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Abstract

The relative stability of superdeformed nuclei in mass region A=68-82 has been
carried out systematically in the recent times on the basis of cluster decay
process. These studies establish that "°Kr is the most stable nucleus among
various isotopes of Sr and Zr isotopes in this special island of superdeformed
nuclei. These studies are extremely important in order to understand various
nuclear properties and synthesis process of heavy/superheavy nuclear systems.
It is relevant to mention here that deformed /superdeformed target projectile
combinations are being preferred in recent times for the obvious reason that the
fusion probability gets enhanced with the choice of target/projectile combinations
in place of spherical ones, in the present work we have carried out systematic
study and the decay of stable nucleus "®Kr using Two Center Shell Model
(TCSM). We have done the calculations for four nucleon clusterization of "°Kr.

Here we have optimized the quadrupole deformation ({3,;) of one fragment and

vary the 3,, of the complementary fragment. The gap between last filled and first

empty level gets maximized. The A (elongation) is taken at touching configuration
and ¢ (neck parameter) is taken fix as £€=0.75 as referred to dinuclear system
model calculations. Our TCSM, calculations clearly depict that “°Kr nuclear
system is most stable against '°O cluster followed by fragment mass A, =32, 36
and 20.
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Chapter 1

INTRODUCTION



Introduction:-

The branch of physics concerned with studying and understanding the atomic
nucleus, including its composition and the forces which bind it together, is called
nuclear physics.As the name implies, nuclear physics is the study of the nuclei
which lie at the core of every atom in the world. Over 99.9% of the mass of all the
ordinary matter in the universe is found in nuclei. Protons and neutrons are the
building blocks of the nucleus, so a large part of nuclear physics is trying to

understand the force that holds protons and neutrons together.

The periodic table of the elements is slowly getting bigger. At one time it
contained only 92 (83 naturally occurring and stable elements and 9 radioactive
elements), starting with hydrogen and ending with uranium (Z=92). Majority of
these elements have half-lives that are comparable to the age of the Earth, which
is about 4.5 billion years old. Since 1940s, however, physicists have been able to
produce unstable elements that decay to lighter elements on timescales that can
range from thousands of years to tiny fractions of a second. There is, however,
more to this branch of physics than simply creating heavier and heavier
elements. It is also essential to understand the behaviour of these new elements,

many of which do not yet have official names.

1.1 Super Heavy elements:-

A heavy element is an element with an atomic number greater than 92. The first
heavy element is neptunium (Np), which has an atomic number of 93 and the
term Super Heavy Elements to refer to those elements with an atomic number
greater than or equal to 112. The first super heavy element is element 113. Like
some of the heavy elements, superheavy elements are produced artificially in
cyclotron experiments. The formation of super and highly deformed rotating
nuclei as well as superheavy elements is possible only via fusion reactions and



the potential barriers encountered by the nuclear system in the entrance channel
play a main role. In this path the saddle-point corresponds to two separated but
close nuclei maintained in unstable equilibrium by the balance between the
attractive nuclear proximity forces and the repulsive Coulomb forces. Later on, a
bridge of matter takes form between the two still almost spherical nuclei. Finally

the nuclear system undergoes fusion, quasi-fission or fission while emitting some

nucleons.
3
Hiutron
+0-Q+D+Q°Q
K86 Ph-208 Fusion Compound  Element
Nucleus 118

Figure.1.1: Synthesis of Super Heavy Eements

Superheavy elements allow nuclear physicists to explore concepts such as
"magic numbers" and the "island of stability”, which help us understand why
some nuclei are more stable than others. They can also be used to test the
predictions of different models of the nucleus and, ultimately, they may help us to
understand why nature contains only a finite number of elements. By last year a
total 114 elements were known, and earlier this year the author and co-workers
reported the synthesis of two new "superheavy" elements.There are 92 elements

that are found in nature. Out of these 92 elements, elements up to charge



number 83 are stable and they last forever. Elements having an atomic number
greater than 83 are radioactive (Po, At, Rn, Fr, Ra, Ac, Th, Pa, U), but their
decay is so slow that they are still around. Thus, these 92 elements are the
stable continent that we use and live by. Since the 1940s, however, physicists
have been able to produce unstable elements that decay to lighter elements on
timescales that can range from thousands of years to tiny fractions of a second

The "island of stability" refers to a predicted region of super heavy elements on
the chart of nuclides with half-lives that are longer by several orders of magnitude
than the half-lives of other super heavy elements. Half-lives for elements in the
island of stability may range from seconds to minutes, while half-lives for other
super heavy elements may be measured in micro- or nanoseconds. The
existence of the island of stability was shown in 1998 with the discovery of the
super heavy element 114. The chart of the nuclides, showing all nuclides that
have at some time been observed experimentally as a function of their proton
number Z and neutron number N. On this chart of the nuclides (isotopes), black
squares represent stable nuclei and the yellow squares indicate unstable nuclei
that have been produced and studied in the laboratory. The many thousands of
these unstable nuclei yet to be explored are indicated in green. The red vertical
and horizontal lines show the magic numbers, reflecting regions where nuclei are
expected to be more tightly bound and have longer half-lives.The island of
stability (Fig.1.2) is a specific subset of the super heavy elements, which is
characterized by nuclei that have a spherical shape. From the plot it is evident
that for the light nuclei (A < 20) have n/p ratio is close to unity, for heavy nuclei (A
> 20) the n/p ratio increases progressively due to dominance of number of
neutrons. Thus stable nuclei (non-radioactive) have n/p ratio between 1 - 1.6.
These lie in the shaded region of the plot which is also called stability belt or
stability zone. The elements whose nuclei do not fall within the stability zone are
said to be unstable. The unstable nuclei, whose n/p ratio is either less than 1 or

greater than 1.6, disintegrate giving out «,f,y rays in their attempt to attain

stability. The process of disintegration continues till the n/p ratio falls within the
stability limit
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Figure.1.2: Island of Stability

Since then, the question whether the island of stability exists for these super
heavy nuclei and where the border of such an island may lie, has been one of the
most fascinating and elusive open question in modern physics. Very intensive
theoretical and experimental studies are being made to find an answer to this
problem in different scientific centers of the world. This research for super heavy
elements (Z > 100) explores the borderline of the nuclear chart towards its upper
end where the strong Coulomb force acting between the many protons
dominates the nuclear stability and finally terminates the number of elements by
instability against fission. These discoveries will help physicist to understand as
to how nuclei are held together and how they resist fission. They can also be



used to test the predictions of different models of the nucleus and, ultimately,
may help us to understand why nature contains only a finite number of elements.
The study of these elements provides an excellent possibility regarding the
understanding of nuclear structure in a strong Coulomb field. Theoretically,
various models have been developed for the study of super-heavy elements
(SHEs). The first realistic theoretical calculations for the super-heavy nuclei were
carried out in 1966. These early calculations were based on Struntinsky !
macro-microscopic method that superimposes the shell strength as a correction
to deformed liquid drop energy. Its main assumption is that the total energy of a
nucleus can be decomposed in two parts, E = Emacro + Emicro, Where Emacro IS the
macroscopic liquid drop energy and Enmicro is the microscopic energy calculated
from a non-self consistent average potential.

In other words, the total binding energy is decomposed into a smooth part
(approximated by a macroscopic liquid drop model) and a microscopic quantum
shell correction term strongly oscillating with the number of nucleons and
reflecting the energy stabilization due to the presence of nucleonic shells. Using
this method, Myers and Swiatecki [2], Nilsson et al. [3, 4], Mosel and Griener [5],
Fizet and Nix [6] and Randrup et al. [7] made a wide range of studies for the
super-heavy mass region. Such calculations predicted the nucleus with Z=114,
N=184 to be a doubly magic center of an island of long lived super-heavy nuclei.
The challenge presented to experimental nuclear physicists is clear: they need to
create the super-heavy nuclei and measure their properties to put these
theoretical predictions to the test. Hunting the SHEs is not an easy task.
Production of SHEs is quite tedious, as the increase in the charge of a nucleus
makes it increasingly unstable against fission. Untiring searches over decades
have now reached the point where new SHEs have been synthesized at various
labs. in Darmstadt (GSI), Berkley and Dubna and finally they have succeeded in
jumping over the sea of instability on to an island of stability, at least in protons,
that theories have been predicting since the late 1960s. Note that in first
transuranium elements, synthesized in successive neutron-capture reactions at

the Lawrence Berkeley Laboratory between 1940 and 1953, the nuclei gain extra



neutrons during long exposures in a high-neutron-flux reactor, which resulted in
the discovery of new elements with atomic numbers up to 100 (Fermium).
However, super-heavy nuclei could not be explored with this technique because
they decay before capturing the available extra neutron. In an effort to produce
elements heavier than Fermium, researchers turned to heavy-ion reactions, in
which two nuclei, one a heavy-ion beam the other a target nucleus are forced to
undergo a fusion reaction to create a heavier compound nucleus. Heavy-ion
reactions are a very fast developing subject of nuclear physics and carries
immense potential to address various unresolved issues related to nuclear
reaction dynamics.

The trouble with this approach, however, is that the collisions between the ions
leave the resulting compound nucleus in a highly excited state, which means that
it is more likely to undergo fission or some other competing process immediately
after its formation. It is a well reported aspect that fusion probability enhances
with the incorporation of deformation and orientation effects. That is certain
heavy / super heavy elements have been synthesized with the deformed target
projectile combinations with a reasonable success. It is therefore believed that a
proper choice of deformed target/ projectile could give a suitable combination for
the synthesis of these heavier nuclear systems.

1.2 Deformed and Superdeformed Nuclei:-

Nuclei can be both spherical and deformed in their ground state. The shape of
both nuclei participating in a reaction affects the barrier height and the potential
of their interaction. The barrier height is of great importance for the reactions of
sub barrier fusion and synthesis of superheavy elements. Nuclear reactions,
where deformed nuclei are engaged, are widely applied to the synthesis of
superheavy elements in many laboratories around the world. The reactions of
sub barrier fusion of strongly deformed F, Ne, and Mg isotopes play a very
important role in the burning of stars and govern their evolution. Therefore, it

is important to study the properties of the interaction potential between two



deformed nuclei. Beside this proper choice of orientation of target and projectile
contribute immensely and therefore need to be handled with care. In other words;
where ever a deformed configuration is considered. One can not ignore the
orientation behavior of nuclear systems. The spherical, oblate and prolate

shapes of a nuclear system are shown in Fig 1.3
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Figure.1.3: Nuclear Shapes for oblate, spherical and prolate nucleus

Nuclei are considered to be super deformed when the nucleus acquires an
elongated shape that can be represented as an approximate ellipsoid where the
ratio of the long to short axis is considerably larger. These super deformed
nuclei can undergo spontaneous fission. At high spin rotation, some nuclei are
found to be stable, having an axial deformation corresponding to a major-to-
minor axis ratio of 2:1. Nuclei stable against this extra-ordinary deformation are
named super deformed nuclei. These nuclei have a very large quadrupole
moment and their rotational frequencies are extremely large; for energy of 0.6
MeV, the corresponding rotational frequency is 1022Hz. Since its discovery in
1985 as a secondary minimum to a fission potential barrier, super deformation
has become a very active field of research in both experimentally and

theoretically nuclear physics. So far, more than 300 rotational bands related to



the rotation of super deformed nuclei have been observed and studied in many

regions across the nuclear mass range.

1.3 Importance of Super Deformed Nuclei:-

The depth and the width of the capture well in the nucleus-nucleus interaction
potential, as well as the barrier height are known to play a dominant role in the
formation of a compound nucleus in fusion-fission reaction. This feature is
associated with the necessity to overcome the barrier that exists between two
separated nuclei and with a formation of a scission neck between contacting
nuclei in the capture well, as well as with the following evolution of shape of the
nuclear system. Therefore, it is very important to study the influence of
deformation and an orientation on the nucleus-nucleus interaction potential. The
fission of an atomic nucleus is a unique process in which a nuclear collective
motion sets in involving all nucleons in the nucleus and a large number of
nucleons are eventually transported across the fission barrier. A nucleus splits
into two fragments during fission process and exhibit variety of shapes while
transporting from equilibrium configuration to that of scission configuration. The
instant at which the elongated heavy nucleus breaks into separate pieces is
called the scission point.

A quadruple deformation can give rise to two kinds of shape
distributions:

1) It can cause a prolate deformation, making the spherical nucleus actually
appear more like a football, positive quadrupole deformations.

2) It can cause an oblate deformation, making the spherical nucleus actually
appear more like a doorknob, negative quadrupole deformations.

It has been observed that when we opt for a deformed target/ Projectile
combination for the synthesis of heavy/ superheavy nuclei the fusion probability
in general increased quite significantly.
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Figure.1.4 Potential Barrier vs. deformation

The apparent reason for this enhancement in fusion probability is that when we
take a deformed reaction partner the fusion barrier becomes shallow and gets
distributed to provide easier path for compound nucleus formation.

Several experimental techniques have been used to make new elements. Some
of these include heavy ion transfer reactions, cold or hot fusion evaporation
reactions, neutron capture reactions, light-ion charged particle induced reactions,
and even nuclear explosions. These techniques each have advantages and
disadvantages making them suitable for studying nuclei in certain regions. The
types of nuclear reactions that have been successfully used to produce new
elements in the last decade are cold fusion reactions and hot fusion reactions.

Broadly speaking, a super heavy element can be synthesized by taking hot or

cold fusion interaction criteria.
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1.4 Cold Fusion Reactions:-

209Bj and

Cold fusion reactions using targets/lbeams of 2°®Pb and
projectiles/targets of the most neutron rich isotopes of the even Z elements from
Ca to Zn succeeded in extending the periodic table of elements from Z = 102 to Z
= 112. Theoretically, “Cold fusion“ reactions correspond to lowest interaction
barriers, largest interaction radii and non-compact, elongated nuclear shapes,
with the excitation energy of the compound nucleus formed to lie between 10-20
MeV. These reactions are weakly exothermic reactions. At excitation energies of
10-20 MeV, 1-2 neutrons are emitted from the compound nucleus. Cold
synthesis of SHEs was first proposed theoretically by Greiner, Gupta and
collaborators at Frankfurt [25-26] as early as in 1974-75, more than three
decades back, on the basis of Quantum Mechanical Fragmentation Theory using
the Two center shell model as an average two-body potential within the
Strutinsky macro-microscopic method. They suggested the use of cold
compound systems that were formed for all target-projectiles systems that lie at

the bottom of the potential energy minima.

Four such reaction valleys were always found to exist, namely with:
=  Symmetric or nearly symmetric nuclei,
= Asymmetric nuclei with one or both deformed nuclei,
= Very asymmetric nuclei with Pb nucleus (or the neighboring Bi nucleus for
odd Z compound systems) always as one of the reaction partners, and,
= Super-asymmetric target-projectiles (such as C, N, O and Ne) and heavy
deformed targets.
The excitation energy is lowest for the case (i) of symmetric target-projectile
combinations, but the above information on reaction valleys, when optimized by
the requirements of cold fusion reactions (smallest interaction barrier, largest
interaction radius and non necked nuclear shapes), singled out the use of of the
reaction partners of case (iii) above, i.e. Pb (or Bi) as one of the reaction partners

11



always, for the cold synthesis of super heavy elements. Experimentally, however,
it became possible to identify the true signatures of cold fusion phenomenon only
in late 1990’s. Most of the heaviest elements were produced in three heavy
element research laboratories: Lawrence Berkeley Laboratory in Berkeley (USA),
Joint Institute for Nuclear Research in Dubna (Russia) near Darmstadt
(Germany). Cold fusion reactions were first studied at the cyclotrons U300 and
U400 in Dubna using beams of isotopes from Ca to Cr [37]. However these
experiments did not go beyond Sg (Z=106). With the development of accelerator
facilities and detection techniques, in a series of experiments from 1981- 1984,
the elements Bh (Z =107), Hs (Z =108) and Mt (Z =109) were synthesized at GSI
Darmstadt, using cold fusion reactions. The lowest cross-section measured was

16 pb for one atom of 2°°Mt.

During the following years, the sensitivity was increased to a detection level of
one atom per week at a cross-section of 1 pb. Using the improved set up and
different incident energies both below and above the barrier, synthesis of new
elements Z = 110, 111 and 112 was successfully completed B8*3 These
experiments took place in the years 1994-1996. All earlier experiments, both at
Dubna and Darmstadt, synthesizing the transactinides (Z > 103), were made
either at one incident energy or at incident energies above the barrier. The
reactions with beams of "°Zn, "°Ge, #Se and ®Kr and targets of ?°®Pb and ?*°Bi
investigated in recent years at GSI (for Z=113,116,118), GANIL (114,118),
RIKEN (113,118), and LBNL (118) resulted in negative results with cross-section
limits of about 0.5 to 1 pb.

1.5 Warm/Hot and very Hot Fusion Reactions:-

For the synthesis of heavy/superheavy nuclei using hot fusion reactions more
asymmetric beam and target partners were used to produce a compound
nucleus with generally higher excitation energy that typically requires evaporation

of three to five neutrons, generate more neutron-rich isotopes of an element,

12



have lower survival probabilities with respect to fission, but have higher fusion
probabilities.
An example of this type of reaction is

BCa + *"Pu — ?®®114 + *n —(1.1)
(With a cross-section of ~1 Pico barn.)
Because of the neutron-richness of this isotope of element 114, it never
subsequently decays to any known isotope, and thus its identification is more
problematic.
Theoretically these fusion reactions are characterized by the largest interaction
barriers, smallest interaction radii and compact nuclear shapes. For warm fusion
reactions, commonly called hot fusion reactions, the compound nucleus
excitation energy is around 30- 35 MeV and for the very hot fusion reactions it is
40-50 MeV. Compound nucleus de-excites with the emission of 3-4 neutrons for
hot and = 4 for very hot fusion reactions. These reactions were also explained on
the basis of Quantum Mechanical Fragmentation Theory (QMFT).
On the other hand cold fusion reactions use beam and target nuclei that are
closer to each other in mass in order to produce a compound nucleus (the
complete fusion of one target nucleus with one beam nucleus) with generally
lower excitation energy that typically requires evaporation of one or no neutrons.
This generates fewer neutron-rich isotopes of an element that have higher

survival probabilities with respect to fission, but have lower fusion probabilities.
An example of this type of reaction is

Zn + 2%Pb — #7112 + 'n ---(1.2)
with a cross-section of ~1 Pico barn.
Because the 112 isotope ultimately decays by a emission to known nuclei
[namely isotopes of elements 102 (No) and 104 (Rf)], identification of this
element is straightforward. The difference between cold and hot fusion reactions
is not only a result from gradually different values of excitation energy, but there
exists a qualitative difference, which on one hand (cold fusion) is based on a well

13



ordered fusion process along paths of minimum dissipation of energy, and on the
other hand (hot fusion) is based on a process governed by the formation of a

more or less equilibrated compound nucleus.

1.6 Motivation and justification of proposed work:-

1.6.1 Switching of shell gaps:-

New nuclear structure effects concerning the stability of deformed shells are
known to be contained in exotic cluster decays [46]. The super deformed Z=38,
83r nucleus is found to be very stable against all cluster decays whereas the
neighboring and equally deformed Z = 40, %Zr is not so stable, at least for some
clusters. This result of a very stable deformed shape at Z(N) = 38, and not at
Z(N) = 40, is understood as a switching and new reinforcement shell gap effect of
Z=38 deformed shell on N=38 deformed shell. This kind of switching behavior
can play a very significant role in the production of super heavy elements, cluster
radioactivity and nuclear dynamics related problems.

It is now established that whereas , Zr.,, is a doubly magic spherical nucleus is

one of the most deformed (called super deformed) nuclei in nature with an
estimated quadrupole deformation of p= 0.4[51]. Similarly, in their

neighborhood, [ Sr,,, .+ Sr,are super deformed nuclei [52-53] and Sr, is a

nearly double magic spherical nucleus. This is shown in Figure 1.5, where the
quadrupole deformations B, estimated from Grodzin’s formula [54], are plotted.
Observations of such large ground-state deformations for Z(N) = 38,40 nuclei call
for a natural breaking of spherical shell closures at Z = N = 40. This leads to
instability of these nuclei against exotic cluster decay modes. The calculations of

[55] show that ;'Zr.,, though stable against alpha decay, is metastable (having

positive Q values) with respect to many heavier clusters (with A> >16).

14
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Figure.1.5: The quadrupole deformations B, calculated from Grodzins' formula
B2=1225/(A 7° E,,), plotted as a function of neutron number Nfor N= Zand Z =
38 nuclei.

The calculated half-life times for *Mg and 2Si decays of 8°Zr are of the same
order (log Ty = 43) as predicted for many cluster decays of heavy deformed
'stable’ nuclei [56-58]. In view of this calculation, the neighboring "®"®Sr nuclei
with Z = 38, N = 38,40 are expected to be more unstable against exotic cluster
decays since they are even more deformed as compared to ®Zr. Also the
expected spherical shell closure at Z=40 is already broken in the case of Sr
nuclei. It has been observed that the calculated cluster decay half-life times for
8Sr are much larger (T12>10'%s) than for its immediate neighboring nucleus

80Zr. Such an unexpected stability of the *Sr, nucleus against cluster decays

must apparently be due to stable (deformed) closed shells at Z=N=38, predicted
in many earlier calculations [49-50]. The above noted effects of the existence of
stable deformed shapes of a doubly magic deformed nucleus at Z=N=38 rather
than at Z=N=40 (but Z=40; N = 50 still retaining the double magicity of a

15



spherical nucleus) can be understood in terms of the reinforcing and switching of
shell gaps in nuclei.

It is observed that Z (or N) = 40 is not a spherical magic number until and unless
it is reinforced by another spherical magic N (or Z) number. In the absence of
such a reinforcement, there is a switch in the importance of Z(or N) =40 spherical

to Z(or N) = 38 deformed shell. Thus, . Zr, is a doubly magic spherical nucleus
since here the N = 50 spherical magic shell reinforces the Z=40 shell. Similarly,
in % Ni,,, the Z=28 spherical magic shell reinforces the N = 40 shell to make it a
doubly magic spherical nucleus [59]. The same argument applies to the
neighbouring spherical nuclei, like 3Sr, and ¥ Ni, Thus, ' Zr,, is apparently an
example where the reinforcement effects of a spherical magic number are absent
and the switching over to deformed Z(or N) = 38 becomes important. In view of

such a switching effect the Z = N = 38, 2Sr,, is a doubly magic superdeformed

nucleus (see also figure 1.4) and the neighbouring J;Sr,, and } Zr, are strongly

deformed nuclei. Here, once again, a new reinforcement shell gap effect of the Z

= 38 deformed shell on the N = 38 deformed shell which makes the ""*Sr nuclei
far more stable than ; Zr,, and other neighbouring nuclei such as ;;Kr,, and

%Mo,, are observed. It is reported in [*°! that such strong nuclear structure

effects are borne out in the exotic cluster decay studies. In fact, the presence of
nuclear shell structure effects in radioactive cluster decays of heavier nuclei is
already evident from the observed daughter products, which are always the
magic or nearly magic spherical nuclei [60].

It is reported in [45] that "°Sr is a superdeformed nucleus with an estimated
quadrupole deformation B> = 0.44. From the point of view of known spherical
shell closures at Z=N=40, such a large ground-state deformation for "°Sr means
the natural breaking of these spherical shells and hence nuclear instability
against both fission and exotic cluster decay processes. However, like the other
superdeformed nuclei in this mass region 68-82 although this nucleus is naturally
stable (negative Q value) against only light clusters with masses A.<12, the

16



calculated cluster decay half-lives for A;>12 are also large enough (T,2>10% s)
to term this nucleus as a stable nucleus against all cluster decays. This kind of
stability could apparently be due to stable deformed shell closures at Z=N=38,
predicted earlier in many other calculations [12,13]. Alternatively, if these nuclei
are prepared in heavy-ion collisions, then, depending on the excitation energy of
the compound nucleus formed, both fission (also called fusion-fission) and
cluster decay are the viable processes. It now seems accepted that compound
systems with A<42 are characterized by nuclear orbiting phenomenon (the deep
inelastic process). Although a considerable amount of yield due to fusion-fission
could not be ruled here too [18,19]. On the other hand, the systems with A= 47—
60 are strongly the cases of fusion-fission processes (fully-energy-damped
Fragments) since for all cases studied so far the observed yields are
independent of nuclei in the entrance channel and no strong peaking of yields is
observed near the target and projectile masses. Thus in [45] calculations for
fission and cluster decays of °Sr, both the cases of "°Sr in the ground state and
produced as an excited compound system in heavy ion reactions are studied.
where fission is treated as a collective mass transfer process and cluster decay
studies are based on a model allowing preformation of clusters. Calculations
show that, in a clear asymmetric mass distribution, "°Sr nucleus allows

preferential a-nuclei transfer resonances as well as decays.

1.6.2 Relative stability of nuclei in mass reqgion A=68 to
82:-

The mass region A= 68-82 provide a handful of superdeformed nuclei. Obviously,

main purpose is to identify the most stable nuclei among all superdeformed
fragments in this mass region. The mass region A=68-82 is considered as a
small island of superdeformed nuclei, with most of them having quadrupole
deformation B, = 0.4(or axis ratio 1.5:1), The structural calculations does not
indicate that which nucleus lies at the centre of island of superdeformation,

because the available data regarding the quadrupole deformation is not sufficient
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enough. For example, 35Sr isotopes with Z=38, 36=N<42 are predicted to have
B> =0.35-0.4. The same work predicts B2 = 0.38 for 36Kr’®. Even Z=N=40, Zr® is
equally deformed with B> =0.45. In fact, the same calculation also predicts Z =
36, N = "°Kr nucleus to have a prolate ground state deformation minimum lying at
B= 0.38. Furthermore, another weakly prolate deformed (B> = 0.22) closed shell
is predicted at Z = 34. To answer the question regarding (deformed) magicity
among these superdeformed nuclei, a systematic cluster decay study in mass
region A=68-82 was carried out by Gupta et.al [44].They exploite the simple idea
that a large ground state deformation of nucleus leads to the natural breaking of
spherical shell closure making it instable against cluster decays where as the
presence of stable deformed closed shell leads to stability against such decay
channels.

Thus, it is not clear from these structure calculations, which nucleus lies at the
centre of this island of super deformation, i.e. which is most stable. The main
aim was to answer this question through a systematic cluster decay study of Z =
34—-40 nuclei. A large ground state deformation of a nucleus means the natural
breaking of spherical shell closure and hence its possible instability against
exotic cluster decays. On the other hand, the presence of a stable, deformed,
closed shell for any of its proton or neutron numbers (or both) would lead to its
stability against such decay modes.

The basic intension was to explore the relative stability of nuclei with Z = 38, 40
or 50 < Z < 82. Some of the nuclei in this region are found to be unstable against
cluster decays [37,38,41] even though they come from the immediate
neighborhood of spherical magic numbers. The calculations predicted new
magicities in the neighborhood of Z = 74,76, N = 96,100—4, since the daughter
products in all the so-far observed cluster decays of actinides[42] are always
magic or nearly magic (spherical) nuclei. In this we concentrate on the other
region around Z = 38, 40 and extend it to include the total region of
superdeformation with A = 68—-82 and 34 <Z <40. It may be noted that the usual
competitor, a-decay, is not allowed (Q < 0) in these nuclei, though the
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measured[43] B*-decay half-lives are very small (and hence more probable)—of
the magnitude of a few seconds to some minutes, compared with the very high
(less probable) half-lives >10'° s, predicted for heavy cluster decays.

The Superdeformed [;Sr,, is observed to be [36] very stable against exotic

cluster decays whereas the neighboring, equally deformed ) Zr,, is not so stable.

Based on this result, the reinforcing effect of the deformed shell gaps at Z = 38

and N = 38 was expected to give [’Sr, as the most stable superdeformed

shape. However, the preliminary analysis of other neighboring nuclei, comprising
the mass region A = 68-82, shows that Z = 36, N = 40 "°Kr is the most stable
deformed nucleus in this region and as neutrons are added to or subtracted from
the most stable isotope (for Sr and Zr nuclei, the most stable isotopes are 2°Sr
and "®Zr, respectively), the resulting nuclei are highly unstable against all
possible (Q > 0) exotic cluster decays. This result of extra stability at Z = 36 and
N = 40 is in agreement with the fact that the neighboring Z=36 £ 2, N =40 £ 2
nuclei are all deformed and the ones farther away with Z =36 £ 4, N = 40 £ 4, or
more, are (nearly) spherical. Thus, it seems that Z = 36 and N = 40 are better
(deformed and/or spherical) closed shells, and the concept of ‘switching of shell
gaps’. Simply the proximity to shell closures is enough to explain both the
deformation and spherical effects of Z = 32—-40 nuclei. In the present work we
intend to discuss some two-centre shell model calculations in order to resolve
this issue of relative stability among various super deformed nuclei. Though the
calculations are in preliminary stage, however we find some reasonable
statements regarding stability/ instability in this mass region. The other result of
strong instability of nuclei in this mass region stresses the role of known spherical

magic shells for daughter nuclei in the exotic cluster decay studies [42].
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2.1 Introduction:-

Nuclear dynamics and structure related problems can be addressed successfully
using dynamical cluster decay model (DCM) which is based on the well
established quantum mechanical fragmentation theory (QMFT). The main
advantage of DCM over other statistical models is that it treats the light particles
(LP’s) and Intermediate mass fragments (IMF’s) on equal footings, whereas in all
other statistical models the LP’s and IMF’s are treated differently. Another
important feature of DCM is that it involves the preformation probability Py of the
decaying fragments and hence imparts the important structure information. In the
present work, the single particle energies are calculated using the Two-center
shell model (TCSM). The two center shell model predicts successfully the
information regarding single-particle inelastic excitations neutron transfer

reactions along with various nuclear structures and dynamics related problems.

2.2 Two Center Shell Model:-

The theoretical study of binary disintegration processes is limited by the
difficulties encountered in the calculations of single-particle levels for very
deformed one-center potentials. Indeed, on one hand, central potentials are not
able to describe in a correct manner the shapes for the passage of one nucleus
to two separated nuclei and, on other hand, for very large prolate deformations
the sum of single-particle energies obtained from the level scheme reaches an
infinite value. These difficulties are surpassed by considering that the mean field
is generated by nucleons moving in a double center potential. A two-center
model allows the description of single-particle energy evolutions from the ground-
state up to the formation of two separated fragments [1, 2] of a dinuclear system.
Most of the applications of this method are based on a double oscillator potential
[3] and more recently, the single-particle motion in fusioning systems and the
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peripheral collisions were treated employing Wood-Saxon wells [4] with the
potential expansion method. A new version of the two-center model, namely the
super asymmetric two center shell model (STCSM) was developed [5-7] and
was used to explain the fine structure in alpha- and cluster decays [6, 8].

The renewal interest for the fission physics determined the use of the STCSM in
the analysis of the role played by the single-particle states during the tunneling of
the double barrier. Information about the role of the dissipation and effects due to
the dynamics were revealed [9-11]. Investigating fission processes,
unfortunately, very large values of the heights of the double barrier were
obtained. A cause for this behavior was presumed to be due to the intrinsic
limitations of the modified oscillator model [7]. The angular momentum interaction
constants are determined only to fit several single particle levels in the vicinity of
the Fermi energy and are not appropriate for all the levels taken into account
when the shell effects are computed. On the other hand, the spin-orbit operator
cannot take into account a realistic deformed mean field potential. In the
following, a improved version of a two center shell model is presented that takes
into account Woods-Saxon potentials.

In principle, a two-center diagram can be used to investigate all reactions that
involve two separated nuclei. On one hand, it is possible to predict which single-
particle inelastic excitations and neutron transfer reaction will be enhanced in
heavy ion collisions. On another hand, it is also possible to determine the
transition levels for the fission reactions, leading to a improved calculation of the
fission cross-sections. It is customary for evaluation purpose to fit the transition
levels from experimental values of the cross-sections.

A realistic model for the single-particle energies able to describe the passage
from one nucleus in two separated fragments will provide a powerful tool to
validate the evaluations. A realistic model for the level scheme can also provide
information about important quantities as the dissipation by solving the
microscopic equations of motion.

The two-centre shell model, used within the Strutinsky macro—microscopic

method, is a valid prescription for calculating adiabatic or diabatic potential
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energy surfaces. It is shown, however, that this model does not contain the
appropriate a-nucleus structure effects, very much required for collisions
between light nuclei. The TCSM has also been used quite extensively for
calculating the PES, both for the light and heavy nuclei.

The importance of shell effects is a result of inability of liquid drop model alone to
give a satisfactory description of both fission and heavy ion collision phenomena.
The natural starting point is the simple one centre shell model ( Nilson oscillator
potential or finite depth Woods-Saxon potential). However, for nuclear shapes
involving large deformations and neck formation, it is intuitively more realistic to
use two centers of force. An asymmetric two centre shell model (ATCSM) was
developed by Maruhn and Greiner. Such a potential and associated nuclear
shapes (for protons and neutrons moving in two separate single particle oscillator
are shown in Figure 2.1

The following naturally occurring parameters are used to characterize the shape:
(1) The relative separation R of the two fragments, or the elongation A =(2Ry),
which measures the length “L” of the system in units of the diameter (2Ry) of the
equivalent spherical compound nucleus.

(2) The deformations of the two fragments, which for the rotational symmetry

around the z-axis are defined by g = Z— i =1, 2, the ratio of their semi-axes.

1

(3) The neck parameter “ ¢ = % defined by the ratio of the actual barrier height
E, to the fixed barrier height E’ of the two-centre oscillator, given by
1 1 1

— 272 _ 2 2 _ 2 2
E —Emoa) ZO —Emoa)zlzl —Emoa)zzzz

This relation ensures that the barrier must have the same position on Z-axis as in

the two center oscillator.
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Figure.2.1: Asymmetric two centre shell model (ATCSM) potential and the associated

nuclear shapes for protons and neutrons.
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(4) The mass and charge asymmetry coordinates
0= 2 Pt
wpl 1616‘)2l
This is not immediately related to the mass ratio of the fragments, except for zero
separation and for separated fragments where one has purely ellipsoidal

fragments with a mass (volume) ratio

& = ﬁ = ﬁQ3
v, azbz2 B,

In this limit Q is directly related to the basic mass fragmentation coordinate of the
dynamical fragmentation theory.

The potential of the ATCSM is (i=1,2)

%moa); (Z*+Blp*)Z<Z,

\K@Zﬁ:lmwé@”ﬁﬂ+qZ442%+%mﬁkﬂﬁﬂ+&ZﬁA<Z<22

Ll 9

_moa); (Z°+B;p")Z>Z,

[\

where

Z-27,,2<0
Z-2,,Z2>0

2.2.1 Strutinsky macro-microscopic method:-

Strutinsky gave a method to extract the shell correction to liquid drop model
(LDM) energy from the shell model itself. According to this, so called, macro-
microscopic method, the smooth part of the binding energy is given by LDM (the
macroscopic part) and the small fluctuations, of the order of 5-10 MeV due to
shape of the nucleus, must be associated with the shell structure of nucleus
(microscopic part) and hence contained in shell model single particle energies at
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a given deformation B of average potential. Thus, the macroscopic LDM energy
and the microscopic shell correction were put together to give the binding energy
of the nucleus as

V(B)=V(LDM)+) (8U +6P),

where
U =Y [e(B) - (B,
i=1

withe(B) defining the uniform single particle energies. &P is the pairing

correction energy.

2.3Quantum Mechanical Fragmentation Theory (QMFT):-

Cluster radioactivity, cold fission and cold fusion of nuclei for synthesizing new
heavy elements are rare nuclear processes. The interesting aspect of these
processes is that they are not only rare but also occur more probable as cold
phenomena. The rare nature of these processes stem from the fact that these
processes are masked by other competing processes. Cluster radioactivity is
masked by the larger number of «-decay events, cold fission by fragments of
various other velocities (hot and/or bimodal fission) and cold fusion by their
specific choice of target-projectile combinations, incident bombarding energies
and angular momenta. The dynamical or quantum mechanical fragmentation
theory (QMFT) predicted all the three phenomena to be most probable as cold
processes. These predictions were made as early as in 1974-75, prior to their
being observed experimentally. Note that the QMFT, being a quantum
mechanical theory, does not preclude the other processes, like the hot fission or
hot fusion, but predict them to be less probable, as is now observed to be the
case.

Cluster radioactivity is the spontaneous emission of clusters heavier than «
particle and without being accompanied by any neutron emission. Thus, it is a
cold process (zero excitation energy) since the energy released as Q-value is

completely consumed by the kinetic energy alone of the two fragments (the
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cluster and daughter nuclei). Fission is also the spontaneous breaking of a
nucleus into two fragments (for binary fission), heavier than the ones involved in
cluster radioactivity, but with or without being accompanied by neutron emission.
The neutron less fission or in terms of velocities the very high total kinetic energy
(Close to the Q-value) fission, called cold fission, The QMFT is a unified
description of all the three processes of (cold) fusion, fission and cluster
radioactivity. The key result behind the three phenomena is the shell closure
effect of one or both of the reaction partners for fusion or that of the decay
products for fission and cluster radioactivity. Both experimentally and
theoretically, for cold phenomena, one of the nucleus (or decay product) is
always a spherical closed or nearly closed shell nucleus. Apparently, the
significance of spherical closed shells raises the question of the role of deformed
closed shells, which need to be investigated. The QMFT is applied very
successfully to many heavy ion reactions, the predictions of target-projectile
combinations for cold synthesis of new and superheavy elements, the fission
data and the exotic cluster decay process. In fact, both the phenomena of cold
fission and cluster radioactivity were predicted on the basis of this theory, priorto
their experimental observations, and the idea of cold fusion (for synthesis of new
elements) was first introduced on the basis of this theory.

2.4 The Preformed Cluster-decay Model for ground state

decay of nucleus:-

These models fall into two main categories:

i) Unified Fission models (UFM), and

ii) Preformed cluster-decay models (PCM).

In the UFM, the cluster decay is dealt simply as a barrier penetration problem
where as the preformed cluster model (PCM) distinguishes itself from the unified
fission model (UFM) in its basic assumption of the emitted cluster(s) being
preborn in the parent nucleus with a probability that decreases with the

increasing size of the cluster. This suggests that the process of cluster decay will
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stop somewhere and that of fission will take over, with a possible overlap for
some region. It is seen that such an overlap does exist indeed for clusters of
masses 42 < A, < 50.

The PCM is developed as a further modification of the Gamow theory,
considering not only the penetration of a realistic barrier (coulomb + nuclear, as
in UFM), but also associating a preformation probability Py to the emitting cluster.
Thus, the decay constant in the PCM is defined by

)\PCM: UoPPo T (21)

Here vy is the impinging frequency with which the cluster hits the barrier, given
by

(2, /1)

Upg = U/Ro = --- (2.2)

0
where Ry is the radius of parent nucleus and E; = ¥ p vV is the kinetic energy of
the emitted cluster. The impinging frequency uy is nearly constant~ 102" s™ for all
the observed cluster decays. since both the emitted cluster and daughter nuclei
are produced in ground state, the entire positive Q-value of decay is the total
kinetic energy, (Q = E1 + E), available for the decay process, which is shared
between the two fragments, such that for the emitted cluster,

Es = %Q - (2.3)

and, E1 (=Q — E») is the recoil energy of daughter nucleus. Py is preformation
probability of the cluster, and P is the WKB penetration probability of cluster
through the barrier, calculated within the QMFT.

The QMFT is worked out in terms of the collective coordinates of
mass and charge asymmetries

A—-A
n=# and Nz = ,
A +A, Z,+Z,
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(1 and 2 stand, respectively, for daughter and cluster) and the relative separation
R, to which are added the multipole deformations B, and orientations 6; (i=1,2) of
daughter and cluster nuclei. In PCM, the two coordinates n and R refer,
respectively, to the nucleon-division (or-exchange) between the daughter and
cluster, and the transfer of positive Q-value to the total kinetic energy (E1 + E») of
two nuclei as they are produced in the ground state, as already pointed out
above.
The preformation probability Po (A) (] W(n(A)) F, i=1 or 2) is the solution of the
stationary Schrodinger equation in n, at fixed R =R,, the first turning point of the
penetration path used for calculating the penetrability P. Thus, the structure
information of the compound nucleus is contained in Py via the fragmentation
potential
VRr(n) = 'Zzl[Bi(Ai, Zi)]1+Vc(R, Z;, Bn, 6i) + Vp(R, A;, Bris 6) + VIR, A, Bui, 8) —-(2.4)
pa

used in the above said stationary Schrédinger equation. Here, Bi(A, Z)) are the
ground state binding energies from Ref. [12], and V., V,, and V, are, respectively,
the Coulomb, nuclear proximity, and angular- momentum dependant potentials.
For ground-state decays, |=0 is a good approximation [4].

In Eq. (4), the proximity potential V, for deformed and oriented nuclei is

given as,

V,(s0) = 4TRP(s,) - (2.5)

With the specific nuclear surface tension coefficient y = 0.9517 [1- 1.7826 (— )]

MeV fm?, the surface thickness b =0.99 fm, and the universal, function,

independent of the geometry of nuclear system, is

1
——(s, —2.54)* —0.0852(s, —2.54)°
¢(So) = 2 (SO ) (SO )

—3.437exp(=s,/0.75) --- (2.6)

respectively, for sp < 1.2511 and = 1.2511. Here, sp is in units of surface

thickness b. For determining the shortest distance sy between any two colliding
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nuclei, we use the expression of Gupta et al. [13], obtained for all possible

orientations of two equal or unequal, axially symmetric, deformed nuclei lying in

one plane,
So=R—X1—Xz - (2.7)
where X1=Ri(ay)cos(6+1-a1) and --- (2.8)
Xo=Rz(az)cos(180+6.,—ay) ---(2.9)

are the projections along the collision Z —axis of nuclei. The mean curvature

radius R in Eq. (2.5) for two co-planar nuclei is

1 1 1 1 1
- = + + +
R R11R12 R21R22 R11R22 R21R12 S (2_1 O)

with the four principal radii of curvature Rj; and R, of the two reaction partners
given by Eq. (4) of [13], and the radius vectors

R(a) =R, {1 + ZﬁﬂiYﬂ(O) (@, )}

A - (2.11)

with the Ry given by

_ 1/3 _ -1/3
R, =128A]" —0.76 + 0.8 4, - (2.12)

For Coulomb interaction, extended is [14] expression for two non-overlapping
charge distributions, to all higher multipole deformations (A=2, 3, 4..), is [36]

22,6 1 R'a)

V. =" 377, Y\" (6 +=:Y."(6
" R MzzﬂlR“ ”[ﬁﬁ £ ()}

, - (2.13)
The mass parameters Byy(n), entering the Py calculation via the kinetic energy
term, are the smooth classical hydrodynamical masses [15], used for reasons of
simplicity. The penetrability P is the WKB integral between R, and Ry, the first

and second turning points, respectively (Fig.2.2). In other words, the tunneling

33



begins at R= R, and terminates at R=Ry, with V(Rp) = Q-value for ground state

decay. Thus, as per Fig.2.2, the transmission probability P consists of the

following three contributions

ARNV)
o
ED = |'I. .
Ra_2®Pb+ “C
|I .I'-,
| '.I
P
soq |
—— |II .."'-.
= |
ik ] |
= | !
= W, N
|I LY
404 |
{ \
\1\\
P.
20 < "
.
Ra=| R, T Ry

R . 10 l 15 l 20 l 25 . 30
R (fm)

Figure.2.2:: A typical scattering potential, with characteristic quantities marked in
it.

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 Rp.

giving the penetration probability as

P=PWPy - (2.14)
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The shifting of first turning point from R, to Ry, the compound nucleus radius,
gives the penetrability P similar to that of Shi and Swiatecki [16] for spherical
nuclei, which is known not to fit the experimental data without the adjustment of
assault frequency. Following the excitation model of M.Greiner and W. Scheid
[41], we take the de-excitation probability Wi=1 for a heavy cluster decays, which
reduces Eq.(2.14) to the following:

P=P,P, --- (2.15)
Where P; and P, in WKB approximation are

P, =expl= [{2ulV(R)=V(R )]} dR)

and --- (2.16)

P, =expl= [ 1241V (R) - Q1) dR
" — (2.17)

For the first turning point, we use the following postulate
Ra (n) = Ri(a1) + Ro(a2) + AR
=Ri(a,n)+AR
Where the n- dependence of R, is contained in R;, and AR is a parameter,

assimilating the neck formation effects of two centre shell model [1-11].

Dvnamical Cluster-decay Model:

The dynamical cluster-decay model [17] is an adaptation of the preformed cluster
model (PCM) of Gupta et al' [18,19] for ground state decays, which itself is based
on the well-known Quantum Mechanical Fragmentation Theory, the QMFT [20-
22] given for fission and heavy ion reactions. This theory is worked out in terms

of the collective coordinates of mass asymmetry n=(A —A,)/(A +A4,) and
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relative separation R, which in a PCM allows defining the decay half-lifeT;,,, or

the decay constant 1, as

A=I2_pyp - (2.18)
12
where the preformation probability P, refers to 7 motion and the penetrability P to
R motion. Apparently, the two motions are taken as decoupled, an assumption
justified in the earlier works 1?* 2" 23 The v is the barrier assault frequency. In
terms of the partial waves, the decay cross-section

ZﬂEC.lﬂ _—— (2-19)

IL
o= Q+DPP; k=,
k 1=0 h

with u =[A/A, /(A +A,)Im = iAm(l—nz) the reduced mass, [, (the critical angular

momentum), and m is the nucleon mass. This means that Ain Eq. (2.18) gives
the s-wave cross-section, with a normalization constant v, , instead of the z/k’
in Eq. (2.19).

For n-motion, we solve the stationary Schrédinger equation in7, at a fixed R,

{ U }W”(n)—va”(n)-- (2.20)

_2m%m%+VR(”’T)

with v =0,1,2,3,.....andR=R, =C,(=C, +C,), the first turning point, fixed
empirically for the ground state (T'=0) decay. This value of R (instead of the
compound nucleus radiusR,) assimilates to a good extent the effects of both
deformations S, of two fragments and neck formation between them [24]. The
deformation effects of nuclei in the calculations are further included
via the Suessmann central radii C,=R —(b*/R,) , with radii
R, =1.28A!7 -0.76 +0.8A4,"*fm and the surface thickness parameter b = 0.99 fm.

The eigensolutions of Eqg. (20) give the preformation probability

By = (B, [win(A)] 2/ A), - (2.21)
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(i=1 or 2), where w(n)is w"(n) if the ground-state solution is chosen.
However, for the decay of a hot compound nucleus, we use an ansatz [25] for the
first turning point,

R, =C,(n,T)+ARM.T), --- (2.22)
which depends on the total kinetic energy TKE(T). The corresponding potential

V(R,) acts like an effective, positive Q value,Q,., for the decay of the hot

eff ?
compound nucleus at temperature T to two fragments in the exit channel
observed in the ground states (T =0). Thus, in terms of the respective binding

energies B, 0, is defined as
Q. (T)=B(T)~[B (T =0)+B,(T =0)]
=TKE(T)=V(R,) --- (2.23)
Since, R, =C,(n)forT =0, AR(n)corresponds to the change in TKE at T with

respect to its value atT =0, and hence can be estimated exactly for the

temperature effects in the scattering potential V(R).

At temperatureT, the preformation factor PF,in Eqg. (2.21) is calculated

atr, =C,(77)+E, with the temperature effects also included iny(n) through a

Boltzmann-like function,

=

wi =2

v=0

2
exp(—E" /T), --- (2.24)

l//V
with the compound nucleus temperature T (in MeV) related as
E,, = (gjﬂ -T; --- (2.25)

and for the penetrability P, Egs. (2.23) for each nandT values mean that
V(R,)=V(C,+AR)=V(R,) =Q,; (AR) = TKE(T) - (2.26)
with R, as the second turning point. The penetrability P is calculated as the WKB

tunneling probability, solved analytically in Ref. [21,22].

P —ewpl= [(2uV(R)-Q, 1 2dR) - (227)
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The fragmentation potential V,(n,T) at any temperatureT , is calculated within the

Strutinsky renormalization procedure, as

Ve, T) = IZ::[VLDM (A.Z,, )]+ iZ::[é'U,»]eXp(—TZ IT)+E,(T) (2.28)

+V,.(T)+V,(T)
where the T -dependent liquid drop energy V,,,, (T)is that of Ref. [26], with
(Seeger’s) constant at T =0 refitted to give binding energies of [27] defined
asB=V,,,, (T=0)+0U. The shell corrections are calculated in the “empirical
method” of Myers and Swiatecki [28].
The V,is an additional attraction due to the nuclear proximity potential [32] which
is also considered temperature dependent here,

Vo (R.T) =47 R(T)b(T)¢(s.T), - (2.29)

where R(T)and #(s,T) are, respectively, the inverse of the root mean square

radius of the Gaussian curvature and the universal function, which is
independent of the geometry of the system, given by Equation. 2.6
_ GG T)

R(T - (2.30
(T) ) (2.30)
and y is the specific nuclear surface tension given by
2
y=0.95 17{1—1.7826(%) :lMeV fm™ --- (2.31)

In Eq. (2.29), s(T)(=[R-C,(T)]/b(T)is the overlap distance, in units of b,
between the colliding surfaces. The temperature dependence in radii R,is given
as [26, 30]
R.(T)=r,(T)A? =1.07(1+0.01T)A"° --- (2.32)
with the surface width
b(T) =0.99(1—0.99T?%) --- (2.33)
The same temperature dependence of R(T) is also used for Coulomb

potential E,(T) = Z,Z,e* / R(T) , where the charges Z, are fixed by minimizing the
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potential V,(n,T) in the charge asymmetry coordinate.The shell corrections
oU in the Eq. (2.28) are considered to vanish exponentially for 7, =1.5 Mev [31].
Also, for the angular momentum effects

_RA+1)
V(T = Tl (2.34)

In the non sticking limit, whereR, =C,(T)+ C,(T)+AR =C,(T)+ AR, the moment
of inertia in Eq. (2.34) is given by

I(T) =1 (T)=uR; . --- (2.35)
In this case, the separation distance ARis assumed to be beyond the range of
nuclear proximity forces, which is about 2 fm. However, when it is within the

range of nuclear proximity (<2 fm), we get in the complete sticking limit

I(T)=1/(T)=uR’ +§AlmC12 +%A2mC22 : --- (2.36)

For the [value, in terms of the bombarding energyE., of the entrance

channeln,, , we have

=1, =R, 2ulE,, -V(R,.n,1=0)]/h. - (2.37)

The mass parameters B, (17), representing the kinetic energy part in Eq.

(2.20), are the smooth classical hydrodynamical masses [35], since at high
temperatures the shell effects are almost completely washed out.
Finally, the temperature-dependent scattering potential V(R,T), normalized to exit

channel binding energy, is

V(R.T)=2,Z,e* | RT)+V,(T)+V,(T) --- (2.38)
This means that all the energies are measured with respect to B,(T)+ B,(T), and
the fragments go to ground state (T — 0)via the emission of light particle(s)

and/or y—rays of energy E , .
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Oriented Collisions:

For the deformation and orientation effects we use the model developed at
Chandigarh by Gupta and collaborators [3] The potential V for orientated nuclei

is the sum of two binding energies B, and deformation and orientation dependent

Coulomb and proximity potentials:
2
V(U’R) = _z Bi (Ai ’Zi ’ﬁm‘)"' EC (Znﬁm‘ "9; )+ VP (A[,,Bﬂ, ei) T (2'40)
i=1
The Coulomb and proximity potentials  with  higher  multipole
deformations  included, are obtained respectively as:

_2z, R}
¢ L2 a7 7.0y L Ky
111221 1R+

|
a

K@) B B @)3, | (241)

with R (a,) =R, [1 +> 6.7« )} and R, =1.284/° -0.78+0.84, "
A

The nuclear proximity potential is given as,
V, = 4TRbP(s,) — (2.42)
where the surface energy coefficient y =0.9517[1—1.78269(N — Z)* / A>| Mev fm"

. the surface thickness b=~1fm; R is the mean curvature radius given

1 1 1 1 1 - .
as;— = + + + where the four principal radii of
R R11R12 R21R22 R11R22 R21R12

curvature R, and R,, at the points D and E of minimum s,, and the universal

function, independent or the geometry of nuclear system is given in Equation 2.6

Figure. 2.3: Schematic configurations of two axially symmetric deformed,
oriented nuclei.
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Chapter 3

REVIEW OF RESULTS
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REVIEW OF RESULTS AND DISCUSSIONS:-

The mass region A=68-82 is of special importance because majority of nuclei in

this mass region are Superdeformed with 3, as high as 0.5 [3] and therefore are

useful in reference to Nuclear synthesis problems. It has been observed that in
contrast to the Z(=N) = 40 #Zr nucleus, the Z = 38 and N = 40 "®Sr nucleus is
much more stable against decays via an alpha particle or any other heavy

cluster. The calculated cluster-decay half-life times were found to be larger than

10'% s for "®Sr as compared with =~ 10°° s for®Zr . This result, though consistent

with Q-value considerations and binding energy effects, has an apparent
consequence for the stability of the deformed Z = 38 (and also N = 38) shell,
which reinforces the N = 38 [4,5] deformed shell to make °Sr a very stable
Superdeformed nucleus in nature. A similar stability of deformed shells against
cluster decays is expected in other regions [2] like Z = 38 and N = 60, thereby
stressing that cluster decay studies contain information about the organization of
nucleons inside the nucleus. Also, this study points to other possibilities, like the
cluster radioactivity with deformed daughters and the superheavy elements
produced by colliding deformed nuclei.Another set of calculations on "°Sr nucleus
show that, in a clear asymmetric mass distribution, "°Sr nucleus allows
preferential alpha-nuclei transfer resonances. Thus for obtaining complete fission
products, one has perhaps to go to at least double the Coulomb barrier energies.
This provides a large center of mass velocity which facilitates the verification of
full momentum transfer and easy identification of the fragment’s atomic number
at higher incident energies. Also, the high energy solution at forward angles
should enhance the observation of compound-nucleus decay and virtually
eliminate any possible deep inelastic contribution.

Another interesting aspect of nuclei with masses 68 < A < 82 having charges
34 < Z < 40 (only even—even cases) was studied in [1]. The figure 1 of [1]
showing mass fragmentation potential V(n) for a few illustrative cases, calculated

at the touching configuration R=C;+C>=C; is shown as Fig 3.1 for drawing

44



comparative fragmentation behavior among the superdeformed nuclear system.
It is well established fact that deep potential energy minima are found to occur

only at N = Z, A = 4n «-nuclei for the o -like parents, whereas the same for other
parents occurs both at « - and non-« -like nuclei. This means that N = Z, A = 4n
parents are expected to decay with higher probability via « -nuclei, but the A =

4n+2 parents decay equally well via o - and non- « nuclei.
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Figure.3.1: Fragmentation Potential for "°Kr, °Sr and %2Zr taken from [1]

45



One may clearly see from Figure 3.1 that "°Kr, 8Sr and #3Zr show almost similar
fragmentation path showing preferential a-decay structure. Evidently the
fragmentation potential for “°Kr and %°Sr is almost identical, where as
fragmentation potential of ®Zr shows minor variation especially for larger
clusters. The cluster decay studies [1] clearly depict that "°Kr is most stable
nucleus among other competing isotopes of Kr, Sr and Zr nuclei. This Figure: 3
of [1] is plotted here as Figure 3.2 for establishing the concept of relative stability
of Superdeformed nuclei in this special set of nuclear masses.

Ok 6 " \
700+ 1 Sr OCloster | — Mglster || S Cluster
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A

Figure.3.2: Histogram of logo T4 (S)-values versus the parent masses for '°O,
24Mg and “Si cluster decays taken from [1].
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The logio Tiz (s) results shown in Fig 3.2 clearly predict that ®Kr is the most
stable nucleus in mass region A=68-82 (Superdeformed region) against various
clusterizations. Clearly '°O, ?* Mg and ?®Si clusters were shown to be most
stable. The interesting aspect of these calculations is that with the inclusions for
subtraction of neutrons a stable isotope looses its stability significantly.

In terms of shell structure effects, the stability of “®Kr strongly indicates the
reinforcing of the stable Z= 36 (deformed) shell with stable N=40
(spherical/deformed) shell. This kind of reinforcing of the deformed stable shells
in the spherical/ deformed stable shells could be extremely useful in deciding
various target projectile combinations along with its strong applications in the

nuclear structure and fusion reaction studies using deformed nuclei.

In order to understand the clusterization of "°Kr we have carried out systematic
calculations using Two Center Shell Model. The single particle energies of "°Kr
are shown in Figure: 3.3.The basic aim of calculating single particle energies is
hat we are interested in calculating the shell gap between highest filled level and
first empty level. The shell gap will account for the stability of nucleus against the
emitted cluster. In other words if shell gap is more, the stability against
anticipated cluster is more or vice versa. A is fixed at touching configuration with
e at 0.75 in reference to optimization done on the basis of dinuclear system
model calculations. The deformation values 1 and B are varied systematically in
order to get optimized shell gap. Here we fixed quadrupole deformation (83,) of
one fragment and vary the 3, of another fragment so as to maximize the gap
between last filled and first empty level. Then we fix the optimized 3, and vary the
B, of earlier fragment. We keep on doing {3, iterations, until we find the maximum

shell gap in order to establish stability of concerned nuclear systems.
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Figure.3.3: Single particle energies as a function of quadrupole deformations.
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We have carried out the 4-nucleon clusterization of "°Kr using TCSM and have

optimized the shell gap between highest filled and first empty level. The results

are summarized in table 3.1. The choice of A, 3,¢ etc are mentioned for drawing

further inferences, if any.

Table: 3.1 TCSM calculations on showing shell gap for 4-nucleon

clusterization of "°Kr.

oKy
Cluster(A;) N Atouch) £ B B2 A(MAX)
(A2)
0 0.9999 | 1.2524 | 0.75 1.25 1.4 2.01
4 0.8947 | 15323 | 0.75 1 1.4 1.56
8 0.7895 | 1.603 0.75 1.55 1.05 2.22
12 0.6842 | 16153 | 0.75 1.05 1.15 1.81
16 05789 | 15427 | 0.75 1 1.05 3.52
20 0.4734 | 16795 | 0.75 1 1.05 2.66
24 0.3684 | 17229 | 0.75 16 1.75 233
o8 0.2632 | 17911 | 0.75 1.55 1.05 1.08
32 0.1579 | 1.583 0.75 1 1.45 2.87
36 0.0526 | 1.5869 | 0.75 1 1.85 2,63

The figure 3.4 shows variation of shell gap A(MAX) as a function of cluster mass

for the 4-nucleon clusterization of "°Kr . From figure 3.4 it is clear that shell gap is

maximum for '®O fragmentation i.e. our Two Center Shell Model calculations

clearly depict that "°Kr is the most stable deformed nuclear system against '°O

cluster.
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Figure 3.5 and 3.6 show the variation of optimized quadrupole deformations (3,,
(Fragment) 3,, (Complementary Fragment) respectively as a function of fragment
mass. The optimization of quadrupole deformation is done in order to maximize
the shell gap between highest filled level and first empty level using Two Center
Shell Model calculations. These optimized quadrupole deformation values could
be utilized for future in using equations on concerned nucleus and its decaying

fragments.
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Chapter 4

SUMMERY AND
CONCLUSION



Summery and Conclusion:

The mass region A=68 to 82 is observed to be
an island of superdeformed nuclei having large quadrupole deformations of the
order of 0.5. These super deformed nuclei play significant role in various nuclear
phenomena including synthesis of heavy/super heavy nuclei. Although all these
superdeformed nuclei are important and play significant role in understanding
various nuclear properties. But one question is of extreme importance and
relevance that among all these super deformed nuclei, which one is most stable
against the clusterization process. In other words, its important to investigate the
relative stability among these super deformed nuclei so as to draw conclusions
and inputs for future experiments planned with such target projectile
combinations. Keeping this in mind the stability or instability of these super
deformed nuclei is reviewed on the basis of cluster decay calculations. The
cluster decay calculations indicate that "°Kr is most stable nucleus among other
competing isotopes of Sr and Zr in this special super deformed region. An
attempt is made to understand the clusterization of most stable nucleus i.e. "°Kr
using Two Center Shell Model calculations. The Interesting fact about
deformed/superdeformed nuclei is that when one of the reaction particle is taken
as deformed or superdeformed fusion probability gets enhanced. This is because
for deformed combinations height of potential barrier gets decline and hence
fusion probability goes up. So deformed or superdeformed nuclei are very
interesting candidates for the synthesis of Superheavy elements.

Using Two Center Shell model Calculations we have calculated the shell gap for
4-nucleon clusterization of “°Kr. For the calculations we have taken A at touching
configuration and €=0.75 in reference to dinuclear system model calculations.
However quadrupole deformations are optimized by varying B21 and B2 values in
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order to get maximum shell gap between highest filled level and first empty level
of the single particle energies calculated using Two Center Shell model. Our
calculations clearly depict that "®Kr nuclear system is most stable against '®O
cluster followed by A, =32 and 36 and 20 fragment mass. These calculations are
extremely important and useful to utilize these superdeformed nuclei to
understand various nuclear properties along with nuclear synthesis in heavy and

superheavy mass region.
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