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Do not the Unbelievers see that the heavens and the earth
were “‘rateq’ joined together (as one unit of creation),
before We "fateq"” clove (parted) them asunder? We

made from water every living thing. Will they not then
believe? (30) AL-ANBIYA (THE PROPHETS)

This version of holy Quran gives information about the
beginning of the universe. The heavens and the earth
contiguous with each other in the darkness do not see the
severity of thing. Both had been combined together as one
unit without any hole or distance between their constituents
"rateq". God, then, by His light, clove this rateq and the
separation between the heavens and the earth. The sky lifted
into place, and passed the earth in place, and the separation
by air between them.

Depending on nuclear and astronomical evidence,
scientists suggest that the baryonic matter (everyday
material) contributes only about 4% to the mass of the
universe. The rest is composed of dark matter and energy.

In my opinion, the one dark matter or an extremely dense
unique single constituent “Rateq” was the early phase of the
universe in the hand of Exalted Allah, then disintegrated or
spallated by His own power to form the early phase of the
Big Bang “Fateq” with cosmological inflation.

Prof. Dr. Khairi M-S. Abdullah
April/2014


http://www.usc.edu/schools/college/crcc/engagement/resources/texts/muslim/quran/021.qmt.html
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PREFACE

The thought of this text book originated from the
author’s research and academic experience in Iraqi Atomic
Energy Commission (IAEC) and various universities in Iraq
in departments of nuclear engineering and physics over
several years. Furthermore, the previous experience and
background of our students determined to a large extent the
level of the included material.

As a lecturer and researcher of nuclear physics in the
Department of Physics/University of Duhok, | noticed that
the majority of undergraduates ‘and to some extent
graduates’ have poor information in atomic physics and a
lack of knowledge of the physical background of quantum
mechanics. Chapter Five is devoted to relate the quantum
mechanics concepts and their terminologies with the nuclear
concepts. Integral parts of nuclear concepts and the
interaction of radiation with matter are essential to have
some knowledge of quantum mechanics to having full
command of the language of nuclear physics.

Accordingly, this book is intended for junior as well as
senior undergraduate courses, particularly for students who
have had previous contact with quantum mechanics. This
text can also be used in introductory graduate surveys of
nuclear physics. The book is based on two semester course
on nuclear physics (excluding particle physics) taught to
undergraduate juniors.

| have not tried to be rigorous or present proofs of all
statements in the text. Rather, | have taken the physical view
that it is more important that students see an overview of the
subject which for many ‘possibly the majority’ will be the
only time they study nuclear and particle physics. Therefore,
the first four chapters deal with nuclear properties and
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radioactive decay. As mentioned a particular attention has
been given to the discussion of the related nuclear concepts
of quantum mechanics in Chapter Five. The rest of the
chapters are devoted to the nuclear structure and interactions
of radiation with matter.

In fact, more than just a slight contact is required in
order to appreciate many of the subtleties | have infused into
the book. | hope that this effort will be of benefit for our
students.

Perfection is not attainable. It is an attribute of the
Almighty God. Therefore, | apologize for any drawbacks in
the text.

Finally 1 am grateful for the help of the University of
Duhok for adopting this book for publication.

Prof. Dr. Khairi M-S. Abdullah
University of Duhok-Iraq
April- 2014
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CHAPTER 1

INTRODUCTION TO NUCLEAR
PHYSICS

The atom is considered to be the basic building block of
all matter. It is the smallest amount of matter that retains the
properties of an element. Simple atomic theory tells us that it
iIs composed of smaller particles (that no longer have the
same properties as the overall element) and consists of two
main components: a nucleus surrounded by an electron
cloud. The situation seems similar in some respects to
planets orbiting the sun. From the electrical point of view,
the nucleus is said to be positively charged and the electrons
negatively charged.

1.1. Historical View of Nuclear Physics

Early Greek philosophers speculated that the earth was
made up of different combinations of basic substances, or
elements which are earth, air, water, and fire. Modern
science shows that the early Greeks held the correct concept
that matter consists of a combination of basic elements, but
they incorrectly identified the elements.

Later after the birth of Islam in the seventh century, the
great Arab philosophers and scientists found, inspiried by
the Holy Quran, answers to questions that Europe had hardly
began to ask. Amongst many, Arab scholars believed that
the world was round and the planets orbited the sun. They
discovered and named many elements (atoms) and chemical
compounds (molecules).



In 1661, the English chemist Robert Boyle published the
modern criterion for an element. He defined an element to
be a basic substance that could not be broken down into any
simpler substance after it was isolated from a compound, but
could be combined with other elements to form compounds.

The English chemist John Dalton was the first who
proposed the modern proof for the atomic nature of matter in
1803. Dalton stated that each chemical element possessed a
particular kind of atom and any quantity of the element was
made up of identical atoms of this kind. What distinguishes
one element from another element is the kind of atom of
which it consists, and the basic physical difference between
different kinds of atoms is their weight.

The decade from 1895 to 1905 may be termed the
beginning of modern physics; the investigators applied the
methods of experimental science to the problems of atom.
From their studies, they obtained the evidences needed to
raise the idea of atomism to the level of a full-fledged
scientific theory. During this period, Roentgen discovered
x-rays (1895), Becquerel discovered the phenomenon of
natural radioactivity (1896), J. J. Thomson succeeded in
demonstrating the existence of the electron, a fundamental
unit of negative electricity with very small mass (1897) and
the separation of the elements polonium and radium was
done by Pierre and Marie Curie (1898). To these
discoveries, we must add the bold hypothesis put forth by
Planck to explain the distribution of energy in the spectrum
of the radiation from a black body. Namely, that
electromagnetic radiation, in its interaction with matter, is
emitted or absorbed in whole units, called quanta of energy;
each quantum has energy E = hv where v is the frequency of
the radiation and h is the Planck constant. Einstein (1905),
in a treatment of the photoelectric effect, extended Planck's



hypothesis by showing that electromagnetic radiation, in its
interaction with matter, behaves as though it consists of
particles, called photons, each photon having an energy
E = hv. N. Bohr (1913) used this concept in his very
successful theory of the hydrogen atom. All these ideas led
to one of the most important developments of twentieth-
century physics, the quantum theory; this theory includes
guantum mechanics and the quantum theory of radiation
(1924-1928). Also during the same period (1905-1913) an
equally important change in the foundation of physics
resulted from the development of the theory of relativity by
Einstein.

Concerning nuclear physics, the history can be divided
into three periods. The first period started with the discovery
of the radioactivity of the nucleus and the subsequence
developments and ended in 1939 with the discovery of
fission by Hahn and Strassman as a result of attempts to
make transuranium elements of atomic number greater than
92 by bombardment of uranium with neutrons. The second
period from 1940 to 1969, nuclear physics witnessed
important developments in practical applications and
theoretical explanations, such as nuclear spectroscopy,
reactors and nuclear models. Finally, the emergence of a
microscopic unifying theory in the 1960°s allowed one to
understand the structure and behavior of protons and
neutrons in terms of the fundamental interactions of their
constituent particles, quarks and gluons. That period also
witnessed the identification of subtle non-classical
mechanisms in nuclear structure.

To date, 105 different elements have been confirmed to
exist, and researchers claim to have discovered three
additional elements. Of the 105 confirmed elements, 90 exist
in nature and 15 are man-made.



1.2. Subatomic Particles

For almost 100 years after Dalton established the atomic
nature of atoms, it was considered impossible to divide the
atom into even smaller parts. All of the results of chemical
experiments during this time indicated that the atom was
indivisible.

Eventually, experimentation into electricity and
radioactivity indicated that particles of matter smaller than
the atom did indeed exist. In 1906, J. J. Thompson won the
Nobel Prize in physics for establishing the existence of
electrons. Electrons are negatively-charged particles that
have 1/1836.153 the mass of the hydrogen atom. Soon after
the discovery of electrons, protons were discovered. Protons
are relatively large particles that have almost the same mass
as a hydrogen atom and a positive charge equal in
magnitude (but opposite in sign) to that of the electron.
Chadwick discovered the third subatomic particle (Neutron)
in 1932. The neutron has almost the same mass as the
proton, but it is electrically neutral.

1.3. Rutherford’s Model of the Atom

The British physicist Ernest Rutherford proposed in 1911
a new theory of the scattering of a-particles (helium nuclei)
by matter; based on a new atomic model and was successful
in describing the experimental results. This theory abolished
the suggestion made by Thomson in 1898, which was that
"atoms are simply positively charged lump of matter with
electrons embedded in them just like that raisins in a
fruitcake™ as shown in Fig. 1.1.



Spherical cloud
of positive charge

Electron

Thomson's Plum pudding model

Figure 1.1. Thomson’s model of atom.

Rutherford designed an experiment similar to that of
Fig. 1.2 where a-particle emitted behind a screen with a
small hole in it, so that a narrow beam of a-particles was
produced. This beam was then directed at a thin gold foil. A
zinc sulfide screen, which gives off a visible flash of light
when struck by an alpha particle, was set on the side of the
foil, replaced by a detector in Fig. 1.-2. What Rutherford
actually found was that although most of the a-particles
indeed were not deviated by much, a few were deflected in
very large angles. Some were even deflected in the
backward direction. He suggested that the deflection of an
a-particle through a large angle could be caused by a single
encounter with an atom rather than by multiple scattering.
He supposed that there is an electric field near an atom
which agreed well with this kind of experimental evidence.

Rutherford proposed a simple model of the atom, which
could provide such a field. He assumed that the positive
charge of the atom, instead of being distributed uniformly



throughout a region of the size of the atom, is concentrated
in a minute center or nucleus, and that the negative charge is
distributed over a sphere of radius comparable with the
atomic radius; Fig. 1.3 shows the structure within the atom.

Radium e %
B , —

/
\ /
\ y, Detector

. \ /
Lead shicld - A1phg particles ™~ —

Metal foil -

Figure 1.2. A novel apparatus for testing the angular
dependence of a-particle scattering.

Electrons

Hucleus
(Protons &
Hewtrons)

Figure 1.3. Rutherford’s model of atom.



1.4. Bohr’s Model of the Atom

In a series of epoch-making papers written between 1913
and 1915, the physicist Bohr developed a theory of the
constitution of atoms, which accounted for many of the
properties of atomic spectra and laid the foundations for
later research on theoretical and experimental atomic
physics. N. Bohr, coupling Rutherford's postulation with the
quantum theory introduced by Max Planck, proposed the
following postulates:

1- The atom consists of a dense nucleus of protons
surrounded by equal number of electrons traveling in
discrete circular orbits (stationary states) at fixed distances
from the nucleus, retaining their motion under the influence
of the Coulomb force without emission of radiation.

Since the Coulomb force between an orbiting electron
and the stationary positive nucleus of charge Ze is equal to
the centripetal force, we can find expressions for the total
orbital energy E of the electron at an orbital radius r:

Ze? mo
F=-k =T 1.1

where the force F is equal to the Coulomb force and the
centripetal force, respectively; k =1/47z, =8.99x10° N.m?/C°
is a Coulomb force constant, m is the rest mass of the
electron and v is the electron speed.

It is a standard procedure in electrostatic to the Coulomb
force Eq.1.1 to obtain the potential energy V of the electron:

Ze?
.

V = —k 1.2



The negative sign is present because the force is
attractive. The kinetic energy T iS%muz. Therefore the total

energy E, being the sum of the potential and Kkinetic
energies, is:

E:T+V=%muz—k—:—k— 1.3

2- The different possible stationary states of a system
consisting of an electron rotating about a positive nucleus
are those for which the orbits are circles determined by the
angular momentum L.

L=mor =nh 1.4

where n = 1, 2, 3... is a principle quantum number, and

h=h/2ris Planck’s constant, with h=6.63x10%)-s.

Egs.1.3 and 1.4 can be solved for the radius of the n'
orbit r,.

h

. n’h?
The radius of the allowed orbits are proportional to n?

and the radius of the smallest possible orbit (ground state) is

obtained by setting n = 1, with the known values of the other

quantities. For hydrogen Z = 1 the ground state radius called
the Bohr radius is:

hz 0
r— =0.529%10°m=0.529 A
' kmeé? Lo




The value of the radius from Eq.1.5 can be substituted
into EQ.1.3 to get an expression for the energy that depends
on known gquantities.

e mk?Z%e*
T L7
The ground state energy for hydrogen obtained by using
n=21and Z =1 in this equation is E; = -13.58 eV. This
energy is just the amount needed to ionize a hydrogen atom
and is sometimes denoted by E; for ionization energy. Then
the expression for the radius and energy of the n" level is:

r =n°r,, andE, =E; 1.8
n

3- Any emission or absorption of radiation will
correspond to a transition between two stationary states.

When an electron changes from one orbit n; to another n,
a photon is emitted whose energy is equal to the difference
in energy between the two orbits:

1 1
ho=E, -E =E| 5 ——
f i 1(“? n_z} 19

where v is the frequency of the emitted photon.

This equation for the frequency has exactly the same
form as Balmer's formula, which was found to represent the
lines of the Balmer’s series of the hydrogen spectrum.
Fig. 1.4 is Bohr's model of the hydrogen atom showing an
electron as having just dropped from the third shell to the
first shell with the emission of a photon that has energy = hv



(Lyman series). Hawever Bohr's theory was the first that
successfully accounted for the discrete energy levels of this
radiation as measured in the laboratory. Although Bohr's
atomic model is designed specifically to explain the
hydrogen atom, his theories apply generally to the structure
of all atoms.

The properties of the three subatomic particles are listed
in Table 1.1.

Figure 1.4. Bohr's model of the Hydrogen atom.

Table 1.1. Properties of subatomic particles.

Particle Location Charge Mass

Electron | Shells around nucleus| -ve | 0.0005486 u
Proton Nucleus +ve | 1.007277 u
Neutron Nucleus none | 1.008665 u

10



1.5. Measuring Units on the Atomic Scale

The size and mass of atoms are so small that the use of
normal measuring units, while possible, is often
inconvenient.

First, the conventional unit of mass, the kilogram, is
rather large for use in describing characteristics of nuclei.
For this reason, a special unit called the Atomic Mass Unit
(amu or u) is often used. This unit is defined as 1/12" of the
mass of the stable most commonly occurring isotope of
carbon, *C. In terms of grams, units of measure have been
defined for mass and energy on the atomic scale to make
measurements more convenient to express. One atomic mass
unit is equal t01.66 x 102" kg.

Second, the unit for energy is the electron volt (eV); the
electron volt is the amount of energy acquired by a single
electron when it falls through a potential difference of one
volt. Energy of one electron volt is equivalent to
1.602 x 10" joules.

Third, the unit of the size of the atom, comes from the
radii of nuclei and atoms, is Fermi (fm), where 1fm=10"" m
=10" cm.

1.6. Equivalence of Mass and Energy

The great theory of 20" century physics that is
indispensable to the development of atomic and nuclear
physics is the special theory of relativity proposed by
Einstein in 1905. The first applications of the relativity
theory depend on two closely related ideas. One idea is that
of the variation of mass of a particle with its velocity; the
second is that of the proportionality between mass and
energy, so that the mass can be considered to be as another

11



form of energy. Thus, the law of conservation of energy is
really the law of mass-energy. In normal every day
interactions, the amount of mass that is transferred into other
forms of energy (or vice versa) is such a tiny fraction of the
total mass that it is beyond our sensory perceptions and
measurement techniques. Thus, in a chemical reaction, for
example, mass and energy truly seem to be separately
conserved. In a nuclear reaction, however, the energy
released is often about a million times greater than in a
chemical reaction, and the change in mass can easily be
measured. The mass and energy are related by what is
certainly the best-known equation in physics:

E =mc? 1.10

In which E is the energy equivalent called mass energy of
mass m, and c is the speed of light.

A real understanding of this relationship can come only
from a careful study of the relativity theory that is beyond
the scope of this textbook. However, the main relationships
of the special theory of relativity will be discussed.

After the problem raised by the Michelson-Morley
experiment of propagation of light, Einstein interpreted their
negative results to mean that it is indeed impossible to detect
any absolute velocity through the ether. He deduced the time
as the fourth dimension and found the interdependence
between the space and time coordinates. One of the most
important concepts developed in the original formulation of
the relativity theory was the mass of a particle, as measured
by an observer, was a function of its velocity o relative to the
observer. The term relativistic mass m, was used for the
mass of a particle moving with relativistic speed, that is, a
speed comparable to the speed of light ¢ (3x10° m s™). The
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relativistic mass m was given in terms of mass m, of the
particle at rest by the equation.

\/1—02/02

The quantity mq is usually referred to as the rest mass of
the particle. One of the consequences of this equation is that
the relativistic mass approaches infinity as the velocity o
approaches the velocity of light c. Stated another way, no
material particle can move with velocity greater than c.

The wvariation of mass with velocity leads to
modifications of our ideas about energy. Because energy is
the integral of force with respect to distance, kinetic energy
T can be represented by the following expression:

m 1.11

T = ! Fds 1.12

where F is the component of the applied force in the
direction of the displacement ds, and s is the distance over
which the force acts.

Using the relativistic form of the second law of motion:

_ d(mv)
- dt

F 1.13

Then the expression for kinetic equation (Eq.1.12) becomes:

S d mU mo
T:I%dSZIVd(mU) 114
0

o

Now inserting Eq.1.11 for m we get:
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Integrating the last equation by parts, we get:
T =mc® —m,c? 1.16

This result states that the kinetic energy of a body is
equal to the increase in its mass consequent upon its relative
motion multiplied by the square of the speed of light. This
equation may also be interpreted as meaning that the rest
mass m is associated with an amount of energy mqc?, which
may be called the rest energy E, of the body. The total
energy E of the body is then the sum of the kinetic energy
and the rest energy, or:

E=T+m,c’=T + E,

m,Cc?

2
107
\/ c?
Hence, associated with a mass m, there is an amount of

energy mc?; conversely, to an energy E, there corresponds a
mass given by:

m = o2 1.18

The momentum associated with the transfer of energy is
another important consequence of the proportionality
between mass and energy. If a quantity of energy is
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transferred with a velocity o, we can write for the magnitude
of the associated momentum P:

pP=mvu= o2 1.19

Eq.1.17 is a first-order relation for the total energy. In
connection with  Eq.1.19, a second-order relation can be
found to express the total energy:

E?=c’p® +E 1.20
For electromagnetic radiation or light quantum (photon),

Eqg.1.19 can be applied to the energy and momentum carried
by the photon.

E=hv 1.21
p=Ec-E_hv_h 1.22
c? c c A '

where h is, Planck's constant,» and A are the frequency and
wavelength of the photon respectively.

In addition, its velocity is ¢. In Eq.1.22, the de Broglie
wave wavelength is defined as 1 = A/p.
Two limiting cases are worth mentioning.

1- Non-relativistic regime (Eo >>T), then:

h h
=(2m,T)"?, A= =
p=(2m,T) 2m,T)"? mup 1.23
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2. Extreme relativistic regime (T >> E;), her energy is
usually denoted as E rather than T, then:

p:E’ ﬂ,:E

o E 1.24

Eq.1.24 also applies to photons and neutrinos, which
have zero rest mass. The kinematical relations just discussed
are general. In practice, we can safely apply the non-
relativistic expressions to neutrons, protons, and all
nuclides, because their rest mass energies are always much
greater than any Kkinetic energies we will encounter. The
same is not true for electrons, since we will be interested in
electrons with energies in the MeV region. Thus, the two
extreme regimes do not apply to electrons, and one should
use Eq.1.20 for the energy-momentum relation.

The rest mass of the photon must be zero; otherwise the
mass of a photon traveling with the velocity of light would
be infinite, because the denominator of Eg.1.11 becomes
zero for v = c. Although the rest mass of a photon is zero,

the photon has a mass associated with its kinetic energy,

according to Eq.1.18. This mass is h—V, and corresponding to

C2

this mass is the momentum v .
C

It is often convenient in nuclear physics to use the energy
corresponding to one atomic mass unit (1 amu). This mass is
1.66x10%* g, or 931.5 MeV. Then for any particle, its total
energy is given by:

E (MeV) =m (u) x 931.5 1.25
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1.7. Nuclide Classifications

The total number of protons in the nucleus of an atom is
called the atomic number of the atom and is given the
symbol Z. The number of electrons in an electrically neutral
atom is the same as the number of protons in the nucleus.
The number of neutrons in a nucleus is known as the neutron
number and is given the symbol N. The mass number of the
nucleus is the total number of nucleons, that is, total number
of protons and neutrons in the nucleus. The mass number is
given the symbol A and can be found by sumof Z+ N = A.

Each of the chemical elements has a unique atomic
number because the atoms of different elements contain a
different number of protons. The atomic number of an atom
identifies the particular element.

Each type of atom that contains a unigue combination of
protons and neutrons is called a nuclide. Not all
combinations of numbers of protons and neutrons are
possible, but about 2500 specific nuclides with unique
combinations of neutrons and protons have been identified.
Each nuclide is denoted by the chemical symbol of the
element with the atomic number written as a subscript and
the mass number written as a superscript, as shown in
Fig. 1.5. Because each element has a unique name, chemical
symbol, and atomic number, only one of the three is
necessary to identify the element. For this reason, nuclides
can also be identified by either the chemical name or the
chemical symbol followed by the mass number (for
example, U-235 or uranium-235). Another common format
IS to use the abbreviation of the chemical element with the
mass number superscripted (for example, **U).
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Figure 1.5. Nomenclature for identifying nuclides.

Example:
State the name of the element and the number of protons,
electrons, and neutrons in the nuclides listed below:

1 10 14 114 239
1H1 5B! 7N’ 48Cd’ 94Pu

Solution:

The name of the element can be found from the Periodic
Table (refer to Chemistry Fundamentals Handbook) or the
Chart of the Nuclides (to be discussed later). The number of
protons and electrons is equal to Z. The number of neutrons
is equal to A-Z.

Nuclide  Element Protons  Electrons Neutrons

;H  Hydrogen 1 1 0
B Boron 5 5 5
“N  Nitrogen 7 7 7
tiCd  Cadmium 48 48 66
2Pu Plutonium 94 94 145
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1.7.1. Isotopes

Isotopes are nuclides that have the same atomic number
and are therefore the same element, but differ in the number
of neutrons. Most elements have a few stable isotopes and
several unstable, radioactive isotopes. For example, oxygen
has three stable isotopes that can be found in nature
(oxygen-16, oxygen-17, and oxygen-18) and eight
radioactive isotopes. Another example is hydrogen, which
has two stable isotopes (hydrogen-1 and hydrogen-2) and a
single radioactive isotope (hydrogen-3).

Different isotopes of the same element have essentially
the same chemical properties. The isotopes of hydrogen are
unique in that each of them is commonly referred to by a
unigue name instead of the common chemical element
name. Hydrogen-1 is usually referred to as hydrogen.
Hydrogen-2 is commonly called deuterium and symbolized
2,D. Hydrogen-3 is commonly called tritium and symbolized
3,T. It is convenient to use the symbols %H and 3 H for
deuterium and tritium, respectively.

1.7.2. Isobars

Isobars are those nuclides that have the same mass
number (A), but different numbers of protons and neutrons
(Z & N). A special case is, when two isobars have proton
and neutron numbers interchanged as in /X, , and %Y, ...,

they are called mirror nuclides, e.g.,(lg"o7 and 175N8).

1.7.3. Isotones

Isotones are those nuclides that have the same number of
neutrons (N), but different numbers of protons and mass
numbers (Z & A).
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1.8. Nuclear Radii and Densities

It is difficult to define exactly the size of an atom because
the electron cloud, formed by the electrons moving in their
various orbitals, does not have a distinct outer edge. A
reasonable measure of atomic size can be the average
distance of the outermost electron from the nucleus. Except
for a few of the lightest atoms, the average atomic radii are
approximately the same for all atoms, about 2 x 10 cm.
Like the atom, the nucleus does not have a sharp spherical
outer boundary.

Like any other object, the size and the shape of an object
iIs to examine the radiation scattered from it (taking its
photograph). To see the object and its details, the
wavelength of the radiation must be smaller than the
dimensions of the object; otherwise, the effects of diffraction
will partially or completely obscure the image. For nuclei
with a diameter of about 10 fm, we require A < 10 fm.
corresponding to p > 100 MeVlc. The experimental access
to obtain information on nuclei radii comes from scattering
particles (e, p, 7%,...) off the atomic nucleus with
appropriate energy. Electron scattering off nuclei is, for
example, one of the most appropriate methods to deduce
nuclear radii and charge distribution. Experiments have
shown that the nucleus is a shaped like a sphere with a
radius that depends on the atomic mass number of the atom
with the central nuclear charge and/or matter density is
nearly the same for all nuclei. Nucleons do not seem to
congregate near the center of the nucleus, but instead have a
fairly constant distribution out to the surface. Thus, the
number of nucleons per unit nuclear volume is roughly
constant.
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Nucleon density = 3 AR3 = Constant 1.26
=T
3

where: R= mean radius of the nucleus
A = atomic mass number
Calling Ry an elementary radius for a nucleon in the
nucleus, a most naive estimate is given for the nuclear
volume V=4/ 3nR3;

V = 4/37R,°A 1.27
or R=RAM 1.28

This relation describes the variation of the nuclear
radius, with a value of Ry = 1.2 fin when deducing a 'charge’
distributing radius, and a value of Ry = 1.4 fin for the full
'matter' distributing radius. The values of the nuclear radii
for some light, intermediate, and heavy nuclides are shown
in Table 1.2.

The table clearly shows that the radius of a typical atom
(e.g. 2 x 10® cm) is more than 25,000 times larger than the
radius of the largest nucleus.

Table 1.2 calculated values for nuclear radii.

Nuclide Radius of nucleus
iH 1.25%107*cm
B 2.69x10*cm
S Fe 4.78x10*cm
LOHf 7.01x10"°cm
o 7.74x10°cm
SoCf 7.89%10°Tm
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Experimental measurements as well as theoretical
calculations based on quantum mechanics give the most
detailed descriptions of the complete nuclear charge and
matter distribution. A corresponding typical profile is a
Fermi or Woods-Saxon shape, described by the expression:

Lo

Lret " +29

pch (r) =

Here po is the central density which has a value in the
range 0.08-0.06 for medium to heavy nuclei and decreases
slowly with increasing mass number. a = 0.524 fm describes
the diffuseness of the nuclear surface.

Fig. 1.6 shows how diffuse the nuclear surface appears to
be. The charge density, in unit efm™ is roughly constant out
to a certain point and then drops relatively slowly to zero.
The distance, over which this drop occurs is nearly
independent of the size of the nucleus, and is usually taken
to be constant, the distance over which the charge density
falls from 90% of its central value to 10% is defined as skin
thickness t, its value is approximately 2.3 fm.

A useful quantity to determine the relationship between
the nuclear radius and mass number, based on electron
scattering result is the mean square charge distribution
radius:

(r*) =Tr2pch (r)dr 1.30
0

Then by solving the Schrddinger (or Dirac) equation
using a Hamiltonian that includes the full electromagnetic
interaction and using nuclear wavefunction or the so-called
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Born approximation, the mean square charge radius for
medium and heavy nuclei is given approximately by:

(r?) = 0.94A7 fm? 131

The nucleus is often approximated by a homogeneous
charge sphere. The radius R of this sphere is then quoted as
the nuclear radius. The relation of this to mean square radius

1 2 5 2 "
ISR :§<r >, so that:

Ry = 1.25 A¥ fm 1.32

On the other hand, to determine the nuclear matter
density, instead of an electron, a strongly interacting particle
(Hadron) has to be used as a projectile. At high energies, the
nucleus behaves more like an absorbing sphere (elastic
scattering is only a small part of interaction). In this case, the
incident particle of momentum p will have an associated
quantum mechanical wave of wavelength A = 4/p (as will be
seen in Chapter 5) and will suffer diffraction-like effects, as
in optics, that is to say, we are dealing with the nuclear
strong interaction (neglecting coulomb interaction).

Taking the presence of neutrons into account by
multiplying pen(r) by A/Z, we find an almost identical
nuclear matter density in the nuclear interior for all nuclei,
I.e. the decrease in po with increasing A is compensated by
the increase in A/Z with increasing A. The interior nuclear
density, given by:

Pmat = nucleon density X mass of nucleon
pmat = 0.17 nucleons/fm* =~ 2.845%10"" kg/m®, 1.33
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is independent of A, and this density is approximately 10**
times normal matter density and expresses the highly packed
density of nucleus.

0.10

0.08

0.06

0.04

0.02

Charge density (e fm™)

Radial distance (fm)

Figure 1.6. Radial charge distributions p, of various
nuclei.

1.9. Forces in the Nucleus

In the Bohr’s model of the atom, the nucleus consists of
positively charged protons and electrically neutral neutrons.
Since both protons and neutrons exist in the nucleus, they
both referred to as nucleons. One problem that the Bohr’s
model of the atom faced was accounting for an attractive

24



force to overcome the repulsive force between protons
inside the nucleus.

The two classical forces present in the nucleus are
(1) electrostatic forces between charged particles and
(2) gravitational forces between any two objects that have
mass. It is possible to calculate the magnitude of the
gravitational force and electrostatic force based upon
principles from classical physics. However, to bind the
nucleus together, there must be a strong attractive force of
totally different kind, strong enough to overcome the
repulsive force of the positively charged nuclear protons and
to bind both protons and neutrons into this tiny volume.

1.9.1. Gravitational force

Newton stated that the gravitational force between two
bodies is directly proportional to the masses of the two
bodies and inversely proportional to the square of the
distance between the bodies. This relationship is shown in
the equation below:

Gm,m
Fo=—"" 1.34

where:
F, = gravitational force (Newton)
m; = mass of first body (kilogram)
m, = mass of second body (kilogram)
G = gravitational constant (6.67 x 10™* N-m%/kg?)
r = distance between particles (meter)

The equation illustrates that the larger the masses of the
objects are or the smaller the distance between the objects is,
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the greater the gravitational force is. Therefore, even though
the masses of nucleons are very small, the fact that the
distance between nucleons is extremely short may make the
gravitational force significant. It is necessary to calculate the
value for the gravitational force and compare it to the value
for other forces to determine the significance of the
gravitational force in the nucleus. The gravitational force
between two protons that are separated by a distance of
10" meters is about 10"** Newtons.

1.9.2. Electrostatic force

Coulomb's Law can be used to calculate the force
between two protons. The electrostatic force is directly
proportional to the electrical charges of the two particles and
inversely proportional to the square of the distance between
the particles. Coulomb's Law is stated in terms of the
following equation.

F = K?ZQZ 1.35

where:
F. = electrostatic force (Newton)
K = 1/4me,, electrostatic constant (9.0 x 10° N-m*/C?)
Q. = charge of first particle (coulomb)
Q. = charge of second particle (coulomb)
r = distance between particles (meter)

Using this equation, the electrostatic force between two
protons that are separated by a distance of 10?° meters is
about 10" Newtons. Comparing this result with the
calculation of the gravitational force, (10 Newton) shows
that the gravitational force is so small that one can neglect it.
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1.9.3. Nuclear force

If only the electrostatic and gravitational forces existed in
the nucleus, it would be impossible to have stable nuclei
composed of protons and neutrons. The gravitational forces
are much too small to hold the nucleons together compared
to the electrostatic forces repelling the protons. Since stable
atoms of neutrons and protons do exist in nature, there must
be other attractive force acting within the nucleus; this force
iIs called the nuclear force.

The nuclear force is a strong attractive force that is
independent of charge. It acts only between pairs of
neutrons, pairs of protons, or a neutron and a proton. The
nuclear force has a very short range; it acts only over
distances approximately equal to the diameter of the nucleus
(10™ m), even less. The attractive nuclear force between all
nucleons drops off with distance much faster than the
repulsive electrostatic force does between protons. As will
be seen in the next section, the nuclear force can be divided
into three families of interactions due to a strong force that
binds quarks together to form neutrons and protons.

In stable atoms, the attractive and repulsive forces in the
nucleus are balanced. If the forces do not balance, the atom
cannot be stable, and the nucleus will emit radiation in an
attempt to achieve a more stable configuration. Table 1.3
summarizes the behavior of each force.
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Table 1.3 Forces acting in the nucleons.

Force Interaction Range

Gravitational | very weak attractive relatively
force between all nucleons| long

Electrostatic | strong repulsive force relatively
between protons long

Nuclear force| strong attractive force |extremely
between all nucleons short

1.10. Elementary Particles

It is hard to define elementary particle, but one can define
it as 'that particle which has no internal constitution
(construction) when bounded (not free)'.

As the scattering experiments technologies, as well as the
guantum mechanics theory developed in early 1950s, very
large numbers of unstable particles with very short lifetime
have been discovered. This immerged in the mid 1960s in
the form of QUARK model, by M.Gell-Mann. He postulated
that new bounded particles were of three families of more
fundamental physical particles called quarks. Each quark is
characterized by its mass, electric charge and its spin.

Three nuclear interaction forces (Nuclear Force) can
belong to three families of elementary particles. These
different particles are responsible for the nuclear interaction
phenomena. The three nuclear forces are.
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1- Electromagnetic interaction force.

The most familiar elementary particle is the electron,
which we know is bound in atom by the electromagnetic
interaction, where the interaction force is transmitted
discontinuously by the exchange of the PHOTONS; a
particle of zero mass and zero charge. This interaction is
described by a highly successful theory called Quantum
Electrodynamics QED.

2- Strong nuclear interaction force.

It is responsible for binding the nucleus. It is a short-
range force whose magnitude is independent of the type of
nucleon, proton or neutron (charge independent). This force
acts by the exchange of MESONS elementary particles.

The theory that describes the strong interactions, that is,
the force that acts between quarks, is called Quantum
Chromodynamics QCD, this force is repulsive at very short
range as well as being attractive at greater nucleon-nucleon
distances; this keeps the nucleons in the nucleus packed
together but not mashed together.

3- Weak nuclear interaction force.

The weak force is a short-range force responsible for all
kinds of decays (Beta, neutron decays ...) by the exchange
of BOSONS elementary particles.

1.10.1. Mesons

Are elementary particles that carry the nuclear force
between nucleons, having a mass-energy of the order 200
MeV, and an integer spin momentum S=0. Free meson can
be produced in nucleon-nucleon collisions and then decay

29



rapidly to lighter mesons or photons within a very short
decay lifetime of order 10— 107%s.
The families of mesons are.

1- m-mesons (PIONS) are the lightest member of spin
momentum s = 0, mass about 270 times the mass of
electron, and the rest mass energy m,c®> = 140 MeV.
Pions exist in three forms, which are n* (of positive
charge), = (of negative charge), and n° (neutral). The
maximum range of mesons rp. can be computed by
Heisenberg uncertainties, to be.

h 719
rmax:mC:mcz 1.36

T

rmax = 197 MeV.fm/ 140 MeV = 1.4 fm

2- Bosons are massive mesons and accordingly are of
shorter range, with integer spin momentum s = 1or 2. The
common types of bosons which contribute to nuclear
force are.

n meson m,c*= 549 MeV
B meson mgc’>= 5278 MeV
® meson m,c’>= 782 MeV

Some other elementary particles, which are now
considered to be a small member of physical entities,
include quarks, (electron, neutrinos called Leptons), photon,
and nucleons called Baryons, and more others.
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Problems

1-1 What was the minimum distance to which the 7.69 MeV
alpha particles could approach the center of the gold nuclei
in Rutherford’s experiments?

1-2 What is the largest quantum number of the atomic state
of the Li*? ion with an orbital radius less than 50 A°?

1-3 Hydrogen atoms in states of high quantum number have
been created in the laboratory and observed in space. They
are called Rydberg atoms. a- Find the quantum number of
the Bohr orbit in a hydrogen atom whose radius is 0.01 mm.
b- What is the energy of a hydrogen atom in this state?

1-4 An electron collides with a hydrogen atom in its ground
state to the excited state of n = 3. How much energy was
given to the hydrogen atom in this inelastic collision (kinetic
energy is not conserved)?

1-5 What is the orbital velocity of the electron in the excited
state of the problem 1.4?

1-6 What is the wavelength and momentum of a photon of
lowest energy in the Ballmer series of hydrogen?

1-7 Calculate the ratio of the mass of a particle to its rest
mass when the particle moves with speeds that are the
following fractions of the speed of light: 0.2, 0.5, 0.8, 0.9,
0.95, and 0.99.
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1-8 Derive the following useful relationships concerning the

relativistic properties of moving particles:
a- (Pc)®=(mc*)?-(mc*)?® b- P= E,IT2 +2m,c’T
c
1

c— m, =—+E*-(Pc)’ b- T:\/(mocz)2+(Pc)2 -m_ ¢’

C

1-9 The speed of a proton is increased from 0.2c to 0.4c, by
what factor does its kinetic energy increase? Now if the
speed is doubled again to .8c, by what factor does the kinetic
energy increase now?

1-10 Derive Eq.1.25.

1-11 A stationary body explodes into two fragments; each
has mass 1.0 Kg that move apart at speeds of 0.6c relative to
the original body. Find the mass of the original body.

1-12 Suppose two photons, each of energy 0.5 MeV, collide
to form a particle, find the mass of that particle. If the
velocity of the formed particle is 0.8c, what is its rest mass?

1-13 The greater the atomic number Z of an atom is, the
larger its nucleus is and the closer its inner electrons are to

the nucleus. Compare the radius of the %,U nucleus with the
radius of its innermost Bohr orbit.

1-14 Estimate the nuclear radius of the ground state of the
following isotopes %5;Sb,51n . What are their cross-sectional
areas?
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1-15 Using the Roc A'® observation, estimate the average
mass density of a nucleus in (kg/m®) and compare with the
atomic density of hydrogen.

1-16 What is the charge density of the nucleus in a boron-10
and uranium-238 atoms? Compare your results with their
material densities.

1-17 Determine the expected (possible) location of the
following elementary particles: a- proton, b- n meson,
c- m=0.05 u.

1-18 How much energy would a proton particle need in
order to “just touch” the nuclear surface in a gold foil?

1-19 Find the expected elementary particle mass energy that
may be responsible for the K-capture in the following

isotopes; ;H,">/Gd .
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CHAPTER 2
PERTINENT NUCLEAR PROPERTIES

2.1. Neutron - Proton Ratios

A nuclear species is characterized by its number of
protons Z and number of neutrons N. There are thousands of
combinations of N and Z that lead to nuclei that are
sufficiently long-lived to be studied in the laboratory. The
large number of possible combinations of neutrons and
protons is to be compared with the only 100 or so elements
characterized simply by Z.

Fig. 2.1 shows the distribution of the world nuclides
plotted on the same axes as the Chart of the Nuclides. Most
nuclei are unstable, i.e., radioactive. Generally, for each
A = N + Z there is only one or two combinations of (N, Z)
sufficiently long-lived (or stable) to be naturally present on
earth in significant quantities. These nuclei are the black
squares in Fig. 2.1 that define the bottom of the valley of
stability.

As the mass numbers become higher, the ratio of
neutrons to protons in the nucleus becomes larger. For
example, helium-4 (2 protons and 2 neutrons) and oxygen-
16 (8 protons and 8 neutrons); this ratio is unity. While for
indium-115 (49 protons and 66 neutrons), the ratio of
neutrons to protons has increased to 1.35, and for uranium-
238 (92 protons and 146 neutrons), the neutron to proton
ratio is 1.59.

Generally speaking, when we examine the characteristics
of stable nuclei, we find that for A < 40, the number of
protons equals the number of neutrons (N = Z), as “Ca.
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However, beyond A = 40, stable nuclei have N ~ 1.7Z,
namely, neutrons far outnumber protons (see Fig. 2.1). This
can be understood from the fact that, in larger nuclei, the
charge density, and therefore the destabilizing effect of
Coulomb repulsion, is smaller when there is a neutron
excess.

>

proton number Z

stable nuclei

e
it
: known nuclei

neutron number N  drip line

2 8
Figure 2.1. Neutron - Proton Plot of the world Nuclides.

Furthermore, a survey of the stable nuclei (see Table 2.1)
reveals that even-even nuclei are the ones most abundant in
nature. This again lends support to the strong-pairing
hypothesis, namely that pairing of nucleons leads to nuclear
stability.

In Fig. 2.1, the black squares are long-lived nuclei
present on earth. Unbound combinations of (N, Z) lie outside
the lines marked 'last proton/neutron unbound' which are
predicted to be unbound. Most other nuclei are B-decay or a-
decay to stable nuclei.
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Table 2.1. Number of stable nuclei in nature.

N Z Number of stable nuclei
Even Even 156
Even Odd 48
Odd Even 50
Odd Odd 5

If a heavy nucleus were to split into two fragments, each
fragment would form a nucleus that would have
approximately the same neutron-to-proton ratio as the heavy
nucleus. This high neutron-to-proton ratio places the
fragments below and to the right of the stability curve
displayed by Fig. 2.1. The instability caused by this excess
of neutrons is generally rectified by successive beta
emissions, each of which converts a neutron to a proton and
moves the nucleus toward a more stable neutron-to-proton
ratio.

2.2. Chart of the Nuclides

A tabulated chart called the Chart of the Nuclides,
National Nuclear Data Center, http://www.nndc.bnl.gov/chart/,
lists the world stable and unstable nuclides in addition to
pertinent information about each one. Fig. 2.2 shows a small
portion of a typical chart. This chart plots a box for each
individual nuclide, with the number of protons (Z) on the
vertical axis and the number of neutrons (N =A - Z) on
the horizontal axis.
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http://www.nndc.bnl.gov/chart/

The completely white squares indicate stable isotopes.
Those in gray (colored in the original chart) squares are
artificially radioactive, meaning that they are produced by
artificial techniques and do not occur naturally. By
consulting a complete chart, other types of isotopes can be
found, such as naturally occurring radioactive types (but
none are found in the region of the chart that is illustrated in
Fig. 2.2).

Located in the box on the far left of each horizontal row
is general information about the element. The box contains
the chemical symbol of the element in addition to the
average atomic weight of the naturally occurring substance
and the average thermal neutron absorption cross section.
The known isotopes (elements with the same atomic number
Z but different mass number A) of each element are listed to
the right.

The chart of nuclides is very useful in determining the
different radioactive decays, and allows visualizing entire
decay chains in the effective fashion. The different
radioactive decays can easily be connected with movement
in the chart, e.g. alpha-decay corresponds to two-left, two-
down, beta(-ve) decay corresponds to one-left, one-up, and
beta(+ve) decay corresponds to one-right, one—-down, as
shown in Fig. 2.3,

2.2.1. Information for stable nuclides

For the stable isotopes, in addition to the symbol and the
atomic mass number, the number percentage of each isotope
in the naturally occurring element (the abundance) is listed
in the chart of nuclides, as well as the thermal neutron
activation cross section and the mass in atomic mass units
(u) may be available.
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2.2.2. Information for unstable nuclides

For unstable isotopes the additional information includes
the half-life, the mode of decay (for example, B, a), the total
disintegration energy in MeV (million electron volts), and
the mass in u when available.

2.3. Natural Abundance of Isotopes

The relative abundance of an isotope in nature compared
to other isotopes of the same element is relatively constant.
The chart of the nuclides presents the relative abundance of
the naturally occurring isotopes of an element in units of
atom percent. Atom percent is the percentage of the atoms of
an element that are of a particular isotope. Atom percent is
abbreviated as a/p.

For example, if a cup of water contains 8.23 x 10** atoms
of oxygen, and the isotopic abundance of oxygen-18 is
0.20%, there are 1.65 x 10% atoms of oxygen-18 in the cup.

The atomic weight for an element is defined as the
average atomic mass of the isotopes of the element. The
atomic weight for an element can be calculated by summing
the products of the isotopic abundance of the isotope with
the atomic mass of the isotope.

Atomic weight =Y a/p -~ atomic mass of isotope 2.1

Isotopes

Example:

Calculate the atomic weight for the element lithium.
Lithium-6 has an atom percent abundance of 7.5% and an
atomic mass of 6.015122 u. Lithium-7 has an atomic
abundance of 92.5% and an atomic mass of 7.016003 u.
Solution:
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Atomic weight (Lithium) = (0.075)(6.015122 u)+(0.925)(7.016003 u)
= 6.9409 u

The other common measurement of isotopic abundance is
weight percent (w/o). Weight percent is the percentage
weight of an element that is a particular isotope. For
example, if a sample of material contained 100 kg of
uranium that was 28 w/o uranium-235, 28 kg of “*U was
present in the sample.

The atomic percentage of isotopes can be changed
artificially in processes called enrichment processes because
they selectively increase the proportion of a particular
isotope. The enrichment process typically starts with feed
material that has the proportion of isotopes that occur
naturally.

Natural uranium mined from the earth contains the
isotopes U, U and #*U. The majority (99.2745%) of all
the atoms in natural uranium are 28U. Most of the remaining
atoms (0.72%) are ***U, and slight traces (0.0055%) are
2%U. Although all isotopes of uranium have similar
chemical properties, each of the isotopes has significantly
different nuclear properties. The isotope **°U is usually the
desired material for use in reactors.

A vast amount of equipments and energy are expended in
processes that separate the isotopes of uranium. The details
of these processes are beyond the scope of this book. The
process results in two types of uranium, the natural uranium
ore is 0.72 a/o ***U. The desired outcome of the enrichment
process is to produce enriched uranium. Enriched uranium is
defined as uranium in which the isotope **U has a
concentration greater than its natural value. The enrichment
process will also result in the byproduct of depleted
uranium. Depleted uranium,, is defined as uranium in which
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the isotope “*U has a concentration less than its natural
value. Although depleted uranium is referred to as a by-
product of the enrichment process, it does have uses in the
nuclear field and in commercial and defense industries.

2.4. Mass Defect and Binding Energy

The separate laws of conservation of mass and
conservation of energy are not applied strictly to the nuclear
level. It is possible to convert between mass and energy.
Instead of two separate conservation laws, a single
conservation law states that the sum of mass and energy is
conserved. Mass does not magically appear and disappear at
random. A decrease in mass will be accompanied by a
corresponding increase in energy and vice versa.

Before going on the discussion of mass defect and
binding energy, it is convenient to introduce a conversion
factor derived by the mass-energy relationship from
Einstein's Theory of Relativity.

Einstein's famous equation relating mass and energy is
E = mc® (Eq.l.1) where ¢ is the velocity of light
(c = 2.998 x 10° m/sec). The energy equivalent of 1 u can be
determined by inserting this quantity of mass into Einstein's
equation and applying conversion factors.

E = mc?
= 1u{1.6606x10%'kg/1u} {2.998%x10°m/sec}?

(1N/1kg.m/sec?)(1J/1N.m)
= 1.4924x10™° J{1 MeV/1.6022x10™** J}

= 931.5 MeV

41



2.4.1. Mass defect

Careful measurements have shown that the mass of a
particular atom or isotope is always slightly less than the
number of nucleons (sum of the individual neutrons and
protons) of which the atom consists. The difference between
the atomic mass of the atom and the total number of
nucleons (A) in the nucleus is called the mass defect or mass
excess (Am). The mass defect can be expressed in terms of
atomic mass units and/or in terms of energy as:

Am = M(Z,N)—A u 2.2a
Am = {M(Z,N) — A}931.5 MeV 2.2b

where:  4m = mass defect (u or MeV)
M (Z, N) = mass of nuclide 2X (u)
A = mass number

In calculating the mass defect, it is important to use the full
accuracy of mass measurements because the difference in
mass is small compared to the mass of the atom. Rounding
off the masses of atoms and particles to three or four
significant digits prior to the calculation will result in a
calculated mass defect of zero.

Example:
Calculate the mass defect for lithium-7. The mass of 'Li
is 7.016003 u.

Solution:
Apply Eg. 2.2a Applying Eq. 2.2b
Am =7.016003 -7 Am = (7.016003 -7)931.5
= 0.016003 u =14.9067945 MeV
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2.4.2. Binding energy

Binding energy is defined as the amount of energy that
must be supplied to a nucleus to completely separate its
nuclear particles (nucleons). It can also be understood as the
amount of energy that would be released if the nucleus was
formed from the separate particles.

Since 1 u is equivalent to 931.5 MeV of energy, the
binding energy can be calculated by the mass difference
between the nucleus and the sum of those of the free
nucleons, including the mass of electrons associated with
protons.

BE(Z,A) ={Zm, + Zm, + (A— Z)m, — M(Z,N)}c? 2.3a
or
BE(Z,A) = {Zmy + Nm,, — M(Z,N)}931.5 MeV  2.3b
m, = mass of proton (1.0072764 u)
m, = mass of neutron (1.008665 u)
me = mass of electron (0.000548597 u)
my = m, +m, = mass of hydrogen atom = (1.007825 u)

Appendix Il tabulates, in addition to some other usefull
informations, the atomic weight of all elements and the mass
defect in MeV of all important isotopes. These values can be
used to find the atomic mass of each isotope.

Example:

Calculate the mass defect and binding energy for
uranium-235. One uranium-235 atom has a mass of
235.043924 u.

Solution:
Step 1: Calculate the mass defect using Equation (2.2)
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Am= {M(Z,N)-A}931.5 MeV
= (235.043924 — 235)931.5 = 40.9152 MeV

Step 2: Use the mass defect and Equation (2.3) to calculate
the binding energy.
BE = {Zmy + Nm,, — M(Z,N)}931.5 MeV
= {[92(1.007826 u) + (235-92)1.008665 u]
- 235.043924}931.5

BE =1.91517 u x931.5 MeV/u = 1784 MeV

2.4.3. Separation energy

The useful and interesting property of the binding energy
Is the neutron and proton separation energies. The neutron
separation energy S, is the amount of energy required to

remove a neutron from a nucleus, ;' X (sometimes called the
binding energy of the last neutron). This is equal to the
difference in binding energies between 2 X and*;'X .

S, = BE (2X)—BE (X)) 2.4
Sh={M ("} X) =M (X )+ my}c 2.5

Similarly one can define proton separation energy S, as
the energy needed to remove a proton from a nucleus X
(also called the binding energy of the last proton) which
convert to another nuclide,25Y and can be calculated as
follows.

S, =BE (;X)-BE (%) 2.6

Sy ={M (;2Y)-M (X)) +m (H)} ¢ 2.7
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The Hydrogen mass appears in this equation instead of
proton mass, since the atomic mass is m (*H) = Mmp + Me.
The neutron and proton separation energies are analogous to
the ionization energies in atomic physics, in terms of the
binding of the outermost valance nucleons. Just like the
atomic ionization energies, the separation energies show
evidence for nuclear shell structure that is similar to atomic
shell structure.

2.4.4. Binding energy per nucleon

As with many other nuclear properties that will be
discussed in the coming sections, we gain valuable clues to
nuclear structure from a systematic study of nuclear binding
energy. As the number of particles in a nucleus increases,
the total binding energy also increases. The rate of increase,
however, is not uniform. This lack of uniformity results in a
variation in the amount of binding energy associated with
each nucleon within the nucleus. In other wards since the
binding energy increases more or less linearly with atomic
mass number A, it is convenient to show the variation of the
average binding energy per nucleon, BE/A as function of A.
Fig. 2.4 shows the average BE/A as plotted versus atomic
mass number A.

Fig. 2.4 illustrates that as the atomic mass number
increases, the binding energy per nucleon increases almost
linearly for light elements (except for 3He, 8Be, '2C,150),
then rapidly for A < 60 reaches a maximum value of
8.79 MeV at A = 56 (close to iron) and decreases to about
7.6 MeV for A = 238. The average BE/A of most nuclei is,
to within 10%, about 8 MeV.

The general shape of the BE/A curve can be explained
using the general properties of nuclear forces. Very short-
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range attractive nuclear forces that exist between nucleons
hold the nucleus together. On the other hand, long-range
repulsive electrostatic (coulomb) forces that exist between
all the protons in the nucleus are forcing the nucleus apart.
So the nuclear forces are very short range of the order of the
diameter of one nucleon, or they saturate to pairs of
nucleons (two protons and two neutrons) to form a-cluster.
This is clear in light stable nuclei for A <20 where the sharp
rise appear to be off the curve. Those specific light stable
nuclei are 3He, $Be, '2C, 150 . This is due to the fact of
higher BE/A of 3He particle (or a-cluster) bounded in the
nucleus and the other (A = 4n nuclei for n=1, 2 ...) stable
nuclei for A < 20 compared to their neighbors. In other
words, the 4n nuclei for n=1, 2, .. trend to make a-particles.
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Figure 2.4. Binding Energy per Nucleon vs. Mass Number.
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As the atomic number and the atomic mass number
increase, the repulsive electrostatic forces within the nucleus
increase due to the greater number of protons in the heavy
elements. To overcome this increased repulsion, the
proportion of neutrons in the nucleus must increase to
maintain stability. This increase in the neutron-to-proton
ratio only partially compensates for the growing proton-
proton repulsive force in the heavier, naturally occurring
elements. Because the repulsive forces are increasing, less
energy must be supplied, on the average to remove a
nucleon from the nucleus. The BE/A has decreased.

The BE/A of a nucleus is an indication of its degree of
stability. Generally, the more stable nuclides have higher
BE/A than the less stable ones. The increase in the BE/A as
the atomic mass number decreases from 260 to 60 is the
primary reason for the energy liberation in the fission
process. In addition, the increase in the BE/A as the atomic
mass number increases from 1 to 60 is the reason for the
energy liberation in the fusion process, which is the opposite
reaction of fission.

The heaviest nuclei require only a small distortion from a
spherical shape (small energy addition) for the relatively
large coulomb forces forcing the two halves of the nucleus
apart to overcome the attractive nuclear forces holding the
two halves together. Consequently, the heaviest nuclei are
easily fissionable compared to lighter nuclei.

2.5. Mass Spectroscopy

Binding energies may be calculated if masses are
measured accurately. One way of doing this is by using the
techniques of mass spectroscopy. The principle of the
method is shown in Fig. 2.5.
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All mass spectroscopes begin with ion source region,
which produces a beam of ionized atoms or molecules.
Often a vapor of the material under study is bombarded with
electrons to produce ions; in other cases, the ions can be
formed as a result of a spark discharge between electrodes
coated with the material. lons emerging from the source
have broad range of velocities, as might be expected for a
thermal distribution, and many different masses might be
included.

lon source

Il

— | ~

=~
® B r

Velocity selector

Figure 2.5. Schematic diagram of a mass spectrometer.

Ion beam

A source of ions of charge g, containing various isotopes
passes through a second region called velocity selector
where there are uniform electric (E) and magnetic (B,) fields
at right angles. The electric field will exert a force

FE - qE 2.8
in one direction and the magnetic field will exert a force
Fg = quB; 2.9

in the opposite direction, where v is the speed of the ions.
By balancing these forces, ions of a specific speed v = E/B;
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can be selected and allowed to pass through a collimating
slit. lons with other velocities (shown as dashed lines) are
deflected. The beam is then allowed to continue through a
third region momentum selector where a second uniform
magnetic field B, will be exerted on the beam, then the beam
will be bent into a circular path of radius r, given by:

mo =qB,r 2.10

and since q, B, and v are fixed, particles with a fixed ratio
a/m will bend in a path with a unique radius. Hence, isotopes
may be separated and focused onto a detector (e.g. a
photographic plate) with a proportional radii r.

9 _ 211
m

In the common case where B;= B,= B.

E
BZ
or m = 9 £ r 2.12b

In practice, to achieve high accuracy, the device is used
to measure mass differences rather than absolute values of
mass. We could calibrate for one particular mass, and then
determine all masses by relative measurements. The fixed
point on the atomic mass scale is **C, which is taken to be
exactly 12.000000 u.

To determine the mass of another atom, such as 'H, it
would need to make considerable changes in E, B;and B,
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and it is perhaps questionable whether the calibration would
be valid to one part in 10° over such a range. It would be
preferable to measure the smaller difference between two
nearly equal masses.

For example, let as set the apparatus for mass 128 and
measure the difference between the molecular masses of
CgH,o (nonane) and CyoHg (naphthalene). This difference is
measured to be Am = 0.09390032 + 0.00000012 u.
Neglecting corrections for the difference in the molecular
binding energies of the two molecules, which is of the order
of 10 u, the mass difference can be calculated as follows:

Am = M(CqHy0) — M(C1g Hg) = 12M(*H) — M(**C)

Thus  m(*H)=1/12 [M(**C) + Am ]
=1.00000000 + 1/12 Am
= 1.00782503 + 0.00000001 u

Then set the apparatus for mass 28 and determine the
difference between C,H, and N,:

Am = M(CH,) — M(N,) = 2M(**C) +4m(*H) — 2M(*N)
= 0.025152196 + 0.00000003 u

Then the mass of **N can be found:

M*N) = M(*C) + 2m(*H) - Y.Am
= 14.00307396 + 0.00000002 u

This system of measuring small differences between close-
lying masses is known as the mass doublet method.

In addition, the conventional mass spectroscopy cannot
be used to find the masses of very short lived nuclei and in
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these cases, the masses are determined from kinematical
analysis of nuclear reactions.

2.6. Energy Levels of Atoms

The electrons that circle the nucleus move in fairly well
defined orbits. Some of these electrons are more tightly
bound in the atom than others. For example, only 7.38 eV is
required to remove the outermost electron from a lead atom,
while 88,000 eV is required to remove the innermost
electron. The process of removing an electron from an atom
is called ionization, and the energy required to remove the
electron is called the ionization energy.

In a neutral atom (number of electrons = Z), it is possible
for the electrons to be in a variety of different orbits, each
with a different energy level. The state of lowest energy is
the one in which the atom is normally found and is called
the ground state. When the atom possesses more energy than
its ground state energy, it is said to be in an excited state.

An atom cannot stay in the excited state for an indefinite
period of time. An excited atom will either eventually
transfer to a lower-energy excited state or directly to its
ground state. This is performed by emitting a discrete bundle
of electromagnetic energy called an x-ray. The energy of the
x-ray will be equal to the difference between the energy
levels of the atom and will typically range from several eV
to 100,000 eV in magnitude.

2.7. Energy Levels of the Nucleus
The nucleons in the nucleus of an atom, like the electrons

that circle the nucleus, exist in shells that correspond to
energy states. The difference between them is that in
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contrast to electrons, the nucleons have no center to orbit
arroud it, as will be clarified in Chapter-7. The energy shells
of the nucleons in the nucleus are less defined and less
understood than those of the electrons of the atom. There is
a state of lowest energy (the ground state) and discrete
possible excited states for a nucleus. Where the discrete
energy states for the electrons of an atom are measured in
eV or keV, the energy levels of the nucleus are considerably
greater and typically measured in MeV.

A nucleus that is in the excited state will not remain at
that energy level for an indefinite period. Like the electrons
in an excited atom, the nucleons in an excited nucleus will
make a transition towards their lowest energy configuration,
and in doing so, emit a discrete bundle of electromagnetic
radiation called a gamma ray (y-ray). The only differences
between x-rays and y-rays are their energy levels and
whether they are emitted from the electron shell or from the
nucleus.

The ground state and the excited states of a nucleus can
be depicted in a nuclear energy-level diagram. The nuclear
energy-level diagram consists of a stack of horizontal bars,
one bar for each of the excited states of the nucleus. The
vertical distance between the bar representing an excited
state and the bar representing the ground state is
proportional to the energy level of the excited state with
respect to the ground state. This difference in energy
between the ground state and the excited state is called the
excitation energy of the excited state. The ground state of a
nuclide has zero excitation energy. The bars for the excited
states are labeled with their respective energy levels.
Fig. 2. 6 is the energy level diagram for Nickel-60.
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Figure 2.6. The energy level diagram for nickel-60.

2.8. Angular Moments in the Nucleus

Recall in classical mechanics, the angular momentum L
of a particle moving with a linear momentum p at a location
r around a reference point is:

L=rxp 2.13

While in quantum mechanics, as will be discussed in
Chapter-5, in solution of Schrodinger equation in space we
must evaluate the angular components of the wave function
directly. The fundamental idea of the dual wave and particle
nature of matter are expressed mathematically by means of a
wave equation first derived by Schrodinger to describe the
atomic and nuclear structures, degenerate energy states and
other problems in terms of quantum numbers.
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2.8.1. Orbital angular momentum

Since protons and neutrons move in an average field and
so cause orbital angular momentum to build up, as will be
seen in details in Chapter-5, the expectation value of the
angular momentum of a nucleon is evaluated, and for
simplicity by calculating the magnitude of the average value
of <L*>, instead of <L>.

Since the nucleus is an isolated system (no external
torque acting on a system), then its angular momentum is
conserved, and represented by orbital quantum number ¢
with a value:

<L®>=h%0(t + 1) 2.14
or

IL| =70 +1 2.15

with orbital quantum number restricted to the values
£=0,1,2,3.

In addition, <L?>=<L%+L>+L2> is a function of
position, as shown in Fig. 2.7.

Analogy to the atomic physics, the nuclear physics use
the same spectroscopic notation as shown below:

£ value 0 1 2
symbol s p d f g h i

It is the very act of measuring one component of L that
makes the others indeterminate; we usually choose the z-
component to be determined to get:

<L,>=hm, 2.16
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Where m, = 0, +£1, £2..., + £. is the magnetic quantum
number. Notice that:

<L, > <|U=nye+1) 2.17

Figure 2.7. The vector L rotates about the z-axis, so that L,
stays constant, but L, and L, are variable.

2.8.2. Intrinsic angular momentum

As in the electronic state in atom, it is required to
introduce a new quantum number called intrinsic quantum
number or simply spin denoted by (s) with a value s = % for

the nucleon. The spin can be treated as an angular
momentum. Thus:

<s”> = K’s(s+1) or [s|=ns(s+1 2.18

<S,> = hms 2.19
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where mg = % is the spin quantum number.
It is often useful to imagine the spin as a vector s with
possible z components of value:
<s,> = x%h 2.20
2.8.3. Total angular guantum momentum
The bounded nucleons inside the nucleus, like electrons
of the atom, move in a central potential with orbital angular

momentum L and spin s will have a total angular
momentum.

J=L+s 2.21

The total angular momentum j has the same behavior of
L and s, so that:

<jP>=rj({+1orl|j=nj(j+1 2.22
where j is the total angular momentum quantum number,
then it can be written in term of the vector sum of the orbital
angular momentum and spin momentum as shown in
Fig. 2.8, with:

<j> = <{+S>=hmy 2.23

where  m;=-j, -j+1, -j+2 ..., j-2, j-1, j (m;# 0)
=my,+mg=m,x % 2.24

is the total angular quantum number.
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Since m, is always integer, m; must be half-integer:
m; ==+1/2,4£3/2,+5/2,...... , then j also is a half integer.

Unlike electrons of the atom where electrons move in
well-defined orbits with definite L and j, it is not clear that L
and j of nucleons inside the nucleus have the same picture,
will be described in nuclear shell model (Chapter-7).

Fig. 2.8 showes the relationship between the three
angular momentua, (Left) the coupling giving j = L + %.
The vector L and s have definite lengths, as does j. the
coupling L and s vectors rotate about the direction of j; in
this coupling, the z components L, and s, thus do not have
definite values. The vector j rotates about the z direction so
that j, has definite value. (Right) The similar case of
j =L - %. In interpreting both figures, keep in mind that all
such representations of vectors governed by the rules of
quantum mechanics are at best symbolic and at worst
misleading.

-

J=L+% j=L-4

Figure 2.8. The coupling of orbital angular momentum L to
spin angular momentum s giving total angular momentum j.
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2.8.4. Nuclear angular momentum

The original indication that nuclei have spin came from
atomic spectroscopy. Many lines in atomic spectra, when
examined with very high resolving power spectroscopes, are
found to consist of several lines very close together. Such
lines are said to exhibit hyperfine structure. Two sources of
such structure, one due to the present of isotopes, the other
has been found in spectral lines of nucleus of single isotope
such as bismuth 2®Bi, the explanation of the last hyperfine
structure spectral lines, is suggested by Pauli. Just like
nucleons inside the nucleus, the nucleus of the atom also
spins about an axis and possesses a nuclear angular
momentum.

In the application of quantum mechanics to the nucleus,
we label every nucleon (proton or neutron) with the
corresponding quantum numbers ¢, s, and j. The total
angular momentum of a nucleus having (A) nucleons would
then be the vector sum of the total angular momentums of all
nucleons j and it is often called the intrinsic angular
momentum or nuclear spin and is represented by the symbol
I. It can be represented by:

1=, 2.25

The nuclear spin | has the same properties of the quantum
mechanical angular momentum vectors:

<I>>=rI1(+1)andl,=m# 2.26

where (m, = -1, -1+1..., I-1, +1)
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For many applications involving angular momentum, the
nucleus behaves as if it is a single entity with an intrinsic
angular momentum of (1). Moreover, we observe that the
nucleus is a single spinning particle. For this reason, the
nuclear spin (1) and the corresponding spin quantum number
(I) are used to describe nuclear states, which can take on
integral or half-integral values. The rules we must follows
are:

even-A nuclei | = integer
even Z—even N 1=0
odd Z—odd N | = integer
odd-A nuclei | = odd half integer
even Z—odd N | = odd half integer
odd Z—-even N | = odd half integer

The explanation of that is based on the assumption that
the spin angular momentum | is a vector sum of the spin and
the orbital angular moments of the particles within the
nucleus and that these spins are aligned with their axes
either parallel or anti-parallel.

2.9. Nuclear Magnetic Moments

We know that both, the protons (having an elementary
positive charge e) and neutrons (have no charge) are moving
inside the nucleus. Consequently, there are charge, mass and
current densities. As a result, magnetic dipole and electric
quadrupole moment produced.

Associated with the nuclear spin is a magnetic moment ,
which can take on any value because it is not quantized.
This will provide additional information on the nature of
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nuclear forces and help in selecting an appropriate nuclear
model.

A method known as the magnetic resonance method
was developed, and experiment carried out depending
essentially on resonance between the precision frequency of
the nuclear magnet about a constant magnetic field direction
and the frequency of an impressed high-frequency magnetic
field.

Just like for electrons of the atom, the nuclear magnetic
moment of the orbital motion of a proton is expressed in
terms of a nuclear magneton p.

N = efi/2my 2.27

where, m, is the mass of the proton.

For the intrinsic spin of the nucleus, introduce a nuclear g
factor, called gyromagnatic ratio g, to relate the magnetic
moment u of a nucleus to its spin angular momentum 1. The
nuclear g factor is defined as the ratio of the nuclear
magnetic moment, expressed in terms of nuclear magneton,
to the spin angular momentum, expressed in units of h:

g=ull uy 2.28
hence
ulg = 1py =1 en/2m, 2.29

where py = ng /1840
= 0.505x10* ergs/gauss
= 3.15245%x10™* MeV/T

Here, pg is the Bohr magneton = 5.78838x10™* MeV/T.
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When a nucleus of magnetic moment g is in a constant
magnetic field B, it will presses about the direction of B
with a frequency f given by Larmor's theorem.

f = uB/In 2.30

The magnetic moment u of a nucleus can thus be found
by measuring Larmor frequency f.

Of very great importance in nuclear physics are the
magnetic moments of the proton x,, neutron x,, and deuteron
4, their measured values are:

Hp = 2.792847 ny
W, =-1.913043
Ky = 0.857438

It is worthwhile to mention the fact that, since the nuclear
magnetic moments are only of the order of magnitude of the
nuclear magneton (<< Bohr magneton) is, therefore, another
strong argument against the existence of electrons inside the
nucleus.

2.10. Nuclear Electric Quadrupole Moment

Any distribution of electric charges and currents
produces electric and magnetic fields that vary with distance
in a characteristic fashion, the electric moment of a nucleus
reflect the charge distribution (or shape) of the nucleus. It is
customary to assign to the charge and current distribution an
electromagnetic multi-pole moment:

The 1/r? electric field arises from the spherical net charge,
assign as zeros or monopole moment.
The 1/r° electric field arises from the first or dipole moment.
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The 1/r* electric field arises from the second (quadrupole
moment), and so on.

We consider a classical calculation of the energy that is
due to electric quadruple moment. Suppose the nuclear
charge has a cylindrical symmetry about an axis along the
nuclear spin |, Fig. 2.9. The coulomb energy at the point S;
is:

V(r,0)=[d°r "’ér) 2.31

where p(r) is the charge density, and d =|r; — r|. We will
expand this integral in a power series in 1/r; by noting the
expansion of 1/d in a Legendre polynomial series:

13 (r
——Enz[r

1

j P, (cos @) 2.32

where Po(X) = 1, P1(X) = X, Po(X) = (3* = 1)/2 ...

Then Eq.2.31 can be written as:

1 S-a

V(r,6)==> =" 233
r]_ n=0 r-1

with:
a, _f,o(r)d3r =Ze
a = jz,o(r)d r =electric dipole 2.34
1 > 3 1
a, = Z—r rd’r==e
=] 5 ¢ )P (r) 5 €Q
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S o)

Figure 2.9. Geometry for calculating the Coulomb potential

energy at the field point S; due to a charge distribution p(r)

on the spheroidal surface. The sketch is for r; located along
the z — axis.

The coefficients in the expansion for the energy,
Eq. 2.33, are recognized to be the total charge, the dipole
(here it is equal to zero), the quadrupole, etc. In Eq.2.34, Q
is defined to be the quadrupole moment (in unit of 10 cm?,
or barns). Notice that if the charge distribution were
spherically symmetric, <x*> = <y’> = <z*> = <r’>/3,
Q=0.

We see also, Q > 0, if 3<z*> > <r*>> and Q <0,
if 3<z’°> < <r®>. The corresponding shape of the nucleus in
these two cases would be prolate or oblate spheroid,
respectively. While for Q = 0, the shape of the nucleus
remains sphere (see Fig. 2.10).
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g=0 0=0 Q=0
Oblate Sphere Prolate

Figure 2.10. The spheroidal shapes of nuclei as indicated by
the value of the electric quadrupole moment Q.

For many nuclei, the quadrupole moment can be
estimated from the valance nucleon that orbit near the
nucleus surface, then we can estimate [eQ| < e R,°A??, as

shown in Table 2.2.

Table 2.2. Some values of the spin and quadrupole

moments.
Nucleus I Q [10?% cm?]
n 1/2 0
p 1/2 0
’H 1 0.00274
“He 0 0
OLj 1 -0.002
283y 5/2 3.4
25y 712 4
2$9py 5/2 4.9
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In quantum mechanics, electric quadrupole moment is
determined with respect to the probability density |#[*.

eQ=e |V (3%-1r) ¥dv 2.35
2.11. Nuclear Parity

In addition to their magnetic and electric properties,
nuclei have certain properties which are not obviously
physical in nature. Among them is the parity. To a good
approximation, the wave function of a nucleus may be
expressed as the product of a function of the space
coordinates and a function depending only on the spin
orientation. The motion of a nucleus is said to have even
parity if the spatial part of its wave function is unchanged
when the space coordinates (X, y, z) are replaced by
(-x, -y, -2), or (r — -r) i.e., reflection of the nucleus. While
when reflection changes the sign of the spatial part of the
wave function, the motion of the nucleus is said to have odd
parity.

For example:

If ¥(r) =+W¥(-r) iseven parity wave function
If W(r) =-¥(-r) isodd parity wave function
Y(x) = cos (kx) is even parity wave function
Y(x)=sin (kx) isodd parity wave function
V(X) =% kx* s even parity wave potential
V(X) = ¥2kx Is odd parity wave potential

In relation to the value of the orbital angular momentum

L, as will be discussed in Chapter 5, the parity of the energy
state donated is by . The parity of a state is determined by
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the orbital angular momentum quantum number { as,
= (-1)"

A quantum state of a nucleus is defined by the parity, its
energy and its total angular momentum of the constituent
nucleons j written conventionally as:

j7=jc" 2.36

For example, the nucleus of mass number A with the last
proton in a state with ¢ = 2, its parity is even, while the
neutron in the last state with £ = 3 has odd parity. The parity
of the nucleus is therefore odd.

The electric moment and magnetic moment are also
determined by the parity:

(-1)-  Electric moment.
n = { 2.37
(- 1)- Magnetic moment.

L = 0 means monopole

L = 1 means dipole

L = 2 means quadrupole

L = 3 means octupole etc

With the following restrictions, all odd parity multipole

momentums must vanish, while only E2 (electric
quadrupole) & M1 (magnetic Dipole) remain.
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Problems

2-1 What happens to the atomic number and mass number
of a nucleus when it a- emits an alpha particle, b- emits a
positron, c- emits an electron, d- captures an electron?

2-2 Which nucleus would you expect to be more stable,
Li or SLi;¥C or *C? Then what type of decay the

unstable isotope may undergoe?

2-3  Gallium occurs with two natural isotopes, *Ga (60.2%
abundant) and "“Ga (39.8%), having atomic weights 68.93 u
and 70.92 u. What is the atomic weight of the element?

2-4 The atomic weight of lithium is 6.941 u. It has two
natural isotopes, °Li and "Li, with atomic weights of 6.015 u
and 7.016 u. What is the relative abundance of the two
isotopes?

2-5 Calculate the total binding energy of the alpha particle
He™, compare with the binding energy of the “He nuclide.

2-6 Calculate the mass defect and binding energy per
nucleon for the nuclide “°K.

2-7 The binding energy per nucleon of % Mgis 8.26 MeV.
Find its mass defect and its atomic mass.

2-8 (a) Find the energy needed to remove a neutron from
the nucleus of the calcium isotope ;:Ca.

(b) Find the energy needed to remove a proton from this
nucleus.
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(c) Why are these energies different?

2-9 For the following two nuclei 5 Cu,&zn, determine

which one must decay to the other and what is the type of
decay?

2-10 A nuclear scientist attempts to perform experiments on

the 5o Fe stable nuclide. Determine the energy (in MeV)

required to:

(a) Remove a single neutron,

(b) Remove a single proton,

(c) Completely dismantle the nucleus into its individual
components,

(d) Fission it symmetrically into two identical lighter

nuclides s Al . [The exact masses of the S*Fe and Al atoms
are 55.934942 u and 27. 981910 u, respectively.]

2-11 Show that the potential energy of two protons 1.7 fm
(the maximum range of nuclear force) apart is of the correct
order of magnitude to account for the difference in binding
energy between *H and *He. How does this result bear upon
the question of the dependence of nuclear forces on electron
charge?

2-12 The neutron in free space decays into a proton and
electron. What must be the minimum energy contributed by
a neutron to a nucleus in order that the neutron does not
decay inside the nucleus? How does this figure compare
with the observed BE/A in stable nuclei?

2-13 Calculate the binding energy of the last neutron in “He
and the last proton in *°0. How do these compare with BE/A
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for these nuclei? What does this tell you about the stability
of “He relative to *He, and of °0 relative to °N?

2-14 Figure 2.4 shows a plot of the average binding energy
per nucleon BE/A vs. the mass number A. In the fission of a
nucleus of mass number A, (mass M,) into two nuclei A;
and A, (masses M; and M,), the energy released is:

Q = Myc? —M;c? —M,c?
Express Q in terms of (BE/A) and A. Estimate Q for
symmetric fission of a nucleus with A, = 240.

2-15 The ionization energy E, of the first three elements are:

Z Element E,

1 H 13.6 eV
2 He 24.6 eV
3 Li 5.4¢eV

(a) Explain qualitatively the change in E, from H to He, Li.

(b) What is the second ionization energy of He that is the
energy required to remove the second electron after the
first one is removed?

2-16 Find the total quantum numbers (m;) for p and d orbital
angular momentum.

2-17 Determine the nuclear g value for the ground state of
'H, ?H, and free neutron. What will be the value for first
excited state of *H nucleus?

2-18 Give the expected spin and parity assignments for the
ground states of the nucleus having the following nucleons
and orbital angular momenta.

(a) A proton in £=0; (b) two protons in {=1; (c) 2 protons
and 3 neutrons in {=2; (d) 3 neutrons and 3 protons in £=3.
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CHAPTER 3

MODE OF RADIOACTIVE DECAY AND
NUCLEAR REACTIONS

Most atoms found in nature are stable and do not emit
particles or energy that change form over time. Some atoms,
however, do not have stable nuclei. These atoms emit
radiation in order to achieve a more stable configuration.

3.1. Radioactive Decay Mechanisms

As mass numbers become larger, the ratio of neutrons to
protons in the nucleus becomes larger for the stable nuclei.
Non-stable nuclei may have an excess or deficiency of
neutrons and undergo a transformation process known as
beta () decay. Non-stable nuclei can also undergo a variety
of other processes such as alpha (&) or neutron (n) decay
...etc; see Fig. 2.1. As a result of these decay processes, the
final nucleus is in a more stable or more tightly bound
configuration.

3.1.1. Natural radioactivity

In 1896, the French physicist Becquerel discovered that
crystals of a uranium salt emitted rays that were similar to
x-rays in that they were highly penetrating, could affect a
photographic plate, and induced electrical conductivity in
gases. Becquerel's discovery followed in 1898 by the
identification of two other radioactive elements, polonium
and radium, by Pierre and Marie Curie.
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Heavy elements, such as uranium or thorium, and their
unstable decay chain elements emit radiation in their
naturally occurring state. Uranium and thorium, present
since their creation at the beginning of geological time, have
an extremely slow rate of decay. All naturally occurring
nuclides with atomic numbers greater than 82 are
radioactive.

Whenever a nucleus can attain a more stable (i.e., more
tightly bound) configuration by emitting radiation, a
spontaneous disintegration process known as radioactive
decay or nuclear decay may occur. In practice, this
"radiation” may be electromagnetic radiation, particles, or
both.

Detailed studies of radioactive decay and nuclear reaction
processes have led to the formulation of useful conservation
principles.

3.1.2. Conservation principles

The investigation of the fundamental constituents of
matter and their interactions comes from the experimental
and theoretical analysis of nuclear reactions. These reactions
include decays of the unstable particles, natural or produced
in nuclear reactions, and scattering experiments with or
without production of particles.

The laws allow the identification of particles and various
fundamental conservation laws govern nuclear reactions,
i.e., the determination of their masses, spins, energies,
moments etc.

The four principles of most interest in this module are
discussed below.

1- Conservation of electric charge implies that charges
neither created nor destroyed. Single positive and
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negative charges however, may neutralize each other. It

is also possible for a neutral particle to produce one

charge of each sign.

2- Conservation of mass number does not allow a net
change in the number of nucleons. However, the
conversion of a proton to a neutron and vice versa is
allowed.

3- Conservation of mass and energy implies that the total of
the Kinetic energy and the energy equivalent of the mass
in a system must be conserved in all decays and
reactions. Mass can be converted to energy and energy
can be converted to mass, but the sum of mass and
energy must be constant.

4- Conservation of momentum is responsible for the
distribution of the available Kkinetic energy among
product nuclei, particles, and/or radiation. The total
momentum is the same before and after the reaction even
though it may be distributed differently among entirely
different nuclides and/or particles.

The most important laws are energy-momentum
conservation and electric charge conservation. In nuclear
physics, other laws play an important role such as angular
momentum conservation, lepton number, baryon number
and isospin conservation (which will be discussed in the
subsequent chapters).

3.2. Nuclear Reactions

In order to understand the analysis and mechanism of the
nuclear radioactivity, it is essential to study the nuclear
reactions. The quantitative aspects we will stress on are
those of the mass and energy balance. The nuclear reactions
may be caused by any kind of incident particle, and may
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result in the emission of any kind of particle (proton,
neutron, deuteron, a-particle, or even nucleus), and/or y-ray.

The Bohr's theory of the compound nucleus assumed
(1936) that, a nuclear reaction takes place in two steps; first,
the incident particle is absorbed by the initial, or target,
nucleus to form a compound nucleus, second, the compound
nucleus disintegrates by ejecting a particle (proton, neutron,
a-particle, etc.) or a y-ray, leaving the final, or product
nucleus. He assumed also that the mode of disintegration of
the compound nucleus is independent of the way in which
the later is formed, and depends only on the properties of the
compound nucleus itself, such as its energy and angular
momentum.

The natural or artificial radioactive decay indeed can be
considered as a nuclear reaction process with no incident
particles, since some atoms do not have stable nuclei. Non-
stable nuclei may have an excess or deficiency of neutrons
and undergo a transformation process similar to that of the
compound nucleus.

The great number of nuclear reactions and radioactive
decays provide a wealth of experimental data for the field of
nuclear spectroscopy and for the theory of nuclear structure.

The analysis of nuclear reactions is similar to that used
for chemical reactions except that the relativistic relation
between mass and energy must be taken into account.

Consider a nuclear reaction represented by the reaction:

a+X—Y+b 3.1
Here X is the target nucleus, a is the bombarding particle, Y
is the product nucleus and b is the product particle.

As for all practical cases, it will be assumed that the
target nucleus X is initially at rest, so that it has no kinetic
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energy. Since the total energy of a particle or atom is the
sum of the rest energy and the kinetic energy, the
conservation of mass and energy yield:

(Ta-l_macz)-l_llec2 :(TY +MYC2)+(Tb+mbCZ) 3.2

where m,, My, My, and m, represent the masses of the
incident particle, target nucleus, product nucleus, and
product particle, respectively, T,, Ty, and T, represent the
Kinetic energies of the incident particle, product nucleus, and
product particle, respectively.

The above equation can be rearranged as:

(TY +Tb)_Ta = (Mx +M, _MY —mb)c2 3.3

Now introduce the quantity Q, which represents the
difference between the kinetic energy of the products of the
reaction and that of the incident particle, hence Eq.3.3, can
be written in term of the so-called Q-value as:

Q:(TY +Tb)_Ta :(Mx +m, - M, _mb)c2 3.4

The Q-value can then be determined either from the energy
difference or from the mass difference in Eq.3.4.

Examining Eq.3.4 shows that if the value of Q is positive,
the kinetic energy of the products is greater than that of the
reactants or the masses of the reactants are greater than that
of the products; the reaction is then said to be exothermic or
exoergic. Then in this case, the total mass of the reactants is
greater than that of the products, which means that the
nuclear mass or binding energy is released as kinetic
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energy of the final products. While, if the Q-value is
negative (Mreactants < I\/Iproducts or Tproducts < Rreactants); the
reaction is endothermic or endoergic, and the initial kinetic
energy is converted into nuclear mass or binding energy.

Eqg.3.4 is valid in any frame of reference in which we
choose to work, let us apply them to the laboratory reference
frame. The term Ty in EQ.3.4, represent the recoil (kinetic)
energy of the product nucleus. It is usually small and hard to
measure, but it can be eliminated by taking into account the
conservation of momentum. Consider that the momentum
vector is directed along the x-axis before the collision, and
the out-coming particle b and nuclei Y are observed at an
angle 0 and ¢, respectively. Fig. 3.1 shows the basic
geometry in the reaction plane. Conservation of linear
momentum along and perpendicular to the beam direction
(x-axis) gives:

P, = P, COSO+ py COS@ 3.5a
and

0= p,sin@—p, sing 3.5b

where pa = My va, Py = MyVy, py = My, vy, and vy, Vy, v, are
the velocities of the incident particle, the recoil nucleus, and
the ejected particle, respectively, and 0, ¢ are the angle of
the direction of the ejected particle, and the direction of the
recoil nucleus with x-axis.
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Pa

Figure 3.1. Basic geometry for the nuclear reaction in
laboratory reference frame.

Regarding Q as a known quantity and T, (and therefore
Pa) as a parameter we control, Egs.3.4 and 3.5a, b represent
three equations in unknowns (¢, 8, Ty, and T,) which have
no unique solution. If we do not observe the nucleus Y, (as is
usually case), we can eliminate Ty and ¢, then we can
determine the Q-value of the reaction. If we know m,, my,
and My, and we observe the angle of out-coming particle 0,
we have a way of determining the mass of Y. Solving the last
three equations for Q-value, we obtain:

m m
Q :Tb[1+M—bj—Ta[1— 2 j—lvli(TaTbmamb)”2 sl 3¢

Y Y Y
This procedure is not strictly valid, for My also appears

on the right side of the equation, but is usually of sufficient
accuracy to replace the masses with the integer mass
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numbers A, especially if we measure ejected particle at angle
0 = 90° where the last term of Eq.3.6 vanishes.

In an endothermic reaction, the energy —Q is needed to
excite the compound nucleus sufficiently so that it will break
up. This energy must be supplied in the form of kinetic
energy of the incident particle. But not all of that kinetic
energy is available for excitation because some is used to
impart momentum to the compound nucleus; this
momentum is then distributed among the products of the
reaction. Consequently, for —Q to be available for excitation
of the compound nucleus, we must supply some energy in
addition to —Q. The minimum amount of energy needed for
an endothermic reaction is called the threshold energy Ty,
and can be calculated easily. Since the threshold condition
always occurs for & = 0°(in this case ¢ = 0° too), the
products Y and b move in a common direction but still as
separate nuclei, or we may deal with the compound nucleus,
as follows:

If we let, Mc and V¢ denote the mass and velocity of the
compound nucleus, conservation of momentum requires:

m.v, = M.V, or Ve =—20, 37

The part of the kinetic energy of the incident particle needed
for excitation of the compound nucleus is:

1 1 1 m
Q- pmai M = Emafi | ag
2 2 ¢ 2 M.

But, M¢c = My + m,, and
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-Q =%maU§(L} 3.9

M, +m,
Then the threshold energy is then:

1 m
Ty = Emavi = (—Q)[1+ Max ] 3.10

The threshold energy can be determined experimentally
and the result is used to find the value of Q. If Q > 0
(exothermic reaction), there is no threshold condition and
the reaction will occur even for very small energy.

Finally, if the reaction reaches the excited state of Y, the
Q-value equation should include the mass energy of the
excited state:

Qex:(MX +ma_MY mb)C2

3.11
= QO - Eex

where Q, is the Q-value corresponding to the ground state of
Y, while Q. and E. are the excitation Q-value and energy
above the ground state respectively, then the mass energy
relation is:

* 2 2
M,c=M,c” +E_ 3.12

3.3. Types of Radioactivity

A nucleus in an excited state is unstable because it can
always undergo a transition (decay) to a lower-energy state
of the same or different nucleus.
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A nucleus which undergoes a transition spontaneously,
that is, without being supplied with additional energy as in
bombardment, is said to be radioactive. It is found
experimentally that naturally occurring radioactive nuclides
emit one or more of the three types of radiations,
a- particles, - particles, and y-rays.

3.3.1. Alpha decay (1)

Alpha decay is the emission of alpha particles (helium
nuclei) which may be represented as either jHe or j«a.
When an unstable (parent) nucleus disintegrates to a
daughter through ejection an alpha particle, the atomic
number is reduced by 2 and the mass number decreased by
4, and the transition is:

A A-4 4
If we assume that the parent nucleus is initially at rest,
which is a common case, the conservation of energy
requires:
2 _ 2 2
MpC™ = Mgc™ + Ty + M,C" + T, 3.14
where M,, My and M, are the masses of the parent, daughter
and o particle respectively. Similarly, T4 and T, represent the

Kinetic energies of the daughter and of the a-particle.
Eq.3.2 can be written as:

To+T,=(My-Mg-M,) c*=AMc*=Q 3.5

Here, we use atomic masses instead of nuclear masses
since the masses of electrons cancel. We define the
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disintegration energy Q-value as the difference in the rest
masses of the initial and final states and obviously equal the
sum of the kinetic energies of the final state particles.
Applying the law of conservation of momentum:

Pi - Pf 3.16

where P; and P; are the initial and final momentum of
reactants.

Now, since the parent nucleus, in a-decay, decays from
the rest, then the daughter nucleus and the a-particle must
necessarily move in opposite directions to conserve
momentum. For non-relativistic particles, the momentum
and Kinetic energies can be written as:

My ovqg = M, v, OF vg = M, Uoc/Md 3.17
T, =% M, 0%, and Tg=%2 Mg v%4= (M/Mg)T,, 3.18

In almost all a-decay cases, the mass of the daughter
nucleus is much greater than that of the a-particle. Then
vg << v, and consequently the Kkinetic energy of the
daughter nucleus is far smaller than that of the « particle. vq
can be eliminated by Eq. 3.17, then the expressions for T, in
terms of the Q-value, using Eq. 3.15 and 3.18, is:

M 1
T = d =
‘ |\/|a+|v|dQ 1+|v|0,Q 3.19

d

The kinetic energy of the emitted « particle cannot be
negative, that is, T, > 0. Consequently, for a-decay to occur,
we must have an exothermic process.
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AM>0, 0>0 3.20

As a-decay mainly occurs in heavy nuclei, most of the
energy is carried off by the a-particle. The kinetic energy of
the daughter nucleus is then obtained from Egs. 3.15 and
3.19.

M M
T, =Q-T = < =—<T
¢ =Q-T, Ma+MdQ M, 3.21
If we approximate the atomic masses of the nuclei by
their mass numbers, the masses ratio can be approximated

M./My = 4/(A — 4). We can then rewrite Eq.3.21 as:

A—4
T =~
o y Q

4
Td sz

It is clear from EQ.3.19 that the kinetic energy of the a-
particle in the decay is unique. Careful measurements,
however, have revealed a fine splitting in the energies of
a-particles emitted from radioactive material, corresponding
to possibly different Q-values. The most energetic -
particles are observed to be produced alone. Less energetic
a-particles are always accompanied by the emission of
gamma photons, i.e. the parent nucleus can transform to an
excited state of the daughter nucleus, in which the Q-value
will be lower by a value of the gamma energies. An example
IS uranium-234, which decays by the ejection of an alpha
particle accompanied by the emission of a 0.068 MeV
gamma.

23 23 4
U —>Tht a+y+T

3.22
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The combined Kinetic energy of the daughter nucleus
(Thorium-230) and the a-particle is designated as kinetic
energy. The sum of the KE and the gamma energy is equal
to the difference in mass between the original nucleus
(Uranium-234) and the final particles (equivalent to the
binding energy released, since Amc?= BE or Q-value). The
alpha particle will carry off as much as 98% of the kinetic
energy and, in most cases, can be considered to carry off all
the Kinetic energy.

3.3.2. Beta decay (p)

The theory of beta decay was developed by Fermi (1934)
in analogy with the quantum theory of electromagnetic
decay. Our concern is not the elements of this theory; rather
we will be content to mention just one aspect of the theory,
that concerning the statistical factor describing the
momentum and energy distributions of the emitted J3
particles.

Beta decay is considered to be a weak interaction since
the interaction potential is ~ 10°° that of nuclear interactions,
which are generally regarded as strong. p-decay is the
emission of electrons of nuclear rather than orbital origin.
These particles are electrons that have been expelled by
excited nuclei and may have a charge of either sign e, e".
B -decay is the most common type of radioactive decay, all
nuclides not lying in the valley of stability are unstable
against this transition.These electrons are emitted with a
continuous spectrum of energies, as shown in Fig. 3.2.
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Electron Energv Trmax

Figure 3.2. The observed differential distribution in the
number of emitted electrons as a function of their energy.

If both energy and momentum are to be conserved, a
third type of particle, the neutrino (v) must be involved. The
neutrino is associated with the positive electron emission,
and its antiparticle, the antineutrino (v) is emitted with a
negative electron. These uncharged particles have only the
weakest interaction with matter, no charge, neglecting its
small mass (no mass as proposed by Pauli), and travel at the
speed of light. For all practical purposes, they pass through
all materials with so few interactions that the energy they
possess cannot be recovered. The neutrinos and
antineutrinos are included here only because they carry a
portion of the kinetic energy that would otherwise belong to
the beta particle, and therefore, must be considered for
energy and momentum to be conserved. Also, linear and
angular momenta are now conserved. They are normally
ignored since they are not significant in the context of
nuclear reactor applications.
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3.3.2.1. B~ decay:

A nucleus with an over abundance of neutrons (with
value of N/Z greater than that for stable nuclei, as shown in
the chart of nuclides Fig. 2.2 and Fig. 3.5) can transform to a
more stable nucleus as one excess neutron converts to a
proton inside the nucleus and emit a negative electron
associated with antineutrino. This kind of process is known
as e or fdecay and the transformation can be denoted by:

A A -, =
S X=, Y +e +v 3.23

If the parent nucleus decays from rest, the conservation
of energy for electron emission will yield:

MoC® =Ty + My C* + To + mec® + T, +m; ¢°
or

= AMc*=Q 3.24

where M,, My, me and m, are respectively, the masses of
the parent nucleus, the daughter nucleus, the electron and the
antineutrino.

Similarly, Ty, Te and T represent the kinetic energies of
the decay daughter nucleus, the electron and antineutrino,
respectively. We see from Eqg. 3.24 that electron emission
can take place only if the disintegration energy Q is positive,
that is, when the mass of the parent nucleus is greater than
the sum of the masses of the decay products. In fact,
neglecting small differences in atomic binding energies, we
conclude that electron emission will take place if:
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Q={M(A, Z) - M(A, Z+1)-m,}c’
~ {M(4,2)-M{A,Z +1)} ¢* > 0 3.25

Eq. 3.25 represents the atomic masses, including the mass of
atomic electrons, with neglecting the small mass of the
neutrino. Furthermore, because the daughter nucleus is much
heavier than either the electron or the antineutrino, the small
recoil energy of the daughter can be ignored, and for any 8’
decay we can write:

T.+T, =0 3.26

Eq.3.26 shows clearly that, with a o in the final state, the
energy of the electron is no longer unique. In fact, any
continuous value 0 < T, < Q is kinematically allowed and the
maximum electron energy, corresponding to Ty = 0, is
given by the endpoint value of Eq. 3.26.

( Ter)max =Q 3.27

Pauli's postulate therefore accommodates the continuous
energy spectrum in 4 decay, and simultaneously restores all
the accepted conservation laws.

3.3.2.2. B*decay:

Positively charged electrons (beta-plus) are known as
positrons " (electron antiparticle). Except for sign, both "
and 4 are nearly identical. The positron, represented as e”,
or *, is ejected from the nucleus (with value of N/Z less
than that for stable nuclei, Fig. 2.2 and 3.5), the atomic
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number of the nucleus decreased by one and the mass
number remains unchanged. A proton converts to a neutron
by emission of " and neutrinov. The process represented
as:

A A
7 X_)Z—lY +e" +v 3.28

Similar to the f° decay, the disintegration energy for
positron emission is given by:

Q=(M,-My-mMe -m,)c’
= (M(A,Z) - M(A,Z-]) - 2me-m ) 2
~ (M(4,Z) - M(A,Z-1) - 2m,) ¢? 3.29
Where, again, all the M (A, Z) in the last line of Eq. 3.29

refer to full atomic weights, and Q must be positive for the
decay to occur.

3.3.2.3. Electron capture (K-capture)

Nuclei having an excess of protons may capture an
electron from one of the inner orbits, which immediately
combines with a proton in the nucleus to form a neutron.
This process is called electron capture (EC). The electron is
normally captured from the innermost orbit (the K-shell),
and, consequently, this process is sometimes called
K-capture. This process can be represented as:

A - A
7 X +e _)Z—lY + 3.30
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A neutrino is formed at the same time that the neutron is
formed and energy carried off by it serves to conserve
momentum. Any energy that is available due to the atomic
mass of the product being appreciably less than that of the
parent will appear as gamma radiation. In addition, there
will always be characteristic x-rays given off when an
electron from one of the higher energy shells moves in to fill
the vacancy in the K-shell. Electron capture is shown
graphically in Fig. 3.3.

Electron capture and positron emission result in the
radioactive production of the same daughter product, and
they exist as competing processes. For positron emission B*
to occur, however, the mass of the daughter product must be
less than the mass of the parent by an amount equal to at
least twice the mass of an electron EQ.3.29. This mass
difference between the parent and daughter is necessary to
account for two items present in the parent but not in the
daughter. One item is the positron ejected from the nucleus
of the parent. The other item is that the daughter product has
only one less orbital electron than the parent does. If this
requirement is not met, orbital electron capture takes place
exclusively.

Similarly, electron capture process can take place only if:

Q=(Mp+me—Mg-m,)c’
={M(A, 2) - M(A, Z-1)-m,} c?

~ {M(4,Z)-M(A,Z-1)} ¢* > 0 3.31
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NUCLEUS

Figure 3.3. Orbital Electron Capture.

3.3.2.4. Selection rules for beta decay

For each nuclear level, there is an assignment of spin and
parity. This information is essential for determining whether
a transition of a particular transition between initial and final
states is allowed according to certain selection rules of
quantum mechanics. Also if a transition is allowed, what
mode of decay is most likely?

Consider a beta transition between two nuclear states of
well defined angular momentum with the emission of, say, a
positron and neutrino or an electron and an antineutrino. In
this transition, the total angular momentum and the parity of
the angular momentum states must be conserved; see Ch. 2.
Then the angular momentum and parity are generally
expressed in beta decay P — D + 3 +v as:

jp=JptLg+Sz, L=0,1,2..andS=0and1 3.32

Tp = T[D(_].)Lﬁ 333
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Here, Lg and Sg = sg + s, are the orbital angular momentum
and the intrinsic spin of the outgoing leptons (electron-
antineutrino or positron neutrino system). The transitions
with Lg = 0 are known as allowed transitions; the parity
change is Amg = (-1)"* = 1 or —1 corresponds to no parity
change or parity change respectively, and so allowed
transitions must have the same parity in initial and final
states mp = mp. Transitions with Lg # 0 are known as
forbidden (although they can occur).

The magnitude Sy can take on values of 0 and 1 which
would correspond to the antiparallel and parallel coupling
of the electron and neutrino spins, respectively. Thus, for
the allowed transitions (jp - jp =L +Sg = L + s + s,), since
the leptons have spin half, there are two cases to be
considered; Sg =0 or Sg =1. The Sy =0 transitions are known
as Fermi (F) transitions for Low A, where the electron and
antineutrino have “antiparallel” spins and jp - jp = 0. While
the Sg =1 transitions are known as Gamow-Teller (GT)
transitions for High A, where the electron and antineutrino
have ““parallel” spins and jp - jo = 0 or 1. The spin changes
since neutron number tends to be larger than protons. Even
though we have sources produce a mixture of these two
orientations. This is because the decay constant is governed
by the square of a transition matrix element M, which can
be written as a series of contributions, one for each L.

MM =M (Ly= 0)F+{M (Ly= 1)F +M (Ly= D) +... 3.34
Transitions with Lg = 0, 1, 2 ...are called allowed, first-
forbidden, second-forbidden...etc. The magnitude of the

matrix element squared decreases from one order to the next
higher one by at least a factor of 10°. For this reason, we are
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interested only in the lowest order transition that is the most
likely transition among all the allowed transitions.

To illustrate how the selection rules are determined, we
consider the transition:

SHe(0%) -» SLi(1Y) + B~ +v

To determine the combination of Lg and sg for the first
transition that is allowed, we begin by noting that parity
conservation requires Lg to be even. Then, we see that
Lg = 0 plus Sg = 1 would satisfy both Eqgs. 3.32 and 3.33.
Thus, the most likely transition is the transition designated
as allowed, G-T. Following the same line of argument, one
can arrive at the following assignments:

2o(0*) » BUNO*)+ Bt +0 allowed, F

(%) > 1H(%")+ B~ +v  allowed, GT and F
3BCL1(27) > 38Ar(2*) + BT + 0 first-forbidden, GT & F
YBe(3%) » 2B(0%) + B~ +v second-forbidden, GT

The following table lists the Aj = jp - jp and Az values for
the first few values of L.:

Forbiddances AJ AT
Super allowed 0"—0" no
Allowed 0,1 no
First forbidden 0,1,2 yes

Second forbidden 1,2,3 no
Third forbidden 2,3,4 yes
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3.3.2.5. Parity violation

The presence of neutrino in  -decay leads to a certain
type of non-conservation of parity. C.S. Wu, in 1957,
devised and carried some experiments to test the possibility
of parity violation in beta decay. The basic idea of C.S.
Wu’s experiment is to build two sets of experimental
arrangement for ®®Co which are mirror images of each other.
She aligned them in a magnetic field, so that all their spin
vectors lined up and then let them decay, measuring the
direction of the outgoing electron. She found that electrons
were emitted preferentially in the direction of the spin
vector, i.e., a clear violation of parity conservation.

It is known that neutrinos have intrinsic spin antiparallel
to their velocity, whereas the spin orientation of the
antineutrino is parallel to their velocity (keeping in mind
that v and v are different particles).

To demonstrate parity violation or non-conserving
property of neutrino, consider the mirror word experiment
where a neutrino is moving toward the mirror from the left,
Fig. 3.4. Applying the inversion symmetry operation
(x — -X), the velocity reverses direction, while the angular
momentum (spin) does not. Thus, on the other side of the
mirror, we have an image of a particle moving from the
right, but its spin is now parallel to the velocity so it has to
be an antineutrino instead of a neutrino.

This means that the property of v and v, namely definite
spin direction relative to the velocity, is not compatible with
parity conservation (Symmetry under inversion).
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Figure 3.4. Mirror reflection demonstrating of parity non-
conserving property of neutrino.

3.3.3. Gamma emission (Y)

Gamma radiation is a high-energy electromagnetic
radiation that originates in the nucleus. It is emitted in the
form of photons, discrete bundles of energy that have both
waved and particle properties. Often a daughter nuclide is
left in an excited state after a radioactive parent nucleus
undergoes a transformation by alpha decay, beta decay or
electron capture. If the excited nucleus does not break apart
or emit another particle, it can de-excite to the lower energy
state or ground state by emitting a high-energy photon or y
ray. These transformations take place within the same
nucleus 2X in contrast to the B decay or a-decay processes.

They merely represent a re-ordering of the nucleons within
the nucleus with lowering of mass from the excited (M c?)
to the lowest (M,c?) value.

This type of radiation does not have to occur as
radioactive decay only, but may accompany random types of
nuclear transmutations, including nuclear reactions, or even
changes of elementary particles. In this general sense, we
usually talk about nuclear radiation.
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3.3.3.1. y-decay

The total energy balance follows from conservation of
energy is:

Moc? =M c® +E, +T,

or E,=E;+hv+T,
where (E,) is the energy of the emitted photon, (E;, E:) is
the initial and final energy state, respectively and (Tg) is the

Kinetic energy of the recoiling nucleus.
Linear momentum conservation, Eq.3.16, leads to:

3.35

p,+P, =0 3.36

The recoil energy is very small compared to the y energy,
SO non-relativistic expression can be used, derived from
Eq.1.20 to find the recoil energy:

o pc® _ pet  El (hv)

M, oM M 2MeE oMt %
From Eq. 3.35 the y energy can be written as:
hv=E —-E; -Ty 3.38

The study of the emission and absorption of nuclear
y-rays forms an essential part of the development of nuclear
spectroscopy. Consider, for example, a system initially in a
state of energy E; making a transition to a state with energy
E; through the absorption or emission of a photon of
frequency v. In such processes, we can define what is known
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as resonant or recoilless transitions, for which  Eq.3.38 can
be rewritten as:

hv=+(E —E; —T;) 3.39

where "+" corresponds to emission and "-" to absorption.
Thus, in principle, measuring v determines the energy level
spacing.

The characteristic spacing of nuclear energy levels is of
the order of 50 keV, and typical energies of nuclear y-rays
can therefore range from fraction to several MeV. Because
this kind of de-excitation is electromagnetic, we expect
lifetimes for such processes to be typically in the range
10" to 10 sec (because of the short lifetime, with few
exceptions only nuclei in the ground state are present on
Earth, but they can be produced in collisions with high
energetic particles).

For 1 MeV photon energy and a nucleus of mass number
A about 100, the recoil energy is only about 5 eV. Even
though this energy is very small, see Fig. 3.5, the recoil
nucleus shifts the y radiation out of resonance condition
since the natural energy line-width 7" of the radiation is even
smaller.

Simply, every unstable energy level has a "natural” width
I' and a lifetime t, which can be related through the
uncertainty principle:

I~ h/t =~ (6.6x10%MeV.sec) / (t sec)
~ Uncertainty in (Ej — Ey) 3.40

Since nuclear states are typically separated by energies in

the MeV range, the width is small compared to state
separations if the lifetime is greater than 10 % sec. This is
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generally the case for states decaying through the weak or
electromagnetic interactions. Eg. 3.40 shows that the exact
value, of an energy level, is uncertain, and cannot be denied
in any given transition to better than ~/". Consequently, if
the kinetic energy of the recoil is such that T << I,
essentially E, = — (Ei — Ey), and resonant absorption can take
place. On the other hand, if T >> I, it is impossible to
excite the system to a higher level through resonant
absorption within the bounds provided by the uncertainty
relation.

Tr

Figure 3.5. Illustration of the fact that in y-decay process,
the initial excited nucleus is at rest and receives a certain
recoil energy Tg, so that E, < E; — Ex.

For example, a typical nuclear spacing have hv > 1 MeV
= 10° eV. If we consider again a nucleus with A = 50, we
still have The characteristic spacing E; = Mc® ~ 5 x 10" eV,
now with the higher photon energy, the nuclear recoil
energy is given by Eq.3.37:

T _(hv)?  (10%ev)?

— ~ =10 eV
R 2Mc?  2x5x10%V
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If we assume a typical lifetime of about 10 sec for a
nuclear level, then:

- _h 6.6x10 eV .sec

=P =6.6x10%eV
T 10~“sec

It is clear, therefore, that for such nuclear transitions
Tr>>I"and resonant absorption cannot occur.

3.3.3.2. Decay Constants

Nuclear excited states have half-lives for y-emission

-1
ranging from 10 i sec to > 100 years. A rough estimate of ky
can be made using semi-classical ideas. From Maxwell’s
equations one finds that an accelerated point charge e
radiates electromagnetic radiation at a rate given by the
Lamor formula:

dE e?a?

2
dt 3

341

c3

where a is the acceleration of the charge. Suppose the
radiating charge has a motion like the simple oscillator:

X(t) =X, cosot 3.42

where we take xZ + y& + z5 = R?, R being the radius of
the nucleus. From Eq. 3.42 we have:

2
a(t) =Rw cosmt 3.43
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To get an average rate of energy radiation, we
average (20.22) over a large number of oscillation
cycles:

= - (cos wt) gpg = ——— 3.44

(dE) __ 2R%*w*e? RZw*e?
avg B 3¢3

Now we assume that each photon is emitted during a time
interval t (having the physical significance of a mean
lifetime). Then:

(%) == 3.45

Equating this with Eq. 4.43 gives:

2p2r3
_ e*R%E}

Ay 343

3.46

If we apply this result to a process in atomic physics,
namely the de-excitation of an atom by electromagnetic
emission, we would take R ~ 10° cm and E, ~ 1 eV, in
which case Eq. 3.46 gives:

A, ~10° sec™!, or ty,~ 7 x 107 sec
On the other hand, if we apply EQ.3.46 to nuclear decay,
where typically R ~ 5 x 10™ ¢cm, and E, ~ 1 Mev, we would

obtain:

A~ 10" sec™, or ty,~ 3 x 107 sec
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These results only indicate typical orders of magnitude.
What EQ.3.46 does not explain is the wide range of values
of the half-lives that have been observed.

3.3.3.3. Selection Rules for y-decay

In quantum limits, as will be discussed in Ch. 5, each
photon carries a definite angular momentum. The multipole
operator of order L includes the factor Yy,,, (6, ¢), which is
associated with an angular momentum L. For this reason, it
is concluded that a multipole of order L transfers at an
angular momentum of £ per photon.

We can write down the conservation of angular
momentum and parity for y-decay in a form similar to
Egs. 3.32 and 3.33:

li=lk+L, 3.47

Notice that the orbital and spin angular momenta are
incorporated in L,, playing the role of the total angular
momentum. Since the photon has spin &, the possible values
of L, are 1 (corresponding to the case of zero orbital angular
momentum), 2, 3 ...For the conservation of parity, we know
the parity of the photon depends on the value of L,. Similar
to Eq.2.37, we encounter two possibilities because in photon
emission, which is the process of electromagnetic multipole
radiation, one can have either electric or magnetic multipole
radiation,

m,= (1"  electric multipole

(Dt magnetic multipole 3.48
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Thus we can set up the following table:

Radiation Designation | L, T,
electric dipole El 1 -1
magnetic dipole M1 1 +1
electric quadrupole E2 2 +1
magnetic quadrupole M2 2 -1
electric octupole E3 3 -1
etc.

For more simplification of getting the allowed
y-transitions, we may rewrite the above two equations for
angular momentum and parity selection rules as:

||i—|f| SLYSL + I (nO LY:O) 3.49

Am,=no: (even electric, odd magnetic)
Am,=yes: (odd electric, even magnetic) 3.50

The exception to the angular momentum selection rule
occurs when |; =I; because there are no monopole (L, = 0)
transition in which a single photon is emitted.

Similar to the case of -decay, the decay constant can be
expressed as a sum of contributions from each electric and
magnetic multipole:

A, =, (E1) + 4, (M1) + 4, (E2) + ... 3.51

provided that each contribution is allowed by the selection
rules. Again we are only interested in the lowest order
allowed transition, and if both E and M transitions are
allowed, E will dominate. Take, for example, a transition
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between an initial state with spin and parity of 2" and a final
state of 0*. This transition requires the photon parity to be
positive, which means that for an electric multipole
radiation L, would have to be even, and for a magnetic
radiation it has to be odd. In view of the initial and final
spins, we see that angular momentum conservation Eq. 3.49
requires L, to be 2. Thus, the most likely mode of y-decay
for this transition is E2. A few other examples are:

1* - 07 M1
+

- =
O -

0F - 0% noy — decay allowed

3.3.4. Internal conversion

The usual method for an excited nucleus to go from the
excited state to the ground state is by an emission of gamma
radiation. However, internal conversion (IC) is another
electromagnetic process which can occur in the nucleus and
competes with gamma emission.

Alternative to gamma emission, an excited nucleus may
interact electromagnetically with an electron in one of the
lower atomic orbital. In this case, an excited nucleus is
transformed to a lower energy state by ejecting an orbital
electron from the cloud surrounding the nucleus. This
orbital electron ejection is known as internal conversion and
gives rise to an energetic electron. Most internal conversion
electrons come from the K atomic shell, as these two
electrons have the highest probability of being coupled to
nuclear fields. However, the state in the L, M, and N shells
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are also able to couple to nuclear fields and cause IC
electrons from these shells.

Internal conversion electrons are different from beta
radiation electrons because they do not involve the
conversion of a nucleon and are not accompanied by a
neutrino. The lack of neutrino also gives internal conversion
electrons discrete energy values. The conversion electron is
ejected from the atom with kinetic energy equal to the
gamma energy minus the binding energy of the orbital
electron (ignoring nuclear recoil)

T.=E,— E;— Eg 3.52

where E; —E; is the energy of de-excitation, and Eg is the
binding energy of the atomic electron.

If we denote the decay constant for internal conversion
by A, the total decay constant for de-excitation is:

A=A, e 3.53

An orbital electron then drops to a lower energy state to
fill the vacancy, and this is accompanied by the emission of
characteristic x-rays.

Internal conversion is favored when the energy gap
between nuclear levels is small, and is also the primary
mode of de-excitation for 0°'— 0" (i.e. EQ) transitions. These
occur where an excited nucleus has zero spin, and is thus
unable to rid itself of energy by gamma emission. Internal
conversion is also the predominant mode of de-excitation
whenever the initial and final spin states are the same (but
with other different quantum numbers).

The tendency towards IC can be expressed by the
internal conversion coefficient (a), which is empirically
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determined by the ratio of the rate of conversion electrons
(e) to the rate of gamma-ray emission (y):

e

14

a = 3.54

For example, in the decay of an excited state of the
nucleus of **1, 7% of the decays emit energy as a gamma
ray, while 93% release energy as conversion electrons.
Therefore, this excited state of **lhas an internal
conversion coefficient of a =13.6. Internal conversion
coefficients are observed to increase for increasing atomic
number (Z) and decreasing gamma-ray energy.

3.3.5. Isomers and isomeric transition

Isomeric transition commonly occurs immediately after
particle emission; however, the nucleus may remain in an
excited state for a measurable period of time before
dropping to the ground state at its own characteristic rate. A
nucleus that remains in such an excited state is known as a
nuclear isomer because it differs in energy and behavior
from other nuclei with the same atomic number and mass
number. The decay of an excited nuclear isomer to a lower
energy level is called an isomeric transition. It is also
possible for the excited isomer to decay by some alternate
means, for example, by beta emission. Isomeric states are
generally specified by placing an m after A. An example of
gamma emission accompanying particle emission is
illustrated by the decay of nitrogen-16 below.

16 16m 0] 00—

16m 16 0]
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3.4. Decay Chains

When an unstable nucleus decays, the resulting daughter
nucleus is not necessarily stable. The nucleus resulting from
the decay of a parent is often itself unstable, and will
undergo an additional decay. This is especially common
among the larger nuclides.

It is possible to trace the steps of an unstable atom as it
goes through multiple decays trying to achieve stability. The
list of the original unstable nuclides, the nuclides that are
involved as intermediate steps in the decay, and the final
stable nuclide is known as the decay chain. One common
method for stating the decay chain is to state each of the

nuclides involved in the standard »X format. Arrows are

used between nuclides to indicate where decays occur, with
the type of decay indicated above the arrow and the half-life
below the arrow. The half-life for decay will be discussed in
Chapter-4.

Example:

Write the decay chains for rubidium **Rb and actinium
215At. Continue the chains until a stable nuclide or a nuclide
with a half-life greater than 1 x 10° years is reached.
Solution:

B B B
91 91 9 91
Rb — ;Sr > .Y — [ Zr
37 58sec38 9.5hr39 58.5d40

o a B
215 211y 207-|—- 207
0.1min 2.14min 4.77min
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3.5. Radioactive Series (Primordial Radionuclides)

Radioactive sires refer to any of four independent sets of
unstable heavy atomic nuclei that decay through a sequence
of alpha and beta decays until a stable nucleus is achieved;
the members of a given series having mass numbers that
differ by jumps of 4.

Three of the sets, the thorium series, uranium series, and
actinium series, called natural or classical series, are headed
by naturally occurring species of heavy unstable nuclei that
have half-lives comparable to the age of the elements as
shown in table 3.1. The fourth neptunium-237 (the
4n+1series) exists only with man-made isotopes, but
probably existed early in the life of the earth.

The three main series decay schemes produce radon (but
primary radon source, the longest half-life, is the uranium
series). The series beginning with *U and ending with lead-
206 is known as the 4n+2 series because all the mass
numbers in the series are 2 greater than an integral multiple
of 4 (e.g., 238=4x59+2, 206=4x51+2). In the thorium series
2%2Th, the mass number of each member can be expressed in
the form 4n, while in the actinium series “*U, 4n+3. These
series sometimes called by these forms. Table 3.1 shows the
three natur