupole moment (fm 2 ) 1050 target dependent

CRED Scale parameter for 1 1.0
the interaction barrier

SIGRO Fluctuation of the interaction 3 0
barrier (% of RO)

CUTOFF Integration limits in (SIGRO) 5 2.5
for barrier fluctuations

XTH Extra push theory threshold 0.7 0.720
fissility parameter

APUSH Slope coefficient 18 15.
from extra push theory

FPUSH Angular momentum coefficient 0.75 0.75

from extra push theory

Table 2.1: Reisdorf and Schadel Parameter set and the parameter set used in this thesis for
the HIVAP calculations
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the statistical model and uses the Monte-Carlo simulation procedure for the de-
excitation of compound nucleus. At various experimental beam energies, PACE4
can be used for examining the major decay channels of a reaction. All of the
nuclei in the decay chain have their decay widths and probabilities calculated
by the code until the residual nuclei stop decaying. The code may be used to
determine the energy spectra and particle angular distributions. Fission cross
sections calculated using the Bohr-Wheeler formalism is also provided by the
code, along with the evaporation residue cross sections [34]. The code provides
the total fusion cross sections only; the incomplete fusion process is not taken
into account. The code computes the fusion cross-sections according to the Bass

model [35].
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Chapter 3

Experimental techniques

3.1 Introduction

This chapter provides the details of the experimental set-up, measurements, de-
tectors and electronic set-up used in the present study. In the present study
we measured the ER cross-sections of 6180+181Tqa and B8O 182184186\ reqc-
tions. The experiments were performed at the Inter University Accelerator Cen-
tre (IUAC), New Delhi, utilising a heavy ion beam provided by a 15 UD tandem
accelerator and a heavy ion reaction analyzer (HIRA). The accelerator facility,
different kinds of detectors used, electronics, and other experimental facilities

used in the present study are briefly discussed in this chapter.

3.2 The Pelletron accelerator

The beams were provided from the 15 UD Pelletron facility at ITUAC, New
Delhi. The accelerated beams of 10 and 80 were used in the ER cross-section
measurements of two separate experiments. The Pelletron is a tandem electro-
static accelerator [1, 2] that can accelerate ion beams of all stable nuclei (except

noble gas). Multi cathode Cesium sputter negative-ion source serves as the ion
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Figure 3.1: Schematic diagram of IUAC Pelletron accelerator.

source for the Pelletron. An injector magnet follows the ion source. The injector
magnet bends the ions 90° in the downward direction and injects them into the
accelerating tubes. The high voltage terminal is positioned in the center of the
vertical accelerating tank. SFg insulating gas (with high dielectric constant) at a
pressure of &~ 6-7 atm is used to separate the accelerator from the tank. The high
voltage terminal can be charged to a very high voltage ranging from 4 MV to 15
MV. A potential gradient is kept throughout the accelerating tube by putting
15 units of 1 MV on either side of the high voltage terminal. Low and high
energy sections, respectively, refer to the locations before and after the terminal.
Two dead sections (shorted units with no potential gradient that house the

vacuum pumps and other beam handling components) are placed, one on either
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side of the terminal. The schematic diagram of the Pelletron is shown in Fig. 3.1.

The injected ions are driven down to the high voltage terminal in the middle.
The accelerated negative ions pass through a stripper at the terminal, which
can be a thin carbon foil or a small volume of gas. Negatively charged ions lose
electrons in the stripper and converted to positive charge. The mass and velocity
of the ions being accelerated decides the charge state distribution of these ions.
The positive terminal repels these positive ions, which then accelerate once
more. Using a 90° bending dipole magnet known as the Analyzer magnet, ions
with a specific charge state are chosen from this charge distribution according

to their energy, mass, and charge state.

The amount of energy obtained by the ions after they exit the accelerator is

determined by

where Ejy denotes the energy received from the ion source deck potential in MeV,
V' the terminal potential in MV, and ¢ the ion’s charge state after stripping.

The high energy requirements of many experiments are met by further stripping
in the high energy dead region. In the presence of a second stripper, the total

energy available in MeV is
6 9
E=F 14+ — — 2
o+ V(1+ e + 15612) (32)

The ion charge states are ¢; and g5 , respectively. An analyzer magnet of radius
1.8 m is used to bend ions with a specific mass, energy, and charge state 90 o

in the horizontal plane. The analyzer magnet’s magnetic field B (in Gauss) is
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proportional to the energy of the beam E in MeV as

ME
e

Bp = 0.144 (3.3)

where M is the mass number of the ions in amu. The switching magnet deflects
the high-energy ion beam into a different experimental facilities which are at 0
°, 4+ 15°, 4+ 30° and + 45° angles for different experiments.

According to the experimental requirements, the IUAC pelletron accelerator
produces both dc and pulsed beams at the target. The pulsing system is situated
in the pre-acceleration phase, between the injector magnet and the tank top. The
beam pulsing system includes (1) a chopper, (2) a buncher, and (3) a traveling
wave deflector (TWD). The chopper cuts the dc beam into ion pulses, then
compressed further by the buncher into even smaller pulses. The TWD’s function

is to alter the ion-beam’s pulses repetition rate.

3.3 The recoil mass seperators

Recoil separators are devices used for beam rejection and mass analysis of the
reaction products in nuclear reactions. They include electromagnetic components
such as quadrupoles, magnetic dipoles and electrostatic dipoles [3, 4].

In a nuclear reaction experiment, many types of particles are produced when
a powerful primary beam bombards a thin target foil. These species include
intense primary beams, products from incomplete fusion or transfer reactions,
projectile-target fusion products, fusion products from unintended reactions (re-
actions between beams and target backing or impurities in the target material)
and particles knocked off from the target during head-on collisions. The primary
function of the recoil separators is to distinguish these various species when they

emerge from the target region. Depending upon the particle species we are look-
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ing for, we can alter the settings of mass spectrometer.

In heavy-ion reactions, the yield of the complete fusion particle peaks at a
small solid angle along the beam direction. Fusion products come out with pri-
mary beams like particles. The intensity of the beam background is very high
compared to the fusion products. The beam-like particles should inhibit, to
obtain a good separation of beam and evaporation residues. Furthermore, the
particle of interest is often much smaller in intensity than the incoming beam. As
a result, it is pretty challenging to distinguish and separate them from this back-
ground of targets and beams. Either the target thickness or the beam intensity
must be raised to boost the production rate of reaction products. If the target
thickness is increased too much because of the high energy loss in the target, the
reaction products might not exit from the target. For nuclear reaction studies, a
target thickness is often fixed at a few hundred ;1g/cm?. Most beam particles will
escape from the target if the beam intensity is raised. It will harm a detector in
it’s way. Without recoil separators, neither semiconductor nor gas detectors can
handle these forward-focused reaction products. Recoil separators are therefore
used for beam rejection, mass analysis of reaction products, transportation of
reaction products to a background-free area and final focusing of these products

at the focal plane detector so that it can detect all particles of interest.

3.3.1 Categories of recoil separators

In general, two types of the mass spectrometer are developed to accomplish
different features. One is a vacuum mode recoil mass separator and another is
gas filled mass separator. Since electrostatic elements cannot work in gaseous
environments, only magnets are used in gas-filled separators. So the ability of
the gas-filled separators to differentiate the particles depends on variations in

their magnetic stiffness only. In contrast, vacuum mode separators involve both

47



magnetic and electric fields.

Tons in vacuum mode separators [3] follow well-defined trajectories, so spec-
trometers have an excellent mass resolution, which means that the particles are
well-separated according to their m/q ratio. They can effectively reject the beam
for asymmetric reactions. However, heavy element production is less efficient due
to charge state dispersion because not all charge states can pass through the small
spectrometer aperture. The transmission efficiency can be improved by using in-
verse kinematics. In inverse kinematics, the scattering is in a smaller solid angle
resulting in most of the particles being within the angular acceptance of the
spectrometer. However, inverse kinematics requires a very high energy beam to
overcome the Coulomb barrier for the heavier system. In order to achieve better
transmission with normal kinematics, gas-filled separators are used in heavy el-
ement production. Heavy Ion Reaction Analyser (HIRA) in IUAC is one of the
mass-spectrometer working in vacuum mode [5].

The ions traveling in gas-filled separators [6] dispersed according to their
magnetic rigidity in the perpendicular magnetic field. The magnetic field region
is filled with a dilute gas in gas-filled separators. The ions undergo atomic
collisions with the gas molecules in which electrons can be lost or captured,
changing the charge state of the ions. If the number of charge-changing collisions
is sufficiently high, their charge state fluctuates around average or mean charge
state q/m. The ions will closely follow the trajectory determined by the mean
magnetic rigidity corresponding to the mean charge state of the ion. Gas-filled
separators have good beam rejection capacity and poor mass resolution. Hybrid
Recoil mass Analyzer (HYRA) in IUAC is a recoil mass separator working in
gas-filled mode [7].

We measured the ER cross-sections of two sets of asymmetric reaction part-

ners in our work. Recoil mass separators working in vacuum mode, which effec-
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tively separate recoils of asymmetric reaction partners, are more suitable for our

measurements.

3.4 Vacuum mode separators

The underlying idea behind a recoil separator is the Coulomb and Lorentz forces
that a charged particle faces when traveling through the electric and magnetic
fields. Vacuum mode separators set apart the desired ions from undesired ones
using various ion properties like mass, momentum, velocity, mass to charge ratio,
kinetic energy, and angular distribution. The ions in a vacuum mode separator
take different trajectories according to their properties. The vacuum mode sep-
arator employs a magnetic deflector to separate particles based on their momen-
tum, an electrostatic deflector to separate the particles according to their energy
and a combined E x B field for velocity selection. Additionally, magnetic multi-
poles are employed to rectify higher order aberrations and magnetic quadrupoles
for focusing the ions.

In a nuclear reaction, when a beam bombards a target, most of the incident
beam particles, the reaction products and some target nuclei escape with their
initial momentum at various angles around the primary beam direction. The
lighter and more energetic primary beam and the heavier and less energetic
reaction products have the same momentum. Consequently, they can only be
separated based on their energy or velocity, requiring an electrostatic deflector
or E x B filter.

An electrostatic deflector consists of two co-axial cylindrical anode and cath-
ode plates. The radial electric field will not significantly deflect positive ions
entering the deflector if the energy of the ions is too high and will collide with
the anode plate. If the energy is minimal, the ions will be deflected more and

collide with the cathode plate. If E is the electric field between the plates, then
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an ion with charge state ¢, mass m, and velocity v will follow a trajectory with
a radius of curvature p. The expression for electric rigidity (reluctance of an ion

to vary its trajectory according to the applied electric field) can be obtained as

follows
2
B = % (3.4)
2T
pB = (3.5)

Here pE is the electric rigidity and T is the kinetic energy of the ion.

In the same way, a magnetic dipole consists of two opposite magnetic poles.
The field is always perpendicular to the direction of motion of ions. Ions moving
in a perpendicular magnetic field will follow a circular path with a radius; if p is

the radius of the circular path, then magnetic rigidity can be written as

g(v x B) = mTU (3.6)
P
Bp = % = (3.7)

Where Bp is the magnetic rigidity and P is the momentum

3.5 Heavy-Ion reaction analyser (HIRA)

The Heavy Ion Reaction Analyzer at ITUAC is one of the first generations of recoil
mass spectrometers [9]. Recoil mass separators are used to separate heavy-ion
reaction products from beam particles as they leave a target. The electromag-
netic setup of HIRA is shown in Fig. 3.2. The electromagnetic configuration
of HIRA is QQ-ED-M-MD-ED-QQ. QQ stands for quadruple doublets, ED and

MD designate electric and magnetic dipoles and M for multi-pole. The HIRA
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Figure 3.2: Heavy Ion Reaction Analyzer (HIRA) a schematic diagram. Magnetic
quadrupole, electrostatic dipole, magnetic multi-pole, and magnetic dipole are represented
by the letters Q, ED, M, and MD, respectively [8].

Figure 3.3: A full view of the Heavy Ion Reaction Analyzer (HIRA) setup [8]
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has 8.8 meters in length and operates at 0° to the beam direction. It had full
acceptance (10 msr). As beam-like and residual particles depart the target, the
yield of recoils peaks near 0°, and the recoils mix in with primary beam particles
that have not reacted. The beam particles are inhibited at an early stage of
the separator to achieve the maximum separation of the beam from recoils. The
quadrupole lenses are configured to focus residual particles at the focal plane.
The dipole magnetic and electric fields are set to pass a residual particle with

energy Egy, mass My, and charge Qg along the central trajectory.

3.5.1 Target chamber

The spectrometer is positioned on a rotating platform that can rotate from -15
to +40 °. A sliding seal in the target chamber allows the HIRA to rotate freely
during experiments while maintaining a high vacuum. These types of vacuum
chambers are known as sliding seal chambers. This property will be helpful while
investigating multi-nucleon transfer processes [10]. This sliding seal chamber has
a 300 mm inner diameter and 200 mm height with replaceable top and bottom
plates. The chamber has a large slot on the beam entrance side. During the
rotation of HIRA, this chamber can maintain a vacuum in the range of 6x107 -
4x%107% Torr. A charge reset foil is located 10 cm downstream from the target, to
replace the short-lived isomers. HIRA has the option to mount monitor detectors
at various angles. Fig. 3.4 shows a photographic view of the target chamber and

target mounting.

3.5.2 Quadruple

Two magnetic quadrupole doublets, Q1-Q2 and Q3-Q4, are used respectively
before and after the dipoles. HIRA uses Q1-Q2 as the first element in the recoil

mass spectrometer to boost the solid angle of acceptance. The first Q1 and
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Figure 3.4: The target chamber an interior view, with the target ladder.

Q2 provide a point to parallel focusing of the recoils. Quadrupole doublets are
used for the Y-focusing because they have an appropriate mass dispersion at the
focal plane. According to the first quadrupole’s settings, the second quadrupole
is modified. Q1 and Q2 ensure a space where the x and y coordinates are
focused at the same location. The m/q value of incoming particles determines
the magnetic quadrupole’s focusing power. The spectrometer’s last quadrupole
doublet creates a nearly symmetric configuration. Also, it makes a vertical cross-
over at MD, resulting in a smaller vertical size of the image at the focal plane.
Apart from a decreased vertical size at the focal plane, the second quadrupole

doublet can also give variable mass dispersion across a wide range.
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3.5.3 Dispersive elements

Dispersive elements of HIRA, particularly the electrostatic dipoles (EDs) and
the magnetic dipole (MD) are arranged symmetrically. Multi-poles are used to
correct higher-order aberrations. By using diverse electrical rigidities (27°/q)of
particles and reaction products, the electric dipole (ED1 and ED2) effectively
rejects the beam. On the other hand, magnetic dipole (MD) accomplishes this
through m/q selection. A multi-pole (M) element was installed between ED1 and
MD to re-optimize the values of the higher aberrations in HIRA. This multi-pole
is equipped with a strong sextuple field, which can be used to eliminate position
(angle)-related aberrations at the expense of energy-dependent aberrations if
necessary. The multi-pole has quadrupole and octupole fields that can be used to
correct higher-order aberrations and residual energy dispersion. Mass-dependent
aberration is reduced by superimposing appropriate sextupole and octupole fields
on the quadrupole field of Q4. Six parameters determine the performance of a
dispersive system are the bending radii and angles of the EDs (pg,0r) and the
MD (par,0ar), the separation (d) between the effective field boundaries (EFBs)
of ED and MD and the angles (X) of the entrance and exit pole faces of MD.
The anode plate of the first electric dipole includes a horizontal slot to lead the
primary beam onto a beam catcher placed behind it inside the vacuum chamber,

improving the spectrometer’s beam rejection capabilities.

3.6 Detectors

We used two types of detectors to measure normalised ERs in two highly asym-
metric fusion reactions. While measuring ERs as part of the standard HIRA
detection system, a multi-wire proportional counter (MWPC) is placed at the

focal plane, followed by a position-sensitive silicon detector. Two silicon sur-
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face barrier detectors (SSBD) are placed at identical angles (15°) in the target

chamber for beam normalization.

3.6.1 Multi wire proportional counter (MWPC)

MWPC is a common detector in heavy-ion-induced nuclear reaction studies.
MWPC is a type of proportional counter used to detect charged particles and give
positional information on their trajectory. They detect ERs in the focal plane of
recoil separators. MWPC is a good choice for heavy-ion detection because of its
essential properties such as affordability, radiation resistance, good timing and
position resolution, high count rate handling capacity, etc. It can also be created
in smaller or larger sizes, depending on the needs of the experiment. Despite
its low-energy resolution, the MWPC detector has a high gain and detection
efficiency. MWPC used in our measurements are of 4 electrode geometry. They

are X, Y, position electrodes, cathode, and anode.

Cathode

/

Heavy-lon

Y-Position -
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Figure 3.5: The shematic diagram of the MWPC used in ER measurements.

Fig.3.5 shows a schematic diagram of the MWPC detector. In HIRA spec-
trometer the MWPC used for heavy-ion measurements is Breskin type [11]. The

MWPC has a 150x50 mm? entrance window. MWPC comprises two position
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electrodes (X and Y) sandwiched between anode and cathodes. The reaction
product’s path is vacuum-sealed (=~ 107® Torr). A multi-wire proportional
counter (MWPC) kept at the focal plane detects particles with various ‘m/q’
values.

All wire frames of MWPC are made of gold-plated tungsten wires of 20 um
diameter, at a separation of 1.27 mm. The separation between adjacent wire
frames is 3.2 mm. The X-wire frame consists of 160 wires, while all other wire
frames consist of 80 wires. Position information of the particles hitting the
detectors was obtained from resistive network delay-line chips which is shown
in Fig. 3.6. A 1 um thick mylar foil was used to isolate the gas detector from
the vacuum chamber. During the ER measurements, isobutane was used as the
operating gas at very low pressure (< 3 mbar).

When charged particles enter inside the detector volume, they ionize the
medium and results in the production of electric charge pairs. In a gas detector,
electron-ion pairs are created. These charge pairs are collected by applying an
appropriate electric field and generating electric signals. These signals from
the detector contain information about the properties of the incident particle’s
energy, timing, etc. the amount of charge collected at contact B (in Fig. 3.6) will
be proportional to the particle’s energy loss AE. Also, it will be proportional
to the resistance between the point of implantation of the charged particle and
the other end. The charge collected at either end of a resistive anode wire is
divided in proportion to the length of the wire from the point of injection of the

charge to the other end. If )4 and () are the charges collected at both ends of

X _ _Qa
L Qa+QsB

the anode, as shown in Fig. 3.6, then thus, X and Y Positions can
be determined. The delay lines network is coupled to the anode planes of the
MWPC using the anode signal or some other triggering signal as a start. The

time difference between the arrival of the signals at both ends of the delay line
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is measured and given to the Timing filter amplifier(TFA). It acts as the start

pulse for TOF measurements.
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Figure 3.6: The shematic diagram of the delay line set-up for position information in MWPC

3.6.2 Monitor detectors

Inside the target chamber, we used two silicon surface barrier detectors (SSBDs)
as monitor detectors. They are essentially p-n junction diodes with electrical
characteristics that fall between insulators and conductors. They were designed
to detect elastically scattered beam particles and monitor the beam for absolute
normalization of ER cross-sections. These detectors were positioned at a~15°
from the beam direction in the horizontal plane. The monitor detectors are of
100 micron thickness with an active area of 1 mm?. They are placed at around

90 mm distance from the target.

3.7 Data acquisition system

We measured ER cross-sections for 16180 ++181Ta and 1804182184186\ reactions.
The block diagram of the electronics set-up used in the data acquisition is shown

in Fig. 3.7. The energy and position signals from MWPC (cathode, XL, XR,
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Figure 3.7: Block diagram of the electronics setup used in ER measurements.

YU and YD) were processed through pre-amplifiers and amplifiers. One variable
gain amplifier (VGA) was used for four-position signals. The signal is applied to
constant fraction discriminator (CEFD) after sufficient amplification and shaping
to extract excellent time resolution using a Timing filter amplifier (TFA). The
four-position and a delayed CFD signal are then fed to the Time to Digital
Converter(TDC). Delayed signals are used to put the events recorded within the
TDC range. A delayed anode signal was used as a start for TDC. Pre-amplifiers,
amplifiers, and the analog to digital converter (ADC) were used to handle the
cathode signal from the MWPC and the Monitor detector signal (ML and MR).
We employed a ”spectroscopic amplifier “ (SA) designed by TUAC [12] that shapes
the signal and gives the time signal. Using a logic fan in-fan out unit, these time
signals and the '"MWPC anode’ were logically OR’ed. This signal was used as
the ADC’s master strobe.

The ER’s time-of-flight (TOF) is defined as the time taken by ER to travel
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from the center of the target to the focal plane (a distance of 8.6 meters), and
it is calculated as the time difference between the reaction time (arrival of beam
pulse) and the detection time of ER. The TTL signal from the traveling wave
deflector (TWD) (corresponds to RF-signal) is converted to NIM signals by time
to amplitude converter (TAC). There is an uncertainty in the reaching of ERs
in the FP detector within the the pulse repetition rate (4us). This will cause
an inaccuracy in the in time-of-flight measurement if the ’stop’ was from the
MWPC anode. To avoid this ADC would have been initiated for the arrival of
the next pulse at the reaction point when a delayed ER reaches the focal plane
and initiates a ‘stop’. Thus, the signal from the anode is used as the ’start’ and

TWD as the ‘stop’. This time difference is the TOF in the true sense.

3.8 Experimental Details

The experiment was performed using the HIRA facility at IUAC. Pulsed beams
of 16180 with 4 us pulse separations were used to bombard '8!Ta and 182184186\
targets. Two monitor detectors were mounted on the target chamber to monitor
the incidence of beam on the target. Monitor counts were used to normalize the
absolute ER cross-sections. Apart from the target, one slot in the target ladder
was mounted with quarts, used for beam focusing.

The beam was first tuned on the quartz mounted on the target ladder. Tar-
gets were introduced to the beam position once the beam was successfully tuned
on quartz. The mean charge state was calculated using a simulation code [13]
using the empirical formula [14, 15] available in the literature. For maximum
transmission efficiency of HIRA, optimum charge states, energy and mass of
residual particles for particular energy are obtained through corresponding scan-
ning. The scanning of mass, charge state and energy were done at an E;,;, which

is at the middle of the considered energy range. For %80+ 1 Ta the scanning
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were done at E;,;, = 90.0 MeV. The optimum values of mass, charge state and
energy were obtained as 197 amu, 8p™ and 5.805 MeV.The optimum values of all
other energy points are done by scaling the corresponding states. For 10+ 181 Ta
reaction at E;p;, = 94.0 MeV, the charge states were optimised at 8p™, energy are
at 6.06 MeV and mass at 197 amu. Correspondingly the dipole field values were
set for maximum transmission efficiency. Data were collected for the maximum
transmission at the focal plane detector.

To detect the ERs, an MWPC having an active area of 150 mm x 50 mm
was placed at the focal plane of the HIRA. The MWPCs entrance window was
made of a thin mylar foil, separating the MWPCs gas volume from the vacuum
within the HIRA. After losing energy in the target foil, polypropylene foil, and
isobutane gas, the ultimate energy of the ER at the focal plane was ~ 1.5 MeV
at the lowest bombarding energy. The forward-focused recoils must be isolated
from the background of scattered beam-like and target-like particles in fusion
cross-section measurements. The slowly moving ERs produced at the target
chamber took = 4 us to reach the focal plane. The TOF set-up helped us have a
very clean separation of ERs from the beam-like and target-like contaminations.
Fig. 3.8 shows the two-dimensional plot of energy loss (AE) of the particles in
MWPC detector versus TOF at E;, = 94.0 MeV (E.,,,. = 86.15 MeV) for the
reaction 10O+ 181 Ta.

In the target ladder, one position was kept empty. In lower energy runs, this
blank position aids in background subtraction. The production of ERs drops
while the yield of background events increases at below-barrier energies. Thus a
clear identification of ERs become difficult as the E,,;, decreases. So a background
subtraction run was taken below the Coulomb barrier energy by putting blank
positions of the target ladder at the incident beam. AE verses ToF spectrum

at 68 MeV for for the reaction O+ 8 Ta with and without target are shown
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AE (arb. units)
Figure 3.8: AE verses TOF spectrum recorded at the focal plane of HIRA for an asymmetric

reaction. The spectrum shows the scatter plots of 1604 1817y at 94.0 MeV Ejqp (Ecm. = 86.15
MeV).

in Fig. 3.9. Freedom [16] and Candle [17], IUAC’s in-house data acquisition

programs, were used to record and analyse data.
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Figure 3.9: AE verses TOF spectrum recorded at the focal plane of HIRA for 604 81Ty
at 68.0 MeV Ejp. (a) shows the scatter plot without target and (b)that of with target.
Another matter of considerable importance in the operation of any recoil mass
separator is its transmission efficiency. For proper planning and execution of the
experiment with a recoil separator, it is necessary to measure the transmission

efficiency of the system accurately. Transmission efficiency of HIRA is defined as
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the the ratio of number of ER reaching the focal plain to that of emerging from

the target.

No: of ER reaching the focal plain detector
No: of ER emerging from target

(3.8)

€EHIRA =

€nrra is a function of beam energy, target thickness, size of the focal plane
detector, entrance channel mass asymmetry, exit channel of interest, angular
acceptance of the HIRA, and settings of the HIRA. Among these, the factors that
do not change during the experiment are the entrance channel mass asymmetry,
target thickness, angular acceptance of the HIRA, and size of the focal plane
detector. Therefore, eg;ra would be unique for each Ej,,. Several evaporation
channels will be populated for single beam energy. Usually, HIRA is set for
the most dominant channel. The transmission efficiency corresponding to that
particular channel will be the maximum. Other less dominant ER channels will
transmit with lower efficiency (that is with lower value of €y;r4). That is the
efficiency of each channels, that populate at a particular E;;, will be different.
The efficiency of HIRA is measurable for each exit channel at a particular Fj,,.
Characteristic y-rays from ERs have to record in singles, and in coincidence with
the ERs, detected at the focal plane of the separator. The ratio of counts of a
specific y-line, corresponding to a particular ER, in coincidence spectrum to that
in the singles spectrum gives the absolute transmission efficiency of the separator.
This method is successful only for dominant channels since it required good
statistics in each ~-line. Experimental determination of transmission efficiency
for weak exit channels of a reaction is not practicable due to poor statistics in
the v line. For very weak channels, we needs to depend on a reliable theoretical
estimate of transmission efficiency. We can calculate ER angular and energy
distributions using a standard statistical model code PACE-4 [18]. Charge state

distributions can be estimated using formulae available in literature [14, 15].
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These distributions may then be combined with the corresponding acceptances
of the separator to estimate transmission efficiency [19].

Considering all these, measuring ey;ra for all exit channels of each E;,;, will
be a tedious task. So a semi-microscopic Monte Carlo code named TERS was
developed for calculating absolute Transmission Efficiency of Recoil Separators
like HIRA [20, 21]. Several features like trajectory plots, one and two-dimensional
position spectra and quantitative information on survival of ERs at different
locations of the separator are offered by this code. Efficiency calculations using
TERS matches well with measured efficiency values of many reaction sets [22].
So we relied on TERS [20, 21| for efficiency calculation. We have calculated
the eyrra for all channels (which contribute more than ~ 1% of total ER cross-
section) using TERS and estimated €54 (average efficiency) for each energy, by
taking the weighted average of all ez 4 over total ER. The relative population of

each channel for calculating the weighted average was estimated using statistical

model code PACE4 [18].
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Chapter 4

ER measurements, analysis and

results for 16’180—|—181Ta reactions

4.1 Introduction

In heavy-ion collision, after capture the projectile-target system may re-separate
before complete equilibration via quasi-fission [1-5] or fast-fission at higher en-
ergies. This reduces the possibility of compound nucleus formation (Poy). At
higher energies, the corresponding decrease in ER cross-section is only mildly
affected by nuclear potentials [6, 7] and is typically calculated using standard
statistical model (SSM) parameters such as level density parameters in fission
and evaporation channels (ay/ay), rotating liquid drop fission barrier B¢”(¢) [8]
(through a scaling factor k;) and ground state shell correction W, [9]. Usually,
SSM calculations are carried out with a set of parameters [3, 10]. Default values
of all these parameters with Pony < 1 indicates the presence of fusion suppres-
sion for systems forming the same CN. SSM calculations are used to generate
the theoretical fission and ER excitation functions of systems having the same
compound nuclei, utilising the same nuclear potential parameter values, fission

barrier, and various Poy [7, 11]. In such calculations say values of Poy <1 indi-
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cates the presence of non-compound nuclear fission processes in systems forming
the same CN. However, there is no clear understanding of the factors affecting
the Poy [12]. In time-independent or dynamical approaches to approximate the
value of Pgy, different models assume different dependent factors such as mass
asymmetry, elongation, or both. [13, 14]. Also, their predictions differ by order
of magnitude [15, 16].

According to studies on the ER excitation function measurements of 219221 Ac
nuclei [7], QF was found in '°0 induced reactions. For extremely asymmetric
combinations of colliding nuclei, the ER production of the compound nucleus
216Ra was markedly suppressed [17-20]. Furthermore, for particularly asym-
metric combinations of colliding nuclei, many experiments reported the presence
of QF in the pre-actinide region [6, 21-26]. In extremely asymmetric reactions
that produced the pre-actinide nucleus 2'3Fr, Corradi et al. [6, 21] observed a
fusion suppression effect. QF is also observed in reactions forming less fissile
210Rn [22, 23], 2°2Po [24, 26] and 2°2Pb [25] nuclei with close mass asymmetry in
the reaction entrance channel. Recently, certain approximative boundaries for
fusion suppression at the BG point were suggested by Banerjee et al. [27] based
on systematic analysis of fission and ER excitation functions in the mass region
170-220.

Near Businaro-Gallone point, which is the highest of all conditional saddle
points, systems with mass asymmetry («) values less than a, advance to
quasi-fission. Otherwise, they proceed to CN formation [28]. Among several
projectile and target combinations leading to the same CN, for systems with
quasi-fission, the measured fission cross-section will be the sum of compound
and non-compound nuclear fission cross-sections. For systems forming same
CN, Sagaidak and co-workers [19, 21] considered fission barrier scaling factor

of the most asymmetric system to explain the fission cross-section, and tried to
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reproduce the measured ER and fission cross-sections for all others by varying
Pcn. Also, there were attempts to use an excitation energy dependant fission
barrier instead of a single value [29, 30]. The ER cross-sections of "YF+191Pt
forming 23Fr compound nuclei are explained through a fission barrier scaling
factor k; =0.78 [21]. This value of k; is remarkably smaller than that of '°0
induced reaction (k; = 0.82 [6]) forming the same CN. Using the fission barrier
scaling factors of 1°0O+'97Au reactions in F+!9Pt, Sagaidak et al.[21] reduced
the Ppon value of the latter from 1 to 0.75. This reduction in Poy can be
considered as evidence for fusion suppression. To have a better understanding
of the starting point of NCNF processes in Fr compound nucleus near BG point,
Corradi et al.[6] considered O+7Au and “Be+2"Bi reactions which form
252187y compound nuclei respectively. They obtained the same fission barrier
scaling factor 0.85 for both reactions irrespective of their neutron number. This
indicates that the triggering point of fusion suppression in Fr compound nuclei
may be at F. Less fissile systems which form Pb compound nucleus showed
contradictory results [31] on carrying out similar investigations. Theoretical cal-
culations on systems, forming ?°°Pbh, using di-nuclear system (DNS) model [32],
point to a relevant fusion suppression in 'F induced reactions (1F+!%Ta) in
comparison with that of '°0 induced one(**O+**W). Also, Banerjee et al. [27]
in their systematics, predicted a fusion probability less than unity for F+!¥1Ta
and unity for °0+W. Sagaidak et al.[31] came up with the same fission
barrier scaling factor (k; = 0.85) for both YF+'¥Ta and *O+®*W with Poy
= 1, which clearly indicates absence of fusion suppression in those systems.
This contradicts the concept that fusion suppression can observe even for lighter

projectiles, such as F, as reported by Ref. [32] and Ref. [27].

As a result, more experimental data in this area is critical for a better
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understanding of the interaction between CN production and the formation
of competing reaction channels. In the present work, we report the results of
16180181y which form compound nuclei 71%TI1 and their ER excitation
function measurements at near and above the Coulomb barrier energies using a
mass spectrometer. Among this, ®O+'8!Ta has @ < apg which indicates the
presence of NCNF. Further, a comprehensive comparison of the present work
with PF+8Hf (o < apg) reaction [33] which form the same CN ¥9T1 was

made, to determine the point at which less fissile reactions trigger quasi-fission.

4.2 Experimental details

Pulsed beams of 680 with pulse separation 4 us were bombarded on ¥'Ta
target of thickness 170 pg/cm? with 20 ug/cm? carbon backing. ER excitation
function measurements were carried out in 2 MeV energy steps at laboratory
beam energies ranging between 64-110 MeV. ERs were separated from profound
primary beam background by the HIRA [34] HIRA was operated at an acceptance
of 10 msr. Two silicon surface barrier detectors of active area 50 mm? each with
a 1 mm collimator diameter were placed at a distance of 95.6 mm from the
target, in the sliding-seal scattering chamber at 4+ 15° with respect to the beam
direction to detect the Rutherford scattered particle. At the FP of HIRA, a two
dimensional position sensitive multi-wire proportional counter (MWPC) of an
active area 150x50 mm? was used to detect the ERs. A 0.5 um thick mylar foil
was used as the entrance window of MWPC, to separate the gas volume from

the vacuum of HIRA.
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4.3 Data analysis

The measured ER cross-sections were obtained using the equation

YE R do 1
- A Qnorm - 4.1
T Y o ( dS2 ) Ruth ( €HIRA ) (4.1

where Ygg is the number of ERs detected at the FP of the HIRA, Y, ,mm is

the number of scattered beam particles detected by any of the normalization
detectors, €2, is the solid angle subtended by the normalization detectors and
€urra, is the average ER transmission efficiency of HIRA. The significant part
of the error in total cross-section were contributed by efficiency calculations.
(j—g) ruth 18 the differential Rutherford-scattering cross-section in the laboratory

system which is obtained as

2
do 7,2 1 M,\?
L 49 P _of Zx
) 96( Fr ) [sin4(9/2) (MT) *

here Z,, Z;, A, and A; are the atomic and mass numbers of the projectile and

(4.2)

target, respectively. FEj,, and 6 are the energy of the incident projectile and
scattering angle of the projectile-like particles in the laboratory frame of refer-
ence, respectively. The scatter plot of AF versus TOF at E;,;, = 100 MeV and
68 MeV for the reaction ®O+'®!'Ta is shown in Fig. 4.1. Scatter plots for the
reactions *O+181Ta at E;p, = 100 MeV and 68 MeV are shown in Fig. 4.2. At
lower beam energies, a “Blank” target run was used to estimate background at
the focal plane of HIRA. Such a background correction was introduced for the
low energy measurements.

It is crucial to understand the possible sources of error in each experiment.
In measurements with HIRA, the majority of the error in the final cross-section

is contributed by €5;ra. The statistical error in each detector output is given by
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-L where N is the number of counts. While taking the sums and ratios of the

VN
detector counts, the standard error propagation formula was used to calculate
the error involved in the derived quantities.

The ER cross-sections obtained for 60O+ Ta reactions after the data re-
duction are given in Table 4.1. Here Fj,, is the beam energy obtained from
the accelerator. E.,,, is the center of mass energy estimated after including the
losses in the backing and half thickness of the target. Excitation energies in the
Table 4.1 are calculated as E.,, — (). Here Q represents the nuclear reaction
Q-value, which is the amount of energy absorbed or released during a nuclear
reaction. '%180+181Ta reactions Q-value used are -24.83 and -21.16 [35]. The

Overall error in the measurement was estimated to be <15%. Major part of this

error was contributed by €grra.
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4.4 Results and discussion

A nucleus is a many-body quantum-mechanical system. The challenge lies in
whether to consider degrees of freedom in this many body system statistically
or exactly. At lower excitation energies consideration of the different degrees
of freedoms such as collective surface vibration, deformation of colliding nuclei
and neutron transfer, coupled channels calculation [36] explains the fusion cross-
section quite well. Nuclear fission and particle evaporation are the dominant
modes of decay at higher excitation energies. Their excitation functions at ener-
gies well above the Coulomb barrier are weakly sensitive to the form of nuclear
potential and are mainly determined by the standard statistical model parame-
ters. In the present study, coupled channels calculation have been carried out, to
explore the effect of different coupling states of target and projectile, below the
Coulomb barrier energy region and statistical model calculations to understand

the decay mechanisms in the higher excitation energies.

4.5 Coupled channel calculations

Coupled Channels(cc) calculations of 1%¥O+181Ta are performed to determine
the effect of structure of the colliding nuclei on fusion cross-sections in the energy
region below the Coulomb barrier. A modified version of CCFULL code by Hagino
et al. [36, 37] is used in the present cC calculation. For '6:180+!8Ta reactions,
the estimated fission cross-sections using Pace4 was found to be very less at
the highest energies where measurements were carried out. Hence, ER cross-
sections in the energy range of measurements were considered as oy,s in the
cc calculations. Woods-Saxon parameters, depth of potential (V4), radius (7o)
and diffuseness (a) for coupled channel calculations are taken from those of the

nearest systems ("*O+'8W) used by Firihu et al. [42]. Slight variations in the
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Nucleus 160) 180) 181 Ref

Ey+ (MeV) 1.982  0.0967  [38, 39]
Bs 0.355  0.262  [38, 40]

By~ (MeV)  6.130 [41]
Bs 0.729 [41]

Table 4.2: Deformation parameters and excitation energies used in coupled channel calcula-
tions for 161804181 T4 reactions.

Woods-Saxon parameters used for the cc calculations of **O+*¥W by Firihu

et al. were done. The changes are made in such a way that their combinations
produce a fusion barrier which is equal to the experimental fusion barrier of
1604181y reaction. Finally,the Woods-Saxon parameters for the cc calculations
of 16180+ 81T reactions were fixed as Vy = 92.25 MeV, 7o = 1.15 fm and a = 0.73
fm. The cross-sections from CCFULL calculations with these potential parameters
without including any coupling are termed as 1D-BPM excitation function and

is represented by the dashed lines in Fig. 4.3 and 4.4.

4.5.1 CC calculations for °O+®1Ta

For 1°O+18'Ta reaction, coupling of relative motion of the nuclei with the rota-
tional state of deformed target (84 = -0.090 [43]) explained the sub-barrier fusion
enhancement in the lower energy region as shown by the solid lines in Fig. 4.3.
Coupling with the lowest 3~ state of 1°0O at 6.1 MeV with 3 = 0.729 destroys
the agreement between experiment and theory. The coupling calculations with
3~ vibrational state of %0 is shown by dotted lines in Fig. 4.3. This indicates
that the effects of this excitation are already included in the bare potential itself.
In such a case, the effect of the coupling to the 3~ state of 16O is double-counted
if the coupled-channel calculations explicitly take it into account, resulting in an

overestimation of the experimental cross-sections [44]. Therefore, this coupling
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was not included in CC calculations. The fusion excitation functions and results
of the cCFULL calculations of *O+!®1Ta reaction are shown in Fig. 4.3. In
this figure the 1D BPM calculations explain the data well in the above-barrier
region. The couplings of the relative motion of the colliding nuclei with rotation

of target nuclei cCc model, explains the data up to the lowest energy.

(a) 1604 18178

103 b

102 |

10l b

Cross-section (mb)

100

Fusion

Expt. ER (This work) —#—
1D BPM - - -

wlhk ! ! cC with 18Ta. def. 4
N cC with #17a_ def., S0 vip, -+ -
A 1 L L L 1
60 70 80 920 100
Ec.m. (MeV)

Figure 4.3: Measured ER excitation function as a function of E.. ,,_, for the system 6O+81Ta
along with cc calculations. Solid line represent CC calculations with coupling and dashed line
represents the 1D-BPM (cc calculations without coupling).

4.5.2 CC calculations for *O+'%1Ta

For 8O+181Ta, the 27 rotational state the target nuclei with quadrupole defor-
mation 0.335 and hexa-decupole deformation 0.262 fails to explain the experi-
mental cross-sections in the below-barrier energy region. Further, the vibrational
effect of the O reactions were included in the coupling calculations. 2% vibra-
tional states of projectile with single phonon state and quadrupole deformation
of target included in the cC calculations shows lower cross-sections than the ex-
perimental one as shown by dash dotted lines in Fig. 4.4. On increasing the
phonon states to 3 in the vibrational state of the projectile, cC calculations ex-

plains the corresponding experimental excitation function in the below barrier
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region as shown by solid lines in Fig. 4.4. In Fig. 4.4 the 1D BPM calculations
explain the data well in the above-barrier region. The couplings of the relative
motion of the colliding nuclei with vibration of projectile and rotation of target

nuclei cC model, explains the data up to the lowest energy for both the reactions.

T T
163 () 180 + 18172
102 i
=
E
=
]
S 10lf E
]
8
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[' ) Expt. ER (This work) —&—
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wly ¢/ cc with 1o vib., 1817a def. — - —
' cC with 80 vib.3 ph, 18'Ta def.
L n L L 1
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Ec.m. (MeV)

Figure 4.4: Measured ER excitation function as a function of E_ ., for the system '#O+'31Ta,
along with cc calculations. Solid line represent CC calculations with coupling and dashed line
represents the 1D-BPM (cc calculations without coupling).

4.6 Statistical model calculations

In the present work, we have used HIVAP [3, 10] code to explain the experimental
cross-sections above the Coulomb barrier energy region. In HIVAP, barrier passing
model incorporated with standard statistical model is used to investigate the
nuclear reactions. In the statistical model analysis, ER excitation functions well
above the fusion barrier energies are insensitive to the choice of nuclear potential
[11]. Among the various input parameters of HIVAP code, the cross-sections
calculations are most sensitive to the choice of standard statistical model (SSM)

parameters such as, the depth of the fission barrier (By) and the ratio of the
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level density parameter at the saddle point to that of equilibrium deformation.
According to Reisdorf formula [3], the nuclear level density leads to a ratio 1,
due to the different nuclear shapes at fission and particle emission state [10].
Shell correction energy which is associated with exponentially varying excitation
energy, with a damping constant 18.5 [11] is taken into account while calculating
level densities. At energies well above the fusion barrier, excitations functions
from statistical model calculation depend mainly on k; which relates to the fission

barrier (By(¢)) in agreement with the expression
By (0) = kyBFP(€) + Wy, (4.3)

Here B{P(() is the rotating liquid drop model fission barrier [45] and §Wy,
ground state shell correction, which is calculated as the difference between
empirical [46] and liquid drop masses [9]. Same parameter set for potential and
k¢ with Pon = 1 indicates the absence of fusion suppression for systems forming

same CN.

For heavy systems, non-compound nuclear fission processes like pre-
equilibrium and quasi-fission are possible. Among this, quasi-fission was
reported for many heavy ion induced fission reactions especially in the actinide
region [47]. Despite extensive reviews on NCNF in pre-actinide as well as
actinide regions, it is not clearly understood whether NCNF is always associated
with suppression of the formation of ER [48]. Also, there is no clarity regarding
the exact experimental boundary between QF and compound nucleus formation.
Among the present reactions, '°0O+'!'Ta has a/apg >1 (absence of NCNF)
and 8O+'81Ta has a/aps < 1 (presence of NCNF). Therefore, contributions
to ER cross-section values from both reactions are expected to be different.

However, experimentally both reactions show almost same oggr values in the
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above-barrier region. This indicates the absence of the direct signature of QF
(that is the reduction in ER excitation function) in *0+'!Ta with respect to

less asymmetric *°O+181Ta reaction.

4.6.1 Statistical model calculations for *O-+!%1Tqa

Statistical model calculations using HIVAP are carried out to look for the pres-
ence of non-compound nuclear fission processes. Fig. 4.5 shows the HIVAP cal-
culations and experimental ER cross-sections of '0+'81Ta reaction. In HIVAP
calculations at higher energies, default values of parameters are kept as sug-
gested by [3]. HIVAP calculations with Poy and kf = 1 agrees with the fission
cross-sections of 10+'81Ta reaction [49, 50] at Ej,, = 115 and 120 MeV (E.n,.
= 105.65 and 110.25 MeV) energies. Calculations performed with k; = 0.9-1.0
in HIVAP agrees with the experimental fission cross-sections of for °0O+4181Ta
reaction reported by Videbaek et al.[49] and Behera et al.[50, 51]. Also, corre-
sponding ER cross-sections from HIVAP calculations reproduced the experimental
ER excitation function of 'O-+'"Ta. The value of k; in this range (0.9-1.0),
which explains all the experimental fission cross-section is taken as the fission
barrier scaling factor for '°0+'8!Ta reaction. Accordingly, we select k; = 0.95
+ 0.05 for O+'¥Ta reaction. ER and fission excitation functions with k; =
0.95 are represented by blue solid and dashed lines respectively in Fig. 4.5. Also,
these functions in the said range of k; (0.9-1.0) are shown as coloured bands.
Behera et al. [50, 51] performed statistical model calculations with ky =0.99 and
ar/a, = 1.012 for **O+'1Ta reaction and reported the absence of quasi-fission
in below and above barrier energy points. They could reproduce the fission
excitation function and pre-scission neutron multiplicity data with k; = 0.99,

this is in agreement with our observation. ER excitation function of 160O+!%!Ta
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Figure 4.5: Experimental ER and fission excitation functions for 60+'#1Ta reaction along
with HIVAP calculations. Excitation functions for a range of k¢ form 1-0.9 are represented by
bands (see text for details).

measured by Singh et al. [52] are shown by open squares in Fig. 4.5 along
with present data. It is evident that the measurements made by Singh et al. [52]
show lower values of cross-sections compared to the present measurements. They
have used gamma-ray activation technique for measurements of ER excitation
functions and included only activities corresponding to 3n, 4n and 5n channels
[52]. Cavinato et al.[53] also measured cross-sections of fusion without fission
for same projectile-target combinations. They limited their measurements to
189193 189193 189,191p¢ and excluded 4TI 1°4T1 (3n) channel as per sta-
tistical model calculation contributes a major part in the below barrier fusion
cross-section. Cavinato’s data missed that channel and that may be the reason

for deviation of the data from the present measurement.
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4.6.2 Statistical model calculations for *Q-+!¥1Ta

To bring about the starting point of NCNF reaction in less fissile T1, fission
barrier is fixed by the most asymmetric reactions 1°*O-+'81Ta (where o > apg).
160+181Ta reaction may be put under compound nucleus fission (CNF) type
reactions based on the systematics of Banerjee et al. [27]. As the two reac-
tions (1°O+'81Ta, 18O+181Ta) differ only by 2 neutron in the projectile channel
we have used the reduction in fission barrier, that is 0.95 for '*O+4'8!Ta with
same set of HIVAP parameters. Experimental cross-sections of both reactions
are in agreement with SSM calculations with k¢ value 0.95+0.05 and Poy = 1,
which indicates the absence of quasi-fission in both reactions. Coloured bands

in Fig. 4.6 shows the theoretical excitation functions of '¥*0+181Ta in the entire

range of ky.
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Figure 4.6: Experimental ER and fission excitation functions for *O+'¥1Ta reaction along
with SSM calculations. Excitation functions for a range of k; are represented by bands (see
text for details).
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4.6.3 Statistical model calculations for YF-++18VHf

To identify the presence of NCNF reactions in YF+!8Hf, first we tried to re-
produce ER excitation function of the same, with the parameter set used to
calculate O+ Ta reaction. ER excitation functions from HIVAP calculation
with ky from 0.9-1.0 (Poy = 1) came within the errors of experimental ER ex-
citation function of F-+!8Hf for all higher energy points as shown in Fig. 4.7.
Scaling in Pgy is not required to have better agreement with the experimen-
tal cross-sections. Some experimental points at around the barrier show small
but a considerable deviation from statistical model calculations, which needs
further study. Poy = 1 in all the three reactions mentioned in this discussion
explains the ER excitation function well, irrespective of their entrance channel
mass asymmetry. This points to the absence of NCNF reactions in those systems.
Any further predictions with smaller k; value for F-+'Hf require fission data
which unfortunately are not currently available. No fusion suppression effects
are found for both reactions as far as Pon values are concerned.

Banerjee et al. [27] have shown the variation of Poy with entrance channel
mass asymmetry « , charge product ZpZr, and compound nucleus fissility xcon-.
They found a boundary for xcon (which is related with ZpZr and «) where
Poy starts to deviate from unity in A ~ 200 region. The systems 61804181 Ta,
YEI80Hf with ZpZr = 584, 648 n = 0.8376, 0.8314, 0.8090 (n = jﬁ%ﬁi) and
Xcn = 0.6936, 0.6905 respectively lie below this limit of ¢y, indicating absence
of NCNF in these reactions. In other words, the calculations using SSM and
the systematics reported by Banerjee et al. [27] come to the same conclusion

regarding the measured reactions.

Also, Singh et al. [54] compared the neutron multiplicity data of 1°0+181Ta

and YF+!"Hf reactions which form the same CN ¥7TIl. Dissipation strength
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Figure 4.7: Experimental ER and fission excitation functions for '9F+4!8Hf reaction along
with HIVAP calculations. Excitation functions for a range of fission barriers are represented by
bands (see text for details).

shows an increase with excitation energy for both systems, but with a larger
rate for "YF+'"Hf [54]. This larger rate in dissipation strength of YF+1"Hf
was attributed to the dependence of excitation functions on entrance channel
asymmetry. However, clear association of entrance channel mass asymmetry

with QF was not found by Singh et al. [54].

4.6.4 General remarks

In order to verify the effects of different projectiles on 8! Ta target, we compared
the reduced cross-sections of '%180Q+181Ta reactions with that of different pro-
jectiles as shown in Fig. 4.8. Reduced cross-section will eliminate the effects of
the barrier height and nuclear size.. Here cpr= ?Tg’ where Ry, [68] the barrier

radius. Additional systems which form CN near to TI nuclei are considered for

comparison with the present data, as shown in Fig. 4.8 and 4.9. Most of these
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Figure 4.8: Reduced cross-sections as a function of E._y, /V}, for reactions forming CN in A=
200 region. Here reduced cross-section is obtained by dividing absolute cross-section with mRZ,
where R; the barrier radius and Vi, the Bass barrier. The ER cross-sections of 213C+181Ty
[55], 19F+181Ta [39, 56] are obtained from literature.

systems form CN in the pre-actinide (A ~ 200) region. Cross-sections of all
selected reactions fall almost in the same cross-section region. A small increase
is observed in 2C induced reactions, which may be due to the cluster structure
properties of C [55]. No fusion suppression effect is found in any of the sys-
tems except YF4®1Ta. Small reduction in cross-section of F4181Ta might be
attributed to the presence of non-compound nuclear fission reactions [32].

Further comparison of reduced cross-sections of 0 on various targets is
shown in Fig. 4.9. In the selected energy range, all reactions fall in the same
energy region of cross-section. From these comparisons, it is evident that the
reactions involving less fissile CN do not show any direct entrance channel effect
except for certain projectiles such as F.

In Table 4.3, we list the systems considered by Sagaidak et al. [6, 11, 19, 31]

along with present systems. Also, for reactions forming same CN, fission barrier
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Figure 4.9: Reduced cross-sections as a function of E._y, /V}, for reactions forming CN in A=
200 region. Here reduced cross-section is obtained by dividing absolute cross-section with mRZ,
where Rp, the barrier radius and Vi, the Bass barrier. The ER cross-sections of 1604174176y}
[57], 160+182W [58], 160+184W [58, 59] and 6O+186W [60] are obtained from literature.

values are different. FPoy of such reactions indicates that this difference in ky
is a specific signature of NCNF reaction. ﬁ value less than one in Table 4.3
predicts the presence of quasi-fission however, their Poy = 1 shows the absence
of NCNF. Thus a and apg values can not be used to accurately predict the
presence of NCNF in many experimental cases involving less fissile systems.Also,

mass asymmetry values do not play much role in fusion suppression in this region.
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Reaction NCN ZPZT P k’f PCN Ref.

ABG

120 4+208ph—220Ra 132 492 1.0334 0.85 [19] 1 [19]
1204206ph—218Ra 130 492 1.0307 0.82 [19] 1 [19]
R4 197 Au—216Ra 128 711 0.9528 [0.78,0.82] [19] [1,0.65] [61]
1204.204ph—216R 128 492 1.0277 0.82 [19] 1 [19]
LR 198py 21Ty 130 702 0.9613 [0.78,0.85] [21] [1,0.73] [62]
BO4+197 Au—2PFr 128 632 0.9687 0.85 [6] 1 6]
VR 194pt 218y 126 702 0.9542 [0.78,0.82] [21] [1,0.75] [62]
160197 Au—213Fr 126 632 0.9870 0.82 [6] 1 [63]
180 +19205—210pPg 126 608 0.9820 0.92 [11] 1 [64]
160 +19205—208pPg 124 608 1.0009 0.88 [11] 1 [65]
180 418805—206Pg 122 608 0.9742 0.82 [11] 1 [65]
1604-1880s—201Po 120 608 0.9934 0.77 [11] 1 65]
1604186\ —202p, 120 592 1.0065 0.85 [31] 1 66]
1] 181 200p 118 657 0.9666 0.85 [31] 1 [56]
1604181\ —200p, 118 592 1.0024 0.85 [31] 1 [67]
19 {180 f 51997 118 648 0.9731 0.95[This work] 1 [33]
8O3 Ta— 19971 118 584 0.9852 0.95 1 [This work]
1604181 Ta—197T] 116 584 1.0051 0.95 1 [This work]

Table 4.3: Lists of reactions considered in A =~ 200 region and their charge product ZpZr,
neutron number of compound nuclei Noy, fission barrier scaling factor ky, ratio of mass
asymmetry values and its critical value at BG point ﬁ [28] and fusion probability Pon are
mentioned in table. Two kf and Pcy corresponds to variations in those numbers with different
fits.
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Chapter 5

ER measurements, analysis and
results for 804182184180y

reactions

5.1 Introduction

In heavy-ion fusion, a significant amount of enhancement was observed in the
below-barrier fusion cross-sections in comparison with 1D-BPM [1-5]. Fusion
enhancement is affected by the structure of colliding nuclei [6-11] and inclusion
of neutron transfer channels [12-18] in the coupled channel (cc) calculations.
Incorporating the above mentioned aspects in couplings calculations, reduces
the fusion barrier and leads to enhanced sub-barrier fusion cross-sections [19].
Existing theoretical models [20-22] have already identified the role of nuclear
deformation and vibration in the enhancement of experimental sub-barrier fusion
cross-sections. However, further understanding of the role of neutron transfer
channels in fusion enhancement is required.

The effect of the positive Q-value of neutron transfer (PQNT) on the sub-

barrier fusion enhancement was first observed by Beckerman et al. [23] in
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PNi+%Ni system. Broglia et al.[17, 24] further explained such enhancement
with positive Q-value transfer channels. Studies on *Ca + *+*¥Ca added ev-
idences for the fusion enhancement in below-barrier fusion cross-sections due
to PQNT|25]. Several experimental studies attributed the enhancement in
fusion cross-sections to the PQNT channel [13, 15, 16]. Experimental stud-
ies on systems like 32Si+'%Mo [26], 1°Ca+%9%Zr [27, 28], 32Si+!19Pd [29],
OCa+1241328n [15], 1°Ca+"Zn [30] etc. confirmed the PQNT channel ef-
fects. However, many measurements like *O+'"8Sn [31], '"TO+'"Sm [6],
58.64Ni4-130Te [32], ®®64Ni+1328n [32], S004Ni+10Mo [33], 16180+70TGe [34], etc.
do not show a significant fusion enhancement in the below-barrier energy region
even with a PQNT channel.

The inclusion of PQNT in ccC calculations explained the fusion enhancement
in many cases; however, its presence alone is not sufficient to explain the en-
hanced cross-sections [32-34]. The goal of many of the systematics and theoret-
ical studies was to figure out what was causing the fusion enhancement. To find
the influence of neutron transfer on fusion excitation function Jiang et al. [35]
carried out a systematic study, and their results show that significant enhance-
ment was possible in systems with neutron-poor projectiles and neutron-rich tar-
gets. [36] pointed out that the PQNT channel significantly influences sub-barrier
fusion when the system has large positive Q-values for neutron transfer and the
coupling to the collective states is weak at sub-barrier energy. Further, the sys-
tematic investigations of Zhang et al. [37] on systems with PQNT observed
that after neutron transfer, fusion enhancement occurs when the deformation of
interacting nuclei increases and the mass asymmetry of systems decreases.The
deformation of nuclei having a similar effect on transfer coupling can be seen
elsewhere [38-40].

The relevance of the neutron transfer with positive Q-values on nuclear fu-
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sion lies in the insensitive nature of the Coulomb barrier to the neutrons. For
radioactive and weakly bound nuclei, couplings to neutron transfer play a signif-
icant role in enhancing fusion at below-barrier energies. Such a large influence
of neutron transfer is most likely due to the extended wave-functions of the
loosely bound neutrons [14, 41]. Studies on weakly bound nuclei showed that
the coupling to breakup channels enhances cross sections for the complete fu-
sion at energies below the Coulomb barrier, while it reduces them at energies
above [42, 43]. However, determining the involvement of weakly bound nucleons
in sub-barrier fusion is difficult due to the difficulty of simultaneously considering
decay channels as well as nucleon transfer in complete fusion [41, 44].

Even with several theoretical works [20, 21, 45-47] in the area of transfer and
fusion, a detailed understanding of PQNT on sub-barrier fusion is missing [48].
This lack of a comprehensive idea on transfer is due to the difficulties in integrat-
ing these channels into theoretical models. There is not sufficient experimental
data to get a clear understanding of this aspect.

In the present work, for evaporation residue measurements we have selected
180 182,184186\ reactions, which have a positive Q-value for 2n-transfer. The
goal of this study is to compare the fusion cross-sections of these reactions to
those of 6Q+18218LI86W reactions [49-51] which have negative Q-value for 2n-
transfer. Even though the compound nucleus (CN) formed in 1804182184186y
reactions are fissile, the fission cross-section in the below-barrier energy region is
negligible. Thus, there will be no undesired bias when comparing the fusion cross-
sections of '0Q+182184180\Y with evaporation residue (ER) excitation functions of
180 182,184,186\ in the below-barrier energy regions. In the case of **O induced
reactions after 2n-transfer, the target-like nuclei show a change in deformation.
Also, different observations by Rachkov et al. [36] showed that for colliding

nuclei with a magic proton or neutron number, neutron rearrangement would
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play a significant role in fusion enhancement.

Even with a high positive transfer Q-value, fusion excitation functions of 1¥0O
on different isotopes of Sn do not show enhancement in the sub-barrier energy
range [39, 40, 52]. However, recent work of Deb et al. [53] shows an increase in the
below-barrier fusion cross-sections for O+ 11%Sn due to the PQNT effects. Like
Sn isotopes, B2184186\W  which exhibit a more significant deformation, will be an
ideal selection to study the role of the PQNT channel on fusion enhancement in
the heavy mass region. The majority of 180 induced reactions have negative Q1,,
transfer and positive (09, transfer, which prevents a sequential transfer and favors
a pair transfer. Esbensen et al.[25] attributed a strong pair-transfer channel with
a positive Q-value to fusion enhancement in below-barrier cross-sections. Due
to the rarity of '80O-induced reactions in heavy-ion fusion, #Q+8218LI86\y wi]]
be a good candidate for studying the neutron transfer effect in heavy-ion fusion

enhancement in the below the barrier energy regions.

5.2 Experimental details

As given in chapter 4, this experiment was also performed using the 15 UD
Pelletron accelerator and HIRA [54] facility of the Inter-University Accelerator
Centre (IUAC), New Delhi, which was kept at zero degrees to the beam direction
with a 10 mSr entrance aperture. A pulsed beam of 180 with 4 us pulse separation
bombarded the isotopically enriched targets of 1¥2W (91.6%), ¥*W (95.2%) and
186W (94%) with an approximate thickness of 70 pg/cm?, 300 pg/cm?, and 100
pg/cm? respectively. ER excitation functions were measured at laboratory beam
energies 68 MeV to 104 MeV (10% below to 35% above the fusion barrier) in 2-4
MeV energy steps.

Two silicon surface barrier detectors (SSBD) of active area 50 mm? each with

a collimator diameter of 1 mm were placed at a distance of 90 mm from the target
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Figure 5.1: Scatter plot between AE and TOF of the events recorded at the focal plane of
HIRA for 180+ 182W reaction at energies 100.0 and 70.0 MeV E;,;, are shown in panel (a) and
(b) respectively.

in the target chamber. SSBD was placed at an angle of £ 15° to beam direction
for normalization of ER cross-sections. A carbon foil with a thickness of 40
pg/cm? was placed 10 cm downstream from the target for equilibration of the
charge states of ERs. A multi-wire proportional counter (MWPC) of active area
150x50 mm? was placed at the focal plane (FP) of HIRA to detect the ERs. A
time of flight (TOF) was set up between the anode signal of MWPC and the RF
signal to separate the scattered beam-like particles from ERs. Data acquisition
was carried out using a CAMAC-based system, and analysis was performed with
the software CANDLE [55]. Scatter plots for the reactions 8Q+18218LISOWY qf
Eiwp = 100 MeV and 70 MeV for each targets are shown in Fig. 5.1, 5.2, 5.3

respectively.
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Figure 5.2: Scatter plot between AE and TOF of the events recorded at the focal plane of
HIRA for 180+ 84W reaction at energies 100.0 and 70.0 MeV E;,; are shown in panel (a) and
(b) respectively.

5.3 Data analysis

The total ER cross-section were obtained using

YER ( do ) ( 1 )
OER = — Qrorm | = 5.1
Bh Ynorm dQ Ruth €HIRA ( )

where Ygp is the number of ERs detected at the FP of the HIRA, Y,,0rm is the

number of elastically scattered projectile like particles detected by the normal-
ization detectors, (g—g) ruth 18 the differential Rutherford-scattering cross-section
in the laboratory system, €2, is the solid angle subtended by the normaliza-
tion detectors, and €grr4 is the average ER transmission efficiency of HIRA.
The significant challenges experienced while extracting ogg for the first set of
experiments were relent for this set of experiment also. Discussions on the de-
termination of efficiency factor of HIRA is given in Section 4.3

Unambiguous identification of ER at the FP detector was achieved by si-
multaneously measuring energy loss, AE (measured at the cathode of MWPC),
and TOF of the ERs. The data acquisition steps are similar in both sets of

experiments. TOF provides a clear separation of ERs from projectile-like back-
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Figure 5.3: Scatter plot between AE and TOF of the events recorded at the focal plane of
HIRA for 180+ 186W reaction at energies 100.0 and 70.0 MeV E;,; are shown in panel (a) and
(b) respectively.

ground events. The scatter plots of AE versus TOF at E;;, = 100.0 MeV and
70 MeV for the reaction BOQ+18284LI86W are shown in Fig. 5.1, 5.1 and 5.1.
The relative strength of background events on the HIRA FP detector, although
negligible in most cases, was observed to increase gradually with a decrease in
Ejap in below-barrier energies [56]. In the present investigations, we obtained ad-
equate distinction between ERs and background events across the entire range of
E. The measured ER cross-sections of 2O+ 182184186\ reactions as a function
of projectile energies in the center of mass frame (E,,, ) and laboratory frames
(Ejup) are listed in Table 5.1, 5.2, 5.3. The sum of statistical and systematic errors
is quoted as the total error in the measurement. The overall error was estimated
to be <20 % below the barrier energies. In the total error, the major part is from
enrra (= 10 %). Statistical model calculations [57] of BO+18218L186W revealed
that the calculated fission cross-sections are negligibly small in the measured
energy range. For BQ182184186\Y reactions, the estimated fission cross-sections
using PACE4 was found to be 5%, 3% and 2% respectively at the highest energies
where measurements were carried out. Hence, ER cross-sections in the energy

range of measurements were considered as oy, in the present study.
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E*

Eiap Ec m. €HIRA OER
(MeV) (MeV) (MeV) (%) (mb)
104.0 94.52 71.74 1.11 1081.144+152.4
100.0 90.87 68.09 1.57 1094.244+151.13
96.0 87.23 64.45 1.66 786.35 £285.05
92.0 83.58 60.8 1.94 778.964+130.35
88.0 79.94 57.16 1.59 590.684+81.84
84.0 76.30 53.52 1.22 368.25459.64
80.0 72.65 49.87 1.6 194.014+35.37
78.0 70.83 48.05 1.87 120.48 +24.04
76.0 69.01 46.23 2.1 55.38+7.89
74.0 67.19 44 .41 2.01 26.25+3.81
72.0 65.37 42.59 2.04 9.03+1.4
70.0 63.95 40.77 1.92 1.53+0.27
68.0 61.73 38.95 1.75 0.2320.08

Table 5.1: Measured evaporation residue cross-sections (ogg) for 180+132W reaction. Here
the sum of statistical and systematic errors are quoted as the total error in the measurement.

Eiap Ec m. E* €HIRA OER
(MeV) (MeV) (MeV) (%) (mb)
104.0 94.43 73.88 0.6945 766.53 +£134.34
100.0 90.78 70.23 0.6091 887.32 £171.04
96.0 87.12 66.57 0.8072 932.69+ 195.39
92.0 83.48 62.93 0.5772 815.86+ 168.28
88.0 79.83 59.28 0.458 705.53+ 129.93
84.0 76.17 55.62 0.5152 369.82+ 69.93
80.0 72.52 51.97 0.6564 182.254+ 30.46

78.0 70.69 50.14 0.6258 129.884 22.75
76.0 68.87 48.32 0.5955 68.45+ 11.23
74.0 67.04 46.49 0.572 32.26 £3.92
72.0 65.22 44.67 0.5703 717+ 1.45
70.0 63.38 42.83 0.6214 2.55+ 0.53

Table 5.2: Measured evaporation residue cross-sections (ogr) for 18O+184W reaction. Tabu-
lated energies are in center of mass systems. Here the sum of statistical and systematic errors

are quoted as the total error in the measurement.
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Eiap Ec.m. E* €HIRA OER
(MeV) (MeV) (MeV) (%) (mb)
104 94.67 76.49 1.2191 767.16£91.21
100 91.02 72.84 1.1485 673.16+78.51
96 87.37 69.18 1.0832 723.34+£87.62
92 83.72 65.53 1.1243 656.08+77.8
88 80.07 61.88 1.0591 606.68+71.25
84 76.41 58.23 0.9174 484.161+54.34
80 72.76 54.58 1.4005 215.57+£25.2
78 70.93 52.75 1.4157 164.424+18.77
76 69.11 50.93 1.4311 73.43+£8.7
74 67.28 49.1 1.4941 24.5242.98
72 65.46 47.27 1.3105 8.61£1.25
70 63.63 45.44 1.2372 1.11£0.22
68 61.8 43.62 1.2052 0.26+0.07

Table 5.3: Measured evaporation residue cross-sections (ogg) for 80+¥W reaction. Tabu-
lated energies are in center of mass systems. Here the sum of statistical and systematic errors
are quoted as the total error in the measurement.

Coupled channels calculations [20, 21] explain the fusion cross-section rather
well at lower excitation energies by precisely considering different degrees of
freedom such as deformation of colliding nuclei, collective surface vibrations,
and neutron transfer.

to explore the effect of coupling of different states of the targets and projectile

below the Coulomb barrier energy region.
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5.4 Coupled channels calculations

The fission cross-sections for 18Q-4182184L186\W reactions are negligibly small in
the below-barrier energy regions [57]. Hence, we can directly compare the mea-
surements against the coupled channel calculations. The measured fusion cross-
sections for 18Q4-182184186\W reactions are analyzed using coupled channel code
CCFULL [20, 21, 58]. The cross-sections are first compared with the 1D-BPM cal-
culations. Contributions of inelastic states of colliding nuclei are also included
in the computations to study the channel coupling effects. Table 5.4 lists the

projectile and target excitation energies and their corresponding deformations.

Nucleus Energy of 5o B4 Ref.
1" Ex. state (MeV)
°O(Sphe.) — — —
BO(Vib.) 1.982 0.355 — [59]
18211 (Rot.) 0.100 0.251 -0.066 [59, 60]
18417 (Rot.) 0.111 0.236 -0.093 [59, 60]
18611 (Rot.) 0.122 0.226 -0.045 [59, 61]

Table 5.4: Deformation parameters and first excitation energies of different nuclei used in
the cc calculations.

5.4.1 Coupled channel calculations for Q-4 182184186V pe-

actions

Akyuz-Winther (AW) parametrization of nuclear potential is used to obtain
Woods-Saxon potential parameters in CC calculations. For cC calculations, pa-
rameters such as depth of potential (1), radius (rg), and diffuseness (a) are
taken from the closest system '6180+!1Ta [63]. The parameters V, ro and a
are selected as 98.76 MeV, 1.15 fm, and 0.73 fm for cc calculations, which re-
produces the experimental fusion barriers for 0Q4-182184186\y reactions. The
cross-sections from CCFULL calculations with these potential parameters with-

out including any coupling are termed as 1D-BPM excitation function. For
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164 182,184,186\ reactions, 1D-BPM calculations explain the fusion cross-sections
in the above barrier region.

In order to explain the below-barrier fusion cross-sections of 16Q-182184,186\y
reactions, first we include the lowest energy state (that is 3~ state) of 0 having
energy 6.130 MeV and octopole deformation 5 = 0.729 [64] in the cc calcula-
tions. The inclusion of 3~ state of %0 alone in cc calculations, shows higher
values compared to the experimental fusion cross-section as shown by brown
dotted lines in Fig. 5.4(a), 5.4(b) and 5.4(c). According to Hagino et al.[65],
the energy of the 3~ state of 1°0 is very high compared to the curvature (fiw)
of the excitation function and its inclusion in the cC calculations will have a
re-normalization effect on the static potential without significantly changing the
shape of the barrier distribution. In the same way, inclusion of 3~ state in CC cal-
culations of 6Q182184186W reactions gives higher theoretical values compared
to the experimental fusion data. Accordingly, corresponding coupling was not
included in our final cc calculations. We treat the 'O as spherical for cc cal-
culations of 0Q4-182184186\Y reactions. Also, we treat the tungsten isotopes as
deformed. In cC calculations we included their 0.250, 0.234, 0.226 quadrupole
and -0.066, -0.093 -0.045 hexadecapole deformations respectively for 182184186y
nuclei. Thus, coupling of quadrupole and hexadecapole deformation of the target
with the relative motion of colliding nuclei explained the fusion cross-sections of
160182184186\ as shown by the brown solid lines in Fig. 5.4(a), 5.4(b), and
5.4(c).

5.4.2 Coupled channel calculations for Q4182184180 pe-

actions

Same set of deformation parameters, used for the target nuclei in 16Q 182184186y

reactions are used for the CCFULL calculations of 13Q+182184186\W reactions also.

106



Eventually projectile excitations are added in the cc calculations. With the in-
clusion of 37, state of O with energy 5.097 MeV [64] and octopole deformation
0.595 [66] along with the quadrupole and hexadecapole deformation of targets,
cc calculations show higher cross-sections as compared to the experiment as
shown by the brown dotted lines in Fig. 5.5(a), 5.5(b), and 5.5(c). Thus the 37,
state of O is not included in the final cc calculations. We observe that, the
2%+ vibrational state of O with energy 1.982 MeV coupled with the quadrupole
and hexadecapole deformations of ¥2184186\} reproduce the experimental cross-
sections of 18O 182184186\ reasonably in the whole energy range. The calculated
results, which reproduce the experimental cross-sections of Q- 182184186\y e
actions, are shown by brown solid lines, in Fig. 5.5(a), 5.5(b), and 5.5(c).

In the below-barrier energy regions, to explain the enhanced fusion cross-
sections, Esbensen et al.[25] considered the presence of a strong pair-transfer
channel with a positive Q-value. All 80 induced reactions under this study
possess a positive 2n-transfer channel. Thus, 2n-transfer channels are included
in the coupling scheme of 8Q182184186W reactions to see the effect of PQNT
channel on below-barrier fusion cross-sections. PQ-18218L186\Y reactions have
positive Q-values of 1.414, 0.757, 0.133 MeV respectively for the 2n-stripping
channel. The CCFULL code [20, 21] is having an option to include one trans-
fer channel in the calculations. It can be a proton or neutron channel. The
calculations are done, including both the 2n-transfer channel and the inelastic
excitations. The result is illustrated as green double-dotted dashed lines in Fig.
5.5(a), 5.5(b), and 5.5(c). The neutron transfer coupling has been included in
the CCFULL code for the present system through the transfer coupling strength
parameter for 2n-transfer.

The code CCFULL accounts for the transfer channel through the macroscopic

transfer coupling form factor, F;.(r). In principle, the form factor is estimated
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from the differential and total transfer cross-sections [67, 68] as mentioned in
the introduction. Since experimental transfer measurements do not exist for this
system, the transfer form factor is unknown, and only a qualitative measure of
the transfer strength is possible. The coupling strength is related to the form
factor by the relation Fj.(r) = Ftr%. The coupling strength in the CCFULL
calculations was varied until a fairly good agreement with experimental data was
achieved as done by Deb et al. [53]. The green double-dotted dashed lines in Fig.
5.5(a), 5.5(b), and 5.5(c) shows results of CCFULL calculations after including
transfer channel with a transfer strength 0.42 fm along with inelastic excitations.
Beyond coupling strength of 0.5 fm, cC calculations started deviating from the
experimental measurements. It is difficult to distinguish or separate theoretical
excitation function with neutron transfer from that of without transfer channels.

Thus without invoking the coupling of the transfer channel, which was one of the

motivations for the measurement, CC calculations explained experimental data.

5.4.3 A self consistent method-Relative Change

We define the term relative change (R) to provide better predictions about the
effects of neutron transfer channels on fusion reactions of 1804182184186\ The
positive or negative values of R, respectively quantify the increase or decrease in
experimental cross-sections as compared to theoretical ones. R is defined as the
ratio of the difference between the experimental (0g,,) and theoretical (oypeo)
fusion to the theoretical fusion cross-section, i.e. R = (0gup-Otheo)/Ttheo- We
quantify R by incorporating several possible inelastic excitations together with
the relative motion in the cC calculations. After incorporating inelastic channels
in cc calculations, R is expected to be zero for 1604182184186\ reactions, where
the PQNT effect was not expected. Accordingly, these reactions are taken as the

benchmark for comparing the enhancement due to PQNT in 80182184186y
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reactions.

First, we calculate the values of R in O and '®O induced reactions using
only 1D-BPM. All six reactions exhibit a value for R greater than zero at energies
below the Coulomb barrier. Since R indicates the relative increase in experimen-
tal cross-sections with respect to the theory, any values of R greater than zero
implies lower cross-sections values of the theory. Also increase in R indicates the
absence of inelastic channels in the coupling. Accordingly, to account for the ex-
perimentally observed cross-sections, it is necessary to include inelastic channels
in the coupling at below barrier energies. As shown by solid circles connected
by brown dashed lines in Fig. 5.6 (a), 5.6 (b), and 5.6 (c), at below-barrier
energies. R for ¥0 induced reactions was larger values than that of 0 induced
one. The enhancement effect compared to 1D-BPM calculations is higher in
18O 4184186\ reactions than 90O induced ones. This may be an indication that
more channels should be added in the coupling calculations of **O to reproduce
the experimental values in compared to 0 induced reactions. In the case of
16Q+182W reaction, cross-sections for the lower energies are not available [49].
Due to this it will be difficult to make comparative statements regarding larger
R values compared to 1D-BPM calculations in '8 0+!%2*W than that of *¢O+182W
reaction.

After including the quadrupole and hexadecapole deformation of the target,
180 induced reactions show R greater than zero, which maximizes at sub-barrier
energy regions as shown in Fig. 5.6(d), 5.6(e), and 5.6(f). Therefore it is nec-
essary to include an additional coupling to explain below-barrier cross-sections.
Here the additional coupling is the vibrational excitations of the O projectile.
For %0 induced ones, R approaches zero for most of the below-barrier energy
points while including deformation of targets in cC calculations. This zero R

value indicates a good agreement between theory and the experiment. The the-
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oretical compliance is shown by solid circles connected by brown coloured solid
lines in Fig. 5.6(d), 5.6(e), and 5.6(f). Among different possible coupling chan-
nels, we have considered only the deformation of the targets for 1°O induced
reactions. After that, R approaches zero for all energy points and shows a slight
deviation only at one energy point in the sub-barrier energy region. For 180
induced reactions, we have to include the vibrational coupling of the projectile
in addition to quadrupole and hexadecapole deformation of the targets to ex-
plain the deviation of R from zero. After including vibrational excitation of the
projectile and deformation of the target in the coupling, theoretical excitation
function agrees well with the experimental data for all 80 induced reactions in
below-barrier energy regions. It is shown as black, red, blue solid circle connected
by the brown colored solid lines in Fig. 5.6 (g), 5.6 (h) and 5.6 (i).

To explore the effect of PQNT channels in fusion cross-sections, we have
calculated R , including the neutron transfer channel in 804 182184186\ re.
actions. Even the addition of a neutron transfer channel in coupling does not
improve the agreement between the experiment and theory. This indicates that,
contrary to expectations, coupling of the neutron transfer channel in cc calcu-
lations does not provide any robust increase to the theoretical cross-sections of
8O 182+ 184186\ Solid circle connected by green double-dot dashed lines in
Fig. 5.6 (g), 5.6 (h) and 5.6 (i) show R obtained for 180+ 182184186\ reactions
after including neutron transfer channels. As seen in Fig. 5.6 (g), 5.6 (h) and
5.6 (i) R with neutron channel does not deviate significantly from that without
neutron transfer channel inclusion. The 2n-transfer Q-values of (**0 +!%2W) >
(O +¥1W) > (O +'8W). However, increase in cross-sections with the in-
crease in 2n-transfer Q-value is not observed at the below-barrier energy levels
of these reactions.

At below barrier energies, cC calculations of *O+!8W show lower values
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compared to the experimental cross-sections. R shows a bit higher value, beyond
Eem.—Vy=-T MeV. For *O+18W reaction, many works [49, 50, 61, 69] explained
the enhanced below-barrier cross-sections. Among this ANU group [49, 50, 61]
used potential parameters, and diffuseness deduced from elastic scattering data
for cc calculations. The associated deformation parameters of W were
B ~0.24 and 34 ~-0.09. They also tried to fit the fusion data of 6O+ 186W by
varying potential parameters and deformation. They obtained an optimum fit
with a diffuseness a= 1.27 fm and with an average barrier of 68.9 MeV and also
obtained best-fit deformation parameters Sy ~0.3 and 54 ~-0.045. This f5 value
is larger than that obtained from elastic scattering data, and (4 was smaller than
that of non-fusion data observed by Lemmon et al. [61]. The possible explanation
for this lies in the change in the shape of the barrier distribution. Generally, any
additional coupling effects will result in the smoothing of the barrier. However,
the effect of coupling will have a higher impact when the barrier distribution has
sharp changes. Effect of deformations will be predominant in such systems [61].
Barrier distribution of 6O+'8W reaction shows a sharp change before adding
the coupling [61]. We have carried out the cC calculations for 60O+ 86W re-
action with deformation parameters 5y = 0.3 and 5, ~ -0.045 which were used
by Lemmon et al. [61] to explain the fusion data. The corresponding results are
shown as black dashed line in Fig. 5.4(c). Calculations with deformation values
extracted from elastic scattering data are also shown in Fig. 5.4(c) as brown
solid lines. R calculated with this modified deformation value is shown as solid
circle connected by black dashed lines in Fig. 5.6(i). The Fig. 5.6(i) shows that
the deviations of R from zero vanishes at below-barrier energy points with this
modified deformation value and shows good agreement between the theory and
the experiment.

Excitation functions of 8Q-182184186\W gystems, which all have negative
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Figure 5.7: Reduced fusion cross-sections as a function of E. ,, /V} for reactions induced
by 16:180. Here, reduced cross-section is obtained by dividing absolute cross-section with 7TR§7
where Vy, and Ry are the Bass barrier and Bass radius [66]. The fusion cross-sections of
16,1804 1508, [70], 161804181 Ta [63], L6O+182W [51], 160+134W [62] and 60-+16W [50, 61]
are obtained from literature.

transfer Q-value for neutron transfer, are explored using coupled channel cal-
culations. The coupling of relative motion of colliding partners with inelastic
excitations of target was enough to explain the experimental cross-sections above
and below the Coulomb barrier energy regions as shown in Fig. 5.4 and Fig. 5.6.
In the measured energy range, the 2 vibrational state of 180 coupled with the
quadrupole and hexadecapole state of 182184186\ show a relatively good agree-
ment between the calculated and experimental results. An additional coupling
of neutron transfer channel in 180+4¥2184186W reactions do not show a different
R value from calculations without neutron transfer. Plots in Fig. 5.6(g), 5.6(h)
and 5.6(i) with solid circles joined by green double dotted dashed lines shows R

with neutron transfer channel.
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The Q-values for the 2n-transfer processes are positive for all reactions with
180. Thus, the neutron transfer can be important for the reactions with the *O
beam. However, our results show that cross-sections for reactions with O and
180 induced reactions are very similar. A small decrease in deformation of the
target after 2n-neutron transfer may explain this results. Coulomb barriers of the
systems before and after 2n-transfer are almost the same, and, correspondingly,

their fusion cross-sections are similar [39, 40]. Such results are observed in many

system like 10180+76Ge [71-73], 16180 412118.124Gy [31] etc.

5.4.4 Systematics of O induced reactions

A positive 2n-transfer Q-value characterizes the majority of *O induced reac-
tions. Several experiments in low, medium and heavy mass regions have been car-
ried out to investigate the effect of the 2n-transfer Q-value in fusion cross-sections
induced by 80 [34, 52, 53, 63]. Compared to other transfer channels, 2n-transfer
has a significant effect on sub-barrier fusion enhancement [30].Montagnoli and
Stefanini [5] suggested that, when heavier systems are compared, multi-phonon
excitations have a more significant impact on sub-barrier fusion. Also, if multi-
phonon excitations are dominant, then the effect of PQNT will be weaker in the
case of heavier systems [5]. Thus, the effect of PQNT channels can only be seen
at extremely low energies. For making conclusive remarks on the effect of PQNT
on heavier systems, a systematic study in the same mass regions is needed.

For a systematic study in the heavy mass region, we compared the reduced fu-
sion cross-sections of several O induced reactions with that of 0 induced ones
(having negative neutron transfer Q-value). Reduced cross-section will eliminate

the effects of the barrier height and nuclear size [43]. We eliminated the effects of

O fus

7r_R§ s Where

geometrical aspects by using traditional reduction methods ( G y,s =

R, the barrier radius). When compared to '°0 induced reactions in the heavy
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mass region as seen in Fig.5.7, 80 induced reactions do not exhibit a signifi-
cant increase. In the majority of the systems under investigation, there is no
discernible enhancement in below-barrier fusion cross-sections. The 80+1%°Sm
system is the only one that shows enhancement in the below-barrier region when
compared to the 'O induced reference system. The reduced cross-section of
180+181Ta does not exhibit fusion enhancement in the below barrier region, com-
pared to the reference system °O+81Ta as seen in Fig. 5.7. When compared to
reference systems, there is no noticeable enhancement in 8Q4-182184186\y reqc-
tions as seen in Fig. 5.7. Our cC calculations on the same, discussed in Sec. 5.4,
also conclude the same. The deviating behavior of ®*O+"Sm may be attributed
to the change in the deformation of the target nuclei after 2n-transfer. All other
reactions that we considered in our study show a decrease in deformation of
the target nuclei after 2n-transfer, whereas *O+'*°Sm shows an increase. Ex-
amining of the deformation values of the target nuclei in 80+°Sm reactions
revealed a relatively higher change in deformation after neutron transfer when
compared to that of other systems. The present measurements, as shown in Fig.
5.7, exhibit a spread in excitation function in the above-barrier energy regions.
It could be attributed to the presence of other channels such as non-compound
nuclear fission or break-up channels, etc. [1].

To check whether the reason for enhancement in *O+1%°Sm is extendable
to low and medium mass regions, we have carried out a systematic study on all
180 induced reactions available in the literature. Table 5.5 lists the reactions
used in the systematic study as well as their transfer Q-values. In comparison to
its reference system, the 1°0+5°Ni, fusion enhancement is expected in *O-+°%Ni
system due to the presence of PQNT. Examination of fusion and elastic scat-
tering data of '80+58Ni by Silva et al. [75] confirmed the enhancement. Fusion

calculations of 0+%%Cu reactions by Chamon et al. [76] do not find any
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projectile dependence on fusion cross-sections. Due to the PQNT channel, it is
expected that there would be an enhancement for '80+"Ge in the below-barrier
energy region. Their theoretical predictions of fusion data with cC calculation
and their barrier distributions show no such effect [71-73]. For **O+Mo Mon-
teiro et al. [78] suggested a need for coupling with transfer channels to explain
quasi-elastic barrier distributions. A comprehensive study on 6:¥(Q4-112-124Gy
by Jacobs et al. [31] does not find any enhancement due to the PQNT chan-
nel on sub-barrier fusion cross-section. Inclusion of PQNT in ccC calculations,
showed an enhancement in **O+%Sn [53].

In order to conclude the effect of PQNT channels on fusion enhancement of
180 induced reactions, we looked at the '*O induced reactions that were available
in the literature. Compared to the reference systems, cross-sections of most of the
reactions given in the Table 5.5 do not exhibit an enhancement due to the effect
of PQNT channel [31, 63, 71, 76]. ®*O+5Ni, 180+Mo and *O+'°°Sm reactions
show an enhancement due to the presence of PQNT channel [70, 75, 78]. In these
three reactions, after 2n-transfer, the target deformation increased. As the defor-
mation increases, the barrier height decreases, increasing the below-barrier fusion
cross-sections. All of this points to the conclusion that in systems with a PQNT
channel if the system’s deformation increases after neutron transfer, it leads to
fusion enhancement. Because Z,Z; values stay the same after 2n-transfer, the
increase in deformation may lead to the decrease in barrier height and resulting
in fusion enhancement. The highlighted systems in Table 5.5 which shows an
enhancement due to PQNT [70, 75, 78] reveals that, the enhancement occurs
only when the deformation of target increases after 2n-transfer. Furthermore, a
higher 2n-transfer Q-value does not guarantee a more considerable enhancement.
Also none of the highlighted systems in Table 5.5 approach neutron shell closure

values for target after 2n-transfer.
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Chapter 6

Summary and conclusion

In this chapter we summarises the fusion cross-section measurements, analysis
and results of two heavy-ion reactions in A &~ 200 region. The compound nuclei
(CN) formed from the collision of asymmetric reaction partners, after capture
decay to their ground state mainly via evaporation. The study of these decay
products provides valuable information about the statistical and dynamic aspects
of fusion reactions. The evaporation residues (ER) are the direct indicators of
the compound nucleus formation and are the most sensitive probes for studying
fusion hindrance. ERs can also provide valuable information about the onset
of non-compound nuclear fission (NCNF') processes like quasi-fission (QF) that
hinder CN formation.

In this thesis, I mentioned about the fusion cross-sections measurement of
two sets of heavy-ion reactions at near and around barrier energies. Through
our measurements, we studied the entrance channel behavior of the colliding
systems on the fusion process at near-barrier energies. Also, we explored on the
competing reaction mechanisms which hinders fusion. To fulfill the objectives,
we used a mass spectrometer that works in vacuum mode. We used the Heavy

Ion reaction analyzer (HIRA) at IUAC to measure the fusion cross-sections.
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6.1 ER measurements for '%¥0O+!¥1Ta reactions

Quasi-fission, one of the hurdles in super-heavy element (SHE) production, had
been predicted in heavy systems with the charge product, ZpZs > 1400 [1]. How-
ever, the evaporation residue (ER) cross-sections measured for reactions forming
216Ra compound nucleus are found to exhibit QF in very asymmetric combi-
nations with ZpZr ~ 700 [2]. Also, the presence of QF was reported in very
asymmetric reactions forming 2'3Fr, 21°Rn, 2°2Po and 2°2Pb nuclei [1, 3-6]. Thus
a systematic understanding of the occurrence of QF, in pre-actinide region is
needed, which will be vital in the study of fusion hindrance.

After capture the di-nuclear system (DNS) passes through a long dynamical
path, during which it equilibrates in all degree of freedom to form a CN. This CN
which survives from fission, de-excites via y-ray emission or particle evaporation
to form an ER. Thus the formation of ERs depends on capture cross-section
(Ccap), CN formation probability (Pcy) and its survival probability against fission
(Wgy,) through the relation, ogr = 0capPonWeur. In heavy-ion collisions, the
DNS may re-separate before complete equilibration and thereby reduce Poy.
This reduces the ER cross-sections. The ER cross-sections, at energies well above
the fusion barrier is relatively insensitive to the form of the nuclear potential [3],
and are mainly determined by Standard Statistical model (SSM) parameters [6].
Thus parameters like fission barrier scaling factor, ky which relates to the fission
barrier (Bf(¢)) in agreement with the expression By(f) = kgBfP(l) + AWy,
(Here, BJ%D (¢) the rotating liquid drop model fission barrier and AWy, the ground
state shell correction) and Poy are used to explain the measured ER excitation
function at higher energies.

ER cross-sections of two reactions '6*¥Q+181Ta forming 97'%T1 CN were
measured to explore on the presence of QF. Experiments are carried out at 15

UD Pelletron accelerator facility at IUAC, New Delhi. Pulsed beams of 15180,
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with pulse separation 4 us, were bombarded on ¥ Ta target of thickness ~ 170

pg/cm? with a carbon backing 20 ug/cm?

. ERs were separated from intense
beam background using the Heavy Ion Reaction Analyzer (HIRA). HIRA was
kept at 0° with respect to the beam direction with 10 msr entrance aperture.
ERs were measured from 68-110 MeV beam energy in steps of 2 MeV. A Multi-
Wire Proportional Counter (MWPC) of active area 150x50 mm? was placed at
the focal plane (FP) of HIRA for the detection of the ERs. Two silicon surface
barrier detectors of active area 50 mm? each with a collimator diameter 1 mm
were placed at a distance of 95.6 mm from the target inside the target chamber
at an angle of £15° with respect to beam direction for normalization of ER
cross-sections. A time of flight (TOF) arrangement was set up between anode
of MWPC and RF signal to separate the beam-like particles from ERs. Thus
obtained ER counts were used to find the ER cross-sections.

Comparisons of « and ay, values predicted quasi-fission in *O+'®!Ta re-
action and no such process in 1°0O+181Ta. However, no specific signatures of
fusion suppression due to QF were found in the ER excitation function of less
asymmetric 80+'¥1Ta (o < ay,) reaction in comparison with more asymmet-
ric O+"¥Ta (o > ag.). Also, we have analyzed the measured evaporation
residue cross-sections using statistical model code HIVAP[7]. For both reactions,
the ER excitation functions are well reproduced by HIVAP calculation with the
same fission barrier scaling factor £y and Pcy=1, which indicates the absence
of non-compound nuclear fission process. For ?2°Th, CN forming reactions re-
ported a strong sensitivity for entrance channel asymmetry with exit channel [8].
However, a comparison between *O+*¥1Ta and YF+8Hf forming '%TI reac-
tions shows no such strong sensitivity. This may be due to the lower value of
fissility of the systems or the high resemblance in mass asymmetry. A systematic

study was carried out to find the starting point of the fusion suppression in the
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A =~ 200 regions. Highly fissile CN showed indirect evidence of the effects, such
as lowering Py from one. This points to the conclusion that a high difference
in mass asymmetry is needed to predict the limiting value of mass asymmetry,
which triggers NCNF in less fissile systems.

Experiments that explore combinations leading to the same CN are required
for better insight. Also, fission measurements of asymmetric reactions leading to
the CN Y7197 are required for better insight on starting of QF in pre-actinide

nuclei.

6.2 ER measurements for 3Q-182184180\W reac-
tions

Fusion reactions at near-barrier energies are influenced by the internal struc-
ture and entrance channel parameters of the interacting nuclei [9]. The fusion
cross sections in sub-barrier regions were found enhanced by several orders of
magnitude over the predictions of one-dimensional barrier penetration models
(1ID-BPM). Existing theoretical models have already established the role of nu-
clear deformation and vibration through the coupling of inelastic excitations
along with the relative motion [10]. It was identified that reactions with positive
Q-values transfer channel (PQNT) channels play a vital role in sub-barrier fusion
cross-section enhancement [11]. However, many systems with PQNT channels
do not exhibit a below-barrier fusion enhancement. Hence, we studied about the
effect of role of positive Q-value of neutron transfer in fusion enhancement below
the Coulomb barrier energy region.

We have performed the ER measurements of 8Q 182184186\ reactions, which
have positive 2n-transfers Q-values. One of the main objectives of this work is

to compare the ER cross-section with nearby systems, 6Q-182184L186\y reqc-

130



tions [12, 13], which have negative Q-values for 2n-transfer. To measure the
cross-sections we have used a pulsed beam of O with 4 ps pulse separation to
bombard on the enriched 2184186\ targets of thickness 70 pg/cm?; 300 pg/cm?
and 100 pg/cm? respectively. As in the first experiment HIRA at TUAC was used
to measure ERs from 68 MeV to 104 MeV in 2-4 MeV steps.

To consider the effect of neutron transfer Q-value in sub-barrier fusion en-
hancement, we measured the ER cross-sections of 8Q+182184L186\ reactions.
For asymmetric systems under consideration the fission cross-sections are neg-
ligibly small in the measured energy range. Thus, the measured evaporation
residue cross-sections can be considered as the fusion cross-sections. All the re-
actions considered have positive Q-values for 2n transfer. Comparisons of these
cross-sections with nearby systems with negative transfer Q-values for 2n helped
to understand the role of positive Q-value on neutron transfer. Based on the
positive 2n-transfer Q-value, one would have expected fusion enhancement in
180 182,184,186\ reactions. Experimental fusion cross-sections of both O and
160 induced reactions showed a strong enhancement compared to the 1D-BPM
predictions at below-Coulomb barrier energy regions. On including the deforma-
tion of targets, Coupled Channel (cc) calculations explained the enhancement
of 16Q+18218LI86W reaction. Similarly, measured fusion excitation functions of
180 182,184,186\ reactions were explained by the inclusion of deformation of tar-
get and vibrational states of the projectile in the cC calculations. Comparing
the fusion cross-sections of ¥0O induced reactions with %O induced one, we con-
clude that the positive Q-value of neutron transfer channels does not affect the
observed fusion cross-sections of 8O-4182184186\W reactions.

To quantify the effect of PQNT in the below-barrier fusion enhancement we
introduced a quantity relative change (R). The positive or negative values of

R, respectively quantify the increase or decrease in experimental cross-sections
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as compared to theoretical ones. R is defined as the ratio of the difference be-
tween the experimental (op,,) and theoretical (oy4e,) fusion to the theoretical
fusion cross-section. We quantify R by incorporating several possible inelastic
excitations together with the relative motion in the cc calculations. On incorpo-
rating inelastic channels in cC calculations, R goes to zero for 00182184186y
reactions, where the PQNT effect was not expected. Similarly the inclusion
of vibrational excitation of the projectile and deformation of the target in the
coupling, theoretical excitation function agrees well with the experimental data
for all O induced reactions in below-barrier energy regions. The addition of a
neutron transfer channel in coupling calculations of ¥0O induced reactions does
not improve the agreement between the experiment and theory. Contrary to
expectations, coupling of the neutron transfer channel in cc calculations did not
provide any robust increase to the theoretical cross-sections of 8O- 182+:184,186yy7
We confirmed the absence of below-barrier enhancement due to PQNT effects
by a self-consistent method.

For making conclusive remarks on the effect of PQNT on heavier systems, a
systematic study in the heavy mass regions were carried out. For a systematic
study in the heavy mass region, we compared the reduced fusion cross-sections
of several ¥0 induced reactions with that of 0 induced ones (having negative
neutron transfer Q-value). When compared to %O induced reactions in the heavy
mass region most of 80 induced reactions do not exhibit a significant increase.
The reactions which shows an enhancement in the below-barrier cross-sections
compared to the reference system shows an increase in the target deformation
after 2n-transfer. Thus from systematics we concluded that a higher deformation
following neutron transfer enhances the cross-sections. Transfer measurements
of systems with positive QQ-value neutron transfer channels are needed, which

will be helpful for making more conclusive remarks on transfer reactions.
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6.3 Future perspective

In heavier nuclei fission barrier decreases with an increase in the number of pro-
tons due to repulsive Coulomb forces. When the proton numbers become large
enough, the fission barrier will completely vanish, and an instantaneous break-up
of a nucleus occurs. The heaviest known naturally occurring element is Uranium
(Z=92). All elements above Uranium have been artificially synthesized in heavy
ion laboratories, and they are all relatively unstable. Shell model predicts the
presence of nuclei with atomic numbers 126. Though, the occurrence of such
super-heavy nuclei is not found in nature. The absence of super-heavy elements
in nature was due to the presence of some processes that hinder super-heavy
element production. Heavy ion fusion reactions are the most successful mecha-
nisms for super-heavy element production. Studies on heavy-ion fusion reactions
will provide a comprehensive understanding of the factors affecting super heavy
element production.

Evaporation residue cross-section measurements of heavy-ion collisions are,
one of the principal methods to investigate the fusion suppression and enhance-
ment observed in heavy systems. Understanding the causes of the fusion hin-
drance and enhancement in heavy-ion reactions is crucial in heavy element pro-
duction. The evaporation residue measurements in the A ~ 200 regions allow
us to find factors influencing non-compound nuclear fission reactions and further
help in explaining the reasons for fusion hindrances.

In our work, we explored quasi-fission, a process that hinders the formation
of heavy nuclei. One of the influencing factors which reduces the heavy element
production was the entrance channel mass-asymmetry of the colliding nuclei. In
our study, we found that mass-asymmetry («) and its critical value at Businaro-
Gallone (BG) point (apg) values cannot be used to predict the presence of

quasi-fission in experimental cases involving less fissile systems. Also, there was
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no strong sensitivity for entrance channel mass-asymmetry on exit channel on
systems with low values of fissility.

Further, we studied on the factors which enhance the fusion and thereby
the production of heavy nuclei. We found that the positive Q-values of neutron
transfer have a significant role in fusion enhancement. We observed that, systems
that show an increase in deformations of the colliding nuclei after neutron transfer
exhibit fusion enhancement. The increase in deformation after neutron transfer
may lead to decrease in fusion barrier height and thereby increase the heavy
element production.

The factors leading to fusion hindrances and enhancements in the heavy ion
reactions also apply to super-heavy element production. This information will

be vital during super heavy elements production.
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