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Abstract

In reference to the recent developments in the field of nuclear structure and
reaction dynamics in low energy range, it has been observed that a large number
of experiments are performed at the extreme conditions of temperature, energy,
angular momentum etc.. Many such experiments are being planned in order to
establish the dynamical behaviour of exotic nuclear systems. In order to
complement these advancements in nuclear experimentations, it becomes
essential and important to develop the theoretical aspects of related phenomena.
One of the major requirement in this front is the availability of realistic nuclear
potentials and their proper and accurate temperature dependence. In order to
meet this challenging task the nuclear theory group at Thapar University Patiala
and Punjab University Chandigarh, have done a very useful effort to establish
temperature dependence on nuclear potential. In this effort the bulk constant a(0)
and proton-neutron asymmetry constant a, of Seeger et.al. are refitted at T=0 for
all isotopes of periodic table upto Z=118. In this thesis, | have reviewed the
nuclear mass formulae and their possible temperature dependence. For the
purpose, a chronological development of nuclear potentials is presented in a
systematic manner. The need and requirement of temperature dependence on
these nuclear potentials is discussed in detail. An effort is made to find out the
possible reasons behind refitting of selected set of Seeger’s constants.

It is important to note that these refitted constants can be used in order to
understand the dynamics of excited nuclear systems. Actually the aim of refitted
these constants is simply to include the T-dependence on experimental binding
energies, which could play a very crucial role in order to understand the
dynamical behaviour of exotic nuclear systems. Beside this, these temperature
dependent potentials can be utilized to make meaningful predictions for future

activities of experimental nuclear physics.
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CHAPTER -1

1. INTRODUCTION

Nuclear physics deals with the properties of nuclei along understanding of these

nuclear properties in terms of the interactions between the constituents. The
basic questions facing nuclear physics today range over the extremes of physical
phenomena from the microscopic to the macroscopic discriptions. Thus the
microscopic properties of nuclei have their origins in the basic interactions of
elementary particles, quarks and gluons, while the macroscopic evolution of the
universe is directly related to the interactions between nuclei.

The experimental techniques have improved with time and lot of experimental
data related to different nuclear phenomena has become available. In the last
about three decades, reactions induced by heavy ions have become the principal
tool in nuclear physics research. It has led to phenomenological studies of atomic
nuclei, which resulted in better and better understanding of related concepts. A
significant amount of information is available regarding synthesis of new heavy
and super heavy nuclei, study of the radioactive systems, chemical properties of
new nuclei and their isotopes, production of nuclei far from the beta-stability line,
formation and decay of exotic nuclear systems etc.

Presently a lot of work is being done on the dynamics of nuclear system at
extreme composition, excitation energy, angular momentum, nuclear
deformation, etc. In brief the study of nucleus at higher excitation energies
carries lot of information, which in turn could be extremely useful for the better
understanding of nuclear properties.

The fragmentation potential consists of the macroscopic liquid drop energy V| pwm
besides coulomb potential, proximity potential and rotational energy. Therefore,
in order to investigate the dynamics of a excited nuclear system, the knowledge
of temperature dependence of macroscopic part of nuclear potential becomes
essential. This temperature dependent liquid drop potential can be calculated as
suggested by Davidson et. al. [1]. The predictions of this model find its basis in



the well-established semi-empirical mass formula of Seeger [2]. Although
Seeger’s formula was quite successful in explaining the available literature of its
time (1961) but our knowledge regarding the understanding of nuclear properties
has grown, consequently the constants used in this model need major revival in
order to meet the present day requirements. So there is need to modify the mass
formulas.

In order to achieve this tedious task of obtaining temperature dependent
potentials, | plan to discuss different mass formulas and their modifications in
chapter 2. However, before knowing about the mass formulae, we should know
the relation between mass formula and binding energies of nucleus.

Binding energy is the mechanical energy required to disassemble a composite
nuclear system into separate parts. A bound system has a lower potential energy
than its constituent parts; this is what keeps the system together. The usual
convention is that this corresponds to a positive binding energy.

In general, binding energy represents the mechanical work which must be done
in acting against the forces which hold an object together, while disassembling
the object into component parts separated by sufficient distance that the further
separation requires negligible additional work.

At the atomic level, the atomic binding energy of the atom derives from
electromagnetic interaction and is the energy required to disassemble an atom
into free electrons and a nucleus. Electron binding energy is a measure of the
energy required to free electrons from their atomic orbits. Nuclear binding energy
is derived from the strong nuclear force and is the energy required to
disassemble a nucleus into free unbound neutrons and protons, strictly so that
the relative distances of the particles from each other are infinite (essentially far
enough so that the strong nuclear force and electromagetic forces can no longer
cause the particles to interact).

In astrophysics, gravitational binding energy of a celestial body is the energy
required to disassemble it into space debris (dust and gas). This quantity is not to
be confused with the gravitational potential energy, which is the energy required

to separate two bodies, such as a celestial body and a satellite, to infinite



distance, keeping each intact (the latter energy is lower).In bound systems, if the
binding energy is removed from the system, it must be subtracted from the mass
of the unbound system, simply because this energy has mass, and if subtracted
from the system at the time it is bound, will result in removal of mass from the
system. System mass is not conserved in this process because the system is not

closed during the binding process.

1.1 Mass defect:-

Because a bound system is at a lower energy level than its unbound
constituents, its mass must be less than the total mass of its unbound
constituents. For systems with low binding energies, this "lost" mass after binding
may be fractionally small. For systems with high binding energies, however, the

missing mass may be an easily measurable fraction.

Since all forms of energy have mass, the question of where the missing mass of
the binding energy goes, is of interest. The answer is that this mass is lost from a
system which is not closed. It transforms to heat, light, higher energy states of
the nucleus/atom or other forms of energy, but these types of energy also have
mass, and it is necessary that they be removed from the system before its mass
may decrease. The "mass defect" from binding energy is therefore removed
mass that corresponds with removed energy, according to Einstein's equation
E=mc?. Once the system cools to normal temperatures and returns to ground
states in terms of energy levels, there is less mass remaining in the system than
there was when it first combined and was at high energy. Mass measurements
are almost always made at low temperatures with systems in ground states, and
this difference between the mass of a system and the sum of the masses of its
isolated parts is called a mass deficit. Thus, if binding energy mass is
transformed into heat, the system must be cooled (the heat removed) before the
mass-deficit appears in the cooled system. In that case, the removed heat
represents exactly the mass "deficit", and the heat itself retains the mass which

was lost.



As an illustration, consider two objects attracting each other in space through
their gravitational field. The attraction force accelerates the objects and they gain
some speed toward each other converting the potential (gravity) energy into
kinetic (movement) energy. When either the particles 1) pass through each other
without interaction or 2) elastically repel during the collision, the gained kinetic
energy (related to speed), starts to revert into potential form driving the collided
particles apart. The deacelerating particles will return to the initial distance or
stop and repeat the collision (oscillation takes place). This shows that the
system, which loses no energy, does not combine (bind) into a solid object, parts
of which oscillate at short distances. Therefore, in order to bind the particles, the
kinetic energy gained due to the attraction must be dissipated (by resistive force).
Complex objects in collision ordinarily undergo inelastic collision, transforming
some Kkinetic energy into internal energy (heat content, which is atomic
movement), which is further radiated in the form of photons -- the light and heat.
Once the energy to escape the gravity is dissipated in the collision, the parts will
oscillate at closer, possibly atomic, distance, thus looking like one solid object.
This lost energy, necessary to overcome the potential barrier in order to separate
the objects, is the binding energy. If this binding energy were retained in the
system as heat, its mass would not decrease. However, binding energy lost from
the system (as heat radiation) would itself have mass, and directly represent of
the "mass deficit" of the cold, bound system. Closely analogous considerations
apply in chemical and nuclear considerations. Exothermic chemical reactions in
closed systems do not change mass, but (in theory) become less massive once
the heat of reaction is removed. This mass change is too small to measure with
standard equipment. In nuclear reactions, however, the fraction of mass that may
be removed as light or heat, i.e., binding energy, is often a much larger fraction of
the system mass. It may thus be measured directly as a mass difference
between rest masses of reactants and products. This is because nuclear forces
are comparatively stronger than Coulombic forces associated with the
interactions between electrons and protons that generate heat in chemical

reactions.



In nuclear reactions, the energy that must be radiated or otherwise removed as
binding energy may be in the form of electromagnetic waves, such as gamma
radiation, or as heat. Again, however, no mass-deficit can appear until this
radiation has been emitted and is no longer part of the system. The energy given
off during either nuclear fusion or nuclear fission is the difference between the
binding energies of the fuel and the fusion or fission products. In practice, this
energy may also be calculated from the substantial mass differences between
the fuel and products, once the evolved heat and radiation have been removed.

1.1.1Mass Defect calculations:-

It is observed experimentally that the mass of the nucleus is smaller than the
sum of the masses of the constituent nucleons in free states. This difference is
called mass defect.

The difference between the actual mass of the nucleus and the sum of masses of
the constituent nucleons is called mass defect i.e.

Mass Defect, (Am)=M - A
where, M = actual mass of the nucleus and A = mass number

When the nucleons are grouped together to form a nucleus, they lose a small
amount mass i.e. There is mass defect. This mass defect is converted into
energy according to the relaton E = mc® This energy holds the nucleons
together and is known as binding energy. In fact, mass defect is a measure of the
binding energy of the nucleus. The greater the mass defect, the greater is the

binding energy of the nucleus.



1.1.2 lllustration:

The deutron (i.e. an isotope of hydrogen) nucleus contains only one neutron and
one proton. Let us compare the mass of deutron nucleus to that of its constituent

nucleons.

Neutron Mass = 1.008665 a.m.u, Hydrogen Mass = 1.007825 a.m.u
Therefore, Neutron Mass + Hydrogen Mass = 2.016490 a.m.u
Deutron Mass = 2.014103 a.m.u

Mass Defect, (Am) = 2.014103 — 2.016490 = -0.002387 a.m.u

Thus, the mass of deuterium nucleus is less than the sum of the constituent
nucleons by 0.002387 a.m.u. This difference in the mass from the actual mass is
called the mass defect. This difference in mass is not due to inaccurate
measurements of masses but is a real difference to be accounted. When a
neutron and a proton come together to form deutron, a small part of their mass,
namely 0.002387 a.m.u (equivalent to 2.22 MeV of energy) is radiated from the
newly formed nucleus. The two particles now have a binding energy of 2.22 MeV.
In other words, in order to break the deutron nucleus into its constituent

nucleons, an energy of 2.22 MeV is required.

The release of energy results in the stability of the nucleus. The energy released
in the formation of a nucleus from its constituent nucleons is called the binding

energy of the nucleus.

If AM a.m.u is the mass defect, then the binding energy of the nucleus in MeV
will be given by AM x 931.494 MeV, because,

1 a.m.u =931.494 MeV
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This relation between mass units and energy units may be derived from E = AM
c? using the proper units and unit conversions. The greater the mass defect, the
greater is the binding energy of the nucleus. The binding energy when divided by
the number of nucleons gives the mean binding energy per nucleons. The
binding energy per nucleons is a measure of the stability of the nucleus. The

greater the binding energy per nucleon, the more stable is the nucleus.

1.2 Nucleur binding energy

Practice: Binding energy for atoms

The measured mass deficits of isotopes are always listed as mass deficits of the
neutral atoms of that isotope, mostly in MeV. As a consequence, the listed mass
deficits are not a measure for the stability or binding energy of isolated nuclei, but
for the whole atoms. This has very practical reasons, because it is very hard to

totally ionize heavy elements, i.e. it is always difficult to strip off all electrons.

This practice is useful for other reasons, too: Stripping all the electrons from a
heavy unstable nucleus (thus producing a bare nucleus) will change the lifetime
of the nucleus, indicating that the nucleus cannot be treated independently
(Experiments at the heavy ion accelerator GSI). This is also evident from
phenomena like electron capture. Theoretically, in orbital models of heavy atoms,
the electron orbits partially inside the nucleus (it doesn't orbit in a strict sense, but

has a non-vanishing probability of being located inside the nucleus).

Of course, a nuclear decay happens to the nucleus, meaning that properties
ascribed to the nucleus will change in the event. But for the following
considerations and examples, you should keep in mind that "mass deficit" as a
measure for "binding energy", and as listed in nuclear data tables, means "mass

deficit of the neutral atom" and is a measure for stability of the whole atom.
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Specific quantitative example: a deuteron

A deuteron (the nucleus of a deuterium atom, with no electron) consists of one

proton and one neutron.
The binding energy of deutron can be calculated as:-
0.002387 u x 931.494 MeV/u = 2.224 MeV.

Thus, expressed in another way, the binding energy is [0.002387/2.01649] x
100% = about 0.1184% of the total energy corresponding to the mass. This
corresponds to 1.07x10" J/kg = 107 TJ/kg. This energy must be removed in the
form of a gamma ray for the system to de-excite and allow the deuteron to

remain bound, and the system mass to decrease to the value of a deuteron.
Another example:-a particle

For the alpha particle Am= 0.0304 u which gives a binding energy of 28.3 MeV.

@ @ protons 2 x 1.00728 u 'ﬁ"p'-.'a
particle
@ @ neutrons 2 x 1.00866 u

Mass of parts 403188 u Massofalpha 4.00153 u

27
1u= 166054 x10 kg=931.494 MeV/c?

Figure. 1.1: a-particle (*He; nucleus) representation

The enormity of the nuclear binding energy can perhaps be better appreciated by
comparing it to the binding energy of an electron in an atom. The comparison of
the alpha particle binding energy with the binding energy of the electron in a
hydrogen atom is shown below. The nuclear binding energies are on the order of
a million times greater than the electron binding energies of atoms.

viii
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Figure 1.3 Binding energy per nucleon as a function of mass number.

In the periodic table of elements, the series of light elements from hydrogen up to
sodium is observed to exhibit generally increasing binding energy per nucleon as
the atomic mass increases. This increase is generated by increasing forces per
nucleon in the nucleus, as each additional nucleon is attracted by all of the other

nucleons, and thus more tightly bound to the average field in the nucleus.



The region of increasing binding energy is followed by a region of relative stability
(saturation) in the sequence from magnesium through xenon. In this region, the
nucleus has become large enough that nuclear forces no longer completely
extend efficiently across its width. Attractive nuclear forces in this region, as
atomic mass increases, are nearly balanced by repellent electromagnetic forces
between protons, as atomic number increases. Finally, in elements heavier than
xenon, there is a decrease in binding energy per nucleon as atomic number
increases. In this region of nuclear size, electromagnetic repulsive forces are

beginning to gain against the strong nuclear force.

At the peak of binding energy, nickel-62 is the most tightly-bound nucleus,
followed by iron-58 and iron-56. (This is the basic reason why iron and nickel are
very common metals in planetary cores, since they are produced profusely as
end products in supernovae and in the final stages of silicon burning in Stars).
Iron-56 is more common than nickel isotopes because its unstable progenitor
nickel-56 is copiously made by staged build-up of 14 helium nuclei inside

supernovas, and it then decays to iron-56 within a few weeks.

The existence of a maximum in binding energy in medium-sized nuclei is a
consequence of the trade-off in the effects of two opposing forces which have
different range characteristics. The attractive nuclear force (strong nuclear force),
which binds protons and neutrons equally to each other, has a limited range due
to a rapid exponential decrease in this force with distance. However, the repelling
electromagnetic force, which acts between protons to force nuclei apart, falls off
with distance much more slowly (as the inverse square of distance). For nuclei
larger than about four nucleons in diameter, the additional repelling force of
additional protons more than offsets any binding energy which results between
further added nucleons as a result of additional strong force interactions; such
nuclei become less and less tightly bound as their size increases, though most of
them are still stable. Finally, nuclei containing more than 209 nucleons (larger
than about 6 nucleons in diameter) are all too large to be stable, and are subject

to spontaneous decay to smaller nuclei.



Nuclear fusion produces energy by combining the very lightest elements into
more tightly-bound elements (such as hydrogen into helium), and nuclear fission
produces energy by splitting the heaviest elements (such as uranium and
plutonium) into more tightly-bound elements (such as barium and krypton). Both
processes produce energy, because middle-sized nuclei are the most tightly

bound of all.

1.3 Semiempirical formula:-

For a nucleus with A nucleons including Z protons, a semiempirical formula for

the binding energy per nucleon (E/A) is:
EJA=a—b/VA—c(Z/VA2)? —d(N — Z)? |V A¥3 £ ¢/ V A3+

where the binding energy is in MeV for the following numerical values of the
constants: a = 14.0; b = 13.0; ¢ = 0.585; d = 19.3; e = 33.

Most terms in this formula can be explained by the liquid drop model of the
nucleus, which treats the nucleus as a drop of uniform, incompressible fluid,

whose radius can be derived from its density.

= The first term ais called the saturation contribution and ensures that the
binding energy (B.E.) per nucleon is the same for all nuclei, to a first

approximation.

—b/ AL, : : :
= The term is a surface tension effect and is proportional to the
number of nucleons that are situated on the nuclear surface. It is largest
for light nuclei.

2 1 44/3
= The term —cZ /ﬂ is the Coulomb electrostatic repulsion. This

becomes more important as Z increases.

r 2742
= The symmetry correction term _d(h - Z) /*’1 takes into account
Pauli's exclusion principle. In the absence of other effects the most stable

Xi



arrangement (i.e. one with lowest energy) has equal numbers of protons

and neutrons.
+e/A"

nuclei. This too is a result of Pauli's exclusion principle, together with the

= The pairing term is + for even-even nuclei and - for odd-odd

protons and neutrons having spin 1/2.

Table 1 The following table gives the binding energy per nucleon in MeV for

selected isotopes.:-

Formula Measured
Al 8.42 8.33
®Cu 8.75 8.75
%Mo 8.62 8.63
95pt 7.87 7.92
238y 7.56 7.58

1.3.1 Measuring the binding enerqy:-

As seen in the example of deuterium, nuclear binding energies are large enough
that they may be easily measured as fractional mass deficits, according to the
equivalence of mass and energy. The atomic binding energy is simply the
amount of energy (and mass) released, when a collection of free nucleons are

joined together to form a nucleus.

Nuclear binding energy can be easily computed from the easily measurable
difference in mass of a nucleus, and the sum of the masses of the number of free
neutrons and protons that make up the nucleus. Once this mass difference,
called the mass defect or mass deficiency, is known, Einstein's mass-energy

equivalence formula can be used to compute the binding energy of any nucleus.
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(As a historical note, early nuclear physicists used to refer to computing this

value as a "packing fraction" calculation.)

For example, the atomic mass unit (1 u) is defined to be 1/12 of the mass of a
'2C atom—but the atomic mass of a '"H atom (which is a proton plus electron) is
1.007825 u, so each nucleon in "?C has lost, on average, about 0.8% of its mass
in the form of binding energy.

1.4 Nuclear units :-

Nuclear energies are very high compared to atomic processes, and need larger

units
1electron volt= 1eV=1.6x10""° joules
1MeV=10°% eV, 1GeV=10%¢eV, 1TeV=10"%eV

However, the sizes are quite small and need smaller units:

Atomic sizes are on the order of 1A°= 10" m

Nuclear sizes are on the order of femtometers which in the nuclear context are
usually called fermis: 1fm= 10 '° m.Nuclear masses are measured in terms of
atomic mass units with the carbon-12 nucleus defined as having a mass of
exactly 12 amu. It is also common practice to quote the rest mass energy E=mc?

as if it were the mass. The conversion to amu is:

TU = 166054 % 10727 kg = 931494 My
In the third chapter we will discuss about the temperature dependent binding
energies. The study of nucleus at higher excitation energies carries lot of

information, which in turn could be extremely useful for the better understanding

of nuclear properties at extreme conditions.
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CHAPTER-2

MUCLEAR MASS FORMULAS AND THEIR MODIFICATIONS

2.1 Current status of nuclear mass formulae and their

predictability:

The study of nuclear mass formulae has a long history since Weizsacker [1] or
Bethe and Bacher [2] proposed a formula based on the liquid-drop model. Figure
2.1 shows the chronological table of mass formulae accompanied by that of
nuclear models. Three epoch-making stages can be seen in Fig. 2.1. The first is
when Levy [3] Cameron [4] Zeldes [5] and others proposed to take account of so-
called shell effects and in succession Garvey and Kelson [6] proposed a mass
relation, the second is when Myers and Swiatecki [7] proposed a formula with
consideration of shell and deformation effects, and the third is when Strutinsky [8]
proposed an extremely smart prescription to calculate shell energies from a
nuclear single-particle potential like the Nilsson potential. Each stage
corresponds to the proposal of major nuclear model, that is, the shell model, the
collective model, or the Nilsson model. These are the Euro-American trends.
Meanwhile, in the orient world, Yamada and his collaborators [9] independently
started the study on this subject mainly from the standpoint of empirical shell
terms. After those stages, many authors have struggled to construct more
improved formulae, which were converged into the 1976 and 1988 mass-
Olympics [10,11]. At the present stage it should of course be said that the main
theme of the study on mass formulae is not only to give more precise mass
values of known nuclides but also to predict reliable masses of unknown
nuclides. Most of the unknown nuclides lie in the region far from stability or in the
super-heavy region. In order to accomplish this theme it is most important to treat
both shell and deformation effects as consistently as possible. There are three
prominent groups who have been studying mass formulae along this line: P.

Moller and his collaborators [12], J. M. Pearson and his collaborators [13]
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Figure 2.1: - The chronological table of mass formulae accompanied by that of

nuclear models.

In recent years nuclear masses have realistically been treated in the framework
of microscopic theories like the deformed Hartree-Fock method, the relativistic or

non-relativistic mean field theories and so forth.
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2.2 OVERVIEW OF THE THEORETICAL FRAMEWORK

2.2.1 P. Moller and his collaborators:-

The first group has long followed the golden road of conventional Nilsson-
Strutinsky method. Their mass formula has two parts, a macroscopic part and a
microscopic (or shell) part. The former is a smooth function of proton number Z
and neutron number N, which is derived from the finite-range droplet model. The
latter represents the individuality of each nucleus, and is usually called shell part
in a broad sense. As for this part they start from a deformed single-particle
potential of folded-Yukawa type. In order to obtain shell energies

they apply the conventional Strutinsky averaging prescription to this potential.
They further add a Lipkin-Nogami type pairing energy. Their formula is often
called FRDM formula, which is the abbreviation of the Finite-Range Droplet
Model.

2.2.2J. M. Pearson and his collaborators:-

The second group has adopted a semi-classical approximation to the Hartree-
Fock method that includes full Strutinsky shell corrections. They extend Thomas-
Fermi calculation to be available for a Skyrme-type Hartree-Fock force and a &-
function pairing force incorporating a full Strutinsky integral. Their treatment of
shell effects is essentially the Strutinsky method except that they do not divide
masses into two parts. Their formula is often called ETFSI formula, which is the

abbreviation of the Extended Thomas-Fermi and Strutinsky Integral.

2.2.3 H. Koura and his collaborators:-

The third group has adopted another new approach. Here is given somewhat
detailed explanation of this method. Formula has also two parts, the gross part
and the shell part. The gross part is a smooth function of Z and N based on the

liquid-drop model including an average pairing energy. This is essentially of the
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same form as that of formula [16]. As for the shell part, we apply a new method.
We start from a spherical single-particle potential, which has been well adjusted
to about 150 single-particle levels of nuclei in the neighborhood of 15 double-
magic or magic-sub magic nuclei ranging from *He to 2°®Pb[17]. The central part

of the potential is an extension of the Woods-Saxon potential as follows: -

1
{1+ exp[(r — Rv)/av]}ov /"

.1'-:'-:'||I I: i"l] == Ii--I

. 1 1
S .
{ L 1+ exp[(r — R _]..-"uz-.-]J

2.2.4 Weizsacker (1935) [1]:-

In nuclear physics, the semi-empirical mass formula (SEMF), sometimes also
called Weizsacker's formula, is a formula used to approximate the mass and
various other properties of an atomic nucleus. As the name suggests, it is
partially based on theory and partly on empirical measurements; the theory is
based on the liquid drop model, and can account for most of the terms in the
formula, and gives rough estimates for the values of the coefficients. It was first
formulated in 1935 by German physicist Carl Friedrich von Weizsacker, and
although refinements have been made to the coefficients over the years, the form

of the formula remains the same today.

The liguid drop model and its analysis:-

The liquid drop model is a model in nuclear physics which treats the nucleus as a
drop of incompressible nuclear fluid, first proposed by George Gamow and
developed by Niels Bohr and John Archibald Wheeler. The fluid is made of
nucleons (protons and neutrons), which are held together by the strong nuclear
force.This is a crude model that does not explain all the properties of nuclei, but
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does explain the spherical shape of most nuclei. It also helps to predict the

binding energy of the nucleus.

Mathematical analysis of the theory delivers an equation which attempts to
predict the binding energy of a nucleus in terms of the numbers of protons and
neutrons it contains. This equation has five terms comparising of cohesive
binding of all the nucleons by the strong nuclear force, the electrostatic mutual
repulsion of the protons, a surface energy term, an asymmetry term (derivable
from the protons and neutrons occupying independent quantum momentum
states) and a pairing term (partly derivable from the protons and neutrons
occupying independent quantum spin states).

If we consider the sum of these five types of energies, then the picture of a
nucleus as a drop of incompressible liquid roughly accounts for the observed
variation of binding energy of the nucleus:

Volume energy:- When an assembly of nucleons of the same size is packed
together into the smallest volume, each interior nucleon has a certain number of
other nucleons in contact with it. So, this nuclear energy is proportional to the

volume.

Surface energy:- A nucleon at the surface of a nucleus interacts with fewer other
nucleons than one in the interior of the nucleus and hence its binding energy is
less. This surface energy term takes that into account and is therefore negative

and is proportional to the surface area.

Coulomb Energy:- The electric repulsion between each pair of protons in a

nucleus contributes toward decreasing its binding energy.

Asymmetry energy (also called Pauli Energy). An energy associated with the
Pauli exclusion principle. If it wasn't for the Coulomb energy, the most stable form

of nuclear matter would have N=Z, since unequal values of N and Z imply filling
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higher energy levels for one type of particle, while leaving lower energy levels

vacant for the other type.

Pairing energy:- An energy which is a correction term that arises from the
tendency of proton pairs and neutron pairs to occur. An even number of particles

is more stable than an odd number.
The formula:-

In the following formulae, let A be the total number of nucleons, Z the number of

protons, and N the number of neutrons.

The mass of an atomic nucleus is given by
Eg
m = Zmy, + Nmy,, — —
where m, and m, are the rest mass of a proton and a neutron, respectively, and

Eg is the binding energy of the nucleus. The semi-empirical mass formula states
that the binding energy will take the following form:

Z(Z-1)  (A=22)

o= i A — 2/3 _ —
EB Ly A I[I-Srl L ‘_11|’,.3 (I 4 1

+6(A, Z)

2.2.5 GREEN (1954)[24]:-

In the privious study Green and Enguler found an adjustment of constants which

brought the Weiszacker Semiempirical equation into good agreement with
experimental nuclear masses. It was noted that the energy constants which
accomplish this were substantially larger than those appearing earlier in the
litrature. In view of the lack of the understanding of nuclear forces,the
significance of the increased nuclear energy constants is obscure. However, the
increased couloumb energy constants(as) has a simple interpretation if one

assumes that the charge in a nucleus may be characterized by a simple charge
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distribution. In particular, if simple charge distribution And the radius formula R=
roA "3 are accepted,

as;=3e?/5rg,
Accordingly, the larger coulomb energy constant (0.750 mMu) corresponds to a

smaller coulomb radius constant (1.2369 in units of 10 '3 °™

). It has been pointed
out by Bitter and Feshbach that this new constant is in good agreement with
the radius constant obtained recently from p-mesonic x-ray studies, electron
scattering studies, and isotope shift studies.

Green and Engler halted their interative adjustment process when they found a
convenient rounded set of energy constants (a1=16.720, a,=18.500,a3;=0.750 and
a,=100, all in mMu) which reduced the discrepancy between the Weiszsacker
formula and the mass data to the order of magnitude of uncertainty caused by
shell effects. In view of the importance of the question of the coulomb radius, it
seems worthwhile to attempt to refine the determination of the coulomb radius
constant based upon nuclear masses by the use of an objective criterion for best

fit and to establish the precision of such a determination.

2.2.6 PHILIP A. SEEGER (1961) [18]:-

An improved expression for atomic masses as a function of position in the NZ-

plane has been sought for the purpose of studying in detail the process of
nucleosynthesis by rapid neutron capture. For this purpose, it must be possible to
extrapolate the mass law to atoms with high neutron excess, but there exits no
means of directly testing the law in this region of the NZ-plane. Criteria for testing
the law in the valley of beta stability are listed in next section.
The familiar weizsacker semiempirical mass law consists of terms whose forms
follow from the statistical model of the nucleus, each multiplied by a coefficient to
be determined empirically. The mass excess of the atom with Z proton and N
neutrons was taken to be
AMW(Z,A)=NM,+ZMy-A-aA+BI%/A+yA?>+(3e?/5R,)Z*/A"?, (2.1)
Where M, and My are the neutron and hydrogen atom masses, A=N+Z, and
I=N-Z. Modifications of this original form will be discussed.
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The free coefficients, such as a, B, and y in eq .(2.1) and similar quantities
appearing in modified forms of the mass law, are found from least squares
analysis by fitting either to the mass excess , and since A varies over a wide
range , the results here reported were determined by fitting to the mass excess.
In many treatments of the problem, a limited number of masses for the atoms on
the line of beta stability have been used. In this study, however, all stable odd
mass atoms were used, all data being weighted inversely as the first power of the
estimated error the principal source was the table of masses omitted from that
table but estimated in the earlier work of Huizenga were corrected to the later
value of pb208 by addition of 1.123 mMU and used with the quoted error
doubled. Thus a total of 488 odd mass atoms with A 219 were used to determine
a mass law for odd mass atoms. All computations were made on an IBM 704 at

Los Alamos Scientific Laboratory.

Criteria for testing the mass laws:-

Three criteria for testing the mass laws have been considered. First, the errors §I
of the masses calculated by the law compared to the input data were plotted, and
the standard deviation calculated by

o= (n/n-k)"*(Zwi §%/=zw)"?, (2.2)

Where n is the number of input masses, k the number of free coefficients, and w;
the weight of the input datum. This is a measure of the ability of the law to fit
known masses; it is to be made as small as possible. A standard deviation o<1
mMU is considered to be satisfactory.

As another test, called the “interpolation” test, the 488 odd-mass atoms were
divided at random into two groups. This was done by ascertaining whether the
last bit in the binary expression for the mass excess was even or odd. The first
group, consisting of 232 masses, was used to determine the coefficients of a
mass law of the same form as the law in question, and then that law was used to

“predict” the masses of the 256 atoms in the second group. The standard
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deviation o1of the first group was calculated by eq. (2.2) ,and that of the second

group by

02 = (Zwi §%/zw;)""? (2.3)

The ratio (02/01) int is taken as a measure of the ability of the particular form of
mass law to interpolate; o1 should be approximately the same as o, and the ratio
(o2/04) int should be less than, say, 1.05.

For our purposes the most significant criterion was a third test called the
‘extrapolation ’'test. The 488 odd mass atoms were again devided into two
groups: the first containing those atoms on the line of beta stability plus those on
the neutron poor side of the valley of beta stability, the second containing atoms
only from the neutron rich side of beta stability. The first group had 282 atoms
and the second had 206. The standard deviations 01 ang 02 and the ratio (02/01 )ext
were calculated as in the interpolation test. Once again o4 should be similar to o,
and the ratio (02/01 )ext Should be close to unity. It is difficult to estimate an
acceptable value for this ratio, but we might hope to make (02/01 )%ext <2 OF

(02/01)%ext < 1.4.

Standard form of mass law:-

For our standard form of the mass law, the symmetry term was modified to
include |I| as well as I? as suggested by Wigner and the coefficient was modified
to include composition dependence of the surface effects. The factor 2 in 2 |l|
was suggested by E.E.Salpeter.following mozer, the coulomb term was modified
to trapezoidal charge distribution and exchange effects. The coefficients
3e%/5R=0.8076 MeV/c? and 7/24(tRo) >=2.29 were determined using Ro=1.07 fm,
t=2.8 fm from scattering experiments with high-energy electrons. Then in MeV/c?
on the O'° scale the mass excess becomes
AMgian (Z, A)=8.367N+7.5848Z-aA+(B-1/2/A/"?)(1+2|1|)/A+ A%
+0.8076Z2/A""%(1-0.7636/2%"-2.29/A%?), (2.4)
The coefficients as determined by least squares are
a =16.11 MeV/c? y =20.21 MeV/c?, (2.4a)
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B =20.65 MeV/c? , n =48.00MeV/c?.
Standard deviation: o =2.61 MeV/c?
Interpolation: 01=2.87 MeV/c? (02/01 )%int =0.84

Extrapolation: 01=2.19 MeV/c? (02/01 )2exi=1.75

It will be noted that standard form fails in the two most crucial test: the standard
deviation and the extrapolation ratio are too large.

Additional terms in the mass law:-

In the attempt to find a mass law which would extrapolate more successfully than
the standard form (2.4) , a function S(N,Z), representing the increase in nuclear
binding energy both at closed shells due to magic numbers of N or Z and
between closed shells due to the deformation of the nucleus, was subtracted
from AMstan to give My ,the mass excess for odd- mass atoms. Thus M ¢=Mstan-
S(N,Z). We may now write

S(N,Z)=ksCo+ka(ci-C22), (2.5)

Where ks and kq are shell and deformation coefficients which may vary from shell
to shell, co (N, Z) is the functional representation of the excess binding energy
due to shell effects, and the extra energy due to deformation is approximated by
(C1n- czn2). In this last expression = AR/R is the spheroid eccentricity, c1, is the
excess number binding energy due to deformation and c;n? is the change in
coulomb and surface energies in deforming a uniformly charged sphere into a
spheroid. By the usual argument that the nucleus take that deformation ng such
that the deformation energy is a maximum.

d/dn(cin- c2n?)|o=C1-2¢2Mo=0

No=C1/2Cz, C1 No. CaNo> =C1/4cy.

The coefficient c, can be expressed as: -

C2=8A%*(1-0.005Z%/A) MeV/c?.
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In this study, c, has been considered constant over the range of A included
within any one shell of N or Z. The function ¢4, can be calculated as a sum over
all nucleon outside closed shell. Each such nucleon is in a spheroidal rather than
spherical potential and the excess binding energy can be calculated by the
methods of rainwater or nilsson . It is to be expected that c1 is zero at a nucleus
for which both Z and N are magic, and has a maximum near the middle of each
shell of Z or N this behavior makes it possible to approximate ci with sine
functions. The term Cy must be a maximum at closed shells and reach a
minimum near the middle of shell. It has therefore been assumed that Cy=K-C;
where K is a constant.
With these assumptions, (2.5) becomes

S=ksK-ksC1+kyC14/4Cy, (2.6)
Where kK, ks and ky/4C, are constants within any given shell.
For the nucleus with N neutrons and Z protons, let N’ and Z' be the fractional

occupations of the last shells,

N’=(N-N¢)/(N t+1-N¢) , Z’=(Z-Z)/(Z k+1-Zk) (2.7)
Where the magic closed shell number are:-
N¢ Z,=8,20,50,82,126,184,

And

Nt < N<Np+1, & Z <Z 41.
Consider eq.(2.6) if C4 is expanded in a Fourier sine series,
Ci=Assin N'Q+Agsin 2N’'Q +B1 sin Z’Q +B, sin 2Z’Q +..............
Hence the square of the sine has same qualitative properties as the sine itself,
that is, going to zero at magic numbers and has its maximum halfway in
between, such terms in C4? add nothing essentially new to our approximation for
S which is not already included in the linear terms in C4. The cross product in
C+?, such as (sin N'Q)(sin Z’Q), are unlike any terms in C; itself, and must be
included in S. previous attempts to include shall structure have used
S=f(N)+g(Z), which neglect cross product terms. We feel it is essential to include

these terms in order to have some representation of the effects of the proton
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shell structure on the neutron shell structure and vice versa. Thus, the final
approximate form adopted for S was
Sik(N’,Z")=;sinN’Q+(,sinZ’Q+v;sin2N’Q+v,sin2Z’ Q+(@j+ @k )(sinQ)(sinZ’Q)+X , (2.8)

Where indices j and k refer to the shells of N and Z respectively, and the {j v; @
and X are constants approximately related to the constants in eq.(2.6). Note that
Sjk is symmetric in N and Z, so that it is charge independent . also note that the
constant term X does not vary from shell to shell, in order to make Sy a
continuous function. Then the mas law for odd mass atom is

AMo (Z,A)=AMstan(Z,A)- S(N",Z') (2.9)

The coefficients a, 3, y and n as determined by least squares are, in MeV/C?,
a=17.06, B =33.61, y= 25.00, n = 59.54 (2.9a)
Table 2 :-The coefficients ¢, v, ¢ and X(in MeV/C?) :-

<Z or N< Z N ) X

8,20 4.008 -0.428 -1.389 13.51
20,50 -0.508 2.331 -0.463 13.51
50,82 -7.636 0.496 1.950 13.51
82,126 -15.63 -2.284 10.67 13.51
126,184 -27.59 2.660 26.99 13.51

The coefficients , v, ¢ and X as determined by least square are given in above
table 2. Other forms of S were tried, but only the function Sy as given in eq. (2.8)
gave this improved result for the extrapolation test. Thus we have o<1 MeV/C?

(02/01 )int=1 and (02/01) exx Within the proposed criteria .
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TABLE OF MASSES:-

The mass law (9) with least square determined coefficients yield the masses of

odd mass atoms directly. In order to calculate masses of even-mass atoms, it
was necessary to consider the pairing energy term §a given by
+72 §a for odd atoms
AM (Z,A)=AMy(Z,A) + +0 for odd mass atoms, (2.10)
-1/2 §5 for even mass atoms
The function §4 was estimated by calculating AMy from eq. (2.9) for all known
even-mass atoms. For each even value of A, the difference between AM, and
the experimental mass excess averaged over Z was plotted as +'2§4. A table of
mass excesses (on the O' scale) and binding energy of 7479 atoms was
calculated using eq. (2.10). It is hoped that by simultaneously determining the Sj
function and the standard mass law terms, the influence for shell effects in the
determination of a, B, vy and n has been reduced. A comparison of the
coefficients of the standard and form (2.4a) with those of the modified form (2.9a)
shows that all of the major coefficients a, B, y and n are increased when Sk is

included.

2.2.7 JAMES WING and PETER FONG (1964)[19]:-

In the past thirty years, more than twenty mathematical expressions have been

formulated to account for the systematics of the nuclidic masses, binding
energies, and nucleon separation energies[19]. These expressions, commonly
called nuclidic mass equations, represent the mass or the equivalents as a
function of the proton number Z and the neutron number N of the nuclide. Some
of these expressions are quite inconvenient to use because they involve many
complicated functions and adjustable constants. The physical significance of
some of the complicated functions is also uncertain. Although many of the
quations describe fairly well the general features of the nuclidic mass surface(a
three-dimensional plot of nuclidic masses versus N and Z), systematic deviations
from the experimental data are observed in every mass equation hither to

published [19]. Most of these systematic deviations originate from the inadequate

XXVil



treatment of the nuclear shell effects and the isobaric mass variation. We have
developed a relatively simple semiempirical expression to account for the nuclidic
mass systematics starting from an equation based on the liquid-drop model
[20,21], with the shell effects included in a correction term. The numerical values
of the constants in the mass equation are evaluated by least-squares fitting of the
experimental nuclidic masses[22,23] based on the scale of C'? = 12.000000
mass units.
FORMULATION OF THE MASS EQUATION:-
The basic form of our nuclidic mass equation is:-

M(Z,A)=Ma + V5 Ba (Z-Za)? + Pa — S(N,2), (2.11)

Where M is the mass excess (nuclidic mass minus mass number), Ma the mass

excess of the stable nuclide (Z=Z,) for

mass number A, Bxo a measure of the curvature of the isobaric mass section, Za
the charge (not necessarily an integer) of the most stable isobar, P the pairing
energy due to the even-odd variation, and S the shell correction term. Ma is
assumed to be a parabolic function of A, and the coefficients were evaluated in a
first approximation by a least —squares fit of the experimental masses of the
stable, odd-A nuclides not containing closed-shell configurations:

MA=O.0089794A2—2.0717A+33.448 MeV. (2.12)
For odd-A nuclides, it can be shown that
Ba=M(Z,A)-2M(Z+1,A)+M(Z+2,A). (2.13)

With the experimental masses of odd-A nuclides inserted into eq.(2.12), we
calculated the values of Ba on the basis of which the following expression was
obtained as the first approximation of Ba:

Ba'=4.68-(86.32/A"%)+(550/A) MeV. (2.14)

The expression for Z, was taken from Green’s work [24]; his Zp seems
sufficiently satisfatory as a continuous approximation and is adopted without
change:

Za= (A+0.003A%)/(2+0.01A). (2.15)
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The pairing energy term was obtained by comparison of eq. (2.11), with egs.
(2.13),(214) and (2.15) inserted, with the experimental mass data, disregarding
the nuclides with the closed shell configurations:

Pa=11.51 5/A "2 MeV, (2.16)
Where & equals 0 for odd-A, -1 for even-Z-even-A, and +1 for odd-Z-even-A
nuclides. Wapstra [25] suggested a bell-shaped correction curve for the shell
effect. We tentatively assumed the shell effect term in our mass equation to take
the form of the sum of a series of cauchy distribution functions in terms of N and

Z, with their maxima located at the magic numbers:
S'(N,2)=3(ab?)/((N-N*>+b2)+¥i(ab)/(Z-Z*+bi°) (2.17)

Where N* and Z;* are respectively the magic numbers of neutrons and protons in
the closed-shell configurations, a is the maximum magnitude of the shell
correction in the ith neutron or jth proton shell and b is the half-width at (’2)a. in
the neighborhood of a shell edge, only one term in the sum is large; other terms
from other shells are small. The advantage of this form of shell correction is that
the mass equation remains a continous function (except for the pairing energy)
from one shell region to another. It soon becomes apparent that the correction
curve of eq.(2.17), which is symmetric with respect to the shell edge cannot fit
experimental data on both sides of the shell edge. On the other hand, each side
may be fitted by a cauchy distribution curve with a width different from that of the
other side. Thus we assumed different values of the width b, for N (or Z) greater
and smaller than the magic number. The shell correction term thus has the

following form:
S(N,Z)=5.(aibis”)/(N-N*)*+bis®)+ ¥ (abjs”) ((Z-Z;*)*+bjs%) (2.18)
Where bi: and bj: are used when (N-N*)><0 and (Z-Z*)><0, respectively. In

spite of the discontinuity of b at the shell edge, the equation remains continuous

to the first order derivative. The values of the constants in eq. (2.18) were
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evaluated by a variable metric method for minimization [26], the input data being
the values of S obtained from the combination of egs. (2.11),(2.12) and (2.14)to
(2.16) and substitution of experimental masses.

We then applied the variable metric minimization method for the improvement of
the Ba expression, using the experimental masses and all the previous equations
and constants except egs. (12), (13), and (16). We obtained the following
expression for By and doscarded eq. (13):

Ba =3.258-(60.22/A ")+ ((431.6)/A) MeV. (2.19)

A similar iteration was performed for Ma. However, the values of the coefficient
so obtained were essentially identical with those in eq. (2.12) and therefore eq.

(2.12) is used for Ma without change.

we have also studied the possibility of developing a mass formula by correcting
Z for the shell effects. We know that the charge of the beta- stable isotope is not
a smooth function of A, but shows fluctuations due to shells [21].

The resulting mass equation, reffered to as the alternate equation to avoid
confusion, is not as simple and as successful as the present one and is listed
only for reference. In addition to the shell correction for Za , the terms S remains
indispensable and again appears to be assymetric with respect to the shell
edges. The present mass equation includes all shell corrections in the assynetric
S term and thus is simpler; the empirical variation of the charge (integral) of the
beta-stable isotope is thus a manifestation of the S term.

DISCUSSION:-

The nuclidic masses predicted by the present equation are compared with the

experimental data by plotting the differences. No large systematic deviations are
observed in the mass region of A=60 to 220. for A>230, there is a wide spread of
almost 5 MeV of differences; the neutron-rich nuclides have positive deviations
and the neutron-deficient nuclides have negative deviations. This wide spread of
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differences is a result of inadequate treatment of the isobaric mass variation in

this region (Ba and Za small compared with the experimental data) .
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Figure 2.2 :- Deviation of Seeger’s mass equation from the experimental values
of nuclidic masses.

Improvement of the present mass equation could be made with additional
adjustable constants especially for the B, and Z, expressions. However, this was
not done because we did not want to add adjustable constants into our present
equation.

For comparison, we have also plotted the differences between the experimental
and the calculated (masses or binding energies) values, for the mass equations
of Cameron[4], Seeger[18], Levy[3], Baker[26], and Green[24]. In the mass
region of A>201, Cameron and Baker used, for the evaluation of their constants,
the experimental masses [27] which are about one MeV lower than those we
used [22] we have, therefore, allowed for a one-MeV correction in the

calculations using the equations of Cameron and Baker in this mass region .
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It has long recognized that a liquid-drop model mass formula, such as Fermi’s,
deviates from the experimental results by a uniform shift plus systematic
fluctuations related to shells[21]. The former may be eliminated by proper
changes of the parameters of the formula, but the latter can not be expressed in
terms of simple functions of N and Z. We are thus led to expect a nuclidic mass
formula consisting of two parts: a smoothly varying part similar to the liquid-drop
model formula plus a rapidly varying shell correction term. How to formulate the
shell correction is thus the central problem. Levy[3] and Green[24] tried to fit the
experimental data between the shells with smooth functions, this being obviously
the simplest approach bacause the variation of mass between the shells is the
least drastic. The fitted smooth functions expectedly lead to large deviations near
the closed shells. Yet the most undesirable feature of this approach is that the
formulas are discontinuous over the shell boundaries. Levy divided the mass
surface into sections by the magic number lines.

The mass surface in each section is approximated by a quadratic surface, the
parameters of which change from section to section. Besides large deviations at
the shell edge there is also a constant deviation of about 1.5 to 2.0 MeV for the
heavy elements region. Green’s shell correction term consists of a set of
parabolic curves with vertices located midway between two magic numbers. The
discontinuity at the shell edge is considerable.The other alternative is to correct
the shell effects in the neighborhood of the shell edges; this approach is
mathematically more difficult but physically more reasonable. Seeger[18]
expressed the shell effects by a series of sine functions of N and Z with cross
product terms. The systematic oscillation of his deviations (Figure.2.2) is
probably a result of the symmetric nature of the sine functions with respect to the
shell edges.

Since this leaves the asymmetric correction over the shell edges as the only
alternative, we adopted it. From the point of view of nuclear structure we have no
reason to expect a nucleus with extra nucleons outside a closed shell to behave
exactly the same as one an equal number of unfilled levels (holes). The nuclear

level spacing bahaves differently for these two types of nuclides. So does the
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nuclear mass which fixes the position of the ground level. Apart from the shell
correction term, the rest is empirically fitted into a smooth formula in the present
approach. The formula is similar to the liquid-drop model formula in its quadratic
dependence on Z, though the expressions of M, Ba, and Za are purely empirical.
Cameron [4] empirically determined the combined effects of the shell and pairing
interactions for each value of N and Z. There is a notable systematic deviation in
the rare-earth region. This may be due to the fact that very few and perhaps poor
experimental data were available in this mass region for the evaluation of
Cameron’s constants. The complication of his formula is brought out by the fact
more than 200 parameters are involved. Many of the deviations in Cameron’s,
Seeger’s, and Levy’s mass equations become very large for nuclidic far away
from the beta stability line, indicating inadequate treatment for the isobaric mass
sequences. Baker[26] expressed the binding energies of nuclides by polynomial
functions of neutron excess and mass number. No shell effect was included in
his binding energy formula. The spread of his deviations is wider than those we
have examined so far, except for the heavy elements region. These deviations
are obviously related to the shell effects which are not adequately accounted for.

Table 3 lists the frequency distributions of deviations (absolute difference
between the experimental and calculated values) found in the nuclidic mass
equations which we have considered. The number of the adjustable constants
used in a given mass equation is placed in parentheses. The present mass
equation has the fewest deviations greater than 2.0 MeV, and, next to
Cameron’s, has the highest parcent (and number ) of deviations smaller than 0.5
MeV.
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Table 3. Frequency distributions of deviations.

— = =A
Mass region Treviation Cameron® Seeger Levy Baker

[19] The alteroate
(MeV) equation

(£32) {25 (81} {63) {34) (47

Apsdg 70 <0,3 an 43 14 Gl 76 37
0,5-1.0 265 51 g 32 35 38

1120 & 23 5 14 13 ¥

k0 3 7 G 2 2 )

W=d5115 <03 144 50 132 118 137 ]
0L.5-1.0 ik 75 A0 T G5 Kl

L1-20 11 33 16 13 [ 33

=20 2 25 [ & 1 7

1154 £ 162 0.5 96 1 27 T oz 103
0.5-1.0 0 [t 35 63 T8 L]

1.1-2.0 a7 23 2 45 21 23

=20 0 1 3 13 2 2

162 £ 208 <5 209 G5 40 oy 107 46
0.5-1.0 21 43 33 28 a7 40

1.1-20 33 33 46 54 i 3

. =20 57 4 14 0 0 5

Hg<d 5255 <3 158 1046 1 154 48 30
0.5-1.0 1 50 12 12 G5 G5

L1-2.0 1] 13 133 X 3l 11

. =20 1] 0 G 1 fi o

054 £ 255 < (L5 514 367 316 434 420 349
0.5-1.40 172 287 145 211 2E0 A0

1,1-2.0 B4 145 Pt 133 71 141

>20 fi2 37 35 61 11 ko

No deviation in the present mass formula is larger than 3.10 MeV, whereas all
the other mass equations we have examined so far have one or more deviations
larger than 4.0 MeV. In the mass region of A=60 to 220, our calculated values
are in good agreement with the experimental data. However, in the heavy mass
region (A 210),

Cameron’s and Baker’s predictions are much better. Finally, it may be mentioned
that the present mass equation has only 34 adjustable constants while all the
others, except Seeger’s, require more than 40 adjustable constants.

The nuclidic mass excesses, neutron and proton binding energies, alpha-particle
binding energies, and total beta-decay energies predicted by the present mass
equation for Z=13 to 110 and A=22 to 315 are tabulated in an Argonne National
Laboratory report.[28]

2.2.8 G. Audi and A.H. Wapstra (2003) [25]:-

The description of the general procedures and policies are given in Part | [33]of

this series of two papers, where the input data used in the evaluation are
presented. In this paper we give tables and graphs derived from the evaluation of

the input data in Part | [33]. Firstly, we present the table of atomic masses
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expressed as mass excesses in energy units, together with the binding energy
per nucleon, the beta-decay energy and the full atomic mass in mass units. This
work has been undertaken with the encouragement of the [IUPAP Commission on
Symbols, Units, Nomenclature, Atomic Masses and Fundamental Constants
(SUN-AMCO). The second table is the table of influences on primary nuclides
(Table II). For each of the primary nuclides entering this evaluation, we give the
three main data and their influences on the mass of this nuclide.

Thirdly, we give a table for values and their estimated precision for
the separation energies and reaction energies for twelve carefully selected
combinations of nuclides. This selection, together with the 3 -decay energies
above, yields all differences in masses between any pair of nuclei differing at
most by 2 units in Z and N. A method is indicated in which many more reaction
energy values can be derived from the present table.

The following series of graphs are then presented: two-neutron separation
energies and a-decay energies as a function of neutron number, two-proton
separation energies as a function of proton number and double R -decay
energies as a function of mass number which are considered as the most
illustrative ones for the systematic trends.

The atomic mass table:-
As in our previous work AME’93 [29-32],[4] and AME’'95 [33], the tables

presented in this work give atomic masses and derived quantities. With very few

exceptions, experimental data on masses of nuclei refer to “atomic” masses or to
masses of singly ionized atoms. In this last case the ionization energy is
generally (much) smaller than the error on the mass, and, for the small number of
very precise mass measurements, corrections for the first -and second-ionization
potentials could be applied without much loss of accuracy. The same is true for
the electron mass Me involved, see Table 4 in Part I. This is the reason for the
decision to present, in our evaluations, atomic rather than nuclear masses.

Nuclear masses can be calculated from atomic ones by using the formula:
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My (A4,Z) = M,(4,Z) — Z x M, + B,(Z)
(2.19)

Nowadays, several mass measurements are made on fully or almost fully ionized
particles. Then, a correction must be made for the total binding energy of all
removed electrons Be(Z). They can be found in the table for calculated total
atomic binding energy of all electrons of Huang et al. [34]. Unfortunately, the
precision of the calculated values Be(Z)is not clear; this quantity (up to 760 keV
for 92U) cannot be measured easily. Very probably, its precision for 92U is rather
better than the 2 keV accuracy with which the mass of, e.g., 238U is known. A
simple formula, approximating the results of [34], is given in the review of
Lunney, Pearson and Thibault [35]:

B,(Z)= 14.4381 7239 1 1.55468 x 10 9 22 P ev

&

(2.20)

The atomic masses are given in mass units and the derived quantities in energy
units. For the atomic mass unit we use the “unified atomic mass unit,” symbol “u”,
defined as 1/12 of the atomic mass of one 12C atom in its electronic and nuclear
ground states and in its rest coordinate system. In our work energy values are
expressed as electron-volt, using the maintained volt V90. we no longer give
values for the binding energies, ZMy + NM,, - M, as we used to in earlier tables.
Otherwise than before, its error equals that in the value of the mass excess,
which makes its use unnecessary. We now give instead the binding energy per
nucleon, which is of educational interest, connected to the Aston curve and the
maximum stability around the ‘iron-peak’ of importance in astrophysics.

Due to the drastic increase in the precision of the mass values of the very light
nuclei, the printing format of the mass table is not adequate. Table 4 gives, for
the most precise among them, values of mass excesses and atomic masses.
Conversion of the errors from pu to keV were obtained by:

U.‘.Jr_w, — {U_‘.iu . 4 1{)1 + (M, x gujz
(2.21)
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where M, is the mass excess in y,, and su the error of u expressed in eVgy. The

part dependent on Mu is only important for very few nuclides

Table 4:- The most precisely known massess[25]

Mass excess (keVy,) Atomic mass (Lu)
In 807131710 0.00053 1 008 66491574 0.000 56
IH 728897050 000011 100782503207 000010

“H 1513572158 000035 2014101.77785 0.00036
‘H 14949806 00 000231 301604927767 0.00247
‘He 1493121475 000242 301602931914 0.00260
‘He 242491565 0.00006 400260325415 0.00006

e 312501129 0.00091 13003 354.83778 0.000 98
6, 3019.893 05 0.003 80 14003 241.98870 0.004 08
4N 286341704 0.00058 14003 074.004 78 0.000 62
N 10143805 0.00070 15000 108.89823 0.000 75
60 -4737.00141 000016 15994914.61956 0.000 16

MNe —704193131 000179 1999244017542 0.001 92
BNa —952985358 000273 22989 769.28087 0.002 93
Bg1 —21492.79678 0.00181 27976926.53246 0.001 94
WAr —35039.89602 000268 39962383.12251 0.00286
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CHAPTER-3

TEMPERATURE DEPENDENCE OF NUCLEAR POTENTIALS

Presently a lot of work is being done on the dynamics of nuclear system at
extreme composition, excitation energy, angular momentum, nuclear
deformation, etc. in brief the study of nucleus at higher excitation energies carries
lot of information, which in turn could be extremely useful for the better
understanding of nuclear properties.

The fragmentation potential consists of the macroscopic liquid drop energy V| pwm
besides coulomb potential, proximity potential and rotational energy. Therefore,
in order to investigate the dynamics of a excited nuclear system, the knowledge
of temperature dependence of macroscopic part of nuclear potential becomes
essential. This temperature dependent liquid drop potential can be calculated as
suggested by Davidson et al. [3.1]. The predictions of this model find its basis in

the well-established semi-empirical mass formula of Seeger [3.2].

3.1 Seeqger's liquid drop energy and its temperature

dependence:-

In nuclei the nuclear force between the nucleons is short-ranged which leads to
saturation of the binding energy, E(A,Z), per nucleon. Empirically it is known that

for the stable isotopes

F{A,Z)
A

Ck

(3.1)
where a= 8 MeV and A 220. This fundamental gross property of nuclei is well
accounted for by the semi-empirical mass formula which provides a simple
parametrization of the binding energy per nucleon for all known nuclei.

Qualitatively it is also consistent with the simple Fermi gas model prediction .
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(3.2)

Where E is the ground state energy and ¢is the Fermi energy, which is constant
as long as the particle density remains constant. It is interesting to note that at
low temperatures (T < Tt ) the excitation energy in the Fermi gas model is given
by

E(A.T) 3 bl
] = Et:_lr + _lf'_r or
— a4+ bT?

(3.3)
Where a and b are constant again as long as the particle density remains
constant. Although the Fermi gas model may be an oversimplified model,
nonetheless it underscores the relevance of independent particle (or quasi-
particle) methods in nuclear structure physics. Mean field methods have been
used throughout the periodic table, both at zero temperature and at finite but low
temperatures, and typically yield T? behaviour of the energy density. This
suggests that perhaps at low but finite temperatures a simple scaling relation
might also exist for the excitation energy, E (A, T), of finite nuclei.
In order to test the validity of equation (3.3) we have made use of a finite
temperature extension of the semi-empirical mass formula. The following form for
the temperature dependent binding energy has been assumed

3

e

-~

]
: e,

e i, il (T 482 Al
E(A Z.T) = a(T)A+ B(T)A3 + (+(T) — ”*41'3[ — It
_Z? 0.7636 g_-z'@}-;'-’r-'r] )
+r(T) (1 — =22 V4 E(T)f(A, Z)A7

g

|
(3.4)
Where A=N+Z, t; =(1/2)(Z-N) and f(A,Z)= (-1,0,+1) for (even-even, even-odd-
odd-odd) nuclei. Here 1 is the volume energy, 2 is the surface energy, 3 is the
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asymmetry energy, 4 is the Coulomb energy and 5 is the pairing energy
contribution to temperature dependent binding energy. In this parametrization the
temperature dependence of the contributions to the Coulomb energy term, which
arise from exchange and surface effects, was ignored. Also no attempt has been

made to include shell effects in the finite temperature expression.

The excitation energy for particle is given by:-

E(A,Z,T) E(AZT)-E(AZQ0)

A A

(3.5)

At T = 0 the coefficients are given by a(0) = -16.11 MeV, B(0) = 20.21 MeV, y(0)
= 20.65 MeV, n(0) = 48.00 MeV, and k(0) = 0.8076 MeV obtained from a fit to the
experimental nuclear ground state energies of 488 odd mass nuclei. The T =0
coefficient for the pairing term is taken as § (0) = 33.0 MeV

To obtain the temperature dependence of the coefficients, the available
experimental information about the excited states of nuclei throughout the
periodic table was used to determine the partition function of each neucleus in

the canonical ensemble

f

Z(A.Z.T) = Z gi expl—FFE;) + / dFE g4 z(F)exp(—3F)
JE,

(3.6)
where g; = 2ji + 1 is the spin degeneracy factor and E; the excitation energy of the
ith state of the nucleus, and B = 1/T . The sum in the first term of equation (3.6)
runs over the experimentally measured (discrete) excited states.

Since the experimentally known spectrum in most cases is only sufficient to allow
the accurate determination of Z for very low temperatures (T <<1 MeV), it is
necessary to supplement the experimentally known spectrum with an appropriate

approximation to the continuum ga, Z(E). For sufficiently large energies, the usual
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Fermi gas expression for the total density of states (i.e including the spin
degeneracy) is used:
Jrexp (2 "»-"":”-L 7U')

gaz(E) = .
. ) 1/4 r75/.
12 a, U/

(3.7)

Here aa,z is the level density parameter and U = E -P(N)-P(Z), where P(N) and
P(Z) are the pairing corrections for neutron number N and proton number Z
respectively .

This parametrization is obtained by means of a saddle point approximation, and
is probably only valid up to T = 6 MeV. However, in the region up to T=4 MeV,
this parametrization is probably acceptable.

At lower energies, a suitable fit to the nuclear energy level density can be

obtained to the form

Vero

= exp (E - Eo)/,
(3.8)

gaz(E) =
with o the spin-dependence parameter. Values for the parameters a az35,Eo and
o, as well as the respective regions where (3.7) and (3.8) should be used, for a
large number of nuclei can be found in [9].
The nuclei used to determine the aforementioned coefficients can therefore be
three groups:
1). Nuclei where sufficient discrete states are known to allow the use of the
discrete spectrum at low energies and the Fermi gas expression (3.7) at higher
energies.
2). Nuclei where the discrete spectrum does not extend high enough for (3.7) to
be valid. For these nuclei, the discrete spectrum is used for low excitation
energies, followed by the exponential form (3.8) for intermediate energies and

finally the Fermi gas expression (3.7) at high energies.
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3). Nuclei where very little of the discrete spectrum is known. In these cases,
(3.8) is used for the low- and intermediate- excitation portions of the spectra and
(3.7) for the highly excited part.

All three groups are spread across the whole periodic table. The lower bound E,

on the integral in (3.6) is taken to be the energy at which (3.7) should become

/)

-

050 ‘,-‘

EAZT)

T (MeV)
Figure.3.1: Quadratic fit of the calculated binding energy of Xe (A=130) using
equation (3.4).
valid .The fit to the Xe data is representative of the fits obtained for other nuclei
(From [9]). For the first case above, 80% of the largest discrete energy level for
the second case above, and zero for the third case. For temperaturesup to T =4
MeV, the upper bound Enax =3 GeV was used. Increasing Enax has no effect on
the numerical results in this temperature range.
The coefficients in the mass formula have been determined by a least squares fit
of (3.5) to the ensemble average of the excitation energy
E(A Z2,T) = —(—} InZ(A,.2,T)
! G !
(3.9)
determined from a total of 313 nuclei in the mass region 22 < A < 250 for
temperatures T <4 MeV.
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The temperature dependence can be applied as suggested in [1]. The recently
developed Dynamical Cluster Decay Model (DCM)[5],[6],[8],[10]-[13] is used to
study heavy ion reactions at extreme conditions of temperature, deformation and
orientation etc. It is relevant to mention here that this model has been applied
successfully to study the decay of compound nuclei formed in light (*Cr*, *®Ni*),
intermediate ('"°Ba*) and heavy (***Bk*),(**’pb*) mass region [6], [8], [10]-
[14],[44]. It is well established that macroscopic liquid drop energy V.pu of the
reaction partners or decaying fragments play important role in the interaction
potential besides coulomb potential, proximity potential and rotational energy etc.
In recent calculations [14], it is shown that the complete mass spectra in decay of
excited *°Ni* or the intermediate mass fragments, IMFs in the decay of excited
""®Ba* have their origin in the macroscopic liquid drop energy (the shell effects
are almost zero at the excitation energies involved). Therefore, V|, pu certainly
plays a significant role in the decay process of a nuclear system. In order to
investigate the dynamics of a excited nuclear systems, the knowledge of
temperature dependence of macroscopic part of nuclear potential becomes
essential. This temperature dependent liquid drop potential can be calculated as
suggested by Davidson et. al. [1]. The predictions of this model find its basis in

the well-established semi- empirical mass formula of Seeger [2].

3.1.1 METHODOLOGY

The binding energy B of a nucleus at temperature T has been defined, within the

Strutinsky renormalization procedure, as the sum of liquid drop energy VLDM (T)

and shell correction 8U (T) i.e
B(T)=Viom(T)+8Uexp(T?/To%) (3.10)

The T dependent liquid drop part of the binding energy V.pm (T) or Ep is from

Davidson et al.[1], based on the semi-empirical mass formula of Seeger [2], as
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417 + 4)t¢|

A, 2.T) = ”ETH+ﬁiTJA”“+|:*r{T}—ﬂfJi a )
Z? 0.7636 2.29 f(A, Z)

tRmAE " m  ay aep) T e
(3.11)

where
|=aa(Z‘N), aa=1.0,

and, respectively, for even-even, even-odd, and odd-odd nuclei,

f(Z,A) = (-1, 0, 1).
a(T), B(T), v(T), n(T) and d(T)
For T = 0, Seeger [2] obtained the constants, by fitting all even-even nuclei and

488 odd-A nuclei available at that time, as

a(0) = -16.11MeV, B(0) = 20.21MeV,
y (0) = 20.65MeV, n (0) = 48.00MeV,

with the pairing energy term

6(0) = 33.0 MeV,
from Ref. [17]. Evidently, these constants need to be refitted since a large
amount of data has become available [15], [16] particularly for neutron-rich
nuclei. Gupta and collaborators [5], [6], [8] found that the measured binding
energies could be fitted within 1 to 1.5 MeV by changing the bulk constant a(0)
and introducing a proton, neutron asymmetry constant a,. These constants are
fitted for 1 < Z< 118.
The T-dependent constants in Eq. (3.11) were obtained numerically by Davidson
et al. [1] for the available experimental information on excited states of 313 nuclei
in the mass region 22 < A < 250 by determining the partition function Z(A,Z, T) of
each nucleus in the canonical ensemble and making a least squares fit of the
excitation energy.
Eex(A,ZT)=Vipm(A, Z, T) - Viom(A, Z, 0)
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to the ensemble average
Eex (A, Z, T) = T?(d/dT)[In Z (A, Z, T)]
The a(T), B(T), y (T), n(T) and &(T) thus obtained are given in Fig.3.1 of Ref.[18]
for T<4 MeV, extrapolated linearly for higher temperatures. For the bulk constant
a(T), instead, an empirically fitted expression to a Fermi gas model is used, as
a(T) = a(0) +(T%/15)

Also, the d(T) is constrained to be positive definite at all temperatures, with & (T
>2MeV ) =0. Finally, the analytical form used for Ry(T) is

Ro(T) = 1.07(1 + 0.01T).

3.2 Shell corrections and their temperature dependence

3.2.1 Role of shell structure

Effects of shell structure are important for all nuclei. Their role for the heaviest

ones is, however, essential as these nuclei would not exit without these effects

[35]. Figure 3.2. [34] illustrates shell effects in masses of heaviest nuclei. This is
the difference between the experimental value of mass and those calculated

within a model, which does not contain shell structure (e.g., liquid drop model).

0.0k ; Al : -

—20} Pu \_,j \/ =
" Cm \/ 104 -

Cf 106
-4.0F Y 1087
Fm oz .
I L | T 1 2—1 EI Lp | P—Lg .-l
130 140 138 148 146 144 154 152 154 158
M

Figure 3.2. shell effects in the masses of nuclei [62].
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E.n(MeV) (scale:1.0, min. in 3, A=2, 3, ..., 8)
T 1 T T T T T T ] T T T T
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| 1 | ! l
130 140 150 160 170 180 190
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Figure 3.3 Contour map of the ground-state shell correction energy Eg.. Crosses
denote the heaviest nuclei which were synthesized at the time, when the figure
was plotted [37].

exp

One can see that the shell effect, M ¥ — M, is negative (i.e. stabilizes the nuclei)
and decreases (increases in its absolute value) with increasing atomic number Z,
down to about -5 MeV for the heaviest even-even nuclei 2°° Sg (Z=106) and ***Hs
(Z=108), known at the time when the figure was drawn. The effect of the known
deformed shell at the neutron number N=152 is clearly seen in the results for Cf,
Fm and No (Z=102) isotopes. The experimental values M exp, available at the
time when the picture was done, have been taken from [34,36]

Similarly clear and large shell effects were found in other important properties of
heaviest nuclei, such as a-decay energy Q 4 and half-life T 4 or height of fission
barrier B ¢ [35]. An especially large effect, up to 15 orders of magnitude, appears
in the spontaneous-fission half-life T & [35].

A first orientation to in which regions of the nuclear chart the largest effects may
be expected is obtained from calculations of these effects. Figure 3.3 [37] shows

a contour map of shell correction Eg, to the ground-state energy (or mass ) of
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nuclei in a large region of nuclides with proton number Z=82-120 and neutron

number N= 126-190. One can see that Eg, has three minima in this region.

7 1 (a) SHE
114 b @
106

106

Figure.3.4. Regions of relatively long- lived heavy nuclei as believed earlier (a),

and expected presently (b) [38].
The first one, which is the deepest (Eg, = -14.3 MeV) is obtained for the doubly
magic spherical nucleus ?° Pb. The second one (E ¢, = -7.2 MeV) appears at the
nucleus 2% 108 46, Which is predicted [65,66] to be a doubly magic deformed
nucleus. The third minimum, with the same depth (E s, = -7.2 MeV) as that of the
second one, is obtained for the nucleus ?*® 114 45, which is close to the nucleus
298 114 144 predicted [39-41] to be a doubly magic spherical nucleus, the next one
to the last experimentally known double-magic 208 Pb,. Beside these three
minima, there appears a rather wide plateau around the nucleus 252 Fm, which
although having a smaller (in absolute value) shell correction (E sn = -5.2 MeV)
than the nucleus 270 108 (270 Hs), may be considered as a nucleus with closed
deformed subshells [42,43]
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One can also see in Fig 3.3 that some of the already synthesized nuclei profit by
6-7 MeV in their binding energy from the shell correction. Without this profit they
could not exist, as discussed in [35]

The appearance of the region of nuclei around the second minimum (deformed
super heavy nuclei) constitutes probably the main change in our view of stability
of heaviest nuclei in the whole history of SHE. Before this, it was believed for a
long time that spherical superheavy nuclei, predicted to be situated around the
third minimum, would constitute an island, separated from the usual peninsula of
relatively long-lived nuclei by an “ocean” of full instability. After the appearance of
deformed super heavy nuclei. This is qualitatively illustrated in fig .3.4 taken from
[38].

3.2.2 Shell corrections by Strutinsky method

For the shell corrections U in Eq. (10), since there is no microscopic shell model
known that gives the shell corrections for light nuclei, we use the empirical

formula of Myers and Swiatecki [19]. For spherical shapes,

SU =C [F(N)+ F(Z) - Ca™ (3.12)
[(A/2)*°]

With X =N or Z, Mi-1 < X < Mi and Mi as the magic numbers 2, 8, 14 (or 20), 28,
50, 82, 126 and 184 for both neutrons and protons. The constants C = 5.8 MeV
and ¢ = 0. 26. In this work, we refer to the use of magic numbers 14 or 20 as

MS14 or MS20 parameterizations.

3.2.3 Temperature dependent shell effects with a realistic

effective Hamiltonian

The study of thermal excitations in finite nuclei has received much attention since
there is great interest in nuclear properties far from the ‘ground’ state [22]. A

significant amount of work has been devoted both to schematic and realistic



descriptions at finite temperature within Hartree-Fork [23-25], field treatments
[26], and collective models [27-29].

Recently, realistic effective Hamiltonians have been adapted to the finite
temperature Hartree- Fock (FTHF) method [30]. Hereinefter , we will address the
role of finite temperature shell corrections in understanding the smooth and
fluctuating contributions to the free energy surfaces [31-33]. We also address the
consequences of self-consistency effects on the level density parameter.

Some of these temperature dependent effects have been investigated previously
[32-33] in a non-self-consistent scheme, namely, by assuming the constancy of
single particle energies over an extended temperature range. Although the
collapse of shell corrections has been shown to occur, and in the level density
parameter has also been observed in the calculations [32-33], the question about
the persistence of these results in a self-consistent treatment has not been
answered yet. Within the present approach, the answer to this question is
associated with the thermal sensitivity of surface related quantities.

This problem is investigated by performing calculations of shell corrections at
finite temperature within self-consistent finite temperature Hartree-Fock
descriptions of '® O and “° Ca.

Here we shall briefly review some aspects of the realistic effective interaction.
The effective Hamiltonian Hes consists of three two-body operators each
evaluated in a basis of harmonic oscillator states. First, there is the relative
kinetic energy operator acting between all nucleon pairs. Second, we include a G
matrix based on the Reid soft-core interaction and the lowest order folded
diagram for our no-core model space. Finally, the coulomb interaction between
protons is included; All the results reported here, unless specifically noted
otherwise, are obtained with this H ¢+ evaluated for the lowest six major oscillator
shells. The same model space was used extensively [30] to evaluate some
thermal properties of '® O and “°Ca .for the purposes of examining the role of
larger model spaces, we add a phenomenological single-particle Hamiltonian
acting on shells above the first six oscillator shells. This Hamiltonian consists of

the single-particle kinetic energy operator, a Woods-Saxon potential of strength-



60 MeV, diffuseness 0.6 fm, and radius 1.1 A ' fm. In addition, to achieve a
smooth matching with the HF spectrum at T=0, an additional overall positive shift
of 20 MeV was added to the diagonal terms of the phenomenological
Hamiltonian.

Following the notation of ref[30] , we treat H « in the FTHF approximation, which

is to minimize the free energy.

F=Hy-T5 (3.13)

where T is the temperature and S in the single-particle entropy

S=—S[fInf, +(1—F Jn(1—F],
» (3.14)

f v being the thermal occupation probabilities for fermions in orbitals labeled by v,

namely:
-1

l

f.= -11+exp

€, —H

T

(3.15)
The chemical potential p are determined separately for neutrons and protons and
e , are the self-consistent single-particle energies, which are the solutions of

FTHF equations,

hvi=e, |v), (3.16)
with
(a|h |BY=3ay |Haq|By)f, .
’ (3.17)
in this context, we can write the FTHF energy as:-
EHF:E‘?&J’F:J_% 2 {aﬁch[]aﬁ}fufa
o o
=32 ¢€afa-
a (3.18)

with this single particle basis, we can calculate finite temperature shell
corrections to the energy . The formalism has been presented in ref [33] and here
we shell follow the same procedure. We can therefore introduce a smooth energy

E=% J’_”m de g (elef (e)
" (3.19)



and a smooth entropy
§=-3 [" deg,(e) flelnfle)

+[1=fle)n[1—fle)]} ,

(3.20)
where
2
lel= ;ex - S
g y(m)i? P 14
M & =g,
* E ﬂImHIm ¥ L
m =0 (3.21)

is the smoothing function and f(e) are the fermion occupation numbers defined as
continuous functions of the energy e. consequently, we can write for the smooth
free energy the following expressions:

F=E-T5, (3.22)

and we can relate this quantity with the FTHF free energy, namely [33]

FHF=.IE+EF“!.” i
(3.23)

equation (23) is the finite temperature definition of the shell correction term 5F.h=u,
in full analogy with the zero temperature case, where for the energy we have

Eup=E +8E .
(3.24)

3.2.4 Results and discussion

The results for single particle energies, matrix elements of the effective
interaction, and related global thermodynamical quantities have been presented
in ref [30]. As well as new calculations in larger model spaces in order to obtain
the single-particle bases which are needed for the present estimates of shell
effects in '°0 and *°Ca as a function of temperature. The most striking feature
associated with temperature dependent effects, is the washing out of the spin-
orbit splitting as shown in fig 3.5. Note that for both nuclei the spin-orbit splitting
decreases by an amount between 30% and 50% as T increases from 0 to 6 MeV.

The collapse of spin-orbit splittings occur for levels both above and below the



Fermi energy. These results are in marked contrast with those obtained from the
Skyrme Hamiltonian [33-37], where virtually no T dependence of the single-

particle energies was reported in this temperature range.
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Figure 3.5:- self consistent spin-orbit splittings and gaps between shell centroids
¢ . for 16 O and 40 Ca as a function of temperature T. all results are for the

neutron single-particle energies.

Fitting of seeqger’s constants:-

Although Seeger’'s formula was quite successful in explaining the available
literature of its time (1961) but our knowledge regarding the understanding of
nuclear properties has grown, consequently the constants used in this model
need major revival in order to meet the present day requirements.

Actually the aim is not to fit the constants of LDM, but to include the temperature
dependence explicitely on the recent binding energies. Therefore, our group[44]
have fitted only the bulk a(0) and neutron proton asymmetry a, constants of
Seeger’s formula at T=0. This refitting of model parameters is extremely useful in
view of availability of enormous amount of binding energy data in [3],[4]. This
work has been partly done upto Z=56 in [5],[6],for experimental data provided at
that time [7]. But later refitted the bulk, a(0) and neutron proton asymmetry, a,
constants in reference to improved experimental data [3]. In the recent work not
only previous fittings are improved but also extended upto Z=118. the domain of

this work has been further extended for neutron deficient and neutron excess

\Y}



nuclides (for which experimental binding energies are not available). Such
nuclear systems have their own importance due to significant change in various
nuclear properties corresponding to these combinations. For these neutron
deficient/neutron excess nuclei calculations were made in reference to the
theoretical binding energies made available by Moller-Nix[4]. These fitted
constants have been successfully used in the recent calculations to study the
decay of heavy compound nucleus ?*® Bk* [8] formed in heavy ion reactions at
different incident centre of mass energies for two entrance channels ' B+ #*° U
and "N+ 22 Th, 22pp* formed in 48Ca+ 154Sm reaction [44].

Our group have refitted the seeger’s constant in reference to the experimental
binding energies [15] and the theoretical binding energies [16] (only for neutron
excess and neutron deficient nuclide for which experiment data is not available).
The constants required to be fitted are the bulk constant a(0), working as an
overall scaling factor, and the proton-neutron asymmetry constant a,, controlling
the curvature of the experimental parabola.

The role of these refitted constants is depicted in Figure 3.6 [15], [16] for Z=97
nuclides. The Figure 3.6 shows the excellent agreement between the present fits
(cross and down open triangle) corresponding to experimental data of [15] (solid
circles) and theoretical data [16] (open circle), respectively. The fits are obtained
between 0-1.5 MeV of the available binding energies (experimental and
theoretical). In Fig. 3.6 [15], [16] the calculated binding energies using Seeger's
constants are also shown (hollow square), stressing the requirement and extent

of fitting can clearly be anticipated.
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Chapter-4

Summery
The model parameters, bulk constant a(0) and the proton-neutron asymmetry

constant a; of Seeger’s formula at T=0 are refitted in view of availability of a
larger data set for binding energies. These fitted constants can be used in order
to understand the structure and dynamics related aspects of excited nuclear
systems.

Actually the aim of refitting these constants is simply to include the T-
dependence on experimental binding energies, and not to obtain the new
parameter set of V| pu. In view of this the readjustment in bulk constant a(0) and
the proton-neutron asymmetry constant a, enables us to obtain experimental
binding energies Bey,t Within <1.5 MeV accuracy. Actually this refitting of seeger’s
constants (1961) plays extremely useful role to establish temperature dependent
binding energies (macroscopic part of nuclear potential) in reference to Davidson
etel [1994] work. The availability of these refitted constants for large number of
nuclear isotopes extends a possibility to investigate the heavy ion reactions at
extreme conditions of temperature angular momentum, deformation and
orientation etc.

The table of refitted constants is uploaded in Thapar University library database.
These refitted constants are successfully applied to test the problems releted to
nuclear structure and dynamics for a variety of nuclear systems ranging from low
medium to heavy mass systems in recent times by our group and collaborators.

It is strongly anticipated that this bunch of refitted constants is extremely useful in
reference to present and future planned activities related to nuclear dynamics in
general and nuclear structure in particular. This thesis is an overview of
developments related to the temperature dependent potentials and its possible
relevance. | am extremely thankful to all the authors whose work is utilized and

reffered in order to achieve this task.



