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Abstract

The aim of present work is to carry out an extensive theoretical investigation of the de-
cay properties, and patterns of a variety of superheavy nuclear systems formed in heavy
ion reactions. This investigation has been performed within the framework of Preformed
cluster model (PCM) and Dynamical cluster decay model (DCM). The PCM is applied to
understand the ground state decays such as a-emission and heavy particle radioactivity
(HPR), whereas DCM is applied to account for the decay of hot (E#0) and rotating (¢7£0)
nuclei formed in low energy heavy ion reactions. The deformation and orientation effects
of nuclei are explicitly included in these formalisms. The thesis is organized into seven

chapters and a brief outline of the work is given below.

Chapter 1 gives the general introduction related to present work, which includes the
broad outline of experimental and theoretical developments related to the dynamics of
hot and rotating compound nuclei in the superheavy mass region. A detailed discussion
is made about the formation and decay processes of superheavy nuclei. The cold and hot
fusion processes are described, which follows by various decay channels such as neutron
evaporation, fusion-fission and quasi-fission. In addition to this, the ground state decays
such as a-decay and heavy particle radioactivity (HPR) are also explained for overall un-
derstanding of nuclear dynamics in superheavy region. Besides this, the role of excitation

energy, deformations and orientations are discussed in view of reaction dynamics governed



via heavy ion collisions.

Chapter 2 gives the details of the Preformed cluster model (PCM) and Dynamical
cluster decay model (DCM) which are used to address the ground state and excited state
decay patterns of nuclei. DCM is formulated from PCM (applied for ground state decays)
by employing the temperature effects in its various interaction terms. Both models are
based on the Quantum Mechanical Fragmentation Theory (QMFT). In this approach, the
Schrodinger equation is solved in the mass asymmetry [n=(A;-Az)/(A1+Az)] co-ordinates
to account for the probability of formation of decaying fragments at compound nucleus
stage. Then the penetration probability of these preformed fragments is estimated us-
ing WKB approximation. The fragmentation potential which goes as input to solve the
Schrodinger equation, is calculated as sum of binding energies, Coulomb interaction po-
tential, proximity potential and angular momentum dependent potential. It may be noted
that all the above terms in DCM are temperature dependent, whereas temperature and
angular momentum effects are silent in the PCM. Besides this, the deformation and ori-
entation effects are incorporated well within both formalisms. In DCM, the emission of
light particles (LPs), intermediate mass fragments (IMFs) and fission fragments upto sym-
metric division of the compound nucleus, are treated on equal footings as the dynamical
collective mass motions of preformed clusters or fragments through the barrier, in contrast
to statistical models which follow different approaches for different processes. The ground

state dynamics with PCM is also governed via collective clusterization process.

In Chapter 3, the decay of 2°Rf* and 2°°116* superheavy nuclear systems formed
in 1804+28Cm and *8Ca+2**Cm reactions are studied using the Dynamical cluster decay

model (DCM) to investigate the neutron proton magicity in superheavy mass region. The



calculations are carried out by using Z=114, 120, 126 and N=184 shell closures and the
neutron evaporation data is addressed. The lower magnitude of the fragmentation po-
tential and consequently higher values of preformation probability for Z=126 and N=184
magic pair, seem to suggest that Z=126 and N=184 are the best suited magic candidates
to address the neutron evaporation residues. Using these magic shells, further in this
chapter the evaporation residues of 2°7117* nucleus formed in **Ca+2?*Bk are studied in
the DCM framework. The 2n, 3n and 4n cross-sections of 2?7117* are explored using the
quadrupole (fs;) deformations, as the spherical fragmentation approach could not address
the data nicely. Even after inclusion of deformation effects, the 4n channel cross-sections
are underestimated. Finally ‘He-decay contribution is added to 4n-channel cross-sections
which fits the data nicely. In addition to this, the fusion-fission component in the decay

of 227117* compound nucleus is also predicted.

In Chapter 4, the decay of another odd mass superheavy nucleus 2*!115* formed in
48Ca+23 Am reaction is studied over a wide range of compound nucleus energies using the
Dynamical cluster decay model (DCM). The 2n, 3n and 4n decay of ***115* superheavy
nucleus is investigated and it is observed that the neutron cross-sections find nice agree-
ment with an experimental data with the inclusion of quadrupole (fs;) deformations and
optimum orientations (6;” t) of decaying fragments. The comparative analysis of spherical,
(ai-static and dynamic fragmentations is also carried out. Furthermore, the 2n, 3n and
4n cross-sections are predicted at the bass barrier.

In addition to the neutron evaporation, the a-decay and heavy particle radioactivity
(HPR) are also discussed in this chapter using the Preformed cluster model (PCM). Both
mechanisms are investigated within the hot optimum orientation approach. The a- de-

cay chains of 29115, 288115 and 27115 superheavy nuclei are studied by modifying the



penetration probability of the decaying alpha particle. On the other hand, the role of
different proximity potentials such as Prox-77 and Prox-00 is studied to understand the

heavy particle radioactivity of 278113, 27-289115 and 293294117 superheavy nuclei.

In Chapter 5, the role of orientation degree of freedom is investigated in the dy-
namics of 268Sg* nucleus formed in 3°Si induced reaction over a wide range center of mass
energies across the Coulomb barrier. Hot equatorial configuration is taken into account to
address the fission cross-sections at above barrier energies. Nice fitting of data is obtained
within this approach with the emergence of symmetric mass fragmentation. On contrary
to this, at below/sub barrier energies asymmetric fragmentation is observed for the cold
polar configuration. The asymmetric mass distribution leads to demonstrate the fact that
quasi-fission may compete fusion-fission at sub-barrier energies. Also the inbuilt property
of barrier lowering effect of DCM is estimated for both oriented configurations, and its
magnitude is higher for the use of cold polar configuration as compared to the hot com-
pact. In addition to the explicit role of orientations, at the highest center of mass energy,
the comparative analysis of spherical, (35;-static and dynamic deformations is carried out

to understand the effect of deformations on the decay path of the 26%Sg* nucleus.

In Chapter 6, the Dynamical cluster decay model (DCM) is applied to understand
the effect of higher multipole deformations in reference to data on 4%*¥Ca+2*U reac-
tions at energies lying across the Coulomb barrier. The angle at which compact system is
achieved, gets modified slightly with the inclusion hexadecapole deformation for 278286112+
nuclei. Also the effects of (4; deformations along with (35; and spherical considerations are

investigated on the decay path of 2782%112* compound nuclei. In addition to this, isotopic

analysis of 2/8286112* nuclei is carried out by comparing the preformation probability of



the fission fragments at E.,, =180 and 230 MeV, using [3s;-deformations, for hot equato-
rial and cold elongated configurations of nuclei. Suppression in the preformation factor
is observed while going from hot equatorial to cold polar configuration, and is observed
more for 278112* compound nucleus as compared to 286112*. The role of isospin is also
observed for Z=114 isotopes by comparing the fragmentation and preformation profile of
the 288:290,292,2947 14 nyclei at T~1.25 MeV. Different isotopes of Z=115 are also studied
within the DCM framework by comparing the magnitudes of preformation probability,
penetration probability and the neutron evaporation cross-sections of 289:291:293115* com-

pound nuclei.

Finally, in Chapter 7, conclusions and an outlook of the work is presented.



Chapter 1

Introduction

After Becquerel had announced “the discovery of radioactivity” from Uranium minerals
in 1896 [1]; the commencement of new discipline allowed the scientific community to
envision a new era of nuclear physics. Plenty of radioactive elements were then discovered,
all descended from the primordial U and Th. After this revolutionary epoch, nuclear
scientists have ventured for the search of new heavy elements with an attempt to resolve
the queries of partly fundamental character. Some of the important queries are: what
is the limit on the existence of elements, how new elements can be synthesized, which
property determines their stability, how long is the lifespan, etc. Neutron capture with
successive (-decay was considered as the primary process to answer these questions and
make it possible to climb up the periodic table element by element.

In the race of furtherance to achieve higher and higher atomic number, the extreme
mass is the limitation for the production of new elements as the strong Coulomb force
acting between protons dominates the nuclear stability. Consequently, the survival proba-
bility of newly synthesized nucleus becomes quite small and it may disintegrate via a-decay
or fission. The liquid drop model [2] provided scrutiny of the retrospect on the basis of

the saturation property and low compressibility of the nuclear matter thereby suggesting



the upper limit regarding the existence of heavy nuclei. According to this model [2], the
limiting value for existence of the nuclei is located near Z~100. In pursuit of this in-
vestigation, some peculiarities were also observed whose rationale was unanswered in the

framework of liquid drop model.
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Figure 1.1 The variation of fission barrier heights as a function of the fissility

parameter [3]. The black points are the experimental data, solid line represents

the calculations through liquid-drop model used by [4].

For example, in reference to the fission barrier heights depicted in Fig. 1.1, one may
concentrate on the following observations of [3,5] (i) there is a strong disagreement in
the experimental and theoretical (LDM) estimates of fission barrier heights. (ii) barrier
height of 2*Pb and neighboring nuclei is significantly large, (iii) the fission barrier heights
of actinide isotopes varying from U to Fm are almost constant. Since then, it has been
realized that the preconceived knowledge about the stability of the heavy nuclei is not
sufficient to locate the island of stability, suggested by Glenn T. Seaborg [6] in the late
sixties.

The properties of nuclei are not smooth function of protons and neutrons, hence show
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non-uniformities as depicted from the Fig. 1.1. This investigation calls for understanding
of the completely different aspect of the nucleus, in which nucleons are considered to
behave as independent particles. In 1949, Mayer and Jensen introduced the concept
of spin-orbit interaction, based upon which the shell model [7,8] was proposed. The
model predicted unexpected gaps in the single particle level distribution corresponding
to magic proton or neutron shells at 2, 8, 20, 28, 50, 82 and 126. The stability of nuclei
with the so-called closed proton and neutron shells counteracts the repelling Coulomb
forces. The important consequence of this observation provides the possibility of the
existence of elements far beyond the transuranium region. Subsequent to this, an island
of stability was proposed (shown in Fig. 1.2), located around proton number 114 and 120
or 126 with neutron number 184. For these magic shell closures, the word “Superheavy”
was coined. With this, new horizons in the nuclear physics are unlocked and intensive
theoretical /experimental studies are being made in this field at different scientific centers

of the world.
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Figure 1.2 The nuclear landscape, showing superheavy elements with stability
marked around Z=114, 120 and N=184, taken from [9].
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1.1 Formation and stability of SH nuclei

With foundation of the shell model, a macroscopic-microscopic theory was developed,
which is based on an assumption that the total energy of the nucleus can be decomposed
into two parts E=FE,4rcot+ Emicro, Where E, 400 corresponds to the liquid drop energy
and E, ;.o 18 the microscopic energy, calculated using the Nilsson or Wood-Saxon single
particle potential [10]. The main achievement of macro-microscopic theory was the devel-
opment of a method to calculate the shell-corrections for the ground and highly deformed
states. Most of the calculations based upon the macro-microscopic approach disclosed
the gap in the superheavy region at N=184 with some evidences of proton shell closure
at Z=114. These shell closures had found support in the models [11,12] based on the
Strutinsky shell correction method [10].

Parallel to macro-microscopic approach, the microscopic interactions were developed
based on the Hartee-Fock approximation with Skyrme (SHF) [13,14] or Gogny interactions
[15] and relativistic mean field (RMF) models [16], which find their genesis in the self-
consistent mean field theories. The SHF and RMF interactions rely on a theoretically
motivated and phenomenologically adjusted energy density functional. Although both the
formalisms have been used extensively, but the macro-microscopic method is preferred to
extrapolate the properties of the nuclei to a nearby neighborhood [17] as the parameter
sets are improved continuously in accordance with the experimental data. On the other
hand, for extrapolation to the region far from nuclear stability, the different self-consistent
mean field models provide better description of nuclear behavior [17].

The Skyrme Hartee-Fock approximation is the first class of non relativistic self con-
sistent mean field theories in which two body interaction was introduced. Using definite
parametrization, the Skyrme Hartee-Fock with the parameter sets of SkI3 and SkI4 pre-

dicted Z=120 and 184 magic pair for the superheavy elements. However Hartee-Fock Bo-
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goliubov calculations with finite range Gogny force suggested Z=120, 126 and N=172, 184
as the possible shell closures [18]. The applicability of these formalisms is also extended to
estimate the transition probabilities, static quadrupole moments and yrast spectra [19,20]
of various nuclei. The second class of self-consistent mean field theories is based on the
relativistic mean field (RMF) models, using this Rutz et al. [14] predicted the Z=120 and
N=172 as the next possible magic shells in spherical RMF theory. Meanwhile, Patra et
al. [21] had applied axially deformed RMF theory, and predicted Z=120 and N=172 or
184 as the magic candidates for the superheavy mass region. Hence in general, the nuclear
physicists working in the area of superheavy synthesis have two fold aim (i) to understand
the unexpected nuclear structural effects of massive nuclei, (ii) use this structural stability
aspect to govern the evident prediction of stable superheavy nuclei with spherical shell
closures at proton number Z=114, 120, 126 and neutron number N=172 or 184.

Similar attempt is also made within the Dynamical cluster-decay model (DCM) [22]-
[32], based upon the Quantum Mechanical Fragmentation Theory (QMFT) [33,34]. Niyti
et al. investigated ?%6112* [35] nuclear system in the DCM framework and concluded
that Z=126, N=184 and Z=120, N=184 are the best suited superheavy shell closures to
advocate the evaporation channels and the fusion-fission dynamics respectively. There-
after, we generalized the above results for wider range of the superheavy mass region by
understanding the decay of 2°Rf* [29] and 2%°116* [30] using the proposed magic shell
closures.

Having no consensus among the nuclear community about the center of stability, the
outreach of SHE towards the superheavy landscape (shown in Fig. 1.2.) is one of the most
sorted aspects in today’s context. The constant increase of the Coulomb repulsion with
increment in the atomic number of the nuclei restricts the production rates of superheavy

elements. The first attempt to penetrate the region of SHE was undertaken using neutron
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capture reactions [36], however this technique was not explored much because the super-
heavy nucleus formed in this process decays before the capture of subsequent neutron.
Consequently the theoreticians and experimentalists jumped onto the heavy-ion induced
reactions which demand significant improvement in the experimental setups and avail-
able theoretical methodologies. The developments in the laboratories of Berkely (LBNL),
Dubna (JINR), Japan (RIKEN) and Germany (GSI) had overturned the synthesis pro-
cess of superheavy nuclei within last two decades by introducing the extremely different
techniques of production known as “cluster-based cold fusion” and “actinide-based hot

fusion” processes. A brief description of these concepts is given in subsequent sections.

1.1.1 Cold Fusion

As superheavy isotopes were born out of nuclear structural effects, their evolution was
leadingly associated with “cluster-based fusion” which was later surpassed with actinide
targets induced fusion. In the cluster based fusion, collision of 2°®Pb and 2"’Bi targets
with the medium mass neutron-rich projectiles such as **Cr to "°Zn leads to the formation
of low-excited superheavy compound nucleus in the energy range Efy=10-20 MeV (near
barrier energies) and the process is termed as “cold fusion”. As a consequence of low
excitation energy, the survivability of the compound nucleus increases because the transi-
tion to the ground state is mainly associated with the emission of one/two neutron(s) or
gamma rays. This is the main advantage of using cold fusion reactions. Hence with this
process the six heavy isotopes of superheavy elements Z=107-112 were synthesized [37-39]
in various laboratories.

In spite of the favorable fact (one/two neutron(s) emission), the further advancement
towards the center of ‘island of stability” with higher Ga and Ge beams seems problematic

due to which the synthesis of superheavy isotopes via cold fusion is limited up to Z=113.
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Actually, the forecasts regarding synthesis of heavier nuclei using cold fusion process are
not very optimistic because of the following reasons: there exists sharp decrease in cross-
section with increase in charge number of the projectile [37]. (ii) the neutron deficient
evaporation products are obtained, far from the closed shells or sub-shells of superheavy
region. Hence for the synthesis of nuclei with Z>113, the usually preferred cold fusion
approach is supplemented with “Hot fusion” process in quest of regarding the island of

stability in superheavy region.

1.1.2 Hot fusion

To compensate for the factors hindering fusion, the use of asymmetric reactions having
actinide targets were suggested to extend the periodic table towards the superheavy mass
region. The supremacy of charge asymmetry between the beam and the target nucleus
provides an advantage of low Coulomb repulsion in the entrance channel which inturn
governs high fusion probability. For example, the magnitude of Coulomb repulsion in
BCa+*"Pu reaction forming ?°2114* compound nucleus is about Z, x Z;=1880 which
increases 40 % with the use of cold fusion reaction synthesis via Ge+2%Pb [5]. Hence the
former reaction is more acceptable for the formation of Z=114 isotopes. In comparison to
cold fusion reactions, the excitation energy for actinide based reactions is usually higher
within the range of 30-50 MeV, for which the compound nucleus de-excites with the
emission of more than 2 neutrons. This kind of synthesis is termed as “hot fusion” reaction.
The higher energy range for the hot fusion reaction is the consequence of weaker binding
energies of actinide targets. To compensate such high energies above the Coulomb barrier,
doubly magic *®Ca projectile [40,41] is preferred which may produce the compound nuclei
with ~10 MeV less excitation energy [37]. Hence *®Ca+ actinide targets such as 23U

[42], 242244Py [42-44], 243 Am [45], 28Cm [42,46], 229Cf [47], 249Bk [48] are the signature
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reactions for producing the superheavy isotopes in the hot fusion process. Neutron excess
in the evaporation residues lying closer to the predicted summit of the superheavy island is
another asset of using hot fusion reactions. For example, the compound nucleus formed in
48Ca+24Pu reaction has eight additional neutrons as compared to the cold fusion product
formed in "®Ge+2%Pb reaction. These eight neutrons play a vital role in the production of
the superheavy nucleus, closer to the island of stability [5]. Precisely, the quest to attain
the magicity near to N=184 to have high fission barriers, ascends the ladder of SHEs
gradually by hot fusion of colliding nuclei. With this, plenty of isotopes were discovered
from Z=112 to 118 [42]- [48].

In spite of the pioneer of the reaction synthesis, the understanding of hot fusion re-
action dynamics is not so easy. Unlike cold fusion reaction partners, the collision in the
hot fusion process requires the addressal of preferred orientations as the actinide targets
are prolate deformed. So, to have the complete dynamics of the reactions in picture, one
has to understand the role of deformations and orientations in the formation and decay

of the compound nuclei formed in heavy ion reactions.

1.2 Role of deformations and orientations

The knowledge of substantial comprehension of the extreme shapes, the higher multipole
deformations (described by the usual deformation parameters , 3y, (A=2, 3, 4)) and the
extreme proton to neutron ratio are eminently useful to have an overall systematics of
the heavy ion induced reactions. Particularly in the superheavy element synthesis, where
the interaction potential plays important role due to dominating Coulomb forces, the de-
formed oriented nuclei undergo an additional degree of freedom to uplift their stability.

The low fusion barriers for actinide (prolate deformed) based reactions in comparison to
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Pb and Bi induced reactions elucidate the significance of the deformations on the inter-
action of the reaction partners. The decaying scenario is also affected significantly with
the inclusion of deformations in the superheavy mass region. From the DCM point of
view, mostly asymmetric mass fragmentation is obtained in heavy mass fragment (HMF)
region, for deformed choice [26,28,32]. On the other hand, the potential energy surfaces
(PES) for the spherical case indicate symmetric mass distribution of the decaying frag-
ments. Also relatively more structural changes are observed in the decay path of the
superheavy compound nucleus, with the inclusion of deformation effects which otherwise
remain smooth for the spherical fragmentation approach. The relevant importance of
the deformations on the decay path is shown for 2°7117* [26] and 2**115* [28] superheavy
nuclei, discussed in chapter 3 and 4.

Besides deformation effects, another parameter that influences the fusion probability
is the relative orientation of the deformed nuclei which changes the barrier height and
distance between the centers of colliding nuclei. In early 1980’s, this study got triggered off
by Greiner [49] while understanding the 233U+ 238U collision dynamics, where a particular
orientation of 238U nucleus could lead to a very long lived giant molecule. On the basis
of this study, one may observe that high fusion probability is restricted only by certain
orientations of the reaction partners, as particular inclination of the actinide target leads to
the most compact starting configuration on way to the compound nucleus formation [50].
When two nuclei touch each other in the above barrier regime by their lateral surfaces
(near-side collisions), shown in Fig. 1.3(a), high formation probability of the compact
composite system is expected. On the other hand, the elongated configuration of the
dinuclear system can be visualized in the sub-barrier region [50], when the interaction
is along the polar axis of the collision geometry (represented in Fig 1.3(b)). Hence the

importance of deformed oriented nuclei for the synthesis of superheavy nuclei is clear from
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the interaction scenario, based upon which the above and below barrier reaction dynamics

can be distinguished.

6,=0" 6,=90"
0 _ 0
0=0" 6,180

Collision axis

T

Symmetry axis

(a) (b)

Figure 1.3 Schematic diagram for deformed orientated nuclei representing (a)
the equatorial interaction leading to compact nuclear configuration, observed for
the above barrier energies and (b) polar interaction leading to elongated nuclear
configuration associated with below or sub barrier region.

Such compact and elongated structures in the Dynamical cluster decay model (DCM)
[22]- [32] was addressed recently on the basis of the £ signs of the quadrupole deformations
[22,23]. The optimum orientations are suggested for cold, non-compact and hot, compact
configurations shown in Fig. 1.3, corresponding to the largest interaction radius/lower

barrier and the smallest interaction radius/highest barrier respectively.

1.3 Decay patterns of superheavy nuclei

When a projectile nucleus interacts with a heavy target, there are several possible out-
comes and/or mechanisms that come into picture such as particle evaporation, fusion-

fission and quasi-fission etc. In case the fused dinuclear system forms a compact, mononu-
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clear configuration, equilibrated in all degrees of freedom, then compound nucleus stage is
perceived which usually disintegrates via neutron evaporation and fusion -fission processes.
On the other hand, there might be a possibility that the re-separation of the reaction part-
ners occurs before forming an equilibrated composite state. Such non-compound nucleus
decay phenomenon may be termed as quasi-fission (QF) and deep inelastic collision (DIC).

Superheavy nuclei are usually produced via evaporation of neutrons from the com-
pound nucleus with competing fusion-fission and quasi-fission/DIC channels. The nuclei
thus obtained are unstable having the lifetime of an order of few seconds. With such a
small lifespan they further disintegrate by themselves following the path of a-decay chain
and spontaneous fission, which are considered as the main residual decay modes of the
superheavy nuclei. The commonly observed excited as well as the ground state decay

mechanisms are explained in the following discussion.

1.3.1 Neutron evaporation

From the fully equilibrated compound nucleus, light particle emission (in the form of
neutron evaporation) is the main decay channel for the production of superheavy nuclei.
The superheavy compound nuclear systems formed via heavy ion interactions emit neu-
trons and v -rays for lowering the excitation energy and subsequently forming the residual
nucleus. Thus, the emission of neutrons and ~+ -rays inturn convert the excited nuclear
system in relatively stable form. For the cold fusion process, the de-excitation of the com-
pound nucleus takes place through 1n and 2n emission as the excitation energies involved
within this process are low. However due to high excitation energy, the compound nuclei
with Zony=112-118, formed in hot processes release their energy by a cascade emission
of 2-5 neutrons. This process in general competes with usual fusion-fission dynamics.

Broadly speaking, the survival probability of an excited nucleus is decided on the basis of
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emitted neutrons and v -rays in competition with the fission.

Following neutron evaporation, a large number of superheavy isotopes have been syn-
thesized. Some of the recent investigations [43, 45, 48] have been addressed using the
Dynamical cluster decay model (DCM). Specifically an extensive analysis is carried out
for Z=117, 116, 115, 114, 106 and 104 nuclei in the framework of DCM through collective
clusterization technique in which the preformation probability (Fp), penetration probabil-
ity (P) and the fragmentation potential (V},) of decay fragments provide nice description
of the emitted neutron clusters and complementary heavy fragments. In addition to this,
DCM calculations also suggest the reaction time for the emission of neutron clusters on

the basis of the neck formation effects.

1.3.2 Fusion-fission and quasi-fission

In heavy ion induced reactions, the fusion-fission and quasi-fission are the major com-
peting decay processes. The clarification of these mechanisms is extremely desirable to
understand the superheavy reaction dynamics. Elaborating this, the superheavy com-
pound nucleus (CN) synthesis is generally hindered by the quasi-fission process because
the colliding nuclei do not evolve inside the fission saddle, but re-separate after nucleon
transfer. On the other hand, after full momentum transfer, if the entrance channel evolves
inside the fission saddle point, the fusion-fission phenomenon may occur. The balance
between these processes strongly depends on certain factors such as excitation energy,
deformations/orientations of incoming or outgoing partners, mass asymmetry of entrance
channel and the Coulomb barrier Z;Z,.

The fusion-fission process is generally observed for above barrier energies where the
projectile nucleus has sufficient energy to overcome the Coulomb barrier, hence form the

compact compound nuclear structure. It has been observed that the heavy ion colli-
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sion reactions lead to symmetric mass fragmentation for such compact nuclear structure,
formed in above barrier interaction along the equatorial axis of collision. Hence fusion-
fission component is characterized by symmetric fragment distribution. On the contrary,
quasi-fission has been recognized by broad fragment mass distribution from the elongated
nuclear structure, formed at relatively lower incident energies. In other words, quasi-
fission mainly leads to the formation of asymmetric fragments. Polar collision at below
or sub-barrier energies is considered as the possible reason for the occurrence of quasi-
fission process. Hence one may observe, different mass and/or TKE distributions [50] for
fusion-fission and quasi-fission channels.

In order to address the orientation based processes, even-Z superheavy nuclear systems
2085g* [27] and 27286112* [31] are investigated through DCM [22]- [32] approach where
fusion-fission component (corresponding to symmetric/near symmetric mass distribution)
is recognized for compact equatorial configuration at above barrier energies. However,
for elongated configuration used at lower incident energies, the asymmetric fragment

distribution is dominant, exhibiting quasi-fission like mechanism.

1.3.3 Alpha («)- decay

Till now we have been concentrating on the excited state compound and non-compound
nucleus dynamics which occur before the formation of a relatively stable superheavy nu-
cleus. Following the neutron evaporation, the residual superheavy nuclei are formed with
relatively stable configurations, but due to small lifespan they usually decay via alpha
emission and/or spontaneous fission. Theoretically, these processes share the same under-
lying mechanism in physics known as quantum mechanical tunnelling effect, first explained
by Gamow [51] in 1928. Later Condon and Gurney independently explained this phe-

nomenon by means of the wave mechanics [52]. In this pioneering work, the a-decay was



1.3 Decay patterns of superheavy nuclei 19

contemplated as the penetration of the pre-born fragment inside the heavy/superheavy
nuclei which carries away the positive charge to achieve the largest possible release of the
kinetic energy. It becomes increasingly important for heavy nuclei because the disruptive
Coulomb force increases with the size at faster rate (namely, as Z?2) than does the specific
nuclear binding force which increases approximately as A. Hence a large number of nuclei
lying in the periodic table exhibit the a-decay phenomenon [53,54] which was first seen
a century ago in the famous Rutherford experiment [55].

According to the microscopic analysis, a-decay is possible only if the shell effects
supply an extra binding energy to increase the fission barrier height. Usually, in the
course of a series of o decays, the effect of magic shells for superheavy nuclei gradually
becomes weaker for descendant isotopes and finally terminates the chain by spontaneous
fission, characterized by the minimum shell effects. In spite of this, the decaying scenario
is different for even-Z and odd-Z nuclei. In the odd-Z isotopes, the probability of a-decay
with respect to spontaneous fission increases because of the strong fission hindrance caused
by unpaired nucleons [45,48]. Consequently, long lived decay chains are observed for odd-Z
nuclei.

To further analyze this concept, the Preformed cluster model (PCM) [56]- [59] based
on the Quantum Mechanical Fragmentation Theory (QMFT) is applied for investigating
the a-decay of Z=115 isotopes [28]. A nice fitting of the experimentally observed half-lives
is obtained within a constant scaling factor in penetration probability (P) for the a-decay
chains of 27115, 28115 and 2%°115 nuclei formed in 4n, 3n and 2n channels of ?'115*
respectively. The detailed description of a- emission from Z=115 isotopes is discussed

later in chapter 4.
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1.3.4 Heavy particle radioactivity (HPR)

The exotic radioactive decay between a-emission and spontaneous fission is known as
cluster radioactivity or heavy particle decay apart from the three basic decay modes
(- decay, [-decay and 7y-emission). The first signature of the cluster radioactivity was
observed by Rose and Jones [60] in 1984 through the detection of *C cluster emitted from
223Ra nucleus. Since then, a number of cluster radioactive decays from heavy parent nuclei
with Z = 87 to 96 were investigated. The daughter nucleus is always 2*Pb (a doubly closed
shell nucleus) or its neighboring nucleus for all the cluster decays in trans-lead region.
This observation has been verified in almost all experimental and theoretical studies,
and hence consequently one may presume that the shell structure of daughter nucleus
significantly contributes towards the cluster radioactivity process. The concept of heavy
particle radioactivity (Zeyster > 28) with corresponding daughter nucleus around 2°*Pb for
superheavy elements (Z > 110) is recently studied by Poenaru et al. [61] using analytical
super-asymmetric fission model (ASAFM). Various heavy clusters ranging Z=29-42 are
reported in [61] with a possible interpretation of cluster half-lives (7¢>) and branching
ratios relative to alpha («)- decay.

Through collective clusterization process, the cluster decay of 278113, 287-289115 and
293.294117 [59] nuclei is investigated using Preformed cluster model (PCM) [56]- [59] leading
to doubly magic 2°Pb or its neighboring nuclei. The calculations have been done by
including two different versions of proximity potential such as Prox-77 [62] and Prox-
00 [63] (having different isospin and asymmetry dependent parameters). The detailed
description of heavy particle radioactivity (HPR) is discussed in chapter 4.

Conclusively from the above discussion of this chapter, one may observe that paving
the way towards the center of stability of extreme mass nuclei, the Dynamical cluster

decay model (DCM) [22]- [32] which is the reformulation of the Preformed cluster model
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(PCM) [56]- [59] revitalized this interesting journey by handling the various decay modes
such as neutron evaporation channels, fusion-fission, quasi-fission, alpha decay and heavy
particle radioactivity (HPR). The rigorous understanding of the dynamical features of
hot and rotating nuclei such as angular momentum, excitation energy, deformations and
orientations of the incoming and the decaying channels shaped this formalism in the

magnificent way to grasp a complete knowledge of superheavy reaction dynamics.

1.4 Organization of thesis

The thesis is organized as follows:

Chapter 2 gives details of Preformed cluster model [56]- [59] (PCM) applied for
ground state decays and Dynamical cluster decay model (DCM) [22]- [32] for understand-
ing the decay of hot and rotating compound nuclei. These methodologies are based on
the Quantum Mechanical Fragmentation Theory (QMFT) [33,34], using collective mass
transfer in binary fragmentation process. Besides the temperature and angular momentum
effects in the decay of hot (excited) compound nuclei, DCM takes care of the deforma-
tion and orientation effects of the nuclei involved. The temperature dependent binding
energies, proximity and Coulomb interactions, along with angular momentum dependent
potential contributing towards the preformation and penetrability processes are briefly
described for DCM framework. The deformations and orientations of the fragments are
also included in PCM, but the temperature and angular momentum effects are silent.
The shell effects corresponding to proposed superheavy magic numbers are also included
in PCM and DCM based calculations for overall understanding of structural aspects of

nuclear systems formed in superheavy region.
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In Chapter 3, first a brief account of the superheavy magic shell closures with Z=114,
120, 126 and N=184 is presented by understanding the neutron evaporation decay of
296116* [30] and 2%Rf* [29] compound nuclei. The calculations are carried out for sticking
(Is) and non-sticking (Iys) moments of inertia respectively. Within both approaches,
it has been observed that Z=126 and N=184 is the best suited magic pair for address-
ing the neutron evaporation residues of superheavy nuclei. Following this analysis, the
DCM has been applied to study the decay of 2n, 3n and 4n evaporation channels of
297117 [26] compound nucleus formed in ®Ca+?%Bk [48] hot fusion reaction. Using
spherical fragmentation approach, os,, 03, and oy, could not be addressed, whereas with
the inclusion of quadrupole ((s;)- deformations and “optimum” orientations ;" " the o9y,
and o3, cross-sections were fitted nicely to the experimental data. The 4n cross-sections
were still underestimated by about 25% which indicated the possibility of some other com-
peting evaporation residue, like the *He decay, contributing to 4n-decay cross-sections.
In addition to this, a possible contribution of fusion-fission component is also predicted
which needs experimental verification.

In Chapter 4, the DCM calculated excitation functions of 2n, 3n and 4n evapora-
tion residues are obtained for the decay of 2°1115* [28] compound nucleus, lying in the
excitation energy range E},=31-47 MeV. In the decay of ?°'115*, only 2n-cross-sections
could be fitted with the spherical choice of fragmentation. However, to address higher
neutron clusters, say 3n and 4n, the deformation effects are shown to play significant
role. The PES for the spherical case indicate symmetric fission, whereas the deformed
choice gives asymmetric peaks in the heavy mass fragment (HMF) region. The effect of
dynamic deformations on the decay path of 2°!115* compound nucleus is also explored.
Furthermore, the xn channel cross-sections are estimated at Bass barrier by interpolating

the neck-length parameters fixed in reference to the available data [45]. In addition to
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this, the a-decay chains from three isotopes of Z=115 with parent mass 287, 288 and 289
are investigated by using the Preformed cluster model (PCM) with “hot” optimum ori-
entations [28]. A nice fitting of the experimentally observed half-lives is obtained within
a constant scaling factor in penetration probability for spherical and deformed fragmen-
tation approach. Another application of the Preformed cluster model (PCM) is explored
through the study of heavy particle radioactivity (HPR) from the ground state decay of
293294117 287289115 and 27113 superheavy nuclei [59]. The calculations have been done
for two different versions of proximity potential, i.e. Prox-77 [62] and Prox-00 [63].

In Chapter 5, the Dynamical cluster decay model (DCM) is used to study the orienta-
tion effects in the dynamics of 2¥Sg* compound nucleus [27] at above and below Coulomb
barrier energies. For above barrier, the symmetric mass distribution is observed, using
‘hot equatorial configuration” which is supplemented by the asymmetric mass fragmenta-
tion for ‘cold polar configuration’ at below/ sub barrier energies. The asymmetric peaks
at sub-barrier energies may be associated with some competing process, like quasi-fission.
The contribution of barrier modification at above-barrier energies is relatively lower for
hot equatorial configuration as compared to cold polar configuration. The exclusive role
of deformations is also explored by comparing spherical fragmentation with [y;-static and
(Bo;-dynamic fragmentation approaches.

In Chapter 6, the effect of higher multipole shapes included upto hexadecapole ([(y;)-

deformations is studied to understand the dynamics of 4048Ca 238U 278286119+

reac-
tions [31]. With inclusion of hexadecapole (34;)-deformations the compact angle is mod-
ified, and the compact configuration is observed for §,<90° for both nuclear systems.
Further, the decay path of 2"¥112* and ?%0112* compound nuclei show changes in the po-

tential energy surfaces (PES) when the spherical fragmentation approach is substituted by

static 3y; and By deformed fragmentations. The isotopic analysis of 282%6112* compound
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nuclei shows higher contribution of quasi-fission for neutron deficient 2¥112* nucleus. In
addition to the above, the role of changing N/Z ratio is also observed through the decay
of 288:290292,294114* compound nuclei. No significant changes in the fragmentation and
preformation profile are observed by changing the N/Z ratio in Z=114 isotopes. Besides
this, the role of isospin in Z=115 isotopes is observed by comparing the xn-channel cross-

f 2892912931 15* nuclei formed in 4*Ca +241:243245 Am reactions. The systematic

sections o
variation in xn cross-sections as a function of target mass imparts useful information in
reference to the isotopic dependence of the Z=115 element.

Finally Chapter 7, concludes the over all work of the thesis. Brief notes regarding

the significance of the work and scope for extension of this work is discussed.
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Chapter 2

Methodology

2.1 Introduction

The various theoretical attempts to locate an ‘island of stability’ have widened the area
of nuclear research to a substantial extend. With such efforts, great opportunities are
being provided to understand the superheavy structure and associated reaction dynamics.
For example, the theoretical approaches such as Strutinsky macro-microscopic method
[1], the (non-relativistic) self consistent Skyrme (or Gogny) Hartree-Fock [2, 3] and the
relativistic mean field theories [4,5] have been successfully applied in this field to explore
the properties and related aspects of superheavy nuclei. In the present work, we have
applied the Preformed cluster model (PCM) [6]- [10] and Dynamical cluster decay model
(DCM) [11]- [24], which are based on the well known Quantum Mechanical Fragmentation
Theory (QMFT) [25]- [30].

The QMFT (based on two center shell model) is a unified description of two body
channel heavy ion interaction and is the only theory, given prior to experiments, that
brings out clearly the applicability of the quantum concept of probability and role of shell

effects for fusion reactions as well as for fission processes. It is used as an average two
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body potential in Strutinsky macro-microscopic method [1]. In QMFT [25]- [30], the sub-
stantive quantities for the description of the nuclear dynamics are the potential energy
surfaces and the mass parameters defining the kinetic energy of the system. The QMFT
works in terms of the following collective variables:

(i) relative separation distance (co-ordinate) R between the two nuclei or (or, equivalently
the length parameter A = L/2Ry, with L as the length of the nucleus and Ry is the radius
of the spherical nucleus).

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

(iii) The orientation degree of freedom 6;(i = 1,2) of the deformed interacting nuclei.
(iv) Azimuthal angle ¢ between the principal planes of the two interacting nuclei.

(v) Neck parameter e, defined by the ratio ¢ = Ey/E’ for the interaction region
(R < R+ Rsy, R; (i=1, 2) is the radius of the two nuclei). Here Fj is the actual height of
the barrier and E’ is the fixed barrier of the two center oscillator. € = 0 represents a broad
neck formation, whereas ¢ = 1 gives that the neck is fully squeezed in, corresponding to
the asymptotic region (R > Ry + R).

(vi) Mass and charge fragmentation co-ordinates [25-27]. The mass and charge fragmen-
tation for separated nuclei/fragments for the two body channels are defined by the mass
and charge-asymmetry coordinates as:

A=Ay Ly — 2o
n= A ) Nz = 7

(2.1)

Similarly, the neutron asymmetry coordinate [27]

N; — N
=2 22)
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can also be used, but it is sufficient to treat only two of them as dynamical co-ordinates

since they are related as:

7 N
=7z + SN (2.3)

Here Z = Z1 + Z3, N = N1+ Ny and A = Ay + Ay, Z;, N; and A; (i = 1,2) are the
charge number, the neutron number and the mass number of two decaying fragments. 7,
N and A are respectively the charge number, neutron number and mass number of the
compound nuclear system. The 7, coordinate gives the associated charge distribution
effects.

In terms of these collective coordinates and their velocities, the collective Hamiltonian

can be written as:
H= K(R757€77]7”Z;R767é7ﬁ7ﬁZ) +V(R767677]77IZ) (24)

Here K refers to the kinetic energy and V to collective potential energy. The R, ¢, , nz
are already defined above and (3 stands for 6\; and [yo; A=2,3/4... .
For the potential V' (1, 7z, R), minimized in the 1, co-ordinate, Schrédinger wave equation

in terms of mass co-ordinates 7 and relative separation R co-ordinates can be written as:
H{(n, R)y(n, R) = E(n, R)¢(n, R) (2.5)

with the Hamiltonian,
H(n, R) = K(n) + K(R) + K(n, R) + V(n) + V(R) + V(n, R) (2.6)

The mass parameters B;;, defining the kinetic energy term K in the above Egs. (2.4)

and (2.6) are either the cranking masses used in the Asymmetric Two-Center Shell Model
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(ATCSM) or the classical hydrodynamical masses [31], which are shown to have good
agreement with microscopic cranking calculations. The coupling term of the kinetic energy
K(n, R), proportional to %;R, is neglected here, since the coupled cranking masses are
very small [25,27], (Br, < (BrrBy,;)"/* and Bg,, < (BrrBy,n,)"?). Same is true for
the coupling term of potential energy V' (n, R).

Therefore, in a decoupled approximation [30], the Schrodinger equation (2.5) can be

solved for which the Hamiltonian takes the form:

I N R N S
2\/37]778771/37]77877 2\/BRRaR\/BRR8R

V(n)+ V(R) (2.7)

For decoupled Hamiltonian (2.7), Schrodinger wave Eq. (2.5) can be separated for the n

and R co-ordinates as follows,

[—2 j?% Tomon V0| ) = Eyto) 2.

and
- fgﬂ% i V)| ) = B (29)

with
b1, B) = () (R) (2.10)

and
E=E,+ Ex (2.11)

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

The Schrédinger equation Eq. (2.8) is formulated here to calculate the preformation
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probability (FP,) of the fragments, as this theory is based on the fact that the fragments
are pre-born prior to the decay of the nuclear system. Once the clusters/fragments are
preformed, their penetration probability P across the interaction barrier can be calculated
by using the WKB approximation. On the basis of this concept, the Preformed cluster
model (PCM) was proposed in [6]- [10], which was formulated to understand the ground
state cluster decay of radioactive nuclei along with a-emission and spontaneous fission.
Following the successful application of PCM for ground state decays, further attempt was
made and the Dynamical cluster decay model (DCM) [11]- [24] was worked out which
have been used extensively to study the decay of hot and rotating excited compound
nuclear systems. The Preformed cluster model (PCM) [6]- [10] is T=0 and ¢=0 version of
Dynamical cluster decay model (DCM) [11]- [24], the deformation and orientation effects
are duly incorporated in both the formalisms. In Fig. 2.1 below, the flowchart is provided
to understand the basic structure of Preformed cluster model (PCM) and Dynamical
cluster decay model (DCM). Fig. 2.1, suggests the procedure for calculating channel
cross-sections and decay half-lives respectively in DCM and PCM approaches.

Following the description of flowchart, the chapter is organized in a way, that first,
the input potentials required for obtaining the preformation probability (Fp) and the
penetration probability (P) are discussed. Then, the complete analysis of Py and P is
presented with and without temperature and angular momentum effects for DCM and
PCM respectively. Finally, the description of the channel cross-sections and decay half-

lives is explained in brief.

2.2 The Fragmentation potential V' (n)

The fragmentation potential or collective potential energy required to solve the Eq. (2.8)

is calculated differently for the Preformed cluster model (PCM) and Dynamical cluster
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Preformation Path Penetration Path
Fragmentation potential ~ For PCM consider Scattering potential For PCM consider
7 T=0 and V =0 T=0 and V=0
VR AT) == B(4,2Z., 8, 1) +V.(RZ,, 3,,,6,,T) V(R(,T)=V.(R,Z,, 3,0, T)+V,(R, 4, 1,.,0.,T)
i=1
+Vy (R, A, 3,0, T)+V, (R, 4., 8,,,6,,T) V(R 4, 5,0,,T)
The stationary Schrodinger equation in n- cordinate Penetrability obtained by solving WKB integral
For PCM, T=0, /=0 . ok 1
: P, =expl—= [{2ulV (R)- Qeff 1}*dR]  DCM
- 8L Oy R )= By () "
s fhy by " 4
2VBﬂri a”vBﬂﬂ on P=P W P,
Ri
P = expl= [ 240V (R) -V (R))}*dR
Ra W =1
Preformation probability obtained by solving o R ! PCM
[ Schrodinger equatizon For PCM, /=0, v=0 P, = exp[—; J' Q2uV(R)- Q]}llz dR]
P =B, lwln(4)] 2/ 4) ki
)
v v DCM
| =|w" )| exp(-E} /T) } P for|PCM
L= P, for PCM
Channel cross-sections: Half-lives: —
Apen=V, P P> where
] .
T = is assault frequenc
o=LY QU4 DBP, k= |2 Een Yo quency
k 1=0 h T1/2:ln2/}\'

Figure 2.1 Flowchart representing the basic structure of Preformed cluster
model (PCM) [6]- [10] and Dynamical cluster decay model (DCM) [11]- [24].

decay model (DCM). For PCM, the required expression of fragmentation potential for

deformed and oriented nuclei is:

2
V(n,R) = — Z Bi(Ai, Zi, Bri) + Ve(R, Zi, Bri, 0:) + Vp(R, A, Bri, 0;) (2.12)
i=1

where B;(A;, Z;) are the binding energies of the incoming as well as the decaying frag-
ments. V¢ is the Coulomb potential required to address the charged particles interactions,

and Vp is the nuclear proximity potential which is observed when the surfaces of interact-
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ing nuclei are brought in close proximity. From Eq. (2.12), it is clear that the fragmenta-
tion potential used in the PCM is temperature and angular momentum independent. On
the other hand, for DCM approach, the collective potential energy V'(n) is modified by
introducing an additional centrifugal term to include the angular momentum effects. In
addition to this, the temperature effects are also included in each potential to address the
dynamics of hot and rotating nuclei. The temperature and angular momentum dependent

fragmentation potential is given as:

2
V(n, R0, T) =~ > Bi(Ai, Zi, B, T) + Vu(R, Zi, Bri, 0, T)
=1

+ ‘/p(Rv A’L?ﬁ)\’b792aT)+W(R7 Alaﬁ)xl70’th) (2]‘3)

Here the charges Z; are fixed by minimizing the potential V(7), in the n; coordinate at
each n-value.
The fragmentation potential V() for both formalisms is calculated at a fixed distance

R = Ry + Ry + AR for consideration of deformed and oriented fragments, with

Ri(a;,T) = Ros(T)[1+ Y Bai¥a” (e)], (2.14)

and

Ros(T) = [1.284}% — 0.76 + 0.84; /%] x (1 + 0.0007T?) (2.15)

Here A=2,3,4..., and «; is the angle between the radius vector R; and symmetry axis of the
colliding nuclei (see Fig. 2.2), measured clockwise. In addition to this, the 6; is the angle
of orientation, defined as an angle between the symmetry axis and the axis of collision,
with it’s rotation measured in anti-clockwise direction from the axis of collision. Fig. 2.2

shows a schematic configuration of two axially symmetric deformed, oriented nuclei, lying
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R;(00)

Figure 2.2 Schematic configurations of two axially symmetric deformed, ori-
ented nuclei, lying in the same plane and for various #; and 05 values in the range
0% to 180° [32]. The @’s are measured anticlockwise direction from the colliding
axis and the angle a’s in clockwise from the symmetry axis.

in the same plane (¢ = 0Y), for various #; and 6, values in the range 0° to 180".
It is relevant to mention here that the temperature dependence shown in equations
Eq. (2.14) and Eq. (2.15) are applicable only for DCM framework, while using PCM the

radius vector R; should be calculated at T=0.

2.2.1 Binding energies B;’s

B, (i=1,2) appearing in Eq. (2.12) and (2.13), are the binding energies of nuclei, available
from the experimental data of Audi-Wapstra [33]. Wherever the experimental B’s are
not available, the theoretical binding energies of Moller et al. [34] are used. In PCM, the
temperature independent ground state binding energies are used, whereas the temperature
dependence in the binding energies is included to understand the excited state decays

through DCM.
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Note that within the Strutinsky renormalization procedure [1], the binding energies
contain both the macroscopic (liquid drop part) and the microscopic (shell correction)
part, hence the binding energy B of a nucleus at temperature 7T is taken as the sum of
liquid drop energy Vipa(T') and shell correction energy 0U(T) i.e

The T dependent liquid drop contribution Vipy (7)) is taken from Davidson et al. [35],

which is based on the semi-empirical mass formula of Seeger [36], as:

1
3

72 ( 0.7636 2.29
i 1— :

Ro(T)As

where

I'=a,Z—-N), a,=1.0,

and, respectively, for even-even, even-odd, and odd-odd nuclei,
f(Z,A)=(-1,0,1)

For T' = 0, Seeger [36] obtained the constants, by fitting all even-even nuclei and 488

odd-A nuclei available at that time, as:

a(0) = —16.11MeV, B(0) = 20.21MeV,
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7(0) = 20.65MeV, n(0) = 48.00MeV,

with the pairing energy term taken from Ref. [37],
5(0) = 33.0MeV.

For large amount of data available on ground-state binding energies, first the bulk
constant «(0) and proton-neutron asymmetry constant a, of Vzpy (T = 0) were re-fitted
in [11,12,15] to get the experimental binding energies. This was first done in [11, 12]
for the 1995 Audi Wapstra Tables [38] of binding energies, and then in [15] for the 2003
Tables [33].

The T-dependent constants in Eq. (2.17) were obtained numerically as suggested by
Davidson et al. [35] for the experimental information on the excited states of nuclei with
T<5.5 MeV and extrapolated linearly for higher temperatures. These were calculated by
determining the partition function Z (A, Z, T) of each nucleus in the canonical ensemble

and making a least squares fit of the excitation energy
B (A Z,T)=Vipu(A, Z,T) — Vipu(A, Z,0) (2.18)
to the ensemble average
E..(A ZT) = TQa%an(A, Z,T) (2.19)

The shell corrections in Eq. (2.16) are calculated from Myers and Swiatecki [39]

“empirical” formula, contributing to the total binding energies, which are defined as:

§U=C w — cAs (2.20)
(4/2)3
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where
5 5
3 MS—Ms_l 3 5 5
F(X)=2 |25 ) o — oy ——(X*—M.d) 92.21
(0= 3 (Tt | o=y = 3 (xF - 2.21)

with X = N or Z, M;_1 < X < M; and M; as the magic numbers 2, 8, 20, 28, 50, 82
and 126 or 120 or 114 for protons and 2, 8, 20, 28, 50, 82, 126 and 184 for neutrons. The
constants C' = 5.8 MeV and ¢ = 0.26. The temperature dependent shell corrections in Eq.
(2.16) are considered to vanish exponentially for higher excitation energies, approximately
at To=1.5 MeV. Therefore only the liquid drop part is present at higher energies where
the shell corrections vanish completely.

For superheavy elements, first the constants of Vipy (T = 0) are fitted for Z=126
and N=184 [11,12,15] magic pair. Next using Z=120 or 114 proton magic, the fitting of
Vipam (T = 0) constants to address the experimental binding energy is again carried out
in [21,22,40,41]. Vipu(T = 0) is calculated as Vipy (T = 0)=B(T=0)-0U(T = 0). As
the dU(T = 0) changes for other magic pairs say Z=114, 120 and N=184, the liquid drop
part is accordingly modified. Due to change in Vipy (T = 0) and hence in Vi pp(T) for
each pair of magic shells, the total fragmentation potential gets modified which in turn

do influence the output parameters of PCM or DCM.

2.2.2 The Coulomb potential

It is the potential required to define the interaction between the two charged particles.
Particularly in nuclear physics, it arises due the force of repulsion between the charged
nuclei. It acts along the line joining the two nuclei. The Coulomb potential for two

interacting spherical nuclei is given as:

V., = (2.22)
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For deformed and oriented interacting nuclei, different authors [42,43] have given
different expressions. The Coulomb potential for deformed and oriented nuclei in [42] is

given as :

Z1Zye? 9 RMay, T) 0)
c ) Zi) ) giv T AVA - 01
4
[ﬁ)@ + ?5;5/,\(0)(91‘)] (2.23)

with R; taken from Eq. (2.14). Y/\(O)(HZ-) represents the spherical harmonic function.

2.2.3 The Proximity Potential for deformed, oriented nuclei

This potential arises when the two surfaces are brought in close proximity with respect
to each other. Broadly speaking, when two nuclear surfaces during interaction face each
other within a small distance (= 2fm), then the surface energy term alone cannot give
rise to the strong attraction. The attractive forces which then come into play are called
proximity forces, and the additional potential due to these forces is called the proximity
potential.

Having different isospin and asymmetry dependent parameters, various versions of
the proximity potentials such as Prox-77, Prox-88, Prox-00, Bass-73, Bass-77, Bass-80,
CW-76, BW-91, AW-95, Ngo-80 and Denisov DP were proposed. In the present work
we have applied two different versions of the proximity potential namely, Prox-77 [44]
and Prox-00 [45] to understand the superheavy reaction dynamics. Prox-77 is applied for
majority of the nuclear systems, whereas the possible role of Prox-00 is explicitly discussed

in chapter 4. The description of Prox-77 and Prox-00 potentials are defined below:
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Proximity Potential-77

To account Prox-77, Blocki et al. [44] have reanalyzed and extended a theorem which was
originally given by Deryagin [46], the theorem says that: the force between two gently
curved surfaces in close proximity is proportional to the interaction potential per unit
area between the two flat surfaces. The original version of Prox-77, based on the pocket
formula of Blocki, was for spherical nuclei, and then extended for deformed and oriented

nuclei by [32], and is given as:
Vo(R, Ai, Bri, 05, T) = 47 R(T)yb(T)®(s0(T)) (2.24)
where v used is the specific nuclear surface tension, which is given by:

N—2Z\? L
7 =0.9517 |1 - 17826 ( ——— | | MV fm (2.25)

and b is the diffuseness of the nuclear surface, which reads as:

b= [W/Q\/gln 9] (2.26)

t10—90

where t19_gg is the thickness of the surface in which the density profile changes from 90%

to 10%. The value of b~1 fm. However, the temperature dependent b is given as:
b(T) = 0.99(1 + 0.0097%) (2.27)

The ®(so) used in Eq. (2.24) is the universal function, independent of the shapes of nuclei

or the geometry of nuclear system, but depends on the minimum separation distance sy,
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as:

—1(sg —2.54)% — 0.0852(s — 2.54)3
D(s0) = ? (2.28)

—3.43Texp(—5%)

respectively, for so < 1.2511 and sq > 1.2511. Here, sq is defined in units of b, i.e. s
is sp/b. The sq is the distance of closest approach represented in Fig. 2.2, depends on
deformations and orientations of reactants and products. For a fixed R, the minimum

distance s is defined as:

so=R— X1 —Xo=R— Ry(as)cos(0y — 1) — Ra(az)cos(180 + 05 — ag) (2.29)

with the minimization conditions on sy, we obtain

tan(fy —aq) = —23223
tan(180 4 0y — ) = —2/282; (2.30)

the R.(«a;) being first order derivative with respect to R;(c).

For the axially symmetric shapes, the nuclear radius parameter (to all higher multipole
orders \=2,3,4,....) is given by Eqs. (2.14) and (2.15). In terms of the radii of curvature
R;1 and R;, in the principal planes of curvature of each nuclei (i=1,2) at the points of

closest approach, the mean curvature radius R for deformed, oriented nuclei is given by:

1 1 n 1 n { 1 + 1 ) ng
- sin
R? RiiRi2  Roi1Ryo Ri1Ry1  RiaRoo
1 1 ,
+ + cos 2.31
Ri1 Ry R21R12:| ¢ (2:31)

Here, ¢ is the azimuthal angle between the principal planes of curvature of two nuclei (for

co-planar nuclei ¢=0°).
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Proximity Potential-00

Recently, Myers and Swiatecki [45] modified Eq.(2.24) by using the droplet model concept.
The up-to-date knowledge of nuclear radii and surface tension coefficients are used within

this formalism. Using the droplet model [47], matter radius C; was calculated as:

Ni, .

7

where ¢; denotes the half-density radii, obtained from the relation:

(2.33)

b? 49 b4
ci = Roo; (1 ’ ) )

2 Ry, -8 Rooi
The authors of [45] had followed [48] to determine the half-density radii, either from the
“two-parameter Fermi function” fits, or for a few cases of light nuclei, other parameteriza-
tions of the charge distributions were employed. For nuclei not listed in [48], the accurate
formulae from [49] representing the measured rms values of the charge distributions were
taken into consideration, expressed in terms of “equivalent rms radii”. These are denoted

by Ry in [49] and are approximated in [49] by

1.64 A, — 27,
Rygi = 1.2404;"° {1 + % —0.191 (T) } fm (2.34)

The t; used in Eq. (2.32) is the neutron skin which is given as:

JI, — ez, A3
ti = ;’I”O ( Q 12((:]114_1;3 y (235)

With rg=1.14 fm. The value of nuclear symmetric energy coefficient J = 32.65 MeV,

c1=3€?/5r=0.757895 MeV and neutron skin stiffness coefficient Q=35.4 MeV. The nu-
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clear surface energy coefficient v in terms of neutron skin reads as:

1 t2 412
V= (18.63(M6V) - Q- i 2) (2.36)

2
T 2rg

with ¢; and ¢, taken from Eq. (2.35).

The universal function in the Prox-00 version is reported as:

e

—0.1353 + 37 [en/(n + 1)](2.5 — so)™ !

for 0 < sy <2.5,
D(s0) = (2.37)
—0.09551 exp|(2.75 — s0)/0.7176]

for s > 2.5,

The values of different constants ¢,, are co=-0.1886, c;=-0.2628, co=-0.15216, c3=-0.04562,

c4=0.069136, and c5=-0.011454.

2.2.4 Rotational Energy due to angular momentum

The angular momentum effects of hot and rotating nuclei account an additional energy

known as rotational energy, defined as:

R20(0+ 1)
Ay, B, 05, T) = 2 T2 9.
‘/K(Rv 7,76)\7,7927 ) QI(T) ( 38)
with moment of inertia in sticking limit, defined as:
2 2 2 2 2
I(T) = pR* + gAlle(Oél,T) + gAQmRQ(CYQ,T) (2.39)

in which the individual masses/ charges are included in addition to the reduced mass

_ _AA
<'u_ A1+Az

). On the other hand, the reduced mass alone corresponds to the supposition
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of prompt emission of fragments via use of moment of inertia in non-sticking limit, which
is given by I = Iysg=pR? [50]. In DCM based calculations, the effect of non-sticking
(Ins) moment of inertia can mainly be observed for the decay of light particles (neutron
evaporation) as the PES is modified only for evaporation channels and remains intact for

IMFs, HMF's and fission fragments, as discussed in [22].

2.3 Scattering Potential V(R)

For a fixed n i.e. for given A; and As combination, the scattering potential V' (R) is defined
as the sum of Coulomb and proximity potentials where deformation and orientation effects

are duly included i.e.
V(R) = Vu(R, Z;, Bxi, 0:) + Vo (R, A;, Bri, 0) (2.40)

The above expression of the scattering potential is used to address the barrier penetration
in PCM framework whereas angular momentum (corresponding to centrifugal potential)

and temperature dependent scattering potential is applied in DCM approach, defined as:

V(R7€7 T) - ‘/;(Ra Zia ﬁ)\ia elvT) + ‘/p(Rv Ai,ﬁ)\i? Qia T) + ‘/K(R7 Aia ﬁ)\i? 92'7 T) (241)

2.4 The Preformed Cluster Model

To understand the process of exotic cluster emission along with a-decay and spontaneous
fission, many theoretical models were advanced [6], [51,52] which may be broadly catego-

rized as:

i) Unified fission model (UFM)
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ii) Preformed cluster model (PCM)

The presumptions of both formalisms are completely different. In UFM [51,52], which
is the fission model, the cluster preformation is given by the penetrability of the internal
part of the barrier. On the other hand, in PCM, the preformation probability is calcu-
lated by solving the Schrédinger wave Eq. (2.8) and is different for different clusters.
It is relevant to mention here that in PCM the preformation probabilities P for all the
possible clusters can be obtained, whereas in other model like Blendowske et al. [53,54],
the preformation probabilities are calculated for the cluster mass up to A = 28 only. The
Preformed cluster model [6]- [10] has been developed by adopting mainly the Gamow’s
theory [55] of a-decay. Here, instead of a square well potential, a more realistic nuclear
potential, the nuclear proximity potential is used.

The decay constant, hence decay half-life in the PCM are defined as:

In2

A= V()PQP, T1/2 = T, (242)

The 14 in the above expression is the assault frequency. It is the frequency with which

the cluster hits the barrier, and is defined as:

v (2B )
]/0 = —— —

2.43
R R (2.43)

Here Ry is taken as the radius of parent nucleus and Fy = % pv? is the kinetic energy of
the emitted cluster. In terms of the (positive) Q-value of decay, since both the emitted
cluster and daughter nucleus are produced in ground state, the entire Q-value is the total
kinetic energy () = E; + E3), which is shared between the two fragments, such that for
emitted cluster

B, = %Q (2.44)
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and F; (=@ — FEy) is the recoil energy of daughter nucleus.

2.4.1 Preformation probability F

The Py in Eq. (2.42) is the preformation probability, obtained as the solution of
Schrodinger wave Eq. (2.8) in n-coordinate, for which the fragmentation potential as
an input is calculated by Eq. (2.12). By solving numerically, Schrodinger wave equation

gives solution as:

Py(As) o [ (Ag)]? (2.45)

with v=0,1,2,3... referring to ground state (¥=0) and excited state solutions. For

ground state decays such as a decay, spontaneous fission or cluster decay, only the lowest

vibrational state v = 0 is taken. Then the mass (or charge) distribution yield which is

proportional to the probability [/ (n)[? (or [ (n2)|?) is scaled to say, mass Ay of one
2

of the fragments (dn = %) and it is given by:

Py = [0 (42) P2/ Bun(4) (2.46)

2.4.2 Penetration probability P

For R-motion, instead of solving the Schrodinger Eq. (2.9), we use the W K B approxima-
tion to calculate the penetration probability P. For each n-value, the potential V(R) for
R > R, is calculated by using Eq. (2.40) whereas, for R < R, it is parameterized simply

as a polynomial of degree two in R, given as:

V(R) = alR + CLQR2 fOT RO < R < Rt (247)
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Figure 2.3 A scattering potential, used in the PCM, for a- decay of 2115 —
25113 + « [24] at ¢= 0, including deformations upto (;. The path of barrier
tunnelling is also shown.

The constants a; (i = 1,2) occurring in the polynomial, are determined by using the

following boundary conditions:
I. At R= Ry, V(R) =Q
2. At R=R;, V(R) = V(Ry)

Here the first condition is satisfied by considering R=R;, the outer turning point of the
penetration path, with V(R,)=Q-value. The second condition is satisfied by adding the
neck-length parameter in the touching configuration (discussed in section 2.5.3) as R,=

R, + AR, where R, is considered as the first (inner) turning point as shown in Fig. 2.3.
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Following this, the transmission probability P is considered as the three step penetration

path, which is shown in Fig. 2.3, for ground state a-decay of 2%°115:
1. The penetrability P; from R, to R;,
2. the (inner) de-excitation probability W; at R; and
3. the penetrability P, from R; to R,

giving the penetration probability as:
P = PW,;P,. (2.48)

Following the excitation model of M. Greiner and W. Scheid [56], the de-excitation prob-
ability W is given as:

W; = exp(—bE;) (2.49)

This means that the de-excitation process is restricted to only a single transition. If the
parameter b were allowed to depend on R;, it should then become a process of multiple
de-excitation and proceed as step-like process. For a heavy cluster decay into the excited

states of the daughter nucleus, b = 0 is assumed [56], which means W;=1, therefore,
P = PP, (2.50)

where P; and P, are calculated by using W K B approximation, as:

R;

P — exp —% / (2ulV(R) — V(R)]}2dR (2.51)
Rq
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and

R=ep |~ [(2ulV(R) - Q)R (2.52)

The integrals of the Egs. (2.51) and (2.52) are solved analytically by parameterizing the

above calculated potential V (R), as prescribed in [6, 7].

2.5 The Dynamical Cluster Decay Model

The Dynamical cluster decay model (DCM) [11]- [24] for the decay of hot and rotating
nucleus (i.e. angular momentum (#0 and temperature T#0) is a reformulation of the
Preformed cluster model (PCM) [6]- [10] for ground-state (¢=0, T=0) decay of a nucleus.
The DCM (like PCM) is based on the dynamical (or quantum mechanical) fragmentation
theory [25]- [30]. The deformation and orientation effects are duly taken care along with
the influence of temperature and angular momentum in the decay of excited compound
nucleus within DCM. The co-ordinates n and R of fragmentation theory in DCM, char-
acterize, respectively,

(i) the nucleon-division (or -exchange) between outgoing fragments, and

(ii) the transfer of kinetic energy of incident channel (E.,, ) to internal excitation (total
excitation or total kinetic energy, TX E or TK FE) of the outgoing channel, since the fixed
R = R,, at which the process is calculated, depends on temperature T as well as on 7,

i.e. R(T,n). This energy transfer process follows the relation:

Eiy + Quu(T) = TKE(T) + TX E(T) (2.53)
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The CN excitation energy Eon™ is related to temperature T (in MeV)
Eéy = B, + Qin = (AJa)T? =T (MeV). (2.54)

where “a” is the level density parameter, with a = 9 to 11 depending on the mass of the
compound nucleus. For superheavy mass region usually A/11 is taken for majority of the
cases. (;, is the entrance channel ()-value given by );, = By + By — Bon where B's are
the binding energies.

In terms of the partial wave analysis, using the decoupled approximation to n- and

R-motions, the decay cross-section in DCM [11]- [24] is defined as:

lraz y4
max 7_[_ max 2 EIC.m.
o= o= > (U+VFP; k= “hz (2.55)

=0 /=0

where, penetrability P, refers to R-motion and preformation probability P¢ to n-motion,
both depend on temperature (T) and angular momentum (¢). The /,,,,-value in Eq.
(2.55) is the maximum angular momentum, fixed for the vanishing of the light particles
cross-section, i.e., ogg (or o,,, particularly for superheavy nuclei) becoming negligibly
small at ¢ = £,,,.. The temperature and angular momentum effects differentiate DCM
from the PCM framework. For (=0 (s-wave) o9 = 75 P§ P, is equivalent to decay constant
A = vy Py P (or decay half-life T/, = In2/)). Here one may observe that, og and A differ
only through the constants 75 and 1. Hence, in DCM the decaying fragments are treated
as the dynamical collective mass motion of preformed clusters or fragments through the

barrier, same as taken in the PCM.
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2.5.1 Preformation probability P}

The preformation probability gives the structural information of the CN and obtained by
solving the stationary Schrodinger equation in 1 (see Eq. (2.8)), at a fixed R = R,. In
PCM, the preformation probability is given by the Eq. (2.46), in which temperature and
angular momentum effects are silent. On the other hand, the temperature dependence in
the preformation factor is included through the use of temperature dependent potential
Vin), given by Eq. (2.13). Also, if the system is excited higher values of v in Eq. (2.45)
would also contribute. The possible consequence of such excitations are included here by
assuming a Boltzmann like occupation of excited states:

o0 Ev

ol = 3 1o e (-2 (2.56)

v=0
It is relevant to mention that we are dealing here with the mass (or charge) asymmetry
which is a directly measurable quantity, and acts dynamically as mass (or charge) transfer
coordinate. Thus, the calculated yields Py(A;) (or Py(Z;)) are directly comparable with

experiments.

2.5.2 Penetration probability P,

Instead of three step penetration path, the barrier penetrability in the DCM is calculated
through a single penetration step between R, and Ry as shown in Fig. 2.4.

R, is the first turning point of the penetration path which is defined as:

RJ(T) = R, + AR(n, T) (2.57)
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where

Rt = Rl (Oél, T) -+ RQ(OLQ, T) (258)

The temperature dependence in the radius vectors Ri(ay,T) and Ry(aw,T') is given by
Eq. (2.15). It is relevant to mention here that, the temperature dependence in the
penetration probability (P) is introduced through the radius vectors, used to estimate
scattering potential which in turn influence the barrier penetration probability.

Due to single turning path, the potential calculated at the first and second turning
point remains same and is equal to the effective Q-value of the decaying fragments, given

V(R 0) = V(Ry, 0) = Qusy(T) = TKE(T) (2.59)

The Qcss(T) for the decay of hot CN at temperature T, to two exit-channel fragments

observed in ground state (T=0) is defined by:
Qess(T) = B(T) = [BL(T = 0) + Bu(T = 0)] (2.60)

with B’s as the respective binding energies.

Hence in DCM, to understand the effective penetration path of the decaying fragments,
the total penetrability P is used in place of P; and Py, integrals Eq. (2.51) and Eq. (2.52).
The Q-value is replaced by Q¢ and the limits of integration are taken from R, to R; as
depicted in Fig. 2.4.

Therefore P, is given as:

Ry
P, = exp —% / (2u[V(R) = Quss]}2dR (2.61)
Rq
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Figure 2.4 The scattering potential for 2'115* —2%9115+2n reaction at E}
=33.37 MeV, calculated at the extreme values of angular momentum. The “bar-
rier lowering parameter” is also shown for (=/,,;,, and (={(,,,, values [24].

2.5.3 The neck -length parameter and concept of “barrier low-
ering”

In the definition of R, above, AR is the relative separation distance between two frag-
ments/ or clusters A; (marked in Fig. 2.4). In the language of two center shell model
(TCSM), used to determine shell effects 6U, AR is shown to assimilate the neck formation
effects [57-59], and hence is referred as the neck-length parameter. This is similar to that
used in both the scission-point [60] and saddle-point [61,62] statistical fission models for

calculating the cross-sections. The parameter AR decides the first turning point of barrier
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penetration, referring to actually used barrier height, and consequently to the concept of
“barrier lowering” (see, Eq. (2.62) below).

Note that the predictions based on one dimensional barrier penetration calculations
may result in sub-barrier fusion hindrance. One way to fix this problem is to use the
coupled channel calculations, in which substantial enhancement in sub-barrier heavy-ion
fusion cross-sections can be obtained. The important point to note in coupled-channel
calculations is that the enhancement of sub-barrier fusion cross-section arises due to the
effective barrier height of at-least one of the channels which has a reduced barrier. A
similar “barrier lowering” is an in-built property of the DCM since, for a best fit to the
data, the neck-length parameter AR (equivalently R,) allows us to relate in a simple
way the potential V(R,, £) to the top of the barrier V(¢) for each ¢, by defining their

difference AVg({) as the effective “lowering of barrier”, given as:

AVi(£) = V(Ra, 0) — Vi(0) (2.62)

Here AVp for each / is defined as a negative quantity, the actual barrier height is effectively
lowered, as also illustrated in Fig. 2.4 for ¢,,;, and £,,,, values. It is worth noting in Fig.
2.4 that, AVp is higher for lower angular momentum value. It is relevant to mention
here that AVp decreases with increase in energy, being large at lower energies. The
detailed description of barrier modification analysis as a function of angular momentum

and excitation energy is discussed in the subsequent chapters.
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Chapter 3

Neutron-evaporation and magicity

effects in the SH-region

In this chapter, first the role of Z=114, 120, 126 and N=184 is evaluated for the decay
of 26116* [1] and 2°Rf* [2] compound nuclei, using sticking (Is) and non-sticking (Iys)
moments of inertia respectively. The high magnitude of the preformation probability, or
low values of the fragmentation potential, suggest that among all magic (Z, N) pairs,
7=126 and N=184 are the strongest superheavy magic shell closures required to address
the neutron evaporation decay. This observation is in agreement with earlier calculations
[3], carried out by using Is approach for Z=112 nucleus.

In view of the above magicity criteria, Z=126 and N=184 shell closures are used to
analyze the 2n, 3n and 4n channels of 27117* superheavy nuclear system in the framework
of the Dynamical cluster decay model (DCM) [1]- [6]. The aim of this work, published
in [4], is to investigate the role of deformations in the decay of 27117 as the production
cross-sections cannot be fitted for spherical considerations of incoming nuclei and/or decay
fragments. On the other hand, with inclusion of deformation effects up to quadrupole

. . . . t .
deformations (fs;), and “optimum” orientations (6;""), the o9, and o3, cross-sections are

64
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fitted nicely, but oy, is still underestimated by about 25% which indicates the possibility
of some other competing evaporation residue, like the *He decay contributing toward 4n-
decay cross-sections. Also, a possible contribution of fusion-fission component is predicted
which, together with “He decay, need experimental verification.

In the following, a brief introduction regarding the present work is reported in Sec. 3.1.
On the other hand, Sec. 3.2 presents the results related to magic shell closures required
for superheavy mass region. Further, within this section, the decay of 27117 is discussed

by applying the best suited magic pair. Finally, the results are summarized in Sec. 3.3.

3.1 Introduction

The synthesis of superheavy nuclei is an important and exciting research area of nuclear
physics. Since the survival of a superheavy nuclear system against prompt disintegration
depends largely on the nuclear properties of proton and neutron quantum states, the
existence of superheavy nuclei (Z >103) contribute immensely towards the basic ideology
of nuclear potentials and related nuclear structure effects, which in turn compensates the
large Coulomb repulsive interaction. For this, the proper choice of the magic numbers in
the superheavy region is extremely important, since superheavy nuclear systems in the
vicinity of the closed shells would exhibit considerable increase in nuclear stability against
various decay modes. It is relevant to mention here that N=184 is almost an established
shell closure (Magic) in superheavy region after N=126. Therefore, reactions involving
neutron number closer to 184 are expected to be relatively stable. Unlike, neutron magic
number, the status of proton magic in superheavy region is still not clear and Z=114, 120
and 126 [7]- [10] have emerged as most probable candidates among proton shell closures

in superheavy region.
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In a recent experiment [11], to reach the predicted stable land of superheavy nuclei,
two new isotopes 2?3117 and ?°*117 were produced in a fusion reaction between **Ca
projectile and radioactive *Bk target, followed by 4n and 3n emission, respectively.
The production of these daughter nuclei provided an additional experimental support to
address the island of stability for superheavy nuclei, as both have high neutron excess
(N=176 and 177) and hence are relatively closer to the neutron shell closure N=184.

Following the above discussion, an attempt is made to address the best possible can-
didates of magic shells for the superheavy mass region by analyzing the decay patterns
of 26116* and *°Rf* nuclei in DCM framework [1]- [6]. Further, the application of most
suited shell closures is explored to understand the decay of 227117* compound nucleus, for
which the neutron evaporation cross-sections of 3n and 4n channels have been measured at
two different compound nucleus excitation energies Ef y=35.3 and 39.3 MeV [11]. More
precisely, only o3, is measured at Efy=35.3 MeV and oy, at Efy=39.3 MeV. Also, some
theoretical estimates [12-14] are available for the 2n decay, but the contribution of oy, is

not seen in the experiments since the reaction used is apparently a hot fusion reaction.

3.2 Calculations and Results

As stated above, the earlier calculations [3], done for 2%6112*, suggested that Z=126 and
N=184 is the best possible choice for proton and neutron magic numbers for evaluating
neutron evaporation decay channels. This observation is limited to the dynamics of only
one nucleus i.e. 2%6112* and the predictions were made mainly for sticking moment of
inertia alone. In order to generalize this result, the role of shell closure effect in superheavy
region is investigated by understanding the decay of 2?6116* and 2°Rf* nuclei with sticking

and non-sticking moments of inertia respectively, using the Dynamical cluster-decay model
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(DCM). Calculations are made for three set of magic pairs (a) Z=126 and N=184, (b)
Z=120 and N=184, (c¢) Z=114 and N=184. The effect of each pair is then observed on

the fragmentation potential, preformation probability and production cross-sections of

the superheavy nuclei.
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Figure 3.1 (a) Comparison of fragmentation potential as a function of light
fragment mass for three choices of magic numbers Z=126, 120, 114 and N=184,
same value of AR is taken for all the magic shell cases. (b) Measured and
calculated 3n-cross-sections as function of proton magic numbers. Calculations
are done for three set of magic pairs, using sticking (Is) moment of inertia. In
each panel, the AR is kept same for the remaining two cases.

In order to explore the effect of magic pairs on the fragmentation potential of 296116*,
Fig. 3.1 (a) is plotted as the function of light fragment mass (Ay) for all the three magic
shell closures at Efy= 40.9 MeV, by including deformations upto (»; within ‘optimum
orientation’ approach. The reported AR=1.404 fm, corresponds to the best fitted value
for Z=126 and N=184 case and is kept same for other two proton magic numbers i.e.
Z=114 and 120 for the sake of comparison. Fig. 3.1 (a) shows that neutron evaporation

of 1n, 2n, 3n and 4n neutron clusters (i.e. ER channels) lie highest in energy for the case

of Z=114 and N=184, and lowest for Z=126 and N=184. Due to lower fragmentation
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potential, Z=126 and N=184 can probably be taken as the better magic pair among
others to address the neutron decay of 2°116* nucleus.

In addition to this, Fig. 3.1 (b) is plotted which shows the calculated 3n-evaporation
residue cross-sections of ?°116*, compared with the experimental data [15] at Ef y= 40.9
MeV, with fitted values of AR for all the magic shell closures. In Fig. 3.1 (b;), the
value of AR is taken fixed for the case of Z=126 and N=184, and at same value of AR,
the cross-sections for Z=120 and N=184, Z=114 and N=184 are calculated. This step
is repeated for Z=120 and Z=114 magic shells respectively in Fig. 3.1 (by) and 3.1 (bs).
Interestingly, the 3n- cross-sections remains lowest for the case of Z=114 and N=184, and
highest for the case of Z=126 and N=184 for all the three considerations. This supports
the result of lower fragmentation potential in Fig. 3.1 (a) for Z=126 and N=184 magic

shell closures, since deeper minima leads to higher magnitude of cross-sections.

%0 | 0+*Cm—2 Rf-27RE +4n | » | fo+*em ERE-FRf+5n |, |100d "0+ Cm—2"RE 2R+ 6n |
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Figure 3.2 Variation of fragmentation potential as a function of angular mo-
mentum, using non-sticking moment of inertia (Iyg) for (a) 4n, (b) 5n and (c)

6n decay channels, at different Ej,, energies, using Z=126, 120, 114 and N=184
magic shell pairs.

To generalize this concept for the whole superheavy mass range, the 4n, 5n and 6n

decay of much lighter superheavy nucleus 2°Rf* [16] is also worked out to confirm the

dominance of Z=126 and N=184 on the other magic pairs. The calculations are carried for
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Bai-deformations with ‘hot optimum’ orientations, same as that of 26116* nuclei, but for
the use of non-sticking moment of inertia (Iyg). For the decay of 2°Rf* compound nucleus,
the fragmentation potential plotted as a function of angular momentum in Fig. 3.2 shows
lesser magnitude for Z=126 and N=184 magic shells in 4n, 5n and 6n channels reported at
beam energies Eq,= 88.2, 94.8 and 101.3 MeV . This observation is further supported in
Fig. 3.3 which shows the variation of preformation probability (Fy) as the function of light
fragment mass (As) at £,,;,,=15h, 16k and 18h. It is evident from Fig. 3.3 that at £,,,,
the preformation probability remains highest for Z=126 and N=184 superheavy magic
pair, which is in agreement with the results of Fig. 3.2 for the fragmentation potential.
Hence, it seems appropriate to say that proton magic Z=126 and neutron magic N=184
are the best superheavy magic numbers amongst the Z=126, 120, 114 and N=184, to

address neutron evaporation channel.

2 0
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Figure 3.3 Variation of preformation probability (F) as a function of light
fragment mass at ¢ = {,,;, for Z=126, 120, 114 and N=184 magic pairs at (a)
88.2 MeV (b) 94.8 MeV and (c) 101.3 MeV beam energies for the decay of 2®Rf*
nucleus. For all the three cases of magic pairs, the magnitude of AR is taken
same.

Following the above discussion, the magic shell closures Z=126 and N=184 are applied

to study the dynamics of various superheavy nuclei such as 2°7117* [4],2°'115* [5] and
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290.292114* [6], to address neutron evaporation channels. In this chapter, the application
of Z=126 and N=184 magic shell closures is tested to understand the 2n, 3n and 4n- decay
channels of 2°7117* CN formed in **Ca+2*Bk reaction, the results of other superheavy
systems are discussed in the subsequent chapters. In the decay analysis of 27117 following
points are investigated: (i) The role of fy;-deformations in the decay process, (ii) the
role of temperature and angular momentum in the fragmentation process, (iii) barrier

modification effects in Z=117 nucleus for the nuclear proximity potential used.
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1 2
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220 .' ; | | | ; ;
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Figure 3.4 Fragmentation potentials for the decay of 2"117* compound nucleus
as a function of light fragment mass (As) for spherical and fy-deformed case
at lma: values. The fragmentation path is plotted at the neck length (AR)
parameters of 2n, 3n and 4n decay channels, fitted for the deformed case.

First of all, in order to investigate the role of deformations in the decay of Z=117
nucleus, the fragmentation potentials V' (Ay) are calculated for spherical nuclei (illustrated

in Fig. 3.4, open squares, for zn, x=2, 3 or 4, decays, at the £,,,,-values), and attempted
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to fit the only parameter of the model, the neck length AR, to the measured cross-
sections at both F.,, =206.93 and 210.93 MeV. Interestingly, the measured values of o3,
and o4, cannot be achieved for any reasonable choice of AR. Faced with this situation,
the deformations of nuclei up to quadrupole (fs;) deformations are included, allowing
“optimum” orientations (67'). The resulting fragmentation potentials to address 2n and
3n decays at E.,, =206.93 MeV, and 4n decay at E.,, =210.93 MeV for the best fitted
AR and /,,,, values, are plotted in Fig. 3.4 (solid circles), compared with the V(As) for

spherical nuclei at the same neck length parameter (open squares).
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Figure 3.5 Same as Fig 3.4, but for only deformed and oriented nuclei at /=0
and 4,4, values, and for *He decay channel also.

It is noticed in Fig. 3.4 that whereas the potential energy surfaces with deforma-
tions and orientations included show interesting structure with maxima and minima, the

surfaces for spherical nuclei are smooth, although the two surfaces (with and without

deformations) are similar for the evaporation decay channels 2n, 3n and 4n. For the
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deformed case, two strong minima are seen nearly at Ay =82-95 and A, =122-143, which
refer to the (not yet observed) possible fusion-fission channel in the decay of 27117 CN.
Another point of difference to note is that the /,,,, for the spherical case is relatively
small, compared to the same for deformed nuclei, and independent of deformation effects,
the £,,.. value decreases as the number of neutrons in the decay channel increases. Next,
to see the effect of changing the ¢ value, the fragmentation potentials at two extreme
(-values, /=0 and /,,,, is plotted in Fig. 3.5, with deformation and orientation effects
included for the decay of 27117* nuclei. The fragmentation potentials are plotted at the
best fit values of the neck-length parameters, associated with the 2n, 3n, 4n and *He
decay channels. The relevance of “He decay channel is discussed later in Table 3.1 and
Fig. 3.8. Interestingly, the structure of V' (As) is nearly independent of the ¢-value for all
evaporation channels and fusion-fission decay channels.

0
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Figure 3.6 (a) The variation of preformation probability (F) with angular mo-
mentum (£) in the reaction ®Ca+2"9Bk—27117*, for the case with effects of
deformations and orientations included. (b) Same as (a), but for the WKB pen-
etration probability (P).

As the compound nucleus (CN) decay cross-section in DCM depends on the preforma-
tion probability (Fp) and penetrability (P), first one may observe how these two quantities

contribute to the decay process of Z=117 CN. The preformation probability (F) helps
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Figure 3.7 Channel cross-section (0,,) plotted as the function of angular mo-
mentum (¢). The minimum and maximum angular momentum values ¢,,;, and
lmaz, Tespectively, illustrated for 4n-decay channel.

to fix the maximum value of angular momentum (¢,,,,), used for calculating the reaction
cross-section. Fig. 3.6 (a) shows Py as a function of £, and £,,,, is decided where the Py for
light particles (evaporation residues) tends to zero. The £,,,,-values are 145 h, 131 h, and
100 A respectively for 2n, 3n and 4n decays. Clearly, P, contributes significantly up to a
certain f-state and then drops sharply near the /,,,, value. Also note that, as expected
from our earlier result from Fig. 3.4, the 4n-decay corresponds to lower /,,,, state, as
compared to the 3n and 2n decay channels. Next the penetrability (P) is also plotted
as function of angular momentum (¢) in Fig. 3.6 (b) for 2n, 3n and 4n clusters. It is
observed that the P goes on increasing as ¢ increases, and a lower limit of ¢ = /,,;, can be
set, which simply means that all ¢ states with ¢-values less than the ¢,,;,-value do not con-
tribute significantly to the cross-section because the penetrability (P) is then very small.
From Fig. 3.6 (b), the ¢,,;,=95 h, 72 h and 38 h can be calculated, respectively, for 2n,
3n and 4n decays. Note that, like £,,44, {min is also the largest for the 2n-decay, followed

by 3n and 4n decays. Thus, there is a range of ¢ between ¢,,;, and ¢,,,, where both the
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preformation probability (Fy) and penetrability (P) contribute significantly. Comparison
of Fig. 3.6 (a) with Fig. 3.6 (b) clearly shows that the lower ¢ states contribute more to
Py and the larger ones contribute effectively to P.

Having defined contributing ¢-window as £,,;, < £ < {4, from Py and P, one can
calculate the cross-sections for various evaporation residue channels and re-fix the limiting
values again for each decay. This is depicted in Fig. 3.7, where z-neutron (z=2, 3 and
4) cross-sections are plotted as function of ¢ for the CN 2°7117*. The cross-sections are
significant only in the range of £ between 90 /i and 138 h, 74 h and 131 h and 41 /& and 100
h, respectively, for 2n, 3n and 4n decays. Note that, since the cut-off point is arbitrary,

¢ values can change by £2 units, but the change in total cross-section is insignificant.
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Figure 3.8 Total DCM calculated cross-sections o3, and o4, 4p. for the decay
of #7117*, plotted as the function of E},, and compared with experimental
data [11]. The lower limits of data are shown by downwards arrows.
The total decay cross-sections calculated in the DCM are compared, in Fig. 3.8 and
Table 3.1, with experimental values [11] and other available calculations [12-14] for 2n,
3n and 4n decay channels at the two excitation energies. Table 3.1 clearly shows that

DCM calculated 2n and 3n cross-sections compare nicely with the experimental as well

as theoretical data, but the 4n cross-sections are underestimated by about 25%, which
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Table 3.1 Experimental and DCM calculated evaporation residue cross-sections
Ozn, =2, 3 and 4, in the decay of 2°7117* formed in the **Ca+2*"Bk reaction,
compared with other available results.

Tn (PD)

Ery (MeV) T (MeV) zn lmaz (R) AR (fm) Expt. [11] DCM [12] [13] [14]

35.3+£21 1162  2n 138 1.242 - 02 0.2 001 -
3n 131 1.565  0.5+01 0506 0.9 0.8 1.2
4n 91 2420  <0.8 0.463 0.1 0.1 0.7
‘He 140 0.889 - 0.349 - - -
4n+1He 0.812

390.3+£21 1225  2n 141 1.238 - 0299 0.3 - -
3n 132 1.551  <0.7 0.707 2 0.3 0.6
4n 100 2305  1.3£52 1.02 1 03 08
‘He 141 0.883 - 0.304 - - -
An+4He 1.324

indicates the possibility that some other competing decay channel, like the *He decay, is
contributing towards the 4n-decay cross-sections. Interestingly, if the “He contribution is
included in DCM (also shown in Fig. 3.8), i.e., 04, + 01y, is calculated, the available data
is fitted quite nicely.

Finally, the “barrier lowering” parameter (AVg) as a function of Ef., is plotted in
the Fig. 3.9 (a), for neutron evaporation residues at ¢ = ¢,,,,. Apparently, AVp for each
neutron decay channel remains almost constant, nearly independent of the compound
nucleus excitation energy. The barrier modification is minimum for 4n decay, the case of
lowest .4, value, followed by 3n (2n) decay channel, having larger (largest) £,,q, value.
Also, the variation of barrier lowering parameter (AVg) with angular momentum is studied
for the 3n decay channel at Efy=35.3 MeV and the 4n channel at Efy=39.3 MeV. Fig.
3.9 (b) shows that AVp depends strongly on angular momentum (¢). It decreases with
increase in ¢, independent of decay channel, i.e., larger barrier modification is needed for

lower angular momentum states.
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27117*, for £ = {4, case.(b) Variation of AVp as function of ¢ for (b;) 3n decay
at Efy=35.3 MeV, and (by) 4n decay at Ef.,=39.3 MeV.

3.3 Summary

The decay analysis of 2%°116* and 2°Rf* compound nuclei suggest that out of Z=126,
120, 114 and N=184 magic candidates, Z=126 and N=184 is the best suited magic pair
to analyze the neutron evaporation channels. Following this, the 2n, 3n and 4n decay
cross-sections for ¥Ca+2¥Bk —2%7117* reaction are calculated by using the Dynamical
cluster-decay model (DCM) with proton magic Z=126 and neutron magic N=184. The
measured and/ or theoretical data of 227117* CN could not be fitted for spherical choice
of decaying fragments. However, with the inclusion of deformations up to fs; and opti-
mum orientations ("), the available data on 2n and 3n decay cross-sections could be
fitted quite nicely, but the 4n decay cross-section required us to invoke *He decay as the
competing residue in this case, which need experimental verification. Also, a possible

contribution of the, not yet observed, fusion-fission process is indicated.
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Other interesting results are: (i) the angular momentum does not seem to influence
the fragmentation path in this reaction, independent of 2n, 3n or 4n decay channel; (ii)
Lopin and £, are reported to be the least for the heaviest neutron decay channel, i.e., 4n
cluster, followed by 3n and 2n; (iii) The barrier lowering parameter (AVg) is shown to be
almost independent of the compound nucleus excitation energy, and is reported to be least
for the higher angular momentum states and the heaviest neutron cluster. In addition to
neutron evaporation, an effort is made to address the a-decay and heavy cluster emission

in superheavy region. The results are discussed in chapter 4.
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Chapter 4

Alpha(a)-decay and heavy particle

radioactivity (HPR)

In the previous chapter, the magicity effects were addressed in context of SH region and
the same were employed to investigate the neutron evaporation process. As an illustrative
example, the role of deformations in the decay of 2°7117* compound nucleus formed in the
BCa+219Bk reaction was explored using DCM [1]- [6]. The measured data could be fitted
only with the inclusion of (35;-deformed fragmentation approach, hence the deformation
(Bos-static) effects seem indispensable for 2*7117* nucleus. With the aim to explore such
effects extensively, the 2n, 3n and 4n evaporation channels of 2°!115* compound nucleus
are investigated in the excitation energy range Ef.,=31-47 MeV. A comparative analysis
of spherical vs static and dynamic deformations is made explicitly for the 2n-evaporation
residue, as only 2n decay responds to spherical fragmentation approach. The higher
neutron clusters such as 3n and 4n can only be fitted after the inclusion of deformation
effects. Also unlike 2?7117, the suppression in the 4n-cross-section is not observed for
the decay of 2*!115* CN. Furthermore, the evaporation cross-sections of 2n, 3n and 4n-

channels are also estimated at Bass barrier by interpolating the neck-length parameters

80
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fixed in reference to available data at above barrier energies. This work is published in [5].

Subsequent to neutron evaporation, the ground state decays such as a-emission and
heavy particle radioactivity (HPR) are also discussed in this chapter to understand the
overall decaying scenario of superheavy nuclei. The excited state and ground state mech-
anisms are worked out respectively in the framework of Dynamical cluster decay model
(DCM) [1]- [6] and Preformed cluster model (PCM) [7]- [10]. The a-decay chains of Z=115
isotopes and HPR observed for Z=113, 115 and 117 superheavy nuclei are addressed us-
ing “hot” optimum orientations of nuclei. In the study of the a-decay chains a constant
empirical factor in penetrability is proposed, whereas the HPR is analyzed by employing
different proximity potentials such as Prox-77 [11] and Prox-00 [12] to calculate the decay
half lives.

The organization of the chapter is as follows: The introduction regarding excited and
ground state decays is described in Sec. 4.1. The results of DCM based calculations for the
decay of 2*1115* are discussed in Sec. 4.2. The a-decay and heavy particle radioactivity
(HPR), studied in the framework of PCM are also discussed within the same section.

Finally the results are summarized in Sec. 4.3.

4.1 Introduction

The advancement in the heavy ion reactions to explore the dynamics of superheavy mass
region is mainly achieved through the hot fusion process, compared to reactions based
on doubly magic 2®Pb and 2%Bi. Through this process, SHEs upto Z=118 have been
synthesized by using various combinations of actinide targets (U, Pu, Am, Cm, Bk and Cf)
and “®Ca projectile [13,14]. Recently, some experiments were performed using the fusion

reaction of radioactive target nucleus 2#3*Am and the doubly magic **Ca beam [15], in order
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to synthesize a chemical element with atomic number Z=115. Earlier in 2003 [16,17], the
element Z=115 was observed for first time in the same reaction. The work presented in [15]
is mainly based upon the production and decay properties of 29115, 28115 and 27115
nuclei. Significant amount of data for 2n, 3n and 4n decay channels is made available
over a wide range of incident energies above the Bass barrier and the same is tested in
the framework of DCM [1]- [6].

In addition to the channel cross-sections, the consecutive a-decay chains of Z=115
isotopes are also reported in [15], as a- emission gives an important information about
the influence of nuclear structure on the decay properties of nuclei. It is to be noted that,
due to their long lived decay chains, the synthesis of SHE with odd-Z give more detailed
information than the even-Z nuclei. More specifically, the relatively high stability of a-
decaying isotopes of element 115, against spontaneous fission, is associated with the strong
influence of spherical nuclear shells at Z>82 and N>126, which require an appropriate
theoretical interpretation. The Preformed cluster model (PCM) [7]- [10] is applied to
understand the various a-decay chains of 287115, 28115 and 2*°115 nuclei.

Apart from the basic a-decay mode of the superheavy mass region, Poenaru et al. [18]
have also suggested another ground state decay phenomenon known as heavy parti-
cle radioactivity (HPR). Theoretically, it is mainly observed for the superheavy nuclei
Zparent>110 via spontaneous emission of heavy clusters (Zguster>28) with corresponding
daughter nuclei around the doubly magic 2°*Pb. With an aim to address the HPR within
collective clusterization process in PCM [7]- [10], the cluster decay in the ground states
of 278113, 287-289115 and 293294117 isotopes is investigated, leading to doubly magic °*Pb
or its neighboring nuclei. These nuclei [15,19,20] have been observed in the evaporation
channels produced in a cold fusion reaction using a beam of °Zn on 2%Bi target and

hot fusion reactions induced by #®Ca projectile with actinide targets **Am and 2*Bk,
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respectively.

4.2 Calculations and Results

In the present work, first in Sec. 4.2.1 the DCM is applied to calculate the 2n, 3n and
4n cross-sections of ?'115* compound nucleus in reference to the experimental data [15].
In view of the earlier calculations of DCM [3,4], the magic shell closures Z=126 and
N=184 are used to understand the neutron evaporation channels of ?°!115* CN. The role
of By (static and dynamic) deformations is discussed for the production cross-sections
of Z=115 isotopes. It is worth mentioning here that the comparison of [3y; (static) [21]
and (y; (dynamic) [22,23] is carried out by making static deformation [35;(0) temperature

dependent, through the relation:

622‘(T) = €$p(—T/T0)62@'(0)

where Tj is the temperature of the nucleus at which shell effects start to vanish, and is
approximately taken as 1.5 MeV.

Sec. 4.2.2 is presented to depict the results of a-decay half lives of 287115, 288115 and
289115 nuclei using PCM, applied for spherical and deformed fragmentation approach.
The application of the PCM is further tested in Sec. 4.2.3 to observe the heavy particle
radioactivity (HPR) of the superheavy nuclei with Z=113, 115 and 117. It is relevant
to mention that this work is carried out in continuation to the chapter 1 to understand
the role of deformations in excited and ground state decay mechanisms in context of the

chosen reactions.
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Figure 4.1 Preformation probability for the decay of ?*1115* compound system
formed in the *Ca+2*3Am reaction for spherical and deformed choices of frag-
ments with optimum hot orientations (67"") at Ej,=33.37 MeV and respective
lmaz-values. The deformations are taken up to quadrupole ((y;), with both the
static and dynamic choices.

4.2.1 Neutron evaporation cross-sections of 2°'115* CN

Fig. 4.1 shows the preformation probability (F,) in reference to 2n-evaporation cross-
section data at Efy=33.37 MeV. In order to understand the role of deformations in the
decay of the ?*'115* compound nucleus, Fig. 4.1 is plotted for the cases of spherical,
Poi-static and f;-dynamic choices of deformations. The preformation probability (F) is
the probability with which the cluster or fragment is preformed before it comes out of
the compound system by penetrating the potential barrier. It is a relative quantity, i.e.,
a slight change in the potential for any one of the fragments leads to redistribution of F,
among all the fragments. The PES (equivalently the preformation path) for the spherical
case indicates symmetric fission, where as the same for deformed choice gives asymmetric
peaks in heavy mass fragment (HMF) region. The preformation probability remains
almost identical for static and dynamic choices of deformations, except that, for the static
case, higher ¢,,,, and smaller neck-length parameter (AR) values are required for a best

fit of the data. This happens because the temperatures involved are quite small (T=1.1-
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Figure 4.2 Calculated cross- sections for 2n, 3n and 4n evaporation channels
of the ¥Ca+2?*3Am reaction as a function of £}y, compared with experimental
data [15]. The error bars are also shown. The deformations are up to [3y;, along
with optimum hot orientations. The Bass barrier [24] is also shown as a downward
arrow. The dashed line is to guide the eye.

1.3 MeV), and hence further analysis is made in the context of static deformations only.
It is relevant to mention here that spherical fragmentation works only for the 2n decay,
and the 3n and 4n decay channels can be fitted only after the inclusion of deformation
effects. In other words, the deformations of fragments play an extremely important role
in the decay of the 2°!115* nuclear system.

Fig. 4.2 shows the comparison of the DCM calculated cross-sections for xn-evaporation
channels of the *®Ca+2*3Am reaction with the experimental data [15]. A nice fitting of
data is obtained for all the channels at different excitation energies. Note that all the
measured evaporation residue cross-sections are above the Bass (Bpggss) barrier. For 3n-
evaporation channel, the cross-section is maximum at Efy=36.15 MeV, and it is predicted
to reduce systematically at the Bass energy. The calculated 3n cross-section at the Bpggss
energy is obtained by interpolating the neck-length parameter (AR) by a second order
polynomial

AR = —6.66 x 107" + 0.09506 Ecy — 0.0014E%y,
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Figure 4.3 Variation of the neck-length parameter (AR) with E(,, obtained for
the best fit to neutron fusion-evaporation data [15] for the ¥Ca+2%3Am reaction,
using the DCM. The inset shows the comparison of neck-lengths of the 2n channel
for spherical and deformed choices of nuclei.

obtained by fitting of the calculated points (see Fig. 4.3). The same procedure cannot
be applied for the predictions of 2n and 4n channels because enough data points are not
available for these channels. However, using the systematics of AR in Fig. 4.3, the 4n
cross-section is obtained to be 0.0418 pb and the 2n cross-section is almost negligible at
the Bass barrier energy. Fig. 4.3 shows the variation of neck-length parameter (AR) with
excitation energy (E&y). A comparison of neck-lengths for 2n channel is also shown in
the inset of this figure for deformed and spherical choices of fragments. The neck-length
comes out to be greater for spherical case than for the deformed one. For 2n and 3n
channels, the variation of AR follows the same trend as that of the cross-section but for

4n-channel, it becomes maximum, thereby indicating higher reaction time.

4.2.2 a-decay chains of ?'115*-zn using the PCM

The neutron evaporation decay of 2°!115* compound nucleus results in the production of

three isotopes of element 115, with mass numbers 287, 288, and 289. Various a-decay
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Figure 4.4 Comparison of experimental and PCM calculated half-lives of a-
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the 8Ca+2*3Am reaction. The hot optimum orientations are used with in the
framework of the PCM.

chains are further detected from these isotopes, and the corresponding half-lives are mea-
sured. Fig. 4.4 shows the calculated half-lives of a-decay chains by using the Preformed
cluster model (PCM), compared with experimental data [15]. It is clear from the figure
that the calculations agree nicely with experiments within a constant empirical factor. In
the calculations, deformations are included up to f;, with optimum “hot” orientations.
This means that both preformation probability (Fp) and penetrability (P), involving frag-
mentation potential V(n) and scattering potential V(R), respectively, are calculated for
use of “hot” optimum orientations of the =0 case, with the required assault frequency
(1) calculated by Eq.(2.43) of chapter 2. The half-lives (7} /2), preformation probability
(Py), penetrability (P), impinging (assault) frequency (1), neck-length parameter (AR),
and Q,,; values for the a-decay chains from 2n, 3n and 4n decays of ?*1115* formed in
the ¥Ca+2%3Am are also presented in Table 4.1. For a best fit to data, the penetrability
P is normalized by a constant factor of 10* for all the three n-channels, which accounts
for either the de-excitation probability W;, taken as one (same as for heavy clusters) or
the change in penetrability contributions P; and P, (see Fig. 2.3 of chapter 2). In the

present a-decay process, the subsequent daughters are not in the ground state and hence
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Table 4.1 The experimental and PCM calculated half-lives (77 /2), together with
the corresponding preformation probability (Fp), penetrability (P), impinging
frequency (1), neck-length parameter (AR), and Q-values (Qu.) [21] for the
a-decay chains after 2n, 3n and 4n decays of ?°!115* formed in the *¥*Ca+2*3Am

reaction.
o-decay B P(x10%) v AR Qi TS T
2n-channel
29115 —28°113  1.22x10719 528x107'2 2.811x10%' 1.796 10.026 0.38  0.387)5
25113 »21Rg  1.80x10710 2.56x10713  2.673x10%' 1.217 8976 560  5.601%3
3n-channel
288115 —281113  1.85x10710 7.75x10712 2.828x10%' 1.846 10.126 0.17  0.17 005
284113 —»20Rg  1.02x10710 1.01x10712 2.701x10%' 0.900 9.146  2.48  0.9770%>
20Rg —26Mt  1.43x107'2 4.82x107!! 2.858x10* 1.867 10.136 3.52  3.60%73
26Mt —272Bh  4.64x10712  1.01x10710 2.843x10%' 1.615 9.926  0.52  0.54%5%5
22Bh —2%Db  2.06x1071 1.03x10712  2.704x10?" 1.498 8.886 12.10  12.0731
4n-channel
27115 —283113 2.76x10710  2.69x107"  2.848x10%' 1.670 10.246 0.0326 0.03215:0%%
23113 »2MRg  7.39x10710 3.08x107'? 2.735x10%' 1.075 9.356  0.111  0.1707%
29Rg—2Mt  1.77x10718 7751079 2.971x10%'  1.540 10.926 0.1695 0.17705%
25Mt—2"Bh  2.92x107M 6.70x10710 2.866x10*" 1.320 10.066 0.0123 0.0127( 033
21Bh—2"Db  1.97x1071% 1.09x107'2 2.672x10%' 1.134 8.656  1.21 1.2752

“hot” process is preferred over “cold” one, which means that the ), value gets mod-
ified due to vibrational and excitation energy, which in turn changes the magnitude of
penetrability (P). The same factor in the penetration probability (P) is required when
the spherical fragmentation approach is applied to study the a-decay chains of Z=115

isotopes, as discussed in [6].

4.2.3 Heavy particle radioactivity of Z=113, 115 and 117 super-
heavy isotopes

The analysis of cluster decay calculations, considered with atomic number 2<Z ., ser <20

max

within the PCM, is extended to heavier clusters in superheavy region with Z79% = =

Z

parent-52, to learn about the most probable cluster emitted across doubly magic daugh-
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ter 28Pb, or nearby stable nucleus. The effects of deformations are considered up to
quadrupole (fs;) in reference to optimum orientation criteria as suggested in [1]. Differ-
ent versions of proximity potentials are employed in this work to study the heavy particle
radioactivity (HPR) of 28113 [19], 28729115 [15] and 293294117 [20] systems. This work

is published in [10].
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Figure 4.5 Fragmentation potential for the parent nucleus 4117 using proximity
potentials Prox-77 and Prox-00 for fs; deformed choice of nuclei with optimum
(09"") orientations forming hot compact (filled symbols) and cold elongated (open
symbols) configuration, taking into account all possible fragments.

First of all, one may look at the behavior of fragmentation potentials, illustrated in Fig.
4.5, for the parent nucleus ?**117, calculated for the fragments with quadrupole deforma-
tions () and optimum orientations (69”"). The role of ‘hot compact’ and ‘cold elongated’
configurations of orientations are also worked out in this figure. Note that the orientations
are uniquely fixed (optimized) on the basis of the signs of (3y; alone which manifests in
the form of ‘hot compact’ and ‘cold elongated’ configuration [1]. The calculations are
done using nuclear proximities Prox-77 [11] and Prox-00 [12] at fixed value of internuclear

separation distances. Despite the use of different nuclear proximity potentials, our anal-
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ysis of Fig. 4.5 clearly shows that ®°Br is the most probable cluster (showing strongest
minimum in potential energy surface) with corresponding 2**Pb daughter for the choice of
‘hot” in comparison to ‘cold’ configuration. In other words, the region for heavy particle
radioactivity is more favorable, and hence show a clear preference in the fragmentation

potential, for ‘hot compact’ in comparison to ‘cold elongated’ configuration.
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Figure 4.6 Preformation probability (P) for the decay of 2113, 29115 and

294117 nuclei using nuclear potentials Prox-77 and Prox-00 for spherical [panels

(a), (c), and (e)] and deformed [panels (b), (d) and (f)] choices of nuclei. The

most probable cluster corresponding to Pb daughter is pointed out with solid

lines.

Fig. 4.6 presents the calculated preformation probability (FP) as a function of fragment
mass number (A;, i=1, 2) for the parent nuclei 2113, 8115, and 2°*117 using both the
proximity potentials. The specific role of deformations is studied in this figure, where

the calculations have been done using spherical consideration as well as for 3y;-deformed

choice of fragments. In order to look for the exclusive role of interaction potentials, the
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calculations have been made at the same neck length parameter (AR), chosen in reference
to Prox- 00 and is clearly depicted in Fig. 4.6 for 278113, 28115, and 2°*117 nuclei. It
is evident from Fig. 4.6 that the inclusion of deformation and orientation effects of the
decay fragments change the potential energy surface (PES) which in turn affects the decay
constant and half life time accordingly. A solid vertical line is drawn in order to point
out the most probable ™Ga, #3As and #Br clusters and their respective 2°Pb, 26Ph
and 2°Pb daughters emitted from 27113, 289115 and 2?*117 parent nuclei. Interestingly,
the emergence of 8°Kr cluster and its complement '*?Ir seems to be more prominent in
the fragmentation of 28113, irrespective of spherical or deformed configuration [see Fig.
4.6 (a) and 4.6 (b)]. However, if one refers only to Pb radioactivity, then *Ga may be
considered as the most preferred cluster. Hence three important results can be extracted
from Fig. 4.6: (i) Except for the change in the magnitude, no noticeable change in the
structure of PES is observed while going from Prox-77 to Prox- 00 with spherical as well as
deformed fragments; (ii) the status of the preferred cluster remains intact, independent of
the choice of nuclear proximity potential and deformation used; (iii) the favorable clusters
shift toward the heavier mass region with the increase in mass number of parent nuclei.
It is to be noted that PCM based calculations are sensitive to the choice of neck-
length parameter (AR) which in turn, plays an important role in the estimation of decay
half-life. Therefore, an attempt have been made in Fig. 4.7 to predict a range of cluster
decay half-lives for the considered parents with effects of deformations and orientations
included. Also shown in this figure are the predictions of Poenaru et al. [18] based on
analytical super-asymmetric fission model (ASAFM), obtained by using different (AME11
[25], LiMaZe01 [26,27] and KTUY05 [28]) mass tables. From Fig. 4.7, one may observe
that half-life time is influenced by the variation in AR; the only parameter of the model

which decides the entry point of barrier penetration as well as of the clusters preformation.
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Figure 4.7 PCM predicted decay half-lives for the most probable cluster emit-
ted from 278113, 2729115 and 23294117 isotopes over a range of neck-length
parameter (AR) for the use of (3y;-deformed decay products.

At a given AR value, log;oT /5 is relatively larger for the choice of Prox-00 in comparison
to Prox-77. Apart from providing nice agreement with the results of ASAFM, the PCM
predicted half-lives over a wide range of neck values, which may provide a testing ground
for the future experiments on cluster decay studies.

Finally, the possible role of shell corrections is investigated for understanding the clus-
ter dynamics in the SHE region, taking 29115— A;+ A, as an example, with deformations
upto fo; and for the case of Prox-00 only. Fig. 4.8 (a) is plotted to check dependance
of Py on shell corrections, by taking §U=0 and compare it with the case of 6U#0. Fig.

4.8 (a) clearly shows that the maximum yield (P,) is obtained for ®*As fragment, and
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Figure 4.8 (a) Role of shell corrections §U, illustrated for 2°115 by plotting the
preformation factor (Fy) as a function of both the cluster and daughter masses,
using Z=126 and N=184. (b) The same as (a), plotted by considering the different
magic shell closures Z=126, 120, 114 and N=184 for the use of Prox-00. AR=0.98
fm, having kept the same in all the three cases for comparison.

its complementary heavy residue 2°Pb, only when the shell corrections dU are added to
the liquid drop part of the binding energy term. The above observation clearly suggests
that shell corrections play an important role and hence are essential to make concrete and
explicit predictions of the clusterization process in SHE region. In order to investigate
the role of different superheavy magic shell closures, the variation of Py is shown in Fig.
4.8 (b) for all the three choices of magic pairs i.e. Z=114, 120, 126 and N=184, within the
deformed fragmentation approach. The shell corrections for the above magic numbers are
calculated by using the empirical formula [29] and accordingly the liquid drop energies
are calculated [3,4] to give the experimental binding energies. The comparative analysis
with different superheavy magic pairs is carried out at the same neck length parameter
(AR) of Z=126 and N=184. Apparently, the emergence of heavy cluster 83As and the
corresponding 2°Pb daughter is found equally favored, i.e., nearly indistinguishable for
the three magic pairs of Z, N which in turn, seem to suggest that HPR emission does not

depend on the choice of proton magicity in SHE region.
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4.3 Summary

The xn-decay cross-sections of 21115* CN formed in the *¥Ca+2*3Am reaction is studied
by using the Dynamical cluster-decay model (DCM) at excitation energies Ef,y=31-47
MeV. The effects of static and dynamic deformations up to J3; are studied on the fragmen-
tation process of xn evaporation channels. It is shown that the spherical case of fragments
prefer symmetric fission, where as the same for deformed choice give asymmetric peaks in
heavy fragment mass region. Only the 2n-cross-sections could be fitted with the spherical
choice of fragments, but the same did not work for 3n and 4n channels. In other words,
deformations play a significant role in understanding the dynamics involved in the decay
of 291115* compound nucleus. The xn evaporation cross-sections are also predicted at
Bass barrier, which could be of interest for the future experiments.

The a-decay chains from the three isotopes of element 115 with masses 287, 288,
and 289 are investigated by using the Preformed cluster model (PCM), with effect of
deformation and “hot” optimum orientation included. A nice fitting of the experimentally
observed half-lives are obtained with in a constant scaling factor in penetration probability
(P). An interesting result of this calculation is that half-lives of a-decay chains prefer
“hot” optimum orientations within the PCM, rather than the usual “cold” optimum
orientations for spontaneous a-decays. Also the heavy particle radioactivity (HPR) follows
same orientation approach i.e. “hot-optimum” within the collective clusterization process.
For HPR, the effect of different nuclear proximity potentials on cluster decay half-lives
(T1/2) and preformation probability (F), along with the possible role of magic shells are
investigated in order to extract a clear picture of the dynamics involved. The calculations
are further shown to be extremely sensitive to the choice of neck-length parameter (AR)
and hence an effort is made to predict a range of T;/, values which could possibly provide

new directions for cluster decay measurements.
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After making an extensive effort to address the role of static and dynamic deformations
in the excited state and ground state decay mechanisms of superheavy nuclei in chapters 3
and 4. It is of further interest to investigate the relevance of orientation degree of freedom
in the dynamics of heavy ion induced reaction pertaining to superheavy region. These

results are discussed in chapter 5.
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Chapter 5

Orientation effects across the

Coulomb barrier

In addition to the deformations of nuclei, the role of orientation degree of freedom is
also essential for overall understanding of superheavy reactions. Keeping this in mind,
the dynamics of 3°Si+2¥U—28Sg* reaction is studied using hot and cold ‘optimum’ ori-
entations [1]. In the previous chapter, the orientation effects were investigated for the
ground state emission such as a-decay and heavy particle radioactivity (HPR). The same
are applied here to calculate the neutron evaporation residue and fission cross-sections of
268S0* nucleus in reference to the available data [2] by including (Bs-deformations. The
calculations at above barrier energies are performed by considering the hot equatorial
configuration, for which symmetric distribution of fragments can be seen. On the other
hand, asymmetric fragmentation is observed at below /or sub barrier energies for cold po-
lar configuration. In addition to this, at highest energy (FE..,, =169 MeV), the comparison
of spherical, (;;-static and dynamic deformed fragmentation is carried out to understand
the effect of temperature independent and dependent deformations on the decay mass

fragments. This work is published in [3].
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In the following, a brief introduction regarding the present work is reported in Sec.
5.1. The hot versus cold configuration results are discussed in Sec. 5.2 and the same are

summarized in Sec. 5.3.

5.1 Introduction

The use of actinide target induced reactions for the superheavy synthesis is immensely de-
sirable as it provides an opportunity to explore the reaction dynamics across the Coulomb
barrier. Due to prolate nature of actinide targets, the collision probability of projectile to-
wards an equatorial orientation of the deformed (target) nucleus is significantly enhanced.
Hence the most compact starting configuration gets developed on way to the compound
nucleus formation and/or subsequent decay [1]- [4]. This process is more viable at energies
higher than the Coulomb barrier. Therefore the actinide targets achieve the maximum
neutron excess in such configurations, and consequently result in higher fusion probability.
The situation changes drastically when the energy is reduced to the sub-barrier region.
The cross-sections drop rapidly in this region as the interactions are limited along the
polar axis where the re-separation of the reaction partners is relatively large (elongated
configuration) [1]- [4]. Hence, it seems reasonable that the former configuration would
more likely result in fusion-fission, and the later in quasi-fission.

In view of all above, the main aim of this work is to investigate the role of deformations
and orientations affecting the dynamics of °Si+238U—208Sg* reaction. In addition to
deformations, the motivation behind the exploration of orientation degree of freedom is
to observe the drastically changed potential energy surfaces (PES) from asymmetric to
symmetric mass distribution, at below and above the Coulomb barrier, respectively. It is

important to mention that in DCM based calculations, the optimum orientations are fixed
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for cold polar (elongated) and hot equatorial (compact) configurations [1], respectively,
for the configurations corresponding to largest interaction radius with lowest barrier and

smallest interaction radius with highest barrier
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Figure 5.1 (a) Fragmentation potential for the 3°Si+2?3¥U—208Sg* reaction as a
function of light fragment mass for spherical, 3; -static and dynamic deformations
with “optimum” orientations (67"') at £, values. (b) Same as that of (a) but
plotted for the preformation probability.

5.2 Calculations and Results

The decay of compound nucleus ?®*Sg* in DCM [3]- [8] has been studied over a wide
range of center-of-mass energies F.,, =125-169 MeV across the barrier, where both neu-
tron evaporation channels (3n, 4n and 5n) and fission cross-sections are measured [2].
The calculations are performed by considering the static Jo;-deformations within the ‘op-
timum’ orientation approach. In the present analysis, first to understand the deformation
effects on the potential energy surfaces (PES) of the decay fragments, the fragmentation
potential V(Asy), shown in Fig. 5.1 (a), is plotted at the highest value of center-of-mass

energy F..,, =169 MeV and at ¢ = (,,,, for spherical, (5;-static and dynamic deformed
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configurations. It can be seen from Fig. 5.1 (a) that the fragment mass distribution
remains nearly identical for light particles (LPs) and intermediate mass fragments (IMF's)
for all three cases. However, significant difference in the PES for the fission region is
observed with the inclusion of [y;-static/dynamic deformations. A strong variation can
be seen in the decay path of fBy;-static choice of fragmentation, which otherwise remains
relatively smooth for the spherical fragmentation approach. The fy;-dynamic deforma-
tions exhibit an intermediate structural behavior. The occurrence of prominent minima
in Fig. 5.1 (a) at A; =17 may be due to the inappropriate values of optimized ;- defor-
mations used in the calculations and occur mainly because of the proximity (Vp) part of
the fragmentation potential.

A similar trend can be seen in Fig. 5.1 (b) where the preformation probability (F)
is plotted as a function of fragment mass by considering the nuclei as spherical, (3s;-static
and fy;-dynamic deformed. It is relevant to mention here that the maximum preformation
probability (P,) corresponds to minima in the fragmentation potential. Hence, Fig. 5.1
(b) clearly shows the emergence of differences for the same mass region 70< A, < 130,
similar to one observed in the case of fragmentation plot (Fig. 5.1 (a)). Another point of
difference between spherical and deformed choices of fragmentations lies in the fact that for
spherical choice, the dominant fragments required for calculating the fission cross-sections
are lying in the mass range (A/2) 42, while a comparatively lesser number of fragments
are contributing toward fission cross-sections with inclusion of deformation effects ((g;-
static and [9;-dynamic). The dominant fission fragments for dynamic deformations are
(A/2) &+ 14 which further reduces to (A/2) + 9 for static deformations. Hence, the huge
difference in the fission fragmentation can be seen in going from spherical to (3o;-static
deformed choice of fragmentation. Evidently, the (5;-dynamic distribution lies in between

that of spherical and (3;-static cases of fragmentation.
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Table 5.1 Experimental and DCM calculated evaporation residue cross-sections
(0un, T= 3, 4 and 5) of ?%8Sg* CN, fitted for hot equatorial configuration.

Eem.(MeV)  xn T (MeV)  lpae () AR (fm)  oDM(pb)  oZ2ph(ph)

128 3n  1.207 120 1.536 14.7 15 upper limit
133 4n 1291 113 1.850 10.2 10 +5°
144 5n  1.458 107 2.235 66.2 67457

Table 5.2 Experimental and DCM calculated fission cross-sections (0 fission) i
the decay of 268Sg* formed in the 3°Si+?**U reaction by considering hot equatorial
configuration.

Eom(MeV) T (MeV)  lpee (B) AR (fm) DOM (1) Brpl (mb)

O-fission gfission
169 1.778 147 1.120 792 792
159 1.658 142 1.076 594 597
154 1.594 139 1.058 382 390
149 1.528 136 1.049 268 269
144 1.458 134 1.029 156 156.5
139 1.385 133 0.997 65.6 65.9
134 1.307 131 0.964 19.8 20.0
129 1.225 128 0.944 3.18 3.25
125 1.154 126 0.905 0.129 0.123

Finally by using static-deformations upto (3»; with hot compact equatorial configu-
ration, the fission and evaporation residue cross-sections are calculated at above and
below barrier energies in the framework of DCM. Fig. 5.2 (a), alongwith tabulated re-
sults of Tables 5.1 and 5.2, clearly show a nice comparison of experimental and DCM
fitted cross-sections. The disagreement at lowest incident energy for the use of cold polar
configuration, shown in Fig. 5.2(b), is discussed in subsequent discussion.

Next, the role of equatorial and polar orientations (hot and cold configurations) is also
worked out in the framework of DCM. Actually, the orientation degree of freedom plays
extremely important role since polar, non-compact and equatorial, compact configura-
tions are obtained, respectively, corresponding to largest interaction radius with lowest

interaction barrier and the smallest interaction radius with highest interaction barrier.
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Figure 5.2 DCM calculated fission cross-sections for the decay of 26%Sg* (in
hot equatorial and cold polar configurations), plotted as the function of E.,,.,
compared with the experimental data of Ref. [2].

Table 5.3 Experimental and DCM calculated fission cross-sections (0 fission) i
the decay of 268Sg* formed in the 3°Si+2?3U reaction by considering cold polar
configuration.

Eem.(MeV) T (MeV)  lpee (B) AR (fm) POM () Pt (mb)

Ufissicm gf’ission
134 1.307 144 0.524 19.5 20.0
129 1.225 133 0.345 3.30 3.25
125 1.154 130 0.000 0.638 0.123

Following this prescription, further calculations at sub-barrier energies with F. ,, =125 to
134 MeV are done by considering polar configuration. From Fig. 5.2 (b) and Table 5.3,
one may observe that for polar interactions, the DCM based cross-section at lowest energy
is overestimated with respect to the experimental data. It might be due to the fact that
with polar configuration the barrier height decreases and hence cross-section is overesti-
mated. In order to see the comparative effect of equatorial and polar orientations on the
nuclear dynamics, Fig. 5.3 is plotted in which the variation of the fragmentation poten-
tial as a function of light fragment mass is shown. This figure clearly shows a significant

difference in the fragmentation paths of hot compact configuration and cold non-compact
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Figure 5.3 Variation of fragmentation potential V (MeV) as a function of light
fragment mass (Ay) for the decay of ?°®*Sg* CN, using hot-compact and cold
non-compact configurations.

configuration, respectively, at 169 MeV and 129 MeV. No change in light particle (LP)
region is observed, whereas a significant change in the fragmentation behavior for heavy
mass fragments (HMFs) and fission fragments can be seen which is clarified further in
Fig. 5.4, where detailed description of potential energy surfaces (PES) is represented. The
fission mass distribution is plotted in Fig. 5.4, which shows the modified behavior of the
potential energy surfaces (PES) at sub-barrier energies (E.,, =134, 129, and 125 MeV).
The preformation probability remains symmetric for above barrier energies, represented
in Figs. 5.4(a)- 5.4(f) with E.,, > 134 MeV, where equatorial configuration is taken into
account. It becomes dominantly asymmetric when equatorial configuration is substituted
by polar configuration at sub-barrier energies shown in Figs. 5.4(g)- 5.4(i). It is relevant
to mention here that the asymmetric peaks are not due to any magic shell closures, it
may arise due to some competing process like the quasi-fission at near or below barrier
energies.

The above observations may be associated with results of Fig. 5.2 (b) and Table 5.3,

where enhancement in the fission cross-section at deep sub-barrier energy E.,, =125 MeV
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Figure 5.4 Preformation probability (P) for the 3°Si+28U—268Sg* reaction
varies as a function of fragment mass number at highest value of angular momen-
tum (€y42), for the neck length parameter (AR) fitted to the case of deformed
nuclei.

is reported. This enhancement indicates that fusion is not the main process after the
projectile is captured inside the Coulomb barrier. Interestingly, the evaporation residue
cross-sections in the sub-barrier region with polar orientations are not fitted nicely, hence
the possibility of some competing decay channel at sub-barrier energy region seems justi-
fied.

To explore this aspect further the barrier modification parameter (AVp) is plotted
in Fig. 5.5 as a function of angular momentum (¢) at two energies 169 and 129 MeV,

respectively, for equatorial compact and polar non-compact configurations. The barrier
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Figure 5.5 Variation of AVp as function of angular momentum (¢) for the decay
of the compound nucleus 2®®Sg*, considering the hot compact and cold non-
compact configurations, respectively at E.,, =169 MeV and E.,, =129 MeV.

modification (AVp) is much higher for polar configuration than that for equatorial one.
Also, the AVp seems to be of greater importance at lower /- values, as its magnitude
decreases with increase in angular momentum.

Fig. 5.6 is plotted to see the effect of angular momentum on the barrier height (Vz),
plotted as the function of fragment mass (Aj), which plays an important role for compact
and non-compact configurations. It is clear from Fig. 5.6 that (i) the barrier-height
increases for both the equatorial and polar configurations, respectively, at E. ,, =169 MeV
and 129 MeV with increase in fragment mass and angular momentum. The increasing
behavior of Vj is same as that for the heavier nuclear system like 2'°Fr [7]. Tt is relevant to
mention here that the lighter nuclear system like “8Cr [5] shows just opposite trend where
the barrier height decreases with increase in f-values. (ii) the magnitude of Vp is smaller
for polar non-compact configuration as compared to equatorial compact configuration,

which signifies that barrier height decreases for the use of polar orientation.
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Figure 5.6 Variation of barrier height (Vp) as function of fragment mass (As)
for the decay of 268Sg* compound nucleus, using hot equatorial and cold polar
configurations, at different values of angular momentum (/).

5.3 Summary

The fission and neutron evaporation residue cross-sections for the 3°Si+238U—2%8Sg* re-
action are calculated by using the Dynamical cluster decay model (DCM) at both above
and below barrier energies. First the cross-sections are calculated using hot equatorial
configurations of 3y;-static deformed nuclei. The role of spherical and (;-dynamic defor-
mations is also included to investigate the effect of deformations on decay path of 268Sg*
compound nucleus. Deformations show their influence particularly for fragment mass
lying in the range 70 < A, < 130. Therefore the deformation effects are of immense
importance for understanding the dynamics of the 3°Si+238U—268Sg* reaction. The role
of cold polar configuration is explicitly examined for the sub-barrier region. A variation
in the mass distribution is observed from symmetric to asymmetric in going from above
barrier region to sub-barrier region, when equatorial configuration is replaced by polar
configuration. This observation inturn suggest that the quasi-fission component may be

competing with fission in sub-barrier region. Other important results are: (i) the barrier
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height (V) increases with increase in energy and angular momentum. (ii) higher barrier
modification (AVj) is needed for sub-barrier energies, i.e., relatively larger barrier mod-
ification is required for a cold non-compact configuration as compared to hot compact
configuration. (iii) The AVp is reported to be least for the higher angular momentum
states.

It may be noted that upto now the neutron evaporation, a-decay, heavy particle decay,
fission and quasi-fission phenomenon are investigated using spherical and (35;- deformed
choice of fragmentations. It is now of further interest to analyze the role of higher mul-
tipole deformations in superheavy mass region, and the same is addressed in chapter 6.
In addition to this, an isotopic analysis is also worked out for a variety of superheavy

systems.
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Chapter 6

Role of higher order deformations

and isotopic dependence

In the previous chapter, the decay of 2%Sg* was studied using DCM [1]- [7] across the
Coulomb barrier. The calculations were made for ER and fission cross-sections by includ-
ing the quadrupole (f3y;) deformations within optimum (6;) orientation approach. The
application of optimized orientations leads to symmetric fragmentation for above bar-
rier region (equatorial configuration) and asymmetric distribution of fission fragments
for below/sub barrier region (polar configuration). In this chapter, the same concept is
extended further to explore the isotopic analysis of 27286112* [5] nuclear systems using
(o;-deformations. In addition to this, the higher order deformations upto hexadecapole
(B4) are also included in the study of 278286112* nuclei.

Besides Z=112 superheavy nuclei, the N/Z dependence for Z=114 and Z=115 nuclear
systems are also explored in the DCM framework. In the decay of 2°%22114* nuclei [6],
the isotopic dependence is analyzed via the distribution of the preformation probability
and fragmentation potential of the decaying fragments. However, N/Z effects in Z=115

isotopes [7] are investigated by addressing the channel cross-sections of 28%291.293115* nu-

111
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clei.
The organization of chapter is as follows: Brief introduction regarding Z=112, 114 and
115 nuclei is discussed in Sec. 6.1. The DCM calculated results are presented in Sec. 6.2

and the summary of the results is described in Sec. 6.3.

6.1 Introduction

In heavy ion reactions, the experimental and theoretical developments to examine the
decay properties of nuclei located in the superheavy mass region is mainly associated with
the formation of compound nucleus and its subsequent decay. To explore this, certain
factors such as angular momentum, deformation, orientation, isospin (N/Z-ratio) effect
etc have been studied extensively, in order to extract useful information regarding the
dynamics of superheavy reactions.

To uplift the knowledge about the superheavy reaction dynamics, the understanding of
deformation and orientation degrees of freedom is extremely essential. As the interaction
potential is highly sensitive to the choice of deformation, henceforth the inclusion of the
higher multipole deformations is equally important to address heavy ion reactions. To
account this issue, the 1948Ca+238U—278286112* reactions [8] are studied using [y and
B4; deformations in framework of the Dynamical cluster decay model (DCM) [1]- [7]. The
addressal of above reactions is also important from the point of view that one can analyze
the role of isospin (N/Z ratio) in the decay of Z=112 isotopes with Acny=278 and 286.
According to [8], less fusion probability is measured for *°Ca+2*8U reaction as compared
to #Ca+238U. Hence, isotopic analysis of these reactions show higher contribution of
quasi-fission for *°Ca-induced reaction.

The role of different N/Z ratio can also analyzed by keeping the projectile intact and
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varying the target nuclei. In view of this, the 3n, 4n and 5n decay of 2°%292114* nuclei
formed in ¥Ca+21%21Pu reactions [9, 10] are studied in DCM framework [1]- [7] over a
wide range of excitation energies. For 2*°114* the maximum excitation energy of 45 MeV
was assigned [11], where only 3n and 4n evaporation channels were reported. However,
Ellison et al. [9] observed a new isotope 8114 in the 5n evaporation product of ?°114* at
relatively higher energy, of the order of 50 MeV. Besides 2°°114*, another Z=114 isotope,
292114* has also been investigated experimentally at excitation energies Ey = 36.1-39.5
MeV and Ef.y = 39.8- 43.9 MeV in GSI using TASCA recoil separator [10]. It is relevant
to mention here that fission and quasi-fission cross-sections are also reported in [12] in
the energy range 27-37 MeV for 2°2114* nucleus. In addition to this, the understanding of
BCa+241,243.245 A reactions, in which **Ca+2%3 Am reaction is experimentally observed in
[13], also provide an opportunity to explore the isotopic effects, associated with superheavy

mass region.

6.2 Calculations and Results

Here in Sec. 6.2.1, the role of higher order deformations, included upto hexadecapole
(B4;) is examined for 278286112* nuclei formed in the ¥ Ca + 238U reactions at E.., =230
MeV and 180 MeV. First the effect of hexadecapole ((4;)-deformation is observed on the
compact angle of nuclear structure and finally on the decay path of 278286112* nuclei.
Subsequent to this, in Sec. 6.2.2, the N/Z dependence is investigated for the decay of
Z=112, 114 and 115 nuclei, published in [5], [6] and [7] respectively, using [a;-deformations

with optimum orientation approach.



114 Chapter 6 Role of higher order deformations and isotopic dependence

200

1954

V,(MeV)

112,
T=1.659 MeV
0 20 40 60 80

278

278

14.5,+ 112%*, vy, W 112%,
%, T=1.899 MeV| o ", T=1.267 MeV
14.0- A R
E 135
m:n
13.0, | (Bzi'Bm’ eic)
12.5{—0—2112%, —o—2112%,
12,0l T= 1659 MeV T=0.895 MeV
"0 20 40 60 80 O 20 40 60 80
0 (deg)

Figure 6.1 (a ,b) Barrier height plotted as a function of orientation angle (6;) for
1048Ca 238U —278286112* reactions at E,.,, =230 MeV and 180 MeV respectively.
(¢, d) Same as above figures, but for barrier position.

6.2.1 Role of higher order deformations

The orientations associated with quadrupole deformations, which are included here for
best fit of data, are optimized with respect to signs of (4/-, zero) of quadrupole defor-
mations alone for hot and cold configurations [14]. The optimized orientations help us to
decide the most compact and elongated nuclear structure on the way to compound nuclear
formation or decay respectively via equatorial and polar interactions. On the other hand,
when higher order deformations are taken into account, the scenario of compactness of
the nuclear systems is modified slightly, the most compact system can be observed for
6.<90° [15]. In context to this observation, Fig. 6.1 (a,b) is plotted, in which the varia-
tion of barrier height shows that the orientation angle at which the compactness occurs

is less than 90° as the barrier height is maximum at ~ 72° for both nuclei. It may be
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noted that the compact angle with higher multipole deformations for 286112* nucleus is
observed in [15]. Our aim here is to check the degree of compactness for lighter isotope
278112* alongwith the effect of temperature on the barrier height and barrier position of
the 2"112* and ?*®112* compound nuclear systems. Fig. 6.1 (c,d) shows the variation of
barrier position with orientation angle (6;) for 2112* and 2%6112* nuclei, and the most
compact structure is formed for the lower values of Rp and highest value of Vz. So one
may conclude that the compact structure with higher multipole deformations for 278112*
and 2%6112* nuclei is obtained at 0.=72°, independent of energy (temperature) involved.
However it may be noted that magnitude of Vz and Ry is modified slightly with inclusion
of temperature effects. Hence one can say that the inclusion of higher order deformations
provide an opportunity to understand the compact configuration of compound nuclear sys-

tems, as the compact angle gets modified while going from quadrupole to hexadecapole

deformations.
210
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Figure 6.2 Comparative analysis of fragmentation potentials for
W0A8Ca 238U 278286112 reactions as a function of light fragment mass
(Ay) for (a) spherical (b) fy-static with “optimum” orientations (6”") and (c)
B-static with “compact” orientations (6¢) at £,,., values, calculated at energy
E..,.=230 MeV, using hot equatorial configuration.
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In order to investigate the role of higher order deformations on decaying fragments
of 278286112* nuclei, Fig. 6.2 is plotted, which shows the change in the fragmentation
path while going from spherical to deformed (fy; to [(4;) choice of fragments. Smooth
fragmentation potential can be seen for the spherical fragmentation approach for both
compound nuclei. On the contrary, the fragmentation structure of 27%286112* nuclei,
shown in Fig. 6.2 (b) and Fig. 6.2 (c), exhibit an emergence of valleys in the heavy mass
fragment (HMF) region for the use of static- (y; and [y choices of deformations. The
HMEF region affected with [y;-static deformed fragmentation is A;=70-85 which changes
to A;=70-98, by including [,;-static deformations. However, the fragmentation pattern
for light particles and fission fragments with (5; and (4 deformations remain almost
identical, therefore the fission cross-sections for the entire energy range are calculated
for B9;-deformed fragmentation only, results of which are discussed in subsequent section.
It is relevant to mention that the occurrence of sharp minima in Fig. 6.2 (b) at A
= 17 is associated with the inappropriate values of optimized (- deformations for "B
fragment [4]. However it doesn’t effect the overall cross-sections as the penetrability (not

shown here) of this fragment comes out to be negligibly small.

6.2.2 Role of isospin in the decay of Z=112, 114 and 115 super-
heavy isotopes
Isotopic dependence in Z=112 nuclei

In order to look for the role of isospin in the decay of Z=112 nuclei, the fission cross-
sections of 278112* and 2%¢112* nuclei are analyzed within the wide range of excitation
energy Efy~ 19-90 MeV in the framework of DCM [1]- [7]. The cross-sections are cal-

culated at above and below the Coulomb barrier, same as that of 208Sg*  discussed in
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previous chapter. In the decay of 2®Sg*, neutron as well as fission cross-sections both are

available to understand the orientation-effects on the decaying fragments. However, for

278,286 1192*

In view of this, isospin dependence is depicted through the structural changes in the decay

of fission fragments only, not for the whole mass range.
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metric fission channels of 4048Ca+23¥U—

MeV with cold polar configuration.

In context to this, Fig. 6.3 is plotted in which the preformation probability of sym-
metric fragment mass at above and below barrier energies is shown. This figure clearly
depicts that relatively more symmetric structure is evident for the fission component of

278112* compound nucleus as compared to 2%6112* nucleus at extreme energies across the

120 130 140 150 160
Fragment mass number A (i=1,2)

278,286 112*

compound nuclei, we have confined to fission cross-sections in reference to [8].

sym-
=230
=180
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barrier i.e. F.,, = 230 and 180 MeV for the use of hot orientation approach. One may
notice that, no significant change in structure is observed at below barrier region using
hot equatorial configuration of 278286112* nucleus. Only the magnitude of preformation
factor reduces while going from above barrier (E,,, = 230 MeV) to sub-barrier (E,,, =
180 MeV) region. For the comparative analysis of cold polar configuration in the dynam-
ics of 1048(Ca+-238U—278286112* reactions, Fig. 6.3 (e,f) is plotted for symmetric decaying
fragments within cold orientation approach at lowest energy of 180 MeV. Here one can
see that the preformation factor for the decay of both nuclei decreases drastically when
the hot equatorial configuration are replaced by cold polar ones at the sub-barrier region.
The suppression in the magnitude of preformation probability is higher for 278112* nu-
cleus as compared to 286112*, hence more contribution of quasi-fission may be anticipated
for lighter superheavy isotope. It is relevant to mention that, as the distribution of the
preformation probability is calculated using collective clusterization, so the suppression
in the magnitude of the symmetric fragments reveals the fact that the relative proba-
bility may increase for the asymmetric fragments which may lead to the phenomenon of
quasi-fission.

To have a better description of fragment distribution in fission region, Fig. 6.4 is
plotted which is same as that of Fig. 6.3, but with proper description of atomic and
mass numbers. Precisely, this figure gives the exact fragment distribution of the decaying
fragments plotted upto Acn/2. It is clear that the Z-number, contributing towards the
fission cross-sections are lying in the range Z>~49-56. However mass numbers of decaying
fragments contributing towards fission cross-sections are A;=122-139 and A,=127-143
respectively for 278112* and 2*6112* compound nuclei. Such fragment identification and
their respective emergence in the decay process, provide an interesting aspect related with

dynamics of heavy ion induced reactions.
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Isotopic dependence in Z=114 nuclei

It is worth mentioning that the role of isospin in Z=112 nuclei is checked mainly to see

the structural changes in the fission fragments (equivalently to address quasi-fission), as

the experimental data is taken to study the fission cross-sections only.

On the other

hand, as both neutron evaporation and fusion-fission components are investigated for

Z=114 nuclei using DCM in [6], henceforth competing decay channels in the form of ER

and fission provide overall information regarding post compound nucleus dynamics. The

inclusion of higher order deformations are not discussed here, as their effect on the neutron

evaporation and fission fragment region remains silent, similar to the one discussed above

in context of Z=112 nuclei.

In view of this, Fig. 6.5 is plotted for two extreme values of angular momentum ¢=0
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Figure 6.5 Fragmentation potentials for 4¥Ca+242241Py—290:292114* reactions

as a function of light fragment mass (As) with (9; deformations and “optimum”
orientations (677') at £ = 0 and £,,,q, values.

and £,,,., at the neck-length parameters of 3n, 4n and 5n decay channels for comparable en-
ergies. Following interesting points can be observed from Fig. 6.5: (i) The fragmentation
paths for 22°114* and 22114* yield similar behavior, independent of energy of projectile;
(ii) strong minima are seen for evaporation residues as well as for the fission fragments
with A»>130 along with heavy mass fragment (HMF) window 80<A,<90; (iii) the struc-
ture of V(Ajy) is nearly independent of the ¢-values for all evaporation channels; (iv) a
valley (minima in potential) is seen consistently for *®*Ca+2*22%Pu channels, for 2%°114*
and 2°2114* nuclei respectively. Consecutively, one can realize that the fragmentation
path remains nearly identical with the inclusion of two neutrons to 2?°114* nucleus.

The role of N/Z ratio is also tested by adding or subtracting two successive neutrons

to the different compound nuclei corresponding to Z=114. The comparison between the
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decay profile of various isotopes of Z=114 nuclei is shown in Fig. 6.6. Here two more
isotopes of Z=114 with Acny = 288 and 294 are considered. The isotopic analysis is made
only in reference to 3n decay by extrapolating neck-length parameter ‘AR’, obtained for
290114* and 292114* at T~1.25 MeV. Fig. 6.6 (a) represents the fragmentation potential as
a function of light fragment mass (As) for different isotopes of Z=114 superheavy nucleus.
Broadly speaking the fragmentation path is quite similar when two neutrons are added
subsequently in Z=114 and N=174, i.e. to ?®®*114* nucleus, to form 2%°114*, 2°2114* and
294114* nuclei. Although some slight variations are seen in heavy mass fragment (HMF)
and fission region but in general the trend is same. Similar results can be depicted
from Fig. 6.6 (b), where the preformation probability is plotted for different Z=114
superheavy nuclei. Hence it can be concluded that addition of two, four and six neutrons
to 288114* (or changing N/Z ratio) govern only small but not significant change in the

fragmentation /preformation path of HMF and fission fragments of different compound
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Table 6.1 The DCM calculated neutron evaporation residue cross-sections (o,
r=2, 3 and 4), for the decay of ?®?115* and ?*3115* compound systems, formed in
BCa+?1 Am and *®Ca+2% Am reactions, respectively, at the same CN excitation
energy and neck-length parameter as that of 291115*.

4SCa—|—241Am

48Ca—|—245Am

rn

*
ECN

(MeV) (MeV)

T

gmaa:

()

B

P

O_DCM

T
(MeV)

rmn

(pb)

gma:c

(h)

P

P

DCM
O-CCTL

(pb)

2n
2n
2n

33.37
34.12
36.15

1.146
1.158
1.192

117
118
119

1.62x10~% 6.69x10~10 0.0637 1.138

2.67x1010
2.83x10710

5.69x107?
6.24x1079

0.444 1.150
0.509 1.183

137
138
139

1.10x10~10
1.67x10~11
4.74x10~11

2.01x1078
1.25x10~7
1.26x10~7

1.88
11.40
14.60

3n
3n
3n
3n
3n

33.37
34.30
36.15
40.34
44.97

1.146
1.161
1.192
1.258
1.327

109
110
110
114
118

5.16x10 11
2.08x10~ 11
6.58x 10711
2.01x10710
7.54x10710

2.26x10~7
2.46x1077
4.80x107
9.74x1078
1.47x1078

4.13 1.138
5.19  1.153
14.10 1.183
8.36 1.249
238 1.318

129
130
131
134
138

9.64x10~14
2.88x10713
6.26x10"14
2.43x10712
1.13x10712

1.18x107°
1.88x107°
3.57x107°
8.61x1076
1.88x1076

1.95
2.63
5.15
1.69
0.40

4n
4n

40.34
44.97

1.258
1.327

95
100

6.17x10~13
5.58x 1014

1.72x1074
1.62x10~4

3.98 1.249
16.80 1.318

115
120

3.24x10 14
1.07x10715

2.12x1073
1.84%x1073

0.789
1.32

nuclei corresponding to Z=114, but no such change is observed for the evaporation residue

region.

Isotopic dependence in Z=115 nuclei

The decay of 2n, 3n and 4n evaporation channels of ?'115*, formed in *®Ca+2?*3Am
reaction is already discussed in chapter 4, where a nice fitting of the experimental data [13]
is obtained in the fixed neck-length parameter range 1.2 to 2.00 fm, shown in Fig. 4.3
(of chapter 4). In order to understand the effect of the isotopic dependence on the decay
of Z=115 nuclei, the calculations are made for ¥*Ca+?*'Am and **Ca+2*Am reactions,
using the same neck-length parameters as are extracted for the ¥ Ca+2*3Am reaction. As
the structural changes remain silent for neutron evaporation, evident from the above Fig
6.2 (b) and Fig 6.5, hence it will be of further interest to analyze the effect of isospin on
magnitudes of the output parameters such as preformation probability (Pg), penetration

probability (P) and finally on the channel cross-sections of Z=115 nuclei formed by using
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different target masses. The calculated cross-sections of neutron evaporation channels
(2n, 3n and 4n) for 2?115* and ?%3115* nuclei are given in Table 6.1, which are predicted
over a wide range of compound nucleus energies. Thus, systematic variation in xn cross-
sections as a function of target mass (241, 243 and 245) may impart useful information in
reference to isotopic dependence of Z=115 element. In addition to this, the magnitude of
the preformation and penetration probabilities are also modified for the decay of 289115

and 2®115* superheavy nuclei, as compared to 2*'115* superheavy nuclei.

6.3 Summary

Summarizing, in this chapter, the comparative analysis of the dynamics involved in 278112*
and 286112* nuclei is carried out over a wide range of center of mass energies, above and
below the Coulomb barrier. With the inclusion of (3;;-deformations, the compact angle is
modified which in turn affects the decay path of compound nuclei. Confining to optimum
orientations associated with fy; deformations, the symmetric fission is dominant for hot
equatorial configuration, which gets reversed when hot configuration is replaced by the
cold polar one. In view of this, higher contribution of quasi-fission is anticipated for the
neutron deficient isotope of Z=112. To explore the isotopic dependence further in super-
heavy mass region, the 3n, 4n and 5n decay cross-sections of 4Ca+-242244py—290.2921 14+
reactions are also calculated by using DCM. No significant changes are observed in the
fragmentation path of the Z=114 isotopes. The fragmentation and preformation behavior
remain nearly identical for 28114*, 290114*, 292114* and ?*114* compound nuclei. For
Z=115 isotopes, the neutron evaporation cross sections are calculated for 28°115* and

293115* compound nuclei formed in **Ca+?*'Am and **Ca+2*Am reactions and com-

pared with decay cross-sections of 2°!115* to address the isotopic dependence for Z=115
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isotopes.
The outcome of this thesis and the work described in chapters 3-6, are summarized in

chapter 7.
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Chapter 7

Summary and outlook

In this thesis the possible decay modes of a variety of superheavy nuclear systems are
investigated using the collective clusterization approach. The Preformed cluster model
(PCM) is used to understand the ground state decays of nuclei to explore the phenomenon
of a-decay and heavy particle radioactivity (HPR) and the Dynamical cluster decay model
(DCM), has been applied to study the decay paths of excited compound nuclear systems
formed in superheavy mass region. The effects of various features such as excitation
energy, angular momentum, deformations, orientations, barrier modification and shell
effects etc have been extensively investigated in view of binary fragmentation analysis
based on the well known Quantum Mechanical Fragmentation Theory (QMFT).

An overview of present status of research and general introduction related to this
work have been discussed in Chapter 1. The details of the methodology i.e Preformed
cluster model (PCM) and Dynamical cluster decay model (DCM), based on the Quan-
tum Mechanical Fragmentation Theory (QMFT), are discussed in Chapter 2. In DCM
the temperature dependence is included in various interaction potentials such as bind-
ing energies, Coulomb potential, proximity potential whereas no temperature dependence

is applicable in PCM, as it deals with ground state decay mechanisms. Although, the
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deformation and orientation effects are duly incorporated in both formalisms.

First in order to address the role of shell effects for the superheavy mass region, the
decay analysis of 296116* and 25°Rf* compound systems is carried out through DCM in
Chapter 3. The shell effects with proton magic Z=114, 120, 126 and neutron magic
N=184 are included to calculate the excitation functions of neutrons at different energies.
In the decay of 2%116* nucleus, within sticking approach of moment of inertia (Ig), the
lowest magnitude of the fragmentation potential is obtained for Z=126 and N=184 magic
pair. Consequently, highest channel cross-sections are calculated for the same magic shell
closures, which implies that the proton magic Z=126 and neutron magic N=184 can be
taken as the best suited magic pair to address the neutron evaporation channels. The
magicity criteria is further explored by understanding the neutron evaporation channels
of 265Rf* nucleus by including the non-sticking moment of inertia (Iyg). Again the frag-
mentation behavior shows minima for Z=126 and N=184 magic shell pair. In addition
to this, the preformation probability for all the neutron decay channels remains highest
for the Z=126 and N=184 magic pair as compared to other superheavy shell closures.
Hence on the basis of the fragmentation potential, preformation probability and channel
cross-sections analysis of 2%6116* and 26Rf* compound nuclei, Z=126 and N=184 magic
shell closures are considered as the best candidates to address the neutron evaporation
decay channels of the superheavy nuclei. The fission cross-sections, however, support that
7Z=120 starts competing with Z=126 proton magic.

Using Z=126 and N=184 closures, neutron evaporation channels of various superheavy
nuclei such as 297117*, 21115* and 2°%292114* are investigated within the framework of the
DCM. In this chapter, the decay of 2"117* compound nucleus is discussed with the above
magic shell criteria. The dynamics of other nuclei are discussed in the subsequent chap-

ters. In order to investigate the role of deformations, the decay of 2°7117* CN is studied by
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considering spherical as well as deformed fragmentation approaches with corresponding
orientations. The measured data could not be fitted to the fragmentation potentials calcu-
lated for spherical nuclei. However, with the inclusion in the deformation effects included
upto (5;, the available data for 2n and 3n decay cross-sections could be addressed quite
nicely but the 4n-decay cross-sections are underestimated by about 25%. The *He decay
cross-section is then added to the 4n-cross-section to attain the experimental value, which
indicates that *He decay is contributing towards 4n cross-section at E},=39.3 MeV and
35.3 MeV. The smooth fragmentation behavior is observed for the spherical consideration
whereas relatively more structure in the decay path can be seen with the inclusion of
the deformation effects. Within the deformed approach, the angular momentum effects
on the fragmentation path for this reaction remain silent. The magnitude of /,,;, and
linaz, calculated from the penetration and preformation probabilities and from channel
cross-sections, are reported to be highest for 2n cluster and lowest for the 4n cluster. In
addition to this, the barrier lowering parameter (AVg), which is the inbuilt property of
DCM, is calculated to be least for the heaviest neutron cluster and for the higher angular
momentum states.

In Chapter 4, the neutron decay channels of 2*1115* nuclear system formed via 8Ca +
243 Am reaction are investigated in the framework of DCM. The addressal of ?°1115* nuclear
system is required to explore the importance of deformation effects as only 2n-cross-
sections are fitted with the spherical choice of fragments. To understand the dynamics
involved through 3n and 4n decays of *'115* compound nucleus, the deformation effects
upto (3; are highly desirable. The PES for the spherical approach shows symmetric fission
fragmentation, whereas asymmetric peaks in heavy fragment mass region are observed for
the deformed choice. The effects of dynamic deformations up to (3,; are also investigated

for 2n-decay at Ef.y=33.37 MeV. The PES remain almost identical for the static and
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dynamic deformed approach, as the temperatures involved are quite small lying in the
range T=1.1-1.3 MeV. The only difference lies in the fact that higher magnitude of neck-
length parameter and lower ¢,,,, values are required to address the 2n-decay through
dynamic deformations as compared to static [g;-deformations. Further the neck-length
parameters required to fit the 2n, 3n and 4n evaporation channels varies smoothly with
CN excitation energy. The neck-length (representing the reaction time) is lowest for 2n
channel and remains highest for the case of 4n-decay channel. Following the systematics
of the neck-length variation, the 2n, 3n and 4n decay channels are also predicted at the
bass barrier, which could be of interest for the future experiments.

In addition to the neutron evaporation, the ground state decays such as a-emission
and heavy particle radioactivity (HPR) are also discussed in this chapter. The a-decay
chains from 287115, 288115 and 289115 nuclei are investigated by using the Preformed clus-
ter model (PCM) for spherical and deformed fragmentation approaches. A nice fitting
of the experimentally observed half-lives is obtained with in a constant scaling factor in
penetration probability. The half-lives of a-decay chains prefer “hot” optimum orienta-
tions, rather than the usual “cold” optimum orientations for a-decays. Using the same
orientation approach i.e. “hot” optimum orientations, an attempt is made to examine
the possibility of heavy cluster emission from 278113, 287-289115 and 293294117 isotopes
resulting in a doubly magic 2*Pb daughter or its neighboring nuclei. The calculations
are performed within the framework of Preformed cluster model (PCM) using Prox-77
and Prox-00 interaction potentials. The decay structure remains almost identical for both
proximity potentials with spherical as well as deformed fragmentation approach. Further
the half-lives with the use of both proximity potentials are predicted over a wide range of
the neck-length parameters, which are further helpful for the future experimental stud-

ies. In addition to this, the importance of shell effects are also explored for HPR. The
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emergence of most favored cluster is independent of the choice of superheavy magic shell
closures Z=114, 120, 126 and N=184.

Besides the deformation effects, the explicit role of orientations is also addressed in
Chapter 5 by studying the dynamics of 2®Sg* nucleus formed in the 3°Si+2**U reaction.
The decay of compound nucleus 2¥Sg* has been investigated through DCM approach,
over a wide range of center-of-mass energies E. ,, =125-169 MeV, where both the neutron
evaporation residues (3n, 4n and 5n) and fission cross-sections are measured at below and
above barrier energies. At first the cross-sections are calculated for the “hot-optimum”
orientations including (s;-static fragmentation approach. Using this, the specific role of
spherical as well as dynamic deformations is investigated to check the effect of deforma-
tions on the decay path of 268Sg* compound nucleus. The deformation effects (3y-static
and dynamic) show their influence in the mass range 70 < A, < 130, whereas the fragment
mass distribution remains identical for LP’s and IMF’s. For spherical consideration larger
number of fission fragments contribute towards total cross-section, however this number
gets reduced significantly when deformation effects of decaying fragments are included.

Further the cold polar approach is applied to understand the dynamics of sub-barrier
regions, whereas the above barrier cross-sections are fitted for the hot-equatorial config-
urations of nuclei. The symmetric mass distribution is observed for the hot equatorial
configuration which becomes asymmetric for the cold polar configuration at below bar-
rier energies. The symmetric fragment distribution reveals the fact that the fusion-fission
can be main disintegration mode for the above barrier region. On the other hand, the
emergence of asymmetric component shows the signature of quasi-fission for below /sub-
barrier region. The overestimated cross-section at lowest energy supports the fact that
quasi-fission may competes with fission at below-barrier energies. This is because bar-

rier height (Vp) decreases for the cold polar orientations as compared to hot equatorial.
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Further it is shown that the barrier height (V) increases with increase in fragment mass
and angular momentum for both the configurations. Also to address the sub-barrier re-
gion, larger ‘barrier modification’” AVp is needed for cold non-compact configuration as
compared to hot compact configuration. The AVjp is reported to be least for the higher
angular momentum states.

Finally in the Chapter 6, the optimized orientations criteria is applied further to under-
stand the effect of isotopic dependence by analyzing 4**®Ca+238U—278286112* reactions
across the Coulomb barrier. Also in this chapter, the effect of higher order deforma-
tions included upto hexadecapole (fy;) is investigated in the decay and formation of the
278.286112* compound nuclei. With the inclusion of the By-deformations, the degree of
compactness changes. The maximum barrier height is obtained at the compact angle ~
72° which is further confirmed by the barrier position, having minimum value at the same
compact angle. In the decay path of 2728112* compound nuclei, it is observed that HMF
region is mainly affected with the inclusion of deformations. The HMF region modified
with (y;-static deformed fragmentation is A,=70-85 which changes to A3=70-98 decaying
fragments for the use of fy-static deformations. However, the fragmentation potential
for LP’s and fission region remains almost identical. Confining to optimum orientations
associated with fy; deformations, the symmetric fission is dominant for hot equatorial
configuration, whereas suppression in its magnitude is seen when hot configuration is re-
placed by cold polar one. The suppression in the preformation probability is higher for
the 278112* nucleus as compared to 286112,

The isospin effects are also studied for Z=114 and 115 superheavy isotopes. As no
significant structural difference is observed in the decay of 2°°114* and ?°2114* compound
nuclei at comparable energies, hence changing N/Z ratio, doesn’t play a significant role

for these nuclei. In addition to this, the angular momentum and E.,, do not influence
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the fragmentation paths of 2%292114* nuclei. The role of changing N/Z ratio is tested
further by adding or subtracting two successive neutrons to the different compound nuclei
corresponding to Z=114. The comparative decay path of the 2®8114* 299114* 292114* and
291114* shows some slight variations in heavy mass fragment (HMF) and fission region
but in general the trend is similar. No such change is observed for the evaporation
residue region. Finally, the role of isospin is also studied for Z=115 isotopes formed in
BCa+2M Am, BCa+23Am and *®*Ca+2**Am reactions and 2n, 3n and 4n cross-sections
are predicted for 29115* and 2%*115* compound nuclei.

This work can be extended further to understand the reaction dynamics of light and
heavy mass regions of the periodic table, so that a comparative analysis be carried out for
better description of nuclear dynamics and associated aspects. Besides this, the method-
ology may be refined further to explore the phenomenon of deep quasi-fission (DQF),
deep inelastic collision (DIC) and other competing nCN channels. In addition to this,
one may explore the effect of higher order deformation and associated orientation effects
in ground state decays such as a-decay, cluster radioactivity, heavy particle radioactivity

(HPR) and spontaneous fission etc.



