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CHAPTER
INTRODUCTION

1.1 Introduction

The study of structural changes in hot rotating nuclei at high excitation energy
is an area of current interest in nuclear structure studies. The investigation of nuclear
shape transitions at finite temperature and angular momentum continues to be one of
the more demanding aspects in excited nuclei. The atomic nucleus is undergoing a
variety of shape transitions with increasing temperature and angular momentum.
Experimental confirmation of such shape transitions in hot rotating nuclei promises to
open up new outlook in our efforts to realize the response of the nuclear many-body

system at finite temperature and angular momentum.

Nuclear models representing the nature of ever intriguing nuclear force can be
robust if they render applicability over various domains, including the extremes of
temperature (T), spin (I), and density. Hence, extending the nuclear models to study
nuclei at these extremes also gains significance, particularly in the light of current
progress in the experimental facilities with which these nuclear states are becoming
more accessible. An experimental investigation on the possibility of heating the
nucleus to a finite temperature opens for us a new dimension in the study of nuclear
structure. The primary experimental technique of constituting hot nuclei is via heavy
ion reactions. Recent development in detector systems are making it possible to study
the properties of nuclei under extreme conditions of temperature and spin [Snover,

1986, Gaardhoje 1988].



The combined effect of spin and temperature has created a variety of shape
transition phenomena in nuclei. The interplay between rotational motion and intrinsic
excitations reveals fundamental properties of atomic nuclei. The rotation is a
collective motion of the deformed shape, whereas intrinsic energy is mainly generated
by the excitation of individual nucleons. Rotational energy correlations, while the
valley is formed by y rays from the region of damped rotational motion at higher

excitation energy.

The study of structural properties of nuclei with mass number A ~ 100 is
receiving considerable attention in nuclear structure physics. As an outcome of the
inconspicuous interplay between single-particle and collective degrees of freedom,
nuclei in this mass region of the nuclear chart display a huge variety of exciting
phenomena. A few experimental [Gaardhoje 1988, Heyde K. and J. L. Wood 2011,
Albers 2012, Albers 2013, Thomas 2013, Park 2016, Sieja 2009] and theoretical
studies have already been report on the structure of those nuclei. The ground stat
properties of nuclei around the mass number A = 100 has been studied extensively
[Rodriguez-Guzman 2010, Mei 2012, Browne 2015, Sarriguren 2015, Federman and
S. Pittel 1977, Xiang 2012, Rodriguez 2014, Federman and Pittel 1978, Skalski 1997,
Sumikama 2011, Clement 2016, Lalkovski S. and P. Van Isacker 2009, Boyukata,

2010, Rodriguez-Guzm2010].

It is known that this mass region represents a classic example of dramatic
shape changes with particle number. The deformed sub-shell gap at N=60 plays an
important role in shape transition of Sr, Zr and Mo nuclei. The shape transition for Sr

and Zr is sharp while in Mo, it is smooth. This region is particularly interesting



because of the sudden onset of deformation at N = 60 making it one of the most
dramatic shape changes on the nuclear chart. The study of nuclear deformation in
neutron rich nuclei around mass numbers A~100 helps on to understand the collective
motion occurring in these nuclei. A first experimental trace of the deformation of
these nuclides was given in the work of Johansson in 1965. Since this discovery,
impressive endeavours have been made, both experimentally and theoretically, to
comprehend the properties of the nuclides in the region [Johansson 1965, Cheifetz

1970, Azuma 1993, Hotchkis 1991, Ebert 2012, Smith 2012].

There is considerable interest in the study of the structure of nuclei in the mass
region A~100 due to the onset of deformation in the neutron rich nuclei [Sirag 2015,
Mamta Aggarwal 2016, Kirchuk 1993, Sotty 2015, Vidya DEVI 2013, Rodriguez-
Guzman 2014]. These neutron rich nuclei are of special interest because they are just
at the border between a rather spherical and a well deformed shape. Theoretically, the
region has been studied using interacting boson model [Sirag 2015], Nilsson
Strutinsky Cranking method [Mamta Aggarwal 2016], statistical theory[Mamta
Aggarwal 2016, Santhosh Kumar 2015] and and Hartree-Fock-Bogolyubov [Kirchuk
1993]. Most of these methods correspond to cold nuclei and are applicable strictly
speaking only to yrast spectroscopy. In these investigations of the nuclear shape at
high excitation energies are absent, and the statistical properties of fast rotating nuclei

have not been given proper consideration.

In recent times, shape transitions induced by temperature and angular
momentum one of the trust area of research. Experimentally, such responses to the

thermal excitations have been studied from the shapes of the giant dipole resonances



(GDR) built on excited states [Gaardhoje 1992, Nana]j'l999, Snover 1986].
Theoretically, they have been studied earlier in a finite temperature non-relativistic
microscopic Hartree-Fock [Quentin 1978, Goodman 1986] and Hartree-Fock
Bogoliubov (HFB) framework [Goodman 1988 Goodman 1986 Egido 1986] with a

pairing plus quadrupole (P+Q) interaction.

In order to understand the equilibrium deformation in these hot and rotating
systems around A = 100, in the present work, a calculation was performed for
estimating the equilibrium shape of a nucleus by minimizing the free energy under the
framework of temperature dependent rotating cranked Nilsson oscillator model
(CNM) of hot rotating nuclei for a given temperature and angular momentum
[Rajasekaran 1988, Rajasekaran 1981, Rajasekaran 1987, Rajasekaran 1988,

Rajasekaran 1988].

1.2 Literature Review

Nomura 2018, investigate the structure of even-even neutron-rich Ru, Mo, Zr
and Sr nuclei in the A ~100 mass region by using the interacting boson model (IBM)
with microscopic input from the self-consistent mean-field approximation based on
the Gogny-DIM energy density functional. The deformation energy surface in the
quadrupole deformation space (B and y), computed within the constrained Hartree-
Fock-Bogoliubov framework, is mapped onto the expectation value of the
appropriately chosen IBM Hamiltonian with configuration mixing in the boson
condensate state. The mapped IBM Hamiltonian is used to study the spectroscopic
properties of 98'“4Ru, 96'“2M0, 941107 and 1Sy, Several cases of -soft behavior are

predicted in Ru and Mo nuclei while a pronounced coexistence between strongly-



prolate and weakly-oblate deformed shapes is found for Zr and Sr nuclei. The method
describes well the evolution of experimental yrast and non-yrast states as well as
selected B(E2) transition probabilities. Their calculations describe well the rapid
structural change between N = 58 and 60 in Zr and Sr nuclei. The analysis of the
Gogny-D1M and mapped IBM energy surfaces as well as the wave functions of the
0" and 0" states reveals that the sudden lowering of the energy levels from N = 58 to

60 in those nuclei is the consequence of the onset of large prolate deformations.

Dudouet 2017, studied neutron-rich *°Kr by y-ray spectroscopy, produced in
transfer- and fusion-induced fission reactions, has been performed using the
combination of the Advanced Gamma Tracking Array and the
VAMOSDppspectrometer. They observed a second excited state for the first time,
assigned to J” = 4", and a previously reported level energy of the first 2" excited state
is confirmed. The measured energy ratio Ry, = E(4")/E(2") =2.12(1) indicates that this
nucleus does not show a well-developed collectivity contrary to that seen in heavier
N =60 isotones. This new measurement highlights an abrupt transition of the degree
of collectivity as a function of the proton number at Z =36, of similar amplitude to
that observed at N = 60 at higher Z values. A possible reason for this abrupt transition
could be related to the insufficient proton excitations in the g, ds, and s, orbitals
to generate strong quadrupole correlations or to the coexistence of competing
different shapes. An unexpected continuous decrease of Ry, as a function of the
neutron number up to N = 60 is also evidenced. This measurement establishes the Kr
isotopic chain as the low-Z boundary of the island of deformation for N = 60 isotones.
A comparison with available theoretical predictions using different beyond mean-field
approaches shows that these models fail to reproduce the abrupt transitions at N = 60

and Z = 36.



Petrovici 2011 investigated the shape transition from moderate deformation in
%71 to large deformation in 104.106.1107,. shape coexistence and variable shape mixing
at low as well as intermediate and high spins in Zr isotope. The influence of the shape
mixing on the structure and dynamics of the investigated Zr isotopes is discussed and
comparison with the available data is presented. They found that, the Oh;;, spherical
orbital is responsible for the onset of deformation and neutron alignment in the prolate
deformed bands. The 0gy/, protons are aligning faster in the oblate bands. Also found
that the changes in the renormalization of the effective interaction could influence the
oblate and prolate mixing in the structure of the wave functions as well as the

corresponding electromagnetic properties.

Roubin 2017, performed an extension of the atomic mass surface in the region

100-102 d 100-102

A = 100 via measurements of the Sr an Rb masses with the ion-trap
spectrometer ISOLTRAP at CERN-ISOLDE, including the first direct mass
determination of '®Sr and '°"'*’Rb. These measurements confirm the continuation of
the region of deformation with the increase of neutron number, at least as far as
N= 65. To interpret the deformation in the strontium isotopic chain and to determine
whether an onset of deformation is present in heavier krypton isotopes, a comparison
is made between the experimental values and mean-field and beyond mean-field
results available in the literature. To complete this comparison Hartree-Fock-

Bogoliubov calculations for even and odd isotopes were performed, illustrating the

competition of nuclear shapes in the region.

Sirag 2015 investigated the first and second order shape phase transitions

(SPTs) in even-even heaviest nuclei in the A~100 mass region with neutron number



N > 52, by analyzing the potential energy surfaces (PESs) within the interacting boson
model (IBM). He considered the consistent-Q Hamiltonian with control parameter
within the IBM coherent state formalism. The SPTs are explored with variation of the
control parameter. The validity of the model is examined for two neutron-rich isotopic
chains, Zirconium (*°Zr) isotopes for the SPT from a spherical vibrator U(5) to an
axially deformed rotor SU(3) called the X(5) symmetry, and Ruthenium (*‘Ru)
isotopes for the SPT from a spherical vibrator U(5) to a -soft rotor O(6) called the
E(5) symmetry. Relatively flat PESs are obtained for nuclei showing the E(5)
symmetry, while in nuclei corresponding to the X(5) case, PESs with a bump are

obtained.

Pinston 2005 investigated, odd and odd-odd N=59 istones, using a
combination of two experimental techniques. They established that three shapes
coexist in odd *’Sr and *Zr, while two different shapes were seen in odd-odd **Y and
%Rb. These new data demonstrate that the spectroscopy of odd-4 and odd-odd nuclei,
provides much more information on the structure of the different shapes than even-
even nuclei. The theoretical interpretation of these collective excitations is based on
the Nilsson diagram in the N=58 region and it shows that the spherical unique-parity
state plays a very important role in the shape coexistence mechanism. In conclusion, a
great wealth of nuclear structure information was recently gained for these odd and
odd-odd N=59 isotones and they hope that these new results will trigger new

calculations for this mass region.

Clement 2016, investigated the structure of neutron-rich ****Sr nuclei by low-

energy safe Coulomb excitation of radioactive beams at the REX-ISOLDE facility,



CERN, with the MINIBALL spectrometer. A rich set of transitional and diagonal E2
matrix elements, including those for non-yrast structures, has been extracted from the
differential Coulomb-excitation cross sections. Their results support the scenario of a
shape transition at N = 60, giving rise to the coexistence of a highly deformed prolate
and a spherical configuration in **Sr, and are compared to predictions from several
theoretical calculations. The experimental data suggest a significant contribution of

the triaxal degree of freedom in the ground state of both isotopes.

Santhosh Kumar 2015, presents results of statistical calculations of single-
particle characteristics of nuclei, excitation energies and shape transition in the Sn
isotope with neutron number 50, which is the extremely neutron deficient isotope.
Their study revealed the following conclusions: At all temperatures the ground state
deformation is spherical (6 = 0.0). 2. The excitation energy is smooth growing with
angular momentum and is increased for increasing temperature and at spin, J = 2 6h,
there is a shape change from spherical to oblate (y = -1800). The decrease of proton
separation energy with increasing spin at E* = 14MeV is due to the transition from S,
to I, via the transformation of a proton in '®’Sn to a neutron via nuclear decay. The
neutron separation energy decreases with increasing temperature and spin, which

shows the stability of the nucleus '°°Sn against temperature and angular momentum.

Mamta aggarwal 2016, theoreticaly investigated the shape transitions in
A =100 isobars of Z = 42 to 50. They observed a variety of shape transitions, while
moving from neutron rich '"’Mo to proton rich '’Sn with predominant triaxiality.
Temperature and spin induced shape transitions are explored within the microscopic

theoretical framework of statistical theory of hot rotating nuclei. Prolate non-



collective — a rare shape phase is reported in this mass region on the proton rich side
of the nuclear chart. In ground state, triaxiality is predominant shape phase with high
deformation on the neutron rich side with shape transition to prolate deformations
while moving towards proton rich side while approaching shell closure Z = 50 where
equilibrium deformation reduces to zero. She predict for the first time the rarely seen
shape phase of prolate non-collective in A=100 isobars on the neutron deficient side
of the nuclei at low spin with a shape transition to usually seen shape phase of oblate
non-collective. A = 100 isobars of Mo, Tc, Ru do not exhibit this rare shape phase
whereas Rh, Pd, Ag, Cd, In and Sn nuclei are predicted to have prolate non collective

shape as the predominant shape phase over a large angular momentum range.

Sotty 2015, for the first time presents the excited states of the neutron-rich
nuclei *7’Rb using the multistep Coulomb excitation of radioactive beams.
Comparisons of the results with particle-rotor model calculations provide clear
identification for the ground-state rotational band of *’Rb as being built on the
ngon[431] 3/2" Nilsson-model configuration. The ground-state excitation spectra of
the Rb isotopes show a marked distinction between single-particle-like structures
below N =60 and rotational bands above. Their study defines the limits of the
deformed region around A ~ 100 and indicates that the deformation of ’Rb is
essentially the same as that observed well inside the deformed region. It further
highlights the power of the Coulomb-excitation technique for obtaining spectroscopic

information far from stability.

1.3 Objective of the Thesis
The objective of this thesis is to illustrate the use of statistical theory in the

study structural changes in the nuclei around mass number A ~ 100.



In this work, the structural properties of Krypton (55Kr) Zirconium (40Zr) and
Molybdenum (s,Mo) are investigated as a function of different degrees of freedom
such as angular momentum, deformation and temperature. Further the structural
changes in ° % %% %6 %8 190G, isotopes are studied. Furthermore we also investigated
the odd-even and odd-odd effect in nuclei around mass A = 100. The single particle
level density parameter, excitation energy, entropy and neutron and proton separation
energy were extracted as a function of angular momentum, deformation and

temperature for the above systems.

1.4 Layout of the Thesis

A statistical theory [Rajasekaran 19888, Rajasekaran 1981, Rajasekaran 1987,
Rajasekaran 1988, Rajasekaran 1988], which incorporates deformation, collective and
non-collective degrees of freedom and shell effects, is developed to study the single
particle level density parameter, rotational energy, entropy and neutron and proton
separation energy and is given in Chapter II. This chapter describes the statistical
theory proposed by Morreto and modified by Rajasekaran. The use of the statistical
theory of nuclei in these investigations, and its success in explaining asymptotic
fission which is a consequence of the shell structure of nuclei, provide enough proof
of its utility [Rajasekaran 1988]. Soon after Strutinsky [Strutinsky 1967] prescribed a
method of extracting shell correction of liquid drop energies so that ground state
masses of nuclei could be estimated correct to £0.5MeV, Ramamoorthy et al.
[Ramamoorthy 1907, 1980, 1983] put forth a statistical method, which yielded results
as accurate as the former method. This infused more faith on the practitioners of the
statistical model and disproved the wrong notion that statistical models yield only

macroscopic details.

10



The basic constituent in the statistical theory is a suitable shell model level
scheme [Nilsson 1969, Eisenberg 1976, Soloviev 1976, Irvine 1972, Seeger 1970]
generated for various nuclear deformations. substantial consideration has been given
to the selection of the various parameters involved in the deformed harmonic
oscillator Hamiltonian [Rajasekaran 19888, Rajasekaran 1981, Rajasekaran 1987,
Rajasekaran 1988, Rajasekaran 1988, Strutinsky 1967, Ramamoorthy 1907, 1980,
1983, Nilsson 1969, Eisenberg 1976, Soloviev 1976, Irvine 1972, Seeger 1970,
Shanmugam 1978,79] for a rotating nucleus. Triaxial deformations [Eisenberg 1976]
are assumed for the purpose of diagonalization of the Hamiltonian depending upon

the situation.

In all calculations reported in this thesis, single particle data obtained by
diagonalizing the cranked Nilsson Hamiltonian were used. The methods of obtaining
the triaxial and cranked Nilsson oscillator [Inglis 1954] levels are presented in
Chapter III. In this chapter we describe the nuclear shapes and deformation
parameters within the framework of cranked Nilsson model. It is expected that
changes in nuclear shape may occur as a consequence of fast nuclear rotation. In the
present study the rotation is based on the changes in characteristic harmonic oscillator
frequencies ®;, ®, and ®3; (Nilsson parameterization). Nilsson parameterization
corresponds to basic vibrations ®;, ®, and ®; in the principal axes with requirement
the constant volume be enclosed by the equipotential surface. This condition may be

written as @ ;.03 = ® for the harmonic oscillator potential.

Chapter IV of the thesis contains the study of structural properties of *****Kr,

98,100,102 102,104,106 : .
S Zr and 77 "Mo  as a function of different degrees of freedom such as

11



angular momentum, deformation and temperature. The statistical theory is used to
study the structural properties, which incorporates deformation, collective and non-
collective rotational degrees of freedom and shell effects. The inputs for the statistical
theory are the microscopic single particle levels and single particle spins
corresponding to the triaxially deformed Nilsson harmonic oscillator potential.
Naturally, the results reflect the effect of the shell structure of the nucleus at different
deformations. The «k, p pair used for generating the single particle level scheme is as
given in Ref. [Shanmugam 1978,79, Diebel 1980]. These parameters are appropriate
since an agreement between Strutinsky’s smoothed moment of inertia and the rigid
rotor value is obtained by Diebel et al. [Diebel 1980]. The deformation parameter € is
varied from € = 0.0 to 1.2 with Ae = 0.1 for y = -180° corresponds to an oblate shape
(rotating about the symmetry axis) and y = 120° corresponds to the prolate shape
(rotating about an axis perpendicular to the symmetry axis). Calculations are carried

out by minimizing the free energy for equilibrium deformation.

The different parameters akin to single particle temperature dependent shell
energy Egnen [Andersson 1978, Nerlo-Pomorska 2005, Pomorski 2004, Pomorski
2000, Brack 1997 Egido 2000], level density parameter ‘a’ [Bohr 1961, Bloch 1977,
Baba 1970, Carjan 1979, Arunachalam 1997, Chakrabarty 1995 Agrawal 1994], and
rotational energy (E;,) [Rajasekaran 1988] have been evaluated as functions of
angular momentum and temperature for Mo,Kr and Zr. It is establish that at low
temperatures the effect of angular momentum on the single particle level density
parameter ’a’ is prominent due to the shell effects. However, at high temperatures the

empirical value of ’a’ (a = A/8) is reproduced.

12



Chapter V of the thesis contains the study of structural changes of Sr isotopes.
The statistical method is used, which incorporates deformation, collective and non-

collective rotational degrees of freedom and shell effects.

Chapter VI of the thesis described the study of odd, odd-odd effects in hot
nuclei around A ~ 100. The various nuclear parameters are extracted as function of

deformation, angular momentum and temperature.

In the last chapter a brief summary and conclusion are presented. The scope of

future work also mentioned.

13



CHAPTER 11
STATISTICAL THEORY

2.1 Introduction

The exploration of nuclear physics has usually been restricted to fairly low
energy states. Unquestionably the best investigated and clarified marvels are those
which happen close to the ground state and have either a collective or single particle
nature. In this area, the nuclear level density is very low, and discrete levels might be
distinguished. Theoretical models like the shell model or the IBA can foresee the
spectra and inter level transitions well, and these properties are genuinely simple to
gauge experimentally. But when higher energy excitations are considered, there are
various issues. States with a high degree of non-collectivity may show up, as new
degrees of freedom open up with the accessible energy. The creation of states leads to
level densities that are neither theoretically nor experimentally resolvable. On the
theoretical side, regardless of whether just a single or two shells are viewed as, the
quantity of states a couple of several MeV over the ground state may number into the
millions. Tentatively, the widths of the states end up analogues to or larger than their

spacing, and a continuum type of spectrum results.

Nuclei in states having both high spin and excitation energy can be formed in
heavy ion collisions. In such collisions, nuclei can join together, and then start to lose
energy through neutron evaporation. Once the evaporation threshold has been crossed,
nuclei lose energy through y-ray de-excitation, from states which are still quite high in
energy. The transition rates can be calculated by using Fermi’s Golden Rule, which
requires knowledge of the level density in the region of the transition. Thus to really
understand the behaviour of the nuclei in this region, the level density must be known.

The high level density of hot nuclei warrants a statistical treatment.
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The compound nucleus formed in heavy ion reaction may be described as a
thermodynamical system of fermions with several degrees of freedom like
deformation, collective and non-collective rotation, particle number fluctuation etc.
The quantal aspects of the systems are important in single particle level spectrum of
the Nilsson type or Wood-Saxon potentials, which include deformation and shell
structure. The grand partition function about the statistical average of energy, particle
number, angular momentum and entropy determines the phase-space or probability of
finding system with a particular set of observables. The development of statistical
theory by Bethe [Bethe 1936], Ericson [Ericson 1960], Ignatyuk [Ignatyuk 1960],
Ramamoorthy [51], Moretto [Moretto 1972] and Rajasekaran [Rajasekaran 19888,
Rajasekaran 1981, Rajasekaran 1987, Rajasekaran 1988, Rajasekaran 1988] has

resulted in successful application to high spin nuclei.

2.2 Statistical Theory

Since the level density is so large, it is hopeless to look at the properties of
individual states, since they will not be resolvable. Only average properties such as
the average shape and level density should be significant in this regime. In order to
average over a set of states, their distribution must be known. Statistical methods are
used in many branches of physics to perform such averages, and in combination with
thermodynamics, give a framework in which to calculate them. The level density is

the partition function for the microcanonical ensemble.

The statistical theory of the deformed nuclear system of N neutrons and Z
protons begins with the partition function (c, 3, y). The grand canonical partition

function of the system is written in terms of single particle energy eigenvalues g; and
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the z component of spin projection +#m; of the deformed oscillator potential of the
Nilsson-Hamiltonian type diagonalized in cylindrical basis [Huizenga 1972]. The
grand canonical partition function Q contains the statistical properties of the system

[Feynman 1972].

= Yexp &,Z +o, N —BE’ 2.1

N'.Z'E'
where oz, an and f are the Lagrangian multipliers conserving the total number of
nucleons, the total energy for a system of N’ neutrons and Z' protons, at a temperature
T = 1/B. The quantity T = 1/f is known as the statistical temperature. The total energy
is the sum of the single particle energies occupied by fermions. The summation is
over all nuclei with N neutrons and Z protons, and over all energy eigenvalues E of
each nucleus.
e = SpW.ZLE exp &,7' +a, N’ —BE' dE’ 2.2

The summation over the energy can be replaced by an integration [Huizenga
1972, Huizenga 1972] as the nuclear levels exhibit a continuous spectrum even for
few MeV of excitation energy. The quantity p(Z', N, E) represents the density of
states of A (N neutrons and Z protons) nucleons at the energy E | at a finite statistical
temperature. From Eq. (2.2), it is obvious that the grand partition function Q can be
considered as a Laplace transform of the state density p(Z', N, E,T). Consequently
p(Z, N, E, T) can be obtained by taking inverse Laplace transform of the above
equation. Williams [William 1969] has used recursive relation for finding the exact
state density. However, the more general method makes use of the inverse Laplace

transform for Eq. (2.2):

16



1

5
v

pN.Z E = . fda, fda, §dpp* 23

where the quantity S = Q +f3 E- azZ-onN is called the entropy of the system. The
above integrals are the well-known Darwin-Fowler integrals [Feynman 1972, Fowler
1936]. The only approximation so far introduced in the formalism is the continuous
approximation in which the level density is considered is a continuous function. On
the other hand, the simplification of the method arises from a significant
approximation called the saddle point approximation. It is establish that the integrand

in Eq. (2.3) has a saddle point whose location is defined by the equation

ﬁzo;ﬁ:0;§:0 2.4
oo, ooy P

or, in other words

8_Q:Z;8_Q:N;§:_E 2.5
oa., ooy, B

The path of the integration can be chosen to pass through this point. By
expanding the exponent S in a Taylor series about the saddle point and maintaining

only up to the quadratic term the integrals in Eq. (2.3) give up

S

€ -
372 ’
P D|/2

o(Z,N,E) = 2.6

where D is a 3%3 determinant specified by

o’Q  9'Q  9'Q
oo’  OGadp  Oudy
o0°’Q  0°Q  9'Q
opoa B> OPoy
’Q 8’Q 'Q
oydo oy oy’
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whose elements are the second derivative of Q with respect to the Lagrangian
multipliers and evaluated at the saddle point. Equation (2.6) is an excellent
approximation and it almost yields correct results at high excitation energies. Still at
the low excitation energies the conformity is reasonably good [William 1969]. The
sophistication of this method lies in the fact that it can be generalized for arbitrary
number of constants of motion C;. If n constants are introduced, the density of states

retains the form of Eq. (2.6) with entropy replaced by

n-1
S=Q+BE-> a,C, 2.7

i=1
with the exponent of 27t in Eq. (2.6) equal to n/2.
2.2.1 Dependence of level density on finite dimensions of the vector space
The dependence of the level density on the finite dimension of vector space
[Rajasekaran 1982] is best obtained by defining the entropy S(E) in terms of the

configurations W(E) available for a given energy of the system [Glasstone 1973]

W(E) =e*” 2.8
in view of the fact that W(E) is the number of eigenstates for a given energy E of the
system, the density of states can be achieved by differentiating it with respect to E,
remembering that S(E) is a smooth function of E:

_OW _ w0 S
OF OF

o(E) 2.9

The entropy of a system of N fermions characterized by the chemical potential

p and the temperature T is given by

S =1InQ +PE —oN 2.10
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where Q is the grand canonical partition function, oo = uff the Lagrangian multiplier,

and E is the total energy of the system. The partition function with regard to the single
particle energies €; is

Q=Y In[1+exp(a—Pe )] 211

The chemical potential p for a particular value of B is determined by the

particle number conservation:

N:Zni

with
n, =Y [1+exp(a—Pe,)] 2.12
The total energy E and the excitation energy E" are given by
E= z ng,
E' =E— Eo 2.13
where the ground state energy Eg of the N particle system is denoted by
2.14

N
E, :Zsi

i=1

If we now differentiate Eq. (2.10) with respect to the excitation energy taking into the

account the Eqns. (2.12) and (2.13)

S_8

oE  OE

hQ oo , Q9 B pg P N2 2.15
o GE OB CE GE" E
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because

MQ g Q¢
oo op
one would obtain
oS oS B:l 216

E B " T
which is the standard thermodynamic definition of temperature. Therefore, the level

density expression (2.9) turns out to be

p(E) =pe™"" 2.17
We have to note that W(E) has to be normalized to succumb the total probability

using the definition for the partition function

Q=> p(E)e’ " dE’ 2.18
—

If the dimensionality of phase space is restricted [Inglis 1954], then the upper
limit of the integrand is no longer infinity but a finite value depending on the number
of single particle states N accessible. In this context, the entropy of the system has a

maximum value [Pathria 1972] Nyln, which is obvious from the expression

S=>t,Inn + 4-n, In¥-n, 2.19

evaluated in the first limit of f— 0.
For a system of N particles, the normalized constants can be obtained by

substituting Eq. (2.9) in Eq. (2.18)

Q:cje e 4B, 2.20
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substituting for ¢® from Eq. (2.10) and remembering that Q is not a function of E by

definition, equation (2.20) give way

Smax
1=C f ds, 221
0

As a result the normalization constant turns into

C=—— 2.22
N, In2

through this normalization p(E) appears as

Be’
E)= 223
PE = 2

We observed that the exponential term in the expression for the level density
is the identical one as in all the earlier works but only by the factors multiplying it
differ. It demonstrates an explicit dependence on the finite dimension of the vector
space [Chan 1982 William 1969, Fowler 1936, Glasstone 1973, Gottschalk 1977,
Rajasekaran1987] establish that for large values of Ny, the level density calculations
are the same with the earlier formula. The present formula used in our calculations
avoids the monotonous procedure of evaluating a determinant whose elements are

second derivatives of the function and assuage the computational work.

2.3 Two Methods of Generating High Spins

There are two techniques of producing high spin states in the statistical theory.
In one method [Rajasekaran [Rajasekaran 19888, Rajasekaran 1981, Rajasekaran
1987, Rajasekaran 1988, Rajasekaran 1988], triaxially deformed single particle
spectrum is bring into play an input and the collective rotation can be produced by

introducing a Lagrangian multiplier into the partition function of the super-fluid
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nucleus [Rajasekaran [Rajasekaran 19888, Rajasekaran 1981, Rajasekaran 1987,
Rajasekaran 1988] to conserve the total angular momentum of the system. Another
technique [Rajasekaran [Rajasekaran 19888, Rajasekaran 1981, Rajasekaran 1987,

Rajasekaran 1988, Rajasekaran 1988] the term corresponding to collective rotation

- - 1 is included in the Hamiltonian [Shanmugam 1978] of the system itself. The

matrix elements of — ®- jz generate the spin by splitting +mz states. The two methods

are as follows:

1. The statistical theory of hot rotating nuclei (STHR) and

2. The cranked Nilsson oscillator model (CNM) of hot rotating nuclei.

In the present work second methods was used.

2.4 Cranked Harmonic Oscillator Method
2.4.1 Without Pairing Correlation

The eigenvalues produced by Cranked Nilsson Hamiltonian with finite values
of the collective frequency @ are used here. The analogous partition function is given
by

Q@,a,,a,,B)= > exp(a,Z; +a,N, -Be’(0)) 2.38

EiN;.Z;

The Lagrangian multipliers a,, and o, conserve the number of proton and
number of neutron and total energy at a given temperature T = 1/f. The resultant

equations in terms of the single particle energies €i(®) are given by
<N> = Zn,.” :Z 1+ exp(-a, N, +Be"(@)) 7? 2.39

()= =% 1 ewCaz, i) -
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The total angular momentum is obtained by

M=M, +M,

where
M, =M(g (0))= > nim;

and

M, =M (©)= Y nm 241

The simultaneous non-linear Equations (2.39), (2.40) and (2.41) has to be
solved to establish a,, and a, for every value of ® and T. The total energy of the

system is attained as

E=E,+E,
where
E, = E, (! (0)) = 3. z{el(®) + hoy nim?
and 1 1
E, =E, (] (®)) = > nle/ (®) +hnY n'm] 242
The excitation energy of the systemlis obtained by |
E" =E, +E,
where
E, = Y nief(0)- Y e (0)
and | |
E, =) nlel(@)-) ¢ (0) 2.43
The requirement of renormalizing the total energy does not arise here, because
we are paying attention only in the energy difference among the excited and the
ground states of the system and not in the real magnitude of the energies. The entropy

of the system is then achieved as
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A(TInQ)

M

S=S,+ S,
where

S, = Yl n? +(1-n?)in(1-n))],
and i

S, => [n{lnn} +(1-n})n(1-n})], 2.44

It is understandable from Egs. (2.39) and (2.40) that the occupational
probability n; are dissimilar for +m, and -m, states, because the eigenvalues €;(®) are

different for these states. The thermodynamical potential is specified by

F=-—ThQ
2.4.2 With Pairing Correlation
The logarithm of grand canonical partition function for the Z protons of the

superfluid nuclei at a temperature T, using the BCS formulation [Brack 1997, Bardeen

1957, Decowski 1968, Sano 1963, Bengtsson 1975], is given by [Rajasekaran 1987].

InQ s (0) == BY [e7 (@) ~ 1, ~E{ ()]
' 2 245

+ Z]n 1+ exp[—B(E; ()] —

where E'=[(g"~),)+A3]"* are the proton quasi particle energies. Gz is the pairing
strength and Az is the gap parameter. The quantity A, is the proton chemical potential.

The particle number equations for protons, the equation for energy E, and angular

momentum M are given below:

z=%11-{ 2EZ E) fann - CBEI @)} ) 46
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The gap parameter Az is obtained as a function of Az and by solving the gap equation:

22 n[tanh B(E“—ym )+ tanh — B(E“+ym )] = % 2.49

n

along with Eq. (2.46) for given values of § and ®. These values are used to calculate

M,, E, and S,. The entropy is then given by

S,=2 In 1+exp[-B(E{(@)] +BZ 1+ex§(k[§?1)5)2(a, 5 2.50

A similar set of equations for neutrons also exists. These values are used to
calculate M,, E, and S,. The total angular momentum M, the total energy E, and the

total entropy S are then obtained using

S=S,+ S,
M=M, + M,
and
E=E,+ E, 2.51
The procedure specified in this chapter are used in Chapter IV to extort
different parameters like single particle level density parameter, proton and neutron
separation energy and rotational energy to investigate the structural changes in A~100

nuclei.
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CHAPTER III
NILSSON MODEL

3.1 Introduction

The first deformed potential to describe axially symmetric nuclei was
introduced by Nilsson who took a single-particle potential which was based on a
deformed harmonic-oscillator potential and modified by a strong spin-orbit (1. s) force
and an (1*< I*>y) term to simulate the flattening of the potential at the centre of the
nucleus [Nilsson 1955]. Another commonly used deformed single-particle potential is
a deformed Woods-Saxon potential. The nuclear radius for deformed nuclei assuming

a constant nuclear volume can be parameterized in terms of a multipole expansion :

R(O(p) =c(x@)R, {1 + ki HZ:? ar,Y,, (6, (/))} 3.1

A=2 p=—m

where Ry is the radius of a sphere having the same volume as the nucleus, oy, are the
expansion coefficients of the spherical harmonics Y3u(0,4). A and p determine the
surface coordinates as functions of 6 and ¢, respectively. The parameters c(a) are
determined from the volume-conservation condition. The lowest multipole, A=2,
corresponds to quadrupole deformation. For axially-symmetric shapes the ouy

coefficients with p # 0 vanish and hence the nuclear radius can be written as :

R(O(¢) = c(@)R ([1+B,Y,,(06p) 3.2
which is indeed independent of 6. The quadrupole deformation parameter (B, (=ct20)

quantifies the nuclear deformation, the larger the value of B, the more deformed the
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nucleus. Positive and negative (3, values correspond to prolate and oblate shapes
respectively. Quadrupole deformations can give rise to asymmetric shapes through
triaxial distortions, hence one need to introduce additional shape parameters. The y
shape degree of freedom describes a stretching/squashing effect at right angles to the

major nuclear axis.

The basic ingredient in the theory is a suitable shell model scheme [Nilsson
1969, Eisenberg 1976, Soloviev, 1976, Irvine 1972] generated for various nuclear
deformations. Considerable attention has been given to the various parameters
involved in the deformed harmonic oscillator Hamiltonian [Moretto 1971, Gaardhoje
1992] for hot rotating nuclei. This Chapter of the thesis is devoted to the study of the
methods available to obtain the triaxially deformed single particle levels, and cranked

oscillator levels.

3.2 Cranked Nilsson Hamiltonian
Inglis [Inglis 1954], introduced a useful tool for the analysis of the nuclear
rotational motion provided by the cranking model. Here nucleons move in a potential

that is set to rotate with a rotational frequency ®. This is understood by the addition of

a term - @®- jz to the intrinsic Hamiltonian. The disturbance in the nucleons caused by

the rotation could then be considered as a perturbation of the ground state intrinsic
field. The first investigation of nuclei with very high angular momentum was carried
out by Bengtsson et al. [Bengtsson 1975], taking the coupling between the nucleons
and the rotational motion in a non-perturbative way. The quantum mechanical
wobbling can be neglected at very high spins, as a result that the rotation is assumed
to take place around a fixed axis The Coriolis force, which is associated with this

rotation strives to align the spin vectors of the nucleons along the rotational axis.
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Through increasing rotational frequency, other nucleons become aligned. Because the
aligned nucleons have a density that is symmetric around the rotational axis, a prolate
nucleus, revolving around an axis perpendicular to the symmetry axis will change its
deformation to a triaxial form. It is clear that, by a straightforward extension of the
cranking model, it is possible to describe the continuous transition from prolate shape,
with rotation axis perpendicular to the symmetry axis, to oblate shapes with rotation

around the symmetry axis.

A number of groups have carry out calculations in which the full cranking
Hamiltonian is diagonalized for a deformed nucleus. By the use of this it is possible to
map out of different regions of rotation, i.e., the shape changes and diverse ways of
constructing angular momentum, collective rotation or excitation of single particle
nature, as a function of spin. A complete microscopic calculations of the deformation
energy was done by Faessler et al. [Faessler 1976, Faessler 1976, Poloszajctak 1977]
using a many body model Hamiltonian and trial wave functions representing the
different shapes at the same time as the Dubno-Rossendorf [Andersson 1978], and the
Lund-Warsaw [Neergard 1975, Neergard 1978] groups carried out study based on the
Strutinsky shell correction method [Strutinsky 1967]. In this thesis we used the single

particle data obtained by diagonalizing cranked Nilsson Hamiltonian.

3.2.1 Diagonalizing the cranked Nilsson Hamiltonian

In a rotating nucleus (without internal excitations), the nucleus move in a
cranked Nilsson potential with deformation described by & and 6. The cranking is
execute around one of the principal axis, z-axis and the cranking frequency is given
by ®. The Hamiltonian for the cranked Nilsson oscillator H" is given by [Eisenberg

1976]
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HY=H’-&-], 33
where H’ is the triaxial Nilsson Hamiltonian. Here the rotation axis is assumed to be
z-axis. The Hamiltonian for a single particle in the non-rotating system, and is given
by

2 . _ = ~
=L 62 1 02y + 022 +cl-§+Diz—2<12> 34
2m 2 Y - -
The intrinsic spin is represented by s and 1 represents the angular momentum.

o is the cranking frequency or rotational frequency. Angular momentum is accounted

by the addition of this cranking term — - jz to the non-rotating single particle
Hamiltonian. To describe the nuclear shape two types of deformation parameters are
commonly used. The first based on the harmonic oscillator frequencies based on the
harmonic oscillator frequencies wy, ®y and ®,. The second is based on the expansion
of the nuclear surface in terms of spherical harmonics. In the present work, we used

the first type of parameterization. The three oscillator frequencies are given by

[1+(1/3)ecosy + (1/\/5)8 sin ]

(Dx ('00
®, =o,[1+(1/3)e cosy - (1/4/3)esin ] 35
®,=0,[1-(2/3)ecosy],
With the constraint that the total volume remains constant such that
0,0, =0, 3.6

This constant is the value of ®g at € = 0 and is determined from the fit to
nuclear size. The parametrization defined by Eqs. (3.5) and (3.6) is referred to as
Nilsson parameterization. The parameter € = (a - b)/R¢ corresponds to the elongation
or flattening of the potential, while y describes its nonaxiality, where ’a’ is the semi

major axis, ’b’ is the semi minor axis and Ry’ is the radius of equivalent sphere.
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For a>b, &> 1 (prolate shape)

For a <b, e<1 (oblate shape)

For a =b, € = 0 (spherical shape)

The choice of variation of shape parameter extends from y = 0 to 2w. Though,
in the absence of rotation one can always change the meaning of the three principal
axes so that it is sufficient to consider only one sector of the whole plane (g,y), i.e., a
plane with radial polar coordinate € is and angular coordinate y is lying between
v = 0° (prolate ellipsoidal shape) and y = 60° (oblate ellipsoidal shape). If the nuclear
rotation is involved, the x-axis is assumed as the axis of rotation. In this case one can
consider three sectors (-120° = y = 60°) in the deformation plane, viz., (i) from
vy = - 120° to 60° (prolate non-collective to oblate collective), (ii) from y = -60° to 0°
(oblate non-collective to prolate collective) and (iii) from y = 0° to 60° (prolate

collective to oblate non-collective).

In the case of rotation about x-axis the sectors on the other side of the x-axis
are equivalent to the sectors as indicated by the same numbers in Fig. (3.1). In the
case of rotation about y-axis the three sectors to be considered in one half and the
equivalent sectors in the other half is represented in Figs. (3.2). Similarly Fig. (3.3) is

drawn for the rotation about z-axis.

3.2.2 Dimensionality of phase space
The levels generated up to shells N =9 are found to be sufficient for the range
of temperatures used in our calculations. The total number of particles for all levels up

to N shells is given by the equation
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> AL =(13)N+1(N+2)(N +3)

and is equal to 440 levels for N = 9 which are sufficient for the range of temperatures

used in our calculations. The single particle spin projections m; along the symmetry

axis are not needed for the calculations since the angular momentum is generated by

adjusting the cranking frequency o in the Nilsson Hamiltonian.

60°

S/
!
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collective 0°
¥/ %
D
[
~120° —60°

Figure 3.1: Polar plot of nuclear deformation for rotation around x axis

Hence, by assuming the nucleons to be moving in a triaxially deformed

cranked Nilsson harmonic oscillator potential, the salient features corresponding to

collective, non-collective prolate and oblate shapes of the rotating nucleus with

respect to the deformation parameters are presented in this chapter.
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Figure 3.2:Polar plot of nuclear deformation for rotation around y axis
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Figure 3.3:Polar plot of nuclear deformation for rotation around z axis
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In the nuclear case, for instance, the enhancement of E2 transitions among
members of rotational bands has led to the conclusion that quadrupole degrees of
freedom are the most important in describing the nuclear shape and density. By
choosing these quadrupole deformation parameters as the most important, the free
energy will come to depend on them as well as the temperature and spin. We will thus
be able to find the equilibrium free energy by extremizing the free energy with respect
to the deformation. The equilibrium values of the deformation will then be interpreted

as describing the average shape of the nucleus.
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CHAPTER IV

SHAPE EVOLUTION IN *#¢%8Ky 981001027,
AND 100,102,104M0

4.1 Introduction

During the last decade there have been various theoretical investigations of the
A~100 mass region. One of the very important regions of nuclear deformation is
located on the nuclear chart around mass number 4 = 100, between the isotopic chains
of krypton (Z = 36) and molybdenum (Z = 42). This region is particularly interesting
because of the sudden onset of deformation at N = 60 making it one of the most
dramatic shape changes on the nuclear chart [de Roubin 2017]. Nuclei with atomic
masses of about 100 and neutron number of about 60 tend to undergo rapid changes in
shape as the number of neutrons in the nucleus increases by just one or two.
Understanding how and why these changes occur could provide important
information about how nucleons (protons and neutrons) in the nucleus interact with

each other — something that is not well understood.

A rapid change of quadrupole deformation is known to occur at around N = 60
in the neutron-rich Zr and Sr isotopes, making this region an active area for both
experimental and theoretical studies. The isotopic chain of neutron-rich zirconium
nuclei offers an example of rapid transition from spherical to deformed shape with a
possible identification of the sudden onset of quadrupole deformation between N=58

and 60.
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The study of nuclear deformation in neutron rich nuclei around A~100 mass
regions helps us to understand the nature of collective motion occurring in this region.
In the ground state, a transition from spherical to deformed shape in these nuclei has
been studied extensively by several theoretical [de Roubin 2017, F.K. Wohn 1983,
Pinedo 2009, Skalski 1993, Sieja 2009, Skalski 1993, Lalkovski 2009, Pereira 2009,
Kirchuk 1993, Cheal 2007, Boyiiukata 2010, Mamta Aggarwal 2016,Rodriguez-
Guzman2010, Sirag2015, Rodriguez-Guzman 2010, Mei 2012, Xiang 2012,
Rodriguez 2014, Sotty 2015, Sarriguren 2015, Charlwood 2009] and experimental
methods [Sumikama 2011, Dudouet 2017, Albers 2012, Albers 2013, Thomas 2013,
Browne 2015, Urban 2004, Clement 2016, Cheifetz 1970, Park 2016, Johansson

1965]

Most of these methods correspond to cold nuclei and are applicable strictly
speaking only to yrast spectroscopy. In these investigations of the nuclear shape at
high excitation energies are absent, and the statistical properties of fast rotating nuclei

have not been given proper consideration.

In order to understand the equilibrium deformation in these hot and rotating

94’96’98KI' 98,100,102 d 100,102,104
3

Zr an Mo nucleus, a calculation was performed for
estimating the equilibrium shape of a nucleus by minimizing the total free energy

under the framework of temperature dependent rotating cranked Nilsson oscillator

model (CNM) of hot rotating nuclei for a given temperature and angular momentum.

4.2 Result and Discussion
Figure 4.1 to 4.2 displays the shape evolution of the **Kr nuclei as a function

of angular momentum for different temperatures. With increasing angular momentum,
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small triaxial deformations gradually set in at the temperature T = 0.5 MeV (fig. 4.1).
From Fig. 4.1, for the nuclei **Kr it is observed that at low spin, the nucleus is an
oblate non-collective shape. As spin is increased, it changes smoothly to triaxial
shape. However, above a certain critical angular momentum (M= 28h for T=1.0MeV,
M= 30h for T=1.5MeV, M= 32h for T=2.0MeV, M= 34h for T=2.4MecV and M= 34h
for T=3.0MeV) nucleus moves to non collective oblate from collective prolate. A
significant effect of shape changes is observed at very low temperatures. A similar
behaviour is exhibited by the nucleus for the temperature T = 1.0MeV. It is interesting
to note that with increasing temperature the presence of triaxial shape vanish, the
nuclei undergoes a shape transition from collective prolate to oblate shape. The effect

caused by phase changes with T is more clearly seen from the plot 4.1.

The Fig. 4.1 and 4.2 shows the equilibrium shape of the system is determined
by minimizing the free energy with respect to the deformation parameters 8 and v, as
a function of angular momentum for different temperature for the nuclei **Kr. It is
observed from Fig. 4.2 (T = 0.5MeV) that the nucleus is found to be deformed
(B = 0.2 and y = —120) for the angular-momentum range M = Oh and triaxial upto 12h,
above 12h the nucleus is in prolate shape up to 28h again oscillate between triaxial
and oblate shape above 32h. For T = 1.0MeV the nucleus remains at spherical shape
with 3 = 0.0 and y = —120° for the angular- momentum range M = 0 to 10h, triaxial
(B=02and y=-170 for M =12-14h and  =0.2 and y=-140 for M = 16h,
B=00andy=-120 for M =18-20h, = 0.2 and y = —-170 for M = 22 h and
=02andy=-140,=0.0 and y =—-120 for M = 26-28 h ), it reaches the oblate

shape for M = 30 to 36 h (B = 0.3 and y = —180"). Above T = 1.0 Mev the nuclei
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undergoes a shape transition from collective prolate to oblate shape (M = 28h for
T =1.5MeV, M = 28h for T = 2.0MeV, M = 32h for T = 2.5MeV and M = 34h for

T =3.4MeV).

Figure 4.3 to 4.4 displays the shape evolution of the *°Kr nuclei as a function
of angular momentum in the (B, y) plane for different temperatures. The shape of 9Ky
is remain deformed (3=0.2) over the spin range Oh-16h. At I = 18-24h the shape for
the nucleus suddenly changes to spherical shape. For the spin value around 26-28h the
shape change to deformed shape (3=0.3). For the spin 20-32h, the deformation
parameter decreases to 0.2. For the spin value 32h- 48h the nucleus continue in the
deformed shape with $=0.3 and at spin value 50h the nucleus reaches the highest

deformed state with 3=0.4.

Figure 4.5 to 4.6 displays the shape evolution of the **Kr nuclei as a function
of angular momentum for different temperatures. The shape of %®Kr is spherical
(B=0.0) for the spin value Oh. At I =2-6h the shape for the nucleus suddenly changes
to deformed shape ($=0.2). For the spin value around 8-20h the shape change to
spherical shape (f=0.0). For the spin value above 22h the nucleus maintained its

deformed shape with =0.3 and =0.4.

Figure 4.7 to 4.8 displays the shape evolution of the’®Zr nuclei as a function of
angular momentum for different temperatures. With increasing angular momentum,
small triaxial deformations gradually set in at the temperature T = 0.5 MeV (fig. 4.7).
From Fig. 4.7, for the nuclei **Zr it is observed that at low spin, the nucleus in an

oblate non-collective shape. As spin is increased, it changes smoothly to triaxial
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shape. However, above a certain critical angular momentum (M= 30h for T=1.0MeV,
M= 24h for T=1.5MeV, M= 24h for T=2.0MeV, M= 24h for T=2.4MeV and M= 24h
for T=3.0MeV) nucleus shift from collective prolate to non collective oblate. A
significant effect of shape changes is observed at very low temperatures. A
comparable behaviour is display by the nucleus for the temperature
T = 1.0MeV. It is fascinating to note that with rising temperature the presence of
triaxial shape disappear, the nuclei experience a shape transition from collective
prolate to oblate shape. The effect caused by phase changes with T is more clearly
seen from the plot 4.7. It is obvious from the figure 4.9-4.12, analogous trend of

transition were observed for the nuclei '®°Zr and '%Zr.

Figure 4.13 to 4.14 displays the shape evolution of the '“Mo nuclei as a
function of angular momentum for different temperatures. With increasing angular
momentum, small triaxial deformations gradually set in at the temperature T = 0.5
MeV (fig. 4.13). From Fig. 4.14, for the nuclei '®Mo it is found that at low spin, the
nucleus in prolate collective shape. As spin is increased, it changes smoothly to
triaxial shape. A similar behaviour is exhibited by the nucleus for the temperature T =
1.0MeV. It is interesting to note that with increasing temperature the presence of
triaxial shape vanish, the nuclei undergoes a shape transition from collective prolate
to non collective oblate shape. The effect caused by phase changes with T is more
clearly seen from the plot 4.14. It is evident from the figure 4.15-4.18, similar trends

of transition were observed for the nuclei '*°Mo and '**Mo.

38



94
Kr 120

-120 4 [] = =m mEm
36 [EE NN ]
-130 LT I | 430
-140 ] T=0.5MeV 140 T=1.0 MeV
-1504 =
-150 4
-160
i‘ - - 4160 |
GJ -1704 [} [} [] [ | 1704 nm "
- i
Q) 180 " mue e om -180 EEEE EEEEER
E T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
©
o A
m -120 EEEIEEEEEEEEEEN -120 4
o -130 4 -1304 _
(e T=1.5 MeV T=2.0 MeV
-140 4 -1404
o
= 150 + -150 4
© -160 - -160 4
g -170 - ] ] -1704
"IQ -180 " EEEE EEEN -180 4
) T T T T T T T T T T T T
D 0 10 20 30 40 50 0 10 20 30 40 50
-120 4 EEEEEEEEEEEEEEEER -120 4
-130 -1304 T23.0 MoV
- =9. e
140 T=25 MeV 140
-150 -150 4
-160 -160 4
-170 -170 4
-180 4 EEEEEEEER -180 4
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momnetum ()

FIG. 4.1: The deformation y as a function of angular momentum I for the nuclei

94
Kr

39



044 Kr94 . 0304  T=10 MeV ErEmEEn
T=0.5MeV
36 0.251
0.34 L] [FRNNY]
0.20 [N ] [} EEEn
0.2 EEEEEEEEE L] (NN} U0.15-
0.104
Q. o1,
!G_J 0.054
- 0.04 e mEm 0.004 EEEEE® nm nm
E 0 10 20 30 40 50 0 10 20 30 40 50
!
@© 0.30 = mmm 0.30 T=20 MeV
Q. 25 025
c 0.20 EEEEEE_® 0.20
o T=15 MeV
9=  0.15 w 0.154
©
E 0.10 0.104
!6 0.05 1 0.05-
Y= 0.00 EEEEEEEEEEEEEESN 0.00
(a) 0 10 20 30 40 50 0 10 20 30 40 50
0.30 [ I | 0.30 1 [N ]
T=3.0 MeV
T=25 MeV
0.25 0.254
0.204 EEEEEE ®m 0.20 EEmEEEE®
0.15 4 0.154
w
0.10 1 0.104
0.05 - 0.054
0.00 EEEEEEEEEEEENEENERGN 0.00 4 EEEEEEEEEEEEEEENTR
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momnetum (#)

FIG. 4.2: The deformation 3 as a function of angular momentum I for the nuclei
94
Kr

40



-120 4 ] ] [ ER N} Kr96 -120 4 sEmEEER [ EE N}
130 . . T=05MeV 36 130, T=1.0 MeV
-140 L] L] L] -140 4
-150 [ ] -150 n
> -160 [ [ [ -160 - "
[ -170 4 ] [T | -170 4
% -180 4 [} [} [} [ RN -180 4 EEE EEEEEEEES
= 0 10 2 30 40 50 0 10 2 30 40 50
©
E -120 4 EEEEEEEE EEEEEEGN -120 4 EEEEEEEEEEEEEEEESR
n- 130 T=15 MeV 130 T=2.0 MeV
c -140 - -140
g -150 - ED150-
-
(U -160 4 [ -160 -
E -170 -1704
—
'-9 -180 ] EEE EEEEESN -180 EEEEEEEESN
8 0 10 2 30 40 50 0 10 2 20 40 50
-120 -120 1 EEEEEEEEEEEEEEENERSE
-130 4 -1304
T=25 MeV T=3.0 MeV
-140 - -1404
-150 - -150 4
[©]
-160 - -160 4
-170 - -1704
-180 -180 4 EEEEEEER
0 10 2 30 40 50 0 10 20 30 40 50
Angular Momentum (7)
FIG. 4.3: The deformation y as a function of angular momentum I for the

nuclei *°Kr

41



96
Kr

044 T=05MeV 36 - 0.304 T=10 MeV [} [N
0.25 1
0.34 [ ] EEEEEEER 020
5 B anm EEEnR [ ] LN
cnl
o 0.2 EEEEEERER n Oc.n15-
Q ]
- 01l 0.10
o 005
% 0.0+ mmmaw 0.004 EsEEEEE [ R NN ]
s 0 10 2 30 40 50 0 10 2 30 40 50
D_ 0.30 [ ] 0.304 [N ]
c T=15 MeV T=2.0 MeV
0.254 0.254
o
- 0.204 ] sEEsEEE® 0.204 EmEmEE®
-
© o015 0,15
E ool 0.10
[
O 0.054 0.054
Hq—) 0.004 EEEEEEEN EENEEEGR 0.004 EEEEEENEEEENEEEEE
0o 0 10 2 30 40 50 0 10 2 30 40 50
0.204 T=25 MeV 0.201 T=3.0 MeV memmmane
0.154 0.154
0.104 0.10
0.054 0.054
0.004 0.004 EEEEEENEEEENEEEEETE
0 10 2 30 40 50 0 10 2 30 40 50
Angular Momentum (1)
FIG. 4.4: The deformation 3 as a function of angular momentum I for the

nuclei *°Kr

42



1201 ] sEEEE NN 6 -120 1 EEEEEEEEEEE®E ]
-1304 -1304
1404 140
-150 ] -150 ]
-160 ] -160
> 1701 - . 170
E -180 nm = §EEE ®E EEEN &§EN -180 IEE EEEEEEN EE®E
E 0 10 20 30 40 50 0 10 20 30 40 50
®
E 420{ wsssssmmEEEEEE mE 420{ sssmsssEEEEEEEEEE
Q. -130 130
C 140 140
O 150 150
=
@ -160 ] -160 -
g 1704 -170 1
HQ -180 4 [ EEEEm mmwm -180 - sEsEEEEE®
A I A M R
120 -120
130 -130 4
-140 4 -140 1
-150 -150
160 160
1704 -170
-180 4 -180
0 10 2 3 40 50 0 10 20 2 40 50
Angular Momnetum
FIG. 4.5: The deformation y as a function of angular momentum I for the

nuclei ®Kr

43



98
Kr

0.30 4 36 (I ] L]

0.30 4 anm [ ] [ ] LB
0254 0.25
020 [N EE § EEEER 0.20 [ NN sEEEESE
015 0.15 4
Q. ot 0.10 -
QL) 005 0.05
- 0.00 4 [] EEEEEEE 0.00 4 EEEEEEEEEREND ]
© 0 10 20 30 40 50 0 10 20 30 40 50
—
0.304 L] 0.20 4 EEEEEEEESR
025
c 015
QO o] " aEmEEEE®
(UI 015 0.10 4
E 0104
0.05
—
O 005
‘-Iq—) 000 sEEsEEEEsEEEEE mE 0.00 EEEEEEEEEENEENEEEE
T T T T T T T T T T T T
D 0 10 20 30 40 50 0 10 20 30 40 50
020 020
015 0.15 4
010 0.10
005 0.05 4
000 0.00 4
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

FIG. 4.6:

Angular Momnetum

The deformation 3 as a function of angular momentum I for the
nuclei **Kr

44



-120

-120

EEEEEERR Em maEsm 98 sEEEEEER [N
130 Zr40 130 .
-140 4 -1404
150 150 .
= 60 . . 160
s
o 1704 0 0 170 "o
..q_)a -180 4 ] " EEEEE mHm -180 1 [ ] EEE EEEEE®
e S )
©
e~ 1201 EEEEEEEEEEEE EEN -120 4 EEEEEEEEEEEER
0(_0 -130 4 -130 1
C 140 140
.‘.% -150 4 -1504
@ 1604 160
g 170+ 170+
.,9 -180- . TEsEEEEEmSE -180- sEEmEEEEmEEE®
3 I R S S I R R
-120 4 -120 1 EEEEEEEEEEE NN
-130 4 -1304
-140 -140 4
-150 - -150
-160 4 -160 4
-170 4 -170
-180 4 -180 4 EEEEEEEEEEENE
0 10 2 30 40 50 0 10 2 % 40 50
Angular Momentum
FIG. 4.7: The deformation y as a function of angular momentum I for the

nuclei *Zr

45



Deformation Parameter (B)

Zr98

0.30 [ ] EEEE &® 0.304 40 smEEnm
0.25 0.254
0.20 [ ] ] [N ] [T | 0.204 smm m [ R RN N] ]
0.15 0.154
0.10 0.104
0.05 0.054
0.004 EEEEEEESR EEm mEm 0.00 4 EEEEEEE® [ B ]

0 10 2 30 40 50 0 10 2 30 40 50
0.30 [ AN N ] 0.30 4 [N ]
0.25 0.254
0.204 [ EEEEEE 0.20 4 EEEEEEREEE®
0.15 0.15 4
0.10 0.10 4
0.05 0.054
0.004 EEEEEEEEEEEE EEE 0.00 4 EEEEEEEEEEENER

0 10 2 30 40 50 0 10 20 30 40 50
0.30 0.304 [ ]
0.25 0.254
0.20 0.204 EEEEEE EEEER
0.15 0.154
0.10 0.104
0.05 0.054
0.00 0.004 EEEEEEEEEEEEN

0 10 2 30 40 50 0 10 2 30 40 50

Angular Momentum

FIG. 4.8: The deformation 3 as a function of angular momentum I for the nuclei

98 7r

46



-120 sEEm mEm® [N} Zrmo -120 smEE mmn [N} []
130 40 1304
-1404 [] -1404 [
-1504 -150
-160 ] [ LI | [ -1604 [ B ] ]
~~
3 1704 170
— -180 [ ] m EEm ®§ EEEHR -180 ] ] EEEEEEERER
g S S S e S e
O 0 10 20 30 40 50 0 10 20 30 40 50
® -120 EEEEEEEEEDS mEm [ -120 EEEEEEEEEER
—_
@ 1304 -130
D— -1404 -140
c
-1504 -150
o
'-l(_—Ul -160 4 [N ] -160 ]
E -170 -170
= -180 EE EEEEEEER -1804 EEEEEEEEEEEEESE
K e L tmmreemremree
[0) 0 10 20 30 40 50 0 10 20 30 40 50
-1204 -120 sEEEEEEEEEESE
-1304 -130
-1404 -140
-1504 -150
-160 4 -160 [T
-1704 -170
-1804 -180 4 EEEEEEEEEEER
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momentum

FIG. 4.9: 'l;gle deformation y as a function of angular momentum I for the nuclei
Zr

47



Zr100

0.30 4 sEEEE mR 0.30 40 " mmEm
0.254 0.254
0.20 [N [ R NN ] [ 0.20 [ [ EEm EEE &®
0.154 0.154
0.104 0.104
—~
o) 0.054 0.05
0.00 4 sEEE mE®m nm 0.00 4 EEEE EmEm [N} [}
e T T T T T T T T T T T T
Q 0 10 20 30 40 50 0 10 20 30 40 50
-
o
E 0.30 4 [N 0.30 [
©
o 0.25 4 0.254
n(_u 0.20 4 [} =E sEmEm 0.20 4 EEEEEEEEEEEE®
0.154 0.154
c
(@) 0.10 0.104
=
0.05 4 0.05
®©
E 0.00 EEEEEEEEEN mmm u 0.00 EEEEEEEEEESN
f T T T T T T T T T T T T
(o) 0 10 20 30 40 50 0 10 20 30 40 50
y—
O}
D 0.30 4 0.30 =m
0.254 0.254
0.20 0.20 EEEEEEEEEEE N
0.154 0.154
0.104 0.104
0.05 4 0.05
0.00 0.00 EEEEEEEEEEESR
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momentum

FIG. 4.10: The deformation 3 as a function of angular momentum I for the
nuclei ""Zr

48



102
420/ wemsmEmEm . . VA 20| wmmmmmmEmE ns am
40
-130 n 130 4
140 140 N n
. -150 [ ] L] -150
>
~ 160 -160 - .
—
QO -0 " u -170 4 u
-
w -180 aEn | ] LN | N -180 | ] am A EEN L |
E T T T T T T T T T T T T
ol 0 10 20 30 40 50 0 10 20 30 40 50
—
:m-|20- S EEEEEEEEEEETSR -120 S EEEEEEEEEERERETSR
c -130 130 4
O -0 140 4
—
@ 50 150 -
E 160 - N 160 -
—
O -0 1704
w—
®'180- AN EEEE EEEDR [ N | -180 S EEEE EEEEEESR
0 10 20 30 40 50 0 10 20 30 40 50
-120 -120 S EE EEEEEEEEEEREETSR
4130 4 130 4
-140 -140
-150 150
-160 -160
170 170 4
-180 -180 S EE EEEEEEDR
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momentum

FIG. 4.11: The deformation y as a function of angular momentum I for the
nuclei "Zr

49



Deformation Parameter (B)

FIG. 4.12:

Zr102

0.40 n 0.30 4 40 n
0.35
0.25
0.30 [ [N [ ) ]
0.25 0.20 4 [ ] L ] EEEEEER
0.20 [ N ] [N EmEnm
0.15
0.15
010 amEmEmEESE . . 0.10 EEEEEEEER [ ) ] [ ) ]
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
030 '] 0.20 4 EEEEE EEEEEESN
0.18
0.25
0.16
0.20 EEEEEEEEERER
0.14
0.15
0.12 H
0.104 EEEEEEEEEEEESR 0.104 IEEEEEEEEEEEEEDR
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
0.20 0.20 EEEEEERERD
0.18 0.18
0.16 0.16
0.14 0.14 4
0.12 4 0.12 4
0.104 0.10 4 EEEEEEEEEEEEERER
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momentum

nuclei '*Zr

50

The deformation 3 as a function of angular momentum I for the



1204 EEEEERER & = mmsn Momo 120 4 EEEEEEEEEERGE [ N ]
-130 42 -130
-140 4 [ ] -140 [ ]
-150 4 150
-160 n LI | EEE & n -160 L]
~~
>~ 4 470
N—
— -180 4 [} mEE = -180 - [ " EEEEEEESR
) T T T T T T T T T T T T
- 0 10 20 30 40 50 0 10 20 30 40 50
% 1204 EEEEEEEEEEEETR -120 4 EEEEEEEEEERGE
E 130 130 4
D_ -140 4 -140 4
C -150 4 150
9 -160 L} ~160 -
-
® 70 1704
é -180 EEEEEEEEEE RN -180 4 EEEEEEEEEEEE NN
O T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50
O]
D -120 4 -120 EEEEEEEEEERGE
-130 4 130
-140 4 -140 4
-150 - -150 4
-160 4 -160
-1704 -170 4
-180 -180 - EEEEEEEEEEEERD
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momentum

FIG. 4.13: The deformation y as a function of angular momentum I for the
nuclei """Mo

51



102

-120 4 EEEEEEEEEE EEGE MO -120 4 EEEEEEEEEEE EER
42
-130 4 [ ] -130
-140 4 -140 4
150 [ ] 150
—~ -160 4 [ ] [ ] -160 4 [] [] []
>~
N -170 [ " ER -170 [ ]
—
G) -180 - [} ] LI | -180 [N ] EEE EE®E
- T T T T T T T T T T T T
q) 0 10 20 30 40 50 0 10 20 30 40 50
m -120 4 EEEEEEEEEEEEERDR -120 4 EEEEEEEEEEEREDR
|
(U 130 130
& -140 -140
8 -150 -150
— -160 - -160 -
g -170 -170 <
— -180 4 EEEEE EE EEEE -180 4 EEEEEE EE EEE BN
O T T T T T T T T T T T T
Y 0 10 20 30 40 50 0 10 20 30 40 50
-120 4 -120 4 EEEEEEEEEEEERESN
-130 -130
-140 4 -140 4
-150 -150 4
-160 4 -160 4
-170 -170
-180 - -180 EEEEEEEEESN
T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Angular Momentum

FIG. 4.14: The deformation y as a function of angular momentum I for the
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FIG. 4.15: The deformation y as a function of angular momentum I for the
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FIG. 4.16: The deformation  as a function of angular momentum I for the
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FIG. 4.17: The deformation 3 as a function of angular momentum I for the
nuclei '"’Mo
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The numerical results of rotational energy as a function of angular momentum
and temperature are shown in Figures 4.19(a-c) for the nuclei **Kr, *°Kr and **Kr. The
fluctuations at low temperature and low angular momentum indicate the shape
fluctuation from non collective prolate to triaxial and triaxial to non collective oblate.
By increasing the angular momentum and at high temperature these shape fluctuation

occur at low temperature were washed out and the nucleus uphold its deformed shape.

Figures 4.20(a-c), represents the rotational energy as a function of angular
momentum at different temperatures for the nuclei %7r, '7r and '%*7r, respectively.
The fluctuations at low temperature and low angular momentum indicate the shape
fluctuation in these nuclei. At higher angular momentum these fluctuations were

washed out and the nucleus maintains its deformed state.

Figures 4.21(a-c), represents the rotational energy as a function of angular

- . 100 102 104
momentum at different temperatures for the nuclei Mo, Mo and Mo,
respectively. The fluctuations at low temperature and low angular momentum indicate
the shape fluctuation in these nuclei. At elevated angular momentum and temperatures

the fluctuation are washed out and the nucleus maintain its deformed state.
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The proton separation energy (SZ) and neutron separation energy (SN) is
shown as a function of angular momentum in Fig. 4.22 (a-c) for the nuclei 9Kr, *Kr
and Kr for different temperatures. There is a general tendency the system to
experience an abrupt change in the separation indicates the shape and phase transition.
This abrupt change in SN at low temperature indicates the shape changes in system.

At higher temperatures these fluctuations are get rid of.

The neutron separation energy (SN) and neutron separation energy (SN) is
shown as a function of angular momentum in Fig. 4.22 (d-f) for the nuclei **Kr, *°Kr
and Kr for different temperatures. There is a general tendency the system to
experience an abrupt change in the separation indicates the shape and phase transition.
This abrupt change in SN at low temperature indicates the shape changes in system.
As the temperature increase the fluctuation takes place at low temperature was
washed out in all system. The neutron separation energy is higher than the proton
separation energy. Similar trends were observed for the nuclei **Zr, '°°Zr, '%*Zr '"Mo,
"2Mo and '"*Mo. But for these nuclei spherical to deformed phase transition occur

(fig. 4.23 and 4.24).
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The single particle level density parameter ’a’ as a function of temperature T
and angular momentum are presented in Figs. 4.25(a-c) for the nuclei %Kr, *Kr and
%Kr, respectively. The effect of rotation on the single particle level density parameter
is very pronounced at low temperatures. At low temperatures the shell structure plays
a major role in the determination of the level density parameter. From the shell
correction point of view a lower value of ’a’ indicates relatively greater stability of the
system. The single particle level density parameter ’a’ shows a linear behaviour for
the spin greater than 10. The value of level density parameter, for high spins there is a
general tendency for ’a’ to have a value lower than the ones for lower spins. Another
important aspect of these curves is that they have been drawn after minimizing the
free energy of the system with respect to the deformation parameter. Similar trends
were observed for the nuclei **Zr, '%Zr, '*Zr '"Mo, Mo and '“*Mo (Figs. 4.26(a-c)

and Figs. 4.27(a-c)).
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Figure 4.25a-c: The level density parameter as a function of angular momentum
for different temperature T for *Kr, *Kr and”*Kr
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4.3 Conclusion
In the present work we have made an attempt to study the shape evolutions of

98,100,102 100,102,104 5 : o
WKy, F1001927 1 and 19919219\ o isotopes using the Statistical Theory.

hot rotating
Focus is made mainly on the temperature T and angular momentum I induced shape
transition from prolate collective to oblate non-collective. The sample results of shape
transitions obtained as a function of angular momentum at temperatures 0.5, 1.0, 1.5,
2.0, 2.5 and 3.0 MeV. It is noted that at T = 0.5 MeV, the nuclei undergo a shape
transition from nearly triaxial to nearly oblate as a function of angular momentum
and. In the transition, the deformation increases with spin. Almost the same trend, but
increased deformations are obtained as a function of spin at other temperatures also
for all nuclei. The influence of temperature dependent effect, i.e., collapse of shell
corrections has been observed around a temperature T > 1.5 MeV as is evident from

the values of level density parameter. Single neutron and proton separation energies

are very sensitive to the structural transitions.

69



CHAPTER V
STRUCTURAL CHANGES IN STRONTIUM ISOTOPES

5.1. Introduction

The studies of nuclear structure at high excitation energies, the so called hot
nuclei [Cheifetz 1970, Arseniev1969, Sheline 1972, Clement 2016, Clement 2016
Regis 2017] identify today an important field of investigation in nuclear physics.
During the last few decade considerable interests has been shown to the investigation
of structural transitions as a function of both angular momentum and temperature of
highly excited nuclei. A heavy ion fusion reaction produces a hot and rapidly rotating
compound nucleus. Hot nuclei are formed in heavy ion fusion reactions where the
relative kinetic energy of the colliding nuclei is converted into internal excitation
energy and high angular momentum of the compound nuclei. After emission of
neutrons has cooled down the system, the compound nucleus still keeps high angular
momenta and moderate heat energy. Hot and rotating nuclei are expected to exhibit a

rich variety of different shapes.

There is considerable interest in the study of the structure of nuclei in the mass
region A~100 due to the onset of deformation in the neutron rich nuclei [Schussler
1980, Park 2016 Urban 2001]. These neutron rich nuclei are of special interest
because they are just at the border between a rather spherical and a well deformed
shape. Theoretically, the region has been studied using interacting boson model [Sirag
2015], Nilsson Strutinsky Cranking method [Mamta Aggarwal 2016], statistical

theory [Mamta Aggarwal 2016] and Hartree-Fock-Bogolyubov [Sotty 2015].

70



The experimental and theoretical aspects of transitional nuclei in the neutron
rich A~100 [Campbell 2002, Petrovici 2011, de Roubin 2017] has been under
intensive and extensive investigations, in the last a few decades. In this part of the
nuclear chart, the most rapid development of deformation has been observed. By
adding just few neutrons/protons, a rapid shape transition occurs from spherical to
well deformed ground state shape around N~60. Most of these methods correspond to
cold nuclei and are applicable strictly speaking only to yrast spectroscopy. In these
investigations of the nuclear shape at high excitation energies are absent, and the

statistical properties of fast rotating nuclei have not been given proper consideration.

The study of neutron rich Strontium isotopes helps one to understand the
nature of collective motion occurring in these nuclei. This collective motion is
susceptible to modulation by shell structure. The development of deformation in '

1281 has been analysed experimentally [Chabanat 1998] and also using self consistent

mean-field Hartree-Fock-Bogoliubov (HFB) approximation [Pinston 2005]

To understand the structure of neutron-rich nuclei and to validate the existing
theoretical model for the exotic mass region, we study systematically strongly-
deformed, neutron-rich even—even Sr isotopes with neutron number 52,54,56,58,60
&62. For this purpose statistical theory proposed by Moretto [Moretto 1975] and
developed by [Rajasekaran Rajasekaran 19888, Rajasekaran 1981, Rajasekaran 1987,
Rajasekaran 1988, Rajasekaran 1988] is used. The triaxial deformation is introduced
into the picture by using the single particle levels generated by diagonalizing the
triaxially deformed Nilsson Hamiltonian in the cylindrical representations. The
observed oblate and prolate minima are related to the low single-particle energy level

density around the Fermi surfaces of neutron and proton respectively.
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5.2 Result and Discussion

The effect of angular momentum and temperature on the shape of Strontium
isotopes has been systematically analyzed. The free energy minimum of Sr as
functions of angular momentum and deformation parameters [ and y calculated at
different temperatures were shown in Figs. 5.1 — 5.12. From Fig. 5.1, for *sr, we find
that the nucleus in prolate shape at low angular momentum, triaxial at moderate
angular momentum and achieve oblate shape at higher angular momentum. These
deformation fluctuations vanish at high temperature of about 1.5 MeV, because of
vanishing shell effects at these temperatures. Similar behaviour is observed for
90.92.94.96.98.100gy " a5 evident from Fig. 5.2 - 5.12. These changes in the shape of the

nuclei suggest an impression that interplays among angular momentum, temperature

and deformation is responsible for the observed behaviour of the nuclei.

The rotational energy for the Strontium isotopes (N = 52, 54, 56, 58, 60 &62)
against temperature is plotted in Fig.5.13-5.18, and which is increasing with
temperature. Figure 5.13 shows the rotational energy for low temperature is higher
than the high temperature at low angular momentum. However at high angular
momentum the rotational energy for high temperature is higher than the lower
temperature. The shape of the nucleus is found to be collective prolate and triaxoial
and unaltered till the spin I = 30h. Above I = 30h the shape of the nucleus found to be
non collective oblate. The rotational energy increases with angular momentum and
temperature and the occurrence of shape transition beyond temperature T = 1.5MeV is
almost at a particular spin (J =~ 26h) (Fig.5.14-5.18) and hence the role of temperature

in the shape transition beyond T = 1.5MeV is relatively negligible.
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The calculated single-neutron separation energy SN versus temperature T is
plotted for various angular momentum I in Fig. 5.15a and 5.16a and proton separation
energy SZ in Fig. 5.15b and 5.16b. The proton and neutron separation energies have
its own importance in the isotopic transition. Our calculations show that the proton
separation energy almost constant with increasing spin. Figure shows fluctuation at
low temperatures, it may be due to effect of rotation at low temperatures where shell
effects play a very important role. At higher temperatures for T >1.0MeV, these
fluctuations disappear and the energy values become almost constant due to the
absence of shell effects. At high temperature the proton and the neutron separation
energy becomes almost constant, shown in Fig. 5.15-5.16, i.e., the particle emission
get saturated even if the temperature is increased, and the shape evolution get started

slowly.

Nuclear reaction calculations based on standard nuclear reaction models play
an important role in determining the accuracy of various parameters of theoretical
models and experimental measurements. Especially, the calculations of nuclear level
density parameters (ldp) for the isotopes can be helpful in the investigation of reaction
cross-sections. For Strontium isotopes (N=52,54,56,58,60&62) the level density
parameter “a” calculated at different temperatures are plotted against angular

momentum, (Fig. 5.15). Fig. 5.15 shows the variation of level density parameter as

function of temperature and angular momentum. The single particle level density
parameter has maximum values at angular momentum 07 for all temperatures though

these maximum values are reduced with increase in temperature as seen from Figs.
These figures indicate that the single particle level density parameter approaches

constant values at higher angular momentum for all temperatures. A significant effect
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of rotation on the level density parameter is observed at very low temperatures. At
these temperatures where the contribution of shell structure dominates, the level
density parameter varies for different angular momentum states of the nucleus. The
nucleons start to behave like a degenerate system at T = 1.5MeV when the shell
corrections vanish. In the present case the temperature T = 1.5MeV, at which the shell
correction collapses, may be treated as a critical temperature T, where the system
behaves like a degenerate Fermi gas represented by a constant level density parameter
of the order of A/8. For T > 1.5MeV the level density parameter ‘a’ shows a linear

behaviour for all the angular momentum considered.
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5.3 Conclusion

In this chapter the structural properties of °* °% ** % % 100gy are investigated
using statistical theory. The effect of interplay and competition between different
degrees of freedom such as temperature, angular momentum and deformation on the
structural properties are analyzed. The empirical relation a = A/8 could be reproduced
by the investigation on the level density parameter. The shape transition from prolate
collective to oblate at [ = 30 and temperature T > 0.6 MeV is also observed. The
influence of the temperature dependent effect such as the collapse of the shell
correction has been observed at a critical temperature (= 1.5MeV) as is evident from

the values of the level density parameter.
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CHAPTER VI

STRUCTURAL STUDY ON SOME ODD -EVEN AND
ODD-ODD NUCLEI AROUND A ~100 MASS REGION

6.1 Introduction

The atomic nucleus is an exceedingly convoluted quantum mechanical system
comprising of many nucleons. It can embrace distinctive configurations according to
the interacting forces between the nucleons. The most significant forces are the short-
ranged attractive nuclear force between nucleons and the long-ranged repulsive
Coulomb force between protons. The shell effects and pairing correlation also
contribute to the determination of nucleonic configuration. Depending on the
configurations, the atomic nuclei exhibit spherical, quadrupole, and higher order
multipole deformed shapes. The major interest in this field of nuclear physics is the
study of evolution of nuclear shape under extreme conditions of spin and temperature.
The shape of an atomic nucleus determines the allowed excited energy levels of a
nucleus and other nuclear properties. Current and future developments of more
sophisticated nuclear models to explain the behavior of nuclear matter inside a
nucleus depend on knowing nuclear shapes. Nuclear shapes can be determined by
measuring the properties of the excited states in a nucleus. Most atomic nuclei have
either spherical shapes or prolate for their ground states. In a few regions on the chart
of the nuclides, for a given atomic number (Z), nuclei are found to change their
ground-state shapes in a complex way from prolate shapes to oblate shapes (like a
discus or thick pancake), or vice versa, as their neutron number increases. Both

prolate and oblate shapes are axially symmetric, with two axes being equal.
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The influence of the unpaired nucleon on the location and nature of shape
transitions in odd-mass nuclei is an interesting issue. To study this, one needs to find
adequate choice of the control and order parameters, empirical signatures of the phase
transition, and possible candidates for critical point nuclei. The variety of shapes and
structures, observed in A ~ 100 nuclei, have been discussed in view of different
angular momentum coupling schemes and their interplay that comes into effect at

high spin.

Shape transition in odd nuclei are much less studied in comparison with the
even-even ones, the main reason being the large diversity of the low-energy
excitations, which makes it impossible to follow the evolution of the same quantity in
many nuclei. It is a very interesting issue to determine how the unpaired fermion
influences on the nature and the location of the phase transition. In the present study
the Shape transitions in odd-even and odd-odd nuclei around A ~ 100 are investigated
within the framework of the statistical model [Pinston 2005, Shizuma 1984, Dara

2015 Wadsworth 2009].

6.2 Result and Discussion

The Fig. 6.1 and 6.2 shows the equilibrium shape of the system is determined
by minimizing the free energy with respect to the deformation parameters Bandy, as a
function of angular momentum for different temperature for the nuclei 98Rb37. It 1s
observed from Fig. 6.1 and 6.2 (T = 0.5MeV) that the nucleus is found to be deformed
(B =0.2 and y = —180°) for the angular-momentum range M = 0 h to 2h, above 2h the
nucleus is in triaxial shape up to 12h, 14-22h the nucleus reaches the spherical shape.

For the angular momentum 24 & 26h the nucleus again found to be deformed and
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non-collective oblate shape (3 = 0.2 and y = —180°). At the angular momentum 30 and
32h, the nucleus reaches the spherical shape. Above 34h the nucleus found to be
deformed and non-collective oblate shape. For T = 1.0MeV the nucleus remains at
spherical shape with 3 = 0.0 and y = —120° for the angular- momentum range M = 0
to 8h, triaxial ( =0.2 andy =—180° for M =10 and 3 = 0.0 andy =—120° for M = 12
&14h,3 =0.0 and y =—120° for M = 18-24h, B = 0.2 and y = —180° for M = 26&28h
and 3 = 0.0 andy = —120° for M = 30&32h, it reaches the oblate shape for M = 34 to
50h (B = 0.3 andy = —180°). Above T = 1.0 MeV the nuclei undergoes a shape

transition from collective prolate to oblate shape(M= 34h for T=1.5MeV,

M= 34h for T=2.0MeV, M= 34h for T=2.5MeV and M= 34h for T=3.4MeV)

Figure 6.3 and 6.4 shows minimized free energies as a function of deformation
variable B and vy for different angular momentum and temperatures ~’Rbs;. The
evolution of the different minima as a function of deformation and spin is detailed

below:

At angular momentum 0-4h, it is found that in 99Rb37 takes a deformed non-
collective oblate shape with € = 0.2 and y = —180°. The fluctuation around the angular
momentum 6h corresponds to the deformation change y= -180° to -140°. For the
angular-momentum range M = 8h to 10h, the nucleus is in non-collective oblate shape
with 3= 0.2. Beyond 10h the total energy minima moved to spherical shape with 3 =
0.0 up to angular momentum value 20h. From 22 to 20h the nucleus moves to
deformed shape with = 0.3 and 0.2. At angular momentum 30, again attains the

spherical shape and above 30h it reaches deformed shape with f= 0.3 and 0.2. As the
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temperature increases (above 1.5MeV) and at low angular momentum (below 30h) the
nucleus move from deformed to spherical shape. Above the critical angular

momentum (around 30h) the spherical minimum moves gradually to deformed shape.

Similar behavior is observed for'®Rbsy; and *Y3e, as evident from
Fig. 6.5 — 6.8. These changes in the shape of the nuclei suggest an impression that
interplays among angular momentum, temperature and deformation is responsible for

the observed behavior of the nuclei.

The rotational energy of the nucleus 98Rb37’ 99Rb37, 100Rb37 and 99Y39 as a
function of angular momentum for different temperature was plotted in Fig.6.9-6.10.
Figure 6.9 shows the rotational energy at low temperature is higher than the high
temperature at low angular momentum. However at high angular momentum the
rotational energy for high temperature is higher than the low temperature. The
rotational energy increases with angular momentum and temperature. The fluctuation
in rotational energy at low temperatures is due to the shape transition takes place in
the nucleus. The occurrence of shape transition beyond temperature T = 1.5MeV is
almost at a particular spin (J = 30h) and hence the role of temperature in the shape

transition beyond T = 1.5MeV is relatively negligible.

The single particle level density parameter ’a’ as a function of temperature T
and angular momentum are presented in Figs. 6.11 and 6.12 for the nuclei 98Rb37,
99Rb37_ lOORb37 and 99Y39. The effect of rotation on the single particle level density
parameter is very pronounced at low temperatures. At low temperatures the shell
structure plays a major role in the determination of the level density parameter. From

the shell correction point of view a lower value of ’a’ indicates relatively greater
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stability of the system. The single particle level density parameter ’a’ shows a linear
behaviour for the temperature greater than 0.5 MeV [28]. At higher temperature
(T > 0.5MeV), our results reproduce usual empirical value of the single particle level
density parameter i.e., one tenth or one eighth of the mass number (A/8 or A/10). In
Fig. 6.11, the single particle level density parameter ’a’ is plotted versus angular
momentum for temperatures ranging from 0.5 to 3.5 MeV. However, for high spins
there is a general tendency for ’a’ to have a value lower than the ones for lower spins.
Another important aspect of these curves is that they have been drawn after

minimizing the free energy of the system with respect to the deformation parameter.

The calculated single-neutron separation energy SN versus temperature T is
plotted for various angular momenta I in fig. 6.13a and proton separation energy SZ in
fig. 6.13b for the nucleus 98Rb37, 99Rb37i Fig. 6.14a shows the neutron separation
energy SN and fig. 6.14b shows the proton separation energy SZ for the nucleus
1%Rbs; and *Y3o. Figures shows fluctuation in proton and neutron separation energies
at low temperatures, it may be due to effect of rotation at low temperatures where
shell effects play a very important role. At higher temperatures for T >1.0MeV, these
fluctuations disappear and the energy values become almost constant due to the
absence of shell effects. At high temperature the proton and the neutron separation
energy becomes almost constant, the particle emission get saturated even if the
temperature is increased, and the shape evolution get started slowly. Our calculations

show that the proton separation energy almost constant with increasing spin.
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Figure 6.10: The rotational energy as a function of angular momentum for
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Figure 6.14: The proton and neutron separation energy as a function of angular
momentum for different temperature T for 100Rb3.7and 99Y39
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6.3 Conclusion

In this chapter the structural properties of some odd —even and odd-odd nuclei
around A ~ 100 Mass region were investigated using statistical theory. The effect of
interplay and competition between different degrees of freedom such as temperature,
angular momentum and deformation on the structural properties are analyzed. The
empirical relation a= A/10 could be reproduced by the investigation on the level
density parameter. The shape transition from prolate collective to oblate non-
collective at M = 30 and temperature T >0.6MeV is also observed. The influence of
the temperature-dependent effect such as the collapse of the shell correction has been
observed at a critical temperature (= 1.5MeV) as is evident from the values of the

level density parameter.
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CHAPTER VII
SUMMARY AND CONCLUSION

In this chapter, we presents conclusions that were made from the results that
have been presented in the preceding chapters and what it has contributed to our
understanding of the structural changes and shape transition in the light A~100

region.

We have investigated the structure of nuclei, A~100 region by means of the
statistical theory. Shape changes for different values of angular momentum were
investigated for 94Kr, 96Kr, 98Kr, 98ZrlOOZr,l(an, IOOMO, "2Mo and '"™Mo. 1t is
observed that at low spin, the nucleus in an oblate non-collective shape. As spin is
increased, it changes smoothly to triaxial shape. A similar behavior is exhibited by the
nucleus for the temperature T = 1.0MeV. It is interesting to note that with increasing
temperature the presence of triaxial shape vanish, the nuclei undergoes a shape

transition from collective prolate to oblate shape.

Further, the effect of angular momentum and temperature on the shape of
Strontium isotopes has been systematically analyzed. The free energy minimum of Sr
as functions of angular momentum and deformation parameters 3 and vy calculated at
different temperatures. We find that the nucleus in prolate shape for low angular
momentum and achieve oblate shape at higher angular momentum. These
deformation  fluctuations  vanish at  high  temperature = of  about
1.5 MeV, because of vanishing shell effects at these temperatures. Similar behaviour

. 92,94,96,98,100
1s observed for ~=7 77 S,
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Furthermore, the shape transitions in odd-even and odd-odd nuclei around
A ~ 100 are investigated within the framework of the statistical model. The shape
transition from prolate collective to oblate non-collective at M = 30 and temperature
T > 0.6MeV is also observed. The influence of the temperature-dependent effect such
as the collapse of the shell correction has been observed at a critical temperature

(= 1.5MeV) as is evident from the values of the level density parameter

In conclusion, effects of temperature, angular momentum and Shell Effects on
certain parameters evaluated using statistical theory, have been brought out in this

thesis.

The scope for the future work is to include the effects of thermal and
orientation fluctuations and pairing that may have its influence on the properties of

nuclei.
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