DOE-HDBK-1019/1-93
' JANUARY 1993

DOE FUNDAMENTALS HANDBOOK

NUCLEAR PHYSICS
AND REACTOR THEORY
Volume 1 of 2

U.S. Department of Energy FSC-6910
Washington, D.C. 20585

Distribution Statement A. Approved for public release; distribution is unlimited.


Welcome
This Portable Document Format (PDF) file contains bookmarks, thumbnails, and hyperlinks to help you navigate through the document. The modules listed in the Overview are linked to the corresponding pages. Text headings in each module are linked to and from the table of contents for that module.  Click on the DOE seal below to move to the Overview.




This document has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and
Technical Information. P.O. Box 62, Oak Ridge, TN 37831.

Available to the public from the National Technical Information Services, U.S.
Department of Commerce, 5285 Port Royal., Springfield, VA 22161.

Order No. DE93012221



DOE-HDBK-1019/1-93
NUCLEAR PHYSICS AND REACTOR THEORY

ABSTRACT

The Nuclear Physics and Reactor TheoHandbook was developed to assist nuclear
facility operating contractors in providing operators, maintenance personnel, and the technical
staff with the necessary fundamentals training to ensure a basic understanding of nuclear physics
and reactor theory. The handbook includes information on atomic and nuclear physics; neutron
characteristics; reactor theory and nuclear parameters; and the theory of reactor operation. This
information will provide personnel with a foundation for understanding the scientific principles
that are associated with various DOE nuclear facility operations and maintenance.

Key Words: Training Material, Atomic Physics, The Chart of the Nuclides, Radioactivity,
Radioactive Decay, Neutron Interaction, Fission, Reactor Theory, Neutron Characteristics,
Neutron Life Cycle, Reactor Kinetics
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FOREWORD

The Department of Energy (DOE) Fundamentals Handbocksasist of ten academic
subjects, which include Mathematics; Classical Physics; Thermodynamics, Heat Transfer, and
Fluid Flow; Instrumentation and Control; Electrical Science; Material Science; Mechanical
Science; Chemistry; Engineering Symbology, Prints, and Drawings; and Nuclear Physics and
Reactor Theory. The handbooks are provided as an aid to DOE nuclear facility contractors.

These handbooks were first published as Reactor Operator Fundamentals Manuals in 1985
for use by DOE category A reactors. The subject areas, subject matter content, and level of
detail of the Reactor Operator Fundamentals Manuals were determined from several sources.
DOE Category A reactor training managers determined which materials should be included, and
served as a primary reference in the initial development phase. Training guidelines from the
commercial nuclear power industry, results of job and task analyses, and independent input from
contractors and operations-oriented personnel were all considered and included to some degree
in developing the text material and learning objectives.

TheDOE Fundamentals Handbookspresent the needs of various DOE nuclear facilities'
fundamental training requirements. To increase their applicability to nonreactor nuclear facilities,
the Reactor Operator Fundamentals Manual learning objectives were distributed to the Nuclear
Facility Training Coordination Program Steering Committee for review and comment. To update
their reactor-specific content, DOE Category A reactor training managers also reviewed and
commented on the content. On the basis of feedback from these sources, information that applied
to two or more DOE nuclear facilities was considered generic and was included. The final draft
of each of the handbooks was then reviewed by these two groups. This approach has resulted
in revised modular handbooks that contain sufficient detail such that each facility may adjust the
content to fit their specific needs.

Each handbook contains an abstract, a foreword, an overview, learning objectives, and text
material, and is divided into modules so that content and order may be modified by individual
DOE contractors to suit their specific training needs. Each handbook is supported by a separate
examination bank with an answer key.

The DOE Fundamentals Handbook®ve been prepared for the Assistant Secretary for
Nuclear Energy, Office of Nuclear Safety Policy and Standards, by the DOE Training
Coordination Program. This program is managed by EG&G Idaho, Inc.
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OVERVIEW

TheDepartment of Energy Fundamentals Handb@uwititledN uclear Physics and Reactor
Theory was prepared as an information resource for personnel who are responsible for the
operation of the Department's nuclear facilities. Almost all processes that take place in a nuclear
facility involves the transfer of some type of energy. A basic understanding of nuclear physics
and reactor theory is necessary for DOE nuclear facility operators, maintenance personnel, and
the technical staff to safely operate and maintain the facility and facility support systems. The
information in this handbook is presented to provide a foundation for applying engineering
concepts to the job. This knowledge will help personnel understand the impact that their actions
may have on the safe and reliable operation of facility components and systems.

The Nuclear Physics and Reactor Thedmandbook consists of four modules that are
contained in two volumes. The following is a brief description of the information presented in
each module of the handbook.

Volume 1 of 2
Module 1 - Atomic and Nuclear Physics
Introduces concepts of atomic physics including the atomic nature of matter, the
chart of the nuclides, radioactivity and radioactive decay, neutron interactions and
fission, and the interaction of radiation with matter.
Module 2 - Reactor Theory (Nuclear Parameters)
Provides information on reactor theory and neutron characteristics. Includes topics

such as neutron sources, neutron flux, neutron cross sections, reaction rates,
neutron moderation, and prompt and delayed neutrons.
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OVERVIEW (Cont.)

Volume 2 of 2
Module 3 - Reactor Theory (Nuclear Parameters)

Explains the nuclear parameters associated with reactor theory. Topics include the
neutron life cycle, reactivity and reactivity coefficients, neutron poisons, and
control rods.

Module 4 - Reactor Theory (Reactor Operations)

Introduces the reactor operations aspect of reactor theory. Topics include
subcritical multiplication, reactor kinetics, and reactor operation.

The information contained in this handbook is not all-encompassing. An attempt to
present the entire subject of nuclear physics and reactor theory would be impractical. However,
the Nuclear Physics and Reactor Thedmandbook presents enough information to provide the
reader with the fundamental knowledge necessary to understand the advanced theoretical concepts
presented in other subject areas, and to understand basic system and equipment operation.
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TERMINAL OBJECTIVE

1.0 Given sufficient informationDESCRIBE atoms, including components, structure, and
nomenclature.

ENABLING OBJECTIVES

1.1  STATE the characteristics of the following atomic particles, including mass, charge, and
location within the atom:

a. Proton
b. Neutron
C. Electron

1.2 DESCRIBE the Bohr model of an atom.
1.3 DEFINE the following terms:

a. Nuclide C. Atomic number
b. Isotope d. Mass number

1.4 Given the standargX notation for a particular nuclid®@ETERMINE the following:

a. Number of protons
b. Number of neutrons
C. Number of electrons

1.5 DESCRIBE the three forces that act on particles within the nucleus and affect the stability
of the nucleus.

1.6 DEFINE the following terms:

a. Enriched uranium
b. Depleted uranium

1.7 DEFINE the following terms:

a. Mass defect
b. Binding energy

1.8 Given the atomic mass for a nuclide and the atomic masses of a neutron, proton, and
electron,CALCULATE the mass defect and binding energy of the nuclide.

Rev. 0 Page vii NP-01



OBJECTIVES DOE-HDBK-1019/1-93 Atomic and Nuclear Physics

TERMINAL OBJECTIVE

2.0  Given necessary referencB&£SCRIBE the various modes of radioactive decay.

ENABLING OBJECTIVES

2.1 DESCRIBE the following processes:

a. Alpha decay d. Electron capture
b. Beta-minus decay e. Internal conversions
C. Beta-plus decay f. Isomeric transitions

2.2 Given a Chart of the Nuclideg/RITE the radioactive decay chain for a nuclide.
2.3 EXPLAIN why one or more gamma rays typically accompany particle emission.

24 Given the stability curve on the Chart of the NuclideETERMINE the type of
radioactive decay that the nuclides in each region of the chart will typically undergo.

2.5 DEFINE the following terms:

a. Radioactivity d. Radioactive decay constant
b. Curie e. Radioactive half-life
C. Becquerel

2.6 Given the number of atoms and either the half-life or decay constant of a nuclide,
CALCULATE the activity.

2.7 Given the initial activity and the decay constant of a nuctidé,CULATE the activity
at any later time.

2.8 CONVERT between the half-life and decay constant for a nuclide.

2.9 Given the Chart of the Nuclides and the original acti#yQT the radioactive decay
curve for a nuclide on either linear or semi-log coordinates.

2.10 DEFINE the following terms:

a. Radioactive equilibrium
b. Transient radioactive equilibrium

NP-01 Pageviii Rev. 0
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TERMINAL OBJECTIVE

3.0 Without referencef)ESCRIBE the different nuclear interactions initiated by neutrons.

ENABLING OBJECTIVES

3.1 DESCRIBE the following scattering interactions between a neutron and a nucleus:

a. Elastic scattering
b. Inelastic scattering

3.2  STATE the conservation laws that apply to an elastic collision between a neutron and a
nucleus.

3.3 DESCRIBE the following reactions where a neutron is absorbed in a nucleus:

a. Radiative capture
b. Particle ejection
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TERMINAL OBJECTIVE

4.0 Without referencef)ESCRIBE the fission process.
ENABLING OBJECTIVES
4.1  EXPLAIN the fission process using the liquid drop model of a nucleus.
4.2  DEFINE the following terms:
a. Excitation energy
b. Critical energy
4.3 DEFINE the following terms:
a. Fissile material
b. Fissionable material
C. Fertile material
4.4  DESCRIBE the processes of transmutation, conversion, and breeding.
45 DESCRIBE the curve of Binding Energy per Nucleon versus mass number and give a
gualitative description of the reasons for its shape.
4.6 EXPLAIN why only the heaviest nuclei are easily fissioned.
4.7  EXPLAIN why uranium-235 fissions with thermal neutrons and uranium-238 fissions only
with fast neutrons.
4.8 CHARACTERIZE the fission products in terms of mass groupings and radioactivity.
4.9 Given the nuclides involved and their massss,CULATE the energy released from
fission.
4.10 Given the curve of Binding Energy per Nucleon versus mass nu@kieCULATE the
energy released from fission.
NP-01 Page x Rev. 0
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TERMINAL OBJECTIVE

5.0  Without referenceESCRIBE how the various types of radiation interact with matter.
ENABLING OBJECTIVES
5.1 DESCRIBE interactions of the following with matter:
a. Alpha particle C. Positron
b. Beta particle d. Neutron
5.2 DESCRIBE the following ways that gamma radiation interacts with matter:
a. Compton scattering
b. Photoelectric effect
C. Pair production
Rev. 0 Page xi NP-01
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ATOMIC NATURE OF MATTER

All matter is composed of atoms. The atom is the smallest amount of
matter that retains the properties of an element. Atoms themselves are
composed of smaller particles, but these smaller particles no longer have
the same properties as the overall element.

EO 1.1 STATE the characteristics of the following atomic particles,
including mass, charge, and location within the atom:

a. Proton
b. Neutron
C. Electron
EO 1.2 DESCRIBE the Bohr model of an atom.
EO 1.3 DEFINE the following terms:
a. Nuclide C. Atomic number
b. Isotope d. Mass number
EO 1.4 Given the standard ‘Z‘X notation for a particular nuclide,

DETERMINE the following:

a. Number of protons
b. Number of neutrons
C. Number of electrons
EO 1.5 DESCRIBE the three forces that act on particles within the nucleus

and affect the stalility of the nucleus.

Structure of Matter

Early Greek philosophers speculated that the earth was made up of different combinations of
basic substances, or elements. They considered these basic elements to be earth, air, water, an
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.
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In 1661 the English chemist Robert Boyle published the modern criterion for an element. He
defined an element to be a basic substance that cannot be broken down into any simpler
substance after it is isolated from a compound, but can be combined with other elements to form
compounds. 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.

Another basic concept of matter that the Greeks debated was whether matter was continuous or
discrete. That is, whether matter could be continuously divided and subdivided into ever smaller
particles or whether eventually an indivisible particle would be encountered. Demaocritus in about
450 B.C. argued that substances were ultimately composed of small, indivisible particles that he
labeled atoms. He further suggested that different substances were composed of different atoms
or combinations of atoms, and that one substance could be converted into another by rearranging
the atoms. It was impossible to conclusively prove or disprove this proposal for more than 2000
years.

The modern proof for the atomic nature of matter was first proposed by the English chemist John
Dalton in 1803. Dalton stated that each chemical element possesses a particular kind of atom,
and any quantity of the element is 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 kinds of atoms is their weight.

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. Electronsare negatively-charged particles that have 1/1835 the mass of the hydrogen
atom. Soon after the discovery of electrons, protons were discovénetdonsare 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. The third subatomic particle to be
discovered, the neutron, was not found until 1932. Adwgronhas almost the same mass as the
proton, but it is electrically neutral.

NP-01 Page 2 Rev. 0
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Bohr Model of the Atom

The British physicist Ernest Rutherford postulated that the positive charge in an atom is
concentrated in a small region called a nucleus at the center of the atom with electrons existing
in orbits around it. Niels Bohr, coupling Rutherford's postulation with the quantum theory
introduced by Max Planck, proposed that the atom consists of a dense nucleus of protons
surrounded by electrons traveling in discrete orbits at fixed distances from the nucleus. An
electron in one of these orbits or shells has a specific or discrete quantity of energy (quantum).
When an electron moves from one allowed orbit to another allowed orbit, the energy difference
between the two states is emitted or absorbed in the form of a single quantum of radiant energy
called a photon. Figure 1 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 an
energy = k. (h = Planck's constant = 6.63 x*t@-s ands = frequency of the photon.) Bohr's
theory was the first to successfully account 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. Additional
information on electron shell theory can be found in the Chemistry Fundamentals Handbook.

hv

NUCLEUS

Figure 1 Bohr's Model of the Hydrogen Atom
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Properties of the three subatomic particles are listed in Table 1.

TABLE 1
Properties of Subatomic Particles
Particle Location Charge Mass
Neutron Nucleus none 1.008665 amu
Proton Nucleus +1 1.007277 amu
Electron Shells around nucleus -1 0.0005486 amu

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. Units of measure have been defined for mass and energy on the atomic
scale to make measurements more convenient to xprehe unit of measure for mass is the
atomic mass unit (amu). One atomic mass unit is equal to 1.66%gifms. The reason for

this particular value for the atomic mass unit will be discussed in a later chapter. Note from
Table 1 that the mass of a neutron and a proton are both about 1 amu. 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. One electron volt is equivalent to
1.602 x 10° joules or 1.18 x 1& foot-pounds.

Nuclides

The total number of protons in the nucleus of an atom is calledtdh®c numbepof 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. Thess numbeof the nucleus is the total number

of nucleons, that is, protons and neutrons in the nucleus. The mass number is given the symbol
A and can be found by the equation 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.
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Each type of atom that contains a unique combination of
protons and neutrons is called raiclide Not all
combinations of numbers of protons and neutrons are A — MASS

possible, but about 2500 specific nuclides with unigue NUMBER
combinations of neutrons and protons have bgen gﬁ“éﬁ?cLAf’F
identified. Each nuclide is denoted by the chemigal ELEMENT
symbol of the element with the atomic number written jas QL?A%ER

a subscript and the mass number written as a supersgript,
as shown in Figure 2. Because each element has a
unigue name, chemical symbol, and atomic number, only
one of the three is necessary to identify the element. For
this reason nuclides can als_o be identified by either the Figure 2 Nomenclature for

chemical name or the chemical symbol followed by the Identifying Nuclides

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 exaifiple, In this handbook the
format used in the text will usually be the element's name followed by the mass number. In
equations and tables, the format in Figure 2 will usually be used.

Example:

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

H
105
™
"Cd

239
wPUu
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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 are equal to Z. The number of neutrons is equal

to Z - A.
Nuclide Element Protons Electrons Neutrons
H hydrogen 1 1 0
B boron 5 5 5
UN nitrogen 7 7 7
1eCd cadmium 48 48 66
2SPu plutonium 94 94 145
Isotopes

Isotopesare 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).

The isotopes of hydrogen are unique in that they are each commonly referred to by a unique
name instead of the common chemical element name. Hydrogen-1 is almost always referred to
as hydrogen, but the term protium is infrequently used also. Hydrogen-2 is commonly called
deuterium and symbolize€®. Hydrogen-3 is commonly called tritium and symboliZ&d This

text will normally use the symbologi+d and$H for deuterium and tritium, respectively.

Atomic and Nuclear Radii

The size of an atom is difficult to define exactly due to the fact that 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 is given by 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 ¥ tn.

Like the atom the nucleus does not have a sharp outer boundary. Experiments have shown that
the nucleus is shaped like a sphere with a radius that depends on the atomic mass number of the
atom. The relationship between the atomic mass number and the radius of the nucleus is shown
in the following equation.
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_1
I

(1.25 x 10™ cm) A®

where:

r
A

radius of the nucleus (cm)
atomic mass number (dimensionless)

The values of the nuclear radii for some light, intermediate, and heavy nuclides are shown in
Table 2.

TABLE 2
Calculated Values for Nuclear
Radii
Nuclide Radius of Nucleus
H 1.25 x 10" cm
%8 2.69 x 10% cm
Fe 4.78 x 10" cm
1eHf 7.01 x 10" cm
V) 7.74 x 10" cm
22Cf 7.89 x 10" cm

From the table, it is clear that the radius of a typical atom (e.g. 2%cid) is more than 25,000
times larger than the radius of the largest nucleus.

Nuclear Forces

In the Bohr 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 are both referred to
as nucleons. One problem that the Bohr model of the atom presented was accounting for an
attractive force to overcome the repulsive force between protons.

Two 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.
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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. Thisrelationship is shown in the equation below.

Gm m,
9 2

where:
F, = gravitationa force (newtons)
m, = massof first body (kilograms)
m, = massof second body (kilograms)
G = gravitational constant (6.67 x 10™** N-m?/kg?)

distance between particles (meters)

The equation illustrates that the larger the masses of the objects or the smaller the distance
between the objects, the greater the gravitational force. So 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 isnecessary to caculate the value for the gravitational force and
compare it to the value for other forces to determine the significance of the gravitational force
inthenucleus. The gravitational force between two protons that are separated by a distance of
10% metersis about 10* newtons.

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 as the following
eguation.

. _kKQQ
e r 2
where:
F., = electrostatic force (newtons)
K = €lectrostatic constant (9.0 x 10° N-m?%/C?)
Q, = charge of first particle (coulombs)
Q, = charge of second particle (coulombs)

distance between particles (meters)

Using this equation, the eectrostatic 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% newtons) shows that the gravitational force is so small that it can be
neglected.
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If only the electrostatic and gravitational forces existed in the nucleus, then 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, there must be another attractive
force acting within the nucleus. This force is called the nuclear force.

The nuclear forceis a strong attractive force that is independent of charge. It acts equally 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" cm). The attractive nuclear force between all nucleons drops off with distance much faster
than the repulsive electrostatic force between protons.

TABLE 3
Forces Acting in the Nucleus

Force Interaction Range

Very weak attractive force

Gravitational
between all nucleons

Relatively long

Strong repulsive force betwee

N .
like charged particles (protons| Relatively long

Electrostatic

Strong attractive force betwee

Nuclear Force
all nucleons

b Extremely short

In stable atoms, the attractive and repulsive forces in the nucleus balance. 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.

Summary

The important information in this chapter is summarized on the following page.
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Atomic Nature of Matter Summary

. Atoms consist of three basic subatomic particles. These particles are the proton, the
neutron, and the electron.

. Protons are particles that have a positive charge, have about the same mags as a
hydrogen atom, and exist in the nucleus of an atom.

. Neutrons are particles that have no electrical charge, have about the same mags as a
hydrogen atom, and exist in the nucleus of an atom.

. Electrons are particles that have a negative charge, have a mass about eighteen
hundred times smaller than the mass of a hydrogen atom, and exist in orbital shells
around the nucleus of an atom.

. The Bohr model of the atom consists of a dense nucleus of protons and neufrons
(nucleons) surrounded by electrons traveling in discrete orbits at fixed distances
from the nucleus.

. Nuclides are atoms that contain a particular number of protons and neutrons.

. Isotopes are nuclides that have the same atomic number and are therefore thg|same
element, but differ in the number of neutrons.

. The atomic number of an atom is the number of protons in the nucleus.

. The mass number of an atom is the total number of nucleons (protons and neutrons) in
the nucleus.

. The notatiorb X is used to identify a specific nuclide. "Z" represents the atom|c
number, which is equal to the number of protons. "A" represents the aass
number, which is equal to the number of nucleons. "X" represents the chemjcal
symbol of the element.

Number of protons = Z
Number of electrons = Z
Number of neutrons = A-Z
. The stability of a nucleus is determined by the different forces interacting witlpin

it. The electrostatic force is a relatively long-range, strong, repulsive force that
acts between the positively charged protons. The nuclear force is a relatiyely
short-range attractive force between all nucleons. The gravitational force |the
long range, relatively weak attraction between masses, is negligible compared to
the other forces.
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CHART OF THE NUCLIDES

The Chart of the Nuclides, like the Periodic Table, is a convenient format
for presenting a large amount of scientific information in an organized

manner.

EO 1.6 DEFINE the following terms:
a. Enriched uranium
b. Depleted uranium

Chart of the Nuclides

A tabulated chart called ti@hart of the Nuclide$ists the stable and unstable nuclides in addition

to pertinent information about each one. Figure 3 shows a small portion of a typical chart. This
chart plots a box for each individual nuclide, with the number of prqinsn the verticabxis

and the number of neutrons (N = A - Z) on the horizontal axis.

The completely gray squares indicate stable isotopes. Those in white squaaeHicedly
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 Figure 3).

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, which will be discussed in a later module. The known isotopes (elements with the same
atomic number Z but different mass number A) of each element are listed to the right.
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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 is listed, as well as the thermal
neutron activation cross section and the mass in atomic mass units (amu). A typical block for

a stable nuclide from the Chart of the Nuclides is shown in Figure 4.

Pd108 — SYMBOL, MASS NUMBER
26 46 — ATOM PERCENT ABUNDANCE
n

THERMAL NEUTRON ACTIVATION
— CROSS—SECTION, RESONANCE INTEGRAL

ISOTOPIC MASS

Ty 19+8,
5+24E1

FISSION PRODUCT

107.903894

Figure 4 Stable Nuclides

Information for Unstable Nuclides

For unstable isotopes the additional information includes the half life, the mode of decay (for
example 3, a), the total disintegration energy in MeV (million electron volts), and the mass in
amu when available. A typical block for an unstable nuclide from the Chart of the Nuclides is

shown in Figure 5.

S38 — SYMBOL, MASS NUMBER
2.84h — HALF-LIFE
g— .99 MODES OF DECAY,
— ENERGY OF RADIATION
£ 294 — BETA DISINTEGRATION ENERGY IN MeV

Figure 5 Unstable Nuclides
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Neutron - Proton Ratios

Figure 6 shows the distribution of the stable nuclides plotted on the same axes as the Chart of
the Nuclides. As the mass numbers become higher, the ratio of neutrons to protons in the
nucleus becomes larger. For helium-4 (2 protons and 2 neutrons) and oxygen-16 (8 protons and
8 neutrons) this ratio is unity. 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.

90

I_H%
, il
e

-y = STABLE NUCLE]

40

PROTON NUMBER (Z)

30 A
T
. ol

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
NEUTRON (N)

Figure 6 Neutron - Proton Plot of the Stable Nuclides

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 Figure 6. The instabilitaused 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.
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Natural Abundance of Isotopes

The relative abundance of &otope 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/o.
For example, if a cup of water contains 8.23% 10 atoms of oxygen, and the isotopic abundance
of oxygen-18 is 0.20%, then there are 1.65% 10 atoms of oxygen-18 in the cup.

The atomic weight for an element is defined as the average atomic weight 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.
Example:
Calculate the atomic weight for the element lithium. Lithium-6 has an atom percent
abundince of 7.5% and an atomic mass of 6.015122 amu. Lithium-7 has an atomic
abundance of 92.5% and an atomic mass of 7.016003 amu.

Solution:

Atomic Mass Lithium

(0.075) (6.015122 amu) + (0.925) (7.016003 amu)

= 6.9409 amu
The other common measurement of isotopic abundance is \weigient (w/0). Weight percent
is the percent weight of an element that is a particular isotope. For example, if a sample of

material contained 100 kg of uranium that wasv&8 uranium-235, then 28 kg of uranium-235
was present in the sample.

Enriched and Depleted Uranium

Natural uranium mined from the earth contains the isotopes uranium-238, uranium-235 and
uranium-234. The majority (99.2745%) of all the atoms in natural uranium are uranium-238.
Most of the remaining atoms (0.72%) are uranium-235, and a slight trace (0.0055%) are
uranium-234. Although all isotopes of uranium have similar chemical properties, each of the
isotopes has significantly different nuclear properties. For reasons that will be discussed in later
modules, the isotope uranium-235 is usually the desired material for use in reactors.

A vast amount of equipment andezgy are expended in processes that separate the isotopes of
uranium (and other elements). The details of these processes are beyond the scope of this
module. These processes eatted enrichment processes because they selectively increase the
proportion of a particular isotope. The enrichment process typically starts with feed material